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ABSTRACT: We describe the preparation of the cis-bis(1",;>-2,2-dimethyl- NN
pent-4-en-1-yl)rhodate(I) anion, cis-[Rh(CH,CMe,CH,CH=CH,),]”, and A \k
the interaction of this species with Li* both in solution and in the solid state. W'/
For the lithium(diethyl ether) salt [Li(Et,0)][Rh(CH,CMe,CH,CH= 1}
CH,),], VT-NMR and 'H{"Li} NOE NMR studies in toluene-ds show that A~
the Li* cation is in close proximity to the d? orbital of rhodium. In the solid- b
state structure of the lithium(12-crown-4) salt [Li(12-crown-4),][Li{Rh- /K/ﬁ
(CH,CMe,CH,CH=CH,),},], one lithium atom is surrounded by two !
[Rh(CH,CMe,CH,CH=CH,),] anions, and in this assembly there are two ﬂ
unusually short Rh—Li distances of 2.48 A. DFT calculations, natural energy NS

decomposition, and ETS-NOCV analysis suggest that there is a weak dative
interaction between the 4d,> orbitals on the Rh centers and the 2p, orbital of
the Li" cation. The charge-transfer term between Rh and Li* contributes only
about the 1/5 of the total interaction energy, however, and the principal driving force for the proximity of Rh and Li in compounds 1
and 2 is that Li" is electrostatically attracted to negative charges on the dialkylrhodiate anions.

B INTRODUCTION transition metals are predominantly ionic and that covalent
(dative) interactions play a minor role at best.*”*>3%3%%
Rhodium forms a variety of heterobimetallic complexes with
main-group metals,”” " transition metals,62 and f-block
elements.”” Of these, one complex is known, [Li(TMEDA)]-
[(COD)Rh(CH,SiMe;),],*" in which the Li—Rh distance is
shorter than the 2.70 A sum of the covalent radii of lithium
(1.28 A) and rhodium (1.42 A).°* This Li—Rh interaction was
judged to be the result of ion pairing™ in which the Li* cation
is attracted to the negative charges around the Rh center®
rather than Rh to Li dative bonding.>* Thus, despite the
presence of a short contact, the Li—Rh orbital overlap in

cycloaddition reactions.'>'® Understanding the interactions [Li(TMEDA) ][ (COD)Rh(CH,SiMes),] was proposed to be

31 s I .
between these metal centers is important for the development small.” Some other lithium salts of anionic rhodium(1) alkyls
of the chemistry of these complexes.”> and aryls are known, but these compounds were not

) 166
Several dozen compounds are known that exhibit relatively crystallographically characterized.

short M—M distances between a group 8 transition metal and a We have recently Flescri.bed the synthesi.s of several
Li'=1%16737 0r 3 Mg®5? Clenter. In some of these platinum(II) complexes in which two w-alkenyl ligands chelate

compounds, the two metal centers are best described as to the metal center by means of a o-bond at one end of the

. 67

noninteracting and are held in close proximity by electron-rich alkenyl .chaln and a ﬂ_bonfi at-the other.” We now rep ort.the
. 22,40,50 synthesis and characterization of two related rhodium

anionic ligands. In other compounds, the M—M

interaction has been described in a variety of ways: ion
pairing,””*”*° dative bonding (coordinate bonding),”* p—d x Received:  March 10, 2021 horaic Qeniy
bonding,” and three-center bonding mediated by an anionic Published: June 7, 2021
ligand.32’56’57 In a few cases, covalent interactions have been
suggested.'”** Despite this variety in the description of the
M—M interaction, modern computational studies generally
suggest that the interactions between Li or Mg and late

The chemistry of complexes with metal—metal bonds has seen
a strong resurgence of interest in recent years.1 Especially
interesting are compounds in which the metal—metal bonds
involve two metals of different electronegativity: such
compounds are able to activate small molecules such as H,
and N,.”7'" As the electronegativity difference between the
metals increases, the bonding necessarily becomes less
covalent. Compounds that combine very electropositive
metals, such as Li and Mg, with very electronegative metals,
such as electron-rich late transition metals, show potential as
catalysts for organic reactions such as cross-coupling'' ™" and

H H © 2021 American Chemical Societ https://doi.org/10.1021/acs.inorgchem.1c00737
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compounds containing the cis-[Rh(CH,CMe,CH,CH=
CH,),]” anion. One of the two compounds, which has been
characterized crystallographically, contains the shortest Li—Rh
contact seen in any compound. The nature of the Li—Rh
interactions in this molecule has been probed both by solution
NMR and by DFT calculations, and the results of this
investigation indicate that the interactions are predominantly
ionic despite the short contact distance.

B RESULTS AND DISCUSSION

Synthesis and Crystal Structure of the cis-[Rh-
(CH,CMe,CH,CH=CH,),]~ Anion. Treatment of rhodium-
(I) ethylene complex Rh,ClL,(CH,=CH,), with 4 equiv of
(2,2-dimethylpent-4-en-1-yl)lithium®® in pentane/diethyl ether
results in conversion to the air- and heat-sensitive organo-
rhodate salt [Li(Et,0)][Rh(CH,CMe,CH,CH=CH,),] (1).
By carrying out the same reaction except with the addition of
12-crown-4, we succeeded in obtaining X-ray-quality crystals of
the related salt [Li(12-crown-4),][Li{Rh-
(CH,CMe,CH,CH=CH,),},] (2). Compound 1 decom-
poses within hours under argon at room temperature, making
its isolation difficult. Solid samples of 2 are indefinitely stable
under argon at —20 °C but decompose when dissolved in
toluene at room temperature. Crystal data for the [Li(12-
crown-4),]" salt 2 are listed in Table 1, and selected bond
lengths and angles are collected in Table 2. The crystal
structure shows that 2 is an ionic solid with charge-separated
[Li{Rh(CH,CMe,CH,CH=CH,),},]” anions (Figure 1) and
[Li(12-crown-4),]" cations (Figure 2). The structure of the
[Rh(CH,CMe,CH,CH=CH,),]” unit is similar to that of the
Pt analog Pt(CH,CMe,CH,CH=CH,), (3):” both pentenyl
ligands chelate to the metal center by means of a 6 bond at one
end of the pentenyl chain and a 7 bond at the other. The Rh-
bound pentenyl ligands both adopt chair conformations in
which the two Rh—C o-bonds are cis to one another (as are
the two 7 bonds).

Interestingly, one of the lithium cations in 2 is sandwiched
between two square-planar [Rh(CH,CMe,CH,CH=CH,),]~
units; the latter are arranged with nearly ideal (but non-
crystallographic) inversion symmetry about the Li center. The
Li* cation forms short contacts with both of the [Rh-
(CH,CMe,CH,CH=CH,),]” units: the shortest Li—C
contacts involve one of the two a-carbon atoms in each Rh
unit (Li—C = 2.410 (4) A and 2.448 (4) A) and the terminal
olefinic carbon on the same ligand (Li—C = 2.711 (4) A and
2.602 (4) A). Interestingly, the Rh—Cs and Rh—C, bonds of
2.20 and 2.15 A, respectively, to the olefin that interacts with Li
are shorter than the corresponding Rh—C bonds of 2.23 and
2.20 A to the noninteracting olefin. Consistent with the shorter
Rh—olefin distance, the C=C distance, 1.396 A, in the olefin
that interacts with Li is longer than the C=C distance of 1.375
A in the noninteracting olefin. We conclude that interaction of
the lithium center with the olefin makes the latter a better

1/, RhyCly(CH,=CHyp), + 2/\></Li

©
Et,O/pentane @ S
—— [LI(OEY)] %/’Rh\ /
/

1

8791

Table 1. Crystallographic Data for [Li(12-crown-4),]
[Li{Rh(CH,CMe,CH,CH=CH,),},] (2)

space group, P2,/c formula, C,,Hg,Li,OgRh,

T = 100 K FW = 960.81 g/mol
A=071073 A V = 4720.0(2) A3
a=125784(4) A Z=4

b =14.8411(4) A Peac = 1.352 g/cm?
¢ =253705(7) A u =075 mm™!

B = 94.7303(6)° R(int) = 0.034

absorption correction: face indexed

max., min transm. factors: 0.9695, 0.9142

data, restraints, params: 10418, 16, 683

GOF on F: 1.146

R, [I > 20(1)]% = 0.0259; wR, (all data)® = 0.0516

max, min Apgeon 0.64, —0.48 e/A3

T E, — IEN/IZIE,. bwR, = [Sw(F,2 — F2)¥/S(F2)*V~

aRl

acceptor, thus increasing the amount of z-backbonding from
rhodium.

The interaction between the C=C bonds and Li" affects not
only the C=C bond distances but also the conformations of
the pentenyl ligands. We previously showed that, in the Pt
analog 3, the angle between the C=C bond vectors and the
normal to the square plane, which we called the tilt angle,
averaged 29°. Usually in d® square-planar olefin complexes, the
olefin is perpendicular to the square plane (tilt angle of 0°); we
attributed the tilted conformation in 3 to the shortness of the
pentenyl chain, steric hindrance, and crystal packing effects.”
In contrast, for the Rh complex 2, the average tilt angle of the
noninteracting olefins is 50°, whereas the average tilt angle of
the interacting olefins is 17° (i.e., more nearly perpendicular to
the square plane). Similarly, the Rh—C,—C; bond angle also
decreases from 117.5(2)° for the noninteracting ligand to
105.0(2)° for the interacting ligand. The changes in bond
angles and tilt angles must be due to the interaction of the a-C
and the terminal olefinic carbon with the Li* cation.

Hydrogen atoms were included in calculated positions in the
crystallographic model; these calculated positions suggest that
there are four short Li—H contacts, one on each of the four
carbon atoms involved in short Li—C distances: two of these
are to a-C—H atoms, one on each of the two pentenyl ligands,
Li—H = 2.02 (2) and 2.08 (2) A, and two somewhat longer
contacts are to 6-C—H atoms, again on each of the pentenyl
ligands, Li—H = 2.33 (2) and 2.21(2) A.

In addition to the Li—C and Li—H contacts in 2, there are
also two short Li—Rh contacts of 2.470(3) A to one
[Rh(CH,CMe,CH,CH=CH,),]” unit and 2.482(3) A to
the other; the Rh—Li—Rh angle of 156.60 (16)° is close to
linear. These Li—Rh distances are shorter than that of 2.563(9)
A seen previously in the alkylrhodate salt [Li(TMEDA)]-
[(COD)Rh(CH,SiMe,),].*"

Notably, all of these Li—Rh distances are considerably
shorter than the 2.70 A sum of the covalent radii of lithium
(1.28 A) and rhodium (1.42 A).°* The Li* cation is located
very close to one of the two vacant axial positions in the
square-planar coordination environment about each Rh ion,
which raises the question whether there is an interaction
between lithium and the filled d,? orbitals on rhodium. We will
return to this point below.

NMR Studies of the [Rh(CH,CMe,CH,CH=CH,),]”
Anion. The 'H and *C NMR spectra of the lithium-diethyl
ether salt 1 (Figures 3 and 4) are very similar to those reported
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Table 2. Selected Bond Distances and Angles for [Li(12-
crown-4),][Li{Rh(CH,CMe,CH,CH=CH,),},] (2)

bond distances (A)

Lil—Rh1 2482 (3)  Lil—Rh2 2470 (3)
Lil—Cl11 2410 (4)  Lil—C21 2448 (4)
Lil—C17 2711 (4)  Lil—C27 2.602 (4)
Lil—HI11A 2.02 (2) Lil—H21A 2.08 (2)
Lil—HI17A 233 (2) Lil—H27A 221 (2)
Rh1—Cl 2.105 (2)  Rh2—C21 2.110 (2)
Rh1—Cl11 2.111 (2)  Rh2—C31 2.098 (2)
Rh1—C6 2227 (2)  Rh2—C26 2.195 (2)
Rh1—C16 2208 (2) Rh2—C36 2235 (2)
Rh1—C7 2189 (2)  Rh2—C27 2.151 (2)
Rh1—C17 2.157 (2)  Rh2—C37 2204 (2)
Cl1—C2 1.539 (3) C11—CI2 1.543 (3)
C2—C3 1.525 (3) C12—Cl13 1.542 (3)
C2—C4 1.537 (3) C12—Cl14 1.533 (3)
C2—Cs 1.533 (3) C12—Cl15 1.540 (3)
C5—Cé6 1.512 (3) C15—C16 1.514 (3)
C6—C7 1.376 (3) C16—C17 1.393 (3)
C21—C22 1.538 (3) C31—C32 1.540 (3)
C22—C23 1.536 (3) C32—C33 1.532 (3)
C22—C24 1.539 (3) C32—C34 1.534 (3)
C22—C25 1.540 (3) C32—C35 1.528 (3)
C25—C26 1.523 (3) C35—C36 1.511 (3)
C26—C27 1.398 (3) C36—C37 1.374 (3)
bond angles (deg)

Rh1—Lil—Rh2 156.60 (16)

Cll1—Lil—C21 132.13 (16) C17—Lil—C27 82.52 (12)
Cl11—Lil1—C17 72.52 (11) C21—Li1—C27 72.85 (11)
C11—Lil—C27 155.01 (17) C21—Lil—C17 155.17 (16)
Cl—Rh1—C7 105.80 (8) C21—Rh2—C27 89.54 (8)
C1—Rh1—Cl11 85.90 (7) C21—Rh2—C31 85.98 (8)
Cl1—Rh1—C17 154.38 (8) C21—Rh2—C37 159.85 (8)
C7—Rh1—Cl11 157.73 (8) C27—Rh2—C31 157.28 (8)
C7—Rh1—C17 86.41 (8) C27—Rh2—C37 86.27 (8)
C11—Rh1—C17 90.77(7) C31—Rh2—C37 105.09 (8)
Rh1—C11—Lil 6620 (10)  Rh2—C21—Lil 65.13 (9)
Rh1—C17—Lil 60.02 (9) Rh2—C27—Lil 61.76 (9)
C2—C1—Rhl 117.36 (13) C12—C11—Rh1 105.05 (11)
C22—C21—Rh2 104.96 (12) C32—C31—Rh2 117.68 (14)
C5—C2—Cl1 104.77 (15) C15—C12—Cl1 106.34 (15)
C21—C22—C25 106.79 (16) C35—C32—C31 105.48 (16)
C6—C5—C2 110.31 (15) C16—C15—CI2 111.53 (15)
C26—C25—C22 111.50 (16) C36—C35—C32 111.77 (16)
C5—C6—C7 123.3 (2) C15—C16—C17 121.52 (17)
C25—C26—C27 12127 (19) C35—C36—C37 122.33 (19)

for the platinum analog Pt{CH,CMe,CH,CH=CH,], (3).%
Several lines of evidence show that, in toluene at room
temperature, the two 2,2-dimethylpent-4-en-1-yl ligands in 1
coordinate to rhodium in the same 7, #* fashion as seen in the
Pt analog 3:7 (1) for the olefinic protons, the 'H NMR
chemical shifts are shielded and the *J;y; coupling constants
are smaller relative to those seen for uncoordinated
olefins®~"* and for olefins coordinated to lithium;*® (2) the
CMe, groups are diastereotopic, as are the a- and y-CH,
protons within the 2,2-dimethylpent-4-en-1-yl ligands; this
symmetry breaking, which is expected if the pentenyl ligands
are chelating to rhodium, shows that decomplexation of the
Rh—olefin interaction is slow at room temperature, as it is for
the Pt analog 3;°7 (3) all of the '"H-'H coupling constants are
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Figure 1. Molecular structure of the [Li{Rh(CH,CMe,CH,CH=
CH,),},]” anion in 2. Ellipsoids are drawn at the 35% probability
level.

Figure 2. Molecular structure of the [Li(12-crown-4),]" cation in 2.
Ellipsoids are drawn at the 35% probability level. Only the major
conformer is shown for clarity.

almost identical to those in the Pt analog 3. The Pt complex 3
undergoes an olefin decomplexation process that exchanges the
distereotopic groups; this process is slow on the NMR time
scale at room temperature and below but becomes fast at
higher temperatures. For the Rh compound 1, there is no
evidence of this process at —50 °C (Figure S15); investigations
at room temperature and above are challenging because the
rate of decomposition becomes fast.

In solution, the pentenyl ligands in 1 evidently adopt chair
conformations like those seen in 3, as shown by the
observation of an ~2 Hz longrange (four-bond) coupling
between one of the a-CH, protons and one of the y-CH,
protons (Figure S12). The magnitude of this coupling, which
should follow a Karplus-type dependence on the dihedral angle
relating the two C—H bonds,”*’* is consistent with a H—C—

https://doi.org/10.1021/acs.inorgchem.1c00737
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Figure 3. '"H NMR spectrum of [Li(Et,0)][Rh(CH,CMe,CH,CH=CH,),] (1) at 18 and —58 °C in toluene-ds. Peaks labeled with asterisks are

due to coordinated diethyl ether or pentane.

®
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Figure 4. VT “C{'H} NMR spectrum of [Li(Et,0)][Rh(CH,CMe,CH,CH=CH,),] (1) in toluene-ds.

C—C—H dihedral angle involving two equatorial protons in a
chair structure.

The "Li{'H} spectrum of 1 in toluene at 20 °C shows a
singlet at & 0.40 characteristic of lithium cations.”> Although
"Li—""*Pt couplings have been seen in some platinum(II)
acetylides,”" in 1 there is no observable coupling between "Li
(or °Li) and the '®Rh nucleus, which is not surprising in view
of the small gyromagnetic ratio for '“Rh. The 'H NMR
spectrum contains peaks due to Li-coordinated diethyl ether,
with chemical shifts that are shielded compared to those for
free diethyl ether in toluene (& 3.25, 1.10).”° NMR
integrations show that there is one diethyl ether molecule for
every two pentenyl ligands (Figure S11). This ratio, which
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corresponds to one diethyl ether molecule per lithium atom,
strongly suggests that, in toluene, the [Li(Et,0)]* cations form
contact ions with the [Rh(CH,CMe,CH,CH=CH,),]”
anions. These contact ions must be dynamic and in the fast-
exchange regime in the room-temperature NMR spectra
because if exchange were slow then the two pentenyl ligands
would be chemically inequivalent.

There is evidence that the exchange process involving the
contact ions slows at lower temperatures. Cooling a solution of
1 in toluene-dg to —58 °C results in broadening of the
resonances due to the [Rh(CH,CMe,CH,CH=CH,),]|”
anion (Figures 3 and 4),”" although even at —58 °C the
exchange process is still in the fast exchange regime.
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Interestingly, as the sample is cooled, the 'H NMR resonances
for the axial substituents of the chair-shaped pentenyl group
broaden much more than the resonances for the equatorial
substituents; in addition, the resonance for the olefinic =CH,
proton that is trans to the olefinic methine proton broadens
much more than the resonance for the cis olefinic =CH,
proton.

We propose that the selective broadening is due to slowing
of the movement of the [Li(Et,0)]" cation from one side of
the Rh square plane to the other by either a unimolecular or
bimolecular mechanism; a similar process has been proposed
to occur in [Li(tmeda),][(Bu‘,PCH,CH,PBu’,)Rh(p-
C¢H,Me),].%° A static interaction with one [Li(Et,0)]" cation
would desymmetrize the pentenyl ligands in the [Rh-
(CH,CMe,CH,CH=CH,),]” anion: if we consider the two
axial Me groups (indicated by black circles in Scheme 1), then
this static interaction would make the two axial Me groups
chemically inequivalent, and the same would be true for the
axial protons of the CH, groups. Movement of the [Li(Et,0)]"
cation to the other side of the Rh square plane exchanges the
proximal (site A) groups with the distal (site B) group. Even
though at —58 °C exchange between these two sites is rapid
enough that the line shape is still above the coalescence point
(so that only a single A/B resonance is seen), it is slow enough
to cause the line width of the exchange-averaged NMR
resonance to be larger at —58 °C than at room temperature.

For an exchange process between two sites A and B of equal
populations in the fast-exchange regime, the increase in the
NMR line width at half-height due to exchange broadening is
given by '/,mAL?/k, where Av is the Larmor frequency
difference between sites A and B and k is the exchange rate.”’
At room temperature, at which the exchange is in the fast
exchange limit, the 'H NMR line widths for all of the
resonances due to 1 are small and rather similar (Figure 1).

At any one temperature in the fast-exchange regime, k is a
constant for all of the sites that are interchanged by the
exchange process so that the extra broadening seen for each
resonance depends only on Av for that pair of exchanging
sites. A Li* cation may affect the chemical shifts of nearby
nuclei by two mechanisms: first, by polarizing its neighborhood
and creating a local electric field;”® second, by sterically
affecting local interactions with solvent molecules. Thus, in the
frozen structure, if the proximal (A) protons are relatively close
to the Li* cation (so that site A is chemically distinct from
distal site B), then Av should be larger. In contrast, if the
proximal (A) protons are relatively far from the Li* center (so
that site A more closely resembles distal site B), then Av
should be smaller. Therefore, at a given temperature, the
exchange-averaged resonances that show the greatest broad-

Scheme 1. Desymmetrization of Pentenyl Ligands in 1 by
Interaction with the Li Cation

)
)

-

oy, "

iy h\\\““
)7
o

B

8794

ening indicate which proximal protons are closest to the Li"
center in the static structure.

For the [Li(Et,0)]* salt 1, the more significant line
broadening seen (Figure 3) for the axial methyl and axial
CH, groups in the pentenyl ligand (and for the olefinic =CH,
proton that is trans to the olefinic methine proton) strongly
suggests that, in the frozen structure, the proximal (A) protons
of these groups are closest to the Li* center. For example, at
—2 °C, the line widths of the axial methyl (3.72 Hz) and
equatorial methyl resonances (2.17 Hz) are similar, but at —42
°C, the line width of the axial methyl resonance (18.78 Hz) is
significantly larger than that of its equatorial counterpart (3.26
Hz). We can estimate from the increases in line widths upon
cooling that the chemical shift difference between the A and B
sites is approximately 4 times larger for the axial Me groups
than it is for the equatorial Me groups.

In the Pt analog 3, the 'H NMR chemical shifts of the two
olefinic =CH, protons (i.e,, cis and trans to the olefinic
methine proton) differ by 8, — 45 & 0.2 ppm, whereas in 1,
Orans — Ogs ~ 0.8 ppm. In 1, the trans resonance broadens at
lower temperature but the cis resonance does not. In view of
the structural similarity between 1 and its Pt analog 3, it is
reasonable to attribute the larger value of J,,, — J seen for 1
to a2 X (0.8—0.2) = 1.2 ppm deshielding of the chemical shift
of the proximal trans proton vs its distal counterpart, as a result
of its interaction with Li*.*®

Broadening of the *C{'H} NMR resonances of 1 is also
observed at low temperature (Figure 4). When a solution of 1
in toluene-dy is cooled from 20 °C, the resonances of the Rh-
bound carbon atoms broaden more rapidly than the
resonances for those not bound to rhodium. Thus, the
resonances due to the a-CH, (Rh—C = 2.10 A), olefinic
methine (Rh—C = 2.23 A), and olefinic methylene (Rh—C =
2.20 A) carbon atoms broaden first and at —23 °C cannot be
distinguished from the baseline; the #-C (Rh—C = 3.13 A), y-
CH, (Rh—C = 3.13 A), and axial methyl carbon resonances
(Rh—C = 3.81 A) broaden and disappear into the baseline by
—58 °C. The resonance due to the equatorial methyl carbons
(which are farthest from the Rh center; Rh—C = 4.44 A) also
broadens, but to a lesser extent, and it is still above the baseline
at —58 °C. As we have suggested above, more significant
broadening means a larger perturbation of the chemical shift of
the proximal sites caused by interactions with the Li" cation.
The more significant broadening of the '*C NMR resonances
for the carbon atoms close to the Rh center in 1 indicates that,
in toluene solution, the Li* cation is close to Rh as well.

'H{’Li} NOEs Study of the [Rh(CH,CMe,CH,CH=
CH,),]™ Anion. To obtain additional information about the
relative locations of the Rh and Li centers in solution, we
measured the heteronuclear 'H{’Li} nuclear Overhauser
enhancements (NOEs) of 1 at —40 °C in toluene-dg in a
similar fashion as reported elsewhere®® (Figure S4.15). The
measured NOE:s are as follows: equatorial a-CH, (1.5%), axial
a-CH, (similar, although quantification is difficult owing to
overlap with the methyl resonances of diethyl ether), olefinic
methine (0.09%), and olefinic methylene trans to the methine
proton (0.06%). Except for the equatorial a-CH, group,
protons in equatorial positions show essentially no NOEs. This
behavior is consistent with the small degree of line broadening
of the "H NMR resonances for the equatorial groups seen at
low temperatures and the conclusion that these protons are not
close to Li*.
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Scheme 2. Possible Conformations of 1 in Toluene
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NOEs generally decrease with increasing internuclear
separation, and steady-state NOEs can be used to obtain
relative distance information. The large NOEs for the a-CH,
protons clearly demonstrate that, in solution, the Li* cation in
1 is closest to these protons. The smaller but nonzero NOEs
seen for the olefinic protons in 1, however, suggest that Li" is
somewhat further away from these atoms. The location of the
Li* cation in the vicinity of both the a-CH, protons and the
olefinic protons suggests that Li* must also be in the vicinity of
the d2 orbital of Rh. The deduced structure for 1 is similar to
that seen for [Li(TMEDA)][(COD)Rh(CH,SiMe,),],*'
which the Li* cation interacts primarily with the two a-carbon
atoms.

In the solid-state structure of 2, the two protons that are
closest to Li* are the axial a-CH, (Li—H = 2.05(3) A) and
olefinic methylene proton trans to the methine proton (Li—H
2.27(3) A). Both distances are much shorter than the
average Li—H distance of 2.93(4) A and the shortest Li—H
distance of 2.85(2) A for the equatorial a-CH, atoms. If a
similar structure is adopted by 1 in solution, then we would
expect the NOE:s for the axial and equatorial a-CH, protons to
be quite different. Instead, they are similar. One explanation for
the similar NOEs for these two protons is the equilibrium
shown in Scheme 2 (along with additional equilibria in which
the Li" cation moves to the opposite face of the Rh square
plane).

Computational Studies of the Interactions between
Li* and the [Rh(CH,CMe,CH,CH=CH,),]~ Anion. Both in
solution and in the solid state, the Li* cation is in close contact
with the d, orbital of Rh. The apparent interaction between
the Li* cation and dialkylrhodate anions, [L,RhR,]”, and the
unusually short Rh—Li distances raise the question whether
there are direct rhodium—lithium interactions in these
complexes. Two possible models can be used to describe the
interactions: (1) the presence of a donor—acceptor bond in
which filled d orbitals on rhodium donate to the lithium
cation and (2) a simple electrostatic attraction between Li* and
the negative charge on Rh or its surrounding ligands.

To elucidate the nature of the Rh—Li interactions, we
conducted DFT studies based on the crystal structures of 2
and of the previously reported complex [Li(TMEDA)]-
[(COD)Rh(CH,SiMe;),].*" A benchmark study was per-
formed using 11 different density functionals to seek the best
fit to the experimental crystal structures (SI). The results
showed that all of the functionals were able to reproduce the
experimental Rh—Li distance within 0.05 A, but functionals
PBE, PBEO, and B3LYP showed the best agreement (within
0.02 A).

To gain additional insights into the nature of the Rh—Li
contact in 2, we have performed extended-transition-state
natural orbital for chemical valence (ETS-NOCV) computa-
tions, an energy decomposition scheme that can provide a
qualitative picture of chemical bonds. ETS-NOCVs have been
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extensively applied to characterizing the nature of electron
donation and accepting in dative interactions, 7980 and they
offer a computational methodology that can show if the Rh—Li
interaction has (weak) dative or electrostatic character. Figure
S2 shows the four donor—acceptor NOCV pairs with the
largest contribution to the Li interactions in complex 2. The
deformation density (Ap) corresponds to the electron density
difference between the donor—acceptor NOCV pair and shows
which atoms exhibit electron depletion (blue contours) and
which exhibit electron gain (pink contours). Only one of the
four deformation densities (Ap,) corresponds to a Rh—Li
interaction (Figure S5). The deformation densities show that
the two 4d; orbitals on Rh are donating electrons to the
unoccupied 2p, atomic orbital of Li*, which can be interpreted
as a weak dative bond between the two Rh centers and the Li*
cation. The ETS-NOCYV analysis also revealed a weak coupling
of Li* with the carbon atoms of the ligand, as was discussed in
the previous sections.

Finally, natural energy decomposition analysis (NEDA)®'
calculations were performed to further examine and quantify
the strength of the interaction between the Rh centers and the
Li" cations in 2 and [Li(TMEDA)][(COD)Rh(CH,SiMe,),].
NEDA decomposes the total interaction energy between two
or more fragments into a sum of electrical, core, and charge-
transfer components. The electrical component comprises two
terms, an electrostatic term and a polarization term (which also
includes the self-energy correction at each polarizing center).
The core component is defined in NEDA as the sum of the
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Figure 5. (Left) Extended-transition-state natural orbitals for
chemical valence (ETS-NOCV) analysis of the [Li{Rh-
(CH,CMe,CH,CH=CH,),},]™ anion in 2. (Right) The difference
between the two NOCVs is the net interaction among the three
atoms, shown as an electron density difference (Ap). The colors of
the deformation densities indicate the flow of electrons from the two
Rh centers to Li*, from blue to pink.
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Table 3. NEDA-Derived Electrical, Core, and Charge-Transfer Contributions to the Total Interaction Energy for Compound

2, Ammonia—Borane, and N,—Borane”

[Li{Rh(CH,CMe,CH,CH=CH,),},]~

electrical —3961.1
core 3773.8
charge transfer —-57.0
total interaction —244.2

“All energies are in kcal/mol.

NH;BH; N,BH;
—3185.5 —3393.1
3369.7 3654.4
—229.1 —=277.4
—44.9 —16.1

exchange and electronic deformation minus the polarization
penalty at each center. The charge-transfer term between the
two Rh centers and the Li* cation in 2 is about one-fifth of the
total interaction energy (Table 3). Thus, a weak dative-type
interaction is present in 2, which is in agreement with the ETS-
NOCV analysis. For comparison, the charge-transfer term of
NH;BH; and N,BH;** two representative complexes with
dative bond character, is significantly larger than the total
interaction energy.

Concluding Remarks. The new alkylrhodate complex
[Li(12-crown-4),][Li{Rh(CH,CMe,CH,CH=CH,),},] (2)
contains the shortest crystallographically characterized Rh—Li
contact distances, 2.470(3) and 2.482(3) A. The short Rh—Li
distances persist in nonpolar solvents, as indicated from VT-
NMR studies. When dissolved in toluene, the salt [Li(Et,O)]-
[Rh(CH,CMe,CH,CH=CH,),] (1) forms an ion pair: a
'"H{"Li} NOE NMR study shows that, in solution, the Li*
cation is in close proximity to the negatively-charged carbon
atoms of the pentenyl ligand and, by inference, the d_ orbital
of rhodium.

The short Li—Rh contact distances observed crystallo-
graphically in 2 and deduced for 1 in solution were analyzed
theoretically. ETS-NOCVs based on DFT calculations showed
that electron density is transferred from the 4d 2 orbitals of the
two Rh centers to the 2p, orbital of Li*, consistent with the
presence of a weak coordinate (dative) bond between Rh and
Li. In 2, the net electron transfer from the two metals to the Li
atom is 0.33e”, which, based on symmetry considerations,
corresponds to 0.165e” per Rh—Li interaction. The charge-
transfer term between Li* and the two Rh centers contributes
only about one-fifth of the total interaction energy, however,
and the results are consistent with an earlier proposal that the
principal driving force for the proximity of Rh and Li in
compounds 1 and 2 is the electrostatic attraction of Li" to
negative charges on the dialkylrhodiate anions.*"*°

B EXPERIMENTAL SECTION

All experiments were carried out in a vacuum or under argon using
standard Schlenk techniques unless otherwise specified. All glassware
was oven-dried before use. Pentane and diethyl ether were distilled
from sodium/benzophenone, and toluene was distilled from sodium
before use. Rh,Cl,(CH,=CH,), was prepared by a modification of a
literature method (SI).** (2,2-Dimethylpent-4-en-1-yl)lithium was
prepared as described elsewhere.”® Toluene-dg was purchased from
Cambridge Isotope Laboratories and distilled from sodium/
benzophenone under nitrogen.

The 1D 'H, °Li, L, ®C NMR, 'H-'H COSY, 'H-"3C HSQC,
and 'H-Li NOE data were recorded on a Varian Inova 600
spectrometer at 14.09 T. Chemical shifts are reported in & units
(positive shifts to higher frequency) relative to TMS (*H, "*C), set by
assigning appropriate shifts to residual solvent signals or to an external
standard of 1.0 M LiCl ("Li) by sample replacement. The 'H and *C
NMR resonances were assigned by analysis of the peak patterns,
coupling constants, "H—'H COSY, and "H-"3C HSQC spectra. X-ray
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crystallographic data were collected by the staff of the G. L. Clark X-
ray Laboratory at the University of Illinois.

(Diethyl ether)lithium cis-Bis(y'5?-2,2-dimethylpent-4-en-
1-yl)rhodate(l) (1). To a suspension of Rh,Cl,(CH,=CH,), (0.096
g, 0.25 mmol) in diethyl ether (20 mL) at —78 °C was added
dropwise a solution of (2,2-dimethylpent-4-en-1-yl)lithium (0.102 g,
0.98 mmol) in pentane (10 mL). A bright-orange solution formed in
S min. The mixture was stirred at —78 °C for 1 h and then placed in a
—50 °C ethanol/glycol bath and stirred for an additional 30 min. The
cooling bath was removed and the solvents were removed under
vacuum to give a dark oil. (Note that the incomplete removal of
solvent gives low yields of product owing to the retention of ethylene,
whereas extended evacuation also gives low yields owing to thermal
decomposition. Therefore, the next step should be performed
immediately after the solvents are removed.) The oil was cooled to
—78 °C and was extracted with cold (ca. 0 °C) pentane (15 mL).
While the source flask was kept at —78 °C, the red extract was quickly
filtered into a cooled (—78 °C) receiver. Rapid evaporation of
pentane under vacuum gave a dark oil, which consists of 1 along with
small amounts of pentane and silicone grease. The product should be
stored in a freezer.

Even in the absence of air and water, 1 decomposes in toluene
within several hours at 20 °C into colloidal rhodium, isomers of 4,4-
dimethylpentene, and other minor organic byproducts. Because of the
thermal instability of 1, satisfactory elemental analyses and ESI mass
spectra could not be obtained. To determine the composition of 1
and estimate the yield, the product from one synthetic run (on the
scale given above) was dissolved in toluene-ds, warmed to room
temperature, and exposed to air overnight. The solvent was
evaporated by heating the mixture on a hot plate, and the resulting
black solid was collected and dried under vacuum to give a free-
flowing black powder (49.5 mg). Elemental analysis of this black
powder showed 36.6% Rh, 2.14% Li, and 0.33% Cl. From these data,
we can conclude that (1) the Rh/Li atomic ratio in the powder is
1:0.9 and is therefore likely to be 1:1 in 1, (2) the Rh/Cl ratio in the
powder is 1:0.026 so that 1 is essentially free of chloride, and (3) the
amount of rhodium in the black powder is 0.18 mmol, which suggests
that the yield of 1 is ca. 35%. The "H NMR spectrum of 1 in toluene-
dg at —42 °C is consistent with there being one diethyl ether molecule
for every two pentenyl ligands (i.e, one diethyl ether molecule per
lithium).

7Li{'H} NMR (233 MHz, C,Dg, 20 °C): 5 0.40 (s). 'H NMR (600
MHz, C,Dg, 20 °C): § 4.06 (m, 2H, —CH=), 3.20 (d, 2H,
12.3 Hz, =CH,, trans to methine), 3.02 (q, 5.2H, *Jyy = 7.0 Hg,
—OCH, of diethyl ether), 2.41 (d, 2H, 3y = 7.7 Hz, =CH,, cis to
methine), 2.18 (ddd, ¥uy = 12.3 Hz, 3Jyy = 5.9 Hz, *gy = 2.7 Hg,
2H, y-CH, equatorial), 1.56 (br dd, g = 12.2 Hz, *J;; = 8.1 Hg,
2H, y-CH, axial), 1.50 (s, 6H, p-Me axial), 1.26 (s, 6H, S-Me
equatorial), 0.94 (s, 7.6H, *Jyy = 7.1 Hz, —CHj of diethyl ether), 0.75
(d, 2H, *Jgy = 12.2 Hz, a-CH, axial), 0.68 (dd, *Jyy = 11 Hz, ¥y =
2.7 Hz, 2H, a-CH, equatorial). *C{'H} NMR (126 MHz, C,Dg, 20
°C): 6 77.78 (br, —CH=), 70.90 (br, =CH,), 66.35 (s, —OCH, of
diethyl ether), 51.17 (s, y-CH,), 49.12 (s, -C), 46.71 (br d, Jpuc =
24 Hz, a-CH,), 34.33 (s, f-Me axial), 33.13 (s, f-Me equatorial),
14.68 (s, —CHj of diethyl ether).

The '"H NMR peaks broaden at low temperature, and the
broadening is greater if the corresponding nucleus is closer to
lithium. '"H NMR (600 MHz, C,Dg, —40 °C): § 4.15 (br, 2H,
—CH=), 3.29 (br, 2H, =CH,, trans to methine), 2.78 (br, 4.5H,
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—OCH, of diethyl ether), 2.50 (d, 2 H, *J;;5; = 7.6 Hz, =CH,, cis to
methine), 2.28 (m, 2H, y-CH, equatorial), 1.67 (br dd, *Jyy ~ 9 Hz,
3Juu ~ 9 Hz, 2H, y-CH, axial), 1.57 (br, 6H, f-Me axial), 1.37 (s, 6H,
B-Me equatorial), 0.78 (br, ~6H, —CHj of diethyl ether), ~0.84 (br,
2H, a-CH, axial, overlapping with the methyl group of diethyl ether),
0.68 (d, *Jyyy = 8 Hz, 2H, a-CH, equatorial). “C{'"H} NMR (126
MHz, C,Dg, —40 °C): § 66.32 (s, —OCH, of diethyl ether), 50.87
(br, y-CH,), 48.95 (vb, B-C), 3435 (s, *Jpc = 99.6 Hz, f-Me
equatorial), 33.12 (br, #-Me axial), 14.47 (s, —CH; of diethyl ether).
The resonances corresponding to the a-CH, and olefinic carbon
atoms are too broad to be observed at this temperature.

Bis(12-crown-4)lithium Bis[cis-bis(;',1>-2,2-dimethylpent-4-
en-1-yl)rhodate(l)]lithium (2). To a suspension of [Rh,ClL,(CH,=
CH,),] (0.15g, 0.38 mmol) in diethyl ether (20 mL) at —78 °C was
added dropwise a solution of (2,2-dimethylpent-4-en-1-yl)lithium
(0.17 g, 1.6 mmol) in pentane (20 mL). The mixture, which turned
bright orange in 5 min, was stirred at —78 °C for 2 h and then
warmed to —20 °C and stirred at this temperature for 2 h. The
reaction flask was evacuated at —20 °C for S min to remove the
evolved ethylene. The mixture was cooled to —78 °C and filtered into
a cooled (=78 °C) receiver; the filtrate was treated with a cooled
(=20 °C) solution of 12-crown-4 (0.18 g, 1.0 mmol) in diethyl ether
(10 mL) with stirring. An orange precipitate formed immediately. The
mixture was warmed to —20 °C and filtered, and the orange solid was
extracted with diethyl ether (3 X 10 mL). The filtrates and extracts
were combined and slowly evaporated at —20 °C to afford the
product as orange prisms. Anal. Calcd for Cy,H,,Li,O4RhCI: C, 50.5;
H, 8.10. Found: C, 48.6; H, 8.18. Note that we have been unable to
synthesize 2 reproducibly owing to its low thermal stability and high
chemical sensitivity (it decomposes when mixed with hydrocarbons
such as toluene and Nujol); these properties prevented further
characterization by IR or NMR spectroscopy.

Crystallographic Studies. Single crystals of 2 were mounted on
glass fibers with Paratone-N oil (Exxon) and immediately cooled to
—100 °C in a cold nitrogen gas stream on the diffractometer. Standard
peak search and indexing procedures gave rough cell dimensions, and
least-squares refinement using 63 318 reflections yielded the cell
dimensions given in Table 1.

Data were collected with an area detector by using the
measurement parameters listed in Table 1. The monoclinic lattice
and systematic absences uniquely suggested space group P2,/c, which
was confirmed by the success of the subsequent refinement. The
measured intensities were reduced to structure factor amplitudes and
their estimated standard deviations by correction for background, scan
speed, and Lorentz and polarization effects. No corrections for crystal
decay were necessary, but a face-indexed absorption correction was
applied, with the minimum and maximum transmission factors being
0.9142 and 0.969S. Systematically absent reflections were deleted and
symmetry-equivalent reflections were averaged to yield the set of
unique data. Two reflections (1 0 2, 0 2 0) were obscured by the
beam stop and were deleted; the remaining 10 418 unique reflections
were used in the least-squares refinement.

Intensity data were collected on a Bruker D8 Venture kappa
diffractometer equipped with a Photon 100 CMOS detector. An Ius
microfocus source provided the Mo Ka radiation (1 = 0.71073 A),
which was monochromated with multilayer mirrors. The collection,
cell refinement, and integration of intensity data were carried out with
the APEX3 software."" Face-indexed absorption corrections were
performed numerically with SADABS.*® The initial structure solution
was solved by direct methods and refined with full-matrix least-
squares program SHELXL.*® Correct positions for the non-hydrogen
atoms were deduced from an E-map and subsequent least-squares
refinement and difference Fourier calculations. One of the 12-crown-4
rings in the bis(12-crown-4)lithium cation is disordered over two
conformations; a site occupancy factor for the major conformer
refined to 0.55. The quantity minimized by the least-squares program
was Zw(F,2 — F.?)? where w = {[6(F,?)]* + (0.0084P)* + 4.8998P}!
and P = (F;> + 2F?)/3. The analytical approximations to the
scattering factors were used, and all structure factors were corrected
for both the real and imaginary components of anomalous dispersion.
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In the final least-squares cycle, independent anisotropic displacement
factors were refined for the non-hydrogen atoms. The C—O bond
lengths of the disordered crown ether were constrained to an ideal
value (1.425 A) using the DFIX restraint. Hydrogen atoms on the @
carbon and the olefinic carbons were located in the difference maps
and refined independently. The other hydrogen atoms were placed in
idealized positions; the methyl groups were allowed to rotate about
the C—C axis to find the best least-squares positions. The
displacement parameters for methylene and methine hydrogens
were set equal to 1.2U,, for the attached carbon; those for methyl
hydrogens were set to 1.5U,. An isotropic extinction parameter was
refined to a final value of x = 3.55(8) X 107%, where F, is multiplied by
the factor k[1 + F2xA%/sin 20]7* with k being the overall scale
factor. Successful convergence was indicated by the maximum shift/
error of 0.003 for the last cycle. Final refinement parameters are given
in Table 1. The largest peak in the final Fourier difference map (0.64
eA™®) was located 1.66 A from Li2. A final analysis of variance
between observed and calculated structure factors showed no
apparent errors.

NOE NMR Experiments. NOE experiments were performed at
—40 °C on solutions of 1 (~0.7 M) in C,Dy placed in flame-sealed
NMR tubes. The resonance due to the equatorial a-CH, protons,
which is well separated from other resonances, shows a relatively large
NOE of 1.5%. The NOEs for the other resonances (most of which are
smaller) were determined by a comparison of the difference peak
integral with that of the equatorial a-CH, proton. The "Li—'"H NOE
difference spectrum was obtained by subtracting a standard 'H
spectrum from the 'H spectrum collected after saturating the ’Li
resonance for S s, with a recycle delay of 2.0 s.

Computational Details. Structural optimizations were performed
with the Gaussian 09 program package®” with density functional
theory (DFT), Grimme’s D3 empirical dispersion correction,®® and
the Becke—Johnson damping function.” A full list of density
functionals tested in this study is given in the Supporting Information.
The def2-TZVP® basis set was used for all atoms except Rh. For Rh,
an additional polarization function was added (def2-TZVPP*° basis
set), and the core electrons were treated with the SDD effective core
potential.”" The minimum-energy structures calculated with the PBE-
D3(BJ) and PBEO functionals showed the greatest geometrical
similarity of the Rh—Li—Rh unit to that seen in the crystal structure of
2. Because of the large steric bulk of the surrounding ligands, the
dispersion corrections at the PBE level provide increased accuracy.
For all optimized structures with bond lengths within 0.02 A of the
crystal structure, a frequency calculation was performed to ensure that
the optimized geometry was at a minimum rather than a saddle point
on the potential energy surface.

Extended-transition-state natural orbitals for chemical valence
(ETS-NOCV)?* were computed with the ORCA 4.2.0 package”
using the def2-QZVP*® basis set and SDD electron core potentials”"
for the rhodium atoms and def2-TZVP for all other atoms. The
NOCV method partitions the interaction energy into meaningful
contributions and provides a qualitative picture of electron donations
and back-donations. Two different fragmentation schemes for 2 were
considered in the ETS-NOCV computations. The first scheme
considers the Li atom to be the first fragment (subsystem) whereas all
of the other atoms constitute the second fragment. The second
scheme considers one Rh-ligand complex to be the first fragment,
whereas the Li atom together with the second Rh-ligand complex is
the second fragment. A detailed analysis is provided in the Supporting
Information. All ETS-NOCV calculations were performed with the
range-separated hybrid density functional @B97x-D3(BJ).”**°

Natural energy decomposition analysis (NEDA)®' calculations
were performed as implemented in the NBO7.0”" software and
interfaced with Gaussian 16.”° NEDA calculations were performed
with a natural bond orbital (NBO) basis, the long-range @B97XD
density functional, and the def2-TZVP basis set. The NEDA method
was used to study 2 as well as two model molecular compounds with
dative bonds (NH;BH; and N,BHj).
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