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Potassium-Alkane Interactions within a Rigid Hydrophobic Pocket**

Nicholas R. Andreychuk and David J. H. Emslie*

Metal-alkane complexes are of importance due to their involvement
in alkane C—H activation reactions™ and hydrocarbon adsorption in
alkali metal-containing zeolites.””) However, observable metal-
alkane complexes are scarce as a consequence of the poor
donor/acceptor character of alkanes and the low polarity of C-H
bonds. Examples detected by NMR spectroscopy include
[(CsRs)Re(CO)2(alkane)],>4 [(CsRs)M(CO)(PFs)(alkane)] (M = Re
or Mn),[¥ [TpRe(CO)z(alkane)],®! [(PONOP)Rh(CH4)]* {PONOP =
2,6-('BuzP0)2CsH3N},E and  [(CsEts)W(CO)2(n-pentane)],l7  but
none of these complexes have proven sufficiently robust to allow
isolation or crystallization. At the other end of the spectrum lie
crystallographically characterized metal-alkane complexes(® which
have not been observed in solution. The only members of this group
are Reed’s iron(ll) double A-frame porphyrin-heptane complex,®
Meyer’s  uranium(Ill)-alkane  complexes,* and  Weller’s
rhodium(l) norbornane complex,™ and in all cases, the metal—
alkane interaction has been considered to posess some degree of
covalency, perhaps with additional stabilization from interactions
between the alkane and the ligand framework. Herein we describe
potassium complexes of a new highly rigid and sterically
encumbered NON-donor ligand, all of which feature remarkably
short intermolecular K—alkane distances in the solid state.

Palladium-catalyzed coupling of 4,5-dibromo-2,7-di-tert-
butyl-9,9-dimethylxanthene with 2 equiv. of 2,6-dimesitylaniline
afforded 4,5-bis(2,6-dimesitylanilino)-2,7-di-tert-butyl-9,9-dimeth-
ylxanthene (Hz[XAT]; Scheme 1); an extremely sterically hindered
analogue of the known 4,5-bis(2,6-diisopropylanilino)-2,7-di-tert-
butyl-9,9-dimethylxanthenel®? and 4,5-bis(2,4,6-trimethylanilino)-
2,7-di-tert-butyl-9,9-dimethylxanthene®3 pro-ligands. Reaction of
H2[XAT] with excess KH in toluene yielded the dipotassium salt,
and filtration and layering with hexanes at —30 °C deposited vibrant
yellow X-ray-quality crystals of [K2(XAT)(n-hexane)]-toluene (1;
Scheme 1, Figure 1). The potassium atoms in 1 are bound to
bridging amido- and ether-donors forming a square pyramidal
K2N:20 core with oxygen in the apical site. However, an unexpected
feature is close approach of a molecule of hexane to K(1), with a
K(1)-C(1S) distance of 3.284(4) A.
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Scheme 1. Synthesis of H,[XAT] and 1-6 [Dmp = 2,6-dimesitylphenyl;
Mes = mesityl; DPEPhos = bis{2-(diphenyl-phosphino)phenyl}ether].

Figure 1. Two views of the X-ray Crystal Structure of [Ky(XAT)(n-
hexane)]-toluene (1). Hydrogen atoms and lattice solvent are omitted

for clarity and ellipsoids are at 50 %. K—C distances less than 3.50 A

are highlighted as dotted lines.

The Fe—C distances in Reed’s iron porphyrin heptane complex
are 2.5 and 2.8 A (the heptane molecule and the Fe atoms are
disordered; calculated Fe—C distances for methane, ethane, propane
and butane complexes are 2.68-2.70 A),[® the U-C distances in
Meyer’s uranium-alkane complexes range from 3.731(8) to
3.864(7) A (the calculated U-C distance for the methylcyclohexane
complex is 3.974 A),[2% and the Rh—C distances in Weller’s rhodium
norbornane complex are 2.480(11) and 2.494(10) A.'Y1 To enable a
rough comparison between the M-C distances in the more ionic
uranium complex and complex 1, ionic radii for U%* and K* (1.03
and 1.38 A for a coordination number of six)[*! may be subtracted
from the crystallographic M—C distances, yielding values of 2.70-
2.83 and 1.90 A, respectively. The K—C distance in complex 1 is
therefore notably short, and even falls at the lower end of the range
of K—C distances observed for face-on K—benzene and K-toluene
interactions; typically 3.2 to 3.5 A.[1516] The K—alkane interaction in
1 can be surmised to involve a weak electrostatic (primarily cation—
induced dipole)i*’l K—-alkane interaction stabilized by interactions
between the alkane and the hydrophobic ligand pocket.

An analogous intermolecular potassium-alkane interaction is
not observed at K(2), perhaps as a result of crystal packing forces;
the para-methyl carbon C(48) of a mesityl group in an adjacent



[K2(XAT)(hexane)] molecule is positioned 3.538(3) A from K(2).
However, both potassium atoms in 1 are forced into close proximity
with flanking mesityl groups and the xanthene backbone, leading to
a large number of K—Carene and K—Crmetnyi distances below 3.50 A
(Figure 1). In particular, the intramolecular K—Cmetnyi distances
K(2)-C(56) and K(1)-C(76) are 3.180(3) and 3.230(3) A. For
comparison, the intramolecular K-CHR3 interactions in sterically
encumbered  [{KSi(SiMes)s}2]l*¢l,  [KC(SiMes)s]n,'¥  and
[K2(O{SiMe2C(SiHMe2)2}]+2¥! range from 3.138(3) to 3.433(3) A.

To further probe the disposition of the K2(XAT) moiety to
interact with hydrocarbon solvent, alternative crystallization
conditions were explored, yielding X-ray quality crystals of
[K2(XAT)(n-pentane)]-toluene (2), [K2(XAT)(3-methylpentane)]-3-
methylpentane (3), [Kz(XAT)(cyclopentane)]-cyclopentane (4),
[K2(XAT)(toluene)]-0.5toluene (5) and [K2(XAT){(MesSi)20}-] (6)
(Scheme 1 and Figure 2). The central core of structures 2-6 is
analogous to that in 1 (each potassium atom is NON-coordinated
and engages in intramolecular K-C interactions with surrounding
mesityl groups), and in every case, one (2-5) or two (6)
intermolecular K-HsCR or K-H:CR: interactions are observed.
These interactions involve the 1-position of pentane and 3-
methylpentane, one of the CH2 groups in cyclopentane, and a methyl
group of toluene and hexamethyldisiloxane, leading to K-C
distances of 3.358(5) A in 2, 3.215(5) A in 3, 3.48(1) and 3.62(3) A
in 4,200 3.285(7) and 3.305(9) A in 5, and 3.282(5) and 3.332(5) A
in 6 (bound cyclopentane in 4 and toluene in 5 are disordered over 2
positions). In 5, toluene bridges between adjacent molecules via K—
Carene interactions with distances of 3.240(7), 3.425(9) and 3.433(8)
A (Figure 2). The K-C—C angles in primary alkyl complexes 1, 2
and 3 are 117°, 154° and 170°, the K—Cmethyi—C angles in 5 are 99°
and 108°, and the K-C-Si angles in 6 are 171 and 176°.

Compounds 1-6 illustrate the extent to which intermolecular
K-HsCR and K-H2CR: interactions are a common feature of the
solid state structures of K2(XAT). However, attempts to observe
alkane or O(SiMes)2 binding by *H or ¥C NMR in 3-methylpent-
ane/ds-toluene (80 °C), 3-methylpentane (-110 °C), cyclopentane
(80 °C), or O(SiMes)2 (60 °C; 'H NMR only) were unsuccessful,
likely due to rapid exchange between free and bound solvent.

DFT calculations (ADF 2012.01, BLYP with and without
Grimme’s DFT-D3-BJ dispersion correction, TZ2P all-electron, gas
phase, VWN, ZORA) were carried out to probe the nature of the K—
alkane interaction in 3; the complex with the shortest K—Caikane
distance. Geometry optimization using the BLYP-D3-BJ functional
yielded a substantially shorter K—Caiane interaction (3.218 A) than
was observed using BLYP (4.176 A), consistent with significant
stabilization of the K-alkane interaction through dispersion
interactions. The calculated K—Caikane distance in 3 shows excellent
agreement with the crystallographic distance [3.215(5) A], and the
three hydrogen atoms on C(1S) are located 2.82, 3.08 and 3.15 A
from K(1). The BLYP-D3-BJ functional also adequately reproduced
the K-C-C angle (168.1°; cf. 170.2° in the X-ray crystal structure),
the conformation of 3-methylpentane, and the K-N, K-O and
intramolecular K-C distances. However, the exact position of 3-
methylpentane (especially the two more remote carbon atoms),
within the binding pocket deviates to some extent from that in the
X-ray structure (Figure S4).

Complex 3 was investigated through a fragment approach that
considered the interaction between the Kz(XAT) and 3-
methylpentane fragments in the geometries adopted in the calculated
structure of 3. Within this approach, the energy decomposition
analysis? of Ziegler and Rauk??l (AEint = AEelec + AEorb + AEdisp +
AEpauii; BSSE correction included) yielded a total interaction energy

(AEint) of —54.2 kJ mol, which is comprised of: AEelc = —31.6
kI mol! (electrostatic interaction energy, calculated using frozen
charge distributions for both fragments), AEoh = —16.6 kJ mol
(orbital interaction energy; this term includes all contributions
resulting from intrafragment polarization), AEdisp = —87.3 kJ mol?
(dispersion interactions) and AEpai = 81.2 kJmol?! (Pauli
repulsion). The total interaction energy, AEin, differs from the true
interaction energy only by the energy needed to bring the fragments
from their optimum geometries to their geometries in 3. This
preparation energy (AEprep) is less than 5 % of the value of AEin.

Figure 2. X-ray Crystal Structures of: (a) [Ko(XAT)(pentane)]-toluene
(2), (b) [K:XAT)(3-methylpentane)]-3-methylpentane (3), (c)
[K2(XAT)(toluene)]-0.5toluene  (5), (d) [Kz(XAT)(cyclopentane)]-
cyclopentane (4), and (e) [Ko(XAT){(Me3Si),0};] (6). Hydrogen atoms
and lattice solvent are omitted for clarity. Only one of the two
orientations of cyclopentane and toluene are shown in the structures
of 4 and 5. Ellipsoids are shown at 50 % for 2-5 (collected at 100 K)
and 30% for 6 (collected at 223 K). K—C distances below 3.50 A are
highlighted as dotted lines.

The closed shell interactions (AEdisp and AEpaui) roughly
cancel, leaving a net contribution of —6.0 kJ mol-t. AEix is therefore
approximately equal to AEeiec + AEor. The SCF deformation density
isosurfaces in Figure 3 highlight both the degree of polarization
within the alkane fragment and the extent to which the electron
density around potassium remains largely unchanged, indicating that
AEor is primarily due to a cation—induced dipole electrostatic
interaction, rather than o-donation from alkane C-H bonds to
potassium. Negligible Hirshfeld charges on the K2(XAT) and alkane
fragments (< +£0.003) support this interpretation.

Calculations were also performed on a simplified model for 3
(structure 3") in which XAT methyl and mesityl groups have been
replaced by hydrogen atoms, but the coordinates of all other atoms
are identical to those in the BLYP-D3-BJ/TZ2P structure of 3. This



model lacks much of the hydrophobic pocket surrounding the metal,
and fragment analysis yielded values of —-32.3, —15.8, -10.7, —36.5
and 30.6 kJ mol? for AEint, AEelec, AEorm, AEdisp and AEpauli,
respectively. The less negative interaction energy in 3" highlights the
importance of the hydrophobic pocket in stabilizing the K-alkane
interaction. However, AEdisp-AEpauii is approximately the same in 3
and 3', so the more negative interaction energy for 3 can be con-
sidered to arise from more negative AEeiec and AEorb contributions.
Differences in AEelec will primarily reflect the number of electron—
nucleus interactions between the alkane and the ligand framework,
and the more negative AEom for 3 versus 3" implies stabilization of
the polarized alkane through interactions with the surrounding
pocket (image b in Figure 3 indicates polarization of the adjacent
ligand framework by the polarized alkane). The ability of the
hydrophobic binding pocket to stabilize the K—alkane interaction in
3 therefore extends beyond the realm of dispersion interactions.

Figure 3. SCF deformation density isosurfaces (set to £0.0005 in a
and +0.0002 in b) from fragment analysis of 3. Blue represents
increased electron density and red represents depleted electron
density relative to the initial K2 XAT and 3-methylpentane fragments.

In summary, this work presents the first main group metal—
alkane interactions to have been observed crystallographically, and
provides a unique opportunity for computational study of well-
defined K—alkane interactions. The combination of cation—induced
dipole electrostatic bonding supported by interactions between the
alkane and the surrounding framework is a feature common to both
3 and the K-alkane interactions proposed to occur in certain
potassium-containing zeolites.[] The effectiveness of the rigid
hydrophobic binding pocket in K2(XAT) to promote and stabilize
even very weak potassium—alkane interactions (as shown
crystallographically in the solid state and computationally in the gas
phase) also suggests that in combination with catalytically relevant
metals, ligands featuring a rigid hydrophobic binding pocket may
have untapped potential in alkane C—H activation chemistry.

Experimental Section

Full experimental and characterization details for H,[XAT] and 1-6,
and the details of DFT calculations on structures 3 and 3’ are
included in the Supporting Information. CCDC 903943 (1), 903944
(2), 903945 (5), 903946 (4), 903947 (3) and 903948 (6) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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