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Abstract: The reaction of MeAlCl,
with 'PhPLi,’ in THF gives [{MeAl-
(PPh),Li, 3 THF},(u-Cl)] Li* (1). The
Ga™ and In™ analogues, [|MeE-
(PPh),Li,3 THF},(1,-Cl)] Li*-(THF),

(E=Ga (2), In (3)), are obtained by
the in situ reactions of MeECl, with
PhPLi, in THF. For all of the com-

zeolite, and contain large voids (ca.
17 A). The location of the Li* counter-
ions in 1-3 and their coordination envi-
ronment appears to subtly reflect varia-
tions in packing and lattice energy.
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Whereas in 1 highly mobile, loosely co-
ordinated Li* counterions are present,
2 and 3 contain less mobile THF-sol-
vated counterions within the cavities.
X-ray crystallographic and solid-state
NMR studies are reported on 1-3, to-
gether with model DFT calculations on
the selectivity of halide coordination.

plexes, the cage anions have an unusual
cubic arrangement that is similar to a

Introduction

There is considerable interest in the effects of modifying the
structures of ionic compounds into molecular arrangements
to give materials with unusual properties such as low melt-
ing points and solubility in organic solvents."! Such studies
have been motivated particularly by the search for new,
lightweight battery materials and for low-energy routes to
metals.”! The most obvious way by which fragmentation of
an ionic lattice can be achieved is by replacing some or all
of the cation-anion bonding with Lewis base coordination
(Figure 1).1 In notable cases, the molecular species pro-
duced bear a close resemblance to the parent lattice. For ex-
ample, in situ generation of LiCl in the presence of the
Lewis base donor HMPA (HMPA =(Me,N);P=0)] gives
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[LiCI'HMPA],, whose cubane structure represents an ex-
truded fragment of the parent lattice of LiCLF! A further
strategy is the confinement of a salt lattice within another
framework. Recent interest in this area has focused on the
growth of salt lattices within carbon nanotubes (Figure 1).1!
Remarkably, completely novel lattice arrangements can be
formed which are different to those of the bulk starting ma-
terials. A third way by which alkali metal salt lattices can be
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Figure 1. Modification of ionic lattices, illustrated for the fragmentation
of the NaCl-type lattice.
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modified is by coordination of the anion (Figure 1). This ap-
proach is the opposite to the conventional coordination of
the cation using a Lewis base and thus (based on Mulvey’s
terminology)® can be termed inverse coordination. Al-
though there are many examples of anion receptors based
on organic frameworks, in such organic systems anion-re-
ceptor interactions are relatively weak compared to the lat-
tice energies of simple metal salts.®! The obvious candidates
for strong anion receptors are inorganic metal hosts. Recent
studies by Mulvey et al.’) and Hawthorne et al.”’ have illus-
trated the power of inverse coordination of this type using
macrocyclic hosts. Hawthorne has developed a series of met-
allacarborand hosts composed of C,(B, icosahedra which are
linked together into macrocycles by bridging Hg" atoms, the
latter functioning as acceptor sites to a range of anions.
Mulvey and co-workers have explored a range of Group 1, 2
and 12 macrocyclic hosts (so-called “inverse crowns”) that
are capable of stabilising hitherto unknown anions.”! The
work of Zheng and co-workers is also worthy of mention in
this context, involving templating and modification of ionic
systems using various anions.”®

Results and Discussion

Synthesis and characterisation of 1-3: Our interest in this
area has arisen from a long-term interest in the structural
and materials properties of p-block metal phosphides.””! We
recently became interested in the synthesis of Group 13
anions of the type [RE(PR);]*" (E=Al, Ga, In).'" In a
recent communication we reported that the crystalline prod-
uct obtained in 43% (first batch) yield from the reaction of
'PhPLi, with MeAICl, in THF is the ion-separated
compound Li*t[{MeAl(PPh);Li,3 THF},(n-Cl)]~ 1)
(Scheme 1).' Tn view of the lack of availability of the anal-
ogous starting materials MeECl, and the difficulty in prepar-
ing these highly air-sensitive materials for the heavier
Group 13 elements, we adopted an in situ approach to the
Ga™ and In™ analogues. The stepwise reactions of ECI,
(E=Ga, In) with MeLi followed by reaction with 'PhPLi, %
give crystals of the desired Ga and In complexes, 2 and 3,
respectively, which are tentatively formulated as (Li*)!/s-

| l
2LiCl

4 |MeAICI, + 3'PhPLiy——> [{MeAI(PPh)a}Lu]] ? Li*{MeAI(PPh)sLis 3THF }4(us-C)]”

Scheme 1.

[(THF);Li**4[{MeGa(PPh);Li,-3 THF},(n,-Cl)-12 THF]-THF
and [(THF);Li]*[{MeIn(PPh),;Li,-3 THF},(u,-Cl)-12 THF] ",
respectively (Scheme 2). The low yields of 2 and 3 obtained
(16 and 5.5 %, respectively) are either the result of the inef-
ficiency of the in situ reactions involved in their formation
or of the necessity to extract the crude products into Et,O
during workup (in which neither complex is very soluble).
The presence of labile THF solvent molecules in both com-
plexes and their extreme air sensitivity resulted in some var-
iation in the analytical results and satisfactory results (to
within 0.5%) could not be obtained despite repeated at-
tempts. The room-temperature *'P NMR spectra in THF of
2 and 3 both show singlets at 6=—150.5 and —166.1 ppm,
respectively. These chemical shifts can be compared to the
value of 6 =—161.8 ppm for the Al analogue 1 (also in THF,
relative to 85% H,PO,/D,0).") The lack of any obvious
correlation between the chemical shift and position in
Group 13 is perhaps unsurprising bearing in mind the com-
plicated factors governing *'P NMR chemical shifts."¥ How-
ever, it is nonetheless tempting to ascribe the disparate
value for 2 to the onset of d-block contraction and its effect
on metal charge density and electronegativity. The room-
temperature 'Li NMR spectra of 2 shows three singlets at
0=2.16, 1.75 and —0.55 ppm, whereas the spectrum of 3 ex-
hibits two major resonances at 0 =1.44 and —1.01 ppm and
a shoulder at about 6 = —0.6 ppm. The appearance of the 'Li
NMR spectra of 2 and 3 do not change appreciably with
concentration or temperature. However, it is difficult to
assign these resonances unequivocally to each of the three
’Li environments present in 2 and 3.

Crystallographic studies: Low-temperature (180(2) K) X-ray
crystallographic studies were undertaken on 1, 2 and 3. Al-
though we have communicated the structure of 1 previous-
ly,1! re-examination of the original data shows that the cage
anion of this complex is in fact slightly disordered in a simi-
lar way to that found for the new complexes 2 and 3.
Table 1 gives the crystal data for 1, 2 and 3, which includes
the new refinement of 1. Key bond lengths and angles for 1
(from the new refinement), 2 and 3 are collected in Table 2
for comparison.

The solid-state structures of complexes 1-3 are very simi-
lar, all containing [{MeM-
(PPh);Li,},(u-Cl)- 12 THF]~
(M=Al, Ga or In, respectively)
anions. The heterometallic cage
anions of these complexes have
[E4Py,Li;6(1s-Cl)] cores in which
an interstitial CI~ ion is effec-

1

l

iCl
4 | ECl3; + MeLi ——> MeECI, + 3'PhPLiy! —> [{MeE(PPh)3}Li4]} ——— Li*[{MeE(PPh),Lis-3THF }4(us-CN)]”
THF

Scheme 2.
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Table 1. Crystal data and structure refinements for 1, 2 and 3.

1

2

3

empirical formula
fw

crystal system
space group

a[A]

V4

V[AY]

Peatea [Mgm™]
#(Mog,) [mm™']
F(000)

reflns. collected
crystal size [mm]

0 range [°]
independent reflns.
(Rim)

absorption correction

CiosH16sALCILI ;01 Py,
2483.57

cubic

Fd3c

35.037(4)

8

43011(9)

0.767

0.158

10464

10490
0.30x0.23x0.21
4.19-21.00

1683

(0.162)
semi-empirical
from equivalents

Ci36H19,C1Ga,Li;045Py,
2870.85

Ci36H,0,ClInyLi};045Py,
3051.25
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their four-coordinate geometry
is completed by bonding to the
central CI™ anion (Li(2)-CI(1)
246(2) (1), 2.37(1) (2) and

cubic cubic 2.46(3) A (3)) rather than to an

F43c F43c .

34.944(4) 35.252(4) OatomofaTHEllgand.

8 8 The geometric parameters

42671(8) 43807(9) found in the anions of 1 and 2

0.894 0.925 are very similar, reflecting the

[1)'26330 (1)2555?6 very similar sizes of AI™' and
I

15653 8340 Ga th.at result from d-blf)Ck

0.31x0.30x0.23 0.14x0.12x0.07 contraction. Although there is a

4.21-24.97 3.66-21.21 small reduction in the E-P

2991 1919 bond lengths (2.461(3) in 1,

(0.039) (0.151)

semi-empirical
from equivalents

semi-empirical
from equivalents

2.432(1) A in 2), the bridgehead
P-E-P angles within the [MeE-

max., min. transmission 0.969, 0.941 0.862, 0.748 0.964, 0.911 (PPh);]*" ions do not differ sig-
data/restraints/parameters 1683/0/116 2991/21/161 1919/37/133 nificantly (103.01(11) in 1,
. 2 .
gopdgess—of—flt on F* 0.984 1.13 0.961 102.82(4)° in 2). The net result
R indices [1>20(1)] . ¢ | imil bit f
Rl 0.074 0.061 0.066 is extremely s1rm ar bites for
WR2 0.168 0.160 0.160 these two trlpodal [MeE—
R indices (all data) (PPh);]*" ions of 3.852(3) and
R1 0.135 0.080 0.130 3.802(2) A respectively, mea-
WR2 0.197 0.186 0.187 .
sured as the P--P separation
absolute structure parameter  0.20(11) 0.47(3) [twin] 0.20(14) . . p .
largest peak and hole [eA™] 0237, —0.218 0.061, —0.529 0.412, —0.329 within the anions. Thus, it is not

[a] Data in common; 7=180(2) K, 1=0.71073 A.

Table 2. Selected bond lengths [A] and angles [°] for 1, 2 and 3.

1 2 3
E(1)-C(10) 2.01(2) 2.013(8) 220(2)
E(1)-P(1) 2.461(3) 2.432(1) 2.601(4)
P-Li (range)  2.461(3)-2.71(2) 2.558(4)-2.641(10) 2.56(1)-2.66(3)
Li(2)—Cl(1) 2.45(2) 2.37(1) 2.46(3)
P-E(1)-P 103.0(1) 102.82(4) 100.81(9)
C(10)-E(1)-P(1)  115.33(9) 115.50(3) 117.15(7)
Li-Cl(1)-Li 109.5 109.5 109.5

tively coordinated by four [MeE(PPh);Li,] units (Figure 2a).
Although templating of inorganic cages by halide ions has
been seen before,”) to our knowledge the coordination of
the halide ion only is unique for a simple salt. Thus, the
structures of 1-3 provide a dramatic illustration of the con-
cept of inverse coordination.

The tetrahedral [MeE(PPh);]* ions of 1-3 are arranged
in a supramolecular tetrahedron (filled bonds, Figure 2b),
which defines the polyhedral arrangement of Li* ions of the
anions. The twelve phosphorus atoms of the cages are all six
coordinate, each being bonded to four Lit* ions within the
core (2.47(2)-2.71(2) (1), 2.557(4)-2.641(10) (2) and
2.56(1)-2.66(3) A (3)). The twelve symmetry-related ions
Li(1) to Li(1K) (dashed bonds, Figure 2b) form an outer
shell of ions that are each bonded to three phosphorus cen-
tres and to the oxygen atom of a THF ligand. The inner
shell of Li ions Li(2) to Li(2C) (grey bonds, Figure 2b) have
a similar tetrahedral coordination environment, only now
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surprising that the radii of the
[{MeE(PPh);Li},(u-Cl)]~ ions of
1 and 2 are almost identical
(E-Cl 4.246(4) in 1, 4.256(1) A
in 2). However, the far greater radius of In results in much
longer E-P bond lengths in 3, In(1)-P(1) 2.601(4) A. Al-
though this effect is to some extent off-set by a decrease in
the P-E-P angle within the [MeIn(PPh);]*" ion (P-In-P
100.81(9)°), there is a significant increase (ca. 0.15-0.20 A)
in the bite of the anion (P-P 4.008(5) A), allowing an ex-
pansion of the surface of the cluster. The net result is an in-
crease in the spherical radius of the [{Meln(PPh);Li},(p-
Q1] ion (In(1)--CI(1) 4.407(1) A) compared to the Al and
Ga counterparts (mean 4.25 A). It can be noted that previ-
ously reported lithium complexes containing analogous ni-
trogen [RAI(NAr);]* tetraanions contain cage anions of the
type [{RAI(NAr);h,Lig]*", in which no templating by CI~
ions occurs (even though Cl™ ions may be present during
their formation).”'” This difference compared to the struc-
tures of 1, 2 and 3 appears to be due to the smaller ligand
bite of the [RAI(NATr);]*" tetraanions (2.91 A, measured as
the N--N separation),’) making the formation of larger
spherical anions such as those present in 1-3 unfavourable
(cf. ligand bites of 3.802(2)-4.008(5) A for the [MeE-
(PPh);]* tetraanions).

Evidence from the X-ray studies of 1, 2 and 3 shows that
the only structural difference between these species is in the
location and solvation of the Lit counterion. A single Lit
countercation is present in the lattice of 1 for each of the
eight cage anions per unit cell, but owing to the high cubic
symmetry of the lattices (96 equivalent positions) there is in-
herent uncertainty as to its location. For 1 the possibility
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Figure 2. a) Structure of the heterometallic anions of 1-3 (E=Al (1), Ga
(2), In (3)); symmetry transformations used to generate equivalent
atoms: A: x, —y+1, —z+1; B: —x+1, —y+1, z; C: —x+1,y, —z+1; D:
—z+1L,x,—y+1LE:y, —z+1, —x+1; F: 2, x,y; Gy, z, x; H: —z, —x+1,
—y+1; It —z4+1, —x+1, y; J: —y+1, —z+1, x; K: —y+1, z, —x+1. b)
Polyhedral Li (outer-shell; grey, dashed bonds), Al (black, filled bonds)
and Li (inner-shell; grey, filled bonds).

that a highly disordered, solvated [Li(THF),]* ion (not de-
tectable in the X-ray study) might be located in the cavity
can be excluded on the basis of elemental analysis and
"H NMR investigations of 1 before and after isolation of the
complex under vacuum. The most likely location of Lit in 1
is midway between cluster anions (along the edges of the
cubic unit cell or the central face-to-face diagonals, at 1/4, 0,
0 (site symmetry —4)), with !/; Li* occupancy in each of
these twenty-four symmetry related sites (balancing the —8
charge of the eight anions present in the unit cell)
(Figure 3). In 1 each Li* ion loosely binds two cluster
anions together through agostic C—H-Li interactions with
symmetry-related THF molecules (C(3),C(4)--Li(1) 2.85,
3.17(2), A).'"" These interactions are typical of agostic C—
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Figure 3. Formation of cube-shaped cavities within the structure of 1,
showing the partial-occupancy Li(3) sites between adjacent cluster anions
(the insert shows the THF C—H--Li* interactions anchoring the Li*
counterions in the lattice [C--Li 2.85, 3.17(2) A)]).

H--Li bonding reported previously. The resulting lattice
structure contains large voids (ca. 15 A estimated from the
centroid of the eight clusters forming the cube-shaped cavity
to the closest contact) and has nearest-neighbour Li* and
encapsulated ClI™ ions separated by 8.76 A.

In the indium compound 3 there are three THF solvate
molecules per cluster anion and from their grouping close
together at bonding distance from a C; axis it was deduced
that the Li* ion is present as a [(THF);Li]* ion of C; sym-
metry with 0.25 occupancy of the 32 equivalent sites (i.e.
one per cluster anion). In the Ga compound 2 it appears
that about *; of the LiT ions are present as [(THF);Li]*
ions and the other !/; are in edge sites midway between the
cluster anions as deduced for the aluminium compound 1
(see Experimental Section). Although subsequent solid-state
NMR spectroscopic studies are not entirely conclusive, they
do provide overall support for the view that the Li* coun-
terion is in a different position in 1 than in 2 and 3.

An interesting feature of the lattice arrangement adopted
by 1 in particular is its relationship to the well-known Linde
Type A (LTA) structure of zeolites,"” in which truncated oc-
tahedral units are bonded covalently into a 3D lattice at

Chem. Eur. J. 2007, 13, 1251 -1260


www.chemeurj.org

Inverse-Coordination of Lithium Chloride Using Group 13 Phosphide Hosts

their square faces (Figure 4a). Interestingly, the anions of 1-
3 can be seen to be derived from a Py,Li;, truncated cubo-
octahedron (containing the symmetry-related Li(1) ions) in

Figure 4. a) Zeolite Linde Type A structure, and b) schematic of the asso-
ciation of the anions in 1.

which four tetrahedrally related P;Li; faces are capped by
the Group 13 metal centres (E), with the other four remain-
ing P;Li; faces bridged by the remaining four tetrahedrally
related Li* ions Li(2). The lattice arrangement found for 1
is similar to the zeolite LTA,™ only with square faces of the
P,Li;, units being loosely linked by agostic interactions to
Li(3) (Figure 4b). The presence of all the counterions in 3
as tris-solvated [(THF),Li]* complexes, in contrast to the
edge location of the naked Li% ion in 1, indicates that the
maintenance of the same pseudo-primitive cubic arrange-
ments for the large spherical anions in all three compounds
1-3 is dictated by minimisation of anion-anion repulsion
and is independent of interactions with the counterion.
Anion—-anion repulsion would be significantly greater in any
close-pack arrangements, which might have been expected
for optimisation of anion—cation attraction.

Solid-state NMR studies: Solid-state NMR spectroscopy was
used to help locate the lithium counterions in 1, 2 and 3 and
to confirm their crystal structures. ’Li and *'P NMR spectra
were taken of all three compounds. >C NMR spectra were
also taken of 2 and 3, and a °Li NMR spectrum of 1 was
also obtained. The presence of a mobile or naked lithium
cation was confirmed in 1 using a saturation-recovery ex-
periment to obtain 'Li longitudinal relaxation time con-
stants.'” ") The "Li NMR spectrum (Table 3, Figure 5) con-
tains two distinct regions, one with a relaxation time con-
stant of about 6.2 s, and the other with a relaxation time
constant of the order of 100s. The second relaxation delay
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Table 3. "Li chemical shift assignments and 7, data for 1, 2 and 3.

Compound Peak [ppm] Assignment T, [s]
Al 2.2 cage lithiums 6.2
-1.2 mobile lithium 104
Ga 2.0 cage lithiums 16.5
—0.1 “solvated” lithium 16.5
-0.6 “solvated” lithium 16.5
In 2.5 cage lithiums 9
0.5 “solvated” lithium (?) 9
0.0 “solvated” lithium 9
—0.6 “solvated” lithium 15.2
100 ¢ E
[ P
@ L § 4
E . 8} Y 4
5 L J
1r E
1 Il 1 1 1
8 8 4 2 0 -2 -4

Li / ppm

Figure 5. 'Li relaxation-assisted separation (RAS) spectrum, demonstrat-
ing two "Li T values for the Al complex 1.

is surprisingly long, and is consistent with a lithium nucleus
not interacting strongly with any other NMR-active nucleus.
The broad region, with a shorter relaxation delay, can be as-
signed to the cage lithium atoms, on the basis of comparison
with the °Li NMR spectrum and the “Li{'H} cross-polarisa-
tion (CP) spectrum. The °Li NMR spectrum is shown in
Figure 6 (see also Table 3). As expected, this spectrum
shows narrower peaks than those in the 'Li NMR spectrum
as a result of the smaller quadrupolar moment of °Li. The
spectrum can be broken down into two peaks corresponding
to the lithium tetrahedral and dodecahedral cages. The
mobile lithium does not appear in this spectrum, presumably
because so many transients must be collected to obtain a

RESULTANT

TWO COMPONENTS SLi NMR SPECTRUM

0
8(Li) / ppm

Figure 6. Solid-state °Li NMR spectrum and its breakdown into two
peaks for the Al complex 1.
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signal that the slowly-relaxing component is saturated and
does not give a signal. The ’Li CP spectrum appears in
Figure 7 (see also Table 3), along with a standard 'H-decou-
pled 'Li NMR spectrum, showing that the peak assigned to

20 10 0 —-10
&("Li) / ppm

Figure 7. The "Li CP spectrum (solid lines) and 'H-decoupled spectrum
(dashed lines) of the Al complex 1. The mobile lithium peak does not
appear in the CP spectrum.

the mobile lithium is not present. CP spectra only show
nuclei close in space to protons and not highly mobile.

In contrast to 1, 3 appears to contain solvated lithium
counteractions as revealed by its ’Li saturation-recovery
spectrum, with a long recovery delay of the order of 100 s
(see Supporting Information). This shows sharp peaks in the
spectrum of 3, as appropriate for mobile lithium atoms tum-
bling isotropically in solution. THF signals also appear in
the *C CP-TOSS spectrum [(CP with total suppression of
spinning sidebands (TOSS)] of this analogue (see Support-
ing Information). Their isotropic chemical shifts are identi-
cal to those of bulk THF solution and their chemical shift
anisotropy is small (no spinning sidebands appear when
spinning at 6 kHz), so they appear liquid-like.

Neither the Ga (2) nor the In (3) analogues appears to
contain any highly mobile/naked lithium ions. This is clear
from their relaxation spectra (Figure 8 and Figure 9, respec-

100.00 L ]
L _————&M. D
w E 0o o \
\ - -
£ 100 ]
] F . :
0.10F 4
0.01[ . ‘ . . .
8 8 4 2 0 2 4
°Li / ppm

Figure 8. 'Li relaxation-assisted separation (RAS) spectrum of the Ga
complex 2, showing a single 7 relaxation time for the compound.
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Figure 9. 'Li relaxation-assisted separation (RAS) spectrum of the Ga
complex 3, showing a single 7 relaxation time for the compound.

tively), which show that all lithium sites in each compound
have a similar relaxation time, of the order of 10 s. Further-
more, no peak has the same chemical shift as the peak at-
tributed to the mobile lithium in 1 (Figure 5, 6 =—1.2 ppm).
The Li NMR spectra indicate that 2 contains solvated lithi-
um, like 3. The *C NMR spectrum of 2 also contains the
same THF peaks as 3 (see Supporting Information), sup-
porting the existence of solvated lithium ions in the Ga ana-
logue.

It is, however, possible that a small component of mobile/
naked lithium, with a long relaxation delay, would not
appear in either the 'Li or the RAS spectrum. Simulations
were used to determine whether a small component was
likely to appear in the inverse Laplace transform of the re-
laxation spectrum.?”! The X-ray analysis of 2 suggests that
approximately one-third of the Li* counterion could be
mobile, so a simulation was performed in which seven times
as much signal had a relaxation time constant 7;=10s as
had 7T,=100s. Intensities for the curves were calculated for
sixty values logarithmically distributed between 0.01 s and
300s, as was used experimentally. It was found that if the
Ga compound contains a long-relaxing component present
in a ratio of 1:7 with a fast-relaxing component and with a
signal-to-noise ratio of at least 200:1, the inverse Laplace
transform should detect the long-relaxing component. The
experimental spectrum shows no evidence of such a compo-
nent, but this may be due to the spread of 7, values likely
to be present in the fast-relaxing component, or to the pres-
ence of both cage lithiums and solvated lithiums having 7
of the order of 10s, reducing the relative intensity of the
long-relaxing component.

Solid-state *'P NMR spectra were also acquired for 1, 2
and 3. Each compound appears to display a single phospho-
rus peak with a large manifold of spinning sidebands. No-
ticeably, the linewidths of these spectra are vastly different.
The asymmetry in the spectrum of the In complex 3 may in-
dicate the presence of a second, poorly resolved peak, sug-
gesting that exchange is occurring between two sites in all
three compounds, but at a much faster rate in the Ga ana-
logue (2) than in the other two analogues. The “C NMR

Chem. Eur. J. 2007, 13, 1251 -1260
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spectrum of 2 also has slightly broader peaks than the spec-
trum of 3. The *'P isotropic chemical shifts of all three com-
pounds are very similar to the values found in solution (for
1: 6=-163.1, 2: —149.4, 3: —165.6 ppm in the solid state; cf.
1: —161.8, 2: —150.5, 3: —166.1 ppm in THF). Notably the
chemical shift of the Ga complex (2) is again lower than the
values found for the Al and In complexes, earlier ascribed
to the onset of d-block contraction. From this similarity be-
tween the solid-state and solution studies it can be conclud-
ed that the structures of the anions of 1, 2 and 3 are indeed
retained in solution (as suggested by solution 'Li and
3P NMR studies described earlier). Since the spinning side-
band intensity patterns in the solid-state P NMR spectra of
1, 2 and 3 are similar, the chemical shift anisotropies and
asymmetries of the three compounds are similar, indicating
that their chemical environments do not vary greatly in the
solid state.

Theoretical calculations: DFT calculations at the B3LYP/
LACVP** level®? using Jaguar™! were performed on the
bare hosts [{HE(PH);Liy3FH),] and the cage anions
[{(HE(PH);Li,-3FH},(n-X)]” (E=B, Al, Ga, In; X=Cl, Br,
I). For computational simplicity, the metal-bonded Me
groups and Ph groups are replaced by H atoms and the
THF solvation was replaced by HF. The species were con-
strained to 7-symmetry, with the axes of the HF solvent
molecules being constrained to point outwards from the
centre of the cages. The calculations started from the coordi-
nates of the core of the aluminium cage containing chloride
(1), which did not undergo major changes on optimisation.
The other structures came from re-minimising this structure
after changing the elements (E and X) as required (see Sup-
porting Information). Apart from providing an important
lead to future studies, the primary questions we wished to
address were 1) how does the enthalpy of coordination of
X~ ions vary as Group 13 is descended ?, and 2) what poten-
tial is there for the coordination and/or selection of other
halide anions within this type of cage?

Selected bond lengths and angles for the models exam-
ined are presented in Table 4. Bearing in mind the simplifi-
cations of the computational models, the optimised struc-
tures of the chlorides of Al, Ga and In models (third row,
Table 4) are close to those found experimentally (providing
some validation of the models used). Overall, there are only
small difference in the geometries predicted on changing the
Group 13 element from In to Ga to Al for a particular
halide ion incorporated, consistent with the structural trend
observed experimentally for complexes 1-3. The change to
B leads to a slightly larger change in the cage geometry, as
the B atom is rather closer to the centre of the cage than
the larger Group 13 elements. Even in this case, however,
the other elements within the cage are hardly perturbed by
coordination of halide ions. For a particular Group 13 ele-
ment (E), the main changes in the structures on changing
the central halide ion are on the four, “inner-shell” Li* ions.
Coordination of an F~ ion pulls these cations towards the
centre of the cage. Swapping the central anion for ClI”, Br~
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Table 4. Selected bond lengths [A] and angles [°] for the geometry-opti-
mised structures examined.

X /E B Al Ga In
nothing
E-P 2.093 2.439 2.465 2.614
P-E-P 112.7 107.6 107.0 104.2
P--P (bite) 3.489 3.938 3.961 4.125
centroid--Li(inner) 3.215 3.569 3.547 3.677
centroid--Li(outer) 3.982 4.041 4.042 4.055
centroid--E 3712 4.077 4.115 4.287
F
E-P 2.070 2.403 2.454 2.596
P-E-P 108.8 102.1 102.0 97.7
P---P (bite) 3369 3.737 3.814 3912
F--Li(inner) 1.974 2.024 2.077 2.067
F--Li(outer) 3.939 3.951 4.045 4.039
F-E 3.879 4.213 4.251 4.470
1l
E-P 2.087 2.427 2.453 2.60
[2.461(3)] [2.432(1)] [2.601(4)]
P-E-P 111.9 104.7 103.8 100.4
[103.0(1)] [102.82(4)] [100.81(9)]
P---P (bite) 3.439 3.842 3.860 3.995
[3.852(3)] [3.802(2)] [4.008(5)]
Cl---Li(inner) 2.458 2.535 2.524 2.565
[2.45(1)] [2.37(1)] [2.46(3)]
Cl---Li(outer) 3973 4.028 4.026 4.035
[4.147(4)] [3.887(1)] [4.149(1)]
Cl--E 3.840 4.219 4.255 4.432
[4.246(4)] [4.256(1)] [4.407(1)]
Br
E-P 2.089 2.429 2.456 2.603
P-E-P 111.3 105.5 104.8 101.3
P---P (bite) 3.450 3.868 3.892 4.027
Br--Li(inner) 2.625 2.712 2.712 2.723
Br--Li(outer) 3.966 4.028 4.033 3.989
Br+E 3.837 4.204 4.241 4.409
I
E-P 2.097 2.440 2.467 2.609
P-E-P 111.9 107.0 105.9 103.9
P---P (bite) 3.474 3.922 3.937 4.110
I--Li(inner) 2.819 2.976 2.959 3.009
I--Li(outer) 3.964 4.032 4.027 4.021
I-E 3.831 4.163 4.219 4.330

[a] Numbers in square brackets are the experimental values determined
from the structures of 1, 2 and 3.

and then I™ allows these cations to relax outwards. For the
bare hosts [{HE(PH);Li;3FH)},], the inner-shell Li* ions
move further out, becoming “bumps” on the central cage
rather than “dimples” (Figure 10).

INNER-SHELL Li"

Figure 10. Coordination of halide ions (X~) by the bare cages, showing
the displacement of the inner-shell Li* ions towards the centre of the
cage.
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The energies of the coordination of halide ions (AEg) by
the bare hosts [{[HE(PH);Li,-3FH},] are given in Table 5.

Table 5. Energies geometry optimised structures [kJmol™'], constrained
to T-symmetry, at the B3ALYP/LACVP** level, relative to the energy of
bare hosts and the isolated halide ions.

X°/E B Al Ga In
nothing 0.00 0.00 0.00 0.00

F —504.69 —404.66 —380.43 —469.69
Cl- —133.34 —121.10 —112.18 —142.94
Br- —84.17 —81.17 —72.25 —84.34
I 9.25 -25.92 —13.80 31.12

Examination of each row of Table 5 shows that F~ is held
most strongly by the B cage, CI” by the In cage, and I" by
the Al cage. Br~ appears to show little selectivity, except
that the Ga cage binds it less strongly than the others. A
similar comparison cannot be made going down the columns
of the Table 5, as the differences in energy are dominated
by the charge density of the isolated halide ions. However,
the data allows pairs of halide ions and pairs of bare hosts
to be chosen, and the energetically favourable pairing to be
determined. For example, CI™ and Br™ ions will choose be-
tween Ga and In cages so that the Cl™ ion is in the In cage
and the Br~ ion is in the Ga cage, since the total energy for
this [-142.94 + (—72.25)=-215.19 kJmol™'] is lower than
that for the corresponding pair with the halide ions inter-
changed [-112.18 + (—84.34)=-196.52kJmol™'], even
though bromide prefers the indium cage to the gallium one.
The calculations therefore provide the first indication of se-
lectivity in these systems and a template for further studies
of anion coordination by these species.

Conclusion

The current study has shown that the Group 13 tetraanions
[MeE(PPh);]* (E=Al, Ga, In) can all be prepared, opening
the way for more extensive coordination studies of these
species with a range of main group and transition metals.
Solid-state studies show that the complexes with LiCl form
remarkably similar arrangements, in which the [{MeE-
(PPh);Lig},(1y-Cl)]~ ions adopt a highly unusual pseudo-
primitive cubic (rather than close-packed) lattice. This sug-
gests that the structure of all of the compounds is dictated
by the desire to minimise anion—anion interactions, rather
than to maximise cation—-anion interactions. The location of
the Li* counterions in these systems varies depending on
the Group 13 element (E) present, and probably reflects
small differences in factors such as lattice energy. The struc-
ture of the Al complex (1), containing a “naked” Li" ion) is
of particular note since it provides a direct illustration of the
concept of inverse coordination (i.e., of the anion of LiCl).
Solid-state NMR studies have proved particularly useful in
the characterisation of all of the compounds. These studies
indicate the presence of a highly mobile/naked Li* ion in 1
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which is replaced by THF-solvated Li* ions in 2 and 3.
These conclusions are broadly consistent with the results
from low-temperature X-ray crystallographic studies, al-
though the solid-state NMR studies are unable to detect the
potential presence of a small fraction of uncoordinated Li*
ions within the lattice of 2 (tentatively suggested by X-ray
studies). DFT calculations have provided a framework for
future structural investigations in this area, suggesting that a
range of halide ions might be incorporated into these spe-
cies and giving the first indication of potential anion-selec-
tive behaviour. Providing some validation for these theoreti-
cal investigations, we have recently been able to obtain the
analogous bromide complexes which X-ray studies show to
have the same type of cage [{MeE(PPh);Liys3 THF}, (-
Br)]™ ions as that found for 1-3. A future paper will explore
competitive coordination of halide anions.

Experimental Section

General: Compounds 1, 2 and 3 are highly air- and moisture-sensitive.
They were handled on a vacuum line (in an efficient cupboard) by using
standard inert-atmosphere techniques and under dry/oxygen-free argon.
nBuLi in hexanes and phenylphosphine were obtained from Aldrich.
THF and diethyl ether were dried by distillation over sodium/benzophe-
none prior to the reactions. The products were isolated and characterised
with the aid of a nitrogen-filled glove box fitted with a Belle Technology
O, and H,O internal recirculation system. Elemental analyses were per-
formed by first sealing the samples under nitrogen in air-tight aluminium
boats (1-2mg) and C, H and N content was analysed using an Exeter
Analytical CE-440 Elemental Analyser. P analysis was obtained by spec-
trophotometric means. 'H, 7Li and *'P NMR spectra were recorded on a
Bruker DPX 500 MHz spectrometer. 'H NMR spectra were run in
[Dg]benzene, using the solvent resonances as the internal standard. For
P NMR (referenced to an external standard of 85% H;PO,/D,0) and
'Li NMR (referenced to a saturated solution of LiCl/D,0) non-deuterat-
ed THF was used as the solvent, using a [DgJacetone capillary to obtain a
lock.

Synthesis of 2 and 3: nBuLi (7.5 mL, 1.60 mol L' in hexanes, 12.0 mmol)
was added to a stirred solution of PhPH, (0.66 mL, 6.00 mmol) in THF
(50.0 mL) at room temperature. The yellow-green suspension produced
was brought to reflux (4 h). A solution of MeECI, was added at room
temperature (E=Ga (2), In (3)); prepared by addition of MeLi
(125 mL, 1.6 molL™" in Et,0) to a solution of ECl; (2: 0.35 g (2.0 mmol),
3: 0.44 g (2.0 mmol)) in THF (20.0 mL) at —78°C, followed by stirring at
room temperature (45 min). The mixture was brought to reflux (14 h), to
give dark brown solutions. After replacing the solvent by Et,0O
(30.0 mL), heating to reflux for 5min, and filtration (Celite, P3) to
remove LiCl, the solvent was removed under vacuum and yellow-green
precipitates were obtained. Crystallisation from THF (5.0 mL) at room
temperature (48 h) led to yellow cube-shaped crystals of 2 or 3. Com-
pound 2: Yield 023 ¢ (16%, 2.0 mmol scale with respect to Ga).
"H NMR (500.20 MHz, [D¢]benzene, 25°C): 0 =8.3-6.9 (m, C-H Ph), 3.49
(m, -CH,-O THF), 1.34 (m, -CH,- THF), 0.40 ppm (s, Me-Ga); *'P NMR
(202.48 MHz, THF with [Dglacetone capillary, 25°C): d=-150.5 (s,
W'/, =350 Hz) (cf. 1 5=—161.8 ppm); "Li NMR (194.40 MHz, THF with
[DgJacetone capillary, 25°C), d=2.16 (brs), 1.75 (s), —0.55 ppm (s); ele-
mental analysis calcd for 2 (%): C 56.9; H 6.7, P 12.9; found: C 54.3, H
6.6, P 12.0. Compound 3: Yield 0.083 g (5.5%). '"HNMR (500.20 MHz,
[Ds]pyridine, 25°C): 6=7.7-6.9 (m, C-H Ph), 3.62 (m, -CH,-O THF),
1.59 (m, -CH,- THF), 0.03 ppm (s, Me-In); *'P NMR (202.48 MHz, THF
with [Dglacetone capillary, +25°C): 8=-166.1 ppm; 'Li NMR
(194.40 MHz, THF with [Dglacetone capillary; +25°C): 0=1.44 (s),

Chem. Eur. J. 2007, 13, 1251 -1260


www.chemeurj.org

Inverse-Coordination of Lithium Chloride Using Group 13 Phosphide Hosts

—1.01 ppm (s; brshoulder at ca. 0=—0.6 ppm); elemental analysis calcd
(%) for 3: C53.5,H6.3; P 12.2; C52.5,H 6.0, P 11.6.

Crystal structures of 1, 2 and 3:% Crystals of 1, 2 and 3 were mounted di-
rectly from solution under argon using an inert oil which protects them
from atmospheric oxygen and moisture. X-ray intensity data were collect-
ed by using a Nonius Kappa CCD diffractometer. Details of the data col-
lections and structural refinements are given in Table 1. The crystals of
all three compounds are virtually isomorphous, crystallising in the cubic
space group F43c. For all three crystals the positions of the non-hydrogen
atoms of the anionic cluster were located by direct methods. Each cluster
anion has the central chloride anion located on an eight-fold site of 23
symmetry (at ', '3, 5), surrounded tetrahedrally by four symmetry-re-
lated Li* ions and four [MeE(PPh);]*" units (each with C; symmetry)
with the P atoms bridged by an additional twelve symmetry-related Li-
(THF)* groups. Effectively the “spherical” 326 atoms cluster anions are
located on all the lattice points of the F-centred cubic unit cell and all
the interstitial octahedral sites, that is, the crystals could be regarded as a
NaCl-type structure with the Na* and CI” sites all occupied by the giant
anions. For 2 and 3, residual electron density in subsequent Fourier-dif-
ference maps was interpreted as due to THF molecules of solvation and
these were included in the refinement with site occupancy of '/, giving a
total of three lattice THF molecules per cluster anion. The site of the
eight lithium cations per unit cell, required for electroneutrality, is prob-
lematic owing to the very high symmetry of the cubic space group of
these structures. The only eight-fold site remaining at ('/,, ', '/;) was
ruled out for Li* as it is at the centre of a void of with a radius of about
8 A. The most reasonable location for a naked Li* ion is midway be-
tween cluster anions along the edge of the cubic unit cell and at '/, 0, 0
(site symmetry —4)], that is, '/ Li* occupancy in each of these twenty-
four symmetry related sites (balancing the —8 charge of the eight anions
present) (Figure 3). In the lattice of 1, which showed no evidence of lat-
tice solvent molecules, residual electron density of about 1eA™ was
found at this position (but not in 2 and 3), and a Li atom of '/; occupancy
was assigned to this site. In support of this location is the observation
that it allows the Li* ions to loosely bind two cluster anions together
through agostic C—H---Li interactions with four symmetry-related THF li-
gands (C-Li ca. 2.85-3.17 A). The presence of THF solvent molecules in
the lattice of 2 and 3 raises the possibility that these donor molecules
might provide an alternative site for the Li* counterion. In both com-
pounds the solvate THF molecules are about 2 A from a crystallographic
C; axis and it seems probable that they are held in this close proximity to
each other by coordination to an undetected Li* ion located on the Cj
axis (residual electron density for a '/, occupancy Li is unlikely to be ob-
served). For 3, a Li* atom of this occupancy was included on the C; axis
at the centroid of the three THF donor oxygen atoms and the resulting
Li(THF);* units refined satisfactorily. The situation in the Ga compound
2 is complicated by a disorder of the '/, occupancy THF solvates in which
one third of the potential donor oxygen atoms are not within bonding
distance of the C; axis and attempts to refine a Li atom of !/, occupancy
on the C; axis gave impossibly high ADP. The most satisfactory solution
appears to be an allocation of %/, Li* ions to the C; site (i.e., equivalent
to the major component of the disordered THF) and the remaining '/,
Li* to the site at ('/;, '/, /), observed in the structure of 1. This combi-
nation gave satisfactory refinement. In 2 and 3, residual electron density
of about 2-4 eA~> was found at the periphery of the cluster anions in a
site centrosymmetrically related through the central Cl™ ion to the posi-
tion of the Ga or In atoms. This was interpreted for each as disorder of a
small amount of a similar cluster anion of the opposite hand, randomly
distributed at the same site throughout the crystal; no electron density
due to the lighter atoms of the minor component could be detected. The
final difference-Fourier for the Al cluster 1 (communicated previously)
was re-examined and a similar site of residual density (ca. 1 eA~3) to that
detected in 2 and 3 was observed. The minor component of the metal
atom for each of the anions 1, 2 and 3 was included in the refinement
which was based on F* and 2 was refined as a twin. The hydrogen atoms
for all three structures were placed in calculated positions with displace-
ment parameters set equal to 1.2 U, (or 1.5 U, for methyl groups) of the
parent carbon atoms. In the final cycles of full-matrix least-squares re-
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finement, the non-hydrogen full-occupancy atoms were assigned aniso-
tropic displacement parameters.

CCDC-267276 (1), CCDC-609522 (2) and CCDC-609523 (3) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Solid-state NMR spectroscopy: Solid-state NMR experiments were per-
formed on a Bruker Avance-AQS spectrometer tuned to 399.88 MHz for
'H, 161.84 MHz for *'P, 155.41 MHz for 'Li, and 58.85 MHz for °Li. A
Bruker 4-mm double-resonance probe was used for all experiments, with
spinning stabilised to +3 Hz using standard Bruker equipment. The alu-
minium complex (1) was spun at 12 kHz for all experiments, while the
gallium and indium analogues (2 and 3, respectively) were spun at 6 kHz
unless otherwise noted. Dry nitrogen was used to spin the samples, mini-
mising contact with oxygen present in the air. TPPM®! or SPINAL-64/°!
'H-decoupling at approximately 100 kHz was performed for all experi-
ments unless otherwise noted. "Li spectra were referenced externally to
1.0molL™" LiCl,q at Oppm. 'H to 'Li cross-polarisation (CP) under
magic angle spinning (MAS) used a 500 ps contact time and an 8 s recy-
cle delay. 80 transients were collected. The spectral width was 12 kHz; ac-
quisition was performed for 15 ms. Longitudinal relaxation time constants
T, were determined by using a saturation-recovery experiment in which
magnetisation was monitored as a function of delay 7 following satura-
tion. The experiment on 1 was performed with no decoupling (which had
only a small effect on line shape and peak width). A total of 1000 17-us
effective 90° pulses separated by 20-ms delays were used for saturation
of 1; the same length pulse was used as a readout pulse following 7. A
total of 60 7 values logarithmically distributed between 0.01 s and 159.5 s
were used in the experiment, and 20 transients were acquired of each
slice. The recycle delay was 5s. The spectral width was 12 kHz; 186 com-
plex points were acquired. The spectrum was zero-filled to 512 points
before Fourier transformation. Following Fourier transformation, an in-
verse Laplace transformation was performed for each f, point. 80 time
values distributed logarithmically between 0.1s and 240 s were used in
the search for the inverse Laplace transform. For the Ga (2) and In (3)
analogues, 'H-decoupling was performed during acquisition. A total of
80 v values logarithmically distributed between 0.01s and 300s were
used; 20 transients were co-added for each slice. The recycle delay was
5's. The spectral width was 6 kHz and 229 complex points were acquired
for each FID. For 2, 200 16.5-us effective 90° pulses separated by 2-ms
were used for saturation, while for 3, 300 16-ps effective 90° pulses sepa-
rated by 20 ms were used for saturation. In each case, the same effective
90° pulse was used to read out magnetisation before acquisition. For 2,
40 Hz of exponential line broadening was applied and the spectrum was
zero-filled to 1024 points before Fourier transforming in ¢,. For 3, 40 Hz
of exponential line broadening was applied and the spectrum was zero-
filled to 768 points. In both cases, 160 time values distributed logarithmi-
cally between 0.01s and 300s were used in the search for the inverse
Laplace transform.

The °Li 'H-decoupled spectrum acquired of 1 was referenced externally
to 1.0 mol L™! Lil(aq) at 0 ppm. Continuous-wave decoupling was ap-
plied at 80 kHz. A total of 930 transients were acquired with a spectral
width of 20 kHz; acquisition was performed for 45 ms. *'P NMR spectra
were externally referenced to hydroxyapatite which has a chemical shift
of 2.3 ppm relative to 85% H;PO,. Four scans were acquired of 1 using
100-kHz pulses on *'P. The spectra width was 100 kHz and signal was ac-
quired for 5.1 ms. A 60 s recycle delay was used. Thirty-two scans were
acquired of 2. The position of the isotropic peak was established by com-
paring spectra acquired at 5 and 6 kHz. Thirty-two scans were acquired
using 100 kHz pulses on *'P. The spectral width was 100 kHz; the acquisi-
tion time was 4.7 ms. A 20 s recycle delay was allowed. The same param-
eters were used for 3, except that 96 scans were acquired.

“C NMR spectra were referenced externally using the carbonyl signal in
glycine at 176.04 ppm. Ramped cross-polarisation””! was used with a con-
tact time of 1500 ps. A total of 256 scans were acquired in the CPMAS
spectra of each compound; a 10s recycle delay was used. The spectra
width was 90 kHz and the acquisition time 30 ms. The same conditions
were used for acquiring CP-TOSS spectra®! of 1-3, with the addition of
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83 kHz "*C 180° pulses. A total of 256 scans were acquired for 2 and 400
for 3.
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