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Abstract: The preparation of a series
of crown ether ligated alkali metal
(M=K, Rb, Cs) germyl derivatives
M(crown ether),GeH; through the hy-
drolysis of the respective tris(trimethyl-
silyl)germanides is reported. Depend-
ing on the alkali metal and the crown
ether diameter, the hydrides display
either contact molecules or separated
ions in the solid state, providing a
unique structural insight into the geom-

try with two of the GeH; hydrogen
atoms closely approaching the metal
center, resulting in a partially inverted
structure. Interestingly, the lone pair at
germanium is not pointed towards the
alkali metal, rather two of the three hy-
drides are approaching the alkali metal
center to display M—H interactions.
Separated ions display alkali metal cat-
ions bound to two crown ethers in a
sandwich-type arrangement and non-

coordinated GeH;™ ions to afford com-
plexes of the type [M(crown ether),]-
[GeH;] with M=K, crown ether=
[15]crown-5 (2); M=K, crown ether=
[12]crown-4 (3); and M=Cs, crown
ether =[18]crown-6 (5). The highly re-
active germyl derivatives were charac-
terized by using X-ray crystallography,
'H and *C NMR, and IR spectroscopy.
Density functional theory (DFT) and
second-order Mgller—Plesset perturba-

etry of the obscure GeH;™ ion. Germyl
derivatives displaying M—Ge bonds in
the solid state are of the general for-
mula [M([18]crown-6)(thf)GeH;] with
M=K (1) and M=Rb (4). The com-
pounds display an unexpected geome-

tion

Introduction

KGeH; was first obtained in 1934 by treatment of potassium
with GeH, in liquid ammonia,*? with subsequent work in-
cluding the heavier alkali metals®™ and solvent systems other
than ammonia.”! The continued interest in these compounds
originates from their potential in photovoltaic devices; with
recent work focusing on the improved conversion of sunlight
into electricity.”) In an effort to improve the conversion rate
of amorphous silicon, the introduction of germanium by
means of MGeH; (M =alkali metals) resulted in an opti-
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tion theory (MP2) calculations were
performed to analyze the geometry of
the GeH;™ ion in the contact molecules
1 and 4.

density
germani-

mized use of the solar spectrum by including longer wave-
length radiation, leading to a significant increase in efficien-
cy.

The GeH; ion is also of interest in a more fundamental
context, since the examination of the geometries in the
Group 14 moieties CH;~, SiH;~, GeH;™, and SnH;™ provides
important information on structure and bonding trends.

Despite technological applications and the desire to im-
prove fundamental insight on structure and bonding, only
scarce information exists for the GeH;  ion,'**°l with
structural details limited to saltlike germyl species.”) The po-
tassium and rubidium species crystallize in a NaCl lattice,
while the cesium compound crystallizes in the TII structure
type.’) While these studies provide an overall insight into
cation and anion arrangements, no information was obtained
on the germyl anion geometry, since the anions rotate on
their lattice position and thus only show average values. The
anion size was predicted on the basis of structural compari-
sons, leading to the assignment of an effective radius for the
GeH; ion of 2.29 A Pl Geometrical data for the GeH; ion
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were obtained by NMR spectroscopy, with the prediction of
a pyramidal geometry with H-Ge-H angles of 92.5+4.0°.°
Well-defined germyl derivatives were obtained by treating
transition-metal carbonyls with KGeH;. GeH;™ was found
to replace one carbonyl functionality, affording [N(CH,),][n-
CH,;CsH,Mn(CO),GeH,], [PPh,][Cr(CO)sGeH;],M!
[PPh,][V(Cp)(CO),GeH;] (Cp=cyclopentadienide),"
[PPh,][M(CO),GeH;] (M=Mo, n=5; M=W, n=5; M=Ni,
n=3),"2 and [PPh,][Mo(CO),PPh;GeH;]."? Replacement
of the initially formed potassium salts by the larger PPh,*
or NMe,* ions afforded complexes with increased stability.
However, in analogy with the alkali metal species men-
tioned above, geometrical details of the GeH;  moieties
were not available, due to difficulties in locating the hydro-
gen atoms.

Other compounds displaying a Ge—H moiety contain a re-
duced amount of hydridic hydrogen bound to germanium.
Examples include the transition-metal species [V(Cp),-
(C4Fs),GeGeH(CyFs),] ) [Mo(Cp)(CO),P(CHs)s-
GeCLH],™ [Yb(thf),(GePhs(u-H)),] > [Fe,(Cp),(CO),-
(u-CO)(p-Ge)rBuH],"  [MoH(Et,P,(CH,),),GePhH,],I"
and [MoH(Et,P,(CH,),),GePh,H(u-H)]."® Main-group de-
rivatives are limited to [{(rBuMe,Si),HGeLi},], obtained by
the reaction of (fBuMe,Si),GeH, with rBuLi in THE" and
[M,{Ge(H)Ar'},] (M=Li, Na, K; Ar'=C¢H;-2,6-(CH;.-2,6-
iPr,),), prepared by the treatment of Ar'(H)GeGe(H)Ar
with the metals in toluene.””!

We here present the first family of discrete alkali metal
germyl derivatives. The introduction of crown ether im-
proves the solubility, allowing detailed characterization.
Examples presented include two contact molecules
[M([18]crown-6)(thf)(GeH;)], M=K (1) and M=Rb (4), as
well as the separated ions [M(crown),][GeH;] M=K,
donor=[15]crown-5 (2); M=K, donor=[12]crown-4 (3);
and M =Cs, donor=[18]crown-6 (5). The mechanism of for-
mation for compounds 1-5 was evaluated by treating the
previously published [K([18]crown-6)Ge(SiMe;);]*"*! with
deuteriumoxide.

Results and Discussion

Preparation and reactivity: M(crown ether)GeH; (M=K,
Rb, and Cs, donor=[18]crown-6, [15]crown-5, [12]crown-4)
derivatives were prepared by very slow addition of degassed
water (water-laced THF stock solutions) to the parent
M(crown ether)Ge(SiMe;); (M=K, Rb, and Cs, donor=
[18]crown-6, [15]crown-5, [12]crown-4). A potential mecha-
nism of formation involves protonation of the germanides
by water (or D,O), affording H/DGe(SiMes); [Eq. (1)].
KGe(SiMe;); and H/DGe(SiMe;); undergo a trimethylsilane
transfer to yield KGeH/D(SiMe;), and Ge(SiMe;),, a side
product always observed in samples of MGe(SiMe;); (M=
K, Rb, Cs) upon standing over a period of time [Eq. (2)].
The resulting potassium hydroxide may cause a nucleophilic
attack on silicon, which under formation of a five-coordinate
transition state affords KGeH/D,(SiMes) and trimethylsilox-
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ide [Egs. (3) and (4)]. Repetition of this sequence results in
the hydrides 1-5. Literature evidence supports the validity
of these proposed reaction sequences, 2! with protonation
as the first step suggested by Marschner on silanides, in
which the treatment of KSi(SiMe;); with acid afforded HSi-
(SiMe;)s.*1 Apparently, for the silanides, water appears not
to be a strong enough protonating agent, but the more reac-
tive germanide easily reacts with the weaker acids water and
D,0.

KGe(SiMe;); + H,O — HGe(SiMe;); + KOH 1)

KGe(SiMe;); + HGe(SiMe;); — KGeH(SiMe;), + Ge(SiMe;)4

@)
KGeH(SiMe;), + KOH — KGeH,SiMe; + KOSiMe; 3)

KGeH,SiMe; + KOH — KGeH; + KOSiMe; 4)

The germyl derivatives were initially obtained inadver-
tently while preparing [K([18]crown-6)Ge(SiMe;);] deriva-
tives by treatment of Ge(SiMe;), with alkali metal tert-but-
oxides [Eq.(5)]. The GeH;  derivatives were identified
after the reaction vessel had been opened under argon to
remove a few crystals for structural characterization. Subse-
quent bulk analysis by 'H NMR spectroscopy upon removal
of solvent indicated a smaller [Ge(SiMe;);]™ signal with re-
spect to the initial spectra in addition to a broad signal be-
tween 0 =2 and 3 ppm, later identified as Ge—H resonance.
With the decrease in signal intensity for [Ge(SiMes);]~, a
signal for Ge(SiMe;), (0=0.31 ppm) also appears and in-
creases in intensity. The crystalline nature of the solid al-
lowed for crystallographic characterization, indicating the
formation of alkali metal germyl derivatives.

Ge(SiMe;),+MO?Bu + n donor —

[M(donor), Ge(SiMe;);] + Me;SiOrBu ©)

Initially believed to be the product of THF cleavage, an
experiment involving the treatment of Ge(SiMe;), with
KOrBu and [18]crown-6 in an NMR tube under addition of
anhydrous [Dg]THF was conducted. The reaction mixture
was kept at room temperature and monitored over a period
of several weeks. During this time, the ratio of [Ge-
(SiMes);]” and crown ether resonances remained constant;
providing no indication for the formation of KGe(SiMe;),D,
KGe(SiMe;)D,, or KGeD;. An alternative explanation to
rationalize the formation of the target compounds involves
hydrolysis, as observed upon opening the reaction vessel
under argon while removing crystals for crystallographic
analysis. This theory was assessed by introducing stoichio-
metric amounts of water or D,O to the KGe(SiMe;); solu-
tion by means of D,0-laced THF stock solutions of known
concentration. These experiments required great care, since
the rapid addition of H,O/D,0O affords intractable, complex
product mixtures and insoluble products. Water/D,O as the
source of hydrolysis was confirmed by the formation of
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GeD;™ (2.31 ppm), as identified by deuterium NMR spec-
troscopy.

The comparison of reactivity in compounds 1-5 shows
[K([12]crown-4),][GeH;] (3), is most reactive. Exposure to
air results in immediate formation of flames and smoke,
making any characterization attempts very challenging. In
contrast, [K([15]crown-5),][GeH;] (2), while still highly air
sensitive, is less reactive. It appears that there is no signifi-
cant difference in reactivity for contact molecules or sepa-
rated ions, suggesting that the steric saturation of the metal
centers and not the ion association is responsible for the ob-
served reactivity trends. However, more detailed studies on
related compounds are needed to provide more detailed
data.

Spectroscopic studies: Compounds 1-5 were studied by 'H
and "C NMR spectroscopy, with respective data listed in
the Experimental Section. The hydrides are clearly identi-
fied by their "H NMR spectra, with chemical shifts at 6 =
2.30 (1), 3.06 (2), 3.06 (3), 2.61 (4), and 2.98 ppm (5). Previ-
ous transition-metal germyl derivatives display Ge—H chem-
ical shifts between =2 and 4 ppm, thus in agreement with
the signals observed for compounds 1-5.'"'? The analysis of
chemical shifts indicates smaller values for the contact mole-
cules 1 and 4, with those for the separated ions closely clus-
tered together, suggesting that the ion association observed
in the solid state might be conserved in solution. This obser-
vation is in contrast to the tris(trimethylsilyl)silanides and
germanides, for which virtually identical chemical shifts are
observed for contact molecules and separated ions in the
presence of an aromatic solvent, suggesting the formation of
separated ions in all cases. An explanation for the differen-
ces in ion association trends in solution is provided by the
steric and electronic effects evoked by the sterically de-
manding SiMe; substituents. The bulky ligand and proximity
of the crown ether might be responsible for a metal-ligand
bond weakening due to steric repulsion. Electronic stabiliza-
tion of the [E(SiMe;);]” (E=Si, Ge) moiety by the electro-

Table 1. Crystallographic data for compounds 1-5.
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positive SiMe; substituents may further contribute to the
easy formation of separated ions.

The presence of the GeH;™ ion is also clearly indicated in
the (solid-state) IR spectrum with broad signals at 1701,
1719, 1724, 1732, and 1708 for compounds 1-5, respectively.
These numbers agree with previously observed values be-
tween 1740-1755 cm™! for the related compound KGeHj_,-
(SiH,), (n=1-3)."

Structural aspects: Crystallographic information and data
collection parameters for compounds 1-5 are summarized in
Table 1. Geometrical data for the compounds are listed in
Table 2. Compounds 1 and 4 are contact molecules and will
be described together.

[K([18]crown-6)(thf)GeH;] (1) and [Rb([18]crown-6)-
(thf)GeHs;] (4) display very similar structures (for the sake
of brevity only that of compound 4 is shown in Figure 1),
with 1 containing two independent molecules per asymmet-
ric unit. In both compounds, no crystallographically imposed
symmetry is observed. Compounds 1 and 4 display a
“pseudo-octahedral” metal environment composed of an
[18]crown-6 macrocycle, arranged in an approximate equa-
torial plane, with a THF donor and a germyl anion in the
axial positions, resulting in a metal coordination number of
eight. The trans angles are 164.61(7) and 161.36(7)° in 1 and
162.0° in 4. The arrangement of the crown ether in the equa-
torial plane is made possible by the narrow O-M-O angles,
observed at 59.93°(9) (av) for 1 and 59.03°(2) (av) for 4.
Metal-germanium bond lengths are 3.671(1) and 3.630(1) A
for 1 and 3.731(1) A for 4. Potassium—oxygen ([18]crown-6)
and rubidium-oxygen ([18]crown-6) distances range from
2.802(3) to 2.914(3) A (1) and 2.847(5) to 2.970 (4) A (4),
while the metal-THF distances are 2.844(3) and 2.832(3) A
for 1, and 3.079(4) A for 4. For both compounds the germyl
hydrogen atoms could be located in the electron difference
map and were included in the refinement by using con-
straints (DFIX in SHELXTL).”! Ge—H distances are ob-
served between 1.390 and 1.409 A for 1 and 1.301 and

1 2 3 4 5
formula C,sH35GeKO, CyH;3GeKOy, C,6H35GeKOyg CsH35GeO,Rb C,,H,;3sCsGeOy,
M, 451.13 555.23 467.13 497.50 734.12
a[A] 13.85870(10) 12.6848(11) 40.7694(5) 13.8336(8) 13.2513(4)
b [A] 9.96700(10) 12.6848(11) 7.623 9.9878(6) 13.2513(4)
c[A] 16.9439(2) 16.985(2) 29.6746(4) 16.9893(9) 19.0577(7)
BI°] 107.2060(10) 97.4500(10) 107.4170(10)
VA% 2235.71(4) 2733.0(5) 9144.93(17) 2239.7(2) 3346.47(19)
V4 4 4 16 4 4
space group Pc 14 C2/c Cc P4/n
Peatea [gem ™) 1.340 1.349 1.357 1.475 1.457
u [mm™ 1.586 1.319 1.556 3.556 2.039
T [K] 95 99 95 91 91
26 range [°] 3.08-50.00 4.00-50.44 2.02-50.00 5.02-56.66 3.74-52.78
independent reflns 7093 2472 7978 3848 3453
parameteres 470 155 675 329 174
R1/wR?2 (all data) 0.0524/0.0825 0.0578/0.1638 0.0679/0.1173 0.0434/0.0968 0.0492/0.0999
R1/wR2 [>20] 0.0378/0.0774 0.0565/0.1632 0.0580/0.1120 0.0392/0.0949 0.0355/0.0918
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Table 2. Selected bond lengths [A] and angles [°] for compounds 1-5 and the corresponding germanides.

M-Ge M—donor M—donor Si-Ge-Si/H-Ge-H (av) Ge-H Ref.
(crown ether) (THF)

[K([18]crown-6)(thf)GeHs] (1) 3.630(10) 3.671(10)  2.797(3)-2.913(3)  2.833(3) 2.844(3)  101.4 1.385-1.405 (@)
[K([18]crown-6)Ge(SiMes)s] 3.400(7) 2.768(2)-2.910(2) NAM 100.9 NA [20]
[K([15]crown-5),][GeH;] (2) NA 2.830(5)-2.993(6) NA 100.4 1.027- 1.031 fa]
[K([15]crown—5),][Ge(SiMe;),] NA 2.88(2)-2.902(11)  NA 101.0 NA [20]
[K([12]crown—4),][GeH;] (3) NA 2.652(6)-2.908(3)  NA 101.7 1.050-1.077 (@)
[Rb([18]crown-6)(thf)GeH,] (4) 3.731(1) 2.847(5)-2.970(4)  3.079(4) 100.3 1.301-1.309 ol
[Rb([18]crown-6)Ge(SiMe;)s] 3.480(1) 3.540(2) 2.842(4)-3.024(4)  NA 102.2 NA [20]
[Cs([18]crown—6),][GeH;] (5) NA 3.174(2)-3.542(2) NA NA NA fal
[Cs([18]crown—6),][Ge(SiMe;);] NA 3.153(3)-3.574(3) NA 98.2 NA [20]
[

a] This work. [b] NA =not applicable.

Figure 1. Graphical representation of compound 4. Ellipsoids show 30 %
occupancy; hydrogen atoms, except those on GeH,™, have been removed
for clarity.

1.309 A for 4. For both compounds the lone pair on the pyr-
amidal Ge center does not point towards the alkali metal
center, rather it is rotated away from the metal with an
angle of about 90°. Accordingly, two Ge—H distances are
closer to the metal than the third, the shortest values being
between 3.260 and 3.341 A for 1 and 3.442 and 3.449 A for
4. These distances are within the sum of van der Waals radii
and can therefore be considered significant. The third hy-
drogen atom is quite distant from the metal center with dis-
tances of 4.936 and 4.962 A for 1 and 4.978 A for 4. The ori-
entation of the GeH;™ ion towards the alkali metal/crown
moiety is also expressed by the M-Ge-H angles, with two
narrow and one wider angles. The environment at the
GeH;  moieties is pyramidal with H-Ge-H angles ranging
between 99 and 104°.

Compound 2, shown in Figure 2, contains individual cat-
ions and anions, separated by 14.54 A. The potassium cation
is surrounded in a sandwich-type fashion by two [15]crown-5
macrocycles, resulting in a metal coordination number of
ten and potassium-oxygen bond distances between 2.830(5)
and 2.993(6) A. The Ge—H distances range between 1.027 to
1.031 A (hydrogen positions located in the electron differ-
ence map and inserted into refinement using restraints). The

e

Gel

Figure 2. Graphical representation of compound 2. Ellipsoids show 30 %
occupancy; hydrogen atoms, except those on GeH;™, have been removed
for clarity.

germyl geometry is distinctly pyramidal. Similar to 2, com-
pound 3 contains separated ions, apart from each other by
at least 7.09 A. The compound also contains two independ-
ent molecules in each asymmetric unit. Two crown ether
molecules bind to the potassium cation in a sandwich-type
fashion, resulting in a coordination number of eight and po-
tassium—oxygen distances between 2.652(6) and 2.908(3) A.
Ge—H distances (hydrogens located in electron density
map) are between 1.050 and 1.077 A, the GeH;~ geometry is
pyramidal with H-Ge-H angles between 99-104°. Compound
5 contains ions separated by 8.08 A and 8.01 A. Each asym-
metric unit contains two independent molecules. Each
cation is surrounded by two [18]crown-6 macrocycles, result-
ing in a coordination number of twelve and cesium—oxygen
distances between 3.174(2) and 3.542(2) A. Hydrogen atoms
in the anion could not be located or placed on calculated
positions, since the germanium atom lies on a center of sym-
metry.

Among the alkali metal germyls 1-5, both contact mole-
cules (1, 4) and separated ions (2, 3 and 5) are observed.
The formation of contact molecules or separated ions is
mainly driven by the “fit” between the alkali metal radius
and the diameter of the crown cavity. With [18]crown-6 as a
well-known match for potassium and subsequent formation
of a contact molecules, the combination of rubidium and
[18]crown-6 has been known to afford both contact mole-
cules and separated ions, as demonstrated with a rubidium
silanide, for which two separated ions [Rb([18]crown-6),][Si-
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(SiMes);] and one contact molecule [Rb([18]crown-6)Si-
(SiMe;);] have been identified in the asymmetric unit.*" In
accordance with this result, 1.5 equivalents of [18]crown-6
were utilized in the reaction mixture, but only the contact
molecule 4 and uncoordinated crown were isolated. The for-
mation of the separated ions 2, 3, and § is the result of the
small diameter of the crown cavity relative to the alkali
metal diameter, as demonstrated with the combination of
either [12]crown-4 or [15]crown-5 and potassium, or
[18]crown-6 and cesium. With the large alkali metals located
above the cavity of the crown, the small GeH;  ligand is
unable to provide the necessary coordinative saturation. In-
stead, a second crown ether binds to the metal center, inde-
pendent of reagent stoichiometry. These observations agree
with ion-association trends in crown ether containing sila-
nides and germanides.”*”! In accordance with the small size
of the GeH;™ ion relative to Ge(SiMes);™, steric repulsion
between the ligand and the macrocycle is much reduced,
leaving room for the coordination of a THF donor in 1 and
4.

Surprisingly, metal-germanium distances in [K([18]crown-
6)Ge(SiMes);]  (3.400(7) A) and  [Rb([18]crown-6)Ge-
(SiMe;);] (3.480(1), 3.540(2) A)®U are significantly shorter
than in 1 (3.671(1) and 3.630(10) A) and 4 (3.731(1) A). This
initially puzzling result, considering the small size of GeH;",
is explained by the unexpected GeH;  orientation. In fact,
two out of three hydrogen atoms approach each of the
metals centers with M—H distances of 3.3 A (av) for 1 and
3.4 A (av) for 4. While weak, the rotation of the germyl
lone pair away from the metal center enables electrostatic
interactions between the negatively polarized hydrides and
the alkali metal centers. Similar observations were made in
a sodium alcoholate containing silyl ions.”! In this com-
pound, the silyl units were completely inverted, with three
hydrides approaching the metal center. Theoretical studies
on LiSiH; suggested that the inverted C;, structure is fa-
vored by 10 kImol™ over the conventional van’t Hoff ar-
rangement.’” In contrast, the van’t Hoff isomer of mono-
meric gaseous NaSiH; was calculated to be more stable than
the inverted one, a result contradicted by the crystal struc-
ture of the sodium alcoholate complex mentioned above.!l
To this effect, we conducted theoretical studies to assess the
relative energies of the different GeH,  orientations as a
function of alkali metal (see below).

The geometry of the GeH; moiety is pyramidal, with H-
Ge-H angles between 99.0° and 104.5° for 1, 99.8° and
101.3° for 2, 98.8 and 103.7° for 3, and 99.4 and 102.0° for 4.
No hydrogen positions could be located for compound 5.
These values are in agreement with NMR studies on
GeH; ;P! the distinct pyramidal geometry is also in agree-
ment with the above-mentioned sodium silanide moiety in
which H-Si-H angles between 91 and 97° were observed.
Pyramidal geometry was also observed in alkali metal trime-
thylsilyl, -silanides, and -germanides, with angles in the
range of 100°.2%Y While we recognize the significant uncer-
tainty in locating hydrogen positions by using X-ray diffrac-
tion methods, a fact also supported by the large range of
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Ge—H distances in 1-4, as well as the significant underesti-
mation of Ge—H distances in 2 and 3, we are confident
about the assignment of pyramidal geometry. The pyramidal
geometry is also in agreement with Bent’s rules, indicating
that the coordination of an electropositive metal increases
the p character in the metal-ligand bonds, an assumption
further supported by the tetrahedral geometry in germyl de-
rivatives exhibiting an exclusively organic environment.**="]

As mentioned above, the detection of hydrogen positions
on Ge is challenging, leading to a significant range of Ge—H
distances. However, values found in 1-4 are rather short,
likely the consequence of the limitation of conventional
crystallographic analysis for locating the positions of hydro-
gen atoms, especially in proximity to heavier atoms, often
leading into too short values. More realistic Ge—H distances
(1.58 and 1.52 A for terminal Ge-H), and 1.61 A for Ge-H-
Ge) are observed in a family of terphenyl-substituted alkali
metal digermenes [M,{Ge(H)Ar},] (M=Li, Na, K).? In
these compounds, the reduced amount of hydrogen affords
a more defined environment with hydrogen atoms that are
easier to locate. The same is observed in a dimeric hydrido-
(trialkylsilyl) germyllithium, in which Ge—H distances of
1.57 A are observed.!"”)

Theoretical studies

Quantum chemical calculations were employed to study the
unexpected GeH;™ binding orientations in contact structures
1 and 4. In the absence of crystal interactions, a cation—
GeH;™ structure would be expected to conform to either
that of the van’t Hoff arrangement, with the anionic Ge
lone pair in direct contact with the metal cation, or the
GeH; -inverted variant, in which the three H atoms of the
anion bind symmetrically to the cation. The inverted geome-
try was first explored by computational methods for
NaSiH,.P"! While the bare Na* and SiH;~ were predicted to
bind in the usual van’t Hoff arrangement with an energy
6.5 kJmol ! lower than the inverted form at an MP4sdq/6-
31G*//MP2/6-31G* level of theory, a Na' coordination
complex (with the Na* at the center of a (NaOH); six-mem-
bered ring) was found to bind SiH;™ in an inverted C;, ar-
rangement with a 6 kITmol ' preference.!

In a crystal, in which numerous electrostatic interactions
between complex and neighboring molecules can induce sta-
bilization in higher energy conformations or molecular ar-
rangements, a binding energy difference of 6 kJmol™' is
almost negligible. While methods exist for the calculation of
molecular crystals to accurately include all packing interac-
tions, the unit cells of complexes 1 and 4 are prohibitively
large to be studied by such means. The calculation of orien-
tation and binding energy differences are considered only
for the contact structures 1 and 4, for which both the geome-
tries and relative binding energies of the cation—anion com-
plexes and the solvated cation variants can be performed at
levels of theory adequate enough to generate reasonable
models of the contact structure interactions. The predicted
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binding orientations and relative energies are then com-
pared with the observed orientation with specific consider-
ation of the calculated energies as a function of both anion
geometry and cation solvation.

Computational methods: Density functional theory (DFT)
calculations were performed with the PC-GAMESS ver-
sion® of the GAMESS-US quantum chemistry packagel™
utilizing the B3LYP density functional ! 6-311G(d,p)
Gaussian-type basis sets for H, C, N, and O, and Ge,*!! and
the LANL2DZ effective core potentials (ECPs) for K and
Rb for all structures.”**! Optimizations of the K—GeH; and
(H;N)K—GeH; structures were also performed by using
second-order Mgller-Plesset perturbation theory (MP2)
with the same basis set and ECP combinations described
above. As the basis for the relative energy calculations,
normal mode analyses were performed on the van’t Hoff
and inverted C;,-symmetry structures to characterize their
positions on their respective potential-energy surfaces. The
optimization of selected complexes and the application of
symmetry restrictions to obtain various GeH;” conforma-
tions in the larger [18]crown-6 complexes are discussed
below.

Computational results

M—GeH; complexes: The relative and absolute binding ener-
gies of the M—GeH; structures are provided in Table 3. The
van’t Hoff (C;,(vH)), inverted (C;,(inv)), and C, symmetry
forms are shown in Figure 3. The C; structure forms the
basis for two types of calculated binding interactions. The C;
structure in the M—GeHj; and the (H;N)M—GeHj; structures
(see next section) were geometry optimized by fixing M,
Ge, and one H atom along an axis, leading to a final GeH;~
orientation similar to the observed anion orientations in
complexes 1 and 4. Geometry optimizations of the K/Rb C
complexes with M—Ge bond lengths fixed at the optimized
van’t Hoff (Cy(vH)) and inverted (C,(inv)) Cj, distances

Table 3. Relative orientation energies (AEg,) and absolute binding energies (H;N)M or M* + GeH; —
(H;N)M—GeH; or M—GeH; + AEjg;, ) of the M—GeH; and (H;N)M—GeH; contact structures for the five con-
sidered orientations. All energies are in kJmol™'. Structure identifiers are provided in Figure 3 and theory

M :.
Hace

Cay (vH)

M M
MGe
Hge YH
eg
H
N

w7 A
7YY
2\ "

Cav[vH) G

Hn

Figure 3. Geometries and atom labels for the M—GeH; (top) and
(H;N)M—GeH; (bottom) contact structures. The Cy(inv) and C,(vH)
structures are obtained by fixing the M—Ge distance (ry_g.) at the values
for the C;,(inv) and C;,(VH) structures, respectively, and optimizing the
constrained anion under C, symmetry restrictions (see text). Graphics
were generated with VMD.*!

were also performed. These same fixed-distance energy cal-
culations were used in the crown ether and crown ether/
NH; complexes (see below) for determining preferred bond
lengths and relative energies.

Geometry optimizations of the M—GeH; complexes by
both DFT and MP2 methods predict that the inverted C;,
structures are favored over the van’t Hoff structures
(Table 3). The energy differences show a two- to three-fold
increase over the results for the Na—SiH; structure and
reveal that the inverted form is
favored in the absence of any
additional donors. While a
range of binding energies does
exist for these structures, the

text. relative changes and order of
M-GeH; (H;N)M—GeH; the various structures based on
K LANL2DZ Rb LANL2DZ K LANL2DZ Rb LANL2DZ . .

energy are the same, implyin,

AEw  AEyy  AEng  AEy,  AEng  AEyy  AEyy ALy, & » P YING

P that the reported energy differ-
Cy\(inv) 0.00 444.98 0.00 420,51 0.00 414.96 0.00 j91g2  STces are important as they per-
C,,(VH) 13.14 431.84 10.89 409.62 14.89 400.07 13.16 37866 tain to the accuracy of the
C, 31.52 413.46 28.68 391.83 29.04 385.92 26.53 36529 methods to reproduce the ener-
Cx(il’lV) 34.64 410.34 31.84 388.66 31.39 383.57 28.70 363.13 gieS. Importantly’ both theoreti-
f/ngzH) 33.83 411.15 30.74 389.77 32.05 382.91 29.68 36215 Cal approaches agree on the di-
C,.(inv) 0.00 42455 0.00 398.10 0.00 398.80 0.00 37581  rection of the energy Chanse&
C,(VH) 9.45 415.09 8.10 390.00 10.93 387.88 10.55 36526 A few trends are worth noting
C, 25.45 399.10 21.53 376.57 23.42 37538 20.36 35545 in the C,(inv) and C,,(vH)
C,(inv) 26.66 397.88 22.70 375.40 2435 374.45 2121 35460 gructures. First, all energy dif-

C,(vH) 26.17 398.38 22.04 376.06 24.80 374.01 21.88 353.93

ferences are smaller for the
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Rb—GeH; structures. Second, the DFT calculations always
yield higher binding energy differences than the MP2 calcu-
lations. In these small M—GeHj structures, the energies of
the C, structures are two to three times higher than the
C;,(VH) energies with respect to the C;(inv) minimum
energy forms, indicating a significant relative barrier to rear-
rangement of the anions between their C;,(VH) and C;,(inv)
forms along a coordinate that includes the optimized C;
form. In the geometry optimizations, it is found that the M—
Ge distances are nearly identical in both the C;(inv) and
C;,(VvH) geometries, while the M—H distances are brought
within nominal hydrogen-bonding range with the 1.5 A re-
duction in M—H distance from anion inversion.

The possible sensitivity of the binding orientations to M—
Ge separation was considered by M—GeHj; optimization at
fixed symmetries (C;, and C,) and M—Ge distances. Repre-
sentative DFT and MP2 binding potentials are shown in
Figure 4. Included in this figure are the binding energy dif-
ferences relative to the C;(inv) forms to indicate where

— C3,, (VH)
5 — G, (i)

Figure 4. Representative binding potentials for the M—GeHj; series (all
contact structures follow the above trends in binding energy with M—Ge
separation). a) Repulsion at reduced M—Ge distances, for which the C;
structure is the most stable form; b) global minimum energy position for
the [C;,(inv)] form; and ¢) M—Ge distance at which the C;,(vH) form be-
comes lower in relative energy.

theory predicts that the preferred structure changes with
M—Ge separation. In all cases, the van’t Hoff structure be-
comes the more stable form at M—Ge distances in the 4.25
(K—Ge) to 475 A (Rb—Ge) range. The reason for this
change in preferred structure is that the anionic Ge lone
pair extends further than the hydrogen atom radii, thereby
only providing a preferable binding source for the metal cat-
ions when the M—H interactions have been sufficiently atte-
nuated by increased M—Ge separation. The C; structures are
always less stable than the two C;, forms, with the relative
energy differences among all forms decreasing, expectedly,
as each complex is separated to its dissociation limit.

(H;N)M—GeH; complexes: The axial NHj; serves as a model

of cation solvation for the M—GeH; complexes and, in the
([18]crown-6/H;N)M—GeH; complexes, they serve the role

Chem. Eur. J. 2007, 13, 1309-1319
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of the THF oxygen lone pair, enabling the C;, symmetry op-
timization of these larger systems at a higher level of theory
than would be practical for the asymmetric crystal THF
oxygen coordination complexes 1 and 4. The C;, (H;N)M—
GeH; complexes were optimized with both relative orienta-
tions of the NH; with respect to the GeH;  orientation
(those orientations shown in Figure 3 and the cases in which
the NH; is rotated 180 degrees about the N-M-Ge axis). The
energy differences between these two forms for each calcu-
lated structure were insignificant (less than 0.01 kJmol™ in
all cases) and only the more stable orientations (as shown in
Figure 3) are considered in the relative energy calculations.

The absolute and relative binding energies for the
(H;N)M—GeH; contact structures are provided in Table 3.
The result of adding an axial NH; group to the M—GeH;
complexes coincides with an increased orientation energy
difference between the inverted and van’t Hoff forms on the
order of 2 kJmol™' over the M—GeHj cases. The predicted
changes in M—Ge distances with NH; solvation are slightly
larger for the B3LYP calculations (Table 4), although these
MP2/B3LYP differences occur in a very small range. In
comparing the absolute binding energies, the binding of the
NH; to the cations leads to approximately 30 (B3LYP) and
25 kImol ™! (MP2) reductions in energy.

([18]crown-6)M—GeH; complexes: The relative binding en-
ergies for the ([18]crown-6)M—GeH; structures are provided
in Table 4. In the C;, symmetry of the van’t Hoff and invert-
ed complexes, the anion can exist in two orientations with
respect to the two symmetry-unique crown ether oxygen
atoms (by 60° rotation of the NH; about the M—Ge axis),
leading to four C;, forms each. The most stable forms for
C;,(VH) and G;,(inv) are shown in Figure 5. The procedure
for generating the C, symmetry structures leads to eight
unique geometries, all of which are found to occur within a
5 kJmol™" range for the K* complexes and 3 kJ mol™" range
for the Rb* complexes. Symmetry restrictions for the
[18]crown-6/GeH; components led to the procedure shown
in Figure 6 for the calculation of C, symmetry minimum
energy forms. The procedure is as follows.

1) The optimization of the C;,(VH) form, the one for which
the Ge—H distances are more similar to the C, forms in
the M—GeH; and (H;N)M—GeH; C,-optimized struc-
tures.

2) The crown ether is removed from this structure

3) The C, symmetry form is optimized with M-Ge-H fixed
along a single axis.

4) The crown ether is then reintroduced at its C;, position
relative to the metal cation

5) The anion position along the M—Ge axis is adjusted to
find the lowest energy C, symmetry form.

Structural data for the lowest energy Cs,(inv), van’t Hoff,
and C; forms are provided in Table 4. The C; minimum
energy forms are found to lie 17 kJmol™! above the C;,(inv)
form for K* and 19 kJmol™! above the Rb* C;,(inv) form.
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Table 4. Important contact structure bond lengths [A] for all Cy,(vH), C;,(inv), and optimized C, symmetry complexes. Included with the ([18]crown-6/
H;N)M—GeHj; distances are the experimental values for complexes 1 and 4.

M=K M=Rb
C;,(VH) C;,(inv) C, Exptl C;,(VH) C,(inv) C, Exptl
M—-GeH; DFT M-Ge 3.2217 3.2475 3.0747 3.4113 3.4496 3.2640
Ge—Hge/ax 1.5712 1.6396 1.5624 1.5728 1.6349 1.5654
Ge—H,, 1.6062 1.6050
MP2 M-Ge 3.3091 3.3030 3.1399 3.5068 3.5266 3.3389
Ge—Hge/ax 1.5666 1.6270 1.5558 1.5688 1.6247 1.5590
Ge—H,, 1.5977 1.5980
(H;N)M—GeH; DFT M-Ge 3.2617 3.2839 3.1076 3.4547 3.4897 3.2976
M—-N 2.9191 2.9090 2.9000 3.1627 3.1468 3.1337
Ge—Hgeax 1.5760 1.6401 1.5665 1.5774 1.6365 1.5693
Ge—H,, 1.6092 1.6084
MP2 M—Ge 3.3411 3.3251 3.1646 3.5397 3.5362 3.3576
M-N 2.9440 2.9359 2.9278 3.1875 3.1773 3.1665
Ge—Hgeax 1.5700 1.6259 1.5587 1.5720 1.6236 1.5617
Ge—H,, 1.5989 1.5992
([18]crown-6)M—GeHj; DFT M—Ge 3.3869 3.4491 3.2369 3.5608 3.6095 3.3908
M-0O, 2.8390 2.8512 2.8390 3.0034 2.9935 3.0034
M-0, 2.9662 2.9849 2.9662 3.1021 3.1077 3.1021
Ge—Hgeax 1.5923 1.6368 1.5641 1.5908 1.6370 1.5668
Ge—H,, 1.6032 1.6026
([18]crown-6/H;N)M—GeH; DFT M-Ge 3.4378 3.5086 3.3076 3.630, 3.671 3.6079 3.6508 3.4279 3.731
M-N 2.9695 2.9497 2.9695 3.1911 3.1791 3.1911
M-0, 2.7987 2.8197 2.7987 2.7197 2.9404 2.9385 2.9404 2.847
M-0, 2.9500 2.9796 2.9500 2913 3.0744 3.0845 3.0744 2.970
Ge—Hge/ax 1.5966 1.6347 1.5645 1.5936 1.6364 1.5670
Ge—H, 1.6027 1.6021

Figure 5. Geometries and atom labels for the ([18]crown-6)M—GeHj; (top) and ([18]crown-6/H;N)M—GeHj; (bottom) contact structures. The C, symmetry
forms are generated according to the procedure in Figure 6 (see text). Graphics were generated with VMD.!*!

With this calculation, the energy of the C, form for K is C;,(vH) form, while the Rb* remains somewhat higher than
brought within very close proximity of its highest lying its highest energy Cs,(vH) form.
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Figure 6. Procedure for generating the minimum energy C, symmetry forms used in the relative energy calcula-

tions. See text for description of steps 1-5.

([18]crown-6/H;N)M—GeH; complexes: The relative binding
energies for the ([18]crown-6/H;N)M—GeH; contact struc-
tures are provided in Table 5. In the C;, symmetry of the

Table 5. B3LYP/6-311G(d,p)/LANL2DZ relative orientation energies
(AEg.) of the ([18]crown-6)M—GeH; and ([18]crown-6/H;N)M—GeH;
contact structures. All energies are in kJmol ' Structure identifiers are
provided in Figure 5.

([18]crown-6)M—  ([18]crown-6/H;N)M—

GeH; GeH;

K+ Rb* K+ Rb*

AERa AERq AERy AERa
C,,(inv), lowest E 0.00 0.00 0.00 0.00
C,,(inv), highest E 4.68 323 8.75 7.19
C;,(VH), lowest E 14.98 16.13 13.50 16.37
C;,(VH), highest E 16.09 16.54 16.89 19.48
C,(vH)," lowest E C, form 18.44 20.80 13.18 18.46
C I (opt) 16.87 18.80 12.18 16.45

[a] C5,(inv) and C;,(VH) relative energies are reported for the highest
energy forms to show the range of calculated energies for the various
conformations. [b] The lowest-lying C, symmetry form corresponding to
procedure step “4” in Figure 6. [c] The lowest-lying C, symmetry form
corresponding to the displacement procedure step “5” in Figure 6.

van’t Hoff and inverted complexes, eight arrangements of
GeH;™, NH;, and [18]crown-6 are possible (by 60° rotation
of the NH; and/or crown ether group about the M—Ge axis)
for the K* and Rb™ structures. The various conformations
in the C,,(inv) structures occur over an 8.8 (K7¥) and
7.2 kJmol™" (Rb*) range, while the C;,(VH) conformations
occur over a 3.4 (K*) and 3.1 kJmol™' (Rb™) range. The ad-
dition of NH; to the K*/Rb™ ([18]crown-6)M—GeH; com-
plexes leads to a doubling of the energy ranges for the C;,-
(inv) forms. The energy ranges of the C;,(vH) structures are
not significantly affected by the presence of the NH; group
when the [18]crown-6/NH; and crown ether structures are
considered together.

The C, minimum energy forms are found to lie
12kJmol™" above the C;(inv) form for K* and
16.5 kImol™ above the Rb* C;,(inv) form. In the case of
the K* complex, the optimized C, symmetry form is found
to lie lower in energy than the lowest energy C;,(vH) modi-
fication, while the optimized Rb* C, form lies within the
narrow range of its C;,(vH) complexes. The prediction that

Chem. Eur. J. 2007, 13, 1309-1319
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5) the C, form becomes this stable
relative to higher symmetry
forms in the most solvated K*/
Rb* complexes is significant as
it relates to the shape of the
H binding potential for these iso-
lated structures.

Even in the absence of cor-
rections to the crown and
[18]crown-6/NH; complexes in
the optimized C; forms (to cor-
rect for deformation of the C;,
crown ether to reflect [18]crown-6—GeH; interactions,
changes in M—N NH; distance as the result of anion binding,
etc.), the familiar C;,(VH) geometry is less stable than other
anion arrangements. A more complete C; optimization
(through the restriction of other atomic motions to enable
the isolation of the C, form over the predicted C;,(inv)
forms) would not change this outcome, and only reduce the
C;,(inv)—C, energy differences beyond the significant
changes found for these two complexes.

Anion displacement along z

Theory discussion: The main feature of the computational
studies is the significant underestimation of M-Ge distances
compared to the diffraction data. Given the predicted trends
in binding and orientation in the theoretical work, a 0.4 A
elongation of the M—Ge bonds in the crystal would argue
for the potential energy surface corresponding to GeH;™ ori-
entational preferences in the crystals to be more shallow.
This, coupled with the crystal environment and the packing
interactions that bring other molecular fragments within vi-
cinity of the GeH;™ ion, would further reduce the binding
energy difference between the C;,(inv) and C, forms to the
point that the C, form might, under the crystal conditions in
complexes 1 and 4, lead to a stable C, arrangement. Accord-
ingly, the observed GeH;™ orientations in the crystal are ex-
cellent examples for theoretical studies directed at demon-
strating the importance of crystal interactions in determining
molecule geometry and conformation. The further consider-
ation of these structures and their interactions await compu-
tational resources capable of accommodating these demand-
ing unit cells.

Conclusion

In summary, a series of novel heavy alkali metal molecular
germyl derivatives have been synthesized and structurally
characterized. By adding differently sized crown ethers to
the corresponding metals, contact and separated ions were
obtained in the solid state. Interestingly, the contact mole-
cules display partially inverted structures with two out of
three hydrogen atoms bound to the metal center. DFT and
MP2 calculations for the contact molecules reveal that sol-
vation of the cations by the crown ether and an additional
axial donor (by using NHj; as a replacement for the crystal
THF molecules) significantly affects the binding energies
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and preferred binding orientations for the anion to the point
at which crystal interactions could be responsible for stabi-
lizing the nontraditional anion orientation.

Experimental Section

General considerations: All reactions were performed according standard
procedures with a purified nitrogen atmosphere by utilizing either modi-
fied Schlenk techniques and/or a Braun Labmaster drybox. THF, n-
hexane, and pentane were distilled prior to use from CaH, or a Na/K
alloy, followed by two freeze-pump-thaw cycles. Commercially available
KOrBu was carefully chosen with >99% purity. Ge(SiMe,),,?"*!
RbOBu, and CsOrBul* were prepared according to literature proce-
dures. [18]Crown-6, [15]crown-5, [12]crown-4, and D,0 were obtained
commercially. [18]Crown-6 was purified by solvation in freshly distilled
diethyl ether and stirred with finely cut sodium metal for one day. After
filtration from excess metal, the crown was recrystallized from hexanes.
[15]crown-5 and [12]crown-4 were stored over molecular sieves (4 A) in
the dry-box. H,O/D,0 was degassed by passing argon gas through the so-
lution for 12 h. THF/D,O and THF/H,O stock solutions of known con-
centration were prepared shortly before use. The high reactivity of the
complexes did not allow for shipping to an external laboratory for ele-
mental analysis, even when glovebox handling was attempted. This is a
well-known problem in alkali metal chemistry.*”) All '"HNMR and
BCNMR were recorded at room temperature on a Bruker DPX-300
spectrometer. All NMR spectra were recorded in C,Dg and referenced to
residual solvent peaks. IR spectra were recorded as Nujol mulls using
NaCl plates on a Perkin Elmer Paragon FT-IR instrument.

General procedure for the synthesis of 1-5: In a typical experiment Ge-
(SiMe;), was dissolved in THF (35 mL). This solution was then transfer-
red into Schlenk tube containing alkali metal tert-butoxide dissolved in
THF (35 mL). The mixture was stirred for an hour, followed by the addi-
tion of solutions of crown ether ([18]crown-6, [15]crown-5 or [12]crown-
4) dissolved in THF (10 mL). To this, water (0.5 equiv; 0.009 g of water
in a THF stock solution) were added very slowly through a syringe. The
resulting solution was stirred for 24 h, upon which a small amount of a
black precipitate was observed. The precipitate was removed by filtra-
tion, the volume of the resulting solution was reduced, and the solution
layered with a small amount of pentane. Colorless crystals suitable for
single-crystal analysis were obtained at —20°C within a few days.

[K([18]crown-6)(thf)GeH;] (1): KOrBu (0.12 g, 1.1 mmol), Ge(SiMe;),
(0.36 g, 1mmol), and [18]crown-6 (0.26g, 1mmol); yield: 0.28 g,
0.63 mmol, 62.5%; m.p. 188-192°C; '"HNMR (300 MHz, C(Ds, 25°C,
TMS): 6=2.30 (s, 3H; GeH;), 3.23 ppm (s, 24H; CH,, crown ether);
BCNMR (75MHz, CiDg, 25°C, TMS): 6=70.38 ppm (CH,, crown
ether); IR (Nujol): 7=2934, 2726, 1701 (broad), 1461, 1377, 1351, 1285,
1250, 1105, 962, 888, 835, 722 cm ™.

[K([15]crown-5),][GeH;] (2): KO:Bu (0.12g, 1.1 mmol), Ge(SiMe;),
(036 g, 1mmol) and [15]crown-5 (0.44g, 2mmol); vyield: 0.38g,
0.69 mmol, 68.6%; m.p. 204°C (decomp); 'HNMR (300 MHz, CD,
25°C, TMS): 6=3.06 (s, 3H; GeH,), 3.52 ppm (s, 40H; CH,); "C NMR
(75 MHz, C,D, 25°C, TMS): 6=70.04 ppm (CH,); IR (Nujol): #=2922,
1719 (broad), 1461, 1377, 1354, 1304, 1248, 1118, 1089, 1040, 939, 881,
857, 816, 722 cm™".

[K([12]crown-4),][GeH;] (3): KOrBu (0.12g, 1.1 mmol), Ge(SiMe;),
(036 g, 1mmol) and [12]crown-4 (0.35g, 2mmol); yield: 0.31g,
0.67 mmol, 67.1%; m.p. 215°C (decomp); 'HNMR (300 MHz, C¢D,
25°C, TMS): 6=3.06(s, 3H; GeHs), 3.49 ppm (s, 32H; CH,, crown
ether); "CNMR (75 MHz, C¢Dy, 25°C, TMS): §=71.06 ppm (CH,); IR
(Nujol): 7=2920, 2852, 1724 (broad), 1460, 1372, 1358, 1299, 1290, 1251,
1134, 1090, 1021, 914, 841, 817, 724, 661 cm™".
[Rb([18]crown-6)(thf)GeH;] (4): RbOrBu (0.17 g, 1 mmol), Ge(SiMe;),
(036 g, 1mmol) and [18]crown-6 (0.26¢g, 1mmol), yield: 0.36g,
0.73 mmol, 72.5%; m.p. 176°C (decomp); 'H NMR (300 MHz, C,D,
25°C, TMS): 6=2.61 (s, 3H; GeH;), 3.26 ppm (s, 24H; CH,, crown
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ether); "CNMR (75 MHz, C,D, 25°C, TMS): 6=70.63 ppm (CH,,
crown ether). IR (Nujol): 7=2922, 2854, 1732 (broad), 1462, 1377, 1351,
1305, 1285, 1254, 1105, 958, 879, 835, 722 cm™'.

[Cs([18]crown-6),][GeH;] (5): CsOrBu (022 g, 1mmol), Ge(SiMe;),
(036 g, 1mmol) and [18]crown-6 (0.53¢g, 2mmol), yield: 0.45g,
0.61 mmol, 61.1%; m.p. 188°C (decomp); 'HNMR (300 MHz, C¢Ds,
25°C, TMS): 6=2.98 (s, 3H; GeH,), 3.38 ppm (s, 48H; CH,); "C NMR
(75 MHz, CiDy, 25°C, TMS): 6=70.98 ppm (CH,); IR (Nujol): 7=2922,
2853, 1708 (broad), 1455, 1377, 1352, 1301, 1250, 1109, 952, 862, 838,
812cm™.

X-ray crystallographic studies: X-ray-quality crystals for all compounds
were grown as described above. Crystal mounting and data collection
procedures have been described previously.”!! Hydrogen atoms on ger-
manium (with the exception of compound 5) were added from the Fouri-
er maps, and germanium-hydrogen distances were fixed using the re-
straint DFIX. Disorder in compounds 2-4 was handled by including split
positions for the affected groups, and included the refinement of the re-
spective occupancies. Further details about the refinements and how dis-
order was handled are outlined in the Supporting Information. CCDC-
295502-295506 (compounds 1-5) contains the supplementary crystallo-
graphic 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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