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ABSTRACT: K,Sn, dissolves in ethylenediamine (en) to give equilibrium
mixtures of the diamagnetic HSny>~ ion along with K Sny“=)~ ion pairs, where
x =0, 1,2, 3. The HSny>~ cluster is formed from the deprotonation of the en
solvent and is the conjugate acid of Sn,*". DFT studies show that the structure
is quite similar to the known isoelectronic RSn,’~ ions (e.g, R = i-Pr). The
hydrogen atom of HSny,*~ (8§ = 6.18 ppm) rapidly migrates among all nine Sn
atoms in an intramolecular fashion; the Sng core is also highly dynamic on the
NMR time scale. The HSn,*~ cluster reacts with Ni(cod), to give the Ni@
HSn,’~ ion containing a hydridic hydrogen (6 = —28.3 ppm) that also scrambles
across the Sny cluster. The Sn,*™ ion competes effectively with 2,2,2-crypt for
binding K* in en solutions, and the pK, of HSn,’~ is similar to that of en (i.e.,
Sny*” is a very strong Brensted base with a pKj comparable to that of the

X-ray

HSn,*

NH,CH,CH,NH™ anion). Competition studies show that the HSny>~ 2 Sny*™ + H* equilibrium is fully reversible. The HSny*~
anion is present in significant concentrations in en solutions containing 2,2,2-crypt, yet it has gone undetected for over 30 years.

B INTRODUCTION

The Sny*~ Zintl ion was first prepared by Kraus' in 1907 but
was not fully identified until the pioneering electrochemical
studies by Zintl in the early 1930s.” Over 60 years later, the first
crystal structure of the anion was reported in the low-
resolution, partial structure of the [Na(en),],Sn, solvent-
shared ion pair (en = NH,CH,CH,NH,).> Later, Corbett
described” the first fully resolved Sny*~ ion in the [Na(2,2,2-
crypt)],Sn, salt. The anion has a C,, monocapped square
antiprismatic structure (see I in Figure 1) and is characterized
by multicenter bonding that has typically been described using
Wade—Mingos electron counting rules.”® While there have
been many derivatives of the Sn,*”~ ion described in the last 25
years, there are only two examples of crystallographically well-
characterized “naked” Sny*~ ions: namely, Corbett’s [Na(2,2,2-
crypt)]4Sny salt and the more recent [Li(NHj;),],Sny'NH;
complex reported by Korber.” To our knowledge, there are
no examples of potassium (or rubidium or cesium) salts of
naked Sny*~ reported.*” Instead, ethylenediamine (en)
solutions of “K,Sny” in the presence of ion-sequestering agents
give high yields of either cluster complexes containing direct
K*,Sny*™ contact ion pairs, such as [I((Z,Z,Z—crypt)]3KSn9,10
[K(18-crown-6)];KSny, [K(18-crown-6)],Sny,"" and [K(12-
crown-4),],[K(12-crown-4)],[Sny],"* or the well-known para-
magnetic radical Sny®~ ions as the [K(2,2,2-crypt)]* salts.”>~"7

The Sny>~ ion was first reported in 1983" and is now known
in at least three different crystallographic modifications,"*~"
which were all prepared from en solutions. While only sparingly
soluble in en, the crystalline salts of Sny® are readily soluble in
dmf and dmso. In these solutions, the clusters give no
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discernible '?Sn NMR signals.m’18 In the solid state, EPR
signals have been observed as well as bulk paramagnetism;
however, the observed moments were less than expected from
an S = !/, system.'

In this paper, we show that these solutions, and presumably
the isolated salts, contain significant concentrations of the
diamagnetic HSny*~ anion. The HSny®" cluster is the conjugate
acid of Sny*~ formed from the deprotonation of the en solvent.
We show that the Sn,*~ ion competes effectively with 2,2,2-
crypt for binding K* in en solutions, and the pK, of HSny>~ is
similar to that of en (i.e., Sny*~ is a very strong Bronsted base
with a pKj, comparable to that of the NH,CH,CH,NH™ anion).
In solution, the hydrogen atom of HSny,*~ rapidly migrates
among all nine Sn atoms in an intramolecular fashion, and the
Sng core is also highly dynamic on the NMR time scale. The
HSny®~ ion can also be metalated through reactions with
Ni(cod), to give the Ni@HSn,*~ ion in high yield. The HSny>~
anion is present in significant concentrations in en solutions
containing 2,2,2-crypt, yet it has gone undetected for over 30
years. The unusual equilibrium properties and the highly
dynamic nature of the clusters themselves have hindered full
characterization of the HSny,®~ ion in the past.

B RESULTS

Synthesis. Melts of nominal composition “K,Sn,” dissolved
in en solutions containing 2,2,2-crypt (>4 equiv) give very
good vyields (>60%) of large brown [K(2,2,2-
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Ni@HSn,™>

Figure 1. Structures I-III and ORTEP drawings of (a) the HSny*~
and (c) the Ni@HSn,>~ ions. Thermal ellipsoids are drawn at the 50%
probability level. The optimized DFT structures of HSny®>~ and Ni@
HSny>~ are shown in (b) and (d), respectively.

crypt)]sHSng 1.5en crystals that contain the diamagnetic
HSny*~ ion (eq 1). The crystals are soluble in dmf and dmso
and sparingly soluble in en. The HSny*" ion is formed through
an equilibrium process involving en and the Sny*~ ion, which is
described in detail in the Equilibrium Studies section below.

K,Sn, + NH,CH,CH,NH, + 4(2,2,2-crypt)

— HSn,’~ + NH,CH,CH,NH™ + 4[K(2,2,2-crypt)]*

(1)

Ethylenediamine solutions of HSn,’~ react with excess
Ni(cod), to give the Ni@HSny*~ ion as the [K(2,2,2-crypt)]*
salt according to eq 2.>° The complex was isolated in high yield
(ca. 71% yield) as a dark red crystalline solid. The Ni@HSn,>~
ion cocrystallizes with the HSny>~ ion in ratios that vary with
the [Ni(cod),]/HSns®>~ ratio of the reaction. With excess
Ni(cod), the Ni@HSny,’~ ion is formed exclusively. The

[K(2,2,2-crypt)];Ni@HSn, salt is soluble in py, dmf, and en.
The HSny*~ and Ni@HSn,*~ clusters have been characterized
by single-crystal X-ray diffraction (XRD), 'H and '"*Sn NMR
spectroscopy, and DFT calculations.

HSn,”~ + Ni(cod), = Ni@HSny>~ + 2cod (2)

Structural Studies. The triclinic modification of the
[K(2,2,2-crypt)]|;HSny-1.5en salt is identical to the previously
reported [K(2,2,2-crypt)];Sny-1.5en salt (containing the Sny>~
ion) prepared by the exact same method."® Details of the X-ray
studies are given in the Supporting Information, and
descriptions of the general crystallographic features of the
previously reported Sny’~ ion can be found in refs 13—17. We
describe here the structure of the HSny>~ ion, which is a
reinterpretation of earlier findings and has not been previously
presented.

The HSny* ion (Figure la) is a 22-electron 9-vertex nido-
cluster and is isostructural to the RSny>~ ions'*™>' (see III in
Figure 1), where R = -Bu, i-Pr . The structure is distorted away
from that of the idealized C,, monocapped square antiprism
(see I) and is more similar to the Dy, tricapped trigonal prism
(see II). Because the hydrogen atom could not be located
crystallographically, DFT calculations were performed to locate
the hydrogen position. Several independent calculations were
performed with different starting cluster geometries and
hydrogen atom locations. The lowest energy structure (Figure
1b) contains an Sng core with an exo hydrogen attached to a
single tin atom. These structural features are virtually identical
to those in the RSny>~ ions (R = #Bu, i-Pr)." > Comparisons
of the DFT structures with the three known crystal structures
are given in Table 1.

A comparison of calculated (DFT) structures for HSny*~ and
the Sny®~ radical is given in Table 1 along with the
crystallographic data for the three known crystallographic
modifications of Sng®.">7'>'7 The structures of the three
[K(2,2,2-crypt)];Sn, modifications are all quite similar, with
only slight differences associated with crystal packing and lattice
solvates. A summary of the crystallographic data for the three
different modifications is §iven in Table 2. DFT calculations, all
utilizin% PBE functionals®* and two different program packages,
Jaguar™ and Priroda,”*** were used in combination with
several distinct basis sets. The root-mean-square (rms)
differences in individual bond lengths between the DFT
structures and the crystal structures of each known structure
were determined (see Table 1). For reference, the DFT and
experimental structures of the crystallographically unambiguous
i-PrSny*” cluster are given in column a as an illustration of the
methods and basis sets. The results in column b show that all
three methods can be used to distinguish the gas phase
structures of the HSny®~ and Sny®~ clusters. The results given in

Table 1. Comparison of Crystallographic and Computational Structures of the Sn,>~ and HSn,>~ Ions

rms differences (A) in bond lengths of Sn, clusters®

XRD vs DFT: i-PrSny>~

basis set” column a column b
3z (Priroda) 0.088 0.148
cc-pVTZ-PP 0.103 0.137
LACV3P**++ 0.152 0.143

DFT: HSny®~ vs Sny>~

XRD vs DET for HSny>™/Sny*™

structure A structure B structure C
column ¢ column d column e
0.164/0.081 0.120/0.111 0.113/0.116
0.159/0.088 0.122/0.117 0.117/0.121
0.199/0.149 0.171/0.171 0.166/0.173

“For structural details of i-PrSny’", see ref 20. Structure A, this work; structure B, ref 14; structure C, ref 1. bPriroda and Jaguar program packages
(refs 23—25). See Supporting Information for details of basis sets and computational methods.
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Table 2. Different Crystallographic Modifications of Sny>~/HSny>~

structure space group cell parameters ref
[K(2,2,2-crypt)]5[Sny]en,; s* triclinic a =15.002(1) A, a = 99.770(10)° 13

b =21.794(2) A, p = 101.6(9)°

¢ = 14.060(1) A, y = 89.694(10)°

[K(2,2,2-crypt)]15[Sngleng s triclinic a = 14.896(3) A, a = 92.74(3)° 15,17
b =16279(3) A, B = 96.51(3)°
¢ =20.375(4) A, y= 111.81(3)°

[K(2,2,2-crypt) ][ Sny]sen, stoly monoclinic a =28.042(8) A 14
b =23.527(5) A, f = 93.46(2)°
¢ =27.703(8) A

[K(2,2,2-crypt)]5[HSng]en, 5 triclinic a=13.989(2) A a = 89.391(1)° this work
b = 14.889(2) A, B = 79.589(2)°
¢ =22.004(2) A, y = 78.861(2)°
“Note that this cell can be transformed to the standard setting using a’ = ¢, b’ = —a, ¢’ = =b (001/—100/0—10) to give the standard cell: a =
14.060 A, b = 15.002 A, ¢ = 21.794 A, a = 89.69°, # = 80.23°, y = 78.40°. The transformed cell is the same as the one reported here with slight
variations presumably due to differences in temperature of data collection and perhaps partial solvation effects.

a) b) c)

-1269 1270 1271 272 4273 1268 1269 1270 1211 -z;2 213 62 822 817 612
3(ppm}

Figure 2. (a) "”Sn NMR, (b) {'"H}!"’Sn NMR, and (c) '"H NMR spectra of the HSny>~ ion. Data were recorded from a crystalline sample of the
[K(2,2,2-crypt)];HSngen, 4 salt dissolved in en. Data were collected at ambient temperature and operating frequencies of 186.5 and 400.1 MHz for
9Sn and 'H NMR spectra, respectively.

columns c¢—e of Table 1 correspond to comparison of Sn—Sn the parent HSn,>~ cluster and the isoelectronic Cu@Sn,>~.>’
bond lengths in three experimentally characterized crystallo- Both ions are nine-vertex, 22-electron clusters in a Wade—
graphic modifications of [K(2,2,2-crypt)];Sn, and DFT- Mingos-type analysis. The Sny core of the Ni@HSn,*~ ion is
calculated gas-phase structures of HSn,®~ and Sny®~. The slightly expanded relative to that of the HSny>~ ion, with two
DFT structures of the Sn,’~ radical®® and the diamagnetic major elongations of the Sn1—Sn3 and Sn5—Sn6 prism heights
HSny*~ cluster have very similar Sny cores that differ only (Figure 1). The position of the hydrogen atom was calculated
slightly in the Sn1—Sn3 and Sn2—Sn4 diagonal distances. using DFT with the lowest energy structure shown in Figure
While the metric parameters of structure A seem to be more 1d. The bridge position is quite similar to that of the bridging
akin to those of the calculated for Sny>~, structures B and C are SnCy, substituent in the isoelectronic Pd@SnySnCy;>~
intermediate to those of the calculated HSny>~ and the Sny>~ cluster.”® Details of the solid-state structure and DFT
structures (Table 1). Unfortunately, the differences are small calculations can be found in the Supporting Information. The
and the analyses can be interpreted in different ways (e.g, NMR data for the Ni@HSny*~ ion was reported previously,*
crystal packing effects, variable mixtures of HSny*~ and Sny*", and during the initial preparation of this manuscript, the
etc.). As such, even the combination of XRD studies and DFT structure of the Ni@HSn,*~ ion was reported.®® The present
calculations cannot effectively differentiate between the para- structural analysis contains fully occupied Ni interstitials and
magnetic Sny>~ radical and the diamagnetic HSny*™ in a identifies the location of the hydrogen atom.
conclusive manner. NMR Studies. The 'H and 'Sn NMR spectra for a
The [K(2,2,2-crypt) ][ Ni@HSn,],-tol-3en salt is monoclinic, crystalline sample of the [K(2,2,2-crypt)];HSng and [K(2,2,2-
space group P2,/c, and contains two independent Ni@HSny*~ crypt) Js[Ni@HSn,],-tol-3en salts dissolved in en prove the
clusters that form solid solutions with HSny>~ ions (i.e.,, Ni@ diamagnetic nature of the compounds as well as the presence of
HSny,*~ and HSny,*~ cocrystallize). Figure lc shows the a hydrogen atom attached to the Sny core in these clusters.
structure of the Ni@HSn,’~ ion obtained from pure [K- These data are presented below.
(2,2,2-crypt) J{[Ni@HSn,],-tol-3en salt that did not contain Despite the virtual C; point symmetry of the cluster, the
HSny®~ impurities. The Ni@HSny>~ ion has a distorted HSny®~ ion gives a single time-averaged ''?Sn NMR resonance
tricapped trigonal prismatic structure that is quite similar to due to a facile diamond-square-diamond intramolecular
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Figure 3. (a) "”Sn NMR, (b) {"H}'"*Sn NMR, and (c) "H NMR spectra of the Ni@HSn,*~ ion. The data were recorded from a crystalline sample
of the [K(2,2,2-crypt)]s[Ni@HSn,],-tol-3en dissolved in py-ds. Data were collected at ambient temperature and operating frequencies of 186.5 and

500.1 MHz for '"”Sn and 'H NMR spectra, respectively.

exchange of all nine Sn atoms that is commonly observed in
most Sny clusters.”” Unlike the resonances observed for the
K,Sn,* ™~ jons described below, the '**Sn NMR resonance for
HSny*~ is a doublet with a small J(***Sn—"H) = 21 Hz coupling
due to intramolecular coupling to the proton. For reference,
one-bond ""”Sn—"H coupling constants in organostannanes are
typically quite large (e.g,, 'J(*'”Sn—"H) = 1609 Hz HSnBu,)*'
and are >80 Hz even when bridging two Sn atoms.** The
proton resonance for HSny®~ appears at 6.18 ppm in the 'H
NMR spectrum and shows J(1'*Sn—"H) coupling and '**/'7Sn
satellites characteristic® of coupling to nine equivalent Sn
atoms (Figure 2). The single """Sn chemical shift and the
equivalent coupling between the proton and all nine Sn atoms
indicate that the H atom rapidly scrambles across the Sny
cluster in an intramolecular fashion. While proton scrambling
has been seen in related transition metal hydride clusters,> the
facile hydrogen migration in HSn,>~ is quite surprising in view
of the static nature of the R—Sn bond in the closely related
RSn,>~ ions (R = t-Bu, i-Pr)*>*® and the lack of such behavior
in organostannanes. The J(''*Sn—"""Sn) = 398 Hz coupling is
large relative to other RSny>~ ions, which suggests a more
closed transition state that accompanies a mobile exo
substituent.”*

The NMR spectra for the Ni@HSny*~ ion are similar to
those of HSny®~ and are also diagnostic of a highly fluxional Sn,
core with a hydride ligand that rapidly migrates around the
cluster in an intramolecular fashion (Figure 3). The major
differences between the two sets of spectra are the upfield
hydride-like "H NMR chemical shift of the Ni@HSn,>~ hydride
ligand (8 = —28.3 ppm) and the larger ''*""’Sn—"H coupling
constant of 51 Hz. The '"?Sn NMR signal is shifted to —837
ppm with a '”Sn—'"Sn coupling of 59 Hz. This coupling is
consistent with an expanded Sny core and indicative of an
endohedral M@Sn, complex.””

Equilibrium Studies. The HSny*™ ion is formed through
an equilibrium process involving deprotonation of the en
solvent. Intermetallic melts of nominal composition K,Sny
dissolve in en solvents to give solutions of K, Sn,* ™~ jons
where x = 0, 1, 2, 3 and HSng>~ according to eqs 3 and 4. Ion
association between alkali ions and the E,*~ ions (E = Ge, Sn,
Pb) has been well established through the NMR experiments of
Rudolph and co-workers.** Their studies revealed that the
A, Sny 4%~ jons (A = Na, K, Rb, Cs) give rise to single, time-
averaged '"”Sn NMR chemical shifts that have significant alkali
ion dependence due to strong ion pairing in en. For example,
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the time averaged '"’Sn NMR chemical shifts of A,Sn, salts
span 108 ppm from & = —1223 ppm (Na,Sn,) to —1115 ppm
(Cs4Sn,).””** Because the Sny*™ ion has a very high affinity for
alkali ions, equilibrium 3 is shifted significantly to the left to
give a preponderance of K;Sny~ as the major Sny species in
solution, as described below and in the Supporting Information.

—
=

KSn,~ + K" = K,Sny," ™ + 2K*

= KSny*~ + 3K*

~

= Sny*” + 4K* 3)
Sny*” + NH,CH,CH,NH,
= HSny>~ + NH,CH,CH,NH" (4)

Addition of 2,2,2-crypt to these solutions results in the
sequestration of the K* ions to give the well-known K(2,2,2-
crypt)” complex that has large formation constants in a variety
of solvents (Kcrypt > 10° in en, see Supporting Information).a5
Potassium ion sequestration through the addition of >4 equiv
of 2,2,2-crypt shifts equilibrium 3 to the right to give K,Sng>",
KSng®~, and Sny*™ in solution. NMR titration studies show
systematic changes in the ''’Sn NMR chemical shifts of the
K,Sny*™)~ species (Figure 4) when 2,2,2-crypt is added that
results in a limiting chemical shift of —1236 ppm. Addition of
4.5—7.5 equiv of 2,2,2-crypt does not effect additional change in
the chemical shift but instead causes significant broadening of
the peak and the appearance of the HSn,>~ resonance at —1268
ppm. Imp))ortantly, HSny*~ is not in rapid exchange with the
K_xSng(‘H‘ ~ species or NH,CH,CH,NH™ on the NMR time
scale; ie, proton coupling is maintained and the '"*Sn
resonance for HSny>~ does not broaden with the added 2,2,2-
crypt (Figure 4). These data suggest that equilibrium 3 is
shifted toward the right with >4 equiv of 2,2,2-crypt but
K',Sny*™ contact ion pairing persists under these conditions.
The broadening of the —1236 ppm resonance and the titration
behavior seem most consistent with a K* ion exchange process,
such as eq S, that is accelerated by the addition of 2,2,2-crypt.

©)

The broadness of the —1236 ppm resonance shows that at
least two species are in equilibrium (e.g, KSn,®~ and Sny"")
and suggests that Sny,*” is not the predominant cluster in
solution. The small ~10% increase in HSny>~ concentration
observed when the 2,2,2-crypt concentration is increased from

KSng®~ + 2,2,2-crypt = Sng*™ + [K(2,2,2-crypt)]*

dx.doi.org/10.1021/ja3018797 | J. Am. Chem. Soc. 2012, 134, 9733-9740
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Figure 4. '"Sn NMR spectra showing titrations of 0.041 M en
solutions of K,Sny with 2,2,2-crypt. "”Sn NMR spectra of K,Sny in en
with the following 2,2,2-crypt:K,Sn, ratios: (a) no 2,2,2-crypt, (b)
1.5:1, (c) 3:1, (d) 4.5:1, (e) 6:1, (f) 7.5:1. Inset: Plot of 5"°Sn (ppm)
vs 2,2,2-crypt equivalents.

4 to 7.5 equiv shows that equilibrium 3 continues to shift to the
right and suggests that the Sn,'~ formed is converted to
HSny*". Although an exact binding constant cannot be directly
calculated due to the competing reaction 4, it is clear that
KxSn9(4_x)_ species persist in the presence of excess 2,2,2-crypt,
and, therefore, Sny*~ apparently has a very large K" binding
constant comparable to that of 2,2,2-crypt in en.> The isolation
of only K*,Sny*" ion-paired coordination complexes'®™"* and
the absence of free Sny*" structures containing K*, Rb*, and Cs*
ions are also consistent with extremely large formation
constants for binding the “softer” alkali ions.”® While HSny*>~
is the minor component in the equilibrium mixture with 7.5
equiv of 2,2,2-crypt (HSny* /KSny*~ 1:10 by NMR
integration), it crystallizes as the [K(2,2,2-crypt)]® salt in
high yields due to its lower solubility relative to the other
species in solution and its continual replenishment due to a Le
Chatelier-type equilibrium shift.

The equilibrium shift caused by addition of 2,2,2-crypt is
completely reversible, such that addition free K* jons and a
strong base will shift eq 3 back to the left. For example, addition
of KCI to the equilibrium mixture of HSngs_/
NH,CH,CH,NH™ above quantitatively shifts the equilibria 1
and 2 back to K;Sny~ and en, as shown in Figure S1. Likewise,
en solutions of HSny*~ prepared from crystalline samples of
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[K(2,2,2-crypt)];HSny1.5en are converted to K;Sny~ and t-
BuOH upon reaction with excess KO-t-Bu according to eq 6
(Figure S2). However, addition of just a base to these solutions
without free potassium ions (e.g., [K(2,2,2-crypt)]O-t-Bu) does
not change the position of the equilibrium (eq 7), which
indicates that the pK, of HSn,>™ in en is greater than that of t-
BuOH [pK,(dmso) =~ 32]°° in the absence of K' ion
association. Moreover, the addition of free K™ ions in the
absence of a strong base results in a slow degradation of the
HSny*~ cluster, giving only trace amounts of K,Sny*~ and
other unidentified species.

HSny>~ + excess KO-t-Bu — K;Sn,~ + t-BuOH (6)

HSn93_ + excess[K(2,2,2-crypt)]O-t-Bu — no reaction
7)

To quantify the concentration of HSny®~ in the crystalline
samples of [K(2,2,2-crypt)];HSny1.5en, we performed quanti-
tative deprotonation experiments (eq 6) in the presence of an
internal reference (Rb,Sng in a capillary). Crystals of [K(2,2,2-
crypt)3HSny1.5en were dissolved in en solvent and charged
with excess KO-t-Bu. Repeated experiments from various
crystalline samples showed between 75% and 90% conversion
to the K;Sn,~ ion (82% ave, see Figure S4). Since KO-t-Bu is a
Bronsted base and not a reducing agent, these experiments
show that crystalline samples of [K(2,2,2-crypt)];HSno-1.5en
dissolve to give solutions of HSny*~ as the major component.

Because the titrations above did not give quantitative
conversions to the K;Sn,~ ion, we also evaluated the
concentration of paramagnetic species in en solutions of
[K(2,2,2-crypt)]|;HSny-1.5en by way of the Evan’s method.
Concentration-dependent shifts of reference peak (benzene)
were measured against an internal reference sealed in a capillary
in the traditional manner, except the internal reference was
charged with an isomolar concentration of 2,22-crypt to
minimize the diamagnetic correction. The data showed low
concentrations of paramagnetic species that varied from sample
to sample (Figure SS).

The results described above can be rationalized as follows.
The Bronsted basicities of the KxSn9(4_")_ ions (where x = 1, 2,
3), which contain direct contact ion pairs K*Sny*", are
significantly less than that of the “free ion” Sn,*", and they
do not deprotonate ethylenediamine or +BuOH in en or dmf
to any noticeable extent. Similar ion-pairing-induced changes in
Bronsted basicity and the effect of cryptand additives have been
well documented for organic bases that bind alkali ions.>”*®

Crystalline samples of [K(2,2,2-crypt)];HSn, dissolved in
dmf and pyridine do not show '”Sn NMR signals, even at low
temperatures. However, addition of KO-t-Bu to these solutions
results in the formation of K;Sn,~ in high concentrations
(Figure S2), suggesting that HSny>~ was indeed present but is
not detectable by NMR. In contrast, addition of [K(2,2,2-
crypt)]O-t-Bu has no effect on the solution, indicating that K*
and base are necessary to deprotonate HSny*~ as discussed
above. We believe that the acid/base and dynamic exchange
processes may be fast on the NMR time scale in these solvents
and, perhaps in combination with trace impurities, broaden the
"9Sn NMR signals beyond detection.

B DISCUSSION

We have shown that the Sny*~ ion is both a potent potassium-
ion sequestering agent that competes with 2,2,2-crypt in en
solutions and a very strong Bronsted base with a Ky, similar to

dx.doi.org/10.1021/ja3018797 | J. Am. Chem. Soc. 2012, 134, 9733-9740



Journal of the American Chemical Society

that of the amide anion NH,CH,CH,NH". The HSn,*~ ion
exhibits fluxionality of the Sny cage that is quite typical of this
class of compounds but the rapid intramolecular proton
scrambling is quite surprising. NMR data suggest that the
HSng®~ and KxSn9(4_x)_ ions (where x = 1, 2, 3) are the
predominant species in en solutions regardless of conditions;
however, the Sn,*~ ion clearly exists in solution as evidenced by
its isolation in two different crystal structures.*” While this
HSny*~ cluster is the likely precursor to most Sn, derivatives
reported to date, it has escaped detection due to the
complicated acid/base equilibria and dynamic exchange
processes that hinder traditional NMR characterization.

The nature of the Sng’~ radical anion is less clear. The
chemistries described here are clearly acid/base reactions and
classical ion binding that are entirely consistent with the Sy2-
type alkylation chemistry established for this class of
compounds.”’ Moreover, the acid/base chemistry is highly
reminiscent of the P,*"/HP,*~ compounds and their metalated
derivatives.**™* In addition, the reported'® incomplete para-
magnetism of the Sn,’~ ions and the difficulty in observing
solution EPR signals with characteristic ''”Sn/"'"Sn hyperfine
couplings that accompany S = '/, Sny clusters** are also
suggestive that the previous studies involved significant
concentrations of the diamagnetic HSn,*~ ions. The titration
studies of the [K(2,2,2-crypt)]5[HSng]-en; g crystalline samples
dissolved in en or dmf strongly suggest that the HSn,>~ ion is
the predominant cluster in solution. However, our solution
magnetic susceptibility studies, along with previous solid-state
susceptibility studies,'® also show low concentrations of
paramagnetic species that could be a signature of the Sny>~
radical anion. While it is possible that HSny*~ and the Sng>~
radical coexist in solution and in the solid state, we believe that
the previously reported salts of Sny®~ radical anion as well as
the E,°~ anions (E = Si, Ge, Pb) most likely contain the
protonated HE,*~ analogues of HSn,’~. The similarities in
electronegativities of Ge, Si, and Sn suggest that HGe,*™ and
HSiy>~ clusters should also exist, but the NMR studies involving
these nuclei are more challenging.

B EXPERIMENTAL SECTION

General. All reactions were performed in a nitrogen atmosphere
drybox. Melts of nominal composition K,Sng were made by fusion of
stoichiometric ratios of the elements in silica tubes at high temperature
under N, atmosphere. The chemicals were heated carefully with a
natural gas/oxygen flame. Caution! Molten alloy synthesis can result in
serious explosion, and reactions should be conducted with great caution
behind blast shields. 4,7,13,16,21,24-Hexaoxa-1,10-diazobicyclo[8,8,8]-
hexacosane (2,2,2-crypt) were purchased from Fisher Scientific and
kept under vacuum for 2 days. Anhydrous ethylenediamine (en),
dimethylformamide (dmf), and deuterated pyridine (py) were
purchased from Fisher; en and dmf were vacuum-distilled from
K,Sny and stored under dinitrogen. Deuterated pyridine was distilled
from KOH under dinitrogen and stored under dinitrogen. Toluene
was distilled from sodium/benzophenone under dinitrogen and stored
under dinitrogen. KCI was purchased from J.T. Baker and dried under
vacuum. K-O-t-Bu was purchased from Sigma-Aldrich and vacuum-
dried for 24 h. Ni(cod), was purchased from STREM chemicals. The
percentage yields for the crystalline HSny>~ and Ni@HSn,’~ ions were
based on K,Sny used.

K(2,2,2-crypt)* Formation Constants. The equilibrium stability
constants for the formation of the K(2,2,2-crypt)* have been studied in
several solvents including water, dmf, EtOH, and acetonitrile. The
smallest stability constants (log K;) are for water (5.5), DMSO (7.0),
and dmf (7.9).> Based on these data, we estimate that K, in en is >6.0.
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'%Sn and 'H NMR Experiments. All NMR samples were
prepared in a nitrogen atmosphere. The NMR solutions of the
crystalline samples were prepared by grinding single crystals of
[K(2,2,2-crypt)]5[HSno]-en, s and extracting the powder in en. The
'"H NMR spectrum of HSn,>~ was recorded on a Bruker AVANCE
400 instrument operating at 400.1 MHz with Broad Band Inverse
probe. In this experiment, a 90° Gaussian shaped pulse of 2 ms with
excitation bandwidth of 1061 Hz was applied at 6 ppm, which is in the
proximity of the 'H signal of interest. Thus, the proton signal of
HSn,* at 6.18 ppm was semiselectively excited with a slight
suppression of the other signals. For 'H chemical shift calibration,
the central signal of the para proton of the residual toluene was set at
7.16 ppm. The 'H NMR spectrum for [K(2,2,2-crypt)]s[Ni@
HSny],-tol-en; was recorded from a py-ds solution on a Bruker
DRXS500 AVANCE instrument operating at 500.1 MHz. The '"H NMR
chemical shifts were referenced to the py-ds signal at 8.74 ppm. The
19Sn NMR spectra for both ions were recorded on a Bruker DRX500
AVANCE spectrometer at 186.5 MHz. The pulse sequence used for
the '"Sn NMR studies was the standard Bruker pulse program with a
90° pulse and 0.3 s relaxation delay. A total of 300 dummy scans were
used for each 'Sn NMR experiment. The signals were confirmed and
verified by repeating the final measurements with different transmitter
offsets. The '°Sn chemical shifts were referenced to an external Me,Sn
standard in C¢Dg (0 ppm) at room temperature.

Titration of K,Sny with 2,2,2-Crypt. For the titration of the en
solutions of K,Sn, with 2,2,2-crypt, 40 mg of K,Sn, (0.033 mmol) was
dissolved in 0.8 mL of en solvent in a glass vial to give a 0.041 M
solution. Residual insoluble intermetallics from the K,Sn, extractions
were removed by filtration and not included in the calculations of
concentrations. After each NMR experiment, the NMR sample was
taken in the glovebox and increments of 2,2,2-crypt (18.4 mg, 0.049
mmol) were sequentially added to the solution to give the data in
Figure 4. Three independent titration experiments were conducted
and gave very similar results. Addition of NH,CI to the solutions
increased the relative concentrations of HSny>~ in all cases, provided
that at least 4 equiv of 2,2,2-crypt were present.

Conversion of HSny3~ to K;Sn,™. The K,Sn, solution containing
7.5 equiv of 2,2,2-crypt shown in Figure Sla (and Figure 4f) was
charged with anhydrous KCl (0.15 g, 2 mmol). The solution was
stirred for 15 min and filtered through tightly packed glass wool. The
resulting '”Sn NMR spectrum of the reaction mixture is shown in
Figure S1b.

Deprotonation Experiments for Estimation of pK, of the
HSng®>™ lon in en. [K(2,2,2-crypt)];[HSno]-en;5 (37 mg, 0.015
mmol) was dissolved in en (0.8 mL). Anhydrous K-O-tBu (5.5 mg,
0.049 mmol) was added as solid to this solution. ''°Sn NMR spectra
before and after the reaction are shown in Figure S2a,b. Subsequently,
2,2,2-crypt (6 mg, 0.016 mmol) and anhydrous K-O-tBu (1.7 mg,
0.015 mmol) were added as solid to the solution shown in Figure S2a;
the spectrum is shown in Figure S2c.

Deprotonation Experiments of the HSng*>~ lon in dmf. The
19Sn NMR spectra of K,Sn, (60 mg, 0.049 mmol) in dmf (0.8 mL)
and the crystalline sample of [K(2,2,2-crypt)];[HSny]-en; s (75 mg,
0.031 mmol) in dmf (0.8 mL) solution are shown in Figure S3a,b. In a
separate experiment, K-O-t-Bu (15 mg, 0.13 mmol) and 2,2,2-crypt
(50 mg, 0.13 mmol) were dissolved in 0.2 mL of dmf. This solution
was added to a dmf solution containing the crystalline sample of
[K(2,2,2-crypt)];[HSn,]-en, 5 (56 mg, 0.023 mmol) (eq 6). The '**Sn
NMR spectrum after the reaction is shown in Figure S3c. To the
sample in Figure S3b was added K-O-t-Bu (20 mg, 0.18 mmol) as a
solid (eq 7), and the '"*Sn NMR spectrum was recorded (Figure S4d).

Structure Determination of [K(2,2,2-crypt)l;[HSngl-en;s. A
black plate of Cg;H;,KsNyO gSny, approximate dimensions 0.26 X
0.38 X 0.49 mm?, was used for the X-ray crystallographic analysis. The
X-ray intensity data were measured at 100(2) K on a three-circle
diffractometer system equipped with Bruker Smart Apex II CCD area
detector using a graphite monochromator and a Mo Ka fine-focus
sealed tube (4 = 0.71073 A) . The detector was placed at a distance of
5.000 cm from the crystal.
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The structure was solved and refined using the SHELXS-97 and
SHELXL-97 software***® in the space group P1 with Z = 2 for the
formula unit Cg;H; ) K3NgO,4Sng. The final anisotropic full-matrix
least-squares refinement on F* with 897 variables converged at R,
3.45% for the observed data and wR, = 7.28% for all data. The
goodness-of-fit was 1.000. The largest peak on the final difference map
was 4.036 e7/A3, and the largest hole was —1.672 e~ /A3, On the basis
of the final model, the calculated density was 1.807 g/cm® and F(000),
2352 e

Structure Determination of [K(2,2,2-crypt)]¢[Ni@
HSnyl,-tol-ens. A red plate of C,,,H,,sK(NgNi,O3¢Sn g, approximate
dimensions 0.042 X 0.319 X 049 mm® was used for the X-ray
crystallographic analysis. The X-ray intensity data were measured at
150(2) K on a three-circle diffractometer system equipped with Bruker
Smart Apex II CCD area detector using a graphite monochromator
and a Mo Ka fine-focus sealed tube (4 = 0.71073 A). The detector was
placed at a distance of 6.000 cm from the crystal.

The structure was solved and refined using the SHELXS-97 and
SHELXL-97 software*>*® in the space group P2,/c with Z = 4 for the
formula unit C,;H,,sK¢NgNi,O34Sn,5. The final anisotropic full-
matrix least-squares refinement on F* with 2156 variables converged at
R, = 4.17% for the observed data and wR, = 9.61% for all data. The
goodness-of-fit was 1.066. The largest peak on the final difference map
was 2.519 e /A? and the largest hole was —1.805 e~/A3. On the basis
of the final model, the calculated density was 1.810 g/cm? and F(000),
9832 e”.

The crystal structure consists of six symmetrically independent K-
crypt ions, two NiSn, clusters, one toluene (tol), and three
ethylenediamine (en) solvent molecules as follows from the moiety
formula (KC,gH;34N,0¢)[NiSn,],(C,HgN,);(C,Hg). Both NiSn,
clusters are disordered in two orientations related to each other by
rotation around the Nil—Snll and Ni3—Sn31 axes. The ratio of
disordered components was refined to 70:30 and 85:15 for Nil and
Ni3 clusters, respectively. Occupation factors of both Ni centers were
refined to 1 within the error and were considered fully occupied in the
final refinement. The disorder of the Nil cluster could involve more
than two orientations as Sn17 and Sn27 atoms from both orientations
clearly show additional splitting (SnS7, Sn67). The additional splitting,
however, was not noticed for other atoms of this cluster, probably due
to its small magnitude. In order to decrease correlation during
refinement, the atomic displacement parameters for Sn atoms from
different orientations that were very close to each other were
constrained to be the same, and the whole cluster was restrained to
rigid-body motions. However, atomic coordinates were refined,
yielding nearly the same geometry of the disordered clusters.
Interestingly, only one of the six K-crypt is disordered in two
orientations in a 2:1 ratio with K atom remaining in the same position.
All three independent en solvent molecules are also disordered in
various ratio in different orientations or conformation. However, tol
solvent is not disordered within the accuracy of refinement, yet it
shows somewhat enlarged ellipsoids. All atomic displacement
ellipsoids of disordered ions and solvent molecules were restrained
to conform with rigid-body motions and to be physically sensible.
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