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In contrast to the reactions of Sn(NMe,), with unfunctionalized primary amines (RNH,), which yield the simple
imido Sn" cubanes [SnNR],, the reactions of 2-pyridyl or 2-pyrimidinyl amines give the mixed-oxidation-state Sn'/
Sn" double cubanes [Sn;(NR)g]. In addition to [Sn;{2-N(5-Mepy)}g]-2thf (1-2thf) (py = pyridine) and [Snh{2-
N(pm)} g]-0.33thf (2-0.33thf) (pm = pyrimidine), which were communicated previously, the syntheses and structures
of the new complexes [Sn:{ 2-N(4-Mepm)} ¢]-2thf (3-2thf), [Sn+{ 2-N(4,6-Me,pm)}g]-4thf (4-4thf), [Sny{2-N(4-Me-
6-MeO-pm)}¢] (5), and [Sn+{2-N(4-MeO-6-MeO-pm)}¢] (6) are reported. Model DFT calculations on the reactions
of Sn(NMe,), with 2-pmNH, or PhNH,, producing the cubanes [Sn{2-N(pm)}]s and [SnNPh], (respectively), and
the corresponding double cubanes [Sn/{2-N(pm)}g] and [Sn;(NPh)g], show that the presence of intramolecular
Sn--+N bonding which spans the cubane halves of the complexes is crucial to the formation of the double-cubane
structure.

Introduction primary amines (RNb), hydrazines (bNNRy), and boryl-

Previous studies have shown that'$mido cubanes of amines (RBNH,) provide more general approaches to these

general formulas [SnNRJare accessible using a variety of i
synthetic strategies. In certain cases nucleophilic substitutioanOIVe the base [Sn(NM#] since they have the advantage

of SNCht or SNCp? with RN2- or RNH- can be employed that they give clean formation of the cubanes for a broad
However, acid-base reactions of the Smeagents {{Me,- range of amines at low temperatufes.

Si(NMe)} Sn]2 [Sn{N(SiMes)} 2]* and [Sn(NMe),]° with We have recently embarked on a research program
involving the synthesis of functionalized cubanes [SnNR]
" Dedicated to Ron Snaith. possessing O and N donor groups within their organic
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f species. Of particular interest to us have been reactions which



Formation of Double Cubanes

variations would occur in these species. However, our
preliminary work on 2-amino-5-methylpyridine (2-N#3-
Mepy) and the related 2-aminopyrimidine (2-Bih) re-
vealed that unprecedented, mixed-oxidation-statt/stY
double cubanes [$(R2-NR)] [R = 5-Mepy @), pm @)] are
formed (py= pyridine, pm= pyrimidine)” One of the key
factors governing the formation dfand2 appears to be the
way in which the heterocyclic ligands present affect thé/ Sn
SV oxidation/reduction potential. Cyclic voltammetry (CV)
of the discrete cubanes [SiBU], and [SNNPh] suggests
that the viability of the oxidation of Snto SV in these
species is highly influenced by the ligand present. The
irreversible oxidation in [SnMu],4 at+1.00 V (vs Fe/F¢&")
shifts to a more favorable value €f0.63 V in [SnNPh].

One suggestion is that the formation of the double cubane
may occur via disproportionation of the cubane. A second
factor pinpointed by the X-ray structural studiesloénd?2

is the presence of SnN bonding between the heteroatoms
of the 5-Mepy and pm groups. These interactions span the
cubane halves of both complexes, therefore reinforcing the
stability of this structure. Preliminary AM1 semiempirical
calculations of the cubane [Sn(2-Npyghowed that these
interactions are significant with respect to the core-8n

atom!! A Dunning 9s5p basis sétwas used on all other atomic
components as defined in the SSD basis. Single-point calculations
were performed using an extended SSD basis set, which was created
by addition of diffuse s and p functions on Sn using a common
exponent of 0.023% and a d function with an exponent of 0.18.
Diffuse and polarization functions were added to the carbon and
nitrogen 9s5p basis set, designated B9%d) within the G98
program, while a set of diffuse functions were appended to the
hydrogen basis set utilizing the basis designated-B95n G98.

This extended SSD basis will be known as SSD-L in future
references within this paper. The largest Sn basis set used in this
series of calculations incorporated the SDB-cc-pVTZ Bésis
obtained from the EMSL Basis Set Librahyand cc-pVDZ basi§

for carbon, nitrogen, and hydrogen. This basis set combination will
be designated as SDB throughout this paper. In all the basis sets
specified, spherical harmonics were used throughout.

Two functional R groups were investigated in the cubane and
double-cubane structures at the DFT level. One R group consisted
of the phenyl (GHs) fragment and the other the 2-pyrimidinyl
(C4H3N) fragment. Geometry optimizations were performed using
SSD and SDB basis sets while single-point calculations were
performed using the SSD-L basis set. In preliminary studies on
the double-cubane structure, no symmetry constraints were imposed
in the geometry optimization process. The resultant optimized
geometry was so close to the symmetry structure found through

bonding (the bond orders being about a quarter of the valuesthe use of theC; point group that all subsequent calculations on

for the core Sa-N bonds). However, the maintenance of a
cubane structure for [SNNGK2-py)]s,® containing intramo-
lecular Sn--N interactions similar to those of and 2,
suggests that the formation of double cubanes may occur
only in cases where the heterocyclic substituent is directly
bonded to the imido-N center.

We present here a full account of this work. In addition
to the structures df and2 (details of which were the subject
of an earlier communicatidpy we report the structures of
four other double-cubane derivatives [E1rNR)] [R =
4-Me-pyrimidine (4-Mepm) 3-2thf), 4,6-Me-pyrimidine
(4,6-Mepm) (@-4thf), 4-Me-6-MeO-pyrimidine (4-Me-6-
MeOpm) 6), and 4,6-(MeOy-pyrimidine ©) (4-MeO-6-
MeOpm)] which not only illustrate the generality of this
reaction but also allow an examination of the way in which

the supramolecular structures of these complexes in the solid ©)

state are modified by ligand substitution. We also report
model DFT calculations on the reactions of Sn(NMe&vith
2-pmNH, and PhNH, producing the cubanes [E2+
N(pm)}]4 and [SNNPH] (respectively) or the corresponding
double cubanes [Sf2-N(pm)}g] and [Sr(NPh)]. These
show that the presence of intramolecular-84 bonding is
crucial to the formation of the double-cubane structure.

Experimental and Calculational Section

Computational Details. Single-point, optimization, and fre-
guency calculations were carried out using the Gaussian 98 (G98)
software prograni.All calculations were performed at the density
functional theory (DFT) levélusing the B3LYP functional® The
SSD basis set defined in the G98 program was initially used to
make preliminary calculations on the cubane and double-cubane
structures. The SSD basis set consists of an effective core potentia

(ECP), which represents 23 pairs of core electrons, augmented with

the double-cubane structures retairf@@dsymmetry.

General Experimental Details.The compounds prepared in this
study, [Sr{ 2-N(5-Mepy} g -2thf (1-2thf), [Sn{ 2-N(pm}} ¢]-0.33thf
(2-0.33thf), [Sr{ 2-N(4-Mepm} g]-2thf (3-2thf), [Sr{2-N(4,6-Me-
pm)} g] -4thf (4-4thf), [Sn{ 2-N(4-Me-6-MeO-pm)g] (5), and [Sh-
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{2-N(4-MeO-6-MeO-pmg] (6), are air- and moisture-sensitive.
They were handled on a vacuum line using standard inert

atmosphere techniques and under dry/oxygen-free argon. Toluene,

Et,O, and thf were dried by distillation over sodium/benzophenone

Armstrong et al.
Scheme 1
-16Me,NH

8Sn(NMeg)y + BRNH, — = [Sn;(NR)s] + Sn(0)

R=5-Mepy (1), pm (2), 4-Mepm (3}, 4,6-Me,pm (4), 4-Me-6-MeOpm (5), 4,6-(MeO),pm (6)

prior to the reactions. The products were isolated and characterized

with the aid of an argon-filled glovebox fitted with a Belle
Technology @ and HO internal recirculation system. Sn(NMg

was prepared using the literature procedure, from the reaction of

SnCh with a suspension of LiNMgin Et,0.1® The pyridines and
pyrimidines (used in the syntheses bf6) were acquired from

Aldrich and were used as supplied. Elemental analyses were

performed by first sealing the samples under argon in airtight
aluminum boats (32 mg) and then analyzing C, H, and N content
using an Exeter Analytical CE440 elemental analyzer. Proton
NMR spectra were recorded on a Bruker WM 400 MHz spectrom-

then allowed to warm to room temperature, where it was stirred
further (30 min). A pale yellow solution was produced. The solvent
was reduced under vacuum by ca. 5 mL, and storage at room

eter in dry deuterated DMSO (using the solvent resonances as theemperature (12 h) gave a crop of colorless crystals. ofield:

internal reference standard). The synthesekarid2 are reported
in ref 7.

Synthesis of 3.A solution of 2-amino-4-methylpyrimidine in
thf (15 mL) at—78°C (0.44 g, 4.0 mmol) was added to a solution
of Sn(NMe); (0.83 g, 4.0 mmol) in thf (15 mL). The mixture was
stirred (30 min) and allowed to warm to ca’©. Immediate storage
at room temperature (12 h) gave light yellow cube8.dElemental

0.08 g (8%). Dec: 215C (black solid formed by 340C). IR
(Nujol, NaCl): vma/cm 11377 (s), 1326 (vs), 1261 (w), 1248 (w),
1209 (m), 1193 (m), 1156 (m), 1106 (m), 1077 (m), 1014 (M).
NMR (+25 °C, de-DMSO, 400.1 MHz): 5.31 (s, 8H, aromatic
C—H), 3.28 (s, 18H,endeMe0O), 3.26 (s, 30HexoMeO and
terminal 4,6-(MeOym ligands). Elemental anal. Found: C 28.1,
H 2.9, N 15.3. Calcd: C 28.0, H 2.7, N 16.4.

analysis suggests that both of the lattice thf molecules are removed Solid-State MAS-NMR. 119Sn solid-state NMR spectra were

by placing samples of the complex under vacuunr{l&m, 15
min) during isolation. Yield: 0.17 g (19%). Dec: 246. IR (Nujol,
NaCl): vmadcm™t 1662 (w), 1569 (s), 1543 (s), 1423 (s), 1350
(vs), 1311 (s), 1240 (s), 1169 (w), 1097 (m), 1039 (s), 984 (M),
944 (w). Elemental anal. Found: C 28.7, H 2.7, N 17.7. Calcd: C
28.4,H 2.4, N 19.9.

Synthesis of 4.A solution of 2-amino-4,6-dimethylpyrimidine
(0.31 g, 2.5 mmol) in thf (35 mL) was added to a solution of Sn-
(NMey), (0.52 g, 2.5 mmol) in thf (20 mL) at 78 °C. The mixture
was stirred (30 min). The solution was stored at room temperature
for 12 h. Colorless cubes ¢of were formed. Elemental analysis
suggests that both of the lattice thf molecules are removed by
placing samples of the complex under vacuunt{l&tm, 15 min)
during isolation. Yield: 0.15 g (26%). Dec: 22Z. IR (Nujol,
NaCl): vma/cm 1621 (m), 1567 (s), 1354 (s), 1195 (vs), 1169
(w), 1149 (w), 967 (w), 859 (w), 792 (m), 773 (WH NMR (+25
°C, ds-DMSO, 400.1 MHz): 6.51 (s, 8H, €H on aromatic ring),
3.28 (s, 24H, Me). Elemental anal. Found: C 27.9,H 2.8, N 17.4.
Calcd: C 33.3,H 3.1, N 18.7.

Synthesis of 5.A solution of 2-amino-4-methoxy-6-methylpy-
rimidine (0.59 g, 4.0 mmol) in toluene (20 mL) was added to a
solution of Sn(NMeg), (0.83 g, 4.0 mmol) in toluene (10 mL) at
—78°C. The mixture was stirred (30 min) before being allowed to
warm to room temperature. Reduction of the solvent under vacuum

(to ca. 20 mL) and storage at room temperature (12 h) gave colorless”

cubes of5. Yield: 0.25 g (26%). Dec: 282C. IR (Nujol, NaCl):
YmadCM 1 1634 (w), 1378 (s), 1365 (s), 1338 (vs), 1261 (w), 1202
(w), 1156 (w), 1087 (w), 1044 (W}H NMR (+25 °C, de-DMSO,
400.1 MHz): 6.07 (s, 8H, €H on aromatic ring), 3.96 (s, 24H,
MeO), 2.32 (s, 24H, Me). Elemental anal. Found: C 31.3, H 3.1,
N 17.3. Calcd: C 29.9, H 2.9, N 17.4.

Synthesis of 6 A solution of 2-amino-4,6-dimethoxypyrimidine
(0.62 g, 4.0 mmol) in toluene (10 mL) was added to a solution of
Sn(NMe), (0.83 g, 4.0 mmol) in toluene (20 mL) at78 °C. The
reaction mixture was stirred at this temperature (30 min) and was

acquired at 148.99 MHz with a Chemagnetics CMX 400 spec-
trometer and a commercial MAS probehead with zirconium rotors
4 mm in diameter. The half-pulse length was 249) the recycle
delay 120 s, and the spinning speed 8 kHz. Solid $m@k used

as the external standard,

X-ray Crystallographic Studies of 1-6. Crystals ofl—6 were
mounted directly from solution under argon using an inert oil which
protects them from atmospheric oxygen and moistlirk:ray
intensity data forl—5 were collected using a Nonius Kappa CCD
diffractometer, and that fo6 using a Siemens P4 four-circle
diffractometer. The structures were solved by direct methods and
refined by full-matrix least squares &3.2° The two thf molecules
per molecule present in the lattice 8fand the four molecules
present in the lattice af were not disordered. Atomic coordinates,
bond lengths and angles, and thermal parametefsféthave been
deposited with the Cambridge Crystallographic Data Center.

Results and Discussion

Complexesl—6 were prepared by the 1:1 reactions of the
appropriate aminopyridines and -pyrimidines with [Sn-
(NMey),] in thf or toluene (Scheme 1). The reactions
producingl—6 have similar characteristics. If the reagents
in solution are stirred at room temperature or above,
recipitation of the products occurs, with the powders formed
being only sparingly soluble in most organic solvents. The
best method of obtaining pure, crystalline samples of
compoundsl—3 was found to be performing the reactions
at ca.—78 °C and allowing the temperature to rise slowly
to ca. 0°C. At this point immediate prolonged storage of
the solutions at room temperature gave crystalline samples
of each. However, complexds-6, containing disubstituted
pyrimidine ligands, are more soluble. In particular, b&th
and6 are synthesized in toluene rather than thf as the solvent,
and6 can be heated back into solution once precipitation of

(17) Shriver, D. F.; Drezdon, M. AThe Manipulation of Air-Sensite
Compounds2nd ed.; Wiley: New York, 1986.
(18) Olmstead, M. M.; Power, P. fhorg. Chem.1984 23, 413.
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Instruments: Madison, WI, 1994.



Formation of Double Cubanes

Table 1. Crystal Data and Refinements for [§8-N(4-Mepm}g]-2thf
(3-2thf) [Sn{2-N(4,6-Mepm)} g]-2thf (4-4thf), Sn{2-N(4-Me-6-MeO-

Mezpm)}g] (5), and [Sn{2-N(4,6-(MeO)-Me;pm)} ¢ (6)

groups [facing toward the 8hcenter] are rendered magneti-
cally distinct from theexo6-MeO groups (18H), with the
exaMeO resonance (18H) being coincident with that for 4-

-2thf -4thf - .
o2 o > ° and 6-MeO groups of the terminal 4,6-(Mefn ligands

fw 1832.00 2088.41 1928.00 2056.00

T 180 2000 180@)  198Q) (12H).

ggjg;g?gupjg'““m Mclinic Mclinic Wclinte The IR spectra o—6 reveal that no N-H protons remain

Eéﬁ; 10.220226; 15132823 11,4828 12.779E6; in the products. This, combined with the solid-st&t¥Sn

11.6813(5 12.7 11.77 12.754(7 .
¢ (A) 13.2627(9) 12.9930(8) 12.155(2) 13.155(5) MAS-NMR spectra 01_2, 3, and4 which shqwed the presence
g ((geg)) ;é;gégg gi-ggggg gjg;gggg ﬁfé(??&) of Sn' and S, confirmed the formulation o2—4 as the
eg . . . . . . . .

V(A3 1478.63(14) ~ 1920.40(18) ~ 1556.09(15)  1659.3(13) possible alternative 3rspecies [SANR)sH;] (in which two
écm ;_057 11_806 11_985 12_057 of the ligands are protonated). In the solid-state NMR
%90"}5)) ) 968 5300 5733 » 673 spectrum of2 (containing the unsubstituted pyrimidine

Aoy ” ' ' ' ligand), the S and SH resonances are found at353.7

Rindice¢ R1=0.040, R1= 0.049, R1=0.052, R1=0.031, _ : R B ;
[1>20()] WR2=0077 WR?—0116 WR?— 0111 wWR2—0.052 and -180.4, respectively. The mcorporat!oq (?f Me substit-

Rindices R1=0.074, R1=0.075  R1=0.083, R1=0.053, uents into the 4- and 6-positions of the pyrimidine framewaork
(all data) wWR2=0.101 wR2=0.128 WwR2=0.135 wR2=0.064

AR1= J|IFol — IFc/I/3|Fol. WR2 = |TW(Fo? — FAZF (Fo?)Z 2 w =
U[o(Fo)? + PFe + 3F2)/3].

the complex has occurretd and'**Sn NMR spectroscopic

results in a marked shift toward more positive values for
the S resonanced 423.2 in3 and 472.8 iid) and a large
shift toward more negative values for the"Stenters ¢
—942.8 in 3 and —996.2 in 4). As noted above, the

studies ofLl—3 were hampered by the low solubilities of these reasonably high solubility o6 in DMSO allowed solution
materials and their extremely hygroscopic nature. After 1*°*Sn NMR investigations to be undertaken. The solution
attempts to heat crystalline samples into DMSO, all gave °*Sn NMR spectrum of the complex again confirms the
'H NMR spectra characteristic of the amines themselves presence of Sh (0 —284.8) and SM (0 75.4). The

(RNH,) rather than the imido groups (RN. We assume

formulation of1—6 as mixed-oxidation-state complexes was

that this is the result of trace hydrolysis and the far greater |ater confirmed by their X-ray structures. It should be noted

greater solubilities of complexe4, 5, and 6 in DMSO
allowed the'H NMR spectra of the complexes to be obtained
although only in the case of the most soluble comgleruld
a satisfactory*Sn NMR spectrum be recorded. Interestingly,

analysis reveals that the lattice-bound thf molecules present

' are removed when crystalline samples are placed under

vacuum during isolation (ca. 15 min, 10atm).

two closely separated MeO resonances are observed in the The low-temperature (180198 K) X-ray structures of

IH NMR spectrum of6 [0 = 3.28 (s, 30H) and 3.26 (s,

1—-6 were obtained. Since the structuresloind 2 were

18H)]. The presence of two resonances suggests that theréeported by us in an earlier communicatioin,will not be

is restricted rotation about the imido-NC bonds for the six

appropriate to discuss them further here except by compari-

4,6-(MeOYpm ligands which span the two cubane subunits son with the structurally related complex8s-6, and in

of the SnNg core of the complex. Thus thende4-MeO

relation to their supramolecular association in the solid state

Table 2. Selected Bond Lengths (A) and Angles (deg) for the Double Cubane§J$t(4-Mepm} g]-2thf (3-2thf), [Sry{2-N(4,6-Mepm)} ¢+ 2thf
(4-4thf), Sn{2-N(4-Me-6-MeO-Mepm)}g] (5), and [Sr{2-N(4,6-(MeO}-Mepm)} g (6)

3-2thf 4-4thf 5 6
Bond Lengths (A)
Sn(1)-N(1) 2.153(3) 2.161(5) 2.141(9) 2.145(5)
Sn(1)-N(5) 2.168(4) 2.164(6) 2.151(9) 2.160(5)
Sn(1)-N(7) 2.154(4) 2.149(5) 2.164(8) 2.155(5)
Sn(2)-N(3) 2.277(3) 2.263(6) 2.199(9) 2.214(5)
Sn(2)-N(5) 2.218(3) 2.181(5) 2.232(8) 2.248(5)
Sn(2)-N(7) 2.203(4) 2.241(6) 2.263(9) 2.227(5)
Sn(3)-N(1) 2.267(4) 2.211(6) 2.213(9) 2.240(5)
Sn(3-N(3) 2.230(4) 2.216(5) 2.195(8) 2.286(5)
Sn(3)-N(5) 2.218(3) 2.285(6) 2.297(8) 2.214(5)
Sn(4)-N(1) 2.236(4) 2.320(5) 2.241(8) 2.246(5)
Sn(4)-N(3) 2.200(4) 2.230(6) 2.278(9) 2.198(5)
Sn(4)-N(7) 2.254(3) 2.213(5) 2.187(9) 2.322(5)
N(2,6,8)-Sn(2A,3A,4A) 2.812(4)2.864(4) 3.161(5)3.172(6) 2.990(5Y3.188(6) 2.838(5)3.052(5)
Angles (deg)

N—Sn(2,3,4¢N 77.2(1)-80.3(1) 76.7(2)-80.5(2) 76.2(3)80.5(3) 75.6(2)-80.8(2)
Sn—N(1,3,5,7)-Sn 97.4(1)-101.6(2) 98.4(2)102.1(2) 98.0(4Y102.7(3) 98.0(2¥102.2(2)
N—Sn(1)-Na 80.1(1)-81.9(1) 80.2(1)-81.5(2) 80.5(3)-81.0(3) 80.2(2¥81.5(2)
N—Sn(L)-Nb 98.1(1)-99.6(2) 98.5(2)-99.8(2) 99.0(3)99.5(3) 98.5(2)-99.8(2)

a|nside each cubané& Between cubanes.
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Figure 1. Structure of [SR 2-N(4-Mepm} g]-2thf (3-2thf). H atoms and

lattice-bound thf molecules have been omitted for clarity. Thermal ellipsoids

are drawn at the 40% probability level.

Figure 2. Structure of [SR{2-N(4,6-Mepm) g] -4thf (4-4thf). H atoms and

lattice-bound thf molecules have been omitted for clarity. Thermal ellipsoids

are drawn at the 40% probability level.

Armstrong et al.

Figure 3. Structure of [S 2-N(4-Me-6-MeOpm)g] (5). H atoms have
been omitted for clarity. Thermal ellipsoids are drawn at the 40% probability
level.

Figure 4. Structure of [SK 2-N(4,6-(MeO)-Me,pm)} g] (6). H atoms have
been omitted for clarity. Thermal ellipsoids are drawn at the 40% probability
level.

observed before in the salBUNSr(Nnaph}Li] ~[Li(thf) 4]
(naph= 1-naphthalene}?

(which has not been discussed previously). Details of the The range of SrN bond lengths made with the 8n
data collections and structural refinements are given in Tablecenters in3—6 [range Sn(1)N 2.141(9)-2.168(4) A] and

1. Table 2 lists key bond lengths and angles3o4, 5, and
6.

The low-temperature structures of [$8-N(4-Mepm}g]-
2thf (3-2thf) (Figure 1), [SR{ 2-N(4,6-Mepm)} g]-4thf (4
4thf) (Figure 2), [SH{ 2-N(4-Me-6-MeO-pm)g] (5) (Figure
3), and [Sr{2-N(4-MeO-6-MeO-pms] (6) (Figure 4) are
similar to those of [Sf#{2-NR)] [R = 5-Mepy (1), pm @)].”

All of these complexes are centrosymmetric cages composed

of two SnN4 cubanes which share a central“Satom,

located at the crystallographic center of symmetry. Com-
plexes3 and 4 crystallize with two and four molecules of

thf in the lattices, respectively. Although double-cubane
arrangements have been observed for a range of main group
and transition metal complexes, they have only been found
previously for species containing alkoxide, sulfide, or halide

bridges?! The double-cubane arrangement observed &6
represents a new structural class of 8nido complexeg?

This structural motif can be viewed alternatively as composed
of central SA' cations which are coordinated by two tripodal
[Sne(NR)4]>~ dianions. Anions of this type have been

1496 Inorganic Chemistry, Vol. 41, No. 6, 2002

the internal N-Sn—N angles at these centers within the
cubane units [range 80.1(181.9(1F] are very similar to
those found inl and 2 [with ranges of 2.157(3)2.177(5)
A and 80.8(1)-82.6(2), respectively]. The compression of

(21) (a) Ziegler, M. L.; Weiss, JAngew. Chem197Q 83, 931; Angew.

Chem, Int. Ed. Engl.197Q 9, 931. (b) Shibahara, T.; Yamamoto, T.;
Kanadani, H.; Kuruya, HJ. Am. Chem. Sod 987, 109, 3495. (c)
Swamy, K. C. K.; Day, R. O.; Holmes, R. B. Am. Chem. Sod988

110 7543. (d) Skashi, A. H.; Shibahara, horg. Chem.1989 28,
2906. (e) Ishimori, M.; Hagiwara, T.; Tsuruta, T.; Yasuoka, N.; Kasai,
N. Bull. Chem. Soc. JprL976 46, 1165. (f) Hernandez-Molina, R.;
Dybster, D. N.; Fedin, V. D.; Elsegood, M. R. J.; Clegg, W.; Sykes,
S. G.Inorg. Chem1989 37, 2995. (g) Clerk, M. D.; Zaworotko, M.

J. J. Chem. Soc., Chem. Commui®91 1607. (h) Busching, I.;
Strasdeit, HJ. Chem. Soc., Chem. Comm@f94 2789. (i) Sakane,
G.; Yao, Y.; Shibahara, Tlnorg. Chim. Actal994 13, 216. (j)
Herrmann, W. A.; Egli, A.; Herdtweck, A.; Alberto, R.; Baumgarten,
F. Angew. Cheml996 108 486;Angew. Chem., Int. Ed. Endl996

35, 432.

Although no other mixed-oxidation-state imido complexes of this type
exist, there are examples of organometallic Sn(I1)/Sn(IV) complexes,
e.g.: Benet, S.; Cardin, C. J.; Cardin, D. J.; Constantine, S. P.; Heath,
P.; Rashidi, H.; Teixeira, S.; Thorpe, J. H.; Todd, A. ®tganome-
tallics 1999 18, 389.

(23) Allan, R. E.; Beswick, M. A.; Paver, M. A.; Raithby, P. R.; Steiner,

A.; Wright, D. S.Chem. Commun. (Cambridg&P96 1501.
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Figure 5. Comparison of the SN interactions found ir2, 3, and4 viewed down the major axis. The effect of Me substitution leading to misalignment
of the donor-N centers.

the internal N-Sn—N angles at the Shcenters inl—6 (cf. substitution. In6, the large range of the intramolecular-Sn
ca. 99 for the N-Sn—N angles between the cubane units) --N interactions [2.838(5)3.052(5) A] is mirrored by the
results in distorted octahedral geometries which are akin to large range of deviations of the pyrimidine rings from the
that occurring in the [SN(NHCy)?~ dianion of [thfLi(u- axes of the Si-N contacts (9.9-25.2). The shortest of these
NH)sSnu-NHCy)sLi-thf].2 The Sn-N bond lengths to the  interactions [Sn(3):N(8) 2.838(5) A] is within the range
Sn(ll) centers in3—6 [range 2.218(3)}2.322(5) A], the of values found il and2, while the remaining interactions
associated NSn—N angles [range 75.6(2)80.8(2)], and are typical of those present in complex@s5 [3.030(5) A
the Sn-N—Sn angles in all four complexes [range 97.2(1) and 3.052(5) A]. The less regular pattern of the--Si
102.7(3)] are all similar to those observed1rand2.” These interactions in6 compared to those i8—5 is most likely
parameters are comparable to those found in discrete cubanethe consequence of increased steric crowding in the vicinity
of the type [SNNR] [Sn—N range 2.15(1-2.34(2) A, of the S center, brought about by the presence of more

N—Sn—N mean 81.9, and Sn-N—Sn mean 98.4.15 sterically demanding MeO substituents. As noted earlier, the
Another similarity between the structures®f6 and those ~ greater steric crowding within the ligand periphery6os
of 1 and 2 is the presence of relatively short SN also suggested in the room-temperattfeNMR spectrum

interactions between the ‘Swenters of the cores and a N of the complex by the presence of two distinct resonances
donor center of each of the pyridyl or pyrimidine N groups. for the ende4- and exo6-MeO groups of the six 4,6-
These interactions span the two cubane halves of the(MeO)pm ligands which span the two cubane subunits of
molecules and may play a role in promoting the formation the core. Closer inspection of the SN bond lengths ir6

of the double-cubane structures of the complexes. Althoughindicates that the greater steric demands of the 4,6-(Ma®)
the Sn--N interactions in1—3 are similar [2.761(5) ligands also result in significant distortions within the/Sg
2.784(5) A in1, 2.807(3)-2.935(3) A in2, and 2.812(4y core, and that the pattern of StN interactions in the
2.864(4) A in3], Me and MeO substitution of the 4- and complex can be traced directly to these core distortions. Most
6-positions of the pyimidine rings i and5 results in far ~ notably, the weakness of the Sn4Y(7) bond [2.322(5) A;
longer intramolecular SAN contacts [range 3.161(5)  cf. 2.198(5)-2.286(5) A for the remaining SN bonds in
3.172(6) A in4 and 2.990(5)-3.188(6) A in5; cf. ca. 3.70 6] is compensated for by the particularly short Sn(3A)

A estimated for van der Waals interactifnin 3, it is the N(8) interaction. Although there is some possibility of-Sn
less sterically shielded ring-N centers (that are remote from **O bonding involving the 4-MeO substituents & (the

the 4-Me substituent) which are involved in the-SN associated SrO distances [ca. 3.123.44 A] being within
interactions, with the pyrimidine rings being aligned (as in the sum of the van der Waals radii of Sn and O [ca.3.70 A]
the unsubstituted comple®) to maximize donormetal and similar to the intermolecular SFO interactions linking
bonding. The longer SN interactions i4 and5 appear ~ cubane molecules of [$N(4-MeOGH,)}]4 and [SHN(3,4-

to result largely from tilting of the aromatic rings of the ~(MeO)CeHs3)}14[3.303(6)-3.441(5) AY), the orientation of
pyrimidine groups away from optimum bonding of the N the MeO groups irb away from the Sn--N interactions
centers (20.626.2 in 4and 23.2-33.5 in 5, cf. 2.9-9.8  suggests that if present i the intramolecular Sr-O

in 2and 2.5-13.2 in 3), a situation which presumably stems  interactions are extremely weak.

from steric shielding of the donor N centers by the 4-Me A further effect associated with increased substitution of
groups in both complexes. This distortion can be seen mostthe pyrimidine groups going fror@ to 3—6 is the modifica-
easily from the views of molecules &f 3, and4 down their tion of the intermolecularinteractions. Inl, where unsub-
major axes, shown in Figure 5, illustrating the increasing stituted pyrimidine groups are present, the molecules are

tilting of the aromatic substituents brought about by increased associated in the crystal lattice via intermoleculartG-+N
hydrogen bonds [2.57 A,€H---N 177.9] into a polymeric
(24) Beswick, M. A.; Choi, N.; Harmer, C. N.; McPartlin, M.: Mosquera, ~ Strand structure, in which the-€H at the 5-position of the
M. E. G.; Raithby, P. R.; Tombul M.; Wright, D. £hem. Commun.  pm groups attached to the symmetry-related N centers N(3)
(Cambridge)1998 1383, and N(3) act as H-bond donors and two of the free pm N

(25) Huheey, J. Elnorganic Chemistry3rd ed.; Harper and Row: New "
York, 1993. centers [N(6 and N(6A)] act as H-bond acceptors (Figure
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Figure 6. Packing of molecules of [S{2-N(pm)} g]-2thf (2) in the lattice, showing the propagation of the polymer viakG--N interactions. Lattice-

bound molecules of THF have been omitted for clarity.

Figure 7. Packing of molecules of [S{i2-N(4,6-(MeO)-Mezpm)} 5] (6)
in the lattice, showing the propagation of the polymer via--&h
interactions.

Table 3. B3LYP Energies for the Cubanes [SnNRDouble-Cubane
Counterparts [SiiNR)g] [R = 2-(pm), Ph] and Other Reactant and
Product Species

structure SSD (a8) SDB (auy SSD-L (auyb

Sn(NMe), —272.49867 —272.55039 —272.57322
PhNH, —287.56516 —287.62270

(2-pm)NH —319.63697 —319.71756 —319.74315
Me,NH —135.14211 —135.16647 —135.18350
Sn(0) —3.33626 —3.34008 —3.33752
Ha —1.17442 —1.17360 —1.17596
[Sn{ 2-N(pm} ]« —1287.47461  —1287.83182  —1287.89438
[SP{N(Ph}]4 —1159.17227  —1159.42763

[SnA 2-N(pm)} ] —2571.55349  —2572.26207  —2572.37983
[Sr{N(Ph} ¢] —2314.87570  —2315.38644

a1l au= 627.5095 kcal/mol® Geometry taken from SSD optimized
structure.

6). As a result of steric congestion in the neighborhood of
the corresponding €H groups and N centers B 4, and5

which contain 4-Me, 4,6-Me, and 4-Me-6-MeO substitution,
a similar pattern of association does not occur in their solid-

Figure 8. The optimized geometry for [Sf2-N(pm)} g] at the B3LYP/
SSD level.

the intramolecular SrrN interactions which span the double
cubane in the solid-state structure of {&N(pm}g] (2)
[2.807(3)-2.935(3) A] are very similar to those present in
the calculated structure of the complex. Comparison of the
optimized structures obtained from SSD and SDB calcula-
tions show that they are in close agreement, with bond
lengths within 0.02 A and angles withirt.ZExamination of

the calculated geometric parameters (based on the SDB
optimized structure) versus those obtained experimentally
reveals similar trends. The Sn{&N (cage) calculated
distances are in the range 2.178193 A, differing from
experiment by around 0.03 A. In [g2-N(pm}¢], Sn-

state structures and no significant (directional) intermolecular (2,3,4)-N(1,2,3,4) calculated bond lengths are within a

interactions result. However, iweak Sn--O interactions

maximum difference of 0.04 A compared to the experimental

between one of the terminal MeO groups of the cage anddata. The internal angle within a cubane unit; 8h(1)-N,

one of the Sn centers of a neighboring molecule [Sr(4)
0O(23A) 3.569(6) A] link the molecules into a polymeric
arrangement, in a manner which is qualitatively similar to
that found in2 (Figure 7).

In order to investigate the importance of the interactions
occurring in1—6 as an influence on the double-cubane
structure, a series of model DFT/B3LYP calculations were
performed on the cubanes [SnNP&hd [SH 2-N(pm)} ], and
the corresponding double cubanes{8tPh)] and [Snr{2-
N(pm)} g]. To evaluate the energetics of formation of the cu-

was found to be &1 in close agreement with experiment
(see Table 2) for [SA2-N(pm)}g]. The internal cubane
angles, N-Sn(2,3,4)-N, calculated for [SH2-N(pm}}g]
have the values 7630.1°, well within the experimental range
given in Table 2. The calculated angles subtended between
the cubane units in [Sfi2-N(pm}} ¢], designated by N-Sn-
(1)—N, are in the range 99:199.2, again in close agreement
compared to the experimental data (see Table 2).
Comparison between the calculated SDB double-cubane
structures{ [SnA 2-N(pm} g] and [Sr(NPh)]}, reveals subtle

banes and double cubanes, calculations were also performe#ut noticeable differences in bond lengths and angles. The

on the starting materials, Sn(NMg PhNH, (2-pm)NH;,
and other potential products of the reactions, Sg, ahd

Sn(1)-N bond lengths are in the range 2.282293 A for
[S/(NPhY], significantly longer compared to the bond

Me;NH. The energies of the geometry-optimized structures lengths in [SR{ 2-N(pm)} g], while the calculated Sn(2,3,4)

and single-point calculations are given in Table 3.

N(1,2,3,4) bond distances are on average shorter, by 0.05

The optimized structure obtained from the B3LYP/SSD A, in [Sny(NPh)] than in [Sa{2-N(pm}g]. The internal

calculation of [SR{2-N(pm)} g] (Figure 8) is similar to those
of the structurally characterized complexess. In particular,
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angles, N-Sn(1)N, in [Sn/(NPh)] are around 2.5smaller
compared to the same series of angles in{3MN(pm} g].



Formation of Double Cubanes

In contrast, other internal angles within the cubane unit, Scheme 2

N—Sn(2,3,4)-N, calculated for [S{NPh}] are around 3-4° Equation 1 R\

larger than those in [Sfi2-N(pm} ¢]. The angles subtended N—8n o

between the cubane units in [ENPh], N—Sn(1)-N, are S”J[_N‘r

in the range 101:6101.2, which are larger than the ASn(NMez)e + 4R - ——> | rr—%N\R + BMeNH

corresponding angles in [gi2-N(pm) ¢]. A final structural /N Sn

distinction between the two calculated double-cubane struc- R

tures involves the distance separating the terminal N atoms R=2-pm: AE=—57.6 keal mol!

at either end of the double-cubane cage. In/{SRh)], the . R=Ph: AE=—~42.1 keal mol”

N---N separation is 7.978 A, while in [$f2-N(pm)} ] this Equation 2 R R

distance is 7.698 A (cf. 7.559 A in the solid-state structure Syw & >sn

of 2 and range 7.5527.621 A in1-6), revealing a more 8Sn(NMe;). + 8RNH;, —» R—N=—83 Négn—} Sn\lN-—R

compact cage in the latter double cubane. \S N/ N_Sn/
Scheme 2 summarizes reactions producing the cubanes \R A

{[Sn{2-N(pm}]4 and [Sn(NPh)]} and double cubang$Sn;-

{2-N(pm}g] and [Sr(NPh)]} from the reactants. The + Sn0) + 16MeNH

reaction which outlines the formation of the generic cubane R=2-pm: AE=~76.6 kcal mol"!

structure is given in eq 1; the energy of formation of the R=Ph: AE= 3.3 koal mol”

cubane structures was calculated using this equation. For [Sn- Eduation 3

{2-N(pm}]4, the AE values were-43.3,—60.8, and—57.6 R R R

kcal mof?! obtained from the SSD, SSD-L, and SDB N—=8n o Sg=N N=sn

calculations, respectively. The correspondixig values for , S”"_N‘r — R ZSn NQ‘S?_QNXSQN -

[Sn(NPh)} were—42.1 and—33.8 kcal mot! extracted from ,3"‘—|7N\R 5 nZ<_N/ \N_Sn/

the SSD and SDB calculations. It can be seen that the SSD, /N_S” Vo4

SSD-L, and SDB results are in qualitative agreement. We ® :

shall restrict future discussions of the energetics of reactions +  Sn(O)

to the data taken from the SDB calculations. Equation 2 R=2-pm: AE= +38.6 kcal mol-!

utilizes the same reactants but with a different stoichiometry R=Ph: AE= +80.8 kcal mol"!

to produce the double cubane. The resulting energies for the  ggyation 4

formation of [SH{2-N(pm)}¢] and [Sr(NPh)] are —76.6 R A

and —3.3 kcal mot?, respectively. Although the formation \N on Sn\Nf N

of the double cubane [$§2-N(pm)} g] is less favorable than S,{_'_N' R /X R}/\ >(S"\

that of its cubane counterpart based on reactant stoichiometry 4 RNHz+ 7 n_‘, — 4 RTNTSh N;SniN 5“7N’R

significantly the formation of both is favorable. Switching d 4 ~ Sn)—<N N—'sn

the functional R group to phenyl has a dramatic effect on R 8 F{

the formation of the double cubane based on the reactants

common to both the single and double cubane. Although vahe

formation of the cubane [Sn(NPR/)E highly favorable, the Efi'hF’_"ZEA_E:s'jl-ic'gar'n’:lﬂ“

energetics in the formation of the double cubane(ISRh)] Equation § T

is now only slightly exothermic. As indicated by eq 3, it R R

appears unlikely that the formation of the double cubanes Sp—n! N—sn

occurs via disproportionation of the cubanes (as we had 7 sniNMe,), + 8 RNH, ——» R_N{S,?(NQSKNXSQN,R

thought initially). TheAE for the disproportionation of [Sn- SnZ_<N/ \N>_<Sn/

{2-N(pm} 14 to [Srr{2-N(pm} ¢] is found to be+38.6 kcal \ A

mol~t, and the corresponding reaction of [Sn(NR)][Sr-

(NPh)] gives a AE of +80.8 kcal motl. However, a + 14 HNMe; + B,

promising alternative route in the formation of the double R=2-pm: AE= —108.6 kcal mot-!

cubane may involve the interaction of the amine with the R=Ph: AE=-35.3 kcal mol-!

cubane to form the double cubane and hydrogen (egB).

for the formation of [SF{ 2-N(pm)s] from the cubane and ~ reactions are-108.6 and—35.3 kcal mot* for R = pm and
amine was calculated to be31.2 kcal mot! whereasAE Ph, respectively. A comparison of these results with the
for [Sn(NPh)] was +153.1 kcal mot?, a highly endother-  corresponding values for eq 1, taking into account the
mic reaction. These results are in agreement with experi- different stoichiometries of the reactants, leads to the
mental findings, and so the next step is to combine egs 1 conclusion that when the functional group (R) is pyrimidine
and 4 to give an alternative reaction to eq 2 for the production the double-cubane structure is energetically preferred; how-
of the double cubane from the reactants Sn(NMand ever, when the R group is phenyl there is a predilection for
RNH,, and this is presented in eq 5. TA& values for these  the cubane geometry.
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In an effort to rationalize the differing stabilities of [gn
{2-N(pm}g] and [S(NPh)] (the latter double cubane is
not observed experimentally), an examination was undertaken
of the charge distribution extracted from the calculations
based on the B3LYP/SDB structures of the double cubanes.
Analysis of the charge distribution within [F2-N(pm}} ¢]
reveals two distinct charged Sn elements within the cage
structure. Sn(1) was assigned a charget-@f489 and Sn-
(2,3,4) were assigned charges in the rafi§e661 to+0.665.
This is in qualitative agreement with experiment, namely,
the charge on the central Sn atom is double that of the other
Sn atoms within the double cubane. The nitrogen components
within the cage are roughly equivalent and negatively
charged,—0.718 t0—0.737. These values should be com-
pared to the single-cubane structure, {{SMN(pm) 4, where
all the Sn and N atoms are roughly equivalent in the cubane
cage and are assigned charge8,689 and—0.724, respec-
tively. In going from the cubane to the double-cube structure,
the nitrogen (cage) charge remains fairly constant while the
charge on the tin atoms increases by @.@cept on the
central tin atom where it decreases by .8he charge
distribution observed within [S{NPh)] is similar to that
within [Sn{ 2-N(pm)} g], two distinct positively charged Sn
moieties and roughly equivalent negatively charged nitrogen
(cage) elements. For Sn(1) the charge assignedta®77 Figure 9. Isodensity surface of the electrostatic potential for (a){2n
while the remainder of the Sn atoms fell in the rarg®544 N(pm)}e] and (b) [Sr(NPh)]. Color: (most negative charge) redyellow
to +0.560. Thus, there is less positive charge on the Sn = 9reen= lightblue < blue (most positive charge).
elements compared to the same components in{fSn  manifest within this double-cubane entity. Figure 9 depicts
N(pm)}g]. For the nitrogen atoms within the double-cubane isosurface electrostatic potentials for f§2-N(pm)g] and
cage of [SR(NPh)], the charges assigned were in the range [Sn(NPh)]. There are clear differences in charge distribution
—0.723 t0—0.732, close to the range of the same elements within these double cubanes. The orientations of both double
in [SnA{2-N(pm}g]. In [Sn(NPh)}k the formal charges for  cubanes are similar, a side view with both end R groups
Sn and N were assigned the valuestdf.609 and—0.741, clearly visible. In Figure 9a, [Sf2-N(pm)g], in the
respectively. foreground, the top ring (2-pm) is viewed to be interacting

In [SnA 2-N(pm}g], there is the potential for six cross-  with the Sn to the left while the bottom ring (2-pm) is viewed
linkages between Sn [omitting Sn(1)] and N in 2-pm to be interacting with the Sn to the right. Both these
[omitting the two terminal 2-pm rings]. If there is an interactions are electrostatic in nature and utilize components
interaction between these elements, there should be a chargééom the opposite cubane in the double-cubane structure.
difference between the two nitrogens contained in the 2-pm These interactions are not evident in Figure 9b on the-[Sn
ring. Charge analysis reveals a significant difference in the (NPh}] isosurface. The R group plays an important role in
charge residing on the nitrogens in the 2-pm ring. The determining whether or not these cross-linkage interactions
nitrogen (2-pm) facing the Sn, on the opposite cubane, hascan take place and in essence plays a role in the stability (or
a net charge in the range0.245 to —0.259, while the lack thereof) in the double cubane.
nitrogen farthest away on the 2-pm ring has a charge of
—0.221 t0—0.227. These values should be compared to the
single-cubane charges on nitrogen contained in the 2-pmring The study of the reactions of Sn(NK)g with various
of —0.214 t0—0.220. The nitrogen (2-pm ring) facing the functionalized primary amines (RNHpresented in this paper
Sn has gained negative charge, in the range -000@3, illustrates that the nature and structure of the imido com-
while the other nitrogen contained in the 2-pm structure plexes produced is dependent on the characteristics of the
remains unchanged in going from the cubane to the double-organic substituents (R). Where pyridine or pyrimidine
cubane structure. The cross-linkage separation for the Sn functionality is present, the possibilty of intramolecular N
-N electrostatic interaction falls in the range 22905 A --Sn interactions has a major effect in directing the formation
in [SnA{2-N(pm}g]. In the [Sn(NPh)] structure, there are  of mixed-oxidation-state double cubanes of the type{Sn
no significant changes in the charge distribution on the (NR)g]. Theoretical calculations suggest that the formation
phenyl group in going from the cubane to the double cubane. of the double-cubane structures does not arise from dispro-
There are no Saphenyl cross-linkage separations in the portionation of two cubane precursors (as was originally
range 2.973.05 A found in [SA(NPh)], and thus no proposed). A more likely scenario involves the production
significant cross-linkage electrostatic interaction could be of molecular H. This suggestion provides some interesting

Conclusions

1500 Inorganic Chemistry, Vol. 41, No. 6, 2002



Formation of Double Cubanes

prospects for future studies. In particular, it may be possible Office of Basic Energy Sciences, Division of Chemical
to effect selective aggregation of cubanes or even doubleSciences, U.S. Department of Energy under Grant DE-FG02-
cubanes by their interaction with pyridyl or pyrimidyl amines. 97ER-14758. We also thank Dr. J. E. Davies for collecting
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