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Synthesis and Structure of a Bis(Double Helicate) and its Cryptatoclathrate**
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Dietmar Stalke and Markus Teichert

Abstract: The structures of the hitherto unknown bis(double helicate) 10 and its crypta-
toclathrate (10),-2 THF were unequivocally determined by X-ray diffraction. Bis(dou-

ble helicate) 10 is formed in a one-pot synthesis starting from CH-acidic bis(tetrazolyl-
methy! ketone) 9 and Zn(OAc),. The formation of racemic, homochiral 10 from
[Zn,L3] fragments, which are formed in a self-assembly process, is governed by chiral
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self-recognition. According to NMR studies only 10 is present in solution. ! 3C CP/MAS
NMR spectroscopy and X-ray analysis confirm aggregation of 10 with two molecules
of THF to yield the inclusion compound (10),-2THF in the solid state.

Introduction

Tetrazolylenolate ions 1 react with iron(i1) and copper(i1) ions to
give coordination polymers 21!} and 3,/ respectively. In the case
of copper the 3 D structure of the polymer has been established
by X-ray crystallography.!*) However, with iron(m) ions the
anions 1 yield mononuclear chelate complexes 4.1'1 In contrast,
reaction of ligand § (= L', accessible from tetramethyl-
2,2'-terephthaloyl dimalonate by double deprotonation) and
iron(mi) ions leads to the tetranuclear complex [Fe,LL] (6).1>-4
Ligand 7 (= L?) combines the good complex-building proper-
ties of 1 towards iron(in) ions and the geometry of ligand §.
Consequently, ligands § and 7 yield similar tetranuclear chelate
complexes [Fe,L}] (6) and [Fe,L2] (8).1] These supramolecular
systems are formed exclusively by spontaneous self-assembly.!®!

Results and Discussion

We were interested in studying the impact on the complex for-
mation ability of the geometric changes when the para-
phenylene spacer in ligand 7 was replaced with a meta-
phenylene spacer. Accordingly we doubly deprotonated [H,L3]
9 with triethylamine and reacted the corresponding dianion L3
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with iron(m) chloride or zinc(n) acetate solution. The introduc-
tion of zinc(11) acetate makes triethylamine superfluous (for fur-
ther details, see experimental part).

According to microanalyses and FAB MS data (FAB = fast
atom bombardment), the composition of the products obtained
is [Fe,L3]" " and [Zn,L3] (10), respectively.

The 'H and '3C NMR spectra of 10 do not unambiguously
establish the structure of this complex. In order to characterize
10 unequivocally, we carried out an' X-ray crystallographic
structure analysis. According to this analysis, 10 is present in the
crystal as a neutral tetranuclear bis(double helicate) that con-
tains a molecular cavity™ (Fig. 1). The core of 10 is formed by
a distorted cuboid whose eight corners are occupied by alternat-
ing zinc and u,-bound ketooxygen atoms. The faces (Zn-O-Zn-
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Fig. 1. Top: Stereoview of the crystal structure of bis(double helicate) 10 perpendicular to the
Zn-O-Zn plane (nitrogen dark ; oxygen shaded). For reasons of clarity, H atoms, phenyl groups and
the solvent of crystallization (THF) are omitted (PLUTON [17]). Bottom: Stereoview of 10 (view
parallel to the Zn-O-Zn plane, through the cavity; H atoms and THF molecules omitted).
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O-) are offset by an angle of ca. 45°. Each zinc ion is bound to
three ligands (N, x,-O; N, u,-O; and u,-O) and is coordinated
in a distorted trigonal bipyramidal manner (Fig. 2, Table 1). In
detail, the three-dimensional structure of 10 results from linking
two C,-symmetric double helical'®! building blocks, each com-
posed of two zinc ions and two ditope ligands L3. Thus, each
ligand is coordinated through one keto-oxygen atom y, to a zinc
ion. The two other u,-bound oxygen atoms also contribute to
the chelation of two adjacent zinc ions, and furthermore to the
linkage of two dinuclear building blocks. In summary, all four
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Fig. 2. Coordination spheres of Zn?* ions in 10 (PLUTON [17)).
Selected distances and angles are listed in Table 1.

zinc ions in 10 are pentacoordinated and coordinatively saturat-
ed. A consequence of this steric arrangement is a metal —metal
separation of ca. 324 pm. In contrast, the Zn-O-Zn-O- faces are
separated by ca. 652 pm. The depiction of complex 10 here
represents only one enantiomer of the racemic mixture ob-
tained. It is noteworthy that the enantiomeric, tetranuclear (P)-
and (M)-bis(double helicates) 10 (Fig. 1) are composed of two
self-complementary, homochiral,'’®? double-helical substruc-
tures [Zn,L3]. As a result, in the crystal each dissymmetric enan-
tiomer has approximately the high symmetry point group D,,
characterized by three C, axes.

Initial evidence for the pairwise aggregation of bis(double
helicate) 10, leading to the cryptatoclathrate (10),-2 THE[!?
came from FAB MS. Apart from the molecular ion peak of 10,
the spectrum shows an additional peak of minor intensity at
double this m/e (see experimental part). Detailed investigations
of the X-ray crystallographic data of 10, obtained from a single
crystal grown in THF covered with a layer of diethylether, con-
firmed this assumption. Accordingly, 10 exists in the crystal as
a D, symmetric cryptatoclathrate (10),-2 THF (stereo diagram,
Fig. 3). The cavity that acts as host to two THF molecules is
generated by two identical overlapping homochiral bis(double
helicate) units 10.1'2! The unit cell consists of four clearly dis-
tinct cryptatoclathrate aggregates containing embedded THF
molecules (Fig.4). The supramolecular superstructure
(10),-2 THF exists because of van der Waals forces and is an
example of crystal engineering 18!

In order to investigate whether the cryptatoclathrate
(10),-2 THF remains intact in solution or dissociates under
these conditions, we carried out extensive 'H and !3C NMR
studies. The uncoordinated ligand L? has C,, symmetry and, as
expected, shows only one set of signals in the *H and '*C NMR
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Table 1. Selected distances (pm) and angles (“) in 10.

Zn(1)-0(1)
Zn(1)-N(1)
Zn(4)-0(6)
Zn(4)-N(25)

Zn(1)-0(7)-Zn(4)
0O(3)-Zn(4)-N(21)
O(6)-Zn(4)-N(21)
O(7)-Zn(4)-N(25)
O(1)-Zn(1)-0(7)
O(1)-Zn(1)-0(3)
O(1)-Zn(1)-N(9)
N(9)-Zn(1)-N(1)

Zn(3)-0(4)
Zn(3)-N(13)
Zn(2)}-0(8)

Zn(2)-N(17)

Zn(3)-0(5)-Zn(2)
O(5)-Zn(3)-0(2)
N(13)-Zn(3)-0(2)
N(5)-Zn(3)-N(13)
0(5)-Zn(3)-0(4)
N(29)-Zn(2)-0(5)
O(8)-Zn(2)-N(17)
O(8)-Zn(2)-0(2)

193.7(4)
205.5(5)
193.5(4)
208.6(6)

104.8(2)
97.8(2)
92.5(2)
81.8(2)
118.3(2)
95.8(2)
116.6(2)
96.7(2)

201.6(6)
204.0(13)
193.2(5)
210.3(8)

106.3(3)
77.0(3)

175.5(4)
97.8(5)

119.9(3)
163.9(2)
107.3(3)
110.3(2)

Zn(1)-0@3)
Zn(1)- N(9)
Zn(4)-0(7)
Zn(1)-Zn(4)

Zn(4)-0(3)-Zn(1)
0(3)-Zn(4)-N(25)
O(6)-Zn(4)-N(25)
N(21)-Zn(4)-N(25)
O(7)-Zn(1)-N(9)
N(9)-Zn(1)-0(3)
O(1)-Zn(1)-N(1)

Zn(3)-0(2)
Zn(3)-N(5)
Zn(2)-0(5)
Zn(3)-Zn(2)

Zn(2)-0(2)-Zn(3)
N(5)-Zn(3)-0(2)
O(4)-Zn(3)-N(13)
O(4)-Zn(3)-N(5)
O(S)-Zn(2)-N(17)
0(8)-Zn(2)-N(29)
N(29)-Zn(2)-N(17)

210.7(4)
204.9(5)
206.2(4)
3243

103.0(2)
136.5(2)
110.1(2)
91.9(2)
122.12)
82.3(2)
90.2(2)

216.1(6)
204.0(11)
205.4(5)
319.3

99.0(2)
79.8(4)
93.1(4)
111.4(4)
83.8(3)
93.1(2)
91.9(3)

Zn(1)-0(7) 203.3(4)
Zn(4)-0(3) 203.6(5)
Zn(4)-N(21) 204.3(5)
0(3)-Zn(4)-0(7) 76.5(2)

O(6)-Zn(4)-0(3) 111.7(2)
O(6)-Zn(4)-0(7) 104.8(2)
N(21)-Zn(4)-0(7) 162.7(2)
O(7)-Zn(1)-0(3) 75.5(2)

O(7)-Zn(1)-N(1) 100.0(2)
N(1)-Zn(1)-0(3) 173.7(2)
Zn(3)-0(5) 193.6(6)
Zn(2)-0(2) 203.6(5)
Zn(2)-N(29) 202.8(6)
O(2)-Zn(2)-0(5) 77.3(2)

O(4)-Zn(3)-0(2) 91.3(2)

O(5)-Zn(3)-N(13) 101.5(4)
O(5)-Zn(3)-N(5) 123.4(4)
O(8)-Zn(2)-0(5) 103.0(2)
N(29)-Zn(2)-0(2) 96.9(2)

O(2)-Zn(2)-N(17) 140.7(3)

Fig. 3. Stereoview of the crystal structure of (10),-2THF (H atoms omitted, view along the crystalio-
graphic b axis) (PLUTON [17]).

Fig. 4. Stereoview of the crystal packing of (10),- 2 THF (view along the crystallographic b axis; H atoms
omitted). For reasons of clarity only THF guest molecules encapsulated within the host cavity of
(10),- 2 THF are shown. The enantiomers of the homochiral superstructures (10),-2 THF alternate in the

crystal.
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spectrum. In contrast, crystalline samples of
(10),-2 THF dissolved in CDCl,, [Dg]JTHF or
C,D, do not show the expected signal patterns.
If (10),-2 THF remained intact in solution, a
total of four sets of signals for the positions
present pairwise in ligand L3 should be expect-
ed. Instead, the solution spectra show only two
signal sets (Fig. 5). This may be explained by
the fact that (10),-2 THF dissociates in solu-
tion to give the tetranuclear unit [Zn,L2] (10).
In 10 the two halves of the ligands L* are
diastereotopic, owing to D, molecular symme-
try. Hence, the spectroscopic findings prove
that the supramolecular superstructure
(10),-2 THF must dissociate into two subunits
10 in the solvents used; 10 itself remains intact
in solution as a tetranuclear complex. Even at
elevated temperatures, no exchange phenome-
na were observed by NMR spectroscopy. Sig-
nal assignment of the 'H and '*C NMR spec-
tra was achieved by means of a field gradient
heteronuclear multiple-quantum coherence
NMR (FG-HMQC) spectrum (Fig. 5). Fur-
ther spectroscopic assignment of the dia-
stereotopic ligand sites is not trivial. Applica-
tion of additional methods based on NOE gave
ambiguous results. This is a result of the pair-
wise similarity of interatomic distances. Inter-
action of solvent molecules ([Dg]THF ) with the
protons of ligand L was detected by heteronu-
clear Overhauser spectroscopy (‘H, Z2H
HOESY). Here, crosspeaks are detected be-
tween the *H resonance lines of the bulk sol-
vent and appropriate 'H resonance lines of 10.
Interestingly, one crosspeak involves the in-
ward-directed H(3) protons. This suggests a
weak penetration of solvent molecules into the
cavity of 10. Compared with the spectrum in
solution, the solid-state '*C CP/MAS TOSS
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Fig. 5. Field gradient HMQC spectrum of (10),-2 THF; crystals containing THF
dissolved in CDCly; +23°C. *: CH,Cl, from the preparation of crystals. The 'H
and '*C range of THF signals has been omitted. The diastereotopicity within ligand
L3 results from its coordination to the metal centres.

200 185 190 185 180 175 170 185 ppm

Fig. 6. Spectrum a: Part of the '3C NMR spectrum of (10),-2THF: dissolved
crystals in CDCl,. Owing to the diastereotopicity within a coordinated ligand two
signals are detected in the carbonyl range. Spectrum b: Part of the !3C CP/MAS
TOSS solid-state spectrum of (10),-2THF. As a result of the crystal geometry the
spectrum is further split in the carbonyl range in comparison to spectrum a.

spectrum of (10),-2THF (Fig. 6) shows further splitting. This
finding is in agreement with the structure of cryptatoclathrate
(10),-2THF, found by X-ray analysis. By comparison, Figure 6
shows the carbonyl '3C NMR signals of dissolved crystals of
(10),-2THF, along with (10),-2THF in the solid state. The
higher number of signals in the solid state is obvious.

Conclusions

Ligand 7 combines the good complex-building properties of 1
towards iron(i1) ions with the geometry (1,4-phenylene spacer)
of ligand 5, leading to [Fe,L!] (6). We have shown that 7 yields
tetranuclear chelate complexes [Fe,L2] (8) as well. As a conse-
quence we wanted to learn about the impact of geometric
changes (1,4- versus 1,3-phenylene spacer) on the complex-
building properties of the bridging ligands, as realised in doubly
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deprotonated 9. Although the formation of bis(double helicate)
10 and cryptatoclathrate (10),-2THF was rather fortuitous,
further experiments will permit predictions concerning possible
supramolecular structures of the products created from bridging
ligands L', L? and L? along with appropriate metal cations.

Experimental Procedure

Materials and methods: All preparations were carried out under an atmosphere of
dry nitrogen. All common reagents and solvents were purchased from commercial
suppliers and used without further purification unless otherwise indicated. N.N-
Dimethylformamide was distilled from P,O, under dry nitrogen and stored over 4 A
molecular sieves. Sodium hydride (80% dispersion in mineral oil) was purchased
from Aldrich. Melting points were determined on a Wagner & Munz apparatus and
are uncorrected. Infrared spectra were recorded on a Beckman Acculab or a
Perkin- Elmer 1420 Ratio-Recording Infrared Spectrophotometer. 'H NMR spec-
tra were recorded on a Jeol INM-PMX-60 (60 MHz) or INM-GX-400 spectrometer
(400 MHz). '3C NMR spectra were recorded on a Jeol INM-GX-400 spectrometer
(100 MHz). Carbon atom type assignment was achieved by the DEPT technique.
'H, '3C 2D HMQC spectra and '3C CP/MAS TOSS spectra were recorded on a
Jeol Alpha 500 spectrometer (500 MHz, for ! H). All chemica! shifts are based on
the & scale with TMS as an internal standard. Mass spectra were recorded on a
Varian MAT 3rA (EIMS) or on a Finnigan MAT TSQ 70 spectrometer (m/
2<1500; ion source temperature: 50°C; ion desorption from m-NBA matrix:
10 keV xenon atoms, FABMS) or on a Finnigan MAT 711 A (AMD Intectra mod-
ified, m/z> 1500, ion source temperature: 35°C. ion desorption: 12 keV Cs* ions,
LSIMS). Elemental analyses were carried out on a Heraeus CHN-Mikroautomat or
by I. Beetz Microanalytical Laboratory, Kronach (Germany).

1,3-Bis|1-(1-phenyl-1 H-tetrazol-5-yl)ethan-2-one|benzene (9): Compound 9 was pre-
pared in the following two stages.

1,3-Bis(3-anilino-3-methylthiopropen-1-one)benzene (Bis(ketene- N, S-acetal)) [13]: A
solution of 1,3-diacetylbenzene (8.11 g, 50 mmol) in absolute DMF (30 mL) was
added dropwise with stirring to a suspension of sodium hydride (3.0 g, 100 mmol)
in absolute DMF (160 mL) at an ice-bath temperature of 0°C. After the addition
was completed, stirring was continued at room temperature. A solution of
phenylisothiocyanate (13.51 g, 100 mmol) in absolute DMF (30 mL) was then
added dropwise. After stirring for 4 h, the reaction mixture was cooled to 10°C and
methyl iodide (14.20 g, 100 mmol) was added dropwise. Stirring was continued at
room temperature for 16 h. The reaction mixture was poured into ice water (1 L)
and the resulting precipitate was filtered off, washed with water and extracted into
CH,C!, (200 mL). The organic layer was washed with water (3 x 200 mL), dried
(MgSO,) and filtered. The solvent was removed in vacuo and the residue was
recrystallized from CHCI,/Et,0 (2:1) to afford 10.6 g (46 %) of the desired product
as a yellow crystalline material. M.p. 157°C; 'HNMR (400 MHz, CDCl,,
25°C):8 = 2.46 (s. 6H: SCH,), 5.95 (s. 2H; =CH), 7.24-7.41 (m, 10H; C,H,),
7.52 (t. 34(H,H) =1.7 Hz, tH; CH, (5)). 8.01 (d, *J(H,H) =7.7Hz, 2H; CH,
(4,6)).8.42(s, 1 H; C4H, (2)). 13.52(s.2H: N H):; IR (KBr): ¥ = 1550 cm ™' (C=0);
MS (70 eV, EI): m/z (%): 460 (27.1) [M *].

Bistetrazole 9 [13]: To a stirred solution of bis(ketene-N,S-acetal) (10.6 g, 23 mmol)
in CH,CN (180 mL), a solution of NaN; (3.0 g, 46 mmol) in DMSO (90 mL) was
added dropwise at 100 °C. The stirred reaction mixture was heated under reflux for
4 d until a clear solution occured. It was then cooled to room temperature, poured
into crushed ice (1000 g) and acidified with 20% acetic acid (pH = 5), and the
precipitate was filtered off, washed with water and redissolved in CH,Cl, (300 mL).
The organic layer was washed with water (3 x 300 mL), dried (MgSO,) and evapo-
rated in vacuo. The resulting solid was recrystallized from CH,Cl,/Et,O (2:1)
affording the title compound as a white powder (8.8 g. 85%). M.p. 190°C;
'HNMR (400 MHz, {D,]DMSO, 25°C): & = 5.20 (s, 4H; CH,), 7.56-7.64 (m,
$0H; CH,). 7.70 (. 3/(H.H) = 7.9 Hz. 1 H: C¢H,). 8.21 (d, 3J(H,H) =7.9 Hz, 2H;
CeH,). 8.47 (s, 1H; C4H,): '*C NMR (100.5 MHz, [DJDMSO, 25°C): § = 34.47
(2CH,), 124.77, 128.40, 129.55, 129.90, 130.46, 133.51, 135.43 (18 Ar-C, two sig-
nals coincide). 150.64 (2C=N), 192.96 (2C=0); IR (KBr):  =1680 cm ™! (C=0),
1590, 1490 (C=C, C=N, N=N): MS (70 eV, EI): m/z (%): 450 {M *]: C,H,sNgO,
(450.46): calcd C 63.99, H 4.03. N 24.88; found C 64.07, H 4.37. N 24.95.

Tetrakis|2,2’-bis(1-phenyl-1H-tetrazol-5-yl)-1,1’-(1,3-benzenediyl)bis(ethen-1-olato)-
(2-O,N* :u-O' N'* Jtetrazine(nn) (10): To a solution of Zn(OAc), 2H,0 (0.165 g,
0.75 mmol) in methanol (50 mL), a solution of bistetrazole 9 (0.338 g, 0.75 mmol)
in CH,Cl, (25 mL) was added. The mixture was stirred for 16 h, filtered under
suction, then the residue was washed with CH,OH (20 mL) and Et,0 (20 mL), and
dried in vacuo to afford 0.284 g (74%) of 10 as a white powder. M.p.>300°C
(decomp.); '"H NMR (400 MHz, CDCl,, 25°C): 4 = 5.05 (s, 4H; =CH), 5.72 (s,
4H; =CH), 6.78 (1, *J(H,H) =7.6 Hz, 4H: CH,). 7.06 (d. >J(H,H) =7.6 Hz. 4H;
C.H,), 7.16 (d, 3J(H,H) =7.6 Hz, 4H; C H,), 7.32-7.57 (m, 40H; C,H;), 8.94 (s,
4H; C¢H,); *C NMR (100.5 MHz, CDCl;, 25°C): 6 =73.81 (4=CH), 80.78
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(4 =CH), 124.54, 125.14, 126.00, 126.59, 127.30, 129.16, 129.53, 129.82. 130.11
(56 Ar-CH, two signals coincide), 133.71 (4Ar-C.), 134.28 (4Ar-C,), 140.76
(4Ar-CN), 14349 (4Ar-CN), 152.13 (4C==N), 154.16 (4C-=N), 17581
(4C=:0), 177.96 (4C==0); IR (KBr): ¥ =1590, 1530, 1490 cm ™' (C=N. C=C,
N=N): MS (FAB): m/z =1028.6 [Zn,L3+H]"*. 2055.9 [M+H}". 4110.2 [M,]"*:
CosHesN3204Zn, (2055.34); caled C 56.10, H 3.14, N 21.81, Zn 12.72; found C
55.26, H 3.51, N 21.80, Zn 11.83.

X-ray structure analysis: Crystals suitable for X-ray structure analysis were obtained
by diffusion of Et,O into a THF solution of 10. Crystal data for 10:
CoeHge Ny, 0Zn, +5C,H 0, M, = 2055.34 + 5 x 72.11, monoclinic, space group
C2/c, a=4567.6(9), b=1854.9(4) and ¢ = 2732.2(6) pm, § =106.63(3)°, V =
22.180(8) nm?, Z = 8, p (caled.) = 1.447 Mgm ™3, F(000) = 9984, A =71.073 pm,
T =153 K, u(Moy,) = 0.934 mm~'. Crystal dimensions: 0.7 x 0.6 x 0.6 mm. The
data were collected on a Stoe - Siemens — Huber diffractometer. Intensity determina-
tions were performed on a shock-cooled crystal in an oil drop [14] according to the
26/ method in the region 8° <20<45°. Of the 14817 collected reflections, 14520
were unique, and of these 14519 were used for refinement of 2107 parameters by
means of 2630 restraints. During structure refinement the analysis of the Zn(3)
anisotropic displacement parameters indicated the disorder of that atom over two
sites within the O(2)-Zn(2)-O(5) plane and orthogonal to the O(2)-Zn(2)-O(5) bisec-
tion. The site occupation factors were refined to 0.65 and 0.35. respectively. As a
consequence particularly those ligands coordinated to Zn(3) in the Zn(2)/Zn(3)
hemisphere of the complex are heavily disordered. The tetrazole ring containing
N(5)-N(8) is disordered over three positions as well as the phenyl ring connected
to that moiety (C(19)-C(24)). The Zn(3) bonded ligands containing N(13)- N(16)
and N(17)-N(20) and the related phenyl rings are only disordered over two sites.
Ligand as well as THF lattice molecule disorder was successfully modelled by
employing 1.2-, 1,3-distance- and ADP-similarity restraints. Highest minima and
maxima: 726 and —469enm”3, respectively. R1(/>2a(/))=0.0708 and
wR2=01971 (all data), Ri=3[|F| — |FI/Z|Fl, wR2=[Tw(F? - F2)?
Y w(F2)*°5. The structure was solved by direct methods (SHELXS90) [15] and
refined on F? by means of the full-matrix least-squares method (SHELXL 93) [16].
Crystallographic data (excluding structure factors) for the structure reported in
this paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-1220-29. Copies of the data
may be obtained free of charge on application to The Director, CCDC,
12 Union Road. Cambridge CB2 1EZ, UK (Fax: Int. code +(1223)336-033: e-mail:
teched@chemcrys.cam.ac.uk).
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