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The n-prismands dealt with in this paper are: 1,8-diazabi-
cyclo[6.6.6]eicosa-4,11,17-triyne (6), 1,8-diazabicyclo[6.6.5]-
nonadeca-4,11-diyne (7), 1,8-diazabicyclo[6.6.6]eicosa-4,11-
diyne (8), 1,10-diazabicyclo[8.6.6]docosa-5,13,19-triyne (9), 17-
(1,4)benzena-1,8-diazabicyclo[6.6.5lnonadecaphane-4,11-
diyne (10), 11,16-(1,4)dibenzena-1,8-diazabicyclo[6.5.5]octa-
decaphane-4-yne (11) and 4,10,15-(1,4)tribenzena-1,7-diaza-
bicyclo[5.5.5]heptadecaphane (12). The synthesis of 9 is re-
ported. The molecular parameters obtained from X-ray in-
vestigations on single crystals of 6-9 as well as of 10-12 are

compared with each other. Also discussed are the structures
of the monoprotonated forms of 6 and 12. The n-prismands
6-12 form stable complexes with Ag* and Cu*. The crystal
structures of the metal complexes as well as their spectro-
scopic properties are reported. Both reveal that the metal
center interacts with the nitrogen atoms and the n-systems
of the bridges.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

1,(k+2)-diazabicyclo[k./m]alkanes (1) are of interest with
respect to their stereochemistry and their properties.[!] The
detailed investigation of these species by Alder et al.l”l re-
vealed that those species with k, /, m = 3-6 show an in/in
conformation and act as proton sponges with the proton in
the cage.[*¥ In the monoprotonated form of 1,6-diazabicy-
clo[4.4.4]tetradecane (2-H)* a strong hydrogen bond be-
tween the two bridgehead nitrogen atoms has been report-
ed.?% Systems with longer bridges, such as 1,8-diazabicy-
clo[6.6.6]eicosane, 1,8-diazabicyclo[6.6.5]lnonadecane and
1,8-diazabicyclo[6.6.4]octadecanel® show a kinetically con-
trolled protonation reaction yielding mixtures of the out/out
and in/out diprotonated species. The thermodynamically
more stable species, the in/in conformers, were formed at

YO Y

higher temperatures and longer reaction times.M! It is inter-
esting to note that no metal complexes of those 1,(k+2)-
diazabicyclo[k.l.m]alkanes are reported where all three brid-
ges are pure hydrocarbon chains.” This situation changes
when ether bridges are used between the nitrogen centers
as in the [1.1.1]cryptand (3)P! or 4,7-dioxa-1,10-diazabicy-
clo[8.6.6]docosa-13,19-diyne (4)%4 and the corresponding
dithia derivative 5.1°°1 For 4 complexes with lithium, so-
dium, cadmium, copper(1), and silver were isolated.l®®! For
5 copper(1) and silver complexes were characterized.[®®! We
thought it of interest to replace one of the CH, groups in
each chain of 1 by a m-donor, such as a triple bond or a
cyclic conjugated m-system, anticipating that the resulting
species in which three m-ligands are oriented along a Cj
axis, also called m-prismands,[”! could be capable of com-
plexing metal ions.
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The ligands and their metal complexes we report in this
work are 1,8-diazabicyclo[6.6.6]eicosa-4,11,17-triyne (6),!
1,8-diazabicyclo[6.6.5]nona-deca-4,11-diyne  (7),81 1,8-di-
azabicyclo[6.6.6]eicosa-4,11-diyne (8),[81 1,10-diazabicyclo-
[8.6.6]docosa-5,13,19-triyne (9), 17-(1,4)benzena-1,8-diaza-
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bicyclo[6.6.5nonadecaphane-4,11-diyne (10),°! 11,16-(1,4)-
dibenzena-1,8-diazabicyclo[6.5.5]octodecaphane-4-yne  (11)P
and 4,10,15-(1,4)tribenzena-1,7-diazabicyclo[5.5.5]heptade-
caphane (12).

Results and Discussion
Syntheses and Properties of the Ligands

a) Syntheses

The syntheses of all six m-prismands were accomplished
by a three-component condensation®°! of o,m-dibromides
with o,m-diamines as shown in Scheme 1. The condensation
was carried out in refluxing acetonitrile in the presence of
potassium carbonate as a base and K* as template. The
syntheses of 6-8!® and 10-12P°! have been described briefly
in the literature. The synthesis of 9 follows the protocol of
Scheme 1. As starting material for 9 we used 1,6-dibro-
mohex-3-yne (13)l!% and 1,8-diaminooct-4-yne (14)[11]
yielding 29% of 9.

N
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Br Br -
=\

Scheme 1.

It is interesting to note that the highly symmetrical cryp-
tands 6 and 12 are those with the highest melting points
(212 °C and 192 °C, respectively) whereas the more flexible
compounds 7 (85 °C), 8 (124 °C), 9 (156 °C), 10 (114 °C),
and 11 (107 °C) melt at considerably lower temperatures.
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b) Spectroscopic Investigations

The chemical shift of the '3C signals for the sp-hy-
bridized carbon atom in 6-11 varies only slightly from J =
77.0 (11) to 6 = 80.2 ppm (9). These values are close to that
recorded for hex-3-yne (6 = 80.9 ppm) and indicative of no
ring strain as found e.g. for cyclooctyne (6 = 94.4 ppm).l'2l
The '"H NMR spectra of 10-12 measured at room tempera-
ture reveal that the chemical shifts of the aromatic protons
of 10 (A A" A" A"")and 11 (A A’ B B’) are located in the
anticipated aromatic region, whereas those of 12 (A A" A"’
A'"") exhibit a rather high-field resonance. This was as-
cribed to a mutual transannular shielding due to a rotation
process as discussed below. The UV data of 10-12 reveal a
band between 266 nm (10) and 268 nm (11, 12) indicating
a planarity of the rings as in p-xylene (Amax = 273 nm).[13]

To detect any dynamic processes of the cage skeleton we
have recorded the 'H and '3C NMR spectra of 6, 10, 11,
and 12 at variable temperatures. For 6 the '"H NMR spec-
trum taken at 20 °C shows two triplets at 6 = 2.23 and
2.43 ppm with a coupling constant of 3J = 5.2 Hz. At 178 K
both signals coalesce, which allows an estimate of the free
activation enthalpy AG” of a dynamic process!' [Av =
77 Hz, T, = 178 K, AGZ = 8 kcal/mol, k(T,) = 170 s™']. For
this process we can envisage the rearrangement of one heli-
cal enantiomer (D3) into the other as shown in Figure 1
(bottom). However, the transition state for such a process
would be of D3, symmetry with an ecliptic conformation of
all six ethano bridges. A more favorable process should be
a two-step mechanism in which the helical isomer arranges
to a paddle-wheel (Cs,) conformation, which in turn re-
arranges to the enantiomeric form of D; symmetry (see Fig-
ure 1).

The dynamical processes of 11 and 12 have been reported
in a preliminary publication.’! Recently, we were also able
to record the data for 10. For all three species the tempera-
ture of coalescence (7;), the frequency difference (Av) and
the estimated activation enthalpies!'¥ (AG”) are listed in
Table 1. A comparison with values derived from an AM1
calculation!!™] shows a good agreement for 11 and 12 if a
2943
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Figure 1. Schematic presentation of the dynamic processes causing
a racemisation of 6 from one Dz enantiomer to the other.

rotation of only one benzene ring is assumed. The higher
AG” value for 11 (15.6 kcal/mol) compared to that for 12
(9.3 kcal/mol) can be ascribed to the larger N---N distance
in the latter case (6.145 A) compared to that calculated for
11 (5.772 A). For 10 we assume that the dynamic process is
not caused by the rotation of the benzene ring but that an
equilibration between the helical and paddle-wheel confor-
mation is observed as discussed for 6 and outlined in Fig-
ure 1. Due to the small N--N distance in 10 (5.130 A) the
activation energy for the rotation of the benzene ring was
calculated to be 25 kcal/mol (Table 1).

Table 1. Comparison between the measured and calculated free ac-
tivation enthalpies [kcal/mol] for 10-12. Also listed are the tem-
peratures of coalescence (7;) and the frequency difference (Av).

Compd. T.[K] Av[Hz] AGZ«, Ar(rot) AGZwm
10 193 10 9.9 1 25.0
11 321 68 15.6 1 16.4

2 52.3

1 8.9
12 191 36 9.3 2 57.5

3 103.9

[a] Number of rotating benzene rings.

¢) Structural Investigations

X-ray structural investigations on single crystals of 6,1
78l and 12°! have been reported previously. In the mean
time we were also able to record the structural parameters
of 9 and 10. Their molecular structures are shown in Fig-
ure 2. A comparison of selected distances obtained for these
two species with those of 6 and 12 is listed in Table 2. For
11 the values were derived by DFT calculations,!'®!" vary-
ing all geometrical parameters. It can be seen that replace-
ment of one 3-hexyne bridge in 6 by a 4-octyne bridge (9)
only leads to a slight increase of the N--*N distance from
5.05 A (6) to 5.10 A (9), whereas replacement of the triple
bonds in 6 by benzene rings (10, 11, 12) increases the N---N
distance by about 0.3 A per benzene ring.

2944
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Figure 2. Molecular structures of 9 (top) and 10; a) side view; b)
view along the N---N axis. The hydrogen atoms and the anions are
omitted for the sake of clarity.

Table 2. Comparison of selected distances [A] and angles [°] of 6
and 9-12 in the solid state.

618 9 10 1101 1201

NN 5.0492) 5.1032) 530Q2) (5772010 6.14(4)¢
Sonl 345.003)  337203) 334602 (335601 329.3(2)
e 3.76002)  3.791(3)  3.982(2) - -

4.085(3)

3.996(3)
- - _ 43272)  (4.198)0 -

4268(2)

eeeld] —~ - - @. 714910 4.51(5)

[a] Sum of the bond angles at the nitrogen atoms. [b] Transannular
distances between the center of the triple bonds. [c] Transannular
distances between triple bonds and aromatic ring. [d] Transannular
distances between aromatic rings. [e] Average value. [f] Values de-
rived by DFT calculations.

Protonation of 6 and 12

The protonation of 6 could be achieved with trifluoro-
acetic acid (TFAA) in CDCl;, CD;OD and D,O. De-
pending on the amount of TFAA added, it was possible to
obtain selectively [6-H]* and [6:2H]**. In CDCl; 3 equiv. of
acid were necessary to produce the monoprotonated form,
whereas in methanol 1 equiv. was sufficient. In D,O 3 equiv.
of TFAA quantitatively produced the diprotonated sys-
tem. 8]

To obtain more structural information on [6-H]* and
[6-2H]?*, we tried to isolate single crystals. For [6-H]" we
were successful when we treated 6 in ether with equimolar
amounts of HBF,. This yielded [6‘H]*BF, . The dication
[6-2H]?>* could be isolated with the triflate anion.['8] The
N---N distances and the bond angles at the nitrogen atoms
of 6, [6:H]* and [6:2H]** are compared in Table 3. The
monoprotonation reduces the distance between the nitrogen
centers considerably. As a consequence, one observes a re-
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duction of the bond angles at the nitrogen atoms. An at-
tractive dipolar interaction between the NH bond and the
lone pair at the opposite nitrogen center might increase the
shrinking of the N---N distance. Furthermore, one observes
with shrinking N---N distance an enlargement of the m--n
distance (Table 3). These changes in distances in the series
6, [6-H]" and [6:2H]** go along with a change in conforma-
tion. This is demonstrated in Figure 4 (see below), where
this series is expanded with the metal complexes. For the
monoprotonated species [6°H]" no intramolecular proton
transfer could be detected when heating a sample in 1,1,2,2-
tetrachloro[D,]ethane to 130 °C. In the ’N NMR spectrum
of [6-H]" we find the signal of the protonated nitrogen atom
at 0 = -301.3 ppm and that of the unprotonated nitrogen
atom at 0 = —314.0 ppm; in both cases we find a low-field
shift as compared to 6 (6 = —318.0 ppm). Furthermore, it is
noteworthy that the '3C NMR spectroscopic data of the
alkyne unit in [6-H]" (0 = 71.5 and 85.3 ppm) differ signifi-
cantly from those of 6 (6 = 79.7 ppm).

Table 3. Comparison between N+--N and n-++nt distances [A], as well
as bond angles [°] at the nitrogen atom of 6, [6-H]", [6-:2H]**, 12,
[12-H]*, [6-Ag]* and [6-Cu]*.

6 [¢H* [62HP 12

NN 5.0492) 4.247(1) 4.8453) 6.14(4)
3.760(2)  4.36(1) 3.94(1)  4.51(5)
344.7(2) 336.0(2) 336.3(2) 330.0(1)

[12-H]*

5.946(4)
4.557(4)
333.02)

[6-Ag]"  [6-Cu]”

4.622(2) 4.227(2)
43502)  4.342)
331.5(2) 3264(8)

T
PYON

When an equimolar amount of TFAA was added to a
solution of 12 in CH,Cl,, colorless crystals of [12-H]* were
obtained within seconds. The signals of some of the aro-
matic protons of [12-H]" (6 = 6.80 ppm) are found at lower
field than those of 12 (6 = 7.05 and 7.11 ppm). The shift
difference in the '>’N NMR spectra of the protonated nitro-
gen atom of [12-H]* (0 = -306.1 ppm) and that of the nitro-
gen atoms of 12 (6 = —-319.0 ppm) is smaller than that be-
tween [6-H]* and 6. In the solid state [12-H]* adopts a heli-
cal shape with D3 symmetry as well as a paddle-wheel shape
with Cs, symmetry (Figure 3) in a disordered fashion,
whereas in 12 only D3 symmetry is encountered. It seems
that the proton inside the cavity hinders the torsion of the
benzene rings.

Figure 3. Molecular structure of [12-H]*; a) side view; b) view
along the N--N axis. Most hydrogen atoms and the anions are
omitted for the sake of clarity.

Complexation with Silver(r) and Copper(1) Triflate

All seven m-prismands 6-12 were treated with silver(1)
and copper(1) trifluoromethanesulfonate under argon in dry
degassed dichloromethane at room temperature. After re-
moval of the solvent, the complexes could be isolated as
colorless stable materials. In all cases — except [8-Cu]" — we
were able to grow single crystals which allowed us to carry
out X-ray structural investigations. The Cu! and Ag' com-
plexes of 681 as well as the Ag' complex of 12! have been
published in a preliminary account. In Table 4 selected dis-
tances and angles of 6, 7, and the metal complexes of 6-8
are listed. It is seen that incorporating a metal ion reduces
the N--N distance. This is especially drastic in the series of
6, [6:Ag]", [6:Cu]* and 7, [7-Ag]*, [7-Cu]*, where the N-N
distance is reduced by 0.8 A and 0.6 A, respectively. This
shortening does not affect the individual bond lengths of
adjacent atoms but the torsion of the bridges along the
N-N axis and the distance between the m-units (see
Table 3). This can be seen from Figure 4 where the proton-
ated forms of 6 are compared with the corresponding silver
and copper complexes.

The values found for the metal-nitrogen distances (2.23—
2.39 A for the Ag-N and 2.07-2.31 A for the Cu-N dis-
tance) are close to those reported in the literature for
(amine)silver(n)?? and -copper(1)*® complexes. In Table 4
are also listed the values found for the distances between
the metal ion and the center of the triple bonds. For the
silver complexes these values vary between 2.43 and 2.69 A.
These distances are close to those reported for various (al-
kyne)silver(1)?!] and -copper(1)*'?-2?I complexes.

Table 4. Comparison of bond lengths and bond angles of 6-9 and their Ag' and Cu' complexes. The results of a DFT calculation on 8

are added in brackets.

618 [6-Ag]*™®  [6-Cu]*Y 7182l [7-Agl*  [T-Cu]* 8lel 8-Agl* 9 9-Ag]*  [9-Cul*
N--N[A]  5.0492)  4.622(5) 4.227(6)  4.662(2)  4.251(4)  4.0207) (4.541)° 4.4352) 5.1032) 4.7373) 5.034(3)
N--M [AJ 2311(3)  2.114(2) 2.362(3)  2.089(6) 2.230(2) 2.380(2)  2.314(4)
2.460(4) 2.722(4)
Me-m [A]®) 2.514(4)  2.461(4) 2.435(3) 24792)  2.179(4)
2.490(4) 2.505(3) 2.559(2)
2.576(4) 2.634(2)
Son P 344.72)  3315(4)  3264(3) 341.1(3) 334249 3204904 (336.9)¢  332.1(3) 337.2(3) 328.2(3) 331.8(3)
dC=C)[A] 1.118Q2)  1.198(4) L.191(6) L1893  1.192(5)  1.19(1)  (1.207)1 1.198(4) 1.185(2) 1.196(3) 1.200(4)
(1.208)!

[a] Distances between nitrogen atoms and metal ion. [b] Distance between metal ion and center of m-system;. [c] Average bond angle at
nitrogen atoms. [d] Average value. [e] Values derived from a DFT calculation on 8.
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Figure 4. Conformations of prismand 6 depending on different complexations. The hydrogen atoms and the anions are omitted for the

sake of clarity.

To address the question of an interaction between the
triple bonds in 6-9 with the central metal ion we have first
compared the '3C NMR chemical shift of the sp-carbon
signal of the complexed species with that of the parent cage
compound (Table 5). The differences are small and no clear
trend is obvious. More sensitivity was revealed by the
stretching vibrations of the triple bonds recorded by means
of Raman spectroscopy. They clearly show a strong shift
towards smaller wavenumbers with complexation, indicat-
ing a weakening of the triple bonds. This can be rational-
ized by assuming a net transfer of electron density from the
n-system to the metal ion of the triple bond. The net trans-
fer is due to the fact that the electron donation of the triple
bonds is stronger than the back donation of the metal ion.
A stronger shift is found for the Ag™ complexes than for
the Cu* complexes. This stronger interaction of the Ag* ion
with the triple bonds was ascribed to the larger radius of
Ag* (1.26 A) as compared to that of Cu* (0.96 A).[23

In Figure 5 the molecular structures of [8-Ag]* and
[9-Ag]" are shown. In the first complex the N---N distance is
by 0.30 A shorter than in [6-Ag]*, which indicates a higher
flexibility in 8 due to the hexano bridge. The N-Ag distance
in [8:Ag]* is 2.23 A, a value close to that found for (amine)-
silver complexes.['”-18] In [9-Ag]" a closer contact of the oc-
tyne bridge triple bond to the metal ion is found than of
the two hexyne bridges (see also Table 4). This non-equal
coordination between the triple bonds and Ag* results in a
bending of the N-Ag-N axis to 165° (see Figure 5). In the
X-ray structure of [9-Cu]* (see Table 4) the metal ion is dis-
ordered over two positions (84:16) which differ by 0.44 A
along the NN axis. It seems that in 9 the N---N distance
is too long for the small Cu” ion to coordinate both N
atoms. The inclusion of Ag* into 10 reduces the N---N dis-
tance by 0.46 A resulting in a bending of the benzene ring
towards the outside (see Figure 6). The geometry of the
complex [10-Ag]* is mainly determined by the interaction
of the metal ion with the two nitrogen atoms and the triple
bonds. The distances between the metal ion and the nitro-
gen centers and the triple bonds (see Table 6) are close to

those reported for other (amine)Ag* complexest!”! and (al-
kyne)Ag* complexes.>!1 The distance between the silver ion
and the center of the benzene ring amounts to 2.68 A
(Table 6). This distance is shorter than those reported for
an nZcoordination of Ag* with benzene units (2.92 A4
and 3.01 Al24),

Figure 5. Molecular structures of [8-Ag]* (top) and [9-Ag]"; a) side
view; b) view along the N---N axis. The hydrogen atoms and the
anions are omitted for the sake of clarity.

The interaction of the silver ion with the benzene ring
causes a shift in the 'H NMR spectra towards lower field
by 0.39 ppm (see Table 7) with respect to the uncomplexed
species. The strong complexation between the triple bonds
and the silver ion shows up in a lowering of the stretching
frequency by 36 cm™! with respect to that of the ligand
(Table 7).

Table 5. Comparison between the '3C NMR spectroscopic data and the Raman data of 4-6 and their Ag* and Cu™ complexes.

6 [6Ag* [6Cul* 7 [TAg* [7Cul* 8  [8-Ag* [8Cul* 9  [9Ag]* [9-Cu]"
3C NMR [0(sp-C)] 799  77.9 812 800 813 828 795 792 81.0 802  80.1 81.2
79.3 80.5
Raman [cm '] 2288 2253 2263 2297 2238 2193 2297 2263 2230
2227 2187 2201 2231 2176 2239 2199 2196
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Figure 6. Molecular structures of [10-Ag]*™ (top) and [11-Ag]*; a)
side view; b) view along the NN axis. The hydrogen atoms and
the anions are omitted for the sake of clarity.

Table 6. Selected geometrical parameters of the silver complexes
[10-Ag]* to [12-Ag]*.

[10-Ag]* [11-Ag]* [12-Ag]*
N--N [A] 4.837(3) 5.203(3) 5.979(4)
N--Ag [A] 2.418(2) 2.581(2) 2.462(3)
2.431(2) 2.639(2) 3.516(3)
n--Ag [AJR 2.522(2) 2.530(3)
2.556(2)
n(Ar)~Ag [AIP  2.6792)  2.710(3), 2.7393)  2.700(3)
Car-Ag [AIT 2.983(2) 2.730(3) 2.536(2)
Ne-AgN [] 172.0(1) 170.8(1) 180.0

[a] Distance between the center of the triple bond and the metal
ion. [b] Distance between the center of the benzene rings and the
metal ion. [c] Shortest distance between a carbon atom of the ben-
zene ring and the metal ion.

Table 7. Comparison of spectroscopic data of 10-12 and their silver
complexes.

10 [10-Ag* 11 [11-Ag]*

'HNMR [6(Hx)] 7.06 745 685,702 7.19,745 657  6.89
13C NMR [0(sp-C)] 78.1  78.0 77.0 78.0
Raman [em™'] 2231 2195 2022 2184

128 [12-Ag]*

In the silver complex of 11 the N---N distance is reduced
by 0.43 A with respect to the NN distance calculated for
the free ligand, but it is larger than that found for [10-Ag]*
due to the presence of two rigid benzene rings; this leads to
a longer N-Ag distance. As seen from the molecular struc-
ture of [11-Ag]" in Figure 6, the butyne unit is bent (12.2°)
towards the metal ion. One of the benzene rings is n-coor-
dinated, all the other sp>-carbon atoms are away from the
metal ion by about or more than 3 A. In solution two sig-
nals are found in the "H NMR spectrum for the aromatic
protons. Both are shifted towards lower field by 0.34 and
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0.43 ppm as compared to those of the free ligand (sce
Table 7). The shift of the stretching frequency of the triple
bonds amounts to 38 cm™!, indicating the anticipated strong
interaction between Ag* and the alkyne unit.

The silver complex of 12 has been published in a prelimi-
nary account.’! In the meantime we have obtained better
data which are listed in Table 6. The silver ion is disordered
along the N-+*N axis; due to the relative long N-+*N distance
in 12 (6.14 A) a symmetrical position is less favored than
an unsymmetrical one. The shorter N-Ag distance amounts
to 2.46 A, it is still longer than that found in [6-Ag]*
(2.31 A). This difference can be ascribed to a rather strong
interaction between the silver ion and the m-system in
[12-Ag]". Indeed, all three benzene rings are tilted in a con-
rotatory fashion towards the silver ion. As a result, the dis-
tance between the metal ion and one sp>-carbon atom of
each ring amounts to 2.54 A. When the fact is considered
that two neighboring sp?-centers at each ring also come
close to the silver ion (2.77 A and 2.82 A, respectively) an
n3-coordination between the metal ion and the three ben-
zene rings results. The strong arene-metal interaction com-
pensates the weak interaction between the second nitrogen
center and the metal ion (3.52 A).

There are two ways of interpreting the distribution of the
metal ion in 12 on two equivalent positions on the N:N
axis: Either a fluctuation between both takes place or there
is a spatial disorder in the crystal lattice. We favour a spatial
disorder because we assume an interaction between the sil-
ver cation and the orientation of the triflate anion which
are fixed in the solid state. The NMR spectra of [12-Ag]*
(Figure 7) in CD,Cl, might be compatible with D; sym-
metry at room temperature. Below the coalescence tempera-
ture at 0 °C we find a splitting of the signals of the aromatic
protons and those CH, groups adjacent to the nitrogen
atoms. In the 3C NMR spectrum at —50 °C a doubling of
the signals of the methylene groups is observed (see Fig-
ure 8). This result might be rationalized by a preferred coor-
dination of the metal ion to one of the nitrogen centers.
However, the difference in the intensity of the 'H and '3C
signals in the aromatic region (see Figure 8) is not in line
with this interpretation. The pattern found resembles that
found for the uncomplexed m-prismands. It can also be ra-
tionalized by a freezing of the isomerization of one helical
conformation (D3) to the other by a paddle-wheel confor-
mation (Csp) as shown in Figure 1. The inclusion of the
metal ion increases the activation energy of this process.
Below the coalescence temperature (0 °C) we were able to
detect two different conformations of a lower symmetry
than (Ds) of which one (signals 1-4) is more favored than
the other (signals 1'-4") as shown in Figure 8. This result
can be rationalized by a simultaneous slowing down of the
torsional movement of the bridges and a retardation of the
torsional movement of the benzene rings which leads to the
doubling of the signals. Below 0 °C the aromatic rings are
fixed in a lateral position which is favored by a threefold
n3-coordination with the silver ion. Depending on which
signal splitting we based our calculations on (38-312 Hz),
we estimated the activation enthalpy for the movement of
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the bridges to 12.4-13.5 kcal/mol. The simultaneous fluctu-
ation of the metal ion could not be frozen out down to
—100 °C.

@ L (b)

Figure 7. Molecular structures of [12-Ag]*; a) side view; b) view

alonﬁ the N-+-N axis. The hydrogen atoms and the anion is omitted
for the sake of clarity.

12+Ag*
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1
"H-NMR
r.t. i
i
| JANEE
343"
-50°C
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3 2
C-NMR b)

140 120 100 80 60 40

Figure 8. a) 'TH NMR spectra of [12-Ag]* at room temperature and
at —50 °C; b) '3C NMR spectrum of [12:Ag]* at —50 °C.

[1 5- Ag]+CF3SO3-
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The arrangement of the benzene rings in [12-Ag]* is rem-
iniscent of the topology of the silver complexes with
[25](1,4)cyclophane 157! and [24](1,2.4,5)cyclophane 164
in so far as both cyclophanes form complexes with Ag* in
which the metal ion is not situated in the center of the cavity
but somewhat shifted to the periphery. In [15-Ag]* a three-
fold n?-coordination results with a shortest C(sp?)-Ag dis-
tance of 2.59 A. In the case of [16*Ag]* the silver ion is
threefold n2-coordinated [C(sp?)-Ag = 2.43 A]. In both
cases the anions are associated with the cation. Here, we
also mention concave macrocycles>>2°l in which four to
seven benzene rings form a cavity. For these species a
selective complexation of silver ions was shown.[>>2¢l
In [12-Ag]* one nitrogen atom takes the function of the
anions in [15-Ag-CF5S0;] and [16-Ag-CF;S05].>4

The signals of the aromatic protons in the complex
[12-Ag]* are shifted towards lower field (Table 7) as already
encountered in the cases of [11-Ag]" and [10-Ag]*. This
might be ascribed to a transfer of electron density from the
n-system to the metal ion.[>>! On the other hand this shift
might also be caused by a mutual shielding of the aromatic
protons due to the restricted torsional rotation of the ben-
zene moieties. However, the shift of the aromatic hydrogen
atoms in [10-Ag]* as compared to 10 (Table 7) favours a
strong metal effect.

The copper(1) salts of 10-12 could be prepared. In the
case of [10-Cu]* we were able to grow single crystals but
its structural elucidation caused problems. Similarly to
[12-Ag]*, crystals suffered from a phase transition on cool-
ing, so that the structure could only be determined at room
temperature. At this temperature a disorder was found
which allowed no detailed investigation. However, it can be
deduced that the metal ion is encapsulated in the ligand
cavity, and its position is unsymmetrical with respect to the
nitrogen atoms. Further evidence on the bonding relations
in [10-Cu]* was obtained from spectroscopic data. The sig-
nal of the aromatic protons (0 = 7.26 ppm) is less shifted
towards lower field than that of [10-Ag]* (6 = 7.45 ppm). A
strong shift towards lower field can be observed for the sp-
C signal (0 = 82.8 ppm) as compared to that of 10 (0 =
78.1 ppm). This shows a strong interaction between Cu*
and the alkyne units. In line with this interpretation is a
strong reduction of the stretching vibration as found in the
Raman spectrum of [10-Cu]* (5 = —81 cm™"). The spectro-
scopic data of [11-Cu]* suggest similar interactions between

N
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the metal ion and the ligand (Table 8). In the case of
[12-Cu]*, we were able to carry out an X-ray study on a
single crystal, again only at room temperature due to a
phase transition on cooling. The metal ion is clearly fixed
on one side of the cavity (see Figure 9). The smaller N-Cu
distance amounts to 2.10 A and is close to those values
found in (amine)Cu®™ complexes (2.01-2.34 A),29 the
longer Cu-N distance was found to be 4.06 A. The close
coordination of the metal ion with one nitrogen atom leads
to a threefold m?-coordination with the benzene rings in
[12:Cu]*. An m’-coordination between benzene and Cu*
has also been encountered in C¢Hg CuAICL,.27)

Table 8. Comparison of spectroscopic data of the copper(1) com-
plexes of 10-12.

[10-Cu]*  [11:Cu]*  [12:Cu]*
'H NMR [6(H )] 7.26 7.16, 7.19 6.68
13C NMR [§(sp-C)] 82.8 82.4
Raman [cm™] 2150 2124
"H-NMR 1
r.t.

Figure 9. Molecular structure of [12-Cu]*; a) side view; b) view
along the N--N axis. The hydrogen atoms and the anion (triflate)
are omitted for the sake of clarity.

In the '"H NMR spectrum of [12:Cu]* we find two co-
alescence temperatures. Below 10 °C the broad singlet at ¢
= 7.26 ppm splits into two signals, which again split at
—30 °C into four broad signals (Figure 10) that finally
sharpen at —70 °C. In the '*C NMR spectrum, we find a
doubling of the signals of the CH, groups and the signal of

~70°C

6

DR A A A

4

T T T T T 1 T T T T T T T

Figure 10. a) '"H NMR spectra of [12:Cu]* at room temperature and at —70 °C; b) '3C NMR spectra of [12:Cu]* at room temperature

and at 70 °C.
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the quaternary aromatic C atom (2a, 2b in Figure 10b). Be-
low —40 °C the broad signal of the tertiary aromatic carbon
atoms splits up into four peaks (la—1d in Figure 10). These
results suggest that the first point of coalescence is due to a
slowing down of the torsional motion of the benzene rings.
Below —30 °C a freezing of the metal ion fluctuation starts
leading to C; symmetry. The threefold n'-coordination of
the Cu* ion leads to a further splitting of the 'H and '3C
resonances in the aromatic regions. Based on the splitting
of the 'H signals in the aromatic region we can estimate for
the rotation of the benzene rings (7, = 10 °C, Av = 49 Hz)
AG# = 14 kcal/mol. For the fluctuation of the metal ion (7,
= -30°C, Av = 590 Hz) we obtain AG? = 11 kcal/mol.

Conclusions

The molecules 6-12 provide an interesting series of sim-
ple m-prismands with bridgehead nitrogen atoms and al-
kyne or benzene units in the bridges. All structurally char-
acterized prismands adopt an in/in conformation. The dif-
ferent lengths of the bridges imply that the distances be-
tween the bridgehead atoms vary between 5.05 A (6) and
6.15 A (12). The cavity itself proved to be flexible and can
adopt a helical (D;) and a paddle-wheel (Cs;,) conforma-
tion. This cavity allows the inclusion of protons and metal
ions. For 6 a twofold protonation was found. For all seven
n-prismands we observed the inclusion of copper(1) and sil-
ver(1) ions. A detailed investigation of the metal complexes
did not only reveal the anticipated interaction between the
metal ions and the bridgehead nitrogen atoms, but also an
interaction with the triple bonds and the benzene rings. In
the case of larger N--N distances (> 5.2 A) the captured
ion adopts an unsymmetrical position, i.e. it is closer to one
nitrogen atom than to the other. This trend is reinforced
when the larger silver ion is replaced by the smaller copper
ion.

Experimental Section

General Remarks: All reactions were carried out under argon with
magnetic stirring in dry degassed solvents. The 'H and '*C NMR
spectra were recorded with Bruker AS 200 and WH 300 spectrome-
ters. High-resolution mass spectra (HRMS) were obtained with a
ZAB high-resolution mass spectrometer (Vacuum Generators).
Micro analyses were performed at the Analytical Laboratory of the
Chemische Institute der Universitit Heidelberg. The preparation
of 6-8 has been described earlier.[®!

General Procedure for the Three-Component Reaction: Three equiv.
of a,w-dibromoalkyne and one equiv. of a,m-diaminoalkyne were
refluxed in dry acetonitrile in the presence of 5-6 equiv. of pow-
dered, dry potassium carbonate for 4-5 d. After cooling, the potas-
sium carbonate was filtered off and the solvent was removed in
vacuo. The residue was dissolved and purified by column
chromatography.

Preparation of 1,10-Diazabicyclo[8.6.6]docosa-5,13,19-triyne (9):
Starting materials: 1,6-dibromohex-3-yne (1.52 g, 6.3 mmol),['”]
1,8-diaminooct-4-yne,['"l (0.36 g, 2.5 mmol), powdered K,CO;
(15 g, 108 mmol) and 500 mL of acetonitrile. The residue was ab-
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sorbed and chromatographed on ALOX III using petroleum ether/
diethyl ether as solvent in the ratio of 5:1. After removal of the
solvent, 0.22 g (29%) of 9 was obtained as a colorless solid; m.p.
156 °C. 'H NMR (300 MHz, CDCl;): 6 = 1.67 (pseudo-quint, 4 H,
CH,), 2.26 (t, 8 H, CH,-C=), 2.32-2.49 (m, 4 H, CH,-C=, 8 H,
CH,-N), 2.55 (t, 4 H, CH,-N) ppm. *C NMR (75 MHz, CDCls):
0=1572 C, CHyC=), 18.3 (4 C, CH,-C=), 25.5 (CH,), 50.6 (2
C, CH,-N), 52.0 (4 C, CH,-N), 80.2 (6 C, C=C) ppm. HRMS
(EI+):  12C50'Hog!¥Ny:  caled.  296.2253; found  296.2216;
12C,0"H57"N>: caled. 295.2174; found 295.2177. IR (KBr): v =
2963 (m), 2936 (m), 2899 (s), 2871 (m), 2794 (vs), 2750 (w), 1455
(m), 1420 (m), 1374 (m), 1336 (m), 1283 (m), 1133 (m), 1049 (m),
993 (m), 723 (w), 549 (w) cm !, CoH,sN, (296.46): caled. C 81.03,
H 9.52, N 9.45; found C 81.00, H 9.72, N 9.35.

17-(1,4)Benzena-1,8-diazabicyclo[6.6.5|nonadecaphane-4,11-diyne
(10): Starting materials: 1,6-dibromohex-3-ynel'l (540 mg,
2.3 mmol), 1,4-bis(2-aminoethyl)benzenel?”! (181 mg, 1.1 mmol),
powdered potassium carbonate (10 g, 73 mmol) and 350 mL of dry
acetonitrile. The excess of potassium carbonate was filtered off. Af-
ter removal of the solvent and chromatography on ALOX III with
petroleum ether 30/40 and finally with cyclohexane/ethyl acetate
(10:1), we obtained a colorless solid which was further purified by
kugelrohr distillation. These procedures yielded 64 mg (18 %) of 10
as colorless powder, m.p. 114 °C. '"H NMR (300 MHz, CDCls): ¢
=2.15-2.32 (m, 16 H, CH,-C=, CH,-N), 2.61 (t, 3/ = 6.3 Hz, 4
H, CH,-Ar), 2.76 (t, 3J = 6.3 Hz, 4 H, CH,-N), 7.06 (s, 4 H, H,,)
ppm. 13C NMR (75 MHz, CDCls): 6 = 17.7 (CH,-C=), 32.3
(CH»-Ar), 50.9 (CH,-N), 54.1 (CH,-N), 78.1 (C=C), 127.8 (t-
Cay), 136.4 (q-C,,) ppm. HRMS (FAB+): '2C,,'H,5'*N,23Na:
caled. 343.2151; found 343.2165; '2Cy,'H5o'*Ny: caled. 321.2330;
found 321.2348; 2C,,'H,;'*N,: caled. 319.2174; found 319.2201.
IR (KBr): v = 3009 (w), 2981 (m), 2950 (s), 2895 (s), 2784 (vs),
2731 (s), 2644 (m), 2097 (br., w), 1452 (s), 1377 (s), 1267 (s), 1231
(s), 1131 (s), 1032 (s), 802 (s), 599 (m) cm!. CrHxgN; (320.48):
caled. C 82.45, H 8.81, N 8.74; found C 82.41, H 8.84, N 8.73.

11,16-(1,4)Dibenzena-1,8-diazabicyclo[6.5.5]octadecaphan-4-yne
(11): Starting materials: 1,4-bis(2-bromoethyl)benzenel?®! (380 mg,
1.3 mmol), 1,6-diaminohex-3-ynel (61 mg, 0.5 mmol), powdered
potassium carbonate (4 g, 29 mmol), 100 mL of dry acetonitrile.
After removal of the solvent and chromatography on ALOX III
with cyclohexane/ethyl acetate (5:1), we obtained 180 mg (89 %) of
11 as colorless oil, which crystallized after a few hours, m.p. 107 °C.
'H NMR (300 MHz, CDCl;): § = 2.03-2.10 (m, 8 H, CH,-C=,
CH,-N), 2.43-2.83 (m, 16 H, CH,-N, CH,-Ar), 6.85 (s, 4 H, H,,),
7.02 (s, 4 H, H,,) ppm. '3C NMR (75 MHz, CDCl;): 6 = 17.1
(CH,-C=), 32.2 (CH»-Ar), 49.0 (CH,-N), 53.0 (CH,-N), 77.0
(C=0), 127.2 (t-C,,), 128.8 (t-C,,), 136.2 (q-C,,) ppm. HRMS
(FAB+): 12C54'H3,'*N,23Na: caled. 395.2463; found 395.2489;
12C, " H33'*N,: caled. 373.2644; found 373.2650; 2C,¢'H3,"*Noy:
caled. 371.2488; found371.2509. IR (film): ¥ = 3011 (m), 2901 (s),
2852 (s), 2786 (vs), 2734 (s), 1515 (m), 1452 (s), 1379 (s), 1224 (s),
1129 (s), 1029 (m), 794 (s), 734 (m), 600 (m) cm™'. CosH3,N,
(372.55): caled. C 83.83, H 8.66, N 7.52; found C 83.50, H 8.35, N
7.49.

4,10,15-(1,4)Tribenzena-1,7-diazabicyclo[5.5.5]heptadecaphane (12):
Starting materials: 1,4-bis(2-bromoethyl)benzenel?®! (657 mg,
2.3 mmol), 1,4-bis(2-aminoethyl)benzene!?®! (181 mg, 1.1 mmol),
powdered potassium carbonate (10 g, 73 mmol) and 400 mL of dry
acetonitrile. After 5 d of refluxing, the excess of potassium carbon-
ate was separated by filtration. After removal of the solvent, the
residue was chromatographed on ALOX III with petroleum ether
30/40 yielding 62 mg (13%) of colorless crystals; m.p. 162 °C. 'H

Eur. J. Org. Chem. 2006, 2942-2955



n-Prismands — Flexible Hosts for Metal Ions

FULL PAPER

NMR (500 MHz, CDCl;): 6 = 2.69 (br. s, 12 H, CH>-N), 2.78 (t,
3J = 5.8 Hz, 12 H, CH»-Ar), 6.57 (s, 12 H, H,,) ppm. 3C NMR
(125 MHz, CDCLy): 6 = 32.2 (CHo-Ar), 52.7 (CHo-N), 128.8 (t-
Car), 136.6 (q-Cay) ppm. HRMS(FAB+): 12C5,'H;,4N,: caled.
425.2957; found 425.2966; 2C5o'H36'*Ny: caled. 424.2879; found
424.2908. TR (KBr): v = 3049 (w), 3006 (w), 2960 (vs), 2920 (s),
2858 (s), 2779 (vs), 2730 (s), 1514 (m), 1451 (s), 1379 (m), 1264 (m),
1218 (m), 1125 (s), 1097 (s), 1024 (s), 797 (vs), 741 (m), 601 (m)
em !, CyoH36N, (424.63): caled. C 84.86, H 8.55, N 6.60; found C
84.23, H 8.41, N 6.61.

General Procedure for the Preparation of [6-H]* and [12-H]*: We
investigated the protonation of 6 in CDCl; and CD;OD by means
of NMR spectroscopy. To generate the monoprotonated [6-H]* in
CDCls, 3 equiv. of trifluoroacetic acid (TFAA) were required. In
CD;OD only 1 equiv. of TFAA was necessary. The diprotonation
of 6 has already been reported in the literature.!'8! The protonation
of 12 was achieved in CD,Cl, and CD;0OD at room temperature
with 1 equiv. of TFAA.

[6-H]*: '"H NMR (300 MHz, CDCLy): § = 2.41 (m, 12 H), 2.80 (m,
6 H, CH,), 3.42 ppm (m, 6 H, CH,-NH) ppm. '*C NMR (75 MHz,
CDCl;): § = 15.0 (CH,-C=), 17.0 (CH,-C=), 50.1 (CH,-N), 50.2
(CH,-NH™), 70.1 (sp-C), 86.1 (sp-C) ppm.

[12-H]*: '"H NMR (500 MHz, CD;OD): § = 2.72 (m, 6 H), 3.00
(m, 6 H), 3.21 (m, 6 H), 3.46 (m,6 H), 6.80 (m, 6 H), 7.25 ppm (m,
6 H) ppm. '*C NMR (125.8 MHz, CD;0D): J = 29.8, 32.6, 53.2,
55.4, 129.5, 130.7, 132.3, 140.7 ppm.

General Procedure for the Preparation of the Silver(1) and Copper(1)
Triflates of 6-12: The operations were carried out in a glove box
under argon. The reactions were carried out in a Schlenk appara-
tus. To the silver triflate was added the ligand and dry degassed
dichloromethane. For the preparation of the Cu'! complexes we
used the benzene complex of copper(1) triflate. As reaction medium
we used dichloromethane in both cases. The mixture was stirred at
room temperature for about 3 h. The reaction flask was protected
with aluminum foil to exclude light. After removal of the solvent
in vacuo, the complexes were obtained in quantitative yield.

(1,8-Diazabicyclo[6.6.6]eicosa-4,11,17-triyne)silver(1) Trifluorometh-
anesulfonate ([6:Ag*][CF3SO;]7): Starting materials: 6 (50 mg,
1.9 mmol), silver(1) triflate (50 mg, 0.2 mmol), and 10 mL of dry,
degassed dichloromethane. After removal of the solvent, we ob-
tained 99 mg (100%) of [6:Ag*][CF5SO5]  as colorless powder, m.p.
235 °C (dec.). '"H NMR (500 MHz, CDCls): 6 = 2.58 (t, 3J =
5.3 Hz, 12 H, CH,-C=), 2.68 (pseudo-quint, 12 H, CH,-N) ppm.
13C NMR (125 MHz, CDCl;): 6 = 18.2 (CH,-C=), 52.8 (CH,—
N), 77.9 (C=C) ppm. HRMS (FAB+): '2C,s'H»,'®Ag!*N,: calcd.
377.0987; found 377.0977; '2C ' H»4' 97 Ag!#N,: calcd. 375.0990;
found 375.0986. IR (KBr): ¥ = 2936 (w), 2892 (w), 2865 (w), 2808
(m), 1651 (w), 1457 (m), 1431 (w), 1378 (w), 1333 (w), 1264 (vs),
1228 (s), 1154 (s), 1031 (vs), 966 (w), 803 (m), 638 (s) cm .
CoH2AgF3N,05S (525.34): caled. C 43.44, H 4.60, N 5.33; found
C 43.06, H 4.67, N 5.24.

(1,8-Diazabicyclo[6.6.5|nonadeca-4,11-diyne)silver(1) Trifluorometh-
anesulfonate ([7-Ag]*[CF3SO3]): Starting materials: 7 (29 mg,
0.1 mmol), silver(r) triflate (27 mg, 0.1 mmol) and 15 mL of dry,
degassed dichloromethane. After removal of the solvent, the resi-
due was recrystallized from chloroform to yield 46.5 mg (83%) of
[7-Ag]*[CF5SO;] as colorless powder; m.p. 220 °C (dec.). '"H NMR
(500 MHz, CD5;0D): 6 = 1.65-1.71 (m, 4 H, 2CH,), 1.98 (quint,
3] = 7.1Hz, 2 H, CH,), 2.57-2.67 (m, 8 H, CH-C=), 2.72-2.82
(m, 12 H, CH,-N) ppm. '3C NMR (125 MHz, CD;0D): 6 = 20.7,
23.1, 27.7, 52.8, 57.4, 81.3 ppm. IR (KBr): ¥ = 2904, 2791, 1458,
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1259, 1169, 1040 cm~'. HRMS (positive FAB): C7H6'*7AgN:
caled. 365.1132, found 365.1125; C;7H,6'®AgN,: caled. 367.1158,
found 367.1136.

(1,8-Diazabicyclo[6.6.6]eicosa-4,11-diyne)silver(i) Trifluoromethane-
sulfonate ([8-Ag]*[CF3S0O;]7): Starting materials: 8 (29 mg,
0.1 mmol), silver(r) triflate (27 mg, 0.1 mmol) and 15 mL of dry,
degassed dichloromethane. After removal of the solvent, we ob-
tained 56 mg (100%) of [8-Ag]* [CF3SO;] as colorless powder, m.p.
164 °C (dec.). "H NMR (500 MHz, CD,Cl,): 6 = 1.75 (s, 4 H, N—
CH,-CH»-CH,), 1.83 (s, 4 H, N-CH,-CH,-CH,), 2.67 (s, 8 H,
CH,-C=, 4 H, N-CH,-CH,-CH,), 2.75 (s, 8 H, CH,-N) ppm.
3BC NMR (125 MHz, CD,Cl,): 6 = 19.0 (CH,—C=), 26.0 (N-CH,—
CH,—CH,), 26.8 (N-CH,-CH,-CH,), 53.9 (N-CH,-CH,-CH,),
55.2 (N-CH,-CH,-C=), 79.2 (C=C) ppm. HRMS (FAB+):
12Cs"H,5'°?Ag'4N,: calcd. 381.1300; found 381.1276;
12C " Hog' 7 Ag!*N>: caled. 379.1304, found 379.1297. IR (KBr): ¥
= 2962 (m), 2906 (m), 2787 (m), 1457 (w), 1262 (vs), 1099 (s), 1034
(s), 803 (s), 652 (m) cm™".

(1,10-Diazabicyclo[8.6.6]docosa-5,13,19-triyne)silver(1) Trifluoro-
methanesulfonate ([9-Ag]*[CF;SQOj;]7): Starting materials: 9 (20 mg,
0.07 mmol), silver(1) triflate (18 mg, 0.07 mmol) and 5 mL of dry,
degassed dichloromethane. After removal of the solvent, we ob-
tained 38 mg (100%) of [9-Ag]*[CF5SO;] as colorless powder, m.p.
185 °C (dec.). '"H NMR (500 MHz, CD;0D): § = 1.80 (pseudo-
quint, 4 H, CH,-CH,-CH,), 2.48-2.61 (m, 20 H, CH,-N, CH,—
C=), 2.72 (m, 4 H, CH,-N). '3C NMR (125 MHz, CD;0D): § =
18.3 (CH,-C=), 18.6 (CH,-C=), 25.2 (CH,-CH,-CH,), 54.7
(CH,-N), 56.3 (CH,-N), 79.3 (4 C, C=C), 80.1 (2 C, C=C) ppm.
HRMS (FAB+): 12C50'H,5'?Ag!*N,: caled. 405.1300; found
405.1317; 12C, H,5' 97 Ag'¥N,: caled. 403.1304; found 403.1305. IR
(KBr): ¥ = 2962 (w), 2934 (m), 2900 (m), 2794 (m), 1458 (m), 1272
(vs), 1146 (s), 1033 (s), 639 (s), 519 (w) cm™".

{17-(1,4)Benzena-1,8-diazabicyclo[6.6.5|nonadecaphane-4,11-diyne}-
silver(1) Trifluoromethanesulfonate ([10-Ag]*[CF3;SO;]7): Starting
materials: 10 (25 mg, 0.08 mmol), silver(r) triflate (20 mg,
0.08 mmol) and 5 mL of dry, degassed dichloromethane. After re-
moval of the solvent, we obtained 45 mg (100%) of [10-Ag]*-
[CF;SO5] as a colorless powder, m.p. 290 °C (dec.). '"H NMR
(300 MHz, CD,Cl,): ¢ = 2.33-2.56 (m, 12 H, N-CH,-CH,-C=),
2.77 (m, 4 H, CH,-N), 3.05 (t, 3J = 6.4 Hz, 4 H, CH>-Ar), 7.45 (s,
4 H, H,,) ppm. *C NMR (75 MHz, CD,Cl,): 6 = 17.3 (CH,-C=),
31.5 (CH,-Ar), 51.9 (N-CH,-CH,-C=), 55.1 (CH,-N), 78.0
(C=C), 129.1 (t-C,,), 135.6 (q-C,;) ppm. HRMS (FAB+):
12C,, ' H,'%°Ag!4N,: caled. 429.1300; found 429.1313;
12C,, T Hog 97 Ag!N,: caled. 427.1303; found 427.1288.

{11,16-(1,4)Dibenzena-1,8-diazabicyclo[6.5.5]octadecaphane-4-
yne}silver(1) Trifluoromethanesulfonate ([11-Ag]*[CF;SO;]): Start-
ing materials: 11 (25 mg, 0.07 mmol), silver(1) triflate (17 mg,
0.07 mmol) and 5 mL of dry, degassed dichloromethane. After re-
moval of the solvent, we obtained 42 mg (100%) of [11-Ag]*-
[CF3S03] as a colorless powder, m.p. 250 °C (dec.). '"H NMR
(500 MHz, CD,Cl,): 0 = 2.23 (s, 4 H, N-CH,-CH,-C=), 2.37 (t,
3J =5.6Hz 4 H, CH,-C=), 2.48-2.53 (m, 4 H, CH,-Ar), 2.83~
2.89 (m, 8 H, N-CH,-CH,-Ar), 3.01-3.06 (m, 4 H, CH,-N), 7.19
(s, 4, Hyp), 7.45 (s, 4, Hy) ppm. °C NMR (125 MHz, CD,Cl,): 6
=17.0 (d, 2Jca, = 1.9Hz, CH,-C=), 31.5 (CHy-Ar), 49.5 (N-
CH,-CH,-C=), 54.9 (N-CH,~CH>-Ar), 78.0 (d, 'Jc s, = 4.7 Hz,
C=0), 127.9 (t-C,,), 130.0 (t-C,,), 136.4 (q-C,,) ppm. HRMS
(FAB+): '2C54'H3,'Ag!*N,: calcd. 481.1613; found 481.1607;
12C,6'H3,' 7 Ag!Ny: caled. 479.1616; found 479.1604. IR (KBr): ¥
= 2826 (m), 1513 (w), 1452 (m), 1270 (vs), 1226 (s), 1155 (s), 1033
(s), 815 (m), 740 (w), 639 (s) cm .

2951

WWW.eurjoc.org



FULL PAPER

A. Kunze, S. Balalaie, R. Gleiter, F. Rominger

{4,10,15-(1,4)Tribenzena-1,7-diazabicyclo[5.5.5]heptadecaphane}-
silver(1) Trifluoromethanesulfonate ([12-Ag]*[CF3SO;]7): Starting
materials: 12 (25 mg, 0.06 mmol), silver(1) triflate (17 mg,
0.07 mmol) and 5 mL of dry, degassed dichloromethane. After re-
moval of the solvent, we obtained 40 mg (100%) of [12-Ag]*-
[CF5SO5] as a colorless powder, m.p. 281 °C (dec.). '"H NMR
(300 MHz, CD,Cl,): § = 2.78 (br., s, 12 H, CH>-N), 2.93 (t, 3J =
5.8 Hz, 12 H, CH,-Ar), 6.89 (br., s, 12 H, H,,) ppm. '*C NMR
(75 MHz, CD,Cl,): 6 = 31.1 (CH,-Ar), 52.7 (CH,-N), 126.5 (br.,
t-Cap), 136.8 (q-C,,) ppm. HRMS (FAB+): 2C3,"H36!Ag'N.:
calcd. 533.1926; found 533.1949; 12C;('H36'°7Ag!*N,: calcd.
531.1930; found 531.1931. IR (KBr): ¥ = 2962 (m), 2907 (w), 2785
(w), 1512 (w), 1456 (m), 1380 (w), 1264 (s), 1223 (m), 1097 (m),
1034 (s), 802 (m), 640 (m) cm™!.

(1,8-Diazabicyclo[6.6.6]eicosa-4,11,17-triyne)copper(1) Trifluoro-
methanesulfonate ([6:Cu]*[CF3SO;]): Starting materials: 6 (30 mg,
0.1 mmol), CuCF3;S05:0.5C¢Hg (30 mg, 0.1 mmol) and 5 mL of
dry, degassed dichloromethane. After removal of the solvent and
washing of the residue with dry toluene, we obtained 50 mg (95%)
of [6-Cu]*[CF3SO5] as a colorless powder, m.p. 245 °C (dec.). '"H
NMR (300 MHz, CD;0OD): 6 = 2.67 (s, 24 H, N-CH,~CH,-C=)
ppm. '3C NMR (75 MHz, CD;0D): § = 19.0 (CH,-C=), 53.9
(CH,-N), 81.2 (C=C) ppm. HRMS (FAB+): 12C s'H,4%Cu'N.:
calcd. 333.1218; found 333.1239; '2C,3'H,4%3Cu'*N,: calcd.
331.1235; found 331.1241. IR (KBr): ¥ = 2964, 2922, 2870, 1457,
1264, 1225, 1158, 1106, 1031 cm™!.

(1,8-Diazabicyclo[6.6.5]nonadeca-4,11,17-diyne)copper(1) Trifluoro-
methanesulfonate ([7-Cu]*[CF3SOj3]"): Starting materials: 7 (15 mg,
0.06 mmol), CuCF5S05:0.5C¢H¢ (16 mg, 0.06 mmol) and 5 mL of
dry, degassed dichloromethane. After removal of the solvent, the
residue was recrystallized from chloroform to yield 19 mg (62%) of
[7-Cu]*[CF3SOs]" as a colorless powder, m.p. 166 °C (dec.). '"H
NMR (300 MHz, CDCl;): 6 = 1.67-1.87 (m, 4 H, 2 CH,), 1.92—
1,97 (quint, 3J = 7.0 Hz, 2 H, CH,), 2.42-2.88 (m, 20 H, 10 CH,)
ppm. 3C NMR (75 MHz, CDCls): 6 = 20.4 (CH,-C=), 20.3
(CH,), 25.7 (CH,), 53.5 (CH,-N), 55.1 (CH,-N), 82.8 (C=C) ppm.
IR (KBr): ¥ = 3103, 2927, 1630, 1458, 1261, 1158, 1031 cm™ .
HRMS (FAB+): C,;H5s*CuN,: caled. 321.1392; found 321.1392;
C,7H56%CuN,: caled. 323.1401; found 323.1397.

(1,8-Diazabicyclo[6.6.6]eicosa-4,11-diyne)copper(1) Trifluorometh-
anesulfonate ([8-Cu*]*[CF3SOj3]): Starting materials: 8 (15 mg,
0.06 mmol), CuCF3S05:0.5C4H¢ (16 mg, 0.06 mmol) and 5 mL of
dry, degassed dichloromethane. After removal of the solvent and
washing of the residue with dry toluene, we obtained 17 mg (64 %)
of [8:Cu]*[CF5SO;] as a colorless powder. '"H NMR (300 MHz,
CD,Cl,): 6 = 1.67-1.83 (m, 8 H, CH,), 2.61-2.77 (m, 20 H, CH,—
N, CH,-C=) ppm. 3C NMR (75 MHz, CD,Cl,): § = 18.3 (CH,-
C=), 22.4 (CH,), 23.9 (CH,), 51.9 (N-CH,-CH,-CH,), 54.5 (N—
CH,-CH,-C=),81.0 (C=C) ppm. HRMS (FAB+):
12C,'H,5%°Cu'*N,: caled. 337.1530; found 337.1517;
12C s"H,5%3Cu'*N,: caled. 335.1548; found 335.1510.

(1,10-Diazabicyclo[8.6.6]docosa-5,13,19-triyne)copper(1) Trifluoro-
methanesulfonate ([9-Cu]*[CF3SO3]"): Starting materials: 9 (19 mg,
0.06 mmol), CuCF;S05°0.5C¢Hg¢ (23 mg, 0.09 mmol) and 10 mL of
dry, degassed dichloromethane. After removal of the solvent and
washing of the residue with dry toluene, we obtained 22 mg (68 %)
of [9-Cu]*[CF3SOs] as a colorless powder, m.p. 149 °C (dec.). '"H
NMR (300 MHz, CD,Cl,): 6 = 1.87 (pseudo-quint, 4 H, CH,—
CH,—CH,), 2.51 (m, 4 H, CH,-C=), 2.66 (m, 16 H, CH,-N, CH,—
C=), 2.70 (t, 3J = 6.4 Hz, 4 H, CH>-N) ppm. '3*C NMR (75 MHz,
CD,Cl,): 6 = 17.2 (2 C, CH,-C=), 20.0 (4 C, CH,-C=), 23.9
(CH,-CH,-CH,), 53.3 (4 C, CH,-N), 53.7 (2 C, CH,-N), 80.5 (4
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C,C=C),81.2(2C,C=C) ppm. HRMS (FAB+):
12C,0 ' H,5%°Cu'#N,: caled. 361.1531; found 361.1505;
12C,0 Hog%3Cu'#N,: caled. 359.1549; found 359.1501. IR (KBr): ¥
= 2921 (m), 1455 (m), 1277 (vs), 1146 (s), 1031 (s), 803 (m), 638
(s), 518 (m) cm .

{17-(1,4)Benzena-1,8-diazabicyclo[6.6.5|nonadecaphane-4,11-
diyne}copper(1) Trifluoromethanesulfonate ([10-Cu]*[CF3SO;]):
Starting materials: 10 (15 mg, 0.05 mmol), CuCF3;S03-0.5C¢H;
(13 mg, 0.05 mmol), 5 mL of dry, degassed dichloromethane. After
removal of the solvent and washing of the residue with dry toluene,
we obtained 15 mg (60 %) of [10-Cu]*[CF3SO3] as a colorless pow-
der, m.p. 245 °C (dec.). '"H NMR (300 MHz, CD,Cl,): 6 = 2.42—
2.74 (m, 16 H, N-CH,-CH,C=), 2.82-2.98 (m, 8 H, N-CH>—
CH»>-Ar), 7.26 (s, 4 H, H,,) ppm. '3C NMR (75 MHz, CD,CL,): &
= 20.9 (CH»C=), 31.8 (CHy-Ar), 51.9 (N-CH,~CH,C=), 54.9
(CH,-N), 82.8 (C=C), 128.6 (t-C,,), 136.3 (q-C,;) ppm. HRMS
(FAB+): 12C5,'H,3®Cu'#N,: caled. 385.1531; found 385.1550;
12C,, T H4%3Cu'N,: caled. 383.1548; found 383.1542.

{11,16-(1,4)Dibenzena-1,8-diazabicyclo[6.5.5]octadecaphane-4-
yne}copper(1) Trifluoromethanesulfonate ([11-Cu]*[CF3SO3]):
Starting materials: 11 (15 mg, 0.04 mmol), CuCF5;S05:0.5C4Hg
(13 mg, 0.05 mmol) and 5 mL of dry, degassed CH,Cl,. After re-
moval of the solvent and washing of the residue with dry toluene,
we obtained 18 mg (78 %) of [11-Cu]*[CF;SOs] as a colorless pow-
der, m.p. 282 °C (dec.). '"H NMR (300 MHz, CD,Cl,): 6 = 2.39 (s,
8 H, N-CH,-CH,—C=), 270-3.13 (m, 16 H, N-CH,-CH,-Ar),
7.16 (s, 4 H, Hyy), 7.19 (s, 4 H, H,,) ppm. '*C NMR (75 MHz,
CD,Cl,): 0 = 20.4 (CH,C=), 31.8 (CH,-Ar), 50.1 (N-CH,-CH,—
C=), 53.8 (CH,-N), 82.4 (C=C), 124.8 (t-C,,), 129.9 (t-C,,), 136.3
(q-Cyr) ppm. HRMS (FAB+): 12C56'H;3,%°Cu'#Ny: caled. 437.1843;
found 437.1842; 12C,4'H;3,°3Cu'*N,: caled. 435.1861; found
435.1839.

{4,10,15-(1,4)Tribenzena-1,7-diazabicyclo|5.5.5]heptadecaphane}-
copper(1) Trifluoromethanesulfonate ([12-Cu]*[CF3SOj3]"): Starting
materials: 12 (20 mg, 0.05 mmol), CuCF;S0;:0.5CsH¢ (13 mg,
0.05 mmol) and 5 mL of dry, degassed dichloromethane. After re-
moval of the solvent and washing of the residue with dry toluene,
we obtained 32 mg (98 %) of [12-Cu]*[CF;SOs] as a colorless pow-
der, m.p. 298 °C (dec.). '"H NMR (500 MHz, CD,Cl,): § = 2.95 (br.
s, 24 H, CH,), 6.68 (br. s, 12 H, H,,) ppm. '3C NMR (125 MHz,
CD,Cl,): 6 = 30.6 (CH,-Ar), 52.2 (CH,-N), 124.7 (br., t-C,,), 137.5
(q-C,p) ppm. HRMS (FAB+): 12C30'H3¢%°Cu'#N,: caled. 489.2156;
found 489.2172; '2C;)'H;3¢®*Cu'#N,: caled. 487.2175; found
487.2186. IR(KBr): ¥ = 2962 (m), 2924 (w), 2856 (m), 2783 (m),
1513 (m), 1460 (m), 1268 (vs), 1222 (s), 1145 (s), 1096 (s), 1032 (s),
800 (s), 638 (m) cm .

Quantum Chemical Calculations: The geometrical parameters of 11
(Table 2) were derived from density functional theory (DFT)!'7! cal-
culations using Becke’s three-parameter hybrid functional®*” com-
bined with the Lee-Yang—Parr3!l correlation functional (abbrevi-
ated B3LYP). The calculations were performed with the
GAUSSIAN98 program packagel®” using the 3-21G basis set.[33
The AG”™ values listed in Table 1 for 10-12 were derived from the
semiemperical AM1 procedure!’>! adopting either the experimental
determined geometrical parameters (10, 12) or the calculated values
(11).

X-ray Structure Analyses: The reflexions were mostly collected with
a Bruker Smart CCD diffractometer (9: Nonius CAD 4) with Mo-
K, radiation at 200 K {9, [10-Cu](CF5S03), [12:Ag](CF5S03), and
[12-Cu](CF3S05) at room temperature}. Sets of 0.3° w-scans with
CCD area detector were taken, covering a whole sphere in recipro-
cal space in the majority of cases {9: asymmetric unit with ®-26
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scans and point detector; [7-Ag](CF5;SO3): hemisphere}. Intensities
were corrected for Lorentz and polarization effects, and an empiri-
cal absorption correction was applied using SADABSP# based on
the Laue symmetry of the reciprocal space (except for 9). Structures
were solved by direct methods and refined against F> with a full-
matrix least-squares algorithm using the SHELXTL-PLUS (5.10)
software packagel*3. Hydrogen atoms were treated using appropri-
ate riding models in most cases, except for the hydrogen atoms of
the free ligands 9 and 10 and the protons of [6-H]* and [12-H]*,
which were refined isotropically. In many cases the solid-state struc-
ture was found to be disordered in a common way: Without affect-
ing the outer shape of the complexes or the coordination properties
significantly one or both N(CH,-); units can rotate by about 60°
around the local C; axis. This type of disorder is realised in
[6-H]*, [12-H]*, [7-Cu]*, [8-Ag]", [9-Ag]", [10-Ag]*, [12-Ag]*, and
[12-Cu]* with occupancies for the minor component from 10% up
to 50%. In the case of [7-Cu]* and [8-Ag]* also some atoms of the
bridging alkyl chains are affected by this disorder, in [12-Cu]” we
find tilting aryl rings correlated with this disorder. Some of the
complexes tend to undergo phase transitions on cooling, which as-
sumably is related to “freezing out” this type of disorder. In
[7-Cu]" the Cu atom is partially replaced by a proton (44%), in
[9-Cu]*, [10-Cu]*, and [12-Ag]* the metal ion occupies two different
positions inside the prismand, in the former complex unsymmetri-
cally 84:16, in the other two complexes symmetry-imposed with
equal occupation. The structure of [10-Cu]* is of very poor quality.
In addition to the mentioned disorder of the Cu atom there is dis-
order of a methylene bridge and the triflate anion resides on a
fourfold axis, which of course causes severe disorder. In [12-Ag]*
the triflate anion is located on a mirror plane perpendicular to the
C-S axis which leads to disorder probably correlated to the two
different Ag positions in this complex. CCDC-298184 to -298196
and -145166 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

9: Colorless crystal (plate), dimensions 0.50 % 0.45%0.15 mm, crys-
tal system monoclinic, space group P2,/n, Z = 4, a = 7.638(2) A,
b =7.94802) A, ¢ =29.051(7) A, B = 92.36(2)°, V = 1762.1(8) A3,
p = 1117 glem®, T = 293(2) K, Opay = 27.99°, 4556 reflections
measured, 4246 unique (R;,; = 0.0443), 2309 observed [/ > 2a(])],
1 = 0.06mm ', 311 parameters refined, goodness of fit 1.01 for
observed reflections, final residual values R(F) = 0.048, wR(F?) =
0.119 for observed reflections, residual electron density —0.21 to
0.30 e'A 3, CCDC-298184.

10: Colorless crystal (polyhedron), dimensions
0.36%0.26X0.22 mm, crystal system monoclinic, space group
P2i/n, Z =4, a=10.4021(2) A, b = 14.4056(2) A, ¢ = 13.0903(1) A,
£ =106.864(1)°, V = 1877.21(5) A3, p = 1.134 g/lem?, T = 200(2) K,
Oax = 27.44°, 18863 reflections measured, 4284 unique (Ri,; =
0.0355), 3057 observed [I > 20(D)], x = 0.07 mm™!, Ty, = 0.70,
Tmax = 0.93, 329 parameters refined, goodness of fit 1.03 for ob-
served reflections, final residual values R(F) = 0.040, wR(F?) =
0.094 for observed reflections, residual electron density —0.18 to
0.15e:A3, CCDC-298185.

[6-H]*(BF,): Colorless crystal (polyhedron), dimensions
0.77%0.18 x0.07 mm, crystal system triclinic, space group P1, Z =
2, a = 82076(8) A, b = 9.9446(9) A, ¢ = 12.1243(11) A, a =
73.0150(10)°, p = 81.3800(10)°, y = 85.5350(10)°, V =
935.14(15) A3, p = 1.265 glem?, T'= 200(2) K, Oy, = 25.40°, 7042
reflections measured, 3124 unique (R;,, = 0.0216), 2243 observed
[I > 2a(D)], # = 0.10 mm™', 303 parameters refined, goodness of fit
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1.02 for observed reflections, final residual values R(F) = 0.054,
wR(F?) = 0.140 for observed reflections, residual electron density
~0.24 to 0.49 e-A 3, CCDC-298186.

[12-H]*(CF5COO0)~: Colorless crystal (polyhedron), dimensions
0.30%0.20%0.18 mm, crystal system monoclinic, space group P2,,
Z=2,a=2858184)A, b = 11.8542(5) A, ¢ = 13.5266(6) A, f =
92.5390(10)°, ¥ = 1374.72(11) A3, p = 1.301 g/lem?, T = 200(2) K,
Onax = 27.50°, 14267 reflections measured, 6283 unique (R, =
0.0491), 3765 observed [I > 20(D)], x = 0.09 mm !, T, = 0.79,
Tax = 0.98, 397 parameters refined, Flack absolute structure pa-
rameter 1.7(13), goodness of fit 1.01 for observed reflections, final
residual values R(F) = 0.060, wR(F?) = 0.117 for observed reflec-
tions, residual electron density —0.23 to 0.22 e:A3, CCDC-298187.

[7-Ag]*(CF3SO3)~: Colorless crystal (polyhedron), dimensions
0.34%0.10%0.02 mm, crystal system orthorhombic, space group
Phca, Z =8, a = 9.0306(3) A, b = 16.8259(5) A, ¢ = 26.1579(4) A,
V= 3974.64(19) A3, p = 1.722 glem?, T = 200(2) K, @ pax = 27.48°,
27623 reflections measured, 4550 unique (R;,; = 0.0868), 2970 ob-
served [I > 26(D)], u = 1.17mm™!, Ty = 0.69, Ty = 0.98, 253
parameters refined, goodness of fit 1.00 for observed reflections,
final residual values R(F) = 0.035, wR(F?) = 0.061 for observed
reflections, residual electron density —0.63 to 0.40 e:A3, CCDC-
298188.

[7-Cu]*(CF5S0;3): Colorless crystal (polyhedron), dimensions
0.34%0.14%0.04 mm, crystal system monoclinic, space group
P2y/n, Z =4,a=11.6825(33) A, b = 12.9405(2) A, ¢ = 14.1559(3) A,
B = 113.3980(10)°, V = 1964.07(7) A3, p = 1.593 glem3, T =
200(2) K, O, = 24.74°, 16154 reflections measured, 3358 unique
(Rine = 0.0705), 2579 observed [I > 26(D)], u = 1.27 mm™', Ty =
0.67, Tmax = 0.95, 310 parameters refined, goodness of fit 1.33 for
observed reflections, final residual values R(F) = 0.087, wR(F?) =
0.195 for observed reflections, residual electron density —0.70 to
0.47 e:A3, CCDC-298189.

[8-Ag]*(CF5S05): Colorless crystal (polyhedron), dimensions
0.28%0.17%0.14 mm, crystal system monoclinic, space group
P2i/n, Z =4, a=12.0922(3) A, b = 13.0157(3) A, ¢ = 14.1538(3) A,
B = 109.2330(10)°, ¥V = 2103.31(8) A3, p = 1.672g/em?, T =
200(2) K, Oax = 27.51°, 21196 reflections measured, 4822 unique
(Rine = 0.0346), 4002 observed [I > 2o(D)], u = 1.1l mm™!, Ty =
0.80, Tax = 0.88, 283 parameters refined, goodness of fit 1.06 for
observed reflections, final residual values R(F) = 0.027, wR(F?) =
0.064 for observed reflections, residual electron density —0.57 to
0.67 e:A 3, CCDC-298190.

[9-Ag]*(CF5S03): Colorless crystal (polyhedron), dimensions
0.54%0.22x0.08 mm, crystal system monoclinic, space group
P2ile, Z=4,a=12.7551(8) A, b = 8.1937(5) A, ¢ = 22.1464(14) A,
B = 103.3630(10)°, ¥ = 2251.92) A3, p = 1.632g/em3, T =
200(2) K, Oax = 25.59°, 16322 reflections measured, 3943 unique
(Rine = 0.0209), 3517 observed [I > 20(D)], u = 1.04 mm ™!, T, =
0.73, Tiax = 0.94, 293 parameters refined, goodness of fit 1.09 for
observed reflections, final residual values R(F) = 0.025, wR(F?) =
0.063 for observed reflections, residual electron density —1.10 to
0.43 e:A3, CCDC-298191.

[9-Cu]*(CF5S03): Colorless crystal (polyhedron), dimensions
0.32x0.14%x0.12 mm, crystal system monoclinic, space group
P2/e, Z=4,a=173972(2) A, b = 19.1054(6) A, ¢ = 15.2348(5) A,
B = 93.3680(10)°, ¥ = 2149.36(11) A3, p = 1.573 glem3, T =
2002) K, O.x = 27.49°, 22026 reflections measured, 4933 unique
(Rine = 0.0649), 3265 observed [I > 20(D)], u = 1.16 mm ™!, T, =
0.71, Trmax = 0.89, 285 parameters refined, goodness of fit 1.00 for
observed reflections, final residual values R(F) = 0.041, wR(F?) =
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0.083 for observed reflections, residual electron density —0.60 to
0.34 e:A3, CCDC-298192.

[10-Ag]*(CF5S05): Colorless crystal (polyhedron), dimensions
0.45x0.17%0.06 mm, crystal system monoclinic, space group
P2ile, Z =4, a="1517712) A, b = 14.7642(4) A, ¢ = 20.6346(5) A,
B = 91.5710(10)°, ¥ = 2289.43(10) A3, p = 1.675g/em3, T =
200(2) K, Oax = 27.48°, 23199 reflections measured, 5255 unique
(Rine = 0.0365), 4350 observed [I > 26(D)], u = 1.02mm !, Ty =
0.77, Tiax = 0.95, 326 parameters refined, goodness of fit 1.04 for
observed reflections, final residual values R(F) = 0.027, wR(F?) =
0.060 for observed reflections, residual electron density —0.65 to
0.41 e:A3, CCDC-298193.

[10-Cu]*(CF5S05): Colorless crystal (polyhedron), dimensions
0.50%0.20 X 0.08 mm, crystal system tetragonal, space group [4cm,
Z=4,a=>b=1268715 A, ¢ = 14.5975(9) A, V = 2349.9(2) A3,
p = 1507 glem?®, T = 298(2) K, Opax = 27.49°, 4872 reflections
measured, 1337 unique (R;,, = 0.0772), 515 observed [/ > 2a(1)], u
= 1.07mm"', Tpin = 0.69, Tax = 0.93, 86 parameters refined,
Flack absolute structure parameter 0.13(10), goodness of fit 1.75
for observed reflections, final residual values R(F) = 0.143, wR(F?)
= 0.323 for observed reflections, residual electron density —0.54 to
0.62 e:A3, CCDC-298194.

[11-Ag]*(CF5S05): Colorless crystal (polyhedron), dimensions
0.40x0.11x0.10 mm, crystal system monoclinic, space group
P2/n, Z=4,a=28.6371(1) A, b = 11.8248(2) A, ¢ = 25.6656(3) A,
S=90.76°, V' =2621.05(6) A3, p = 1.595 glem?, T = 2002) K, O nax
= 27.45°, 26292 reflections measured, 5975 unique (R;,; = 0.0446),
4452 observed [I > 26(D)], u = 0.90 mm ', Tpin = 0.67, Tpax = 0.82,
334 parameters refined, goodness of fit 1.02 for observed reflec-
tions, final residual values R(F) = 0.032, wR(F?) = 0.071 for ob-
served reflections, residual electron density —0.41 to 1.02 eA3,
CCDC-298195.

[12-Ag]*(CF5S05): Colorless crystal (polyhedron), dimensions
0.42%0.34%0.06 mm, crystal system hexagonal, space group
P6y/m, Z=2,a=0>=920534) A, ¢ = 19.8081(11) A, y = 120°, V/
= 1453.61(12) A3, p = 1.557 glem3, T = 298(2) K, Opay = 27.52°,
14903 reflections measured, 1150 unique (R;,; = 0.0565), 794 ob-
served [I > 2a(D)], 1 = 0.82mmL, Ty = 0.77, Tpax = 0.97, 81
parameters refined, goodness of fit 1.02 for observed reflections,
final residual values R(F) = 0.037, wR(F?) = 0.088 for observed
reflections, residual electron density —0.25 to 0.17 e:A 3, CCDC-
145166.

[12-Cu]*(CF5S03): Colorless crystal (polyhedron), dimensions
0.17%0.10x0.08 mm, crystal system trigonal, space group P31¢, Z
=2 a=0>b=91182(1)A, ¢ = 2033812 A, y = 120°, V =
1464.40(3) A3, p = 1.445 glem?, T = 298(2) K, Oy = 27.42°, 14261
reflections measured, 2245 unique (R;,; = 0.1895), 1515 observed
[ > 20(D], = 0.87mm ', Tpyin = 0.74, Tpax = 0.94, 191 param-
eters refined, Flack absolute structure parameter 0.52(4), goodness
of fit 1.07 for observed reflections, final residual values R(F) =
0.074, wR(F?) = 0.162 for observed reflections, residual electron
density —0.85 to 0.54 e:A 3, CCDC-298196.
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