DOI: 10.1039/b210285d

FULL PAPER

Synthesis of C,-symmetric aza- and azaoxa-macrocyclic ligands
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Investigations have been undertaken into the synthesis of chiral derivatives of 1,4,7-triazacyclononane and 1,7-diaza-
4-oxacyclononane that incorporate the C,-symmetric (R, R)-1,2-diaminocyclohexane backbone. The target ligands 17a
and 17b have been prepared as their hydrochloride salts, the latter of which has been characterized by single crystal
X-ray diffraction revealing an extensively hydrogen bonded polymeric network in the solid state. These investigations
have shown that the formation of the fused bicyclic system in these ligands via standard Richman—Atkins macro-
cyclisation conditions is extremely difficult, particularly for the intermediate 16a, when three tosyl amide nitrogen
atoms must be accommodated in the macrocyclic ring. In addition to these target ligands the unexpected piperazine
15 as well as the novel binucleating ligand 19 have also been prepared. Preliminary investigation into the coordination
chemistry of 17b resulted in the formation of the copper(ir) complex [Cu(17b)Cl,] in which the copper centre exists in
the expected square-pyramidal geometry with the two chloride ions and the nitrogen donors occupying the equatorial
positions and with the oxygen donor apically situated. The complex has been screened for activity and found to be a
potent catalyst for two hetero-Diels—Alder reactions. The first aza-Diels—Alder reaction of imine 20 with Danishefsky’s

diene 21 proceeds to yield the cycloadduct 22 in 94% yield. The second nitroso-Diels—Alder reaction relies on the
in situ oxidation of hydroxylamine 23 to dienophile 24, catalysed by the complex in the presence of zert-butyl
hydroperoxide, which is then trapped as cycloadduct 25 by cyclohexadiene in 69% yield.

Introduction

The azamacrocyclic ligand 1,4,7-triazacyclononane or TACN, 1
(R = H), has attracted considerable interest in recent years for
its applications in oxidative catalysis. One of its most famous,
and also notorious, applications was the Accelerator™ catalyst
marketed by Unilever in the early nineties as a low-temperature
bleaching additive for washing powders." Excellent bleaching
properties were observed, but were unfortunately associated
with unwanted fabric damage following prolonged washing
cycles. Despite this negative outcome, the potential of this
powerful oxidant was soon demonstrated in a synthetic context
and examples of the use of manganese complexes, principally
of 1 (R = Me), soon appeared. A wide range of substrates has
been shown to be effectively oxidised, principally using the
environmentally benign oxidant hydrogen peroxide, including
benzylic alcohols,? sulfides,® phenols* and even hydrocarbons.®
Potentially of greatest synthetic utility and interest are the
reports of the efficient epoxidation, and most recently cis-
dihydroxylation, of a range of alkenes.®* Within this class of
oxidative processes the nature of the active species has received
considerable attention.” Whilst much evidence has been
presented to support a binuclear active catalytic species, there
are examples of mononuclear solid supported analogues that
show activity as oxidative catalysts.?

In addition to this impressive array of activity in oxidative
catalysis, complexes of 1 (R = H) have also shown considerable
efficacy as mimics of hydrolytic enzymes. This activity has
principally centred on the copper(ir) complex 2° and closely

T Based on the presentation given at Dalton Discussion No. 5, 10-12th
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related analogues like 3.'° These have been shown to facilitate
the hydrolytic cleavage of a range of both activated phosphate
esters as well as the kinetically stable phosphate ester systems
like RNA and DNA; the key knowledge here being that as for
the oxidative manganese systems, it is apparent that the active
catalysts can be either mononuclear or binuclear depending on
the substrate. This is exemplified by a comparison between two
closely related analogues. The solid supported mononuclear
analogue 4,!' shows activity in the hydrolytic cleavage of bis-
(4-nitrophenyl)phosphate. In contrast, the binuclear analogue
3 shows a 300-500 fold enhancement per metal centre in the
hydrolytic cleavage of RNA '° over its mononuclear analogue.
In view of this array of catalytic activity, in particular the
recent interest in efficient catalysts for the formation of enan-
tiomerically pure epoxides, it is perhaps a little surprising that
examples of chiral analogues of 1 are so limited. Chirality was
incorporated into the ligand system through the alkylation of
the secondary amine nitrogen atoms in 1 (R = H) to generate
the C,-symmetric analogue 5 (R = Me or Pr)."> Complexes
prepared in situ using manganese(ll) acetate were shown to
catalyse the asymmetric epoxidation of a range of olefins with
hydrogen peroxide; the highest levels of asymmetric induction
were observed for the benchmark cis-f-methylstyrene which
led to the production of the (1R, 2R)-trans-epoxide with 55%
ee. At the outset of our investigations, examples of triazacyclo-
nonanes with a single stereocentre in the macrocyclic ring
were known,"® however, examples in which the desirable C,-
symmetry element were included were much more limited."
Since the start of these investigations Bolm has also reported
the application of a second class of C;-symmetric derivative of
1 in which the chirality was incorporated into the macrocyclic
framework by reduction of a tricylic peptide derived from
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L-proline, 6."° Although conversions and enantiomeric excesses
were moderate the potential of these systems in catalysis was
clearly demonstrated.

Our interest in this area was therefore initiated by the inter-
esting catalytic properties and the lack of chiral analogues
available that might provide extremely efficient asymmetric
catalysts. In addition our thoughts and efforts were focussed by
the indeterminate nature of the catalytically active species for
the manganese systems, as well as on the requirement for both
mononuclear and binuclear analogues in the hydrolytic systems.
Our initial investigations centred on the synthesis of the previ-
ously reported macrocyclic ligand 7,"* whose synthesis had
appeared in the patent literature. In addition we,'* and
others,"!” have recently reported an alternative approach that
utilises chiral pool amino acids to generate C,-symmetric
analogues like 8. Although a report of the synthesis of 7

appeared shortly after we began these investigations,' it has
still proven to be surprisingly challenging to prepare. Herein
we summarise the recent advances that we have made and
speculate as to future applications.

Results and discussion

The incorporation of the 1,2-diaminocyclohexane moiety into
a 1,4,7-triazacyclononane macrocyclic ligand was particularly
appealing to us, as it is an inexpensive starting material and
both enantiomers are readily available. Moreover, this chiral
framework has been included in a number of ligands that have
been successfully applied in a range of asymmetric catalytic
processes, most notably by Jacobsen and co-workers in metallo-
salen complexes.” Although there are now two reports of the
synthesis of 7,"*'® we were keen to exploit our recently reported
procedure for the synthesis of unsymmetrically substituted
1,4,7-triazacyclononanes in the synthesis of derivatives of 7%
in view of the possible utility of binuclear catalysts (vide supra).
The synthesis of 12 was therefore attempted employing this
efficient cyclisation protocol (Scheme 1). This strategy was
essential as statistical deprotection/reprotection strategies that
have been previously employed for achiral variants viz. 1 would
be of little utility for 7.

The planned synthesis of the macrocyclic ligand 12
required enantiomerically pure (R,R)-1,2-diaminocyclohexane.
Although a number of procedures have been reported for the
resolution of this diamine,?' the extraction of the free amine
following neutralisation of the diastereomeric tartrate salt
always proved relatively inefficient in our hands. We therefore
wondered whether it might be possible to effect direct function-
alisation of the chiral substrate through the in situ decom-
position of the monotartrate salt in the presence of p-toluene-
sulfonyl chloride. The monotartrate salt of the diamine was
thus dissolved in the minimum amount of water and a large
excess of triethylamine. A solution of p-toluenesulfonyl
chloride in dichloromethane was then added to the aqueous
solution and this biphasic mixture stirred vigorously for a few
hours (Scheme 1). Evaporation of the solvents, trituration with
dilute hydrochloric acid followed by recrystallisation of the
crude material gave 9 in 99% yield.

The main problem encountered in the synthetic pathway
depicted in Scheme 1 was unexpected as we were unable to
effect the desired alkylation of the sulfonamide 9, despite a
range of experimental conditions being investigated (Table 1).
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Scheme 1  Attempted alkylation of (1R,2R)-1,2-diaminocyclohexane.
Table 1 Experimental conditions employed for the attempted alkylation of 9

Entry Base Electrophile Solvent T/°C t/h Yield (%)
1 K,CO;, 2-chloroethanol MeCN reflux 12 0
2 K,CO;, 2-chloroethanol DMF 100 72 traces
3 NaOH 2-chloroethanol CH,Cl,/H,0 20 12 0
4 KOH ethylene carbonate - 180 48 0°
5 K,CO;, ethylene carbonate DMF reflux 36 mixture
6 Cs,CO, ethylene oxide EtOH 20 6 0
7 K,CO;, ethylene oxide EtOH 20 6 0
8 K,CO, ethylene oxide EtOH 20 6 0

“ The reaction was carried out in a sealed tube. ® The substrate and the electrophile were fused together following a reported procedure.?® ¢ The crude
product was purified by column chromatography. An inseparable mixture of mono- and di-substituted products was isolated. “ The reaction was

carried out in the presence of montmorillonite K10.%*
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Table 2 Experimental conditions employed for the attempted alkylation of (R,R)-1,2-diaminocyclohexane

Entry Base Electrophile Solvent T/°C Yield (%)
1 K,CO;, ethylene carbonate DMF 100 0

2 NaOH 2-chloroethanol H,O 20 0

3 - ethylene oxide THF 20 0

“ The yield remained 0 when the reaction was carried out in the presence of montmorillonite K 10.*

In most cases only starting materials were recovered, although
in one case (Table 1, entry 5) an inseparable mixture of di- 10
and mono-alkylated 11 products could be recovered in low
yield. Unfortunately the complex reaction mixture proved
impossible to separate by column chromatography, although it
was possible to identify 10 and 11 with reasonable confidence
by 'H NMR and mass spectrometry (FAB HRMS: 10 [M +
Na]* found 533.1739. C,,H;,N,0O.S,Na* requires 533.1756;
11 [M + Na]* found 489.1505. C,,H;,N,0sS,Na* requires
489.1494). The reasons for our failure to alkylate 9 under these
standard conditions*** were unclear, especially in the light of a
related report in which it has been alkylated in moderate yield
with 3-bromopropan-1-0l.> We thus decided to investigate the
alkylation of the free diamine directly under similar conditions.
To our surprise and disappointment, no reaction occurred and
in all cases only the starting diamine could be recovered (Table
2). Even an adaptation of a very efficient procedure that has
been reported for the alkylation of achiral derivatives, in which
the diamine and 2-chloroethanol were reacted in an aqueous
solution of sodium hydroxide (Table 2, entry 2) failed.” Dis-
appointing results were also obtained when ethylene oxide was
employed as the alkylating agent (Table 2, entry 3).

Despite these unsuccessful results we decided to investigate
the reactivity of other electrophiles with the diamine. In view of
the sterically restricted nature of tosylamide 9, we attempted
to achieve a direct macrocyclisation reaction by reacting the
free diamine with 13a (Scheme 2). It initially appeared from the
'H- and “C-NMR spectra of the major product from the
complex crude reaction mixture (24% yield) that the desired
macrocycle had been formed, with the exception that one
amino group had reacted with the solvent DMF to form an
amide derivative; a reaction that has precedent.?® Therefore
macrocycle 14 was anticipated and its formation was supported
by mass spectrometry (see Experimental section). Crystals
suitable for X-ray diffraction were obtained by slow evap-
oration of an ethanolic solution and the crystal structure
revealed that piperazine 15 had in fact formed, Fig. 1.
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Scheme 2 Attempt to form the target macrocycle directly from
(1R,2R)-1,2-diaminocyclohexane.

The crystal structure reveals that both six-membered rings
in 15 have ideal chair conformations and standard C—C and
C-N bond distances are observed. The N(1)-S(1) bonds length
of 1.617(11) A reflects a degree of double bond character of the

Fig. 1 ORTEP representation of the asymmetric unit of 15. Hydrogen
atoms have been omitted for clarity.

N-S bond, which is further corroborated by the inequivalent
S-O bond lengths of 1.428(9) and 1.465(8) A in the sulfonyl
group. This behaviour is consistent with other related piper-
azines.'® It is interesting to note that the distances between
N(2)-C(8) and N(2)-C(9) are almost identical [1.453(15) and
1.455(14) A, respectively] whereas the bond lengths N(1)-C(7)
and N(1)-C(10) show considerable asymmetry [1.520(15) and
1.455(14) A, respectively]. This elongation for the N(1)-C(7)
distance is probably due to the steric effect of the bulky tosyl
group on the nitrogen atom. A significant shortening of the
N(3)-C(17) bond is also observed (1.344(17) A) reflecting a
degree of delocalisation of the lone pair of N(3) into the amide
bond.

Although 15 behaves as a 1 : 3 mixture of two conformers in
solution at room temperature due to the restricted rotation
about the N(3)-C(17) amide bond (see Experimental section),
only one conformer is present in the unit cell. The reason for
this appears to lie in the intricate polymeric hydrogen bonding
network that forms in the unit cell as a result of interactions
between the hydrogen atoms attached to the nitrogen of the
amido group N(3) and the oxygen atom O(3a) of an amido
group in a neighbouring molecule (Fig. 2).

Despite being disappointed by the isolation of 15 in low yield
we were nonetheless encouraged that we had been able to
effect any alkylation! The previously reported syntheses of 7
(R = H) '8 were therefore investigated, via 16a, as well as the
synthesis of the mixed hetero-donor macrocyclic analogue 16b
(Scheme 3). We initially attempted to reproduce the results that
had been reported for the synthesis of 7. Unfortunately our
meticulous repetition of both procedures on several occasions
never resulted in the intermediate to the target macrocycle 16a,
being isolated in yields greater than 23% and 20% respectively
(Table 3, entries 1 and 2).

As the only other materials that could be identified in the
crude reaction mixture were the starting materials 9 and 13, a
thorough investigation was undertaken in order to optimise the
yield of the cyclisation reaction (Table 3).

The previously reported procedures were not improved on by
the use of potassium zert-butoxide as a base (Table 3, entry 3) or
by the use of stronger bases like lithium diisopropylamide
(LDA) and "BulLi (Table 3, entries 4 and 5), apparently due to
the insolubility of the lithium salts of 9 in THF, and starting
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Table 3 Experimental conditions examined for the synthesis of 16a

Entry Base Solvent T/I°C t/h Conc./ M Yield (%)
1 MeONa MeOH/DMF 100 12 0.237 2314
2 K,CO;, DMF 50 168 0.048 2018
3 "‘BuOK DMF 140 72 0.079 14
4 LDA THF reflux 12 0.059 0
5 "BuLi THF reflux 12 0.059 21
6 NaH THF reflux 12 0.053 0
7 NaH DMF 100 12 0.148 46
TsO X OTs

13a, X = NTs

13b, X=0

13¢, X = CH, i) Na/NH3

Ts_ ¢ s
N N
9
NaH, DMF, A X

ii) Dowex 50WX2-100, HCI

16a, X = NTs 17a, X = NH.3HCI
16b, X =0 17b, X = 0.2HCI
16¢, X = CH,

Scheme 3 Formation of the target macrocyclic ligands.

Fig. 2 The polymeric hydrogen bonding array in 15. Hydrogen bond
length with esd.s (A) N@B3)-H --- O3a) 2.830(14). Symmetry
transformations used to generate equivalent atoms: #1 —y + 1, x + 1,
z+ 1/4.

materials were recovered. The most effective base proved to be
sodium hydride, however, the outcome of the reaction proved to
be extremely sensitive to the solvent, the temperature and the
concentration of the reaction mixture. The choice of solvent
proved to be essential with moderate yields of 16a only being
obtained in DMF, in which the sodium salt of 9 is fairly soluble.
In spite of this the desired product 16a could only be isolated at
best in 46% yield (Table 3, entry 7). A slight increase in the
concentration to 0.158 M resulted in the yield dropping,
presumably as a consequence of the reduced solubility of
the disodium salt. Similarly a reduction in concentration to
0.118 M also resulted in a lower yield of the desired product.
The effect of the temperature was also investigated. Although
it is clear that this parameter must be carefully controlled, it is
apparent that concentration has a more significant effect than
temperature. In addition to these parameters the work-up
procedure also has a significant impact on the isolated yield of
16a. Optimum yields (entry 7) were obtained by triturating the
crude reaction mixture with boiling ethanol (after the removal
of solvent DMF) and sparingly soluble 16a could be easily
isolated by filtration. In contrast extraction of the crude
reaction product into dichloromethane followed by washing of
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the organic phase with dilute hydrochloric acid resulted in
a dramatrically lower yield. The former convenient work-up
procedure was therefore always adopted. We were both dis-
appointed and a little puzzled by this result, in particular the
presence of an unexpected signal in the 'H NMR of 16a
between 4.71 and 4.92 ppm. Therefore the synthesis of the
related azaoxamacrocyclic ligand, 16b, was investigated and a
detailed NMR and molecular modelling study of both 16a and
16b undertaken which will be reported elsewhere.”’

We first decided to investigate whether the low yield in the
cyclisation step resulted from electrophile 13a being too steric-
ally demanding. The cyclisation reaction using 13b as the elec-
trophile was thus investigated. As for 16a a range of reaction
conditions was investigated and the optimisation of these led to
the isolation of 16b in 62% yield. To the best of our knowledge
this represents the first report of this ligand. We believe that the
lower yield obtained for 16a is likely to be due to the difficulties
associated with the formation of the fused bicyclic framework
incorporating three nearly planar N-sulfonyl groups.” When
13b is employed the intramolecular cyclisation can occur more
effectively because the backbone of the electrophile is more
flexible due to the sp® hybridised heteroatom in the centre of its
structure. The sodium cation might also act as a more effective
template for cyclisation as a result of the presence of the harder
oxygen donor.

To establish whether such a templating effect was occurring,
a related cyclisation reaction was briefly investigated using 13c
as the electrophile. In this case the framework of the macrocycle
would be similar to 16b inasmuch as only sp® atoms would be
present in the nine-membered ring. Performing the cyclisation
reaction under the optimised conditions for 16a and 16b,
resulted in the desired macrocycle 16¢ only being recovered in
7% vyield. The unsatisfactory yield of this cyclic product thus
supports the templating role of the sodium cation in the
formation of 16b.

Deprotection of the macrocyclic compounds 16a and 16b
using classical deprotection methodologies*'®*® were exam-
ined. The most effective method proved to be dissolving metal
reduction of sodium in liquid ammonia for both ligands,
although the work-up proved problematical. In both cases our
attempts to isolate the free amines were low yielding and it
proved more convenient to recover their hydrochloride salts by
ion exchange chromatography on Dowex 50WX2-100 giving
the desired products 17a-3HCI and 17b-2HCIl in 70% and 82%
yield respectively.

Slow evaporation of an aqueous solution of 17b-2HCI
resulted in the formation of crystals suitable for single crystal



diffraction. These revealed the expected structure for the
macrocyclic ligand in which the six-membered ring adopts a
perfect chair conformation, Fig. 3, and the asymmetric unit
is completed by the two chloride ions and a water molecule
in which all C-C, C-O and C-N bonds are unexceptional.
Two short hydrogen bonding interactions of 2.724(4) A
between N(1)-H(01) --- O(1) and 2.884(5) between N(2)—
H(05) - -+ O(1) within the macrocycle are then supplemented
by an extensive hydrogen bonding network between the
ammonium nitrogen atoms N(1) and N(2) the two chloride ions
CI(1) and CI(2), as well as the water molecule of crystallisation,
as shown in Fig. 4. The roles of the two chloride ions in the
network are distinct with CI(1) acting as a direct bridge between
two macrocyclic moieties as well as linking to a third via a water
molecule of crystallisation. The second chloride ion, in con-
trast, appears to essentially serve to template the macrocyclic
ligand into the conformation observed via hydrogen bonding
interactions with N(1)-H(01) and N(2)-H(05), this then enables
O(1) to also interact via hydrogen bonds with one of these
hydrogen atoms. The second chloride ion also links to other
macrocyclic moieties via the water molecules of crystallisation.

In the light of our failure to access a satisfactory route
towards binucleating ligands containing the trans-diamino-
cyclohexane backbone via our desired route (Scheme 1), we
wondered whether it might be possible to employ the efficient

02
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HO3
HO4
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Fig. 3 ORTERP representation of the asymmetric unit of 17b-2HCI-
H,0. Only hydrogen atoms located in the difference map have been
included for clarity.

Fig. 4 The polymeric hydrogen bonding array in 17b-2HCI-H,0.
Hydrogen bond lengths with e.s.d.s A) N(1)-H(06) -+ CI(1) 3.099(4),
N(1)-H(1) --- CI(2)  3.185(4), N(1)-H(0l)--- N(2) 3.043(5),
N(1)-H(01) --- O(1) 2.724(4), N(2)-H(02) --- CI(1)#1 3.103(4),
N(2)-H(05) --- CI(2) 3.108(3), N(2)-H(05) --- O(1) 2.884(5), O(2)-
H(04) --- CI(1) 3.271(4), O(2)-H(03) - -+ CI(2)#2 3.217(4). Symmetry
transformations used to generate equivalent atoms: #1 —x + 1/2, —y,
z—=12.#2x—1/2, =y + 1/2, —z.

synthetic procedure we recently reported for the direct synthesis
of a range of binucleating analogues of 1 from diamines® to
prepare 19 (Scheme 4). Although this was not the ideal ligand
architecture to prepare, as it would not enable us to effect direct
comparisions with mononucleating 17a in catalytic systems, we
felt that it presented the opportunity to prepare a most interest-
ing and potentially useful new ligand. The reaction of the
diamine with 18 under these optimised reaction conditions was
therefore investigated and the diamine was found to react
smoothly with 18 to yield the novel binucleating ligand 19 in
72% yield, thereby providing a route to a binucleating ligand
derived from the diamine.

Ts_ /7 \ Ts
N N._ K,CO,, CHsCN
e
H2N¢ NH, OTs TsO Ts—N

18 N

Scheme 4 One-pot synthesis of novel binucleating ligand 19.

Having prepared these new ligands we were keen to investi-
gate the application of their complexes in catalysis. Our pre-
liminary investigations into the coordination chemistry of the
new azaoxamacrocyclic ligand 17b with copper(11) enabled us to
isolate blue crystals of a copper complex [Cu(17b)Cl,] in 42%
yield. Single crystal X-ray diffraction revealed them to be a
mononuclear five-coordinate complex (Fig. 5). To the best of
our knowledge this represents not only the first report of the
synthesis of this C,-symmetric azaoxa ligand but also the first
single crystal X-ray structure of any coordinatively unsaturated
mononuclear copper(i) complex with a single [9]aneN,O-
macrocyclic ligand.

Fig. 5 ORTEP representation of the structure of [Cu(17b)ClL,]. All
hydrogen atoms with the exception of H(5) and H(10) are omitted for
clarity. Note that there are two molecules in the asymmetric unit but
that selected bond distances (A) and angles (°) are given for one of
these: Cu(1)-N(1) 2.03(3), Cu(1)-N(2) 2.02(2), Cu(1)-O(1) 2.343(17),
Cu(1)-CI(1) 2.303(11), Cu(1)-Cl(2) 2.244(8); N(1)-Cu(1)-N(2)
84.8(11), N(1)-Cu(1)-Cl1(2) 92.1(7), N(2)-Cu(1)-Cl1(2) 176.0(9), N(1)-
Cu(1)-CI(1) 172.8(7), N(2)-Cu(1)-CI(1) 88.0(9), Cl(2)-Cu(1)-CI(1)
95.1(4), N(1)-Cu(1)-0(1) 81.2(9), N(2)-Cu(1)-O(1) 79.7(8), Cl(2)-
Cu(1)-0(1) 102.3(5), CI(1)-Cu(1)-O(1) 97.8(7).

The structure reveals the geometry about the copper(ir)
centre to be essentially square-based pyramidal with the basal
plane being made up of the two nitrogen donors of the
macrocyclic ligand and the two chloride anions; the copper ion
deviating by only 0.0426 A from this plane. The oxygen donor
of the macrocycle occupies the apical position and the Cu-O
bond length of 2.34(2) A is slightly shorter than the equivalent
interaction in the related ‘sandwich’ complex [Cu([9]-
aneN,0),]** of 2.3690(18) A.* All other bond lengths and
angles are comparable with those observed in the related
copper(11) complex of 1,4,7-triazacyclononane.

| Dalton Trans., 2003, 2043-2052
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We were particularly encouraged by the geometry about the
metal in [Cu(17b)Cl,], in particular the position of H10 which
suggested that the complex might provide a catalytic pocket
capable of inducing reasonable levels of asymmetric induction.
Although we had become interested in this ligand system for
other reasons, our recent interest in the asymmetric aza-Diels—
Alder and nitroso-Diels—Alder reactions,*? led us to test this
new catalyst in two such reactions that we routinely screen as
part of this programme. The first of these centred on the reac-
tion of N-arylimine, 20, with Danishefsky’s diene, 21,** which
was found to be efficiently catalysed by [Cu(17b)Cl,], yielding
the cycloadduct 22 in 94% yield after twelve hours at room
temperature (Scheme 5). Although no ee was detected, the
exceptional rate enhancement of this reaction by this catalyst
represents an extremely promising result and indicates that this
type of catalyst may have considerable potential for this class of

reaction. §
OMe
(0] _ 0o
(0}
’ OEt EtO
\ 54 OTMS N
/©/ CHaCN, /©/
MeO 94%

5 mol% cat. MeO
20 22

7 10
o BuooH cren| M ﬁE]\P
———— | Bu0” N |se— N
Boc

0,
BUO IIIH 10 mol% cat. (I)I 293K, 1h

OH 69%
23 24 25

Scheme 5 The catalytic activity of [Cu(17b)Cl,] in hetero-Diels—Alder
reactions.

In addition we have been actively searching for new asym-
metric metal catalyst-based hydroxamic acid oxidation systems
in which the metal catalyst could not only achieve efficient
oxidation to the nitrosos derivative, but could also control a
subsequent asymmetric nitroso-cycloaddition reaction. We
have therefore been screening a range of chiral metal com-
plexes, in the presence of various oxidising agents for their
ability to catalyse the in situ oxidation of N-Boc hydroxylamine
23 to nitroso dienophile 24 and its subsequent cycloaddition to
give cycloadduct 25 (Scheme 5). We were pleased to find that
[Cu(17b)Cl,] acted as a potent catalyst for this process, being
slightly more efficient than the ruthenium(m)—(1v) system
recently reported by us.*?® As for 22, however, no asymmetric
induction was observed by chiral HPLC and racemic hetero-
Diels—Alder adduct 25 was isolated in 69% yield. { This result
also parallels our previous findings and suggests that the inter-
mediate acyl nitroso compound rapidly dissociates from the
metal once generated and reacts thermally with the diene.** In
this case, copper(11) presumably also releases the dienophile to
undergo thermal cycloaddition and hence produce a racemic
cycloadduct.

i A referee has suggested that the reactions may be catalysed as a result
of CuCl, dissociation from the macrocyclic ligand which then acts as
the catalyst. Although CuCl, does catalyse these processes effectively it
is for this reason that we became interested in screening chiral com-
plexes of copper(i1) as potential asymmetric catalysts. We believe that
the macrocyclic effect will prevent such dissociation of the metal from
the ligand occurring on the timescale of the reactions and that the
reasons for the lack of asymmetric induction will be addressed by
second generation ligand systems currently under investigation.
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Conclusion

Despite this success it had become apparent that the synthetic
difficulties associated with 17a and 17b, in particular the low
yielding formation of the fused-bicyclic framework, were
insurmountable. It was also clear that the limited availability of
vicinal diamines ** would hamper the synthesis of a wide range
of ligands in this way. Therefore libraries capable of providing
sufficient structural modularity to develop these systems
further in a range of asymmetric catalytic applications were
an unlikely prospect. We thus became interested in a different
approach involving the use of aziridines derived from chiral
pool amino acids. Although our preliminary findings,'® as well
as those of others,'>'7 have only recently appeared, we have
continued to develop the design and synthesis of these ligands
further. As a result we are now able to prepare a broad range of
azamacrocyclic ligands by careful selection of the aziridine
ring-opening strategy. In addition, our very recent findings
suggest that the longstanding goal of generic but related mono-
nucleating and dinucleating analogues are now a viable goal.
We are therefore in a position whereby modular and systematic
changes in the structure of the ligands as well as the nuclearity
of the complexes can be made. This will enable us to assess the
effect of these changes on catalyst behaviour and the systematic
screening of asymmetric catalysts should soon be a reality. We
are currently actively engaged in the process of screening these
ligand sets for activity using diversity methods, in a number of
processes of interest to us. Of particular interest is the devel-
opment of the highly active catalyst [Cu(17b)Cl,] that we have
discovered for the aza-Diels—Alder and nitroso-Diels—Alder
reactions presented herein. Investigations are currently under-
way in our laboratories to establish the role of the copper
catalyst in this reaction and to prepare improved analogues of
this complex capable of inducing asymmetric induction in these
important hetero-Diels—Alder reactions.

Experimental
General remarks

All reagents were purchased from either Aldrich or Lancaster
and were used without further purification unless otherwise
stated. Starting materials 13a,"® 13b,*® 13¢,* 16¢,’18%° and
2032 were prepared according to the reported procedures.
Solvents that were required to be anhydrous were dried as
follows: DMF was refluxed overnight with 4 A molecular sieves
and was then distilled under reduced pressure from triphenyl-
chlorosilane in an atmosphere of nitrogen. Acetonitrile was
refluxed overnight with calcium hydride in an atmosphere of
nitrogen and then distilled from calcium hydride. THF, diethyl
ether and toluene were distilled from sodium benzophenone in
an atmosphere of nitrogen. Dicholoromethane was distilled
from calcium hydride in an atmosphere of nitrogen. Petroleum
spirit (bp 40-60 °C) was redistilled before use. Nitrogen for inert
atmosphere use was purified by passing it through anhydrous
manganese(11) oxide, 3 A molecular sieves and highly reduced
chromium adsorbed onto a silica support. Thin layer chrom-
atography (TLC) was performed on silica gel 60 F,s, plates
(Merck). Flash chromatography was performed on silica gel 60
F,ss, 230-400 mesh (Merck). Ion-exchange chromatography
was performed on Dowex 5S0WX2-100 acidic cation-exchange
resin. Ninhydrin was used in order to visualise aliphatic amines
not UV visible. Melting points were determined using an
Electrothermal melting point apparatus and are uncorrected.
Optical rotations were determined using an Optical Activity
LTD, AA-1000 polarimeter with a path length of 5 cm and
concentrations are reported in g per 100 cm™>. Elemental
analyses were obtained using a Carlo Erba 1106 elemental
analyser. "H-NMR and C-NMR spectra were recorded as
CDClI; solutions on a JEOL JNM-EX spectrometer at 270
MHz and at 67.9 MHz respectively, unless otherwise stated,



and were referenced to residual chloroform as the internal
standard. J values are given in Hz. IR spectra were recorded on
a Perkin-Elmer 1720X FT-IR spectrometer with a solid state
ATR attachment. UV spectra were recorded on a Hewlett-
Packard 8453 diode array UV spectrophotometer. Mass spectra
were recorded on a VG Instruments ZAB-SE using xenon gas at
8 kV in a matrix of 3-nitrobenzyl alcohol (mNBA) and sodium
iodide (FAB) or on a V.G. BIO-Q instrument (CI, NHj).
Screening of catalytic activity was undertaken as previously
reported **** (10 mol% catalyst, 100 mol% tert-butyl hydro-
peroxide (TBHP), MeCN, RT, 1 h) and the cycloadduct
analysed by HPLC (ChiralCel OD column, 254 nm UV
detector, propan-2-ol (IPA) : hexane as eluent. R;27.7 and 39.6
min for 22 (eluent 3 : 7) and R; = 7 and 9 min for 25 (eluent
1:9)).

Synthesis of (1R,2R)-cyclohexane-1,2-di-4-methylbenzene-
sulfonamide, 9

To a solution of (R,R)-1,2-diammoniumcyclohexane tartrate
salt?! (500 mg, 1.89 mmol) in water (3 cm®) was added triethyl-
amine (1.16 cm?, 8.32 mmol) and the mixture was stirred at
room temperature until the solution became clear. After 10
minutes, a solution of p-toluenesulfonyl chloride (790 mg, 4.16
mmol) in dichloromethane (15 cm®) was added and the biphasic
system vigorously stirred at room temperature overnight. A
10% aqueous solution of hydrochloric acid (10 cm®) was added
and, after stirring for few minutes, the two layers were separ-
ated. The aqueous layer was extracted with dichloromethane
(2 x 15 cm®) and the combined organic layers were dried over
magnesium sulfate and concentrated in vacuo. The crude
material was recrystallised from hot ethanol to give 9 (790 mg,
99%) as white crystals whose analytical and spectroscopic data
were consistent with those previously reported.®

Synthesis of (1R,2R )-2-piperazin-1-ylcyclohexylacetamide, 15

A mixture of (R,R)-1,2-diaminocyclohexane (65 mg, 0.57
mmol) and 13a (355 mg, 0.63 mmol) in dry DMF (10 cm®) was
stirred at 100 °C for 4 days in an atmosphere of nitrogen. After
cooling to room temperature, the solvent was evaporated under
reduced pressure. The solid obtained was purified by flash
chromatography on silica gel (ethyl acetate—petroleum spirit (bp
40-60 °C), 2: 1 + 1% triethylamine) to give a yellow solid. This
impure material was recrystallised from hot ethanol to give 15
(50 mg, 24%) as white crystals and as a 1 : 3 mixture of two
conformers at room temperature in solution. mp 196-99 °C;
¥ madem ™! 3269 (NH), 1647 (CO), 1554 (NH), 1346 (SO,), 1162
(SO,); 0y 0.99-1.42 (4H, m, CH,~CH,-~CHN), 1.58-2.30 (4H,
m, CH,~CH,~-CHN), 2.32-2.54 (6H, m, CHy;~Ar, CH,~CH,—
CHN and N-(H)CH.-CH,-NTs), 2.60-2.85 (2H, m, N-
(H)CH,,—CH,-NTs), 2.92-3.08 (4H, m, N-CH,-CH,-NTs),
3.09-3.71 (1H, m, CH,~-CH-NH-CHO), 5.64-6.62 (1H, m,
NH-CHO), 7.33 (2H, d, J 8.1, CH;C-CH), 7.52-7.72 (2H, m,
SO,C-CH), 8.06 (1H, br s, NH-CHO); i 21.6, 23.0, 23.2, 24.3,
24.5, 24.8, 25.2, 32.8, 33.3, 46.3, 46.5, 47.2, 49.1, 50.8, 67.0,
67.7, 127.7, 127.8, 129.7, 129.9, 132.0, 132.6, 143.6, 144.0,
161.0, 163.2; 6.(100 MHz, C,D,Cl,, 393K) 21.2, 23.9, 24.6,
25.2,33.4,46.3,47.8,52.4,61.7,67.7,127.6, 129.8, 134.7, 143.7,
161.4; m/z (FAB) 388 (M + Na*, 2%), 366 (M + H*, 100);
HRMS (M + H)" C;3Hx;N;0,S requires 366.1851. Found
366.1864.

Macrocycle (4aR,11aR)-5,8,11-tris(4-methylbenzenesulfonyl)-
dodecahydro-5,8,11-triazabenzocyclononene, 16a

Tosylamide 9 (2.0 g, 4.73 mmol) was added to a suspension of
sodium hydride (450 mg of a 60% dispersion in mineral oil,
11.36 mmol) in freshly distilled DMF (20 ¢cm®) in an atmos-
phere of nitrogen and the mixture was heated at 100 °C. After
one hour, a solution of 13a (2.96 g, 5.21 mmol) in DMF

(12 ecm®) was added dropwise and the mixture was stirred at
100 °C overnight. After cooling to room temperature, the
solvent was removed under reduced pressure and the residue
triturated with a 10% aqueous solution of hydrochloric acid (40
cm®). A white precipitate was separated by filtration, dried in
vacuo and triturated with boiling ethanol. Analytically pure 16a
was separated by filtration as a white solid (1.40 g, 46%). mp
294-95 °C; [o]s = —53.9 (¢ 2.7 in dichloromethane) (Found C,
56.4; H, 6.1; N, 6.2; S, 14.7. C;;H3,N;0,S;-H,0O requires C,
56.1; H, 6.2; N, 6.3; S 14.5%); ¥ ma/em ™' 1597, 1494, 1447, 1314
(SO,), 1151 (SO,), 1088, 985, 818, 709, 692; 5 0.90-1.36 (4H,
m, CH,~CH,-CHN), 1.40-1.59 (1H, m, CH,~(H)CH,~CHN),
1.60-1.79 (1H, m, CH,~(H)CH,~CHN), 1.94-2.16 (1H, m,
CH,-(H)CH,,—CHN), 2.17-2.43 (10H, m, CH,-(H)CH,,—
CHN and CH;-Ar), 2.44-2.66 (1H, m, (H)CH-NTs), 2.92-3.56
(7TH, m, CH,~NTs and NTs—(H)CH-CH,-NTs), 3.58-3.80 (1H,
m, NTs—(H)CH-CH,-NTs), 4.71-4.92 (1H, m, CH-NTSs),
7.07-7.35 (6H, m, CH,C-CH), 7.59 (2H, d, J 8.1, SO,C-CH),
7.73 (2H, d, J 8.1, SO,CCH), 7.94 (2H, bd, J 7.7, SO,C-CH);
oc 21.5, 24.5, 25.8, 28.8, 30.0, 46.9, 52.1, 54.7, 55.6, 59.9, 67.9,
127.1, 127.6, 128.4, 129.5, 129.7, 129.8, 134.8, 137.2, 138.0,
143.3, 143.4, 144.0; m/z (FAB) 668 (M + Na*, 66%), 646 (M +
HY, 31), 490 (M* — Ts, 59), 334 (M* — 2Ts — H), 59), 227
(100); HRMS (M + H)*. C;;H,N;O(S; requires 646.2079.
Found 646.2062.

Synthesis of macrocycle (4aR,11aR)-5,11-bis(4-methylbenzene-
sulfonyl)dodecahydro-8-oxa-5,11-diazabenzocyclononene, 16b

Tosylamide 9 (4.0 g, 9.47 mmol) was added to a suspension of
sodium hydride (830 mg of a 60% dispersion in mineral oil,
20.83 mmol) in freshly distilled DMF (60 cm®) in an atmos-
phere of nitrogen and the mixture was heated at 140 °C. After
two hours, 13b (4.32 g, 10.41 mmol) was added portionwise
within 1 hour and the mixture was stirred at 140 °C overnight.
After cooling to room temperature, the solvent was removed
under reduced pressure and the residue triturated with a 10%
aqueous solution of hydrochloric acid (60 cm®). A white pre-
cipitate was separated by filtration, washed with water (2 X 40
cm?®) and dried in vacuo. The white solid obtained was recrystal-
lised from hot ethanol to give 16b (2.89 g, 62%) as white
crystals. mp 205-207 °C; [o]5 = —6.8 (¢ 1 in chloroform) (Found
C,57.7; H, 6.7; N, 5.6; S, 12.9. C,,H;,N,05S,-2H,0 requires C,
57.5; H, 6.6; N, 5.6; S 12.8%); Tma/cm ' 1331 (SO,), 1132 (SO,),
1115 (COC); dy 0.90-1.18 (2H, m, (H)CH.,-CH,-CHN),
1.20-1.45 2H, m, (H)CH,—CH,-CH-N), 1.50-1.64 (1H, br s,
CH,~(H)CH.—~CHN), 1.65-1.82 (1H, br s, CH,~(H)CH,~
CHN), 1.98-2.16 (1H, m, CH,~(H)CH,,—CHN), 2.42 (7H, br s,
CH,~(H)CH,—CHN and 2 x CHy-Ar), 2.88-3.41 (6H, bm),
3.60-4.03 (3H, bm), 4.78-5.02 (1H, br s, CH-NTs), 7.30 (4H, d,
J 8.1, CH,CCH), 7.82 (2H, br s, SO,CCH), 8.01 (2H, br s,
SO,CCH); 6 21.5, 24.5, 25.9, 28.8, 30.0, 46.0, 51.2, 59.8, 66.9,
75.6, 127.6, 128.4, 129.5, 137.5, 138.1, 143.2; 6o(100 MHz,
C,D,Cl,, 393K) 21.4, 25.3, 29.6, 58.4, 61.6, 75.7, 127.9, 129.5,
138.1, 143.3; m/z (FAB) 515 (M + Na*, 100%), 493 (M + H™,
48), 337 (M* — Ts, 45); HRMS (M + Na)*C,,H;,N,0,S,Na
requires 515.1650. Found 515.1639.

Synthesis of (8aR,12aR )-1,8-bis(4-methylbenzenesulfonyl)tetra-
decahydrobenzo[5][1,4]diazecine, 16¢

Tosylamide 9 (1.0 g, 2.37 mmol) was added to a suspension of
sodium hydride (230 mg of a 60% dispersion in mineral oil,
5.68 mmol) in freshly distilled DMF (10 cm®) in an atmosphere
of nitrogen and the mixture was heated at 140 °C. After one
hour, a solution of 13¢ (1.07 g, 2.60 mmol) in DMF (12 cm®)
was added dropwise and the mixture was stirred at 140 °C over-
night. After cooling to room temperature, the solvent was
removed under reduced pressure and the residue triturated with
a 10% aqueous solution of hydrochloric acid (20 cm®). A white
precipitate was separated by filtration, dried in vacuo and

Dalton Trans., 2003, 2043-2052

| 2049




purified by flash chromatography on silica gel (petroleum spirit
(bp 40-60 °C)—ethyl acetate, 2 : 1) to give 16¢ (80 mg, 7%) as a
white solid. mp 199-201 °C; ¥,,,./cm™~' 1325 (SO,), 1149 (SO,);
0x(400 MHz, C,D,Cl,, 393K) 1.20-1.27 2H, m, (H)CH,~
CH,-CHN), 144 (4H, br s, (H)CH,-CH,~CHN and
NTsCH,-CH,-CH,), 1.65-1.83 (8H, m, CH,~CH,-CH,N and
NTs-CH,-CH,—CH,), 2.44 (6H, s, CH;—Ar), 3.06-3.16 (4H, m,
NTs-CH,-CH,—CH,), 3.82 (2H, br s, CH-NTs), 7.31 (4H, d,
J 8.2, CH;C-CH), 7.90 (4H, d, J 8.2, SO,C-CH ); 6-(100 MHz,
C,D,Cl,, 393K) 17.5, 21.2, 25.8, 30.4, 44.2, 61.3, 128.2, 129.3,
138.8, 142.9; m/z (FAB) 513 (M + Na*, 100%), 491 (M + H™,
56), 335 (M* — Ts, 54); HRMS (M + H)". C,sH;sN,0,S,
requires 491.2038. Found 491.2052.

Synthesis of (4aR,11aR )-dodecahydro-5,8,11-triazoniabenzo-
cyclononene trihydrochloride, 17a-3HCI

To a mixture of 16a (4.98 g, 7.71 mmol) in dry THF (180 cm?)
at —78 °C were added liquid ammonia (150 cm®) and sodium
(3.19 g, 138.79 mmol). The deep blue mixture was stirred at
—78 °C for two hours and water was then carefully added
dropwise. The dry ice bath was removed and the flask was left
open overnight in a fume cupboard in order to let the ammonia
evaporate. Then resultant mixture was acidified with a 10%
aqueous solution of hydrochloric acid (200 c¢m?®) and the
solution concentrated under reduced pressure. The solid
obtained was washed with toluene (3 x 150 cm?®), ethyl acetate
(2 x 100 cm®) and diethyl ether (2 x 100 cm®) in an atmosphere
of nitrogen. The brown solid obtained was purified by ion
exchange chromatography on Dowex 50WX2-100 acidic
cation-exchange resin (I M hydrochloric acid was used as
eluent). The solid obtained was triturated with ethanol and the
insoluble material separated by filtration. The filtrate was
concentrated to give 17a-3HCI (1.58 g, 70%) as a light brown
powder. mp 240 °C decomp.; [a]5 = —55.6 (c 0.41 in water);
Tmadem ™' 2934 (NH,"), 1583 (NH,"); 6x(D,0) 1.35-1.87
(4H, m, CH,~CH,~CHN), 1.90-2.09 (2H, m, CH,~(H)CH,
CHN), 2.11-2.33 (2H, m, CH,~(H)CH,—CHN), 3.13-3.35
(2H, m, CH-NH), 3.35-3.84 (8H, m, CH,-N); J-(D,0)
22.9, 28.3, 41.6, 55.8, 62.8; m/z (FAB) 184 (M" — H,Cl,,
100%); HRMS (M)* — H,Cl;. CyH,,N; requires 184.1814.
Found 184.1803.

Synthesis of (4aR,11aR )-dodecahydro-8-oxa-5,11-diazonia-
benzocyclononene dihydrochloride 17b-2HCI

To a solution of 16b (4.98 g, 10.11 mmol) in dry THF (100 cm®)
at —78 °C were added liquid ammonia (150 cm®) and sodium
(2.79 g, 121.31 mmol). The deep blue mixture was stirred at
—78 °C for two hours then water was carefully added dropwise.
The dry ice bath was removed and the flask was left open
overnight in a fume cupboard in order to let the ammonia
evaporate. Then resultant mixture was acidified with a 10%
aqueous solution of hydrochloric acid (250 cm?® and the
solvents were removed under reduced pressure. The solid
obtained was washed with toluene (3 x 150 cm?®), ethyl acetate
(2 x 100 cm®) and diethyl ether (2 x 100 cm®) in an atmosphere
of nitrogen. The brown solid obtained was purified by ion
exchange chromatography on Dowex 50WX2-100 acidic
cation-exchange resin (I M hydrochloric acid was used as
eluent). The solid obtained was triturated with ethanol and the
insoluble material separated by filtration. The filtrate was
concentrated to give 17b-2HCI (2.09 g, 82%) as a light brown
powder. mp 270 °C decomp.; [0]5 = —43.8 (¢ 0.83 in water); 7.,/
cm™' 2949 (NH,"), 1610 (NH,"), 1111 (COC); 64(D,0)
1.24-1.47 (2H, m, (H)CH,~CH,~CHN), 1.54-1.97 (4H, m,
(H)CH,,~CH,-CHN and CH,~(H)CH,~CHN), 2.12-2.33
(2H, m, CH,~(H)CH,—CHN), 3.24-3.37 (2H, m, NH-CH,-
CH,-0), 3.46-3.65 (2H, m, CH,~CH,-0), 3.68-3.83 (2H, m,
CHN), 3.88-4.05 (4H, m, NH-CH,-CH,-0); d-(D,0) 23.0,
28.4, 41.1, 55.2, 62.1; m/z (FAB) 185 (M* — HCl,, 100%);
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HRMS (M)" — HCl,. C,,H,;N,O requires 185.1654. Found
185.1651.

(R,R)-1,2-Bis[ N, N'-bis(4-methylbenzenesulfonyl)-1,4,7-triaza-
1-cyclonon-1-ylmethyl]cyclohexane, 19

To a stirred suspension of compound 18 (2.00 g, 2.61 mmol)
and potassium carbonate (1.08 g, 7.82 mmol) in dry acetonitrile
(20 cm®) was added (R,R)-1,2-diaminocyclohexane (0.15 cm?,
1.3 mmol) dropwise under nitrogen. The resultant mixture was
heated at 85 °C under reflux for 3 days and the course of the
reaction was monitored by TLC (2 : 1, diethyl ether : CH,Cl,).
The inorganic salts were removed by filtration and the solvent
evaporated in vacuo to yield the crude product as an off-white
solid. The product 19 was purified by column chromatography
(2 : 1 ethyl acetate : petroleum spirits (bp 40-60 °C)) (0.15 g,
72%). mp 142-145 °C. [a]3 = +3.8 (¢ 1.0 in chloroform); ¥,/
cm™' 2929, 1673, 1597, 1446, 1325 (SO,)xns> 1152 (SO,)ns, 1088,
980, 813, 710, 689; dy 1.00-1.18 (2H, bm, (H)CH.~CH,-
CHN), 1.19-1.38 (2H, bm, (H)CH,—CH, CHN), 1.63-1.80
(2H, bm, CH,~(H)CH.~CHN), 1.85-2.00 (2H, bm, CH,-
(H)CH,,—CHN), 2.42 (12H, s, CH;-Ar), 2.45-2.60 (2H, br s,
CH,-CH,-CH-NTs), 2.90-3.03 (4H, br s, N-CH,-CH,_TsN),
3.10-3.35 (4H, br s, N-CH,~CH,-NTs), 3.38-3.62 (4H, s, TsN—
CH,-CH,-NTs), 7.30 (8H, d, J 8.3, CH;C-CH), 7.63 (8H, d,
J 8.3, SO,C-CH); d¢ 21.5, 26.1, 29.9, 52.3, 52.5, 64.4, 127.4,
129.8, 135.2, 143.4; m/z (FAB) 955 (M + H, 33%) 799 (M — Ts,
46), 518 (C,H3;N;0,S, — H, 100), 437 (C,H,;N;0,S,, 19);
HRMS (M + H)* C,HgNOgS, requires 955.3590. Found
955.3625.

Synthesis of copper(i1) complex [Cu(17b)Cl,]

The copper(i1) complex [Cu(17b)Cl,], was prepared in 42% yield
by adaptation of a reported procedure.** mp 195 °C decomp.;
Jmaxd M 265 (2600), 679 (26); ¥, /cm ™! 1084 (COC); m/z (FAB)
282 (M — Cl, 41%); HRMS C,,H,,CuN,O requires 247.0872.
Found 247.0878. Slow evaporation of an aqueous solution led
to crystals suitable for single crystal X-ray diffraction.

X-Ray crystallography

The intensity data were collected on a CAD-4 diffractometer
using Mo-Ka radiation (4 = 0.71069 A) with w26 scans for 15
and [Cu(17b)Cl,]. The unit cell parameters were determined by
least-squares refinement on diffractometer angles [159.29 <0 <
11.71°; [Cu(17b)Cl,] 8.23 < 0 < 12.78°] for 23 and 25 automatic-
ally centred reflections for 15 and [Cu(17b)Cl,] respectively.*’
All data were corrected for absorption by empirical methods
(w scan)*" and for Lorentz-polarization effects by XCAD4.*
The structures were solved by the heavy-atom method using
the programs SHELXS-97,* and DIRDIF* and refined aniso-
tropically (non-hydrogen atoms) by full-matrix least-squares on
F? using SHELXL-97.* The H-atom positions were calculated
geometrically and refined with a riding model. Data for 15 were
corrected for absorption using an isotropic non-hydrogen
model with the programme DIFABS.* In the final stage of
refinement for [Cu(17b)Cl,] data were corrected for absorption
with DIFABS.*

For 17b intensity data were collected using an Enraf-Nonius
Kappa CCD area detector on an Enraf-Nonius FR591 rotating
anode generator at 120(2) K. Graphite monochromated Mo-K,
radiation (4 = 0.71073 A) was used with ¢ and o to fill the
Ewald sphere. Data collection, cell refinement and data reduc-
tion were carried out using the DENZO* and COLLECT*
packages. Preliminary absorption correction was carried out by
multiple scans using SORTAV.*® The structure was solved by
direct methods using DIRDIF* and developed by difference
Fourier techniques with subsequent refinement on F? by full
matrix least squares using SHELXL-97.** Data were corrected
for absorption using an isotropic non-hydrogen model with the



programme XABS2.* The H atoms on the NH," moieties and
the water molecule were located in the difference map and
refined without geometric constraints. All other H atoms were
refined in their calculated geometric positions and refined using
an atom riding model. Anisotropic thermal parameters were
refined for all non-hydrogen atoms.

The programs ORTEP-3,* and PLATON®! were used for
graphical representations and WINGX>? was used to prepare
material for publication for all structures.

Crystal data for 15. C;iH,;N;0,S, M = 365.49, tetragonal,
a=11.164(2), b= 11.164(2), c = 14.910(3) A, U= 1858.3(6) A%,
T =180(2) K, space group P4,, Z=4, y(Mo-K,)=0.196 mm ™',
1553 reflections measured, 1351 unique (R, = 0.0364) which
were used in all calculations. The final wR [I>2a(1)] was 0.1382.

Crystal data for 17b-2HCI-H,0. C,,H,,C1,N,0,, M =275.21,
orthorhombic, a = 7.9736(4), b = 12.2913(6), ¢ = 14.1517(9) A,
U=1386.95(13) A3, T = 120(2) K, space group P2,2,2,, Z =4,
u(Mo-K,) = 0.459 mm™', 3042 reflections measured, 1778
unique (R;,, = 0.0877) which were used in all calculations. The
final wR [I>20(1)] was 0.0830.

Crystal data for [Cu(17b)Cl,]. C,,H;3C1,CuN,O, M = 316.70,
tetragonal, a = 26.629(4), b = 26.629(4), ¢ = 7.506(2) A, U =
5322.5(18) A%, T =293(2) K, space group /4,,§ Z =16, u(Mo-K )
=2.024 mm™', 2688 reflections measured, 2521 unique (R;, =
0.0197) which were used in all calculations. The final wR
[/>2a(1)] was 0.1524 (all data).

CCDC reference numbers 188705, 195733 and 195734.

See http://www.rsc.org/suppdata/dt/b2/b210285d/ for crystal-
lographic data in CIF or other electronic format.
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