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Abstract: A pair of chiral 2,2:6',2":
6”,2""-quaterpyridine ligands 1 and 2
have been prepared and shown to dia-
stereoselectively assemble double-heli-
cal coordination compounds. The com-
plexation of 1 or 2 with copper(l) or
silver(i) leads to dinuclear double heli-
cates [M,(L),]** with high diastereose-
lectivity [diastereomeric excess (d.e.) >
96%] for the formation of P or M
helicates. Circular dichroism (CD) stud-
ies of the helicates in solution reveal

320-328 nm that is diagnostic of P or
M helical chirality. On the basis of the
CD spectra it is proposed that the
dominant diastereomers with 1 possess
P helicity, whilst those with 2 possess M
helical chirality. These proposals have
been confirmed by solid-state struc-
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tural determinations of the dominant
diastereomers  of  [Cu,(1),][PF),-
2MeCN, [Cu,(2),][PF¢),-2MeCN and
[Ag,(1),][PF¢],-0.33H,0.  Redistribu-
tion reactions of dicopper(l) and disil-
ver(l) helicates lead to the stereoselec-
tive assembly of heterodinuclear heli-
cates, whereas the reaction of [Cu,(1),]**
with [Cu,(2),]** leads to the formation of
the heterochiral, heterostranded species
[Cu (D@

intense activity in the region of

Introduction

Helical coordination compounds are often prepared by self-
assembly methods in which appropriate ligands react with
suitable metal ions.'*! Helices are inherently chiral and
possess a plus (P) or minus (M) handedness. Metal-directed
assembly of achiral ligands to form helicates must give a
racemic mixture of enantiomeric P and M helices if parity is
conserved. In exceptional cases, complete or partial sponta-
neous resolution occurs upon crystallization of such race-
mates,> ¢ but the total amounts of P and M helicates within
the system remain constant. In order to obtain excesses of the
P or M helicates, it is necessary to have an additional source of
chirality in the system, such that the two are related as
diastereomers rather than enantiomers. This is most readily
achieved through the use of chiral ligands, and a number of
examples of self-assembly processes involving such ligands
have been reported.™ 8! Our initial studies with chiral
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2,2":6',2"-terpyridine ligands demonstrated the formation of
P or M helicates in reasonable diastereomeric excess when
chiral substituents were incorporated in the 6- but not the 4'-
position.['®-2l Double helicates formed from two tetrahedral
metal centres and two 22":6'2"-terpyridine ligands are
inherently unstable as a result of the incommensurate
matching of donor (six nitrogen donors) and acceptor (eight
coordination sites) properties. In this paper we describe an
extension of these studies to the diastereoselective formation
of P or M helicates from chiral 2,2":6',2":6",2""-quaterpyri-
dines.?+ 231

Results and Discussion

2,2:6',2":6”,2""-Quaterpyridine helicates and ligand design:
The ligand 2,2:6'2":6"2""-quaterpyridine (qtpy) may be
partitioned into two didentate 2,2'-bipyridine metal-binding
domains and has been shown to form dinuclear double
helicates with metal ions that favour a tetrahedral coordina-
tion geometry, such as copper(i) or silver(r).?*?! It has also
been shown that the introduction of substituents into the 6
position of 2,2"-bipyridine metal-binding domains results in
the stabilization of tetrahedral over octahedral coordination
geometries.’-331

Von Zelewsky and co-workers have shown that pinene-
based chirality can be easily combined with 2,2'-bipyridine

0947-6539/99/0506-1862 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 6



1862-1873

atpy

metal-binding domains, and that such ligands undergo stereo-
selective complexation reactions with transition metal
ionsP* 3% and may be used as enantioselective building blocks
in metallosupramolecular chemistry.l'’3¢371 More recently,
copper (1) complexes with pinene-functionalized 1,10-phenan-
throline complexes have also been shown to be formed
stereoselectively.’8 The great advantage of the pinene-based
systems is the stability of the chiral auxiliary—it is extremely
unlikely that subsequent manipulation of the system will
result in racemization of the auxiliary. In order to maximize
chiral induction and to eliminate additional complexity from
the formation of head-to-head (HH) or head-to-tail (HT)
isomers,*l we decided to prepare the bifunctionalized C,
symmetrical chiral ligands 1 and 2.

A double helix possesses an inherent clockwise or anti-
clockwise helicity. The chirality is determined from the view
along the principal helical axis: a clockwise motion corre-
sponds to a P and an anticlockwise motion to an M helix.
Achiral ligands yield a racemic mixture of P and M helicates,
and separation by chromatographic methods with chiral
supports or mobile phases is not viable when labile metal
centres are involved. In order to selectively form P or M
helicates it is necessary to include additional stereochemical
information in the system. With chiral ligands, the P and M
helicates are related as diastereomers. In contrast to enan-
tiomers, diastereomers have different chemical and physical
properties and will not necessarily be formed in equal
amounts. A homochiral ligand containing two chiral auxil-
iaries can exist as a pair of S,§ or R,R enantiomers; if the
functionality is symmetrically disposed, no HH or HT isomers
are formed, and a total of four homoleptic double helicates
(Figure 1) are possible. Of these, the (P)-(R,R;R,R) and (M)-
(R,R;R,R) helicates are diastereomers, as are the (P)-(S,S;S,S)
and (M)-(S,S;S,S) pair. In contrast, the (P)-(R,R;R,R) and
(M)-(S,S;S,S) helicates are related as enantiomers, as are the
(P)-(S,S;S,S) and (M)-(R,R;R,R) pair. Thus, if an enantio-
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M-(R,R;R,R)

Q o

M-(S,S;S,5) P-(S,S;S,S)

diastereomers

 ——

O= (S)-chirality

@®= (R)-chirality <=—>  enantiomers

Figure 1. The introduction of chiral substituents into a helicand results in
the formation of diastereomeric double helicates. Inversion of all chirality
(M — P, R < S) gives the enantiomeric pairs of compounds {(P)-(R,R;R,R)
and (M)-(S,S;S,S)} and {(P)-(S.S;S,S) and (M)-(R,R;R,R)}. All other
combinations of compounds are related as diastereomers.

merically pure ligand is taken, a pair of diastereomeric (P)-
(5%*,85%;,5*,8%) and (M)-(S*,5*;5*,5%) helicates will be formed.
Any chiral induction will be expressed as an excess of the P or
M helicate. With labile metal centres, the system is expected
to reach thermodynamic equilibrium between the P or M
helicates and, assuming that no interconversion of ligand
chirality occurs, the measured diastereomeric excess (d.e.)
depends only on the free-energy difference between the two
helicates.

The use of a racemic mixture of ligands containing both the
S,S and R,R enantiomers would lead to additional isomeric
possibilities. In addition to the homoleptic helicates discussed
above, the heteroleptic pair of helicates (P)-(S,S;R,R) and
(M)-(R,R;S,S) could be produced. These are related as a pair
of enantiomers, although the S,§ and R,R ligands are chemi-
cally (and magnetically) different in each case. With the
specific system chosen, in which each ligand possesses two
centres of chirality, there is also the possibility of a third,
achiral, meso isomer of the ligand, in which each ligand bears
one R and one S chiral centre. This R,S ligand will not be
discussed further, but we note that in this case, the P and M
helicates are now related as enantiomers, and that HH and
HT isomers are also possible.

Preparation of the chiral 2,2":6',2":6”,2""-quaterpyridines 1
and 2: The synthetic approach adopted is presented in
Scheme 1 and is based upon the Krohnke pyridine syn-
thesis.[*l The activated 6,6'-diacetyl-2,2’-bipyridine derivative
3 is the key intermediate for the chiral quaterpyridines 1 and
2, and is obtained directly from the reaction of 6,6'-diacetyl-
2,2-bipyridine with iodine and pyridine.[*!! The enone chosen
for reaction with 3 determines the chirality and substitution
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(1R,5R)-(+)-pinocarvone NH4OAc,

Scheme 1. Preparation of chiral quaterpyridines.

pattern in the final oligopyridine, and the use of (+)- or (—)-
pinocarvones produces the desired 5,6;56"'-disubstituted
ligands.

The reaction of freshly prepared 3 with (1R,5R)-(+)-
pinocarvone under an inert atmosphere in the presence of
an excess of [NH4][OAc] proceeded smoothly in boiling
glacial acetic acid containing 10% acetic anhydride to give
compound 2. The enantiomer (all-S)-1 was prepared in a
similar manner from (15,55)-(—)-pinocarvone. Other solvents
were found to be less effective and it appears to be crucial that
freshly prepared 3 is used. The new ligands (all-S)-1 and (all-
R)-2 were obtained as microanalytically pure, white solids in
over 80 % yield after recrystallization from ethanol.

The time-of-flight (TOF) mass spectra of 1 and 2 showed
molecular-ion peaks at m/z =499 together with peaks as-
signed to sodium and potassium adducts. The 'H NMR
spectra (Tables 1, 2) were well-resolved and fully assigned by
chemical shift comparison and NOE-difference spectroscopy.
Further discussion of the spectra is reserved until later.

Table 1. '"H NMR spectroscopic data (250 MHz) for the aromatic reso-
nances of CDClI; solutions of the ligand 1 and CD;CN solutions of the
complexes [Ag,(1),][PFg], and [Cu,(1),][PF],. Data are only given for the
major diastereomer of each complex. The spectra of 2 and the complexes
[Ag,(2),][PFq], and [Cu,(2),][PF], are identical to those of their enan-
tiomers within experimental error.

3A/6 4A/6 3B/6 4B/6 5B/6
1 831d  738d  842dd 794t  862dd
[Ag,(1)][PF],  766d  747d  806d 796t  774d
[Cu,(1),][PFsl, 787d  756d  789dd 767t  7.46dd

The chiral ligands were also studied by polarimetry and CD
spectroscopy. The optical rotations (Na-D line) were of the
same magnitude but opposite in sign (Table 3). The recrystal-
lized ligands possess an enantiomeric purity similar to, or
better than, that of the starting pinacarvones and the CD

Table 3. Compilation of the free ligand and complex rotational values and
CD signal intensities. The [a]p and [M], values come from polarimetric
measurements and the Ae values from CD spectroscopy. All data for the
free ligands 1 and 2 are for CHCI, solutions, whilst those for the complexes
refer to CH;CN solutions.

[a]D [M]D Agmax
[Pglem?’dm!]  [emPdm 'mol-!]  [mol'lem™!]

1 +66.80 +3330) Aty +4.60
2 — 67.00] — 3340 Aty — 440
P[Ag(1),P"  +11289 +1695014 Aty +2730
MAgQ),P*  —1132d — 17012 Acgpy — 2761
P[Cu(1),*  +2126 +300680 Aty +3410
M-Cu,(2),7*  —2138 — 302371 Aty — 34661

[a] [M]p = [a]p x MW/100. [b] ¢=0.63 g cm—. [c] Concentrations of 1 and
2, 3.81 x 10~ and 4.71 x 10~* moll~!, respectively. [d] Concentrations of
[Ag(D)]", [Agy(2)o]", [Cuy(D)]*" and [Cuy(2),]** were 0.166, 0.128,
0.0285 and 0.0282 gem 3, respectively. [e] Concentrations of [Ag,(1),]**,
[Ag:(2),]*, [Cu,(1),]* and [Cuy(2),]*+ were 3.22 x 1074, 3.03 x 1074, 2.01 x
10~* and 1.63 x 10~* moll~!, respectively.

responses are, within experimental error, equal and opposite
for 1 and 2; signal intensities were lower than Ae+
S5mol'Lem™! with a maximum absorption difference at
269nm and weaker signals at 301 nm with Ae+
1.4 mol'Lcm~". These correspond to maxima at 265 and
300 nm, assigned to n-m* or m-m* transitions in the
electronic absorption spectrum.

Synthesis of metal complexes: The complexes [Ag,(L),][PF¢],
(L =1 or 2) were prepared by ultrasonication of an equimolar
mixture of silver() acetate and the appropriate ligand in
MeOH followed by precipitation of the [PF4]~ salts. Deep red
solutions of the copper(l) complexes were obtained from the

Table 2. 'H NMR spectroscopic data (250 MHz) for the aliphatic resonances of CDCl; solutions of the ligand 1 and CD;CN solutions of the complexes
[Ag,(1),][PF¢], and [Cu,(1),][PF],. Data are only given for the major diastereomer of each complex. The spectra of 2 and the complexes [Ag,(2),][PF¢], and
[Cu,(2),][PFg], are identical to those of their enantiomers within experimental error.

H1/6 H4A/S H4B/6 H5/6 H7/6 HS/6 HIA/6 HIB/6
1 2.83t 321d 321d 241 m 0.69 s 143 s 133d 272 m
[Ag,(1),][PF4), 285t 2.63 dd 1.65 dd 1.94 m 0.36 s 130s 0.98d 2.66 m
[Cuy(1),][PF,], 2.90 t 2.35 dd 223 dd 2.00 m 037 s 130s 124d 2.69 m
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Figure 2. 'H NMR spectrum (250 MHz, CD;CN) of the diastereomerically pure complex [Cu,(1),][PF4], as obtained after a single recrystallization. The
peaks marked with an asterisk arise from residual NMR solvent or the diethyl ether used in the recrystallization. The inset displays a part of the spectrum of
the crude complex with the integral values showing the 2:155 ratio of diastereomeric complexes obtained initially.

reaction of [Cu(MeCN),][PF,] and 1 or 2 by ultrasonication of
deaereated MeCN solutions. In all cases, the crude products
consisted of a mixture of major and minor diastereomers, but
slow diffusion of diethyl ether into the MeCN solutions
gave microanalytically pure, single diastereomers of
[M,(L),][PF¢],. The presence of the substituents in the
6-position results in high oxygen stability for the copper()
complexes; solutions of [Cuy(L),]** in MeCN (10*M) are
unchanged after exposure to air for one year.

Yields of the crude complexes were in excess of 95% and
no polymeric or other side-products were observed by tlc
analysis of the reaction mixtures. The chiral auxiliary confers
high solubilities on the complexes in halogenated solvents and
typically 15 mg of complex may be dissolved in 0.5 mL of
CH,Cl,. The TOF mass spectra of the complexes support the

dinuclear formulation and exhibit [M — PF¢|" peaks at m/z =
1269 and 1358 for [Cu,(L),][PFs], and [Agy(L),][PF¢.,
respectively.

IH NMR spectroscopic studies: The metal complexes are
diamagnetic and their 'H NMR spectra are well-resolved and
so provide a convenient method of assessing the diastereose-
lectivity of helicate formation. The 'H NMR spectra of
CD;CN solutions of the crude precipitates consisted of a
major (>97.5% ) and a minor set of resonances, (Figures 2, 3).
The spectra of the complexes obtained with 1 and 2 were
identical. The ratio of diastereomers is best seen by consid-
ering the singlet assigned to H* (inset, Figure 2). The two
species in solution are the diastereomeric P and M helicates. If
the major resonances correspond to the P helicate with 1, then
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Figure 3. '"H NMR spectrum (250 MHz, CD;CN) of the diastereomerically pure complex [Ag,(2),][PF4], as obtained from a single recrystallization. The
peaks marked with an asterisk arise from residual NMR solvent or the diethyl ether used in the recrystallization.
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they correspond to the enantiomeric M helicate with 2 and
vice versa. The 'H NMR spectra of the recrystallized materials
showed only the resonances of the major diastereomer and
confirmed the expected D, helicate symmetry (Tables 1, 2).
The 'H NMR results suggest that a high degree of stereo-
selectivity has been attained. However, a level of caution is
necessary before this conclusion can be reached.

Whilst there is no doubt that the major and minor signals
correspond to the P and M helicates, the phenomenon has two
possible origins. The first is that chiral induction is high and a
given ligand produces an excess of the P or M diastereomers.
The second is that the starting ligands were not enantiomeri-
cally pure, and as 1 and 2 are enantiomers NMR spectroscopy
will not reveal the presence of the opposite enantiomer. The
starting pinacarvones are more than 99 % enantiomerically
pure, but always contain some of the opposite enantiomer.
The result is that, for example, in the preparation of 1, the
majority of the ligand will possess S,S chirality, but some meso
R,S compound and a very small amount of 2 will also have
been formed. Unless these chiral impurities have been
eliminated during work-up, they will be present in the ligand
used for complexation and will be expressed in the various
diastereomeric helicates.

We have now unambiguously established that the first
explanation is correct. Both dicopper(i) and disilver() double
helicates are labile and ligand redistribution reactions occur
over a period of hours to days. As noted earlier, recrystalliza-
tion of the mixture of diastereomers gave only the major
species. Solutions of the recrystallized single diastereomers
slowly regenerate the minor subspectrum. Re-equilibration
takes around 2 days at ambient temperature and restores the
original signal intensities observed in the crude, nonrecrystal-
lized products. As the ligand chirality is frozen, the formation
of the mixture of diastereomers establishes that an equili-
brium between the P and M species does exist, and that the
ratios originally observed reflect the relative stabilty of the
two species and that the complexation methodology leads to
thermodynamic equilibrium. Accordingly, it is meaningful to
discuss the ratios of the major and minor species in detail.

After re-equilibration the major and minor species in
solutions of [Cu,(L),][PF¢], were present in ratios of 155:2,
which corresponds to a d.e. of 98.7%, InK=4.35 and AG
(298 K) = —10.8 kJmol~L. The diastereoselectivity is less for
the silver complexes [Ag,(L),][PF4], and the two components
are present in re-equilibrated solutions in a ratio of 42:1
(d.e.=963%, InK=3.73 and AG (298 K) =—9.3 kJmol!).
A number of resonances undergo significant changes upon
coordination and give important information regarding intra-
molecular interactions. In general, the resonances of the
aromatic protons are shifted upfield, of which H3® is close to
the interannular C—C bond between the two bpy domains of a
given ligand and is expected to be especially sensitive to
conformational change. The largest coordination shifts ob-
served are the upfield shifts of H® by Ad =0.88 in the silver
complexes and by Ad =1.16 in the copper complexes. In the
aliphatic region, H** and H*® are diastereotopic, but are
isochronous in the free ligand even though the protons are in
remarkably different environments, as has previously been
noted in related pinene-substituted pyridines.?* This degen-

1866
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eracy is removed in the helicates and the protons are
separated by 6 =0.2-1.0; inter alia, this reveals the 2/ geminal
coupling constants of 18—21 Hz. Such an increase in magnetic
degeneracy upon coordination does not appear to be have
observed previously. The silver complexes generally show a
more pronounced shift difference between H** and H*8 than
the copper helicates. Unambiguous assignment of H** and
H*® was possible through a weak NOE contact between H’
and H*. The NOE experiments also disclosed that H**
exhibits a partially resolved, long-distance coupling that
results in a broadening of the doublet, an effect not observed
with H*E. The pinene H” and H? protons are sensitive to P or
M helical chirality; the major component of [Cu,(L),][PF¢],
exhibits singlets at 0 =0.37 (H’) and 1.30 (H?®), whilst the
corresponding resonances of the minor diastereomer are at
0=0.75 (H’) and 1.42 (H®). This indicates that the ligands in
the two diastereomers are in distinctly different environments.
On the basis of the 'H NMR spectroscopic data alone we are
unable to say whether the major diastereomers possess P or M
helical chirality.

Re-equilibration experiments: Before addressing the question
of the conformation of the major and minor diastereomers,
some other aspects of the dynamic behaviour of these systems
will be discussed. The lability of the helicates has been
established above and allows some interesting exchange
experiments to be carried out. In a first experiment, equi-
molar amounts of [Cu,(1),]** and [Cu,(2),]** salts were mixed
and allowed to equilibrate in solution in MeCN. This experi-
ment was expected to give rise to three NMR observable
species; the major and minor diastereomers of the homoleptic
helicates and also a new heteroleptic [Cu,(1)(2) ]** compound.
The homoleptic species would only give rise to two subspec-
tra, because (P)-[Cu,(1),]*" and (M)-[Cu,(2),]*" are enan-
tiomers, as are (P)-[Cuy(2),]** and (M)-[Cuy(1),]**. The
'H NMR spectrum of the mixture shows, after equilibration,
a 155:20:2 mixture of compounds (Scheme 2). The new
component is the C,-symmetrical, heterostranded, heterochi-
ral [Cu,(1)(2)]** helicate and the ratio of 155:20 corresponds
to InK=2.05, AG (298 K)=—5.07 kJmol~!. This hetero-
stranded compound is remarkable in that each ligand is
homochiral, but that the two ligands in the complex are
enantiomers. Thus, their net chirality cancels and the only net
chirality arises from the P or M helicity. The (P)- or (M)-
[Cu,(1)(2)]** helicates are enantiomers and are formed in
equal amounts, but give rise to two sets of NMR signals
because the two ligands are chemically and magnetically
independent. No separation has been attempted because of
the low amounts formed and the kinetic lability of
[Cu,(1)(2)]**. A related experiment has been independently
reported by Stack.[

In a second experiment, we considered the formation of
heterometallic helicates, which we have previously described
in the 2,2:6,2":6",2":6" 2" -quinquepyridine series.[***]
Equimolar amounts of [Cu,(1),]** and [Ag,(1),]** salts were
mixed and equilibrated in MeCN solution. This is expected to
form a reaction mixture of the major and minor diastereomers
of the starting complexes together with a pair of diastereo-
mers corresponding to (P)- and (M)-[CuAg(1),]** heteronu-
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M-(RR:R,R) P-(RR:R,R)

N o
M-(R,R;S,S)
o

M-(S,S;S,S) P-(S$,5;S,5)

Q = (S)-chirality
@® = (R)-chirality
O =cu(l)

Scheme 2. Stereochemical outcome of re-equilibration experiments with [Cu,(1),]>* and [Cu,(2),]**.

clear species (Scheme 3). To simplify the discussion only the
major solution species will be considered—that is to say the
major diastereomers of each complex. Assuming that the two
starting complexes possess the same helicity (vide infra),
a heterometallic, homostranded, homochiral [AgCu(1),]**
helicate of the same helicity as the starting complexes
is expected after equilibration. Equilibration is relatively
fast and 80% complete after 90 min. After 2 days the ratio
of the major component subspectra was 7:2:7 for the
[Cu,(1),)*:[AgCu(1),]**:[Ag,(1),]** components (Figure 4,
p- 1868). The heterodinuclear [AgCu(1),]** helicate has a
lower symmetry than its homometallic congeners, and in the
'H NMR spectrum a C, rather than a D, symmetrical species
is observed. It is interesting to note that a statistical 1:2:1
mixture is not formed, although, according to Le Chatelier’s
principle, addition of [Ag,(1),]** shifts the equilibrium
towards [AgCu(1),]>* at the expense of the [Cuy(1),]**
complex.

X-Ray structure determinations: The identity of the helical
chirality of the major and minor diastereomers was estab-

o
M-(S,S;S,S) P-(S,S;S,S)

M-(S,S;S,S) P-(S,5;5,5)

O = (S)-chirality
@ = Ag())
O =cu()

Scheme 3. Stereochemical outcome of re-equilibration experiments with [Cu,(1),]*" and [Ag,(1),]**
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lished by a combination of sol-

id-state structural determina-

tion and solution-phase circular
O\ ® dichroism (CD) spectroscopy.

The crystal and molecular
structures of the major dia-
stereomers of [Cu,(1),][PF],-
2MeCN, [Cuy(2),][PFel, -
2MeCN and [Ag,(1),][PFq),-
0.33H,0 were solved; crystals
were obtained in each case by
the slow diffusion of diethyl
ether vapour into MeCN solu-
tions and were shown by
'H NMR spectroscopy to con-
sist of the pure major diaster-
eomer. Crystal data for the
three determinations are pre-
sented in Table 4.

P-(S,S;R,R)

Solid-state ~ structures of [Cuy(1),][PFs];-2MeCN and
[Cuy(2),][PF4],-2 MeCN: Both structures were solved in the
noncentrosymmetric orthorhombic space group P2,2,2, and
are identical within experimental error. The solid-state
structures of the [Cu,(1),]>* cation are presented in Figure 5
(p- 1869) and confirm the double-helical geometry and that
the major diastereomer of [Cu,(1),]** exhibits P helical
chirality. The [Cu,(2),]*" cation exhibted M chirality. The
Flack parametersl*! are close to zero in each case, establishing
the absolute structures. The double-helical nature of the
complexes is clearly seen in the space-filling representation of
the [Cu,(1),]** cation in Figure 5b. The bond angles and
distances are within the typical range of similar [Cu,(qtpy),]**
cations.?31 The Cu—N distances (2.018(3)-2.102(4) A) are
unremarkable, although the Cu---Cu distances within the
individual cations of 3.414 and 3.419 A are slightly longer than
observed in some other dicopper(l) qtpy complexes (3.17,
3.32 A)231l_an observation attributed to the larger steric
demands of the 5,6-substituted ligands. The helication is
achieved by a twist between the central rings of each ligand
(39.9-43.3°), although smaller
twists are also observed at the
outer rings (15.9-20.5°). Intra-
strand m-stacking between ter-
minal and central pyridine rings
N (3.8-39A) is also observed
and might stabilize further the
helical architecture.
P-(S,S;S,S) Solid-state structure of
[Ag,(1),][PFg],-0.33 H,O: This
structure was solved in the non-
centrosymmetric cubic space
group F432. The solid-state
structure confirmed the dou-
ble-helical structure (Figure 6a,
p- 1870) and a helical P confor-
mation (best seen in the space-
filling representation in Fig-
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@ [Cuy(1)**

O [Ag(1)I*

A comparison of the com-
plexes shows that the different
intermetallic (Cu---Cu, 3.414,
3419 A; Ag---Ag, 3230A)
and metal —nitrogen distances
(Cu—N, 2.018-2.102 A; Ag—N,
2.245-2343 A) combine to
change the pitch of the helix.
The Ag--- Ag distance is short-
er than the Cu---Cu distance,
even though the silver cation
(r=114A) is considerably
larger than the copper cation
(r=0.74 A). Each metal is in a
distorted tetrahedral arrange-
ment and the metal—ligand in-
teractions are expressed in bite
angles of 81.3-82.0° in the
dicopper() and 73.0° in the
disilver(l) complexes. The de-

pm 8.1

@ [Cu(1),7

O [Ag)F*

O [CuAg(1),**
®

oo

w

creased angles in the latter
complex reflect the longer
Ag—N distances.

Origins of diastereoselectivity:
The solid-state structural deter-
minations allow a detailed anal-
ysis of the origin of the diaster-
eoselectivity. We had expected
the diastereoselectivity to arise
from interactions between
pineno substituents of the two
ligand strands. In the structures
of (P)-[Cu(1),]* and (M)-
[Cu,(2),]** the closest contacts
across the helicate between ad-
jacent pinene methyl groups
are 5.0 A (shortest H---H) and
6.3 A (shortest C---C). Al-

though the chiral centres are
in closer proximity than in com-
plexes we have prepared pre-

T T T

T T T
ppm 8.1 8.0 7.9 7.8 7.7 7.6

Figure 4. Comparison of the aromatic regions of the 'H NMR spectra (600 MHz, CD;CN) of a 1:1 mixture of
[Cu,(1),][PF¢], and [Ag,(1),][PF],: a) after 6 min, predominantly the homometallic copper(1) and silver() com-
plexes, and b) after 18 h when equilibrium has been reached. The additional signals correspond to the newly formed
heterometallic complex of the major diastereomer, which possesses the same P helicity as the starting materials.

ure 6b). The Flack parameters confirmed the absolute struc-
tural assignment. The Ag—N distances (2.245(6), 2.343(6) A)
closely resemble those in the parent [Ag,(qtpy),]** complex
(2.223-2.409 A).?%-31 The Ag--- Ag distance of 3.230(2) A is
longer than observed in [Ag,(qtpy),]** (3.107(2) A)2%31 as a
result of pinene-ligand repulsion. As with the copper com-
plexes, the principal twisting occurs between the two central
rings (41.4°) although a significant twist of 17.4° occurs
at the outer rings. Once again, intrastrand m-stacking be-
tween terminal and central pyridine rings (3.7-3.9 A) is
observed.

1868

7.5
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T T 1

T T viously,'” 2 the high level of

diastereoselectivity cannot be
accounted for by these long-
range contacts. The bridging
methylene group of the four-
membered pinene ring is, how-
ever, very close to a central pyridine ring of the other qtpy
helicand and the shortest contacts are 2.65 A (shortest
H---H) and 4.3 A (shortest C--C; see Figure 7a, p. 1870).
This short distance explains why the pitch is elongated
compared with previously published structures.?=! If the
helical pitch were decreased, then the pinene methylene group
would experience severe steric interactions with pyridine
rings of the other ligand. '"H NMR spectroscopic studies in
solution support this explanation and H?A is shifted upfield in
the complexes compared with the free ligand. In the helicate,
H4 lies above a pyridine ring of the other ligand and is in the
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Table 4. Crystal data, data collection, and refinement parameters.?l

[Cu,(1),][PF],-2MeCN

[Cu,(2),][PFe),- 2MeCN [Ag(1),][PFg], - 0.33H,0

formula CH7,Cu,FioN, Py C7,H74Cu,FioNy Py CesHes 66A8:F1:NsOo.33P,
M, 1496.43 1496.43 1502.27
colour, habit red-brown needles red-brown needles pale yellow icosahedra
lattice type orthorhombic orthorhombic cubic

space group P2, 2,2 P2,2,2 F432

aA] 14.881(2) 14.902(4) 36.654(4)

b [A] 20.572(2) 20.494(3) 36.654(4)
c[A] 22.435(3) 22.391(3) 36.654(4))

v [A] 6868.1(15) 6838.2(23) 49 245 (93)
Z 4 4 24

Peatea [gem 3] 1.447 1.454 1.216

F (000) 3088 3088 18256
radiation used Mo, Mok, Mo,

u [mm™1] 0.749 0.753 0.582

0 range [°] 2.27-26.05 2.41-25.59 1.84-25.10
unique reflections measured 13160 12075 3672

unique reflections observed, 1> 20[I] 10081 9487 2577
parameters 855 855 225

restraints 0 0 13

R 0.0492 0.0592 0.0743

wR2 0.1126 0.1517 0.2169

R (all data) 0.0712 0.0772 0.0956

wR2 (all data) 0.1234 0.1646 0.2403
Weighting factors, a,b"! 0.0599, 2.0811 0.0999, 3.2614 0.1724, 0.00
Absolute structure parameter 0.005(12) —0.02(2) 0.01(9)
largest difference peak, hole [e A~3] 0.389, —0.310 0.788, —0.511 2.619, —0.481

a] Details in common: graphite monochromated radiation, Stoe IPDS diffractometer, 200 K, refinement based on F2. [b] w!=[0%(F2)+ (aP)*+ bP
grap

where P =(F2+2F2)/3

c62

c20

Ces

29

b)

Figure 5. Crystal and molecular structure of a) the double-helical cation in the lattice of (P)-[Cu,(1),][PF4],-2MeCN showing the numbering scheme; H
atoms have been omitted for clarity, and b) a space-filling representation with the ligands shaded to emphasize the double-helical nature.

shielding region generated by the magnetic anisotropy of the
aromatic ring. The upfield shift for H°* depends on the pitch
and differs in the copper (Ad=0.09) and silver (Ad=0.40)
complexes. More interestingly, the methyl protons H” and H?,
which show no significant intrahelical interactions, are

Chem. Eur. J. 1999, 5, No. 6
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found at virtually identical shifts in the silver and copper
complexes.

Exchange of the CH, and C(CH,), groups in the complexes
inverts the ligand chirality but maintains the helical chirality.
The energetically disfavoured (P)-[Cu,(2),]** helicate may be
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c8
ce
c7 c? Cll
€9

ciy

ciy

a) b)

Figure 6. Crystal and molecular structure of a) the double-helical cation in the lattice of (P)-[Ag,(1),][PFs],-2MeCN showing the numbering scheme; H
atoms have been omitted for clarity, and b) a space-filling representation with the ligands shaded to emphasize the double-helical nature.

modelled on the solid-state (P)-
[Cu,(1),]** cation with no other
changes made to the struc-
ture.*’”! In this structure, the
closest distance between adja-
cent pinene groups is increased
to 6.7 A (shortest H---H) and
8.3 A (shortest C--- C). Howev-
er, the pinene C(CH,), groups
would approach the central
pyridine rings of the other he-
licand to give contacts of 1.65 A
(shortest H---H) and 2.4 A
(shortest C---C). The increase
in pitch necessary to alleviate
these interactions results in a
weakening of the M—N interac-
tions and an overall destabiliza-
tion. Identical arguments apply
to the silver complexes.

It is now apparent that the
diastereoselectivity arises from
interligand pinene — pyridine in-
teractions and not from the
initially anticipated interactions
between two pinene substitu-
ents. This also explains why
only a 155:20:2 ratio of com-
———  increased interactions pounds has been obtained upon

shortest C...C contacts (A) . decreased interactions

shortest H...H contacts (A)

Figure 7. a) The double-helical cation in the lattice of (P)-[Cu,(1),][PF4],-2MeCN showing close contacts, and equilibration of [Cu,(1),]** and
b) the modelled structure of a (P)-[Cu,(2),]>" cation showing the increased steric interactions between the ligands. ~ [Cu,(2),]**. The formation of
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the heterostranded, heterochiral [Cu,(1)(2)]** helicate is
disfavoured because one ligand, regardless of the overall P
or M helicity, will have lower steric interactions (correspond-
ing to the energetically favoured isomer, Figure 7a), whereas
the other ligand must have the increased interactions of the
energetically disfavoured isomer (Figure 7b).

Chirooptical properties: Finally, we can consider the chiroop-
tical properties of these complexes and correlate these with
the ligand and helical chirality. For consistency, equilibrated
solutions of the complexes, containing the equilibrium
distribution of P and M helicates, were studied. In each case,
the CD spectra of the complexes for a given metal were equal
and opposite (Figure 8), providing direct experimental evi-
dence for the formation of enantiomeric (P)-[M,{(S)-L},] and
(M)-IML{(R)-L};] or (M)-[My{(S)-L},] and (P)-[My{(R)-L};]
helicates. All complexes show strong activity at 320-328 nm
as well as weaker signals towards shorter wavelengths
(Table 3). The copper(l) complexes display additional weak
bands at 457 nm with the same sign as the signal at 320-
328nm and approximately coincident with an MLCT
band. The 320-328 nm CD responses are considerably
more intense than for the free ligand. Combining the

350

175

Accordingly, the solution CD spectra indicate the formation
of (P)-[Ag,(1).)", (M)-[Agy(2).)", (P)-[Cuy(1),]*" and (M)-
[Cu,(2),]?, fully in accord with the solid-state studies. We
concur completely with the proposals regarding the assign-
ment of absolute configuration of helicates from CD spectra
and are confident that for oligopyridine-based helicates
the method may be used when solid-state data are not
available.

The optical rotations of the various compounds have also
been determined by polarimetry. The complexes possess the
same absolute sense of rotation as the free ligands, but have
significantly larger values (Table 3). The use of the molar
rotations leads us to make an interesting aside. According to
the van’t Hoff additivity principle the molar rotation can be
divided into two components, one from the ligand and one
from the double helix, as there are no significant absorptions
at 589 nm. Thus, subtraction of twice the ligand molar
rotational values from the values for the complexes will
approximate to the residual rotations from the double helix.
In the case of the copper complex, the double helix contrib-
utes +31200°cm?®dm ' mol~!, whereas in the case of the silver
complex a helical molar rotation of — 16300° cm®dm—'mol ' is
calculated. In other words, 96-98% of the entire optical

rotation can be attributed to
the helix. The differences be-
tween the silver and copper
complexes parallel those ob-
served in related knotted sys-
tems, in which the molar value
for the copper complex is
roughly double that of the sil-
ver.[*

Ae/mol " fem™

-175

Conclusions

The stereoselective self-assem-
bly of double helicates in high
diastereomeric excess from chi-

-350
200 300 400

wavelength/nm

Figure 8. Circular dichroism spectra of equilibrated MeCN solutions of the complexes containing as the major
diastercomer (P)-[Cuy(1),][PFgl,, (M)-[Cuy(2),][PFgl,, (P)-[Agy(1),][PF¢], and (M)-[Agy(2),][PFy],. In each case,

the P diastereomer shows positive values of Ae.

observations from CD and 'H NMR spectroscopy, we can
state that the helicates maintain their structural integrity in
solution.

As with the free ligands, the signals at 320-328 nm
correspond primarily to ligand-centred m—m* transitions.
The enhancement of these CD responses arises from exciton
coupling,*! and it has been suggested that the sign may be
used to determine the absolute configuration at the metal
centres and hence to assign overall P or M helicity. On the
basis of theoretical models and model compounds it is
proposed that a positive absorption is characteristic of a P
helicate and a negative absorption of a M helicate.[*!

Chem. Eur. J. 1999, 5, No. 6
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ral oligopyridines has been
demonstrated. Redistribution
reactions of dicopper(1) and di-
silver(l) helicates lead to the
stereoselective assembly of het-
erodinuclear helicates. The ster-
eoselectivity arises from inter-
actions between the chiral auxiliaries and the oligopyridine
strands. Chirooptical studies suggest that the helix, and
not the ligand chirality, is the major contributor to the
molar ellipticity, and also that the CD responses and
optical rotations are sensitive to changes in helical pitch.
The high molar rotations and molar absorption coeffi-
cient differences are expected to increase further in
longer helicates and in systems in which topological
contributions are added to the Euclidean chirality of the
double helix. We are currently incorporating such helical
chirality as a structural component in novel supramolecular
assemblies.

500 600
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Experimental Section

General methods: IR spectra were recorded on a Mattson Genesis FT
spectrophotometer with samples in pressed KBr discs. 'H NMR spectra
were recorded on a Bruker AM 250 or Avance 600 spectrometer. UV/Vis
measurements were performed with a Perkin— Elmer Lambda 19 spectro-
photometer. Optical rotations were measured on a Perkin — Elmer 141 po-
larimeter at the Na-D line in 10 cm quartz cuvettes. CD spectra were
recorded with a Jasco J-720 CD spectrometer in 1 mm quartz cuvettes at
25°C. Time-of-flight (MALDI) spectra were recorded on a PerSeptive
Biosystems Voyager-RP Biospectrometry Workstation. The compounds
6,6"-bis-(1-pyridinioacetyl)-2,2"-bipyridine 3,*!! (1R)-(+)- and (1S)-(-)-
pinocarvonel® were prepared following published procedures. The starting
pinene chiralities were of highest commercially available purity (e.e.>
98%).

5,6:5",6"-Bis-[ (18,55)-(+)-pineno]-2,2":6',2":6",2""-quaterpyridine (1): A
mixture of freshly prepared 3 (0.325 g, 0.5 mmol), (1S)-(—)-pinocarvone
(0.18 g, 1.2 mmol) and ammonium acetate (0.7 g, 9 mmol) was refluxed
under an inert atmosphere in glacial acetic acid (5mL) and acetic
anhydride (0.5mL) for 16 h, during which period a cream solid was
precipitated. The reaction mixture was poured into a mixture (1:1, 20 mL)
of aqueous NaOH (2M) and MeOH, and the precipitate collected by
filtration, dissolved in CH,Cl, and then filtered through Celite. The filtrate
was concentrated in vacuo and recrystallized from EtOH (50 mL) to give
white crystals of 1 (0.21 g, 84 %). M.p. >250°C; *C NMR (75 MHz, CDCl,,
25°C, TMS): 6 =21.35,26.09, 31.98, 36.74, 39.58, 40.29, 46.54, 117.97, 120.40,
120.64, 133.75, 137.61, 142.27, 153.71, 155.46, 155.88, 156.35; IR (KBr): =
2919 (s), 1563 (s), 1431 (s), 1421 (s), 807 cm ™! (s); MS (MALDI, TOF): m/z:
499 [M]*; UV/Vis (CDCly, 5.72 x 107*M): Apax (€may) =265 (26.2 x 10%),
300 nm (42.9 x 10%); C3,H3,N, (498.3): caled C 81.9, H 6.9, N 11.2; found C
81.5,H 6.9, N 11.2.

5,6:5",6""-Bis-[ (1R,5R)-(—)-pineno]-2,2":6',2":6",2""-quaterpyridine  (2):
Compound 2 was prepared analogously to 1 from 3 (0.325 g, 0.5 mmol)
and (1R)-(+)-pinocarvone (0.18 g, 1.2 mmol); it was isolated as white
crystals (0.20 g, 81%). M.p.>250°C. UV/Vis (CDCl;, 5.72 x 107*M): Ay
(&may) =265 (26.2 x 10%), 300 nm (42.6 x 10%); C3,H3,N, (498.3): caled C 81.9,
H 6.9,N 11.2; found C 81.9, H 71, N 11.2.

General method for preparation of the complexes: A solution of AgOAc
(16.7 mg, 0.1 mmol) in MeOH (5 mL) or of [Cu(MeCN),][PF,] (37.5 mg,
0.1 mmol) in degassed MeCN (2 mL) was treated with the appropriate
ligand (49.9 mg, 0.1 mmol) and the mixture was then ultrasonicated for 5—
10 min at RT. Any remaining solids were removed by filtration through
Celite after which aqueous [NH,][PF,] was added. The resultant precipitate
was collected by filtration, washed with water, dried (P,O;s) and recrystal-
lized by slow diffusion of diethyl ether into an acetonitrile solution.

[Cu,(1),][PF¢],: Red needles (71 mg, 100%); IR (KBr): #=2933 (s), 1589
(m), 1561 (s), 1433 (s), 1422 (m), 1245 (m), 839 (s), 557 cm~! (s); MS
(MALDI, TOF): m/z: 1269 [M — PF,|*, 1124 [M — 2PF,]*, 562 [Cu(1)]*,
499 [1]7; UV/Vis (MeCN, 3.54 x 107M): Apax (Emax) =272 (58.6 x 103),
311 nm (53.5 x 10°), 457 nm (0.78 x 10%); CesHgsF(,NgP,Cu, (1412.3): caled
C 5775, H 4.85, N 7.9; found C 57.4; H 4.7; N 8.1.

[Cu,(2),]1[PF],: Red needles (71 mg, 100 % ); IR (KBr): #=2933 (s), 1589
(m), 1564 (s), 1436 (s), 1419 (m), 1247 (m), 841 (s), 557 cm~! (s); MS
(MALDI, TOF): m/z: 1269 [M — PF,|*, 1124 [M —2PF,]*, 562 [Cu(2)]*,
499 [2]*; UV/Vis (MeCN, 1.63 x 107M): Anae (£mar) =272 (58.5 x 10%), 311
(53.5 x 10%), 457 nm (0.82 x 10%); C4sHgsF1,NgP,Cu, (1412.3): caled C 57.75,
H 4.85, N 7.9; found C 57.7; H 4.8; N 8.2.

[Ag,(1),][PF],: Pale yellow crystals (72 mg, 96 % ); IR (KBr): 7 =2926 (s),
1564 (s), 1431 (s), 1422 (s), 1264 (w), 833 (s), 560 cm~! (s); MS (MALDI,
TOF): m/z: 1358 [M — PF4]*, 1105 [M —2PF,— Ag]*, 606 [Ag(1)]*, 499
[1]F; UV/Vis (MeCN, 3.22 x 107*M): Apax (Emax) =264 (42.1 x 10%), 307 nm
(43.9 x 10%); CesHggF1,NgP,Ag, - H,O (1518.3): caled C 53.7, H 4.6, N 74;
found C 53.3; H 4.6; N 7.4.

[Ag,(2),][PF],: Pale yellow crystals (73 mg, 97 % ); IR (KBr): 7 =2924 (s),
1562 (s), 1432 (s), 1422 (s), 1264 (w), 833 (s), 560 cm™! (s); MS (MALDI,
TOF): m/z 1358 [M —PF,]*, 1105 [M —2PF,— Ag]*, 606 [Ag(1)]", 499
[1]; UV/Vis (MeCN, 3.03 x 107*M): Apay (Emax) =264 (41.8 x 10%), 307 nm
(43.6 x 10%); CesHgF1,NgP,Ag, - H,O (1518.3): caled C 53.7, H 4.6, N 74;
found C 53.7; H 4.5; N 73.

1872 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

X-ray crystallography: Table 4 provides a summary of the crystal data, data
collection, and refinement parameters for the three crystal structures
reported in this paper. The structures were solved by direct methods with
SHELXS-86 and refined with SHELXL-931°" 52l by full matrix least-squares
based on F2 The non-hydrogen atoms were refined anisotropically while
the hydrogen atoms were placed in idealized positions and assigned
isotropic thermal parameters. Compounds [Cu,(1),][PF¢],-2MeCN and
[Cu,(2),][PF¢),- 2MeCN represent the two enantiomers of this molecule
and their unit cell parameters only differ within experimental error. The
structure of [Cu,(2),][PF¢],-2MeCN was refined by inverting all coordi-
nates of [Cu,(1),][PF¢],-2MeCN. In all cases, Friedel pairs were measured
to enable refinement of the Flack parameter, which converged at 0.005(12)
for [Cu,(1),][PF4,-2MeCN, —0.02(2) for [Cuy(2),][PF4],-2MeCN, and
0.01(9) for [Ag,(1),][PF4],-0.33H,0 to confirm the absolute configura-
tions. Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Center as supplementary publication no. CCDC-100885
([Cuy(L),][PFg,-2MeCN) and as Refcode ROJTAL ([Ag,(1),][PFql,-
0.33H,0). Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: (+44) 1223-336-
033; e-mail: deposit@ccdc.cam.ac.uk).
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