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The condensation of enantiopure (1R,2R)-(-)-1,2-diaminocy-
clohexane with two equivalents of 2,2'-bipyridine-6-carbal-
dehyde followed by reduction with NaBH, allows the facile
synthesis of the enantiopure hexadentate ligand (R,R)-3.
Each tridentate metal-binding domain in (R,R)-3 exhibits a
degree of flexibility arising from inversion at the amine nitro-
gen centre and rotation about N-C and C-C single bonds.
This leads to the formation of either M-[M{(R,R)-3}]** or P-
[M{(R,R)-3}]?>*. The solid-state structures of the copper(Il),
iron(Il) and zinc(ll) complexes of (R,R)-3 all show a prefer-
ence for M-[M{(R,R)-3}]*". In solution, [Fe{(R,R)-3}]** exists
predominantly as one diastereoisomer (assumed to be the M-
form). The preference for the M- over P-form is rationalized

in terms of a favourable anti configuration of the NH and
cyclohexane-1,2-diyl CH hydrogen atoms in the M-form, and
an unfavourable syn-configuration in the P-form. When
(R,R)-4, the Schiff base analogue of (R,R)-3, combines with
zinc(Il) or silver(l), [2+2] double helicates with M-chirality as-
semble in the solid state. With (S,S)-4, iron(II) also assembles
into a dinuclear, double helicate with M-handedness. Com-
plete stereoselectivity is observed in solution with NMR
spectroscopic data indicating the presence of one dia-
stereoisomer. The preference for a dinuclear over mononu-
clear helicate can be traced to a decrease in ligand flexibility
on going from 3 (saturated backbone) to 4 (unsaturated imine
backbone).

Introduction

The study of main group (dominantly C, N, P or S) ste-
reogenic centres is a well-established, classical discipline.[!]
Less commonly studied are compounds in which the chiral-
ity is associated with a metal centre.’l Although an octahe-
dral [MABCDEF]"* compound is expected to be chiral,?!
few examples of such stereochemically complex species have
been prepared.[*® The most common examples of chiral
octahedral complexes are those of the type [ML;]"* and cis-
[ML,X,]"* with chelating bidentate ligands L."-®! By using
enantiopure chiral ligands, it is possible to obtain com-
plexes with stereogenic metal centres in high diastereomeric
excess.* 1% Among the multitopic ligands used to direct the
configuration of stereogenic metal centres in complexes,!!]
oligopyridine and 1,10-phenanthroline metal-binding do-
mains are common choices and a range of chiral derivatives
has been reported.l'>'3 The family of chiragens derived
from naturally occurring terpenes and designed by von
Zelewsky['®!71 has been widely investigated. These and
other oligopyridine-based chiral ligands reported to date
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usually possess a chiral auxillary fused to one pyridine ring,
and achiral spacers linking the chiral metal-binding do-
mains. However, a disadvantage of these ligands is that their
syntheses are non-trivial.

In principle, enantioselectivity for an octahedral metal
complex can also be attained by using a chiral, hexadentate
ligand which binds to the metal through all six donor
atoms. Previous studies in this area have involved the use
of a chiral scaffold to which metal-binding domains are at-
tached, specifically three bidentate domains on a Cs-scaf-
fold,l'82% or two tridentate units on a C,-scaffold.[>!-2%
Atropisomeric scaffolds, most commonly those based on a
biaryl core, are ubiquitous in the design of ligands for
asymmetric catalysis®* 2% and the application in coordina-
tion and metallosupramolecular chemistries of chiral li-
gands built upon 1,1'-binaphthyl-2,2’-diol and 2,2'-di-
amino-1,1’-binaphthyl scaffolds has been reviewed.?”! The
combination of a 1,1’-binaphthalene core with pendant oli-
gopyridine or related metal-binding domains is less well ex-
plored.[>!-23-28-341 Qver ten years ago, Hannon noted that
the high-yield synthesis of imines from reactions of alde-
hydes with amines gives a convenient route to imine-based
ligands for supramolecular assemblies.**! This methodology
has been employed for the formation of chiral 132331 and
20341 (Scheme 1), and we have recently described* the abil-
ity of enantiomerically pure (R)-2 and (S)-2 to bind iron(II)
with complete control of the stereochemistry at the stereo-
genic metal centre.
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Scheme 1. Ligand structures and atom numbering for NMR spec-
troscopic assignments in ligands 3 and 4.

Amine-aldehyde condensation is routinely applied to the
facile synthesis of chiral Schiff base ligands, and it is well
documented in the catalytic literature.*®! We have recently
reported their use in the development of highly enantiose-
lective catalysts for the asymmetric Henry reaction.l37 3%
Most commonly, such ligands feature an O,N,N',O’-donor
set. The introduction of a chiral auxillary into a salen-type
backbone has been shown to direct the assembly of a supra-
molecular helix around a lanthanoid centre.["!

We now report the synthesis and characterization of the
enantiomerically pure hexadentate ligand (R,R)-3 and illus-
trate its use to provide stereochemical control at octahedral
metal centres in mononuclear helicates. We also describe
how moving from the saturated backbone of (R,R)-3 to the
imine-containing (R,R)-4 and (S,S)-4 switches the stereo-
chemical control from a single to double helical assembly.

Results and Discussion

Reduced Schiff Base Ligand (R,R)-3

The condensation of two equivalents of 2,2'-bipyridine-
6-carbaldehyde with (1R,2R)-(-)-1,2-diaminocyclohexane
yielded the Schiff base ligand (R,R)-4 (Scheme 2). However,
on standing in air at room temperature the white solid
turned to a yellow oil within two days and could not be
fully characterized. When the Schiff base was reduced in
situ using NaBHy, (R,R)-3 (Scheme 1) was isolated in 64 %
yield as an oil ([a]f) = ~77.8). The ESI mass spectrum of
(R,R)-3 exhibited a base peak at m/z 473.3 corresponding
to the ion [M + Na]* and a lower intensity peak at m/z
451.5 assigned to [M + HJ]*. The 'H and '*C NMR spectra
of the product were in accord with the structure shown in
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Scheme 1; Figure S1 depicts the '"H NMR spectrum. The
diastereotopic CH, group (H?* and H*') gives rise to dou-
blets at ¢ 3.96 and 4.16 ppm (J = 14.4 Hz). The bpy proton
signals were assigned from the COSY and NOESY spectra,
the signals for H®? and H®> being distinguished by the ap-
pearance of NOESY cross peaks between HB3 and HA3,
and between HB and H¥H?*'. 'H and '3C NMR spectro-
scopic signals for the cyclohexane-1,2-diyl ring protons
were assigned using COSY, NOESY, HMQC and HMBC
techniques. In the '*C NMR spectrum, the signal for CB°
at 0 158.8 ppm was poorly resolved, but HMBC cross peaks
to protons HB* and H¥/H® permitted an unambiguous as-
signment.

Scheme 2. Formation of the Schiff base (R,R)-4.

Synthesis and Characterization of Copper(II), Iron(II) and
Zinc(IT) Complexes of (R,R)-3

Treatment of (R,R)-3 with Zn(OAc),'1.5H,O or
Cu(OAc), followed by anion exchange resulted in the for-
mation of [Zn{(R,R)-3}][PFsl», [Cu{(R,R)-3}][PF¢],, while
[Fe{(R,R)-3}][BF,], was prepared by the reaction between
[Fe(OH,)g][BF4]» and (R,R)-3. All complexes were formed
in good or excellent yield. The base peak in the ESI mass
spectrum of [Zn{(R,R)-3}][PF¢], was assigned to [M — PF¢]*
(m/z = 659.6), and loss of a second anion was also ob-
served (m/z = 257.4 assigned to [M — 2PF]**). Similar be-
haviour was observed in the ESI mass spectra of [Cu{(R,R)-
3}[PF¢, and [Fe{(R,R)-3}][BF4],. The CD spectra of
CH,Cl, solutions of [Zn{(R,R)-3}][PF¢l,, [Cu{(R,R)-
3}[PF¢], and [Fe{(R,R)-3}][BF,4], are compared with that
of the free ligand (R,R)-3 in Figure S2.

X-ray quality colourless needles of [Zn{(R,R)-3}][PFsl,,
blue-green prisms of [Cu{(R,R)-3}][PFg],, and black blocks
of [Fe{(R,R)-3}][BF,], were grown by slow diffusion of
Et,0O into a MeCN solution of each complex over a period
of 2 weeks. Each compound crystallizes in the orthorhom-
bic, chiral P2,2,2, space group, and Figure 1, Figure 2, and
Figure 3 illustrate that each cation exhibits M-stereochemis-
try at the metal centre. The two hexafluoridophosphate
salts are isostructural. Since the bpy units are essentially
planar, and the C and N atoms of the attached CH,NH
units lie within 0.35 A of the least-squares plane through
each tridentate domain, the pitch of the helix defined by
the coordinated ligand can be assessed from the angles N2—
N3-N4 and N3-N4-N5. For [Cu{(R,R)-3}]** and
[Zn{(R,R)-3}]*", these angles lie in the range 74.6-81.1°,
2001
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Figure 1. Structure of the M-[Zn{(R,R)-3}]** cation in M-
[Zn{(R,R)-2}][PF¢], with ellipsoids plotted at the 50% probability
level. Selected bond lengths and angles: Znl1-N1 2.2202(8), Znl—
N2 2.0812(7), Zn1-N3 2.2002(8), Znl-N4 2.1662(7), Znl— N5
2.0750(8), Znl-N6 2.2503(8), N3-Cl1 1.471(1), N4-CI18
1.474(1) A; N1-Zn1-N2 75.15(3), N2-Zn1-N3 76.80(3), N3-Zn1—
N4 81.58(3), N4-Zn1-N5 78.30(3), N5-Zn1-N6 74.69(3)°.

Figure 2. Structure of the M-[Cu{(R,R)-3}]*" cation in M-
[Cu{(R,R)-2}][PF¢], with ellipsoids plotted at the 40% probability
level. Selected bond parameters: Cul-N1 2.092(1), Cul-N2
1.9442(9), Cul-N3 2.1164(9), Cul-N4 2.2940(9), Cul-N5
2.0378(9), Cul-N6 2.3454(9), N4-C18 1.459(1), N3-Cl1
1.482(1) A; N1-Cul-N2 79.29(3), N2-Cul-N3 80.32(4), N3-Cul—
N4 79.95(3), N4-Cul-N5 76.23(3), N5-Cul-N6 74.87(3)°.

Figure 3. Structure of the M-[Fe{(R,R)-3}]** cation in M-
[Fe{(R,R)-3}][BF,],; ellipsoids are plotted at the 40% probability
level. Selected bond lengths and angles: Fel-N1 1.976(1), Fel-N2
1.890(1), Fel-N3 2.043(1), Fel-N4 2.043(1), Fel-N5 1.889(1),
Fel-N6 1.964(1), N3-C11 1.490(2), N4-C18 1.484(2) A; N1-Fel—
N2 81.11(6), N2-Fel-N3 80.60(6), N3-Fel-N4 84.23(5), N4-Fel-
N5 80.10(6), N5-Fel-N6 80.99(6)°.
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while for [Fe{(R,R)-3}]**, they are 70.9 and 71.5°. The dif-
ference is consistent with the shorter Fe-N bond lengths
[1.889(1)-2.043(1) A] compared to the Cu-N and Zn-N
distances [1.9442(9)-2.3454(9) A], but may also be a conse-
quence of differences in packing on going from the [PF¢]
to [BF4] counterion. In all three structures, the solid state
packing is dominated by N-H-*F and C-H-*'F interactions.

Control of Stereochemistry in Metal Complexes of (R,R)-3

The solid-state structural data presented above provide
evidence for a stereochemical preference for the M-
[M{(R,R)-3}]** cation for M = Fe, Cu and Zn. We were,
therefore, interested in seeing whether this stereochemical
discrimination also existed in solution. Solution 'H and '3C
NMR spectra were recorded for the diamagnetic zinc(IT)
and iron(Il) complexes. Metal binding by ligand (R,R)-3 is
accompanied by the expected shift of the signal for bpy
proton HA® to lower frequency: § 8.60 to 7.72 ppm and ¢
8.60 to 6.82 ppm for the zinc(Il) and iron(I) complexes,
respectively (for the ligand in CDCls, see Figure S1, and
complexes in CD3;CN). In the free ligand, the signal for
the NH proton is very broad, and no coupling is observed
between the NH and adjacent CH, group or the adjacent
cyclohexane-1,2-diyl CH proton. In contrast, the 'H NMR
spectrum for [Fe{(R,R)-3}][BF,], exhibits a fairly sharp NH
signal, and for [Zn{(R,R)-3}][PFg],, this resonance appears
as a fairly well-resolved doublet of doublets (J = 10.5 Hz
to cyclohexane-1,2-diyl proton H*? and J = 5.9 Hz to meth-
ylene H®). The signals for the diastereotopic protons H?*
and H* appear as a doublet of doublets and as a doublet,
respectively, in both complexes. The COSY spectrum con-
firmed coupling between one H¥* and NH. The 'H and
3C NMR spectra of [Zn{(R,R)-3}][PF¢], and [Fe{(R,R)-
3}[BF,4], were fully assigned by two-dimensional methods.

Despite sequential recrystallizations of [Fe{(R,R)-
3}[BF,4],, the 'H NMR spectrum showed a subspectrum
with the same spectroscopic signature as that of [Fe{(R,R)-
3}]?*. The COSY spectrum confirmed the same relationship
between peaks in the subspectrum as in the dominant com-
ponent. After one recrystallization, the ratio of integrals of
pairs of corresponding peaks was 4:1 (Figure 4) and this
ratio was reproduced in two separate syntheses of the

A3 B5A4 A5 A6
B3 B4
a a
NH
%* 1% || % * * -
" 85 75 65 = 55 45 35
o/ ppm

Figure 4. 400 MHz '"H NMR spectrum of CD5CN solution (room
temperature) of [Fe{(R,R)-3}][BF,], after one crystallization. The
signals marked by * are assigned to a second diastereoisomer.
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iron(IT) complex. After a second recrystallization, the ratio
changed to approximately 6:1, and after a third recrystalli-
zation was about 12:1. The 'H NMR spectrum of
[Zn{(R,R)-3}][PFs]> showed only minor traces (< 4%) of a
second component, even before recrystallization, consistent
with better stereochemical selectivity in the case of zinc(IT)
compared to iron(Il), or higher lability in the case of
iron(II).

The description and origin of the chirality in the metal
complexes of ligand 3 are of interest. The free ligand pos-
sesses two stereogenic centres (assuming rapid inversion at
the amine nitrogen atom) giving rise to the three diastereo-
isomers (R,R), (S,S) and (R,S). In this work we have used
the enantiomerically pure (R,R)-diastereoisomer. Each
[M(3)]** metal complex could be described in terms of
three, four or five stereogenic centres, relating to (i) the two
carbon stereogenic centres in the ligand [fixed as (R,R) in
this case], (ii) the configuration at the coordinated amine
nitrogens which, when bound to the metal centre, can no
longer freely invert, and (iii) the helicity at the metal with
conventional P/M notation. Occam’s razor!*!! indicates that
the preferred description is in terms of three stereogenic
centres and we adopt the description P-(R,R) and M-(R,R)
for the diasterecoisomeric complexes. The helicity at the
metal centre defines the stereochemistry at the two amine
nitrogens which must adopt either an (R,R) or (S,S) config-
uration (Scheme 3); the (R,S) configuration is precluded on
steric grounds. Thus, although we use three stereogenic cen-
tre descriptors, it is more convenient to discuss the stability
of the diastereoisomers in terms of the configuration at the
nitrogen atoms (vide infra). In the structurally characterized
M-[M{(R,R)-3}]*>* diastereoisomers, each amine nitrogen
atom exhibits an (S)-configuration, and the NH and H®?
(Scheme 1) hydrogen atoms are in an anti-configuration.
The change in configuration at the metal centre on going
to P-[M{(R,R)-3}]** necessarily requires that each amine
nitrogen atom has to be in an (R)-configuration and the
NH and H*? hydrogen atoms are then forced into an un-
favourable syn-configuration. The energy minimized™?
structures of M-[M{(R,R)-3}]** and P-[M{(R,R)-3}]** (in
which all M—N bond lengths are 2.0 =0.1 A) allow a com-
parison of close H--H contacts, and in Table 1, these are
compared with the observed contacts in M-[Fe{(R,R)-
3}1[BF4],. In fact, the calculated energies of the two mini-
mized structures are very similar, with the M,R,R-dia-
stereoisomer being only marginally preferred over the
P,R,R-diastercoisomer.

We rationalize the solution NMR spectroscopic data by
the presence of one dominant diastereoisomer, assumed to
be M-[Fe{(R,R)-3}][BF4],, and smaller amounts of P-
[Fe{(R,R)-3}][BF4]». The stereochemical control in the case
of the zinc(II) centre appears to be greater than that in the
iron(IT) complex. The increased helical pitch (see structural
description) for the former would necessarily impose closer
unfavourable H--*H contacts. No cross peaks between the
peaks assigned to the two diastereoisomers were observed
in the EXSY spectrum, indicating that the interconversion
is slow on the NMR timescale.
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Scheme 3. (a) Diagram of one of the diastereoisomers showing the
various steregenic centres. In the diagram shown, the metal has M-
chirality. (b) Representations of the stereochemistry at nitrogen in
a Newman projection along the C—C bond of the cyclohexane
showing that the meso (R,S) configuration cannot chelate to the
metal.

Table 1. Short H-H contacts in modelled M-[M{(R,R)-3}]** and
P-[M{(R,R)-3}]*" and in the crystallographically determined struc-
ture of M-[Fe{(R,R)-3}][BF,],. For consistency, the H atom num-
bering scheme is that shown in Scheme 1.

Contacts MAM{(RR)-3}P* P{M{(RR)}3}** M-{Fe{(R.R)-3}[BF4
modelled /A modelled /A 1A

HE3wHe 24 25 22

HE2He 24 25

HE¥HNH 23 25

HE%HNH (s5ym) 22

HE¥H2 2.1

Figure 5 depicts the electronic absorption spectra of
MeCN solutions of the complexes. The high energy bands
common to all three complexes are assigned to ligand-based
n*<n transitions. In addition, [Fe{(R,R)-3}]*" exhibits a
lower energy absorption at 373 nm and an MLCT band at
578 nm.

0 R ; : -
245 345 445 545

Wavelenség/ nm

Figure 5. Electronic absorption spectra of MeCN solutions

(5.0X10° moldm3) of [Fe{(R,R)-3}][BFs]» (—). [Cu{(R,R)-
3}][PF¢)> () and [Zn{(R.R)-3}][PF¢ (- - -).
www.eurjic.org 2003
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One-Pot Syntheses of Double Helical Metal Complexes of
(R,R)-4 and (S,S)-4

We have previously reported how Schiff base ligands (.S)-
2 and (R)-2 which contain a 1,1’-binaphthyl scaffold direct
the spatial properties of the two bpy-containing arms of
the ligands, completely defining the stereochemistry of the
iron(II) complexes M-[Fe{(S)-2}]** and P-[Fe{(R)-2}]**.134
On the other hand, (R,R)-3, containing a cyclohexane-1,2-
diyl backbone, is saturated and each tridentate metal-bind-
ing domain has a degree of flexibility arising from inversion
at the amine nitrogen centre and rotation about the single
bonds in the saturated spacers. This allows the formation
of either M-[M{(R,R)-3}]** or P-[M{(R,R)-3}]*", with
complete stereochemical control being observed in the
structural determination, but with discrimination being
metal-dependent in solution. We were intrigued to know
how the stereochemical control would be affected by limit-
ing the flexibility of the ligand. This prompted an investiga-
tion of the coordination behaviour of Schiff base ligand 4
by applying a one-pot approach using the metal ion to tem-
plate the formation of diimine 4. This strategy has been
successfully employed in the reactions of (R)- or (S)-2,2'-
diamino-1,1’-binaphthyl with pyridine-2-carbaldehyde in
the presence of Ag' or Cu' ions to produce enantiopure
dinuclear double helicates.[3?! The related Schiff base ligand
prepared from (1R,2R)-(-)- or (1S,25)-(+)-1,2-diaminocy-
clohexane and quinoline-2-carbaldehyde is similarly preor-
ganized for the assembly of [2+2] double helicates, although
in this case, the free ligand was prepared prior to its reac-
tion with copper(I) ions.3! Both these studiest*>#3 utilize
diimine ligands containing two bidentate metal-binding do-
mains and evidence stereochemical control at four-coordi-
nate metal centres. In contrast, a wider range of metal ions
can be targeted using hexadentate Schiff base ligand 4.

The reactions of (1R,2R)-(-)- or (18,25)-(+)-1,2-diami-
nocyclohexane with two equivalents of 2,2'-bipyridine-6-
carbaldehyde in the presence of one equivalent of
FeCl,-4H,O resulted, after anion exchange, in the forma-
tion of purple solids, elemental analytical data for which
confirmed 1:1 metal/ligand 4 ratios. The base peak in the
electrospray mass spectrum of a methanol solution of each
complex appeared at m/z 521.2 and corresponded to [Fe(4)
+ F]*. The highest mass peak envelope at m/z 647.1 exhib-
ited an isotope pattern and peak separation consistent with
[Fe,(4),(PFg),]**. Dominant peaks at m/z 469.3 and 501.2
were assigned to [Na(4)]* and [Na(4) + MeOH]". The posi-
tive-mode FAB mass spectrum exhibited peaks at mi/z
1439.3, 1293.8 and 1149.9 which were consistent with the
ions [Fe;(4)5(PFe)s]", [Fex(4)2(PFe),]" and [Fex(4),(PFe)]".
Single, X-ray quality crystals of the complex containing
(S,S)-4 were grown by diffusion of Et,O over a period of
one day into an acetone/acetonitrile solution of the com-
pound. The complex crystallizes in the chiral space group
P2,2,2. The structure determination confirmed the forma-
tion of the [2+2] double helical cation shown in Figure 6,
with each of the two tridentate donor sets of (S,5)-4 di-
rected to a different iron(IT) ion. The preference for this
2004
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assembly over the [1+1] motif shown in Figure 3 for M-
[Fe{(R,R)-3}]** is consistent with the decrease in ligand
flexibility on going from 3 to 4. The double helicate in Fig-
ure 6 exhibits M-handedness (Scheme 4), and the pitch of
the helix is such that the Fe-Fe separation is 5.2898(12) A.
The Fe-N bond lengths in the M-[Fe,{(S,S)-4},]*" cation
lie within a similar range to those in M-[Fe{(R,R)-3}]*".
Each cyclohexanedyl unit nessles within a V-shaped cavity
between two bpy domains and this structural feature is per-
tinent to the NMR spectroscopic discussion below. There is
no m-stacking between bpy units within a cation, although
the imino N=CH units lie over one another at a distance
of =3.4 A. The overall packing is dominated by C—H-F,
C-H-N, and C-H---O interactions, and there is no inter-
cation m-stacking.

Figure 6. Structure of the M-[Fe,{(S,S)-4},]** cation in
4[Fe,{(S,S)-4},][PF¢]44Et,0:6Me,CO-7MeCN-4H,O  (ellipsoids
plotted at 40% probability level); H atoms omitted. Bond param-
eters in the coordination spheres: Fel-N2 1.869(2), Fel-N§
1.880(2), Fel-N9 1.975(2), Fel-N1 1.976(2), Fel-N7 1.977(2),
Fel-N3 1.979(2), Fe2-N11 1.873(2), Fe2-N5 1.882(2), Fe2-N4
1.973(2), Fe2-N6 1.974(2), Fe2-N10 1.978(2), Fe2-N12 1.985(2) A;
N2-Fel-N1 80.39(10), N2-Fel-N3 81.07(10), N8-Fel-N7
80.51(10), N8-Fel-N9 80.75(9), N5-Fe2-N4 81.04(10), N5-Fe2—
N6 80.32(10), N11-Fe2-N10 80.91(10), N11-Fe2-N12 80.31(10)°.

M P
Scheme 4. Schematic representations of M- and P-double helicates.

The solution electronic absorption spectrum of M-
[Fe>{(S,S)-4},][PF¢ls (Figure 7) exhibits two MLCT bands
at 484 and 604 nm, with a shoulder at 710 nm. There is also
a series of intense, high energy absorptions arising from li-
gand-based n*<n transitions. The fact that the ESI mass
spectra of methanol solutions of the iron(IT) complexes of

Eur. J. Inorg. Chem. 2010, 2000-2011
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(S,5)-4 and (R,R)-4 exhibit an [Fe,(4),(PF¢),]** ion as the
highest mass peak envelope suggests that the double helical
structure is retained in solution. Figure 8 shows the CD
spectra of MeCN solutions of [Fe,{(S,S)-4},][PF¢]s and
[Fe>{(R,R)-4},][PF¢ls. The data are consistent with either
the presence of enantiomerically pure P- and M-helicates in
solution.

i
o
o
o
o
o

&/ dm?® mol' cm?

50000 -

400 600 80
Wavelength / nm

Figure 7. UV/Vis spectra of acetonitrile solutions of [Fe,{(S,S)-

412][PEels (). [ARURR)-41][BFs (—), and [Zny{(R.R)-
4}2][PFels (- - -).

250 1

0/ mdeg

n

800
Wavelength/ nm

-250 -

Figure 8. The CD spectra of MeCN solutions (2.5 X 10 moldm3)
of P-[Fe>{(R,R)-4},][PFcls (—) and M-[Fe>{(S.,S)-4},][PF¢ls (-++).

The CD;CN solution '"H NMR spectra of [Fe,{(S,S)-
4},][PF¢ls and [Fe,{(R,R)-4},][PF¢]s are identical and re-
veal one ligand environment. Signals in the 'H and '3C
NMR spectra of [Fe,{(S,S)-4},][PF¢]s were assigned using
COSY, NOESY, HMQC and HMBC methods, and part of
the 'H NMR spectrum is shown in Figure 9. The octahe-
dral coordination environment around the iron(II) centre
places proton HA® over the m-cloud of ring B of an adjacent
bpy ligand (Figure 9), resulting in a low frequency chemical
shift of ¢ 6.69 ppm. However, in terms of the solution struc-
ture, the most diagnostic feature of the 'H NMR spectrum
is the appearance of one of the cyclohexanedyl proton sig-
nals at 0 = —0.49 ppm. This signal was assigned by 2D-tech-
niques to proton H¥, and its shielding is consistent with
the retention of the double helicate in solution with H®
facing the m-ring current of bpy ring A (Figure 9). The 'H
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NMR spectra of [Fe,{(S,S)-4},][PF¢ls and [Fe,{(R,R)-
4},][PF¢]4 are consistent with the double helical structures
of M-[Fe,{(S,S)-4},]** and P-[Fe,{(R,R)-4},]*" being pre-
served in solution, and with the presence of only one dia-
stereoisomer in each case. Note that in the solid state, the
lack of crystallographically imposed symmetry means that
the members of each set of four protons (e.g. the four HA®
protons) are non-equivalent, but the differences are very
small.

B3
B4
B5 HC=N
A3 A4
88 84 80 716 | 712

6.8
5/ ppm

Figure 9. Part of the 500 MHz 'H NMR spectrum of a CD;CN
solution of [Fe,{(S,S)-4},][PF¢ls at room temperature. In the
double helical structure of M-[Fe,{(S.S)-4},]** (drawn using X-ray
crystallographic data), each cyclohexanedyl proton H®' points into
the n-cloud of a bpy ring A, and bpy proton HA® faces the n-cloud
of a bpy ring B.

The coordination of ligands (S,S)-4 and (R,R)-4 with
iron(IT) exemplifies the ability of the ligands to complement
the requirements of an octahedral metal ion. We next
looked at how ligand (R,R)-4 would bind zinc(II), the d'°
configuration of which is compatible with 4-, 5- or 6-coor-
dinate geometries. The reaction of two equivalents of 2,2'-
bipyridine-6-carbaldehyde with one equivalent each of
(1R,2R)-(-)-1,2-diaminocyclohexane and Zn(OAc),2H,O
followed by anion exchange, resulted in the formation of a
white solid. In the FAB mass spectrum, the highest mass
peaks at m/z 1457.3 and 1312.0 were consistent with
[Zn,(4),(PF¢)s]" and [Zn,(4),(PFg),]" and the isotope pat-
terns matched those simulated. The electrospray mass spec-
trum of a methanol solution of the complex showed only
peaks for mononuclear species, and was dominated by
peaks at m/z 719.3, 469.3 and 255.1 assigned to the ions
[Zn(4)PF4 + 2MeOH]*, [Na(4)]* and [Zn(4)]**. The ob-
served isotope patterns were consistent with those calcu-
lated. Although the mass spectrometric data were incon-
clusive as regards the nuclearity of the complex, the 'H
NMR spectrum of an MeCN solution of product showed
that one of the cyclohexanedyl protons was significantly
shielded (0 = -0.17 ppm). This mimics the scenario in
[Fe>{(S,9)-4},][PFcls and [Fe,{(R,R)-4},][PF¢]s, and sug-
gested the presence of a double helicate in solution. This
was confirmed for the solid state by single-crystal X-ray
diffraction (see below). The 'H and '*C NMR spectra were
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consistent with one ligand environment, and one dia-
stereoisomer. In contrast to the 'H NMR spectra of
[Fex{(S,5)-4}2][PFels and [Fe>{(R,R)-4},][PFg]s in which
the signals for protons H®3, HB* and H®> overlap (Fig-
ure 9), that of the zinc(I) complex shows the doublet for
HPB> (6 = 8.36 ppm) to be well separated from the signals for
HPB3 and HB* (overlapping at § = 8.91 ppm). The electronic
absorption and CD spectra are presented in Figure 7 and
S3, respectively. The former exhibits intense bands in the
UV region, arising from n*<mn transitions.

Crystals of [Zn,{(R,R)-4},][PF¢]4:3MeCN suitable for X-
ray diffraction were grown by slow diffusion of Et,O into a
MeCN solution of the compound over a period of 4 days.
Figure 10 depicts the double helical [Zn,{(R,R)-4},]*" cat-
ion and confirms M-chirality. Interestingly, the relationship
between the handedness of the helix and the chirality of the
ligand is the opposite to that found in the iron(II) complex.
Factors that appear to be associated with this difference are
the coordination environment about the metal centre, and
the orientation of the cyclohexanedyl units with respect to
the M-M axis. In M-[Fe,{(S,S)-4},]**, each Fe!! centre is
octahedrally sited with Fe-N bond lengths in the range
1.869(2)-1.985(2) A. In M-[Zn,{(R,R)-4},]**, the six-coor-
dinate geometry is appreciably distorted from regular octa-
hedral with a rather large range of Zn-N bond lengths:
2.0406(19) to 2.3802(19) A for Znl and 2.0357(19) to
2.356(2) A for Zn2. The two longest contacts are to imine
nitrogen donors. Figure 6 reveals that the imine-substituted
C-C bond of each cyclohexanedyl unit is oriented parallel
to the Fe-Fe axis. However, in M-[Zn,{(R,R)-4},]**, the
imine-substituted C-C bonds are close to orthogonal with
respect to the Zn-++Zn axis. As a result, the Zn-+Zn separa-
tion of 4.9698(8) A is shorter than the Fe-Fe distance
[5.2898(12) A]. Just as in M-[Fe;{(S,S)-4},][PF4ls, the two
imine units in M-[Zn,{(R,R)-4},][PF¢]s:3MeCN lie over
one another (separation ca. 3.4 A), and there is no intra- or
inter-cation m-stacking between pyridine rings. The domi-
nant packing forces involve C-H-F and C-H--N close
contacts.

Although the detailed geometry of the double helicate in
M-[Zn,{(R,R)-4},]*" is different from that in M-[Fe,{(S,S)-
4},]**, each proton H®' is still directed towards a pyridine
n-cloud (Figure S4). In the solid state, the four H® protons
are crystallographically inequivalent, but as Figure S4
shows, only a small perturbation of the ligands is required
to render them equivalent in solution (and similarly for all
other sets of four protons).

On going from M-[Fe,{(S,S)-4},]** to M-[Zn,{(R,R)-
4},]**, the coordination environment around the metal ion
changes from octahedral to distorted octahedral, the latter
tending towards five-coordinate. We therefore decided to in-
vestigate the consequences of introducing a metal ion for
which a lower coordination number is typically preferred.
The reaction of (1R,2R)-(-)-1,2-diaminocyclohexane with
two equivalents of 2,2'-bipyridine-6-carbaldehyde and one
equivalent of AgBF, yielded a yellow crystalline complex,
for which X-ray quality crystals could be selected from the
bulk sample. The highest mass peak envelope in the FAB
2006
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Figure 10. Structure of the M-[Zn,{(R,R)-4},]*" cation in M-
[Zn,{(R,R)-4},][PF¢]4:3MeCN (ellipsoids plotted at the 40% prob-
ability level); H atoms omitted for clarity. Bond parameters in the
coordination spheres: Znl-N2 2.0406(19), Zn1-N8 2.0421(17),
Zn1-N7 2.1546(19), Zn1-N1 2.240(2), Zn1-N3 2.297(2), Zn1-N9
2.3802(19), Zn2-N5 2.0357(19), Zn2-N11 2.0447(19), Zn2-N6
2.1904(19), Zn2-N10 2.2262(18), Zn2-N12 2.2589(19), Zn2-N4
2.356(2) A; N2-Zn1-N1 74.81(8), N2-Zn1-N3 76.25(8), N8-Znl-
N7 76.83(7), N8-Znl1-N9 74.34(7), N5-Zn2-N4 75.54(7), N5-
Zn2-N6 76.42(8), NI11-Zn2-N10 76.74(7), NI11-Zn2-N12
74.61(7)°.

mass spectrum came at m/z 1193.5 and was assigned to
[Ag>(4),BF,]*. The same ion was observed in the ESI mass
spectrum of a methanol solution of the complex. In both
spectra, the base peak corresponded to [Ag(4)]*, with the
characteristic isotope pattern of one silver. The formation
of a double helicate was confirmed by single-crystal X-ray
diffraction and the structure of the M-[Ag,{(R,R)-4},]*"
cation in 2[Ag{(R,R)-4},][BF4]»3H,0 is presented in Fig-
ure 11. The bpy unit containing atoms N5 and N6 is disor-
dered and has been modelled over two positions. In the sec-
ond ligand, the portion from atom N9 through to the pyr-
idine ring containing atom N12 is also disordered and has
again been modelled over two positions. Each silver atom
is bound by five nitrogen donors in a distorted coordination
environment. The terminal pyridine donors are too distant
from the metal centre for the Ag:--N interactions to be con-
sidered important [Agl--N12" 3.439(10), Ag2--N6’
3.166(11) A]. Although the two ligands define an M-double
helix, their arrangement around the dimetal core is distinct
from those in M-[Zn,{(R,R)-4},]** and M-[Fe,{(S,S)-
45,1, In [Ag{(R,R)-4},]**, the Ag+Ag separation is
3.2223(8) A, less than the sum of the van der Waals radii
(3.44 A), but at the longer end of what might be considered
a metallophilic interaction.[* Nonetheless, this interaction
may be sufficient to control the organization of the two
ligands and is similar to the distances of 3.107(2) A%l and
3.230(2) A in [Agy(qtpy).]** and a chiral derivative
thereof, respectively, (qtpy = 2,2":6',2"":6"",2""'-quaterpyrid-
ine), 2.9452(4) A in [Ag,(Phtpy),]***7! and 2.8441(7) and
2.8955(6) A within the two double helices in [{Ags-
(Phtpy), -] 481 (Phtpy = 4'-phenyl-2,2":6',2"'-terpyridine).
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Notably, the distance between the silver atoms in
[Ag,{(R,R)-4},]** is congruent with m-stacking between
bpy domains, and the rings containing atoms N2 and N8
engage in a face-to-face interaction at a separation of 3.4 A.
The consequence of the latter structural feature is that the
double helix is compressed with respect to those in M-
[Fe,{(S,S)-4},]*" and M-[Zn,{(R,R)-4},]*", and the disilver
helicate lacks the pseudo-symmetry possessed by the diiron
(see insert in Figure 9) and dizinc species.
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Figure 11.  Structure of the M-[Ag,{(R,R)-4},]*" cation in
2[Ag>{(R,R)-4},][BF,],:3H,0 (ellipsoids plotted at the 30% prob-
ability level); for each disordered atom, one of two possible posi-
tions is shown. Hydrogen atoms are omitted for clarity. Selected
bond parameters: Agl-N1 2.577(3), Agl-N2 2.382(3), Agl-N3
2.375(3), Agl-NI10" 2.357(10), Agl-NI11" 2.594(12), Ag2-N4
2.275(3), Ag2-N5" 2.240(10), Ag2-N7 2.599(4), Ag2-N8 2.357(3),
Ag2-N9' 2491(11) A; N2-Agl-N1 65.04(11), N3-Agl-N2
69.59(11), N10-Agl-N3 117.4(2), N3-Agl-N11" 118.1(3), NI-
Agl-N11" 83.9(3), N8-Ag2-N7 65.59(13), N5'-Ag2-N4 70.4(3),
N8-Ag2-N9' 72.7(3), N4-Ag2-N9' 117.7(3), N5'-Ag2-N9’
127.0(4)°.

Figure 11 reveals that, while the two ligand environments
are similar in the M-[Ag,{(R,R)-4},]** cation, the two bpy
domains of a given ligand are distinct. However, the 'H and
13C NMR solution spectra (assigned by 2D-methods) are
evidence for one ligand environment in which the bpy units
are equivalent. The CD;CN solution '"H NMR spectrum of
the silver(I)-containing product (Figure 12) shows notable
differences when compared to those of the iron(Il) (Fig-
ure 9) and zinc(II) complexes. Of particular note are the
following. Whereas the signal for cyclohexanedyl proton
H® appears at 6 = —0.49 and —0.17 ppm in M-[Fe,{(S,S)-
4},][PF¢ls and M-[Zn,{(R,R)-4},][PF¢ls, respectively, it is
observed at J +1.89 ppm in [Ag,{(R,R)-4},][BF4],. Sec-
ondly, the chemical shift of the signal for HA® in the disilver
complex compared with those in the diiron and dizinc com-
plexes suggests that it does not lie over a pyridine n-cloud;
this is consistent with the terminal pyridine ring (ring A,
Scheme 1) in the silver complex being non-coordinated.
Thirdly, the signal for the imine proton appears at higher
frequency in the silver complex (¢ 8.53 ppm) than in the
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iron (6 8.02 ppm) or zinc (0 8.07 ppm) double helicates
(compare Figures 12 and 9), suggesting that the N=CH
group in the former complex is not sandwiched in the mid-
dle of a helicate as in the latter two. Low temperature 'H
NMR spectra were recorded down to 235 K provided no
information about possible dynamic processes because of
the low solubilty of the complex at low temperatures. Al-
though it is not possible to draw an unambiguous conclu-
sion, the '"H NMR spectroscopic data suggest that the
double helical structure of [Ag,{(R,R)-4},]** is not pre-
served in solution. It is significant, therefore, that the domi-
nant peak in the ESI mass spectrum arises from the
[Ag(4)]" ion (see above). The solution electronic absorption
spectrum of [Ag,{(R,R)-4},][BF,], (Figure 7) exhibits the
expected intense bands in the UV region, assigned to li-
gand-based n*<«—m transitions.

A6 +

B4
HC=N
B3
A3 B5
A4
M h
T T T T T T T T T T
86 8.4 82 8.0 7.8 76 74 72 7.0

6.8
3 [ppm

Figure 12. Part of the 500 MHz 'H NMR spectrum of [Ag,{(R,R)-
4},][BF,4], in CD3;CN at room temperature. Atom labelling is given
in Scheme 1.

Conclusions

Diamine-aldehyde condensation starting from an
enantiopure diamine provides a facile way of accessing
enantiopure hexadentate ligands as illustrated by the syn-
theses of (R,R)-3, (R,R)-4 and (S,S)-4. Each tridentate
metal-binding domain in (R,R)-3 is quite flexible because
of inversion at the amine nitrogen centre and rotation about
the single bonds in the saturated spacers. This allows the
formation of either M-[M{(R,R)-3}]*" {in which each
metal-bound amine nitrogen has an (S)-configuration} or
P-[M{(R,R)-3}]*>* {in which the amine nitrogen has an (R)-
configuration}. The solid-state structures of the copper(Il),
iron(IT) and zinc(IT) complexes each contain M-[M{(R,R)-
311?*, while in solution, [Fe{(R,R)-3}]*" exists predomi-
nantly as one diastereoisomer (assumed to be the M-form)
with the proportion of the minor diastereoisomer being
gradually diminished by successive recrystallizations. The
preference for the M- over P-form can be rationalized in
terms of a favourable anti-configuration of the NH and H®?
(Scheme 1) hydrogen atoms in the former, and an unfavour-
able syn-configuration in the latter. On going from (R,R)-
3 to the hexadentate Schiff bases (R,R)-4 and (S,S)-4, the
flexibility of the ligand backbone is reduced. These ligands
bind iron(IT), zinc(IT) or silver(I) ions to give [2+2] double
helicates, and complete stereochemical control has been
2007

www.eurjic.org



FULL PAPER

E. C. Constable, C. E. Housecroft et al.

confirmed in the solid-state structures. In each of
[Fe>{(S.S)-4}51*", [Zny{(R,R)-4},]*" and [Ag, {(R,R)-4},*",
preference for an M-helicate is observed.

Experimental Section

General: 'H and '3C NMR spectra were recorded on Bruker DRX-
500 or DPX-400 MHz spectrometers; chemical shifts for 'H and
13C NMR spectra are referenced to residual solvent peaks with
respect to d(TMS) = 0 ppm. Infrared spectra were recorded on a
Shimadzu FTIR-8400S spectrophotometer with solid samples on a
Golden Gate diamond ATR accessory. Solution electronic absorp-
tion spectra were recorded on a Varian-Cary 5000 spectrophotome-
ter. Electrospray mass spectra were recorded using a Finnigan
MAT LCQ mass spectrometer. The circular dichroism (CD) spectra
were recorded on a DS62 spectropolarimeter (Aviv Associates,
Lakewood, NJ) using Chirascan software (Applied Biophysics Ltd.,
Leatherhead, UK).

Commercially available enantiopure (1R,2R)-(-)- and (1S,25)-(+)-
1,2-diaminocyclohexane (Fluka) were reagent grade and used with-
out further purification. 2,2'-Bipyridine-6-carbaldehyde was pre-
pared according to a published procedure. ]

(R,R)-3: 2,2'-Bipyridine-6-carbaldehyde (0.368 g, 2.00 mmol) was
dissolved in MeOH (20 cm?) and a solution of (1R,2R)-(-)-1,2-di-
aminocyclohexane (0.114 g, 1.00 mmol) in MeOH (10 cm?) was
added dropwise while the reaction mixture was stirred at room tem-
perature. The resulting mixture was heated at reflux for 1 h, then
allowed to cool to room temperature. Solid NaBH, (0.19 g,
5.0 mmol) was added in small portions over a period of 1 h, and
the resulting colourless solution was stirred at room temperature
overnight. The reaction was then quenched with saturated aqueous
NaHCO;. The mixture was extracted with CHCI; (3% 30 cm?),
washed with water and brine, and dried with anhydrous Na,SO,.
After filtration, the filtrate was evaporated to dryness. The crude
product was purified by column chromatography (SiO,, CH,Cl,/
MeOH, v/v 3:1) and (R,R)-3 was isolated as a colourless sticky oil
(0.290 g, 0.644 mmol, 64.4%). 'H NMR (500 MHz, CDCls): 6 =
8.60 (d, J = 4.2 Hz, 2 H, HA%), 8.32 (d, / = 7.9 Hz, 2 H, H*3), 8.23
(d, J=7.8Hz 2 H, HB%), 7.69 (t, / = 7.7 Hz, 2 H, HB*), 7.56 (t, J
=7.0Hz, 2 H, HA%), 7.33 (d, J = 7.6 Hz, 2 H, H®%), 7.19 (m, 2 H,
HA%), 4.16 (d, J = 14.4 Hz, 2 H, H%), 3.96 (d, J = 14.4 Hz, 2 H,
H¥), 3.10 (v br, 2 H, HNH), 2.47 (m, 2 H, H®?), 2.18 (m, 2 H,
H®), 1.73 (m, 2 H, H®*), 1.24 (m, 4 H, HS"*%) ppm. 3C NMR
(126 MHz, CDCl3): 6 = 158.8 (CB), 156.2 (CA?), 155.7 (CB?), 149.3
(CA%), 137.6 (CB4), 137.0 (CA%), 123.8 (CA%), 122.5 (CP), 121.3
(CA3), 119.5 (CB3), 61.3 (C?), 51.9 (C?), 31.4 (CS3), 25.1 (C%
ppm. IR (neat): ¥ = 2925 (m), 2853 (w), 1574 (s), 1560 (s), 1452
(m), 1427 (s), 1259 (w), 1145 (w), 1117 (w), 1094 (m), 1043 (m), 990
(m), 819 (w), 771 (s), 619 (m) cm'. UV/Vis (5.0 X 107> moldm3,
MeCN): Jmax (8) = 239 (1.6), 281 nm (2.0 X 10* dm*mol 'cm ™).
ESI-MS (MeOH): m/z = 451.5 [M + H]* (caled. 451.3), 473.3 [M
+ Na]* (base peak, calcd. 473.2). Cy3H39N41.2CH,Cl, (552.50):
caled. C 63.48, H 5.91, N 15.21; found C 63.55, H 5.91, N 15.80.
[a]¥) = ~77.8 (¢ = 0.133, CH,Cl,).

|Zn{(R,R)-3}][PF¢la: Zn(OAc),:1.5H,0 (20.9 mg, 0.100 mmol) was
added to a stirred solution of (R,R)-3 (22.5 mg, 0.0500 mmol) in
MeOH (5 cm?®) at room temperature. The colourless solution was
stirred for 1 h, and then excess aqueous NH4PF¢ (5 cm?) was added
dropwise. The white precipitate was collected by filtration and
washed with H,O and a few drops of MeOH. The product was
redissolved in MeCN, then filtered and the filtrate was evaporated
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to dryness under reduced pressure to give [Zn{(R,R)-3}][PF¢], as a
white solid (31.5 mg, 0.0391 mmol, 78.2%). 'H NMR (500 MHz,
CD;CN): 6 =8.47 (d, J = 7.7 Hz, 2 H, HB¥A3),8.46 (d, J = 7.9 Hz,
2 H, HB¥A3) 839 (t, J = 7.8 Hz, 2 H, H®%), 8.15 (t, J = 7.8 Hz, 2
H, HA%), 7.81 (d, J = 7.7 Hz, 2 H, H®), 7.72 (d, J = 49 Hz, 2 H,
HA9), 7.44 (m, 2 H, H%), 4.31 (d, J = 17.3 Hz, 2 H, H?), 4.14 (dd,
J=5.7,17.3 Hz, 2 H, H¥), 2.94 (dd, J = 10.5, 5.9 Hz, 2 H, HNH),
2.34 (d, J = 13.0 Hz, 2 H, H®), 2.01 (dt, J = 7.8, 21.0 Hz, 2 H,
H®), 1.72 (m, 2 H, H®*), 1.16 (dt, J = 10.8, 21.1 Hz, 2 H, H*),
0.95 (m, 2 H, H®*) ppm. '3C NMR (126 MHz, CD;CN): § = 157.2
(CB®), 149.8 (CAYB2),149.7 (CBYA2),149.5 (CA®), 144.1 (CB4), 142.6
(CA%), 128.4 (CA9), 127.6 (CP?), 123.7 (CA¥/B3), 122.3 (CB¥A3), 61.4
(C?), 48.0 (C¥), 31.7 (C*3), 25.8 (C*) ppm. IR (solid): ¥ = 2931
(w), 2863 (w), 1600 (m), 1583 (w), 1454 (m), 1309 (w), 1254 (w),
1163 (w), 1094 (w), 1028 (w), 944 (w), 881 (m), 829 (s), 770 (s), 662
(m), 633 (m) cm™'. UV/Vis (5.0 X 10° moldm 3, MeCN): /ax (€)
= 247 (1.8), 299 (2.6), 311 nm (2.6 X 10* dm3*mol 'cm™!). ESI-MS
(MeOH): m/z = 659.6 [M — PF¢]* (base peak, calcd. 659.2), 257.4
[M — 2PF¢]** (caled. 257.1). CogH3oF5:NGP>Zn (805.92): caled. C
41.73, H 3.75, N 10.43; found C 40.91, H 3.87, N 10.11.

[Cu{(R,R)-3}]|PF¢],: Anhydrous Cu(OAc), (18.1 mg, 0.100 mmol)
was added to a stirred solution of (R,R)-3 (22.5 mg, 0.0500 mmol)
in MeOH (5 cm?®) at room temperature. The blue solution was
stirred for 1h, then excess aqueous NH4PF; (5 cm?®) was added
dropwise. The reaction mixture was stirred for 30 min, then left to
stand at room temperature to allow the solvent to evaporate. Blue
needle-like microcrystals formed within 2 d. The solid was collected
by filtration, washed with H,O and dried in vacuo. [Cu{(R,R)-
3}[PF¢], was isolated as a blue crystalline solid (23.0 mg,
0.0286 mmol, 57.2%). IR (solid): ¥ = 2934 (w), 2867 (w), 1600 (m),
1580 (w), 1456 (m), 1434 (w), 1299 (w), 1251 (w), 1182 (w), 1096
(w), 1030 (w), 828 (s), 773 (s), 661 (w), 633 (w) cm!. UV/Vis
(5.0 X 1073 moldm™3, MeCN): Znax (6) = 229 (2.2), 299 (2.4), 310
sh nm (2.1 X 10* dm*mol 'em™!). ESI-MS (MeOH): m/z = 658.3
[M — PFg]* (base peak, calcd. 658.2), 256.8 [M — 2PFg]** (calced.
256.6). CosH3oCuF ,NgP,-2H,0 (840.08): caled. C 40.03, H 4.08,
N 9.93; found C 39.61, H 3.83, N 9.93.

[Fe{(R,R)-3}][BF4],: Fe(BF,),:6H,O (16.9 mg, 0.0500 mmol) was
added to a stirred solution of (R,R)-3 (22.5 mg, 0.0500 mmol) in
MeCN (10 cm?®) at room temperature. After being stirred for 1 h,
the dark-brown solution was filtered, and the filtrate was evapo-
rated to dryness under reduced pressure. The resulting deep-purple
solid was washed well with Et,O and was dried in vacuo over P,Os.
[Fe{(R,R)-3}][BF,], was isolated as a black-purple solid (31.3 mg,
0.0460 mmol, 92.0%). '"H NMR (500 MHz, CDs;CN): ¢ = 8.77 (d,
J =8.0Hz, 2 H, H®3), 8.53 (d, J = 8.0 Hz, 2 H, HA3), 8.33 (t, J =
7.9 Hz, 2 H, H®%), 8.00 (d, J = 7.8 Hz, 2 H, H®), 791 (t, J =
7.7 Hz, 2 H, HA%), 7.13 (m, 2 H, H?%), 6.82 (d, J = 5.5Hz, 2 H,
HA9), 4.34 (d, J = 16.5Hz, 2 H, H*), 3.38 (dd, J = 16.1, 3.2 Hz, 2
H, H¥), 2.79 (s, 2 H, HNH), 2.21 (d, J = 12.8 Hz, 2 H, H), 1.73
(m, 2 H, H®?), 1.60 (d, J = 9.0 Hz, 2 H, H®%), 1.01 (m, 2 H, H¥),
0.86 (m, 2 H, H®*) ppm. 3C NMR (126 MHz, CD3CN): § = 165.8
(CB%), 161.7 (CA?*B2), 155.3 (CA9), 138.6 (CA%), 137.8 (CB4), 127.4
(CA9), 124.9 (CPd), 124.5 (CA3), 123.5 (CP3), 66.9 (C*?), 56.3 (C?),
30.6 (C3), 25.5 (C%) ppm. IR (solid): v = 2937 (w), 2863 (w),
1606 (m), 1453 (s), 1408 (s), 1286 (w), 1031 (s), 1001 (s), 882 (W),
839 (m), 772 (s), 664 (w) cm'. UV/Vis (5.0 X107 moldm3,
MeCN): Anax (6) 247 (1.9), 302 (3.3), 373 (0.35), 578 nm
(0.45x10* dm*mol~'ecm™). ESI-MS (MeOH): m/z = 593.0 [M —
PF¢]" (caled. 593.2), 253.1 [M — 2PF¢)** (base peak, calcd. 253.1).
CygH;3oB,FgFeNg-4H,0 (752.09): caled. C 44.72, H 5.09, N 11.17;
found C 44.24, H 4.31, N 10.96.
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[Fe»{(S,S)-4},|[PFg)4: (18,25)-(+)-1,2-Diaminocyclohexane
(114mg, 0.100mmol) and  2,2'-bipyridine-6-carbaldehyde
(36.8 mg, 0.200 mmol) were dissolved in MeOH (3 cm?). Solid
FeCl,-4H,0 (19.8 mg, 0.100 mmol) was added to the stirred solu-
tion at room temperature, and the resulting deep-violet solution
was stirrd for 1 h. Aqueous NH,PF; (163 mg, 1.00 mmol in 8 cm?
H,0) was added dropwise while the reaction mixture was stirred
and a purple precipitate formed. The resulting suspension was al-
lowed to stand for I h, after which time it was filtered by suction,
and washed with MeOH/H,O (3.0 cm?, v/v, 1:5). The resulting pur-
ple solid was redissolved in MeCN, filtered and solvent was then
removed under vacuum. The product was dried in vacuo over P,Os.
[Fe»{(S,S)-4},][PF¢]s was isolated as a purple powder (60.2 mg,
76.0%). '"H NMR (500 MHz, CD5;CN): 6 = 8.90 (dd, J = 7.3,
1.8 Hz, 2 H, H®3), 8.87 (m, 4 H, HB4*B%), 842 (d, J= 7.9 Hz, 2 H,
HA3), 8.02 (s, 2 H, H?), 7.94 (dt, J = 7.8, 1.3 Hz, 2 H, HA%), 7.13
(m, 2 H, HA%), 6.69 (d, J = 5.6 Hz, 2 H, HA%), 2.20 (m, 2 H, H®?),
0.98 (d, J = 8.4 Hz, 2 H, H), 0.63 (m, 2 H, H®), 0.58 (d, J =
10.6 Hz, 2 H, H), -0.49 (d, J = 12.6 Hz, 2 H, H®) ppm. 13C
NMR (126 MHz, CDCls): 6 = 170.9 (C%), 161.3 (CB?), 159.3 (CB®),
157.5 (CA?), 153.9 (CA%), 141.2 (CB¥B3) 140.5 (CA%), 130.6
(CBBH129.6 (CA%), 125.4 (CB3), 125.0 (CA%), 69.8 (C*?), 37.2
(C3), 24.3 (C*) ppm. IR (neat): ¥ = 1739 (w), 1607 (w), 1455 (m),
1400 (w), 1373 (w), 1290 (w), 1230 (w), 834 (s), 765 (s), 739 (s), 669
(m) cm'. UV/Vis (2.5X10° moldm 3, MeCN): A,.x (¢) = 229
(8.2), 268 (6.0), 322 (4.6), 341sh (2.7), 484 (1.1), 604 (1.3), 710sh
nm (0.19 X 10* dm*mol'cm™). ESI-MS (MeOH) m/z = 647.1 [M —
2PFg)** (caled. 647.1), 521.2 [Fe(d4) + FJ* (caled. 521.2), 501.2
[Na(4) + MeOH]" (caled. 501.2), 469.2 [Na(4)]* (calcd. 469.2),
251.1 [Fe(d)]** (caled. 251.1). FAB-MS m/z = 1439.3 [M — PF¢]*
(caled. 1439.3), 1293.8 [M — 2PF,]" (calcd. 1294.2), 1149.9 [M —
3PF¢]" (caled. 1149.3). Cs¢HsyFouFeoN5P4-2.5H,0  (1629.68):
caled. C 41.27, H 3.53, N 10.31; found C 40.91, H 3.62, N 10.47.

[Fe,{(R,R)-4},]|PF¢l4: The complex was prepared in the same man-
ner as [Fe,{(S,S)-4},][PFg], starting with (1R,2R)-(-)-1,2-diamino-
cyclohexane (11.4 mg, 0.100 mmol), 2,2'-bipyridine-6-carbaldehyde
(36.8 mg, 0.200 mmol) and FeCl,4H,O (19.8 mg, 0.100 mmol).
[Fe;{(R,R)-4},][PF¢ls was isolated as purple microcrystals
(62.9 mg, 79.4%). '"H NMR spectroscopic data exactly matched
those of  [Fey{(S,5)-4},][PFgls. CseHspFauFeosN(,P42.5H,0
(1629.68): calcd. C 41.27, H 3.53, N 10.31; found C 41.18, H 3.55,
N 10.40.

[Zn{(R,R)-4},]|PF¢]4: The complex was prepared in the same man-
ner as [Fe,{(S,S)-4},][PF¢l4 starting with (1R,2R)-(-)-1,2-diamino-
cyclohexane (11.4 mg, 0.100 mmol), 2,2'-bipyridine-6-carbaldehyde
(36.8 mg,  0.200 mmol) and  Zn(OAc),’2H,O (21.8 mg,
0.100 mmol). [Zn,{(R,R)-4},][PF¢], was isolated as a white solid
(64.0 mg, 80.0%). 'H NMR (500 MHz, CD;CN): 6 = 8.91 (m, 4
H, HB3*B%) 8,56 (d, J = 7.9 Hz, 2 H, HA%), 8.36 (d, / = 6.9 Hz, 2
H, HP%), 8.18 (dt, J = 7.8, 1.2 Hz, 2 H, HA%), 8.07 (s, 2 H, H®),
7.42 (m, 2 H, HA%), 7.36 (d, J = 4.7 Hz, 2 H, HA%), 2.55 d, J =
9.7 Hz, 2 H, H®?), 1.13 (m, 4 H, H®%), 1.11 (m, 4 H, H®3), 0.71 (d,
J = 9.6Hz, 2 H, H*), —0.17 (s, 2 H, H®) ppm. 3C NMR
(126 MHz, CDCls): 6 = 165.0 (C%), 151.1 (CPB?), 149.2 (CA), 147.4
(CP%), 147.4 (CA?), 145.9 (CB®), 142.9 (CA%), 131.5 (CP), 1294
(CA9), 128.6 (CB3), 125.1 (CA3), 72.2 (C?), 37.8 (CS3), 24.8 (CH)
ppm. IR (neat): ¥ = 1590 (m), 1490 (w), 1452 (m), 1324 (w), 1301
(w), 1257 (w), 1182 (w), 1164 (w), 1097 (w), 1030 (m), 1013 (w),
875 (m), 837 (s), 777 (m), 739 (w), 662 (m) cm~'. UV/Vis
(2.5x 1073 moldm™3, MeCN): Jpnax (6) = 229 (5.4), 247 (4.3), 276
(2.6), 299 (3.5), 311 (4.1), 331sh nm (2.1 X 10* dm*mol'cm™).
ESI-MS (MeOH) m/z = 719.3 [Zn(4)PF4 + 2MeOH]" (calcd.
719.2), 469.3 [Na(4)]* (calcd. 469.2), 287.1 [Zn(4) + 2MeOHJ**
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(caled. 287.1), 271.1 [Zn(4) + MeOHJ** (caled. 271.1), 255.1
[Zn(4)]** (caled. 255.1). FAB-MS m/z = 1457.3 [M — PF4]* (calcd.
1457.2), 1312.0 [M — 2PF¢]" (caled. 1312.2), 510.0 [Zn(4)]* (calcd.
510.2). CsgHsoFouN{,P4Zn,2MeOH-H,O (1685.87): caled. C
41.32, H 3.71, N 9.97; found C 41.17, H 3.74, N 9.85.

[Ag>{(R,R)-4},]IBF 4]: (1R,2R)-(+)-1,2-Diaminocyclohexane
(11.4mg, 0.100mmol) and  2,2'-bipyridine-6-carbaldehyde
(36.8 mg, 0.200 mmol) were dissolved in MeOH (3.0 cm?). The re-
action mixture was stirred at room temperature while solid AgBF,
(19.4 mg, 0.100 mmol) was added. The resulting light yellow solu-
tion was stirred for 2 h, after which time water (8.0 cm?) was added.
The resulting solution was allowed to stand in air and in the dark
for two weeks. During this period, yellow blocks of [Ag>{(R,R)-
4},][BF,4], formed. These were collected by filtration, washed with
Et,O and dried in air (25.2mg, 39.4%). '"H NMR (500 MHz,
CD;CN): § = 8.53 (s, 2 H, H®), 7.76 (m, 4 H, HB**A%) 7.70 (d, J
=79Hz, 2 H, H®), 7.49 (d, J = 7.9 Hz, 2 H, H*%), 725 (d, J =
7.5Hz, 2 H, H®), 7.14 (t, J = 7.7 Hz, 2 H, H*%), 6.83 (dd, J = 4.9,
7.3 Hz, 2 H, HA%), 3.98 (d, J = 9.1 Hz, 2 H, H®?), 2.09 (m, 2 H,
H®), 1.89 (m, 4 H, H®*¥), 1.47 (m, 2 H, H*¥) ppm. 3C NMR
(126 MHz, CDCl3): § = 161.8 (C#), 154.6 (CB2), 153.2 (CA?), 149.8
(CB®), 149.1 (CA%), 140.0 (CB4), 137.3 (CA%), 128.2 (CP), 125.7
(CB3), 125.3 (CA9), 122.5 (CA3), 72.7 (C®?), 33.1 (CS3), 25.3 (C%)
ppm. IR (neat): v = 3590 (w), 2930 (w), 1643 (m), 1582 (m), 1562
(m), 1481 (w), 1447 (m), 1431 (m), 1391 (w), 1346 (w), 1308 (w),
1285 (w), 1250 (w), 1157 (w), 1051 (s), 1005 (s), 939 (w), 856 (W),
827 (w), 775 (s), 743 (m), 686 (w) cm’l. UV/Vis
(2.5% 103 moldm=3, MeCN): Ap. (6) = 228 (7.5), 246sh (4.6),
278 nm (4.1 X 10* dm*mol 'em™'). ESI-MS (MeOH) m/z = 1193.5
[M — BF,]* (caled. 1193.3), 553.3 [Ag(4)]" (caled. 553.1). FAB-MS
mlz = 1195.1 [M — BF,]* (calcd. 1193.3), 553.1 [Ag(4)]" (calcd.
553.1). CssHsyAgoBoFgN »H,0 (1300.45): caled. C 51.72, H 4.19,
N 12.92; found C 51.52, H 4.30, N 12.88.

Crystal Structure Determinations: Data were collected on a Bruker—
Nonius Kappa CCD or Stoe IPDS instrument; data reduction,
solution and refinement used the programs COLLECT,"
SIR92,°'1 DENZO/SCALEPACK? and CRYSTALS,? or Stoe
IPDS softwarel®™ and SHELXL97.5% Structures have been ana-
lyzed using Mercury v.2.2.1°1 ORTEP figures were drawn using Or-
tep-3 for Windows.[”)

[Zn{(R,R)-3}||PF¢la: CosH30FsNgP>Zn, M = 805.89, colourless
needle, orthorhombic, space group P2,2,2,, a = 12.4555(4), b =
13.8457(4), ¢ = 18.3334(5) A, U = 3161.7(2) A3, Z = 4, D¢ =
1.693 Mgm™, u(Mo-K,) = 0.981 mm!, 7T = 123 K. Total 132107
reflections, 15364 unique, R;,; = 0.028. Refinement of 12976 reflec-
tions (443 parameters) with I > 2c(I) converged at final Rl =
0.0233 (R1 all data: 0.0276), wR2 = 0.0273 (wR2 all data: 0.0344),
gof = 0.9901, Flack: 0.008(3).

[Cu{(R,R)-3}]||PF¢la: CrgH3oCuF,NgP,, M = 804.06, blue-green
prism, orthorhombic, space group P2,2,2;, a = 12.3960(2), b =
13.8237(2), ¢ = 18.4391(3) A, U = 3159.7009) A%, Z = 4, D¢ =
1.690 Mgm3, u(Mo-K,) = 0.896 mm~!, T = 123 K. Total 59380
reflections, 12483 unique, R;,; = 0.034. Refinement of 10796 reflec-
tions (443 parameters) with / >20(/) converged at final Rl =
0.0241 (R1 all data: 0.0279), wR2 = 0.0269 (wR2 all data: 0.0327),
gof = 1.0865, Flack: 0.003(4).

[Fe{(R,R)-3}][BF,],: C,sH3B,FsFeNgs, M = 680.05, black block,
orthorhombic, space group P2,2,2;, a = 10.349(2), b = 14.929(3),
c=18.622(4) A, U = 2877.1(10) A3, Z = 4, Dc = 1.570 Mgm 3,
1(Mo-K,) = 0.608 mm !, 7 = 173(2) K. Total 50913 reflections,
8297 unique, R;,; = 0.128. Refinement of 8210 reflections (406 pa-
rameters) with 7 > 2o(/) converged at final R1 = 0.0344 (R1 all
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data: 0.0347), wR2 = 0.0936 (wR2 all data: 0.0939), gof = 1.057,
Flack: 0.009(8).

4[Fe,{(S,S)-4},|[PF¢l44Et,0-6Me,CO-7MeCN-4H,0:

Cy75H313F96FegN5sO 4P, M = 7343.11, black block, orthorhom-
bic, space group P2,2,2, a = 23.634(5), b = 24.750(5), ¢ =
13.846(3) A, U=18099(3) A3, Z =1, Dc = 1.504 Mgm 3, u(Mo-K,)
=0.547mm!, T = 173 K. Total 146112 reflections, 20476 unique,
Ry = 0.0828. Refinement of 19838 reflections (1148 parameters)
with 7 > 2co(/) converged at final R1 = 0.0488 (R1 all data: 0.0503),
wR2 =0.1313 (wR2 all data: 0.1328), gof = 1.049, Flack: 0.032(10).

[Zn,{(R,R)-4},][PFls-3MeCN: Cg,Hg F24N sPsZn,, M = 1726.92,
colourless block, monoclinic, space group P2, a = 13.6123(14), b
=21.961(3), ¢ = 13.5795(16) A, = 119.736(8)°, U = 3524.8(7) A3,
Z =2, Dc = 1.627 Mgm 3, u(Mo-K,) = 0.887 mm!, T = 173 K.
Total 56323 reflections, 19608 unique, R;,; = 0.0448. Refinement of
18689 reflections (1078 parameters) with / > 2o(/) converged at
final R1 = 0.0363 (R1 all data: 0.0391), wR2 = 0.0876 (wR2 all
data: 0.0890), gof = 1.082, Flack: 0.025(4).

2[Ag{(R,R)-4}5][BF4],'3H,0:  CioH 10AgsB4F16N24O3, M =
2618.97, yellow block, monoclinic, space group P2, a = 13.312(3),
b = 13.841(3), ¢ = 15.421(3) A, f = 96.80(3)°, U = 2821.5(10) A3,
Z =1, Dc = 1.538 Mgm3, y(Mo-K,) = 0.773mm™!, T = 173 K.
Total 61381 reflections, 14640 unique, R;,; = 0.0260. Refinement of
14368 reflections (1094 parameters) with I > 2c(/) converged at
final R1 = 0.0464 (R1 all data: 0.0472), wR2 = 0.1146 (wR2 all
data: 0.1154), gof = 1.062, Flack: 0.00(2).

CCDC-746854 (for [Cu{(R,R)-3}][PFl»), -746855 (for [Fe{(R,R)-
3}[BF,],), -746856 (for [Zn{(R,R)-3}][PF¢],), -757510 (for
[Zn,{(R,R)-4},][PF¢l4:3MeCN), -757511 (for 4[Fe,{(S,S)-4},]-
[PF¢]4-4Et,0-6Me,CO-7MeCN 4H,0), -757512 (for 2[Ag,{(R,R)-
4},][BF,],:3H,0) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Figure S1. '"H NMR spectrum of (R,R)-3; Figure S2.
CD spectra of (R,R)-3, [Zn{(R,R)-3}][PF¢ls, [Cu{(R,R)-3}][PF4l
and [Fe{(R,R)-3}][BF,],; Figure S3. CD spectrum of [Zn,{(R,R)-
4},][PF¢ly; Figure S4. Space filling diagram of M-[Zn,{(R,R)-
4}
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