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Isomerism in Copper(I)-Induced Folding of Homoditopic Macrocyclic
Ligands with Bis(dithiadiimine) Donor Sets
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The structural properties of the dicopper(l) compounds of the
two large macrocyclic Schiff base ligands para-222 and
meta-222 with two dithiadiimine coordination sites, where
the two sites are linked by two para- or two meta-xylylene
spacer groups and all bridges between the donors of each
site are ethylene groups (32- and 30-membered macrocycles
for the para- or meta-xylylen-bridged para-222 and meta-222
species, respectively) are studied, in solution and by
computer modeling. Solid-state structural data have been
reported elsewhere. The coordination of the 32-membered
macrocycle para-222 to two copper(l) centers leads to a
helical figure-of-eight-shaped structure. Two diastereomeric
pairs of enantiomers have been observed for this type of

compound in solution. The crystallized form is more stable
than the second isomer by approximately 6-10 kJ/mol
(solution-NMR spectroscopy and force-field calculations).
Both experimentally detected isomers are more than 15 kJ/
mol more stable than the other five possible configurations
(force-field calculations). For the meta-222 macrocycle (30-
membered ring) an achiral structure has been observed in
the solid while two of the 21 possible isomers have been
detected in solution (3:1, NMR spectroscopy). The computed
structures and isomer distributions (force-field calculations)
are compared with the solid-state structures and with
observed isomer distributions from NMR experiments, and
dynamic processes are analyzed in detail.

Introduction

The coordination of the paracyclophane-based preor-
ganized double-helical (N,S,), bis(dithiadiimine) ligand
(phane-222, see Figure 1) to copper(I) yields a dicopper(I)
complex that, based on the observed structure, is not much
strained.!!! Indeed, the coordination of copper(I) to analog-
uous macrocyclic ligands, where the two (N»S,), donor sites
are linked by two para-xylylene groups (para-222, see Fig-
ure 1) leads to a very similar figure-of-eight-shaped struc-
ture.>~# That is, copper(I) induces an identical folding, and
this indicates that phane-222 is highly preorganized for cop-
per(I).5~71 The isomer with meta-xylylene-bridged donor
groups (30- instead of 32-membered macrocyclic ring, meta-
222, see Figure 1) leads to an achiral dicopper(I) compound
but the overall shape of the structure (“squeezed” instead
of “twisted” figure-of-eight shape) and, in particular, the
geometry of the chromophores are very similar.’] Plots of
the observed structures of the three dicopper(I) compounds
are shown in Figure 1 and relevant parameters are as-
sembled in Table 1.

From solid-state structural studies of an extended
series of dicopper(I) compounds of Schiff base (N,S,), li-
gands of the general type shown in Figure 1 (variation of
the aromatic spacer groups, variation of the chelate ring
sizes) it emerges that, for the chiral compounds with para-
substituted spacer groups (e.g. para-222), only one of seven
possible diastereoisomeric pairs of enantiomers is observed,
that is, one of the two forms that have identical configura-
tion for all four coordinated thioether-S donors (see below
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and Figure 1); for the meso form (meta-222) the thioether-
S configurations are (R)(R)(S)(S) and only one of three
theoretically possible isomers with respect to the orientation
of the xylylene spacer groups is observed in the crystal
structural analysis (see Figure 1).5-4

Solution-NMR studies indicate that the geometries in
solution are identical to those observed in the solid, that is
figure-of-eight-shaped (“twisted” or “squeezed” for para-
and meta-substituted xylylene spacer groups, respectively),
and that dynamic processes occur. The dicopper(I) com-
pounds of para-222 and of derivatives with larger chelate
ring sizes have been studied in detail by solution-NMR
spectroscopy.¥l An intramolecular dynamic process leads to
helix inversion (epimerization, that is, retention of the con-
figuration of the S donors), and a solvent-dependent inter-
molecular process leads to full racemization.™ For the de-
rivative of para-222 with two seven-membered chelate rings
(para-242) there is spectroscopic evidence for an equilib-
rium with a less stable isomer, and this is attributed to the
helix inversion (epimerization) product. The solution
chemistry of meta-222 is addressed here. We also present a
full conformational analysis of the two isomers [Cu,(para-
222)]>* and [Cu,(meta-222)]*", based on force-field calcu-
lations, and these are compared to observed solid-state and
solution data.

Results and Discussion
Isomerism

The helical dinuclear compounds, that is, the dicopper(I)
compounds of phane-222 and para-222, have the same
shape and the same idealized symmetry (D) while the achi-
ral dicopper(I) compound, that is, that of meta-222 has ide-
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Figure 1. Plots of the molecular cations of the experimentally observed solid-state structures of (a) [Cu,(phane-222)]>",11 (b) [Cu,(para-
222)]>7,B1 (¢) [Cuy(meta-222)]> B and sketches of the “ helical” and “squeezed” folding of the macrocycles with numbering scheme

Table 1. Structural parameters of {Cuz(phane-ZZZ)]z”’[”, [Cus(para-
222)P" B3 and [Cu,(meta-222)]> 113

Ligand phane-222 para-222 meta-222
Cu-S 242 2.38 243
Cu—N 1.96 2.01 1.99

Cu --Cu 8.22 7.83 8.15
Cxyl--Cxyl - 3.43 3.26; 3.43
xyl++xyl 3.09 3.59 3.39
S—Cu-S 91.51 91.0 88.2
S—Cu—N 117.4 115.1 1133
S—Cu—Npite 90.2 90.8 89.7
N—Cu—N 141.2 144.1 148.5
Cimine__ nyl[a] 32 31 27

el 71 73 73

[al Torsional angle around the imine bond. — [ Tetrahedral twist
angle (S—Cu—S; N—Cu—N planes; tetrahedral: 90°).

alized C,, symmetry (see Scheme 1). For [Cus(para-222)]>*
there are eleven elements of asymmetry, the helix, the four
thioether-S donors and the six five-membered chelate rings.
The experimentally determined structure has A-
(S(S)(S)(S)-AAAAAL geometry (the order of the thioether-
S configurations and of the five-membered chelate ring con-
formations is based on the numbering scheme given in Fig-
ure 1; the same conformation is observed in all other struc-
turally determined derivatives*). There are seven dia-
stereomeric pairs of enantiomers with different sequences
of thioether-S configurations [A-helices: (S)(S)(S)(S),
(SIS)S)R),  (SHS)NR)(R),  (SHRUR)S),  (SHR)(S)R),
(R)(R)(R)(S) and (R)(R)(R)(R)]. For each there is a number
of possible sequences of the five-membered chelate ring
conformations, leading to 350 non-degenerate isomers.

The [Cus(meta-222)]>* ion has twelve stereochemical ele-
ments, the four thioether-S donors, the six five-membered
chelate ring conformations and the orientation of the two
meta-xylylene spacer groups. The crystallized molecule has
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xylylene spacer
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Cu

Scheme 1

tail-to-tail-(S)(S)(R)(R)-AAA63S geometry (the nomencla-
ture follows the numbering scheme given in Figure 1; tail-
to-tail refers to the orientation of the meta-xylylene bridges,
see Scheme 3, below). There are 72 non-degenerate isomers
in this system.

Dynamics — Experimental Observations

High-resolution 'H-NMR spectroscopy indicates that,
for both structural types, the figure-of-eight-shaped ge-
ometry is retained in solution.!~# For the helical dicop-
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per(I) compounds (e.g. [Cus(para-222)]>*) there is evidence
for two independent dynamic processes. The first is helix
inversion with full retention of the thioether-S configura-
tion (epimerization). This is observed at low temperature
in solvents with little affinity to copper(I) (intramolecular
reaction, observed in nitromethane) in the low-field region
of the '"H-NMR spectrum (non-equivalent aromatic pro-
tons, see Scheme 2).M For a derivative of para-222 (i.e.
para-242) there is spectroscopic evidence for the second dia-
stereoisomer that emerges from helix inversion [A-
(S)(S)(S)(S) versus A-(S)(S)(S)(S)]. For para-222 the helix
inversion has a lower energy barrier and the spectra were
therefore not fully resolved at the lowest temperature avail-
able in nitromethane.[* The comparison of the tempera-
ture-dependent 'H-NMR data of the dicopper(I) com-
pounds of para-222 with those of ligands with substituted
benzene spacer groups (e.g. Me-para-222, see Scheme 2, di-
methylated spacer group) suggests that along the helix in-
version mode there is rotation of the xylylene groups
around the Cl--C4 axes (in/out isomerism, see Scheme
2).14 The rate of this rotation depends on the size of the
xylylene substituents.

out - out

in - out

@)

in- in

Scheme 2

The second dynamic process leads to full racemization,
that is, it involves inversion of the helix and inversion at
each of the four thioether-S donors [A-(S)(S)(S)(S) versus
A-(R)(R)(R)(R)]. This reaction is only observed in aceto-
nitrile for which copper(I) has a strong affinity. It occurs at
significantly higher temperatures than the helix inversion,
and it was assigned on the basis of temperature-dependent
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'H-NMR spectra in the high-field region (methylene pro-
tons).[ The solvent dependence and the fact that inversion
at the thioether-S donors involves copper(I)—S bond break-
ing suggest that full racemization is an intermolecular pro-
cess. This was supported by crystallization and the struc-
tural analysis of a putative intermediate with two coordi-
nated acetonitrile molecules. ™

The solution 'H-NMR spectroscopic behavior of the
achiral [Cu,(meta-222)]*" cation is strikingly different. In
both solvents, acetonitrile and nitromethane, there are, in
dependence of the temperature, two types of spectra: a well-
resolved low-temperature spectrum (for the region of aro-
matic and imine protons, see Figure 2) and a high-tempera-
ture spectrum that has coupling patterns identical to those
of the metal-free ligand but chemical shifts (methylene pro-
tons, high-field region) that indicate copper(I) coordination.
In analogy to the observations and interpretations with the
helical compounds™ (see above), the high-temperature
spectrum is attributed to a species, where a dynamic process
leads to full scrambling which may involve a “stack-and-
slip” process (Scheme 1), reorientation of the meta-xylylene
spacer groups (Scheme 3) and inversion at the thioether-
S centers.

tail-to-tail

head-to-tail

head-to-head

Scheme 3

In contrast to observations with the “twisted” geometries
(helical compounds, e.g. [Cu,(para-222)]**, see abovel)
with the “squeezed” geometry ([Cu,(meta-222)]*>") this pro-
cess occurs in acetonitrile and in nitromethane {[Cu,(meta-
222)]**: coalescence temperatures for the aromatic protons:
330 K (nitromethane), 300 K (nitromethane/acetonitrile,
10:1), 250 K (acetonitrile); [Cus(para-222)]*", aromatic pro-
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Figure 2. Region of the signals of the aromatic protons in the 'H-
NMR spectrum (200 MHz, 290K, CD;NO,) of [Cu,(meta-222)]>*;
the numbering of the protons of the meta-xylylene groups is given
in the sketch

tons: < 230 K, solvent-independent; methylene protons
(only in acetonitrile): 300 K}. This suggests that intramol-
ecular processes for [Cu,(meta-222)]*" have significantly
higher activation barriers. Based on the structural features
of the “squeezed” geometry this is not unexpected: The
stack-and-slip process (Scheme 1) must lead to a significant
amount of unfolding and strain in the copper(I)—donor
bonds, especially for the experimentally observed tail-to-tail
rotamer; the reorientation of the meta-xylylene spacer
groups (tail-to-tail/head-to-tail/head-to-head isomerization)
involves a rotation around the C1:--C3 axis, and this is steri-
cally less favorable than the corresponding rotation of the
para-xylylene spacer groups (Cl-+C4 axis). The fact that
the high-temperature dynamic process is only moderately
dependent on the solvent for [Cus(meta-222)]** suggests
that Cu'—S bond breaking has a more dissociative acti-
vation than for [Cu,(para-222)]>", and this is supported by
the higher activation barrier of the low-temperature dynam-
ics, that is, these processes involve highly strained transition
states. Further support for this interpretation emerges from
the observation that the air stability of the [Cu,(meta-
222)]** species is considerably lower than that of [Cu,(para-
222)]?", that is, oxygenation of the dicopper(I) compound
is probably also activated along the intramolecular dy-
namic process.

In the region of the aromatic and imine proton signals
one expects a singlet for the imine protons and three signals
for the aromatic protons (singlet, doublet, triplet) in the ra-
tio 2:1:2:1. The experimetal 'H-NMR spectrum at 298 K
(Figure 2) suggests that two isomeric [Cus(meta-222)]**
species in the ratio of approximately 3:1 are present in solu-
tion. There is only one set of signals in the region of ali-
phatic protons, suggesting that the coordination geometries
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of the two isomers are close to identical [the sum of the
integrals of the signals in the aromatic region (both iso-
mers) corresponds to that expected from the sum of inte-
grals of the aliphatic protons]. Possible isomeric forms [tail-
to-tail (observed in the solid state, see Figure 1), head-to-
tail, head-to-head] are shown in Scheme 3. The experimen-
tal spectrum suggests that only two species are stable in
solution. Also, the head-to-tail isomer has a lower sym-
metry, and additional splitting in the aromatic region would
be expected for this species, unless a fast dynamic ex-
change occured.

Further structural information emerges from a qualitat-
ive analysis of the chemical shifts in the aromatic region
(Table 2; see structural sketch in Figure 2 for proton num-
bering). Based on the solid-state structure (Figure 1; the
meta-xylylene rings are stacked with a xylylene-xylylene
distance of 3.39 A and a horizontal displacement of the two
rings by 1.06 APl) one expects that signals of protons 2 and
especially 3 are shifted to higher field due to dipole-dipole
interactions with the other aromatic ring, while there is less
interaction with protons 1. The observed signals of the
major species are in agreement with these expectations
(shift with respect to the chemical shift of the metal-free
ligand of AS = +0.07, —0.11, —0.31 for signals 1, 2, 3,
respectively). In the less abundant isomer (primed reson-
ances in Figure 2), the signals for proton 1’ and 3’ are
shifted to higher field with respect to those in the major
isomer (AS = —0.53 and —1.52), indicating that there is a
very strong interaction with the other aromatic ring. For
protons 2’ there is a decreasing interaction (Ad = +0.21).
This behavior may be interpreted by a tilt of the two aro-
matic planes with respect to each other (see rotation of the
xylylene rings above). The relative symmetry (number of
symmetry-related protons) suggests that a fast equilibrium
between various sites must be involved, that is, in average,
both meta-xylylene rings are equivalent.

Modeling Studies

Empirical force-field calculations in combination with ex-
perimental data (isomer distributions, reduction potentials,
EPR, NMR and electronic spectra) have been used exten-
sively to determine structures of transition metal com-
pounds in solution.®B~!1 The MOMEC program!!?l and
force field[!3] have been tested successfully in this field, and
in various areas they have demonstrated to lead also to ac-
curate predictions of conformational equilibria and energy
barriers for conformer interconversions.'¥! This is not
necessarily expected since the force field is primarily based
on solid-state structural data.l'¥ However, the parameter
sets used for the ligand backbones are transferable, and
from the fact that some of these parameters were fitted to
thermodynamic observables it emerges that the steepnesses
of the potentials are approximately realistic. Published
studies, primarily in the fields of (hexaamine)cobalt(III)
and -nickel(II) compounds support this suggestion.[®~11-14]
The new parameters necessary to model the conformational
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Table 2. '"H-NMR data of meta-222 and [Cu,(meta-222)1>* [200 MHz, CD3;NO», 290 K (and 350 K), low-field region, & (ppm)]; for atom

numbering, see Figure 2

Metal-free ligand

Major isomer

[Cus(meta-222)]>+

Minor isomer Fast exchange

290 K 290 K 290 K 350 K
imine proton 8.3 8.68 8.82 8.70
aromatic proton 1 8.0 8.07 7.54 8.01
aromatic proton 2 7.8 7.69 7.90 7.75
aromatic proton 3 7.5 7.19 5.57 7.05

space of [Cuy(para-222)]** and [Cun(meta-222)]>" include
copper(I)—thioether-S interactions and a few parameters
involving the substituents of the thioether and Schiff base
donors (see Experimental Section). These were fitted to the
published experimental structures in this series.' = Thus,
the expectation was that, together with the experimental
data discussed above, a full conformational analysis of the
two isomers [Cus(para-222)?* and [Cus(meta-222)]>*
would lead to some insight into the dynamic processes in
these systems.

[Cuy(para-222))**

The conformation observed in the solid {A-(S)(S)(S)(S)-
MAAA-[Cus(para-222)>*} is the most stable structure
(Ustrain = 28 kJ/mol). Inversion of a five-membered chelate
ring costs approximately 5 kJ/mol and inversion of a coor-
dinated thioether-S center leads to a destabilization of ap-
proximately 16 kJ/mol. These effects are not additive but
the next lowest energy structure (five-membered ring inver-
sions alone excluded; these have activation barriers of ap-
proximately 25 kJ/mol,[!>1¢ je. their interconversion will
not be frozen at the low-temperature limits of our exper-
imental studies) is that of the helix inversion product, i.e.
A-(S)(S)(S)(S)-MMAA-[Cus(para-222)P* with Ugyain = 34
kJ/mol. The strain energy minimization of structures with
constrained pseudo-torsional angles ¢ around the centroids
of the two para-xylylene rings (helix inversion; ¢ = 80° to
¢ = —80°) was not as straight forward as one might antici-
pate. Without any further constraints there was a consider-
able distortion in the stacking of the para-xylylene rings
that lead to intermediate structures at the transition state
(pseudo-torsional angle ¢& = 0°) with horizontal trans-
lations or tilts of the two para-xylylene rings. This supports
the interpretation based on the solution "H-NMR studies
that, along the helix inversion, there is a low-energy ro-
tation of the para-xylyene rings (see above). Also, with con-
strained stacking, the distance between the para-xylylene
rings increases at the transition state (¢ = 0°) from approxi-
mately 3.3 A to approximately 4.9 A.The energy barrier of
the helix inversion process with constrained stacking of the
para-xylylene rings is approximately 50 kJ/mol (see Figure
3). This upper limit of the activation energy for the helix
inversion process is in good qualitative agreement with the
temperature-dependent 'H-NMR data.
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Figure 3. Energy profile of the dynamic processes of (a) [Cu,(meta-
222)1** and (b) [Cuy(para-222)1**

[Cuy(meta-222))*+

Only two of the three putative rotamers of [Cu,(meta-
222)]>* (Scheme 3) converged to a stable structure. The ex-
perimentally observed geometry {tail-to-tail-(R)(R)(S)(S)-
888AMA-[Cun(meta-222)]>*} was that with the lowest strain
energy (Uspain = 40 kJ/mol; that is, the isomer with meta-
xylylene spacer groups is approximately 12 kJ/mol less
stable than that with para-xylylene spacer groups). The en-
ergy differences to species with inverted five-membered che-
late rings and inverted thioether-S donor groups are similar
to those of the para isomer (see above). Optimization of the
head-to-tail isomer leads to a structure with one of the two
aromatic rings tilted with respect to the other (see Figure
4). Optimization of the third rotamer (head-to-head) con-
verged to either of the two other structures (head-to-tail or
tail-to-tail), that is, this is not a minimum on the energy
surface. The most stable head-to-tail conformer is head-to-
tail-(R)(R)(S)(S)-ASASAA-[Cus(mera-222)P" with Ugypuin =
47 kJ/mol.l'"I The strain energy difference between the two
rotamers (7 kJ/mol) is in good agreement with the isomer
distribution observed in the "H-NMR spectrum (3:1, Figure
2). The optimized structure of the less abundant head-to-
tail isomer is of particular interest since it is as expected
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from the solution '"H-NMR spectroscopic data, that is, the
two aromatic spacer groups are tilted with respect to each
other (see above). The sketches shown in Scheme 3 indicate
that this might be due to the relieve of some strain related
to the geometry around the C-1 and C-3 bridgehead carbon
atoms of the meta-xylylene spacer group.

-

=5

Figure 4. Visualization of the low-temperature dynamic process of
the head-to-tail isomer of [Cu,(meta-222)]**

Constraints were used to map the interconversion of the
two rotamers of [Cu,(meta-222)]**. The qualitative picture
(see Figure 3) is that there is an activation energy between
the two isomers of at least 80 kJ/mol. This is consistent
with the observation that, at low temperature (< 300 K)
there is no fast interconversion of the two isomers. Es-
pecially interesting is the observation that, for the tilted
head-to-tail isomer there is a very shallow energy surface
with at least three minima where the tilt angle between the
two xylylene planes varies from approximately 30° to ap-
proximately 120° (see Figure 4). In the enforced structure
of the head-to-tail isomer with parallel aromatic rings (tran-
sition state) the two meta-xylylene rings are symmetry-re-
lated, that is, there is a wagging mode of the two rings with
an energy barrier of less than approximately 25 kJ/mol, and
this is consistent with the observed 'H-NMR spectra (see
above). That is, the observed chemical shifts are due to the
tilt of one of the xylylene planes with respect to the other
and the shallow energy minima with various structural
modes is in agreement with the observed high symmetry
averaged structure.

Experimental Section

The syntheses have been described before' = — NMR spectra
were obtained with a Bruker AS200 instrument at 200 MHz. —
MOMEC97['2131 with a published force field!'?] was used to com-
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pute the optimized structures and minimized strain energies. Par-
ameters not published before are given in Table 3.

Table 3. MOMEC force-field parametersl®!

Bond lengths

Type 1 Type 2 k [mdyn A~1] ro [A]

Nir?ine Cmethyl 34 1.48

Cu thioether 0.1 2.30

Cbenzene ether 5.0 1.36
benzene thioether 4.0 1.42
benzene imine 4.0 1.42

Torsion angles

Type 1 Type 2 k [mdyn A] m o [rad]

Cimine Chenzene 0.005 (0.025)1 2 1.571
benzene benzene 0.060 2 1.571

Valence angles .

Type 1 Type 2 Type 3 k [mdyn A rad™?] 0, [rad]

sthioether CU(I) Namine 0 0
imine CU(I) imine 0 0

CuI Sthioelher methyl 0.10 1.745

Cul thioether benzene 0.10 1.571

Cul imine benzene 0.10 2.094

Cben7ene thioether ‘methyl 0.50 1.740
benzene benzene thioether 0.45 2.094
benzene imine imine 0.50 2.094
benzene benzene imine 0.50 2.094
benzene ether methyl 0.75 2094
benzene benzene ether 0.75 2.094
ether methyl 0.36 1.911
methyl alcohol H 0.35 1.870

a] 1%171] other parameters have been published before.['3] — [Pl See

ref.
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