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The trinuclear secondary building unit (SBU) {Cus(p-L)4X5} constructed from chelating and
alcoholate-O-bridging chiral amino alcoholate (amino alkoxido, p-L) and terminal halide ligands
(X) gives rise to two-dimensional (2D) homochiral supramolecular polymers through the bridging
action of the halide ligand. Compounds 2D-[Cus(p-L)4(13-X),] {X = Br (1 to 4), X = CI (5, 6);
L = amino-ethanolate (1, 5), (R)-2-amino-propan-1-olate (2), (R)-2-amino-butan-1-olate (ab)

(3, 6), (R)-2-amino-2-phenyl-ethanolate (4)} were synthesized from 2-amino alcohol, LH with
CuBr;, or CuCl,, respectively, in the presence of triethylamine (TEA). The crystal packing of
isomorphous 2D-[Cu;(p-L)4(13-X),] shows a separation of the hydrophobic alkyl from the

hydrophilic amino-/alcoholate-/Cu—Br-region. Charge-assisted Cu

Q+). .

OBr- and hydrogen-

bonding interactions in the hydrophilic region are the driving force of “hydrophobic exterior
layer” formation with a hydrophilic interior exposing the hydrophobic alkyl groups to the
exterior. Stacking of the layers through weak van-der-Waals interactions between the alkyl groups
correlates with formation of thin crystal plates along the stacking direction. A lower ligand
concentration yields both dinuclear and mononuclear SBUs in one-dimensional (1D-) homochiral
coordination polymers 1D-[{Cu,(u-ab),Br,}-{(13-Br)Cu(abH),Br}{(n3-Br)Cu(abH)(CH;OH)Br}]
(7) and 1D-[{Cu,(p-ab),Cly},{(n3-Cl)Cu(abH)(CH;CH,OH)Cl},] (8). In {[Cu(rac-abH)-
(rac-ab)H,O]ClO4}, (9) two SBUs combine through charge assisted H-bonds to a dimeric unit.
Temperature dependent magnetic susceptibility measurements of 1 and 3 show ferromagnetic
coupling but no magnetic ordering. However, at temperatures lower than 3 K an onset of

long-range magnetic ordering can be observed. AC magnetic measurements in the range of 1.9 K
to 5 K at different frequencies show that the long range magnetic ordering is achieved at lower
temperatures than that. Correlation of magnetic coupling with the Cu—O—Cu angle is in
agreement with the structural parameters of 1 and 3. Very good agreement between experimental
and DFT calculated J,j coupling constants shows that the interaction between the terminal
copper(i) ions in these linear trinuclear SBUs is operative and it cannot be neglected.

Introduction

There is ongoing work in the formation of chiral coordination
polymers,' ™ e.g., for chiral catalysis>® or enantiomer recognition.”
Two main strategies exist: (i) homochiral ligands as linkers to
connect the metal atoms or clusters; (ii)) homochiral chelating
or terminal ligands to assemble homochiral secondary building
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units (SBUs)® which then can be connected via achiral linkers
or a combination of both.*’

Both types of homochiral ligands should preferably come
from the chiral pool.

Homochiral bridging ligands include saccharate,'® aspartate,''
lactate,'? tartarate,'® citramalate,'* malate,'>'® mandelate,'®
camphorate!” and bridging ligands constructed from amino
acids.'® Enantiopure chelating ligands are aminocarboxylates
(amino acetates/acids),'”?° (R/S)-1,1’-bi-2-naphthol/-ate (BINOL)*!
and derivatives, (R/S)-(aryl)ethylamines for chiral Schiff bases,
and others>* for the formation of SBUs for extended (one- to
three-dimensional) structures. The search for suitable SBUs is
one aspect of the crystal engineering of hybrid inorganic—
organic framework materials. Amino alcohol ligands have
been shown to lead to very versatile SBUs.>**°

Ongoing work on metal complexes with easily accessible
amino alcoholate (amino alkoxido) ligands®*=° prompted us
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NR, R = H, Me (racemate),
R'=H, R" = Et, -C3H;0H, -C,H,OH
R R'=R" = Me, Et, iPr, Pr, -C,H,OH

Scheme 1 Common binuclear copper building unit with amino
alcoholate (amino alkoxide) derivatives in coordination polymers;
X = coordination sites occupied by bridging ligands (see text).
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Scheme 2 Bulk synthesis of compounds 1 to 6 with their trinuclear
SBU.

to utilize chiral amino alcoholate ligands for the formation of
homochiral SBUs for extended coordination polymeric structures.
Known structures with the enantiopure B-amino alcoholate
ligands®! 2-amino-propan-1-olate (ap),>** 2-amino-butan-1-
olate (ab),*** (S)-2-amino-2-phenylethanolate (aPhe),?*-®
2-amino-3-methyl-pentan-1-olate,*® (18,25)-(+)-1-phenyl-2-
amino-1,3-dihydroxypropanolate,”’ D(—)-1,2-diphenyl-2-oxyethyl-
amine,*® (S)-phenylalaninolate,* 2-amino-1-phenyl-propan-1-
olate (norphedrine),™* are so far restricted to molecular
metal complexes. 203174

Coordination polymers with alcoholato-O-bridged binuclear
copper ethanolamine complexes as SBUs have been reported
(Scheme 1). These SBUs are connected with bridging ligands (X),
such as 1,2-bis(4-pyridyl)ethylene,*® pyrazine,>’ p-bis(4-pyridyl)-
benzene, 9,10-bis(4-pyridyl)anthracene, bis-(4-pyridyl)disulfide,
tris(3-pyridyl)benzene,” 3-hydroxobenzoate,® acetate® or with
pseudo halogenides.*® However, the amino alcoholate ligands
used were either achiral or racemic mixtures.

Here we report homochiral 2D- and 1D-coordination polymers
built up from the chiral novel trinuclear SBU {Cus(u-L),X5},” the
dinuclear SBU {Cu,(p-L),X,} and the mononuclear SBUs
{Cu(LH),Br,} and {Cu(LH)(solvent)X,}, respectively, with
X = Cl, Br and the chiral amino alcohols (LH) (R)-2-amino-
propan-1-ol (R-apH), (R)-2-amino-butan-1-ol (R-abH), (R)-2-
amino-2-phenyl-ethanolate (R-aPheH) and achiral 2-amino-
ethanol (aeH) for comparison (cf. Scheme 2).

Results and discussion
2D coordination polymers with trinuclear copper SBUs

Bulk materials of compounds 1-6 were obtained quantitatively by
treating the amino alcohol with triethylamine, TEA and anhydrous
CuX, (X = Br for compounds 1 to 4 and Cl for 5 and 6) in
the ratio 4:4:3 (slight excess of amino alcohol) in methanol

(Scheme 2). All compounds were analyzed by powder X-ray
diffraction, IR and elemental analysis.

Crystals of sufficient quality for single-crystal X-ray diffraction
by slow reactant diffusion of the amino alcohol and copper salt
could only be obtained for 1 and 3. Representative nature and
identity to the bulk sample was established by comparison of the
X-ray powder pattern calculated from the single crystal data with
a measured diffractogram of the bulk material. Many failed
attempts were made to crystallize the (R)-amino alcoholate
complexes 2, 4-6. Compared to the crystallization from achiral
amino ethanolate we can note difficulties when trying to
crystallize from enantiopure ligands,*' which is consistent
with difficulties that we experienced when trying to crystallize
(R)- or (S)-1,1’-bi-2-naphtholate metal salts*"*** or (R)-1,1’-
binaphthalene-2,2’-diyl phosphate salts.*?

Similarity of the X-ray powder diffractograms for compounds
1-6 (Fig. S1-S5 in ESI) suggests that all six compounds have a
similar structure as elucidated for 1 and 3 by single-crystal
investigation. Due to the orientation of the residues the layer
distances are different (¢f. Table 2) and therefore the structures are
not entirely isostructural, which leads to shifts within the
powder diffractograms. However from the combination of
the X-ray powder diffractograms and the MIR and FIR
spectra (Fig. S6-S9 in ESIT) we can conclude that structures
1-6 within one layer are built up from the same SBUs
connected through the halogenide anions in the same way as
in the structures 1 and 3 for which a single crystal structure
solution exists. This is also in agreement with the analogy of
compounds 1 and 3. The neutral copper SBU consists of three
Cu(mn) cations, two halide and four deprotonated amino
alcoholate ligands (Fig. 1, ¢f. Scheme 2). The three Cu(i)
cations are linearly arranged and connected through the oxo-atoms
from the deprotonated amino alcohol. The amino alcoholate

Fig. 1 SBUs of compounds 1 (a) and 3 (b) (two symmetry-
independent units) (50% thermal ellipsoids for non-hydrogen atoms);
symmetry operation: (i) = 1 — x, 1 — y, —z; distances and angles
in Table 1.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2012

New J. Chem., 2012, 36, 1596-1609 | 1597



Table 1 Selected bond lengths (A) and angles (°) in 1 and 3¢

Compound 1

Cul-O1 1.971(3)

Cul-02 1.965(3)

Cul-N1 1.993(4)

Cul-N2 1.991(4)

Cul-Br 2.7799(7)

Cu2-01 1.981(3)

Cu2-02 1.973(3)

Cul---Cu2 2.8163(5)

Cul---Br® 3.1614(8)

Cu2. - -Bri 3.0072(5)

Compound 3

First SBU

Cul-01 1.983(16) 01-Cul-02 82.2(6)

Cul-02 1.951(17) 01-Cul-NI1 86.4(7)

Cul-N1 1.99(3) 01-Cul-N2 160.8(7)

Cul-N2 1.965(18) 02-Cul-N1 163.3(8)

Cul-Brl 2.764(4) 02-Cul-N2 85.7(6)
N1-Cul-N2 101.8(7)

Cu2-01 1.961(15) 01-Cul-Brl 104.6(5)

Cu2-02 1.999(16) Cu2-Cul-Brl 127.91(13)

Cu2-03 1.940(15) Cul-01-Cu2 91.4(6)

Cu2-04 1.977(17) Cul-02-Cu2 91.2(7)
01-Cu2-02 81.5(6)

Cu3-03 1.983(15) 01-Cu2-04 175.2(8)

Cu3-04 1.944(18) 02-Cu2-04 97.1(7)

Cu3-N3 1.98(2) 03-Cu2-04 81.1(6)

Cu3-N4 1.94(2) Cu2-03-Cu3 91.9(6)

Cu3-Br2 2.764(4) Cu2-04-Cu3 92.0(8)
Cul-Cu2-Cu3 179.61(15)

Cul---Cu2 2.823(5) 03-Cu3-04 80.8(6)

Cu2---Cu3 2.821(5) N3-Cu3-N4 100.9(7)

) 03-Cu3-N3 86.9(6)

Cul- - -Br4® 3.193(4) 03-Cu3-N4 161.4(8)

Cu2- - -Br3® 3.091(5) 04-Cu3-N3 163.2(8)

Cu2- - -Br4® 3.080(4) 04-Cu3-N4 87.7(7)

Cu3. - -Br3® 3.191(4) 03-Cu3-Br2 103.5(5)
Cu2-Cu3-Br2 127.80(14)

“ Symmetry operations for 1: (i) = 1 — x, 1 — y, —z, (iii) = x,0.5 — y, —0.5

@iv) = =1 + x,1 + y, z.

01-Cul-02 81.48(12)

01-Cul-N1 86.99(13)

01-Cul-N2 164.30(13)

02-Cul-N1 163.90(13)

02-Cul-N2 87.10(14)

NI-Cul-N2 101.85(16)

Br-Cul-Br‘ 172.18(3)

O1-Cul-Br 103.10(8)

N1-Cul-Br 90.01(10)

Cul-O1-Cu2 90.92(12)

Cul-02-Cu2 91.29(12)

01-Cu2-02 81.04(12)

O1-Cu2-02% 98.96(12)

01-Cu2-Br{® 86.54(8)

Second SBU

Cu4-05 1.924(16) 05-Cu4-06 82.6(6)

Cu4-06 1.952(19) 05-Cu4-N5 86.3(6)

Cu4-N5 1.994(19 05-Cu4-N6 162.6(8)

Cu4-N6 2.01(2) 06-Cu4-N5 164.5(7)

Cu4-Br3 2.775(4) 06-Cud-N6 86.7(7)
N5-Cu4-N6 101.3(7)

Cu5-05 1.964(15) 05-Cu4-Br3 103.7(5)

Cu5-06 1.998(16) N5-Cu4-Br3 127.84(13)

Cu5-07 1.984(15) Cu4-05-Cu5 92.7(6)

Cu5-08 1.992(17) Cu4-06-Cu5 90.8(7)
05-Cu5-06 80.4(6)

Cu6-07 1.957(15) 05-Cu5-08 175.2(7)

Cu6-08 1.974(18) 06-Cu5-08 96.1(7)

Cu6-N7 1.99(2 07-Cu5-08 81.4(6)

Cu6-N8 1.98(2) Cu5-07-Cu6 91.2(6)

Cu6-Br4 2.785(4) Cu5-08-Cu6 90.5(7)
Cu4—Cu5-Cub6 179.58(15)

Cu4- - -Cu5 2.814(5) 07-Cu6-08 82.5(6)

Cus5- - -Cub 2.817(5) N7-Cu6-N8 101.2(7)

_ 07-Cu6-N7 86.2(7)

Cu4- - -Br2®™ 3.188(4) 07-Cu6-N8 162.8(8)

Cu5---Brl_ 3.083(4) 08-Cu6-N7 164.0(8)

Cu5- - -Br2®™ 3.089(4) 08-Cu6-N8 86.9(6)

Cu6- - -Brl 3.184(4) 07-Cu6-Br4 103.0(5)
Cu5-Cu6-Br4 127.56(14)

+ z. Symmetry operations for 3: (i) = 1 + x,y,z;(ii)) = x,— 1 + y, z;

Table 2 Interlayer spacing from X-ray powder diffraction of the
compounds 1-6 with R as a protruding residue of the amino
alcoholate”

Compound R Inter layer spacing in A
1 H 8.48
2 Me 10.24
3 Et 12.15
4 Ph 15.88
5 H 8.50
6 Et 12.26

¢ R = H, amino-ethanolate (ae, 1, 5); R = Me, (R)-2-amino-propan-
1-olate (ap, 2); R = Et, (R)-2-amino-butan-1-olate (ab, 3, 6); R = Ph,
(R)-2-amino-2-phenyl-ethanolate (aPhe, 4).

ligands chelate the two outer square-pyramidal Cu atoms (t =
0.007 for 1, T = 0.02-0.04 for 3).** For achiral compound 1
the middle square-planar Cu atom sits on an inversion center
(Fig. la). The inversion symmetry is absent for the non-
centrosymmetric structure of the enantiopure compound 3,
where two crystallographically independent trinuclear SBUs
form the asymmetric unit (Fig. 1b).

The extended packing of the two very similar structures 1
and 3 is discussed for compound 1. Inter-SBU Jahn-Teller
Cu- - -Br contacts extend the coordination sphere of the Cu
atoms to tetragonal bipyramidal with two different axial
Cu-Br distances for Cul (Fig. 2a) and identical Cu—Br distances
by symmetry for the central Cu2 (Fig. 2b). These charge-assisted
Cu®™)...Br contacts connect the neutral trinuclear copper SBUs
of 1 and 3 (¢f. Fig. 1) to 2D sheets (Fig. 3a). The inter-SBU-
{Cu- - -Br}-interactions are reinforced through charge-assisted
N-H--- 0 and N-H- --Br hydrogen bonds (Fig. 3b).***%

The packing diagrams of compounds 1 and 3 in Fig. 4
illustrate the lamellar or layer-like packing of hydrophobic
and hydrophilic regions. The charge-assisted interactions are
situated within the layer, while between adjacent layers only
van-der-Waals interactions take place. The trinuclear amino
alcoholate metal complexes appear to have a propensity for
layer packing. We interpret the layer packing as being a
consequence of the stronger charge-assisted Cu---Br and
hydrogen-bonding interactions between the polar hydrophilic
parts of the trinuclear SBUs. Crystal growth is favored along
these strong supramolecular interactions,*'*>*> that is, along
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fCu2
¥
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Fig. 2 Coordination spheres with charge-assisted Cu®*)- . .”)Br contacts

in 1 for (left) Cul and (right) Cu2 (only the alkoxy group shown for
clarity). Symmetry operations: (i) = 1 — x, | — y, —z; (iii) = x, 0.5 — y,
—05+z@GG)=1-x05+ »05—z

the layer. These charge-assisted interactions are clearly seen as
the driving force of the layer formation and expose the
hydrophobic alkyl groups to the exterior (Scheme 3). We call
such a layer with a hydrophilic interior and hydrophobic
exterior a “hydrophobic-exterior layer”.*® The weak van-der-Waals

Fig. 3 2D-layer in 1 (and similarly in 3) showing (a) charge-assisted
Cu®™")...OBr contacts depicted as dotted yellow lines (amino alcoholate
ligands omitted for clarity) and (b) additional charge-assisted N-H- - ()0
(pink) and N-H-- OBy (green) hydrogen bonds (C-atoms are omitted
for clarity). Cu---Br-distances and topological Cu—Cu contacts in
Table 1; H-bond distances and angles in Table S1 in ESL{ Symmetry
transformations: (i) = 1 — x, 1 — y, —z; (i) = x, 0.5 — 3, 0.5 + z;
(i) = x,05 -y, -05 + z (iv) = 1 = x,0.5 + 5,05 —z;(v) = x + 1,
y—05, -z + 0.5.

Fig. 4 Packing diagram of (a) 1 and (b) 3 with N-H---?0 and
N-H---CBr hydrogen bonds indicated as pink and green dashed
lines, respectively. For packing diagrams with other viewing directions
see Fig. S11 in ESL.t

interactions between the hydrophobic-exterior regions of
adjacent layers then lead to the crystallization of thin plates
for compounds 1-6. Face-indexing could not be carried out,
due to the poor visibility along the thin dimension of the plate.
However, it is safe to assume that the plane of the thin crystals
corresponds to the bc-plane with the a-axis orthogonal to the
thin dimension in 1 and to the ac-plane with the c-axis
orthogonal in 3. Thus, the vertical a- and c-axes in Fig. 4
can be taken as the stacking directions for the hydrophobic-
exterior layers (Scheme 3).

The powder diffractograms of compounds 1 to 6 (Fig. S1-S5
in ESIt) show a high intensity peak between 20 = 4-11°.
From this peak the interlayer spacing can be deduced*’ and is
given in Table 2. It is obvious that with larger substituents
on C2 of the 2-amino alcohol (R=—H, Me, Et, Ph) the
interlayer spacing increases. The layer structure and connec-
tivity within 1-6 are similar to the trinuclear layer structure

2D—{(Cu3(u-ae)2(u-N3)2)(u3—N3)2}.5

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2012

New J. Chem., 2012, 36, 1596-1609 | 1599



/\\//<

Br ----mCu’:g:cu’o‘c’

HoN, )/J \\/NHQ

R SBU
layer @
hydrophobic exterior

 stacking
| — weak interactions = thin plate

hydrophilic interior

hydrophobic exterior

thin dimension of crystal plate
\ afor1, cfor3

[ﬁ

Scheme 3 Hydrophobic-exterior layer formation and stacking with
weak “hydrophobic” van-der-Waals interactions to a thin crystal plate.

1D coordination polymers with mono and dinuclear SBUs

From the mother liquors of compounds 3 and 6, that is, at
lower concentrations, compounds 1D-[{Cu,(u-ab),Br;},-
{(ns3-Br)Cu(abH),Br}{(n3-Br)Cu(abH)(CH;OH)Br}] (7) and
ID-[{ Cux(p-ab)>Cl}2{(u3-Cl)Cu(abH)(CH;CH,OH)Cl}] (8),
respectively, crystallised. Compound 7 formed long dark green
needles which are not stable outside the mother liquor,
probably due to loss of coordinated methanol. Compound 8
formed light green needles upon solvent evaporation. Both
needle crystals of 7 and 8 diffracted very poorly (20 < 20°)
when exposed to the beam in a 90° angle to the needle.
Therefore, the measuring strategy was adapted accordingly.
However, the X-ray data are still of insufficient quality and
only suitable for a better understanding of the concentration
dependence and the different possibilities to form complexes
from Cu(i), halide and amino alcohol ligands. Isostructural
compounds 7 and 8 contain both mono and dinuclear SBUs
assembled in chains.

Both structures of 7 and 8 contain four different and
crystallographically independent SBUs, which are shown in
Fig. 5 and S12 (ESIY), respectively. The neutral dinuclear
SBUs correspond to those depicted in Scheme 1.2°3° The
two similar dinuclear SBUs encompass two copper atoms, two
(R)-2-amino-butan-1-olate and two bromido (7) or chlorido
(8) ligands (Fig. 5a and b). The Cu atoms are bridged by the
deprotonated alcoholate oxygen atoms. The Cu atoms are
distorted square-pyramidal coordinated when the charge-
assisted Cu®*...CBr/Cl contacts to neighboring mononuclear
SBUs are included (Fig. 5a and b, S12 (ESI¥)). The other two
SBUs are neutral mononuclear units (Fig. 5¢c and d, S12
(ESIY)). In one the Cu atom is coordinated as a Jahn—Teller
distorted octahedron by two bromide atoms and two amino
alcohols (Fig. 5c). In the other mononuclear SBU the Cu atom
is coordinated with one amino alcohol molecule, one solvent
molecule (MeOH) and two bromide anions in distorted
square-pyramidal geometry (Fig. 5d). All four SBUs are
connected to a 1D coordination polymer through charge-assisted
Cu®™)...OBr/Cl contact interactions (Fig. 6) supplemented by

o c29

c24 /)

©

Fig. 5 (a) and (b) Dinuclear and (c), (d) mononuclear SBUs of
compound 7 (30% thermal ellipsoids); charge-assisted Cu®*’...()Br
(dashed yellow lines), N-H- -0 (pink) and N—H-.-)Br (green)
contacts are indicated; symmetry operation: (iii)) = x, 1 + y, z;
distances and angles in Table S2 (ESIt).

charge-assisted O—H- - -0 and N-H- - Br/Cl hydrogen bonds
which then lead to supramolecular 2D layers (Fig. S13-S15 in
ESIf). This way compounds 7 and 8 form a layer structure as
compounds 1 and 3, with the polar part shielded to both sides by
the unpolar organic residues giving again “hydrophobic-exterior
layers” with weak interlayer van-der-Waals packing (Fig. 7).
The structure of [Cu(aeH)»X][Cux(ae),X5] (with X = Cl or Br)*®
with both a dinuclear [Cu(ae)>X,] and a mononuclear [Cu(acH),X5]

9

2+),

Fig. 6 1D strands in 7 through charge-assisted Cu --OBr inter-
actions (yellow dotted lines); C and H atoms are not shown for clarity;
symmetry transformation: (i) = 1 — x, —0.5 + y, 1 — z; for the
coexisting H-bonds see Fig. S13 and S14 in ESL.§
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Fig. 7 Packing diagram of 7 and with N-H---(-)O and N-H. - -*7Br
hydrogen bonds indicated as red dashed lines in the top layer. C atoms
of the bottom layer are represented by plum color for better discrimi-
nation between the two layers. For an additional packing diagram
with another viewing directions see Fig. S16 in ESL. ¥

unit and the amino-ethanol/-ate (acH/ae) ligand was reported
as the result of a multi-step synthesis. Comparing structures
1-6 to 7 and 8 shows that several coordination modes are
possible depending on the metal-ligand concentration and the
ratio. The different building units appear to be in equilibrium
with each other in solution judging from gradual color
changes in the reaction solutions for single-crystal preparation
(Fig. S17, ESIt) and in solutions with different Cu-to-amino
alcohol ratios (Fig. S18 in ESIY).

Dimeric copper complex

Compound {[Cu(rac-abH)(rac-ab)H,O]ClO4}, (9) was isolated in
an attempt to synthesize a Cu-amino alcoholate compound in
which the SBUs are further connected through a bridging ligand
(here terephthalate). The copper cation is coordinated in a square
pyramid by one amino alcohol and one alcoholate ligand of each
enantiomer and a disordered water molecule. Compound 9
consists of dimeric units, which form through head-to-tail
hydrogen bonds between the alcohol and alcoholate ligands
of two Cu complexes (Fig. 8). In 50% of the cases the
perchlorate anion assumes a Cu-coordinating orientation.
Further charge-assisted H-bonds between the amino protons
and the perchlorate anion and between the aqua ligands and the
alcoholate oxygen atoms connect the dimeric units to a supra-
molecular 1D-strand along the c-axis (Fig. S19 in ESI¥).

Magnetic properties of 1 and 3

Magnetic susceptibility measurements. The temperature
dependence of the yu7 product for compounds 1 and 3 is
shown in Fig. 9a and b, respectively (ym is the magnetic
susceptibility per three copper(ir) ions).

At room temperature, yp7 is 1.48 and 1.51 cm® mol™' K
for 1 and 3, respectively. These values are higher than those
expected for three magnetically isolated copper(ir) ions
mT = 3(NB’3kT) S(S + 1) = 1.24 ecm®mol™! K, with
g=21and S = 1/2).* ymT continuously increases on lowering
the temperature and reaches maximum values of ca. 1.80
and 1.84 cm® mol~! K at about 40 K for 1 and 3 respectively.

Fig. 8 Dimeric unit in 9 (50% thermal ellipsoids). The right moiety
shows the Cu-coordinated orientation of the perchlorate anion
(occupancy 50%). Each moiety shows one of the disordered aqua
ligand orientations which determine each other; symmetry operation:
(i) = —x + 1, —y + 1, z. Distances and angles are given in Table S3
and S4 in ESI. ¥

The values of ym7 decrease at lower temperatures. The
features of the ym7 vs. temperature plots are indicative of
the occurrence of ferromagnetic and antiferromagnetic
couplings in both compounds. At temperatures lower than
3 K the ymT product of compound 1 increases abruptly; this
behavior is characteristic of an onset of long-range magnetic
ordering at that temperature. The magnetic ordering is more
likely due to intermolecular interactions through the bromide
ions that connect the copper(i1) trinuclear units and give rise
to a long range interaction. Due to the antiferromagnetic
nature of the intermolecular interactions the long-range
magnetic ordering arises from a canted antiferromagnetism.
AC magnetic measurements were performed in the 1.9 to 5 K
interval at different frequencies of the applied magnetic field
(1 to 10000 Hz); however, non-zero values for the out-of-phase
signal were not observed, which means that the long-range
magnetic ordering is achieved at lower temperatures.

For temperatures above 3 K and 2 K, for 1 and 3 respectively,
the magnetic susceptibility data were analyzed by means
of the general zero-field spin Hamiltonian for a linear
trinuclear system

H = —J(5iS: + $:83) — j(5:53) (1)
where J refers to the exchange coupling between the central
and terminal Cu(1) ions and j to the exchange between the
two terminal Cu(u) ions. Compound 3 contains two slightly
different trinuclear units, but the copper(i1) ions are bridged by
the same atoms and the structural parameters are so similar
that the compound can be studied by means of the spin
Hamiltonian shown in eqn (1) This Hamiltonian can be easily
solved, making S, = S; + Syand S7 = S, + S and for three
spin doublets (S; = S, = S3 = 1/2) it gives rise to three
different spin states, a quartet (S = 3/2) and two doublets
(Sr = 1/2), which arise from the different S, = 1, 0 spin
intermediates. The energy E st say of the eigenvalues is

E‘3/2’1> = —3J/2,E“1/2’0> = —o0and E‘\1/2,1> = 0, with § = J*j.49’50

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2012

New J. Chem., 2012, 36, 1596-1609 | 1601



N
o

-
o]
L

R

P
[}

S S5 SS ST
SSSscga

-
NN

ZwT 1 cm® mol” K
— -—
o

o
o

0 5 10 15 20 25 30

0.6

100 150 200 250 300

(a) T/K
2.0
1.8 1
1.6 14 ) SRR
¥ R
g 1.4
5§ 1.2 3
':E
3 1.0
0.8
0.6
0 50 100 150 200 250 300
(b) T/IK

Fig. 9 Temperature dependence of the yp 7T product for compounds 1
(a) and 3 (b), respectively. The solid line corresponds to the best fit to
eqn (3) (see text). The inset in (a) shows the same data, but in the low
temperature region.

The numerical expression for the magnetic susceptibility
is then

ﬂ N [l +exp¥ir + 10exp 3 /ur
Xtrinuel = 4kT 1+ exXp ‘S/kT +2 exXp 3J/Z/cT

)

where N is Avogadro’s number, f§ the Bohr magneton, k the
Boltzmann constant and g the mean Landé factor. Considering
that a ferromagnetic coupling is observed, a term for the zero-field
splitting between the +3/2 and +1/2 Kramer doublets coming up
from the S = 3/2 state could also be included in the Hamiltonian.
However, the value of the zero-field splitting D, cannot be
accurately calculated for copper(i) trinuclear systems from
magnetic susceptibility measurements in polycrystalline
samples and in most cases this term is discarded.*3!2 On
the other hand, as has been mentioned, the bromide ions
interconnect the different trinuclear units and the intermolecular
interactions play an important role in the magnetic behaviour of
these compounds. Therefore, these intermolecular interactions

Fig. 10 Intermolecular interactions through the bromide ion in 3
(and similarly in 1). The central trinuclear unit interacts with its four
nearest neighbors through the bromide ions (¢f. Fig. 3).

are taken into account with the molecular field approximation

ZJ'X rinuc!
L= Xtrinucl/ {1 - <Wg21)} 3)

where j/ corresponds to the intermolecular coupling amongst the
trinuclear units and z = 4, since each trinuclear unit has four
neighbors around it (see Fig. 10). With this model the inter-
molecular antiferromagnetic couplings are responsible for the
decrease in the ym7 product at low temperatures. Noteworthy
that the values found for ;' must be viewed as upper limits since
the single ion anisotropy exhibits the same effect.

Under this approach the magnetic susceptibility data were
analyzed by means of eqn (2) and (3) and the best fit
parameters are shown in Table 3. It can be observed that the
compounds exhibit a ferromagnetic coupling between the
central and the two terminal copper(i1) ions whereas an
antiferromagnetic coupling is observed between the two
terminal copper(i) ions. The calculated curves are a good
match to the data in the temperature range studied (R =
S0 Dobs(D)—Gim Deate D /S AGim Dobs (D).

The magnetic behaviour of alkoxo-bridged copper(ir)
dinuclear and linear trinuclear complexes has been the subject
of previous studies. According to the literature, the key
parameters governing the magnetic behaviour of these
compounds are (i) the Cu—O—Cu angle of the p-alkoxo bridge
(), (ii) the Cu- - -Cu distance, (iii) the out-of-plane shift of the
carbon atom of the alkoxo bridge (r) and (iv) the hinge
distortion of the [Cu,(j,-0),] core (7).*3*73° Nevertheless,
the Cu—O—Cu angle, in most cases, is able to explain the values
and the trend of the values of the magnetic coupling constants
for those compounds. Hatfield and Hodgson found a linear
correlation between the experimentally determined exchange
coupling constant and the Cu—~O—Cu bond angle (¢).>* They
found antiferromagnetic behavior for complexes with ¢ larger
than 97.6°, whereas ferromagnetism appears for those with
smaller values of ¢. An apparently similar linear relationship is
observed for the alkoxo-bridged copper(i1) complexes at angles
around 95.6°.°*%7 Some magnetic and structural parameters of
representative compounds are shown in Table 3 with those of
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Table 3 Magnetic parameters and mean Cu—O—Cu angles of compounds 1 and 3 and other alkoxo-bridged copper(ir) dinuclear and trinuclear
complexes exhibiting ferromagnetic and antiferromagnetic couplings

Compound Cu-O-Cu/° Jjem™! Jjlem™! J'Jem™! g R x 10° Ref.
1 91.12(20) 13902) ~15(1) —0.55(1) 2.11(1) 3.50 This work
3 91.5(8) 145(2) ~2502) —0.45(1) 2.14(1) 212 This work
A 91.31(15) 153(2) 2.13(1) 53¢
B 95.92 118(2) 2.02(1) 53¢
C 96.26(5) 94.9(6) 2.16(1) 53¢
D 98.35 —314.0(8) —0.50(1) 2.09 0.15 56"
E 98.72 —482(3) —1.2(1) 2.17(1) 58°
F 101.36 ~303(1) —21(2) 2.24(1) 58"
G 99.55 _474(3) ~0.08(3) 2.02(0) 597

@ Alkoxo-bridged dinuclear complexes. ® Alkoxo-bridged trinuclear complexes. A = [Cu,(Hmdea),(u-H,O)(uo-tpa)],, B = [Cun(Hatipa),-
(H2-ipa)],, € = [Cus(Hatea)o(po-tpa)],, D = [Cus(u-L)2J(CH30H)»(ClOy)2, E = [Cus(bhbd)>CLJ(CH;0H)4, F = [Cus(bhbd),(CH;0H)4(ClO4),].
G = [Cuz(bhdh);(MeCN),I;](MeCN),, Homdea: methyldiethanolamine, Hstipa: triisopropanolamine, Hstea: triethanolamine, ipa: isophthalic
acid, Htpa: terephthalic acid, H,L: N,N’-bis(2-hydroxybenzyl)-1,4-diazacycloheptane, H,bhbd: bis(2-hydroxybenzyl)-1,3-diaminopropane,

H,bhdh: 1,7-bis(hydroxyphenyl)-2,6-diaza-4-hydroxyl-heptane.

compounds 1 and 3. All di-p-alkoxo bridged copper(i) linear
trinuclear complexes reported display antiferromagnetic
couplings with large Cu—O—Cu angles®®>* and for comparison
purposes ferromagnetically-coupled di-p-alkoxo bridged copper(ir)
dinuclear complexes® have been included in Table 3. It can be
observed that the general trend is followed and the ferromagnetic
coupling observed in compounds 1 and 3 is in agreement with their
structural parameters.

DFT calculations

In some cases copper(i1) linear trinuclear complexes are satis-
factorily studied with this zero-field spin Hamiltonian®->%36-58

H = —JSS, + 5,85) 4)

which considers only couplings between the central and the
terminal copper(i1) ions, discarding the interactions between
the two terminal copper(i) ions (j = 0 in eqn (1)). Our
approach is more general, since, in principle, it does not reject
this latter interaction that has also been observed in other
linear trinuclear systems.61 Nevertheless, in order to check if
our model is the best model to describe the magnetic behavior
of compounds 1 and 3, DFT broken symmetry calculations
have been performed to calculate the values of the J and j
coupling constants. The calculation details are given in the
experimental section. This method allows to determine »n
different magnetic coupling constants by knowing the energy
of n + 1 spin configurations.®' For the case of copper(ir)
trinuclear complexes three different spin configurations can be
found: the high spin, with a total spin of 3/2, and two doublets,
with total spin % The spin distributions in the three configurations
can be seen in Scheme 4.

The relative energies of the three spin configurations are
shown in Fig. 11. It can be seen that the ground state is the 3/2
state in which all the spins are parallel (11 1). The state with
higher energy is the symmetric % state in which an alternation
of the spins takes place (1] 1). This result is consistent with
the ferromagnetic nature of both compounds.

The values of the magnetic coupling constants can be
calculated from the energy of those spin configurations by
the following equations:

Eys — Evs1 = —2J (5)

Dpg DLs1 D5y

Scheme 4 Spin distributions for which the energy has been calculated.

0
-50 CI)LS1 (DLs1
< -100 ;
g -150 1 (DLSZ (DLSZ
W -200 -
-250 1 )]
-300 A CI)HS HS
-350 ; .
1 3
Compound

Fig. 11 Energy diagram of the different spin distributions of com-
pounds 1 and 3. The ground state for both compounds has spin 3/2.

Eys — By = —J —j (6)

where Eys, Er s and Ey s, correspond to the energy of the high
spin and the two broken symmetry low spin states.®’> The
results are shown in Table 4 and compared to those calculated
from the magnetic susceptibility measurements.

A very good agreement is observed between the experi-
mental and theoretical magnetic coupling constants. From this
study we can conclude that the interaction between the
terminal copper(i1) ions in these linear trinuclear systems is
operative and cannot be neglected and that the model selected
for the analysis of the data is the correct one.

Conclusions

Enantiopure trinuclear Cu-amino alcoholate SBUs {Cus(p-L)4 X5}
can be reproducibly obtained from Cu(i) halides, CuX, in the
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Table4 Experimental and calculated magnetic coupling constants in cm ™!

for compounds 1 and 3

Compound Exp. J Cale. J Exp. j Calc. j
1 139(2) 159.0 —15(1) -18.1
3 145(2) 149.2 -25(2) -23.6

presence of base for the deprotonation of the enantiopure
amino alcohol LH. Supramolecular interactions then aggre-
gate the SBU into “hydrophobic exterior’ layers with a polar
hydrophilic interior and unpolar groups oriented away to both
sides. The stacking of the hydrophobic-exterior layers occurs
through van-der-Waals interactions between the alkyl or aryl
groups. Because of the general weakness of this type of
interaction crystal growth along this stacking direction does
not proceed well. Thus, thin crystal plates form along the
charge-assisted Cu®™)...9Br, N-H--- 0 and N-H.--OBr
bond orientation.*!#343

A magnetic study for the structurally elucidated compounds
1 and 3 shows a ferromagnetic coupling which is in agreement
with their structural parameters, mainly the Cu—O—Cu bond
angle. A very good agreement for {Cus(u-L)4X5} between the
experimental and theoretical magnetic J,j coupling constants
indicates that an interaction between the terminal copper(ir)
ions in these linear trinuclear systems is operative.

Experimental
General

Materials. Reagents and solvents were obtained from
commercial sources and were used without further purification:
Cu(ClOy4),-6H,O (Aldrich), anhydrous CuBr, (ABCR), CuCl,
(Aldrich), (R)-amino-2-propanol (Fluka), (R)-2-amino-1-butanol
(AlfaAesar), (R)-2-phenylglycinol (AlfaAesar), amino-ethanol
(Aldrich), triethylamine, TEA (synthesis grade Roth), methanol
and ethanol (synthesis grade Roth).

Physical measurements. Elemental analyses for C, H, and N
were performed with a Perkin Elmer CHN 2400 Series 2. IR
spectra were recorded on a Nicolet Magna-IR 760 equipped
with a Diamond ATR unit. Medium IR (MIR) was measured
from 4000 to 400 cm™" and far IR (FIR) from 600 to 100 cm™".
The following abbreviations were used to classify spectral
bands: br (broad), sh (shoulder), very weak (vw), w (weak),
m (medium), s (strong), vs (very strong).

Powder X-ray diffraction patterns were measured at ambient
temperature using a STOE STADI-P with a transmission
image-plate, Cu-Ka radiation (4 = 1.54 A), a Ge(111) mono-
chromator and stationary flat panel samples. Simulated powder
patterns were based on single-crystal data and calculated using
the STOE WinXPOW software package.®

Magnetic susceptibility measurements on polycrystalline samples
were carried out by means of a Quantum Design SQUID MPMS
XL magnetometer. The DC measurements were performed in the
temperature range 1.9-300 K at applied magnetic fields of 100 Oe
for T < 15K, and 1000 Oe for T > 10 K. Diamagnetic corrections
of the constituent atoms were estimated from Pascal’s constants®
and experimental susceptibilities were also corrected for the

temperature-independent paramagnetism and the magnetization
of the sample holder.

General synthesis procedure for bulk material of compounds
1-4 and 6

A solution of anhydrous CuX; [X = Br (1to4), X = CI (5, 6)]
in methanol (2 mL) was added to a combined solution of the
amino alcohol LH and TEA in methanol (5 mL). The blue product
precipitate was filtered, washed with methanol (3 x 3 mL) and
Et,O (10 mL) and dried in air. The yield was quantitative with
respect to CuX,.

2D-[Cus(p-ae)4(n3-Br),| (1)

0.11 g (0.50 mmol) CuBr,, 0.042 g (0.69 mmol) acH and
0.084 g (0.83 mmol) TEA. Yield 0.096 g. CgH»4Br,Cus;N4O4
(590.75) calc. 16.27, H 4.09, N 9.48; found C 16.25, H 4.07, N
9.22%. IR: FIR (ATR) v/em ™" = 89.3 (vs), 100.1 (s), 113.8 (5),
168.9 (s), 181.2 (w), 226.9 (m), 288.9 (vs), 376.9 (s), 430.0 (s),
494.6 (s), 589.7 (m); MIR (ATR) v/cm ! = 430.0 (vs), 494.3
(vs), 589.6 (s), 698.2 (vs), 887.3 (s), 1007.9 (s), 1058.7 (vs)
1116.3 (w), 1194.3 (w), 1256.4 (w), 1290.8 (w), 1352.6 (m),
1376.0 (w), 1455.7 (w), 1587.8 (vs), 2686.7 (w), 2834.2 (m),
2853.4 (m), 2920.0 (w), 2938.7 (w), 3114.4 (m), 3201.4 (m),
3277.5 (m).

2D-[Cuz(p-R-ap)4(u3-Br)a] (2)

0.103 g (0.46 mmol) CuBr,, 0.046 g (0.61 mmol) apH and
0.066 g (0.65 mmol) TEA. Yield 0.097 g. C;,H3,Br,CusN4Oy4
(646.85) calc. 22.28, H 4.99, N 8.66; found C 21.82, H 4.96, N
8.37%. IR: FIR (ATR) vjem™' = 82.7 (s), 103.3 (vs),
236.7 (m), 264.1 (s), 358.6 (m), 374.1 (s), 406.3 (m), 442.4 (s),
494.8 (m), 530.2 (m), 587.4 (m); MIR (ATR) vjem™' =
441.9 (vs), 496.0 (m), 530.3 (m), 588.1 (m), 670.5 (s), 709.1
(m), 804.0 (w), 841.3 (w), 939.9 (w), 995.3 (s), 1061.1 (vs),
1110.6 (m), 1179.7 (w), 1229.7 (w), 1317.4 (w), 1381.2 (w),
1461.6 (w), 1585.1 (vs), 2702.6 (w), 2840.3 (m), 2862.4 (m),
2928.4 (w), 2958.7 (w), 3119.4 (m), 3206.0 (m), 3259.3 (m).

2D-[Cus(p-R-ab)4(n3-Br),] (3)

0.101 g (0.45 mmol) CuBr,, 0.062 g (0.70 mmol) apH and
0.075 g (074 mmol) TEA. Yield 0.105 g. C12H32Br2Cu3N4O4
(702.96) calc. 27.34, H 5.74, N 7.97; found C 27.11, H 5.7, N
7.84%. IR: FIR (ATR) y/em ™' = 85.9 (s), 102.8 (s), 169.7 (m),
235.5 (m), 350.7 (m), 436.4 (m), 467.7 (m), 501.9 (m), 579.8
(m); MIR (ATR) v/em™" = 436.2 (vs), 467.2 (s), 501.8 (m),
532.8 (w), 580.4 (m), 669.1 (s), 704.4 (m), 773.1 (m), 830.2 (w),
866.0 (w), 925.5 (w), 1025.1 (s), 1063.7 (vs), 1114.6 (m), 1161.6
(w), 1308.8 (w), 1342.4 (w), 1381.9 (w), 1461.3 (m), 1582.4 (vs),
2854,1 (s), 2874.4 (m), 2928.6 (w, br), 2958.8 (m), 3118,1 (w),
3209.1 (m), 3261.3 (w).

2D-|Cus(p-R-aPhe)4(pu3-Br),| (4)

0.0674 g (0.3 mmol) CuBr,, 0.0607 g (0.45 mmol) aPheH and
0.049 g (048 mmol) TEA. Yield 0.087 g. C32H40BI'2CU3N404
(895.13) calc. C 42.94, H 4.5, N 6.26; found C 42.95, H 4.45, N
6.24%. IR: FIR (ATR) v/em™! = 96.9 (m), 114.5 (w), 134.6
(w), 173.0 (w), 224.8 (w), 352.5 (w), 395.7 (w), 439.5 (w) 474.7
(W), 525.0 (w); MIR (ATR) vjem™! = 438.2 (s), 473.7 (s),
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523.9 (s), 651.2 (8), 664.6 (s), 694.5 (vs), 751.0 (m), 842.2 (w),
910.4 (w), 1025.7 (s), 1047.3 (s), 1143.0 (w), 1187.5 (w), 1264.1
(w), 1376.7 (w), 1451.7 (m), 1495.2 (m), 1579.6 (s), 2856.7 (W),
2914.7 (w), 3029.2 (w), 3060.9 (w), 3117.8 (w), 3197.0 (m)
(ZnS-unit additional peaks at 1800.3 (vw), 1871.6 (vw),
1943.0 (vw), 1858.9 (w)).

2D-{Cuz(p-ae)4(n3-Cl)2] (5)

A solution of 0.139 g (1.03 mmol) CuCl, in methanol (4 mL)
was added to a solution of 0.091 g (1.49 mmol) acH and
0.141 g (1.39 mmol) TEA in methanol (8 mL). The blue
precipitate obtained was filtered and washed with methanol
and Et,O and left to dry. Yield 0.172 g, quantitative with
respect to CuCl,. CgH,4Cl,CusN4Oy4 (501.84) calc. 19.15, H
4.82, N 11.16; found C 18.57, H 5.07, N 10.64%. IR: FIR
(ATR) v/em™" = 103.5 (vs), 117.8 (vs), 169.7 (s), 234.1 (w),
291.5 (s), 382.7 (s), 426.3 (m), 438.2 (m), 498.6 (m), 591.3 (w);
MIR (ATR) vjem™! = 426.0 (vs), 484.5 (s), 498.3 (s), 591.6
(m), 700.6 (s), 887.4 (m), 1007.5 (s), 1047.3 (vs), 1061.2 (vs),
1122.0 (w), 1195.2 (w), 1257.5 (w), 1291.6 (w), 1353.5 (w),
1376.1 (w), 1454.7 (w), 1591.2 (s), 2687.7 (w), 2834.6 (m),
2851.7 (m), 2871.7 (w), 2919.4 (w), 2937.5 (w), 3100.9 (m),
3198.3 (m), 3287.8 (m).

2D-[Cus(p-R-ab)4(n3-Cl)7] (6)

0.101 g (0.45 mmol) CuCl,, 0.062 g (0.70 mmol) apH and
0.075 g (074 mmol) TEA. Yield 0.152 g. C12H32C12CU3N404
(614.06) calc. 31.30, H 6.57, N 11.16; found C 18.57, H6.71, N
8.97%. IR: FIR (ATR) v/em™! = 103.5 (vs), 117.8 (vs), 169.7
(s), 234.1 (w), 291.5 (s), 382 (m), 426.3 (m), 483.2 (m), 498.6
(m), 591.3 (w); MIR (ATR) v/em™ ! = 432.3 (vs), 467.6 (s),
503.7 (m), 583.1 (m), 676.0 (s), 705.2 (m), 774.4 (m), 831.9 (w),
868.2 (w), 926.5 (w), 1021.5 (s), 1065.3 (vs), 1118.0 (m), 1164.4
(w), 1309.0 (w), 1382.7 (w) 1460.7 (m), 1587.8 (vs), 2853.6 (s),
2959.8 (m), 3114.9 (m), 3204.8 (m), 3271.3 (w).

Synthesis of single-crystalline materials of 1, 3, 7 and 8

Single-crystals of the four compounds were obtained by slow
diffusion of reactants. The representative nature of the single
crystals investigated by X-ray diffactometry and identity of the
bulk samples of 1 and 3 were verified in all cases by positively
matching the measured X-ray powder diffractograms of a larger
crystal selection or from bulk samples with the diffractogram
simulated from the data of the single-crystal X-ray refinement
(see Fig. S1-S5 in ESIY). For photographs of the experimental
setup see Fig. S16 in ESL.{

2D-{Cus(p-ae)4(us-Br),| (1)

A small glass vial with 0.033 g (0.15 mmol) CuBr, was placed
into a bigger glass vial containing 0.018 g (0.29 mmol) aeH.
Both vials were carefully filled with methanol until the small
vial was fully covered so that a connection for diffusion
through the solvent was established (ca. 10 mL MeOH total).
After two weeks the color of the solution was homogeneously
green and blue crystals of 1 were collected for single crystal
diffractometry from the top of the inner vial.

2D-[Cus(p-R-ab)y(u-Br);] (3) and 1D-{{Cuy(p-ab),Brs},-
{(13-Br)Cu(abH),Br}{(u:-Br)Cu(abH)(CH;OH)Br}] (7)

A small glass vial with 0.038 g (0.17 mmol) CuBr, was placed
into a bigger glass vial containing 0.0288 g (0.32 mmol) abH.
Both vials were carefully filled with methanol until the small
vial was fully covered so that a connection for diffusion
through the solvent was established (ca. 10 mL MeOH). After
one day, the solution had turned green with a colour gradient to
the brown CuBr, solution on the bottom of the inner vial. After
another week the color of the solution was homogeneously
green and blue crystals of 3 were collected for single crystal
diffractometry from the top outside edge of the inner vial.

After decanting, the green solution was left standing for
slow evaporation. After four days very thin and long dark
green needles had grown along the glass wall of the vial and
were collected for single crystal diffractometry. Unfortunately,
these green crystals did not represent a pure phase so no
further analytical data were obtained.

1D-[{Cux(p-ab),Cl;}2{(n3-Cl) Cu(abH)(CH3CH,OH)CI}] (8)

A small glass vial with 0.018 g (0.13 mmol) CuCl, was placed
into a bigger glass vial containing 0.019 g (0.21 mmol) abH.
Both vials were carefully filled with ethanol until a connection
for diffusion through the solvent was established (ca.10 mL
MeOH). After two weeks the color of the solution was
homogeneously green with no crystals formed. The solution
was left for slow evaporation and after five days very thin and
long light green needles had grown at the edge of the solution
and were collected for single crystal diffractometry. Again,
these green needles did not represent a pure phase so no
further analytical data were obtained.

{[Cu(rac-abH)(rac-ab)H,0]ClO4}2 (9)

A solution of 0.207 g (2.05 mmol) TEA and 0.187 g
(2.10 mmol) rac-abH in 3 mL MeOH was mixed with 2 mL
of a MeOH solution of 0.553 g (1.49 mmol) Cu(ClO,4),-6H,0.
The dark blue solution was left in a closed vial. After one day
blue crystals had grown and the solution color intensity had
faded. Yield 0.423 mg (79%). Ci¢H46Cl,CusN4O14 (716.55)
cale. C 26.82, H 6.47, N 7.82; found C 26.72, H 6.16, N 7.75%.
IR: MIR (ATR) v/em™' = 429.1 (m), 619.1 (vs), 673.5 (m),
776.6 (m), 855.2 (m), 924.4 (s), 1031.2 (br, vs), 1164.8 (m),
1241.8m (m), 1304.5 (m), 1387.8 (m), 1440.4 (m), 1586.2 (m),
2881.8 (w), 2935.2, 29352 (w) 2967.4 (w), 3268.7 (w),
3326.6 (w).

X-Ray crystallography

Suitable single crystals were carefully selected under a polarizing
microscope. Data collection: compounds 1, 5, 6 and 7 Bruker
Apex II microsource, CCD Detector, Mo-Ka radiation
(4 = 0.71073 A), graphite monochromator, double-pass
method ®-scan and @-scan. Cell refinement with APEX2,%*
data reduction with SAINT.®> Compound 3 Rigaku R-axis
Spider image plate detector, Mo-Ka radiation (4 = 0.71073 A),
graphite monochromator, double-pass method ®-scan and
@-scan; data collection, cell refinement and data reduction
with CrystalClear.®® Due to twinning no experimental absorption
correction was carried out. The crystals of 1 and 3 were very thin
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blue square plates that easily split into even thinner plates. It
was not possible to determine the thickness of the plates under
the microscope. This crystal morphology was problematic
for the X-ray diffraction measurements. Depending on the
orientation of the crystal in relation to the X-ray beam, the
crystals measured diffracted between 20 = 20° and 20 = 55°
this had to be taken into account when the measuring strategy
was developed for compound. Therefore, the crystal was
placed carefully into the loop in such a way that in a 360°
¢@-scan the X-ray beam passed constantly through the
diagonal. Two w-scans with a sweep range of 202.5° (each
with different 20 settings) were used with a ¢ setting that
ensured the crystal stayed with its plane parallel to the beam.
Two more scans with settings calculated by COSMO, Bruker
were added to get a better redundancy and completeness of the
data. For compound 3 which was measured on the Rigaku the
operator had little influence over the measurement strategy;
furthermore, the crystal quality of 3 was poorer and severe
twinning was observed. With heavy atoms such as copper and
bromine in the structure of compound 3 and a crystal with
such an anisotropic morphology (crystal size 0.15 x 0.15 x <
0.01()) mm?) absorption artefacts are large. In addition the
standard adsorption correction was not carried out on the raw
data and only after the generation of the hkl5 file the built in
adsorption correction of SHELX was undertaken during
refinement. Also, bromine is known as a notoriously problematic
atom in X-ray diffraction work with Mo-Ka radiation (vide infia).

Table 5 Crystal data for compounds 1, 3 and 7-9

The crystal chosen for measurement (the best which could be
found out of 15 attempts, from 3 different crystallisation
attempts) still had three twin domains and data reduction
was carried out without absorption correction to enable
PLATON® to calculate the twin laws. PLATON was used
to create a hklf5 file used for structure refinement. The TWIN
law used to generate the hkIf5 was

1 0 0 h n
0o -1 0 k=K
-05 0 -1 / I

However the structure of compound 3 is important for
comparison with the structure of compound 1. We can explain
the origin of the high R-value (Table 5), hence, its significance
as a quality parameter should be judged accordingly. All other
crystallographic refinement values for compound 3 show that
overall the structure is a good model for the measured data set.

Structure analysis and refinement. The structure was solved
by direct methods (SHELXS-97);%® refinement was done by
full-matrix least squares on F> using the SHELXL-97 program
suite;®® empirical (multi-scan) absorption correction with
SADABS.® All non-hydrogen positions were refined with aniso-
tropic temperature factors. Hydrogen atoms were positioned
geometrically and refined using a riding model (AFIX 43 for
aromatic CH, AFIX 13 for aliphatic CH and AFIX 23 for CH,)

1 3 7 8 9
Empirical formula C8H24Br2Cu3N4O4 C32H80BI‘4CU(,N803P C29H77BT3CU(,N703 C23H74C18CL16N(,03 C]@H4(,C12CU2N4014
M/g mol ™! 590.75 1405.92 1672.50 1287.77 716.55
Crystal size/mm?® 0.20 x 0.20 x <0.01 0.15 x 0.15 x <0.01 0.05 x 0.01 x 0.0  0.10 x 0.01 x 0.01  0.10 x 0.08 x 0.03
Temperature/K 100(2) 118(2) 103(2) 103(2) 100(2)
0 range/° (completeness) 2.46-26.36 (98.90%)  3.11-25.00 (99.8) 1.87-18.85 (99.7) 1.05-22.21 (99.9) 1.25-23.49 (99.8)
h; k; [ range +10; —10, 11; +14 +10; £13; £14 +9; +11; -16, 18 +11, £13, £20 +18; £18; +6
Crystal system Monoclinic Triclinic Monoclinic Monoclinic Orthorhombic
Space group P2/c P1 P2, P2, P2,2,2
alA 8.7424(2) 9.0782(18) 10.2700(17) 10.3649(3) 16.2260(3)
b/A 8.9246(2) 11.603(2) 12.8186(16) 12.7064(3) 16.2256(3)
c/A 11.6251(3) 12.489(3) 20.588(3) 19.3781(5) 5.6010(1)
o/° 90 102.76(3) 90 90 90
pl° 108.5920(10) 100.94(3) 93.281(8) 92.255(2) 90
7/ 90 90.00(3Y 90 90 90
VA3 859.68(4) 1258.4(4) 2706.0(7) 2550.13(12) 1474.61(5)
Z 2 1 2 2 2
Deate/g cm ™3 2.282 1.855 2.053 1.677 1.614
u (Mo Ko)/mm™! 8.342 5.715 8.268 2.921 1.690
F(000) 578 706 1636 1316 748
Max./min. transmission 0.9212/0.2862 0.9451/0.4811 0.9219/0.6826 0.9714/0.7588 0.9510/0.8492
Reflections collected 10595 8784 9898 45441 30712
Independent reflect. (R;y,,) 1737 (0.0402) 8784 4223 (0.0861) 6422 (0.1089) 2177 (0.0381)
Data/restraints/parameters  1737/0/97 8784/549/529 4223/429/538 6422/811/616 2177/296/198
Max./min. Ap/e A=3¢ 2.902/-0.967 3.798/-2.724 1.187/—0.639 0.572/—0.587 1.520/—0.679
R1/wR2[I > 20(D))° 0.0366/0.0924 0.0994/0.2423 0.0649/0.1260 0.0493/0.0909 0.0539/0.1476
R1/wR2 (all data)® 0.0473/0.0991 0.1358/0.2730 0.1149/0.1502 0.0959/0.1092 0.0581/0.1523
Goodness-of-fit on F* 1.042 0.994 1.039 1.039 1.051
Flack parameter? — 0.00(3) 0.04(4) 0.00(2) 0.00(1)

“ Largest difference peak and hole. * Ry = [S2(IF,|—|[F)/S2F,1; WR = [ [W(F2 — F2P)/ZIw(F2)]"2. ¢ Goodness-of-fit = [ [W(F2 — F2)?)/
(n—p)]Y2 ¢ Absolute structure parameter.”* ¢ Two symmetry-independent formula units of C;gH40Br>CusN4Og. 7 In compound 3 the protruding
or interlocking ethyl groups shift the layers along the a-axis relative to the b-axis (¢f. Fig. 4 and Fig. S11, ESI). Hence, one of the 90° angles present
in compound 1 is ‘lost’, and only a triclinic space group becomes possible, despite the existence of pseudo-C, symmetry elements in the SBUs and
within a layer. This leads to a triclinic space group with one remaining 90° angle.
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with Ujo(H) = 1.2 Uo(CH). For CH3 AFIX 137 was used
with Ujo(H) = 1.5 Ueo(CH). For compounds 7 and 8 the
thermal parameters are high but no disorder was refined
because of the already poor data/parameter ratio.

Compound 9 crystallizes in the orthorombic space group
P2,2;2 (no. 18), which is a maximal non-isomorphic subgroup
of tetragonal P42;m (no. 113). The data were also refined in
the latter space group. With ¢ = 16.2260(3) and b =
16.2256(3) the axes are not very different; within the esds they
are the same and PLATON®’ suggests P42;m when the data
are checked for missed symmetry. P42,m is a very rare space
group with only 184 structures with this space group are
published in the CSD.” In both space groups the perchlorate
is severely disordered. The R-value is better in P2;2,2 (5.4%) than
in P42;m (7.8%). Also, the thermal displacement parameters are
larger in P42,m. The data in P2,2,2 were refined with a twin law
for swapped a- and b-axes with additional racemic twinning of
both possibilitiess 0 1 0 -1 0 0 0 0 1 —4; BASF
0.11537 0.15813 0.38834).

Crystal data and details on the structure refinement are
given in Table 5. Graphics were drawn with DIAMOND.”!

Computational details

Spin-unrestricted DFT calculations were performed at the
B3LYP level by means of the Gaussian09 code.” The structure
of the trinuclear units were not optimized and the atomic positions
were directly taken from X-ray cif files. Single-point calculations
were performed for both the quartet, HS, with (Sz) ~ 3.75 and
the broken symmetry, BS, with (S?) & 1.75 states. For the case of
compound 3 the calculations were performed in only one of the
two trinuclear units. A triple-§ all-electron Gaussian basis set was
used for all elements.”
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