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Five complexes prepared from Cul and dipyridyl ketone oxime ligands were synthesised and structurally
characterised, [Cu,L(LZ)(L*-H)].,, 1, [Cu(L®-H),]., , 2, {[Cuy(L*)(L*-H)L,](CH;CN)}.., 3,
[Cu(L*],., 4, and {[Cug(L**)sls](CH;CN)4(C4H;0)2(H,0),}.., 5. The effect of the varying pyridyl
substitution patterns of L?, L*, L and L* was investigated, as well as the effect this had on forming

mixed valence complexes. Complexes 1 and 3 formed mixed valence Cu(I)/Cu(Il) polymer networks with

Cu(II) stabilised by the formation of a pseudo tetradentate ligand through an oxime-oximato bridge. In

comparison, the Cu(I) in complex 2 was completely oxidised to Cu(II), with the ligand fully

deprotonating to act as a charge balance. Complex 4 formed a simple 1D Cu,l, rhomboid dimer daisy

chain, while 5 formed Cuyl, cubane tetramer clusters, allowing four ligands to bind to one centre. Overall

5 existed as two interpenetrated hydrogen bonded 3D networks. Introduction

Complexes of copper iodide form very diverse structures for a
number of reasons. Cu(I) can have coordination numbers
typically ranging from two to four, and Cu(Il) from four to six.
Todide can form terminal, or p-bridging arrangements allowing a
wide range of binding modes.! Commonly, Cu(l) iodide
aggregates as rhomboid dimers, cubane tetramers and stepped
cubane tetramers, allowing the expansion of these clusters into
coordination polymers due to vacant metal coordination sites
which provide useful scaffolding for coordination polymer

s networks." 2 In comparison, Cu(Il) iodide structures are rare,’

and dominated by Jahn-Teller elongated Cu-I bonds, which often
bridge to form coordination polymers®.

Given the wide range of structures available for copper iodide
complexes, we prepared coordination polymer architectures using
the versatile four isomeric ligands, 2,3-, 2,4-, 3,3"- and 4,4’-
dipyridyl ketone oxime (L=, L*, L* and L* respectively) (Fig.
1). In engineering these coordination polymers, such ligands
offer a number of advantages when combined with copper iodide.
Both the oxime functional group and the pyridyl donors have the
ability to bind to metal ions, and to form H-bonding interactions.
This allows the complexes to extend further into coordination
polymers, and examples of these binding modes were observed in
1-5. Rotation around the C,—~C,, (py = pyridine; ox= oxime)
bond allows a degree of freedom, however in the cases of L2 and
L* this can be hindered by the formation of a five-membered
chelate ring between the 2-substituted ring and the N atom of the
oxime unit.

OH
N

U

Fig. 1 Schematic representing the four isomeric dipyridyl ketone
oxime ligands L, L* L* and L*.
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When solvated, Cu(I) iodide is susceptible to oxidation to
Cu(Il) in air. Any corresponding reduction of Cu(Il) to Cu(I) by
iodide is inhibited by the presence of a Ny, donor resulting in the
formation of Cu(ID-N,, bound complexes with coordinated
iodide.*> In previous copper complexes with 2,2’-dipyridyl
ketone oxime the five-membered-chelate ring can be further
extended into a pseudo tetradentate ligand through the presence
of an oxime-oximato bridge in neighbouring ligands (fig. 2).°
Often in this oxime-oximato bridge the hydrogen is thought to be

s shared almost equally between the two oxygen atoms. This motif

is valuable in crystal engineering, and provides a very strong
coordination motif for Cu(I).” The deprotonation of oximes is
often observed, and allows the ligand to act as a counter ion
helping to balance the charge formed by oxidation. The
oxidation of Cu(I) to Cu(Il) is not uncommon in solvothermal
reactions, however mixed valance Cu(I)/Cu(Il) coordination
polymers are still relatively rare. It would follow that the
formation of a mixed valence polymer from room temperature
solvent diffusion is even more unusual, which was observed in 1

s and 3.

Interestingly, structures containing Cu(Il) bound in a pseudo
tetradentate fashion through an oxime-oximato bridge between
neighbouring ligands were some of the first oxime structures,
reported in 1961.% Previous summaries identify the oxime-

."H‘\
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Fig. 2 Diagram of the pseudo tetradentate ligand formed by an
oxime-oximato bond on complexation with copper.
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oximato bridge as quite common,’ however the ability of an
ligand to bind further by forming five-membered
chelating ring, using an ancillary donor group such as pyridine, is
less well documented (Fig. 2). This pseudo tetradentate oxime-
oximato bridge arrangement appears to have been overlooked'®'>
rather than being identified as a strong motif facilitating the
binding, and strengthening the coordination of Cu(II).

Herein are reported five Cul complexes (1-5) of four regio
isomer ligand entities, L, L2, L* and L*, respectively (Fig. 1).
Of these, two were mixed-valence complexes, prepared by the
spontaneous oxidation of Cu(I) ions. X-ray structural analysis
was used to investigate the effect the N, position had on the
nature of the polymer network, and how the different oxidation
states were stabilized. Complex 1 formed a mixed valence
Cu(I)/Cu(I) 2D polymer with Cu(II) stabilised by the formation
of a pseudo tetradentate ligand through an oxime-oximato bridge,
and I- acting as a bridge between the Cu of the same oxidation
states. In 2 all of the Cu(I) was oxidised to Cu(Il), causing the
ligand to fully deprotonate and act as the counter ion. Complex 3
was also mixed valence stabilised by the same binding motif as 1,
however the I- acted as a linker between Cu ions of differing
oxidation states, forming an infinite 1D double chain. Complex 4
could no longer form a five-membered chelate ring to potentially
stabilise Cu(II), so oxidation was not favoured, causing a simple
1D Cu,l, rhomboid dimer daisy chain to form. Complex 5
formed Cuyl, cubane tetramer clusters, allowing four ligands to
bind to one centre, and existed overall as two interpenetrated
hydrogen bonded 3D networks.

oxime

» Experimental Section
General.

All chemicals were used as received without further purification.
The ligands L=, L*, L* and L* were prepared according to
literature methods'>. All solvents were used as received, and
were of LR grade or better. Elemental microanalyses were
carried out at the Campbell Microanalytical Laboratory,
University of Otago. Electrospray mass spectrometry was
recorded on a Bruker micrOTOF-Q spectrometer in MeOH
solutions. Data are presented as m/z values for the parent
molecular ion. Infrared (IR) spectra were measured with either a
Perkin Elmer Spectrum BX FT-IR System using KBr disks or a
Bruker Optics Alpha FT-IR spectrometer (with a diamond
Attenuated Total Reflectance (ATR) top-plate).  Solid-state
electronic spectra were collected as a BaSO, diluted sample with
a Cary 500 UV-Vis-NIR spectrophotometer fitted with a 110 mm
PTFE coated integrating sphere.

Syntheses.
[Cul(LP)(L*-H)],, 1, and [Cu(L*-H),]., 2.

Cul (25 mg, 0.13 mmol) dissolved in CH;CN (10 mL) was added
to L2 (52 mg, 0.26 mmol) dissolved in CH;OH (10 mL). The
dark red solution was stirred overnight during which time a
precipitate formed and the solution changed colour to olive green.
The solid was filtered, washed with diethyl ether and dried in
vacuo (38 mg, 38%). Two different types of dichroic X-ray
ss quality crystals were obtained, which were green/red (1) and
green/orange (2) in colour. They were grown together from the
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slow diffusion of a CH;0H solution of L (20 mg, 0.10 mmol)
layered with CH;CN into a CH;CN solution of Cul (19 mg, 0.10
mmol) layered with CH3CN. The bulk material above was found
to be consistent with the structure obtained from the red crystals
(1). Anal. Found: C, 33.88; H, 2.23; N, 10.65. Calc. for
C22H17N602CUQ12: C, 3395, H, 220, N, 10.80. EMS (+ve ESI)
m/z cale for CyH gNgO,Cu 461 [(LZ),Cu()]*, found 461. Calc
for CpH;;NgO,Cu 460 [(LZ)(L*-H)Cu(l)]*, found 460.
Selected IR (KBr)/cm'l: 3446 (s, br) (L23), 3091-2923 (w, sh)
(L?®), 1597 (m, sh) (L*), 1540-1466 (s, sh) (L*), 998 (w, sh)
(L), 979 (w, sh) (L®), 800-780 (m, sh) (L*?). UV-Vis (BaSO,)
(relative absorption)/ cem™: 41 667 (1), 27 948 (0.87), 22 344
(0.70), 16 436 (0.26), 11 614 (0.19), 5978 (0.42).

{[Cu(L*)/(L*-H)L](CH;CN)}.., 3.

Cul (49 mg, 0.26 mmol) dissolved in CH3;CN (10 mL) was added
to L2* (52 mg, 0.26 mmol) dissolved in CH;OH (10 mL). A red-
brown precipitate immediately formed. The red solution was
stirred overnight during which time the precipitate changed
colour to dark brown. The solid was filtered, washed with diethyl
ether and dried in vacuo (85 mg, 42%). Black X-ray quality
crystals of 3 were grown from the slow diffusion of a CH;0H
solution of L** (20 mg, 0.10 mmol) layered with CH;OH into a
CH;CN solution of Cul (20 mg, 0.10 mmol) layered with
CH;CN. Anal. Found: C, 34.00; H, 2.47; N, 10.94. Calc. for
C22H17N602CUQ12: C, 3395, H, 220, N, 10.80. Selected IR
(KBr)/em™: 3446 (s, br) (L**), 3053 (w, sh) (L**), 1653 (w, sh)
(L*), 1595 (m, sh) (L*), 1542 (w, sh) (L**), 1466 (m, sh) (L**),
986 (w, sh) (L), 826 (m, sh) (L*), 789 (s, sh) (L**), 746 (m, sh)
(L*). UV-Vis (BaSO,) (relative absorption)/ cm™: 31 746 (1),
11223 (0.32).

[CuL®1],, 4.

Cul (49 mg, 0.26 mmol) dissolved in CH3;CN (10 mL) was added
to L* (52 mg, 0.26 mmol) dissolved in CH;OH (10 mL). A
white suspension resulted. This was stirred overnight during
which time a cream precipitate formed. This was filtered, washed
with diethyl ether and dried in vacuo (63 mg, 62%). Yellow X-
ray quality crystals of 4 were grown from the slow diffusion of a
CH;OH solution of L3 (20 mg, 0.10 mmol) layered with CH;CN
into a CH;CN solution of Cul (19 mg, 0.10 mmol) layered with
CH;CN. Anal. Found: C, 33.88; H, 2.38; N, 10.66. Calc. for
C HoN;OCul: C, 3391; H, 2.33; N, 10.78. Selected IR
(KBr)/em™: 3256 (s, br) (L*), 3045-2809 (w, sh) (L*), 1638-
1619 (w, sh) (L®), 1591 (w, sh) (L*), 1474 (w, sh) (L*), 1337
(w, sh) (L*), 960 (w, sh) (L*), 944 (m, sh) (L*), 931 (m, sh)
(L*), 818 (m, sh) (L*).

{{Cug(L*)sI 5](CH3CN)4(C4H;90)5(H,0)3}., 5

Cul (50 mg, 0.26 mmol) dissolved in CH;CN (10 mL) was added
to L* (52 mg, 0.26 mmol) dissolved in CH;OH (10 mL). The
resulting yellow solution was concentrated, and added to excess
diethyl ether to give a white suspension.
overnight to give a yellow precipitate which was filtered, washed
with diethyl ether and left to dry (45 mg, 55%, based on L*%).
Anal. Found: C, 29.55; H, 2.23; N, 8.66. Calc. for
CssHysN504Cugls-2CH;CN-2C,H,0O: C, 29.26; H, 2.60; N, 8.66.
Selected IR (ATR)/cm™: 1597 (w, sh) (L*), 1415 (m, sh) (L*),
1009 (s, sh) (L*). The slow diffusion of a CH;0H solution of

This was stirred
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L* (18.3 mg, 0.092 mmol) into a CH;CN solution of Cul (16.3
mg, 0.086 mmol) layered with CH3;CN gave a yellow solution
after 5 days. This was diffused with diethyl ether to give yellow
coloured X-ray quality crystals.

X-Ray Crystallography.

X-Ray diffraction data were collected at the University of Otago
on a Bruker APEX II CCD diffractometer, with graphite
monochromated Mo-Ka (A = 0.71073 10\) radiation. Intensities
were corrected for Lorentz and polarisation effects' ' and a
multiscan absorption correction'® was applied to all structures.
The structures were solved by direct methods using SIR-97'7 and
refined on F? using all data by full-matrix least-squares
procedures (SHELXL 97'®). Non-hydrogen atoms were refined
with anisotropic thermal parameters. H atoms were placed in
ideal positions except for the H atoms of the hydrido-bridged
oxime-oximato units in 1 and 3, and the oxime of 4, which were
located from the Fourier synthesis maps. All calculations were
performed using the WinGX interface.'® Detailed analyses of the
extended structure were carried out using PLATON”’ and
MERCURY?* 2! (Version 1.4.2). Crystal data and refinement
details are summarised in Table 1.

Results and Discussion

The isomeric dipyridyl oxime ligands were synthesised by
literature methods.” All reactions were attempted in bulk with a
1:1 metal to ligand ratio. With the exception of 2 and 5 molar
ratios of the isolated compounds were consistent with the initial
stoichiometric ratios. In 2 the oxime unit was fully deprotonated
giving rise to Cu(Il) centres by auto oxidation. By comparison,
the oxime unit in 1 and 3 formed a bridged oxime-oximato
pseudo-tetradentate ligand stabilising the Cu(II) centre and giving
rise to mixed valence Cu(l) and Cu(Il) centres. All complexes
were isolated as insoluble coordination polymers.

[Cu,LLP)(L>-H),, 1, and [Cu(L>-H),]., 2

Dichroic green/red and green/orange X-ray quality crystals were
grown from the slow diffusion of a MeOH solution of L? into a
MeCN solution of Cul. The green/red crystals, 1, were found to
have a 1:1 ligand-to-metal ratio and the green/orange crystals, 2,
had a 1:2 ligand-to-metal ratio. Both types of crystals had similar
morphologies. Bulk reactions with varying molar ratios of L
and Cul were carried out many times in a 1:1 mix of MeCN and
MeOH giving dark red solutions initially. The 1:1 bulk reactions
yielded materials which gave variable
microanalyses. In contrast, the 2:1 bulk reactions gave only 1 as
a dark green solid. Notably, the red solutions changed over time
to olive green and dark green solid precipitated out. The bulk
reactions never yielded material with microanalyses consistent
with 2.

Electrospray mass spectrometry of both the dark red and olive
green solutions was carried out under normal operating
conditions. The spectra showed a subtle change as the sample
aged. The red solution showed a peak at 461 m/z which was
assigned as [(L23)2Cu(1)]+ . The olive green solution showed a
peak at 460 m/z which was assigned as [(LP3LB-H)Cu(D]* .

and inconsistent

6

6

7

7

@

S

CrystEngComm

Thus, over time it appeared that the Cu(I) ion was being oxidized
(Fig. 3).

IR analysis of the 1 showed peaks at 3446, 1597, 1540-1466
and 979 cm™ which were consistent with L. The notable shift
of the peak corresponding to the stretch of the C=N moiety from
1636 cm™' as observed for the free ligand to 1597 cm™ provided
confirmation that L was coordinated to a Cu ion through the
C=N moiety. The electronic spectrum of 1 showed a broad and
intense charge transfer peak at 22 344 cm™, with a shoulder at
16436 cm™. A broad and asymmetric peak corresponding to the
d-d transition of the metal ion was observed at 11 614 cm™
confirming the presence of Cu(Il). Such a spectral pattern would
be consistent with the Cu(Il) ion adopting either a square-
pyramidal or Jahn-Teller distorted octahedral geometry.”> The
crystal structure of 1 showed that the Cu(Il) ion had adopted a
distorted octahedral geometry.

X-Ray structural analysis of 1 revealed the formation of a
mixed-valence Cu(I) and Cu(Il) complex, forming an infinite 2D
network lying in the plane (1 0 -1). The network crystallized in
the monoclinic space group P2,/n with the asymmetric unit
containing one Cu(l) ion, one Cu(l) ion, two L2 ligands of
which one was deprotonated, and two I" anions. Given the
centrosymmetric nature of the space group, both enantiomeric
forms of L* were found to be present in the crystal structure,

so however only one form of L was bound to each Cu(Il) ion.
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ss Fig. 3 (top) Positive ion electrospray mass spectrum showing the

isotope pattern of the freshly prepared red solution in MeOH,
showing the peak at m/z assigned to [(L23)2Cu(1)]+ . (bottom)
Isotope pattern of the aged olive green solution in MeOH
showing the peak at m/z assigned to [(LB)(L*-H)Cu(D]". Insets

9 show calculated isotope pattern for each of the copper species.
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1 2 3 4 5
Empirical Formula C22H17CU212N602 C22H16CUN602 C24H2()CUQIQN702 Cl 1H9CUIN3O C63H66CUgIgN1507
M 778.30 459.96 819.35 389.65 2668.83
Crystal system Monoclinic Orthorhombic Monoclinic Triclinic Monoclinic
Space group P2/n Pbca P2/n P-1 C2/c
al A 8.2450(10) 8.4693(6) 11.6390(9) 8.6202(6) 12.6943(3)
bl A 29.405(4) 14.3050(10) 15.3802(12) 9.0250(6) 32.7813(7)
o A 10.8415(15) 15.7364(14) 14.9492(11) 9.2570(7) 24.8035(5)
o/° — — — 69.480(4) —
B 108.285(6) — 99.3400(4) 69.496(4) 97.313(2)
y/o — — — 84.874(4) —
VIA3 2495.7(6) 1906.5(3) 2640.6(3) 631.29(8) 10237.7(4)
7 4 4 4 2 4
T/K 90(2) 90(2) 90(2) 90(2) 90(2)
M/mm’l 4.210 1.180 3.986 4.161 4.086
Reflections collected 43588 9112 32040 10220 28217
Unique reflections (R;,) 4606(0.0414) 1739(0.0229) 4891(0.0233) 2340(0.0173) 9510(0.0501)
R, indices [I>206(1)] 0.0434 0.0313 0.0161 0.0154 0.0364
wR?2 (all data) 0.1473 0.0787 0.0384 0.0630 0.0963

Table 1 Summary of crystallographic data

The Cu(ll) ion adopted a distorted-octahedral coordination
environment consisting of two chelating Ny, N, donor sets from
two distinct L* entities in the equatorial plane and two symmetry
related axial I" ions (Fig. 4). The axial I” anion acted as a bridge
between individual Cu(Il) ions resulting in the formation of an
infinite Cu(II) chain running along the [1 O 1] diagonal axis. The
Cu-I bond lengths were 2.961(2) and 3.1488(15) A. A search of
the Cambridge Structural Database (CSD), version 5.33,2 % for
Cu(II)-I bonds showed 14 observations in 13 six-coordinate
Cu(Il) structures with an average Cu(I[)-I distance of 3.23 A
There were also 99 observations in 79 five-coordinate structures
with an average Cu(I)-I distance of 2.83 A. Combining these
observations, the reported Cu(II)-I bond lengths vary from 2.56
to 3.51 A. Given these findings, and the consequences of Jahn-
Teller distortion, both Cu(II)-I distances could be considered to
be genuine bonds.

An infinite 2D network was formed as a result of Cu(l)
rhomboid dimers cross-linking each infinite Cu(II) chain (Fig. 5).
These dimers were formed by Cu(I) adopting a pseudo-
tetrahedral coordination environment (Fig. 5) consisting of two
monodentate N, donors from the three substituted pyridyl rings
of two distinct L entities and two symmetry related I~ ions.
Each L% entity was bound to both a Cu(I) and Cu(Il) ion. The
Cu---Cu distance across the rhomboid dimer was found to be
2.559(2) A.> The two L* entities in the asymmetric unit, formed
a bridged intramolecular oxime-oximato hydrogen bond.?*** The
O-H---O distances were found to be 1.06(11) and 1.39(11) A

30 (corresponding to an O--O distance of 2.427(9) A). The

hydrogen was shared roughly equally between the two oxygen
atoms, reflecting the strong oxime-oximato bridge.

Both L* entities within the asymmetric unit acted as two-
bladed chiral propellers, with the angles between the planes of the
pyridyl rings corresponding to 52.02° and 77.14° (rings
containing N1 and N4 respectively). Adjacent 2D networks

so N(1)—Cu(1)-I(1) 91.9(2),

stacked on top of one another giving a 3D network by virtue of a
H-bonding interaction between the O2 atom and a nearby pyridyl
ring H atom. The C-H:---O distance was found to be 2.41 A

40 (corresponding to a C---O distance of 3.059(12) 10\).

Fig. 4 View of the coordination environments of the Cu(I) and
Cu(Il) ions within 1 with crystallographic numbering. Thermal
ellipsoids are drawn at 50% probability level. Selected bond
lengths (A) and angles (°): Cu(1)-N(1) 2.015(7), Cu(1)-N(2)

45 2.015(7), Cu(1)-N(4) 2.053(7), Cu(1)-N(5) 1.972(7), Cu(1)-1(1)

2.961(2), Cu(1)-I(IC) 3.1488(15), Cu(2)-N(3A) 2.065(7),
Cu(2)-N(6) 2.087(8), Cu(2)-1(2) 2.599(2), Cu(2)-1(2B) 2.678(2),
N2)-O(1) 1.334(9), N(5)-0(2) 1.353(9); N(1)-Cu(1)-N(2)
79.3(3), N(1)-Cu(1)-N(4) 108.4(3), N(1)-Cu(1)-N(5) 172.1(3),
N(@2)-Cu(1)-N4) 166.9(3), N(2)-
Cu(1)-N(5) 92.8(3), N(2)-Cu(1)-I(1) 101.6(2), N(4)-Cu(1)-N(5)
79.6(3), N(@#)-Cu(1)-I(1) 88.9(2), N(5)-Cu(1)-I(1) 88.6(2),
O(1)-N(2)-Cu(1) 123.1(5), O(2)-N(5)-Cu(1) 123.8(5), N(3)-
Cu(2)-N(6) 99.2(3), N(3)-Cu(2)-1(2) 105.7(2), N(3)-Cu(2)-I(2)

55 112.9(2), N(6)-Cu(2)-1(2) 102.9(2), N(6)-Cu(2)-1(2) 111.3(2),

Cu(2)-1(2)-Cu(2) 58.00(4), I(2)-Cu(2)-1(2) 122.00(4) (symmetry
codes: AlS—x,Y24+y,%2-zB1l-x,—-y,-zCVa—x,V2+y, -
n—-2)
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Fig. 5 View down the crystallographic a axis of the 2D network
formed by 1.

Complex 2 crystallised in the orthorhombic space group Pbca
forming an infinite 2D network in the ab plane. The asymmetric
unit contained half a Cu(ll) cation and one deprotonated L3
ligand. No I" anion was present despite the Cu(Il) cation
originating from Cu(D)I. Thus the Cu(l) ion was oxidised to
Cu(II) and the resulting charge was balanced by deprotonation of
the oxime unit of L which acted as a counterion. As this
complex crystallized in a centrosymmetric space group, both
enantiomeric forms of L were present in the 2D networks.

The Cu(Il) ion sat on a centre of symmetry, adopting a Jahn-
Teller distorted octahedral geometry. This consisted of two
equatorial chelating (N, Noy) donor sets from two L* entities
and two axial monodentate (N,) donors from the three-
substituted pyridyl ring of another two symmetry related L
entities (Fig. 6). Thus, each Cu(ll) ion was bound to four
symmetry related L* ligands. All nitrogen donors of L* were
involved in bonding to a Cu(Il) ion allowing the ligand to act as a
bridge between individual Cu(Il) ions forming the 2D network
(Fig. 7). This was reinforced by n-n stacking between the N1

Fig. 6 View showing the coordination environment of the central
Cu(I) ion in 2 with crystallographic numbering. Thermal
ellipsoids are drawn at 50% probability level. Selected bond
lengths (A) and angles (°): Cu(1)-N(1) 2.038(2), Cu(1)-N(2)
2.428(2), Cu(1)-N(3) 2.030(2), C(6)-N(3) 1.310(3), N(3)-O(1)

1.294(3);  N(1)-Cu(1)-N@3) 80.37(8), N(1)-Cu(1)-N(3A)
30 99.63(8), N(1)-Cu(1)-N(1A) 180.00(8), N(3)-Cu(1)-N(3A)
180.00(8), N(1)-Cu(1)-N(2D) 86.46(7), N(1)-Cu(1)-N(2E)
93.54(7), N(@2D)-Cu(1)-N(@3) 85.53(8), N(2E)-Cu(1)-N(3)
94.47(8), O(1)-N(3)-C(6) 120.1(2), O(1)-N(@3)—Cu(1)
124.87(15), C(6)-N(3)-Cu(1) 114.41(16), C(6)-N(3)-O(1)

120.1(2) (symmetry codes: A—x, 1 =y, 1 —=zzB-Y2+x, 1.5y,
1-zCYa—x,-V2+y,2).
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Fig.7 View in the ab plane of the 2D network formed in 2.

rings with a distance of 3.772(3) A. The L® ligand acted as a
two-bladed chiral propeller with an angle of 58.45° between the
planes of both pyridyl rings. No significant interactions were
found to exist between individual 2D networks which ran parallel
to each other.

{[Cuy(L**)(L*-H)LI(CH;CN)}.., 3

Black X-ray quality crystals were grown from the slow diffusion
of L* in MeOH into a MeCN solution of Cul. Microanalysis of
both the crystals and a bulk sample precipitated from 1:1 mix of
MeCN and MeOH supported a 1:1 ligand-to-metal ratio.
Notably, when the reaction was carried out in bulk the precipitate
turned from initial red to dark brown.

IR analysis confirmed the presence of L** within the bulk
material. The shift in frequency of the C=N peak from 1604 cm™
to 1653 cm™ also implied that the N atom of the oxime functional
group was bound to a Cu ion. The electronic spectrum of 3
showed a charge transfer band at 31 746 cm™ A second peak at
11 223 cm™ was assigned to the d-d transition of the metal ion
indicating the presence of Cu(Il). Furthermore, the second peak
was asymmetrical in nature with a small shoulder suggesting the
Cu(II) ion was five coordinate possibly square pyramidal or Jahn-
Teller distorted octahedral geometry.>* -

X-Ray structural analysis of 3 showed it crystallized in the
monoclinic space group P2,/n forming a 1D mixed-valence
infinite double chain along the ¢ axis. The asymmetric unit
contained two L** entities of which one was deprotonated, one
Cu(I) cation, one Cu(Il) cation, two I" anions and one MeCN
solvent molecule.
within the structure due to the centrosymmetric nature of the
space group.

The Cu(Il) ion adopted a square-based pyramidal geometry
with two basal Ny, N, chelating donor sets, from two distinct
L entities, and one axial I” anion (Fig. 8). The 15 value for the
Cu(I) ion was 0.30 supporting a distorted square pyramidal
environment.** Bond angles around the Cu(II) ion ranged from
95.11(6) to 168.16(7)°. The Cu-N bond lengths ranged from
1.9580(18) to 2.0786(18) A which fall within the range of 1.851
to 2.765 A for similar five-coordinate systems as determined
from a search of the CSD (version 5.34). **?* The Cu-I bond
length was elongated at 2.8577(9) A, typical of square-based
pyramidal complexes of Cu(Il). This fell within the range 2.56 to

Both enantiomeric forms of L?* were found
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3.41 A for similar systems. > ?* The Cu(I) adopted a tetrahedral
coordination environment being bound to two I” anions and two
N,, atoms from the four-substituted pyridyl rings of two distinct
ligands (Fig. 8). The t, value for this Cu ion was found to be
0.29 indicating a distorted environment.”” The bond angles
around the Cu(I) ion ranged from 101.42(5) to 118.98(2)°. Both
ligand entities within the asymmetric unit acted as a two-bladed
chiral propellers, with the angles between the planes of the
pyridyl rings corresponding to 68.97° and 67.58° (rings
containing N2 and N5 respectively). The two L** entities formed
a bridged intramolecular oxime-oximato hydrogen bond.?*** The
O-H---O distances were found to be 1.11(3) and 1.34(3) A
(corresponding to an O---O distance of 2.445(2) A). In this case,
the hydrogen is asymmetrically shared between the two oxygen
atoms, again giving rise to a strong motif.

Each individual chain of the double chain contained only one

enantiomeric form of the bridged motif with the other individual
chain containing the other enantiomer.
Due to each ligand being bound to both Cul and Cu2 an infinite
1D chain of alternating Cu(I) and Cu(Il) ions was formed along
the ¢ axis. The I1 anion acted as a i, bridging ion between Cu(I)
and Cu(ll) ions of adjacent 1D chains forming an infinite double
chain.

Fig. 8 View of the coordination environments of the Cu(I) and
Cu(Il) ions in 3 with crystallographic numbering. Thermal
ellipsoids are drawn at 50% probability level. The CH;CN
solvent molecule has been omitted for clarity. Selected bond
lengths (A) and angles (°): Cu(1)-N(1) 2.0117(18), Cu(1)-N(3)
2.0264(18), Cu(1)-N(4) 2.0589(18), Cu(1)-N(6) 1.9580(18),
Cu(1)-I(1) 2.8577(9), Cu(2)-N(2A) 2.0508(19), Cu(2)-N(5)
2.0786(18), Cu(2)-1(1B) 2.7220(11), Cu(2)-1(2) 2.5566(8), C(6)-
N(3) 1.292(3), N(3)-0(1) 1.345(2), C(17)-N(6) 1.293(3), N(6)—
O(2) 1.342(2); N(1)-Cu(1)-N@3) 79.91(7), N(1)-Cu(1)-N(4)
104.05(8), N(1)-Cu(1)-N(6) 168.16(7), N(3)—Cu(1)-N(4)
150.49(7), N@B)-Cu(1)-N(6) 91.10(8), N(4)-Cu(1)-N(6)
80.05(7), N(1)-Cu(1)-I(1) 97.54(5), N(3)-Cu(1)-I(1) 113.56(6),
N(4)-Cu(1)-I(1) 95.11(6), N(6)-Cu(1)-I(1) 93.09(6), O(1)-
N(@3)-Cu(1) 125.12(13), O(2)-N(6)-Cu(1) 122.23(13), N(2A)—
Cu(2)-N(5) 106.49(7), N(2A)-Cu(2)-I(1B) 102.66(5), N(5)-
Cu(2)-I(1B) 101.42(5), N(2A)-Cu(2)-1(2) 116.23(5), N(5)-
Cu(2)-1(2) 109.47(5), Cu(1)-I(1)-Cu(2) 123.51(2), I(1)-Cu(2)-
1(2) 118.98(2) (symmetry codes: Ax,y, 1 +z; B 1 —x,—y, — 2).

b4
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O

s Microanalysis confirmed a 1:1 metal-to-ligand molar ratio.
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)
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The double chain network was further expanded into an infinite
2D network along the bc plane by virtue of a non-classical H-
bonding interaction between the O2 atom and a nearby pyridyl
ring H atom. The C-H--O distance was found to be 2.42 A
(corresponding to a C---O distance of 3.159(3) A)

[Cu@™1],, 4

A 1:1 molar reaction between Cul and L* in a 1:1 mix of MeCN
and MeOH gave a cream precipitate in moderate-to-high yield.
IR
analysis confirmed the presence of L* in the bulk material.
Weak and poorly resolved peaks in the range 1638-1619 cm™
were assigned to the C=N moiety and differed from the free
ligand where a single peak was observed at 1615 cm™."* Yellow
X-ray quality crystals were grown from the slow diffusion of L*
in MeOH into a MeCN solution of Cul.

X-Ray crystallographic analysis showed 4 crystallized in the
triclinic space group P-1 forming an infinite 1D daisy chain (Fig.
9). The asymmetric unit consisted of one L entity, one Cu(l)

s cation and one I" anion, with both enantiomeric forms of L

present. The Cu(I) ion adopted a tetrahedral coordination
environment consisting of two I anions and two three-substituted
N,y atoms from two L* entities. A rhomboid dimer was
therefore formed, with a Cu---Cu distance of 2.5698(12) A. The
angles between the Cu(I) ion and its four donor atoms ranged
from 105.84(8)° to 110.44(7)° indicating a distorted tetrahedral
The ligand itself acted as a two-bladed chiral
propeller, with an angle of 71.05° between the planes of the
pyridyl rings. This twist of the pyridyl rings relative to each

environment.

s other further supported the formation of the daisy chain.

The 1D daisy chain polymer formed from two L* ligands
bridging two Cu(I) ions of Cu,l, connecting units propagated
along the [1 O 1] diagonal axis (Fig. 9). Individual daisy chains
stacked side by side though a non-standard H-bond between the
oxime H atom and the I" ion (Fig. 10) forming an infinite 2D
sheet. The O-H--I distance was found to be 2.57 A with a
corresponding O--I distance of 3.458(3) A. The 2D sheets were
held together by a n-m bonding interaction from adjacent N1
pyridyl rings (centroid-centroid distance 3.649(3) A).

s Fig. 9 View along [1 O 1] diagonal axis of 4 with

crystallographic numbering. Thermal ellipsoids are drawn at
50% probability level. Selected bond lengths (A) and angles (°):
Cu(1)-N(1) 2.060(3), Cu(1)-N(@2B) 2.060(3), Cu(1)-I(1)
2.6241(12), Cu(1)-(1B) 2.6642(11), C(6)-N(3) 1.288(4), N(3)-
O(1) 1.392(4); N(1)-Cu(1)-I(1) 105.84(8), N(1)-Cu(1)-I(1B)
110.44(7), N@2B)-Cu(1)-I(1) 125.21(8), N(2B)-Cu(1)-I(1)
106.55(8), Cu(1)-I(1)-Cu(1A) 58.39(2), I(1)-Cu(1)-I(1B)
121.61(2), C(6)-N(3)-O(1) 112.0(3) (symmetry codes: A 1 —x, 1
-y,-z;Bl-x,—-y,1-2).
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Fig. 10 View of the side by side stacking in 4 of individual 1D
daisy chains that form 2D sheets by H-bonding (shown in green).
The offset n-n stacking interaction that generates a 3D structure is
shown as a solid black line.

{[Cug(L*)sI s](CH;CN)(C4H190)2(H,0)5).0, 5

X-ray analysis of 5 showed that it crystallised in the monoclinic
space group C2/c as an infinite 2D network in the ac plane which
through hydrogen bonding two 3D
interpenetrated networks. The asymmetric unit consisted of four

10 was extended into
Cu(l) cations, four I" anions, two and a half L* entities, one
diethyl ether molecule, two acetonitrile molecules and one water
molecule. The acetonitrile and water molecules were very
15 disordered, and could not be appropriately modelled. The

electron density associated with the them was removed using the

SQUEEZE procedure in PLATON.* This was supported by the

large solvent spaces present in the structure.

20

Fig. 11 View of the coordination environments of the Cu(I) ions
in 5 with crystallographic numbering. Thermal ellipsoids are
drawn at 50% probability level. Selected bond lengths (A) and
angles (°): Cu(1)-N(2) 2.016(5), Cu(1)-I(1) 2.6996(13), Cu(1)-
I(1A) 2.7035(13) Cu(1)-1(2) 2.6556(13), Cu(2)-N(4) 2.008(4),
Cu(2)-I(1) 2.7383(13), Cu(2)-1(2) 2.6427(12), Cu(2)-I(2A)
2.7729(13), Cu(3)-N(5) 2.033(4), Cu(3)-1(3) 2.7037(13), Cu(3)-
1(4) 2.7236(13), Cu(3)-I(4A) 2.6524(13), Cu(4)-N(7) 2.014(4),
Cu(4)-1(3) 2.6518(13), Cu(4)-1(3) 2.7483(13), Cu(4)-1(4)
30 2.7002(13), C(6)-N(3) 1.310(11), N(3)-O(1) 1.379(10), C(17)-
N(6) 1.304(7), N(6)-0(2) 1.360(7), C(28)-N(8) 1.262(9), N(8)-
O0@3) 1.180(8); O(1)-N(3)-C(6) 110.2(6), O(2)-N(6)-C(17)
116.2(5), O(3)-N(8)-C(28) 127.1(4), range: I-Cu-I 103.73(3)—
119.75(3), I-Cu-N 98.74(12)- 113.06(12), (symmetry codes: A 1
s5—Xy,1.5-2B2-x,9,25-7zCl-x,y,25-2).
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The N8 oxime sat on a special position, with the complete
ligand generated by a two-fold axis along the N-C bond, and the
O-H groups occupying two different sites. Each of the ligands
acted as a two-bladed chiral propellers, with the angles between

40 the planes of the pyridyl rings corresponding to 64.48 (N3), 64.44
(N6) and 64.18 (N8)

The Cu(l) ions were present in two crystallographically
distinct Cuyl, cubane tetramer clusters. These were linked by
N,y ligands to form an infinite 2D network in the ac plane (Fig.

45 12). For one of the cubane tetramer clusters (Cu3, Cu4) all four
ligands linked to other cubane tetramer clusters two of which
were the same (Cu3, Cu4) and two of which were distinct (Cul,
Cu2). For the cluster (Cul, Cu2) two of the ligands linked to
other distinct clusters (Cu3, Cu4) while two did not link to

so clusters. These two ligands were involved in hydrogen bonding
to an oxime unit on an adjacent network generating an infinite 3D
structure with a O—H--N distance was found to be 1.97 A with a
corresponding O--N distance of 2.718(7) A (fig. 13).

Overall, two 3D interpenetrated hydrogen bonded networks

ss were generated, with no interactions between the two networks
(Fig. 14).

plane.
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e Fig. 13 View along a axis of 5 showing hydrogen bonds in green
linking the structure into an infinite 3D network.
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Fig. 14 View along a axis of 5 showing the 3D interlaced
hydrogen bonded networks

Comparison

The five structures described herein provide elegant examples of
the differing bonding arrangements of the ligands L=, L*, L¥
and L*. Both L? and L* formed five-membered-chelate rings
between the N, atom and two-substituted N,, atom upon
coordination of a metal ion. In 1 and 3 these further extended
into a pseudo tetradentate macrocycle through the presence of an
oxime-oximato bridge between neighbouring ligands, providing a
very stable coordination environment for Cu(Il). By comparison,
L and L* cannot bind this way, and in 4 and 5 the {C=N-OH}
moiety was consequently not involved in bonding interactions to
Cu. This left it free to form H-bonding interactions, generating a
larger polymer structure. The positioning of a N, atom in the 3
or 4 position allowed the extension of the copper coordination
into polymer structures for all complexes.

The role of the I anion cannot be ignored in the formation of
the five structures reported. In 4 the 1D daisy chain was formed
by virtue of I” anions acting as a link between L**,Cu, squares,
giving rise to a typical thomboid dimer motif. In complex 5 I”
anions formed Cuyl; cubane tetramer clusters, allowing four
ligands to bind to one centre. Both 1 and 3 were mixed-valence
Cu(I)/Cu(Il) polymers, formed as a result of partial oxidation of
the Cu(l) ions from Cul. One of the ligand entities was
deprotonated, acting as a charge balance along with the I” anions.
This resulted in the extension of the ligand into a pseudo
tetradentate ligand through the presence of an oxime-oximato

30 bridge in neighbouring ligands, which provided a very strong

coordination motif for Cu(II).

These I” anions also acted as vital linking anions in each of the
structures. In 1 one of the two I™ anions formed part of a typical
rhomboid dimer with the Cu(I) ion while the other acted as a
bridging ion between symmetry related Cu(Il) ions. The bonding
arrangement of the I" anions meant that a 2D network was
formed. In 3 one of the two I" anions present acted as a linking
anion between the Cu(I) and Cu(ll) ions, giving rise to the
formation of a double chain. The second I" anion was terminally
bound assisting only in charge balance. This feature helped
explain the 1D nature of the complex in comparison to the 2D
nature of 1. Finally, the structure in 2 lacked I" anions as a
consequence of the complete oxidation of Cu(I) to Cu(Il) and the
deprotonation of both ligand entities present. Thus, the ligands,

s which bridged between symmetry related Cu(lIl) ions, provided
the necessary charge balance.

Conclusion

Five new coordination polymers were synthesised from Cul and a
series of dipyridyl ketone oxime regio ligands.

so Comparison of these polymers showed the importance of a
pseudo tetradentate ligand formed via an oxime-oximato bridge
on the formation of mixed valence Cu(I)/Cu(Il) polymers. The
key to forming such a coordination arrangement is through the
extension of the five-membered chelate ring that can be formed

ss between the 2-substituted pyridyl ring and the N atom of the
oxime unit. We are currently investigating this strategy for the
preparation of other mixed valence Cu(I)/Cu(Il) coordination
polymers.

isomers
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