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Self-­‐assembly,	
  binding	
  ability	
  and	
  magnetic	
  properties	
  of	
  
dicopper(II)	
  pyrazolenophanes†	
  	
  
Wdeson	
  P.	
  Barros,ac	
  M.	
  Luisa	
  Calatayud,a	
  Francesc	
  Lloret,a	
  Miguel	
  Julve,a	
  Nadia	
  Marino,*ef	
  Giovanni	
  
De	
  Munno,e	
  Humberto	
  O.	
  Stumpf,d	
  Rafael	
  Ruiz-­‐Garcíaab	
  and	
  Isabel	
  Castro*a	
  

A	
  novel	
  series	
  of	
  dinuclear	
  copper(II)	
  pyrazolenophanes	
  of	
  formula	
  [Cu2(µ-­‐4-­‐Mepz)2(µ-­‐ClO4)(ClO4)(bpm)2]	
  (1),	
  [Cu2(µ-­‐pz)2(µ-­‐
H2O)(ClO4)(4,7-­‐Me2phen)2]ClO4·∙H2O·∙CH3CN	
   (2),	
   [Cu2(µ-­‐pz)2(µ-­‐H2O)(ClO4)3/2(H2O)1/2(phen)2]2[Cu2(µ-­‐pz)2(µ-­‐
ClO4)(ClO4)2(phen)2]·∙8H2O	
   (3),	
   and	
   [Cu2(µ-­‐pz)2(CH3CN)2(3,4,7,8-­‐Me4phen)2](ClO4)2	
   (4)	
   (Hpz	
   =	
   pyrazole,	
   H-­‐4-­‐Mepz	
   =	
   4-­‐
methylpyrazole,	
  bpm	
  =	
  2,2’-­‐bipyrimidine,	
  phen	
  =	
  1,10-­‐phenanthroline,	
  4,7-­‐Me2phen	
  =	
  	
  4,7-­‐dimethyl-­‐1,10-­‐phenanthroline,	
  
and	
   3,4,7,8-­‐Me4phen	
   =	
   3,4,7,8-­‐tetramethyl-­‐1,10-­‐phenanthroline)	
   have	
   been	
   synthesized	
   and	
   magneto-­‐structurally	
  
investigated.	
  The	
  crystal	
  structures	
  of	
  1–4	
  contain	
  bis(pyrazolate)(perchlorate)-­‐	
  (1	
  and	
  3),	
  bis(pyrazolate)(aqua)-­‐	
  (2	
  and	
  3),	
  
or	
  bis(pyrazolate)-­‐bridged	
  (4)	
  dicopper(II)	
  entities	
  of	
  the	
  metallacyclophane-­‐type	
  with	
  bpm	
  (1),	
  4,7-­‐Me2phen	
  (2),	
  phen	
  (3),	
  
and	
  3,4,7,8-­‐Me4phen	
  (4)	
  as	
  blocking	
  bidentate	
  ligands.	
  All	
  of	
  them	
  exhibit	
  a	
  saddle	
  conformation	
  with	
  an	
  overall	
  not	
  planar	
  
but	
   bent,	
   six-­‐membered	
   Cu–(N–N’)2–Cu	
   metallacyclic	
   core	
   with	
   relatively	
   short	
   intermetallic	
   distances	
   across	
   the	
  
bis(pyrazolate)(perchlorate)	
  [r	
  =	
  3.3076(5)	
  (1)	
  and	
  3.382(1)	
  Å	
  (3)],	
  bis(pyrazolate)(aqua)	
  [r	
  =	
  3.383(1)	
  (2)	
  and	
  3.357(1)	
  Å	
  (3)],	
  
and	
  bis(pyrazolate)	
  bridges	
   [r	
   =	
  3.098(1)	
  Å	
   (4)].	
  The	
  analyses	
  of	
   the	
  variable-­‐temperature	
  magnetic	
   susceptibility	
  of	
  1–4	
  
reveal	
  the	
  occurrence	
  of	
  a	
  moderately	
  strong	
  antiferromagnetic	
  coupling	
  across	
  the	
  bis(pyrazolate)(perchlorate)	
  [–J	
  =	
  228	
  
(1)	
  and	
  193	
  cm–1	
  (3)],	
  bis(pyrazolate)(aqua)	
  [–J	
  =	
  189	
  (2)	
  and	
  221	
  cm–1	
  (3)],	
  and	
  bis(pyrazolate)	
  bridges	
  [–J	
  =	
  197	
  cm–1	
  (4)]	
  
(the	
  spin	
  Hamiltonian	
  being	
  defined	
  as	
  H	
  =	
  –J	
  S1	
  ·∙	
  S2	
  with	
  S1	
  =	
  S2	
  =	
  SCu	
  =	
  ½).	
  

Introduction	
  
Metallacyclophanes	
   have	
   been	
   thoroughly	
   investigated	
   as	
  
model	
  systems	
  for	
  the	
  study	
  of	
  metal-­‐directed	
  self-­‐assembling	
  
processes	
   in	
   the	
   field	
   of	
   supramolecular	
   coordination	
  
chemistry	
   (so-­‐called	
   metallosupramolecular	
   chemistry).1–7	
  
They	
   are	
   prepared	
   by	
   the	
   stereospecific	
   self-­‐assembly	
   of	
   a	
  
variety	
  of	
  transition	
  metal	
  ions	
  and	
  suitable	
  designed	
  bridging	
  
ligands	
   possessing	
   multiple	
   metal	
   binding	
   sites	
   which	
   are	
  
separated	
   by	
  more	
   or	
   less	
   rigid	
   aromatic	
   spacers.8–14	
   Besides	
  
their	
   unique	
   self-­‐assembling	
   and	
   structural	
   features	
   which	
  
allow	
  to	
  understand	
  the	
  role	
  of	
  weak	
   intramolecular	
  π–π	
  and	
  
π–anion	
   interactions	
   in	
   the	
   metallosupramolecular	
  
aggregation	
   processes,8	
   metallacyclophanes	
   are	
   investigated	
  
by	
   their	
   binding	
   abilities	
   toward	
   neutral	
   molecules	
   and	
  
charged	
   cationic	
   or	
   anionic	
   species,9	
   as	
   well	
   as	
   for	
   their	
  

catalytic,10	
   redox,11	
   photochemical,12	
   optical	
   (luminiscent),13	
  
and	
   magnetic14	
   properties,	
   which	
   could	
   be	
   exploited	
   in	
   the	
  
related	
   supramolecular	
   fields	
   of	
   metal-­‐organic	
   frameworks	
  
(MOFs)	
   chemistry,15	
   host-­‐guest	
   chemistry	
   and	
   catalysis,16	
  
electro-­‐,17	
  photo-­‐,18	
  and	
  magnetochemistry.19,20	
  
	
   This	
   type	
   of	
   metallacyclic	
   complexes	
   includes	
   the	
   large	
  
class	
   of	
   dicopper(II)	
   pyrazolenophanes,	
   where	
   two	
   simple	
  
pyrazolate	
   ligands	
   or	
   its	
   substituted	
   derivatives	
   act	
   as	
   N,N’-­‐
bis(monodentate)	
   bridges	
   between	
   the	
   two	
  metal	
   centers	
   to	
  
give	
   an	
   overall	
   six-­‐membered	
   Cu–(N–N)2–Cu	
   metallacyclic	
  
entity.21	
   In	
   this	
   case,	
   the	
   use	
   of	
   different	
   blocking	
   ligands,	
  
either	
  bi-­‐21a,c,d	
  or	
  tridentate21h,i	
  acyclic	
  ligands	
  or	
  bis(bidentate)	
  
macrocyclic	
   ones,21b	
   leads	
   to	
   the	
   stereospecific	
   self-­‐assembly	
  
of	
  heteroleptic	
  bis(pyrazolate)-­‐bridged	
  dicopper(II)	
   complexes	
  
of	
   the	
   metallacyclophane-­‐type	
   with	
   a	
   saddle-­‐type	
   molecular	
  
conformation,	
  preventing	
  thus	
  the	
  formation	
  of	
  the	
  undesired	
  
homoleptic	
  bis(pyrazolate)-­‐bridged	
  copper(II)	
  chains.22	
  
	
   The	
  nature	
  of	
  both	
   the	
  pyrazolate	
  bridging	
   ligand	
  and	
   the	
  
blocking	
   ligand	
   determines	
   the	
   folding	
   of	
   the	
   resulting	
  
dicopper(II)	
   pyrazolenophanes	
   in	
   the	
   solid	
   state,	
   so	
   that	
   they	
  
are	
  able	
  to	
  interact	
  with	
  exogenous	
  anions	
  and	
  neutral	
  solvent	
  
molecules	
   through	
   either	
   "inward"	
   or	
   "outward"	
  
coordination.21	
   On	
   one	
   hand,	
   this	
   "inward"	
   binding	
   ability	
  
opens	
  up	
  an	
   interesting	
  host-­‐guest	
  chemistry	
  and	
  sets	
  up	
  the	
  
principle	
   of	
   templating	
   effects	
   for	
   the	
   self-­‐assembly	
   of	
  
dicopper(II)	
   pyrazolenophanes.16	
   At	
   the	
   other	
   hand,	
   this	
  
"outward"	
   binding	
   capacity	
   would	
   allow	
   the	
   obtention	
   of	
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extended	
   coordination	
   polymers	
   from	
   dicopper(II)	
  
pyrazolenophanes,	
  which	
  constitutes	
  a	
  major	
  challenge	
   in	
  the	
  
field	
  of	
  MOF	
  chemistry	
  and	
  crystal	
  engineering.15	
  
	
   So,	
   for	
   instance,	
   the	
  use	
  of	
  the	
  well	
  known	
  2,2’-­‐bipyridine	
  
(bpy)	
  and	
  1,10-­‐phenanthroline	
  (phen)21c,d	
  as	
  blocking	
  bidentate	
  
ligands	
   led	
   to	
   the	
   exclusive	
   formation	
   of	
   dicopper(II)	
  
pyrazolenophanes	
   with	
   double	
   bis(pyrazolate)	
   bridges,	
   while	
  
some	
  unique	
  examples	
  of	
  dicopper(II)	
  pyrazolenophanes	
  with	
  
triple	
   bis(pyrazolate)(chloride)	
   bridges	
   were	
   obtained	
   when	
  
using	
   dihydrobis(1-­‐pyrazolyl)borate	
   (H2Bpz2)

21a	
   or	
   bis(2-­‐
pyridyl)amine	
  (dpa)21d	
  instead,	
  as	
  illustrated	
  in	
  Scheme	
  1.	
  
	
  

	
  

Scheme	
  1	
  General	
  chemical	
  structure	
  of	
  the	
  (a)	
  doubly-­‐	
  and	
  (b)	
  triply-­‐
bridged	
  dicopper(II)	
  pyrazolenophanes	
  with	
  blocking	
  bidentate	
  ligands	
  
(AA)	
  and	
  exogenous	
  bridging	
  ligands	
  (B).	
  
	
  
	
   Herein	
   we	
   report	
   the	
   synthesis	
   and	
   general	
   physical,	
  
structural,	
   and	
  magnetic	
   characterization	
   of	
   a	
   novel	
   series	
   of	
  
dinuclear	
  copper(II)	
   complexes	
  of	
   the	
  metallacyclophane-­‐type	
  
with	
   pyrazolate	
   (pz)	
   or	
   4-­‐methylpyrazolate	
   (4-­‐Mepz)	
   as	
  
bridging	
   ligands,	
   and	
   2,2’-­‐bipyrimidine	
   (bpm),	
   1,10-­‐
phenanthroline	
  (phen),	
  4,7-­‐dimethyl-­‐1,10-­‐phenanthroline	
  (4,7-­‐
Me2phen),	
   or	
   3,4,7,8-­‐tetramethyl-­‐1,10-­‐phenanthroline	
  
(3,4,7,8-­‐Me4phen)	
  as	
  blocking	
  ligands.	
  
	
  

	
  

	
   Our	
   goal	
   is	
   to	
   investigate	
   the	
   ligand	
   effects	
   on	
   the	
  
molecular	
   and	
   crystal	
   structures	
   as	
   well	
   as	
   the	
   magnetic	
  
properties	
   of	
   this	
   unique	
   family	
   of	
   dicopper(II)	
  
pyrazolenophanes	
   of	
   formula	
   [Cu2(µ-­‐4-­‐Mepz)2(µ-­‐
ClO4)(ClO4)(bpm)2]	
   (1),	
   [Cu2(µ-­‐pz)2(µ-­‐H2O)(ClO4)(4,7-­‐
Me2phen)2]ClO4·∙H2O·∙CH3CN	
   (2),	
   [Cu2(µ-­‐pz)2(µ-­‐
H2O)(ClO4)3/2(H2O)1/2(phen)2]2[Cu2(µ-­‐pz)2(µ-­‐
ClO4)(ClO4)2(phen)2]·∙8H2O	
  (3),	
  and	
  [Cu2(µ-­‐pz)2(CH3CN)2(3,4,7,8-­‐
Me4phen)2](ClO4)2	
   (4).	
   By	
   varying	
   the	
   ligand	
   substituents	
   on	
  

the	
   parent	
   dicopper(II)	
   pyrazolenophanes	
  with	
   bpy	
   and	
   phen	
  
as	
   blocking	
   ligands,21c,d	
   it	
   would	
   be	
   possible	
   to	
   perform	
   a	
  
systematic	
   analysis	
   on	
   how	
   electronic	
   and	
   steric	
   factors	
  
influence	
  their	
  self-­‐assembling,	
  hosting	
  and	
  binding	
  abilities	
  in	
  
the	
  solid	
  state.	
  

Experimental	
  
Materials	
  and	
  methods	
  

Hpz,	
   H-­‐4-­‐Mepz,	
   bpm,	
   phen,	
   4,7-­‐Me2phen,	
   3,4,7,8-­‐Me4phen,	
  
triethylamine,	
   and	
   the	
   copper(II)	
   perchlorate	
   hexahydrate	
  
were	
  purchased	
  from	
  commercial	
  sources	
  and	
  they	
  were	
  used	
  
as	
  received.	
  The	
  elemental	
  (C,	
  H,	
  N)	
  analyses	
  were	
  performed	
  
by	
   the	
   Servicio	
   Interdepartamental	
   de	
   la	
   Universidad	
   de	
  
Valencia.	
   Infrared	
   spectra	
   were	
   recorded	
   on	
   a	
   Bruker	
   IF555	
  
spectrometer	
  as	
  KBr	
  pellets.	
  
Caution!	
   Perchlorate	
   salts	
   of	
   metal	
   complexes	
   with	
   organic	
  
ligands	
  are	
  potentially	
  explosive.	
  We	
  worked	
  at	
  the	
  mmol	
  scale	
  
and	
   the	
   starting	
   perchlorate	
   salt	
   was	
   an	
   aqua	
   complex.	
   The	
  
diluted	
   solutions	
   were	
   handled	
   with	
   care	
   and	
   evaporated	
  
slowly	
  at	
  room	
  temperature	
  in	
  an	
  open	
  hood.	
  
	
  

Synthetic	
  procedures	
  

[Cu2(µ-­‐4-­‐Mepz)2(µ-­‐ClO4)(ClO4)(bpm)2]	
   (1).	
   An	
   aqueous	
  
solution	
  (20	
  mL)	
  of	
  bpm	
  (79	
  mg,	
  1/2	
  mmol)	
  was	
  slowly	
  added	
  
to	
   an	
   aqueous	
   solution	
   (15	
   mL)	
   of	
   copper(II)	
   perchlorate	
  
hexahydrate	
   (183	
   mg,	
   1/2	
   mmol)	
   under	
   continuous	
   stirring.	
  
The	
  addition	
  of	
  an	
  aqueous	
  solution	
  (80	
  mL)	
  of	
  H-­‐4-­‐Mepz	
  (42	
  
mg,	
  1/2	
  mmol)	
  and	
  triethylamine	
  (0.1	
  mL,	
  1/2	
  mmol)	
  caused	
  a	
  
color	
  change	
  from	
  green	
  to	
  deep	
  blue.	
  Dark	
  blue	
  crystals	
  of	
  1	
  
were	
  grown	
  from	
  the	
  filtered	
  solution	
  by	
  slow	
  evaporation	
  at	
  
room	
   temperature.	
   Yield	
   ca.	
   40%.	
   Anal.	
   Calcd.	
   for	
  
C24H22Cl2Cu2N12O8	
   (1):	
   C,	
   35.83;	
   H,	
   2.76;	
   N,	
   20.89.	
   Found:	
   C,	
  
35.53;	
   H,	
   2.76;	
   N,	
   20.68%.	
   IR	
   (KBr/cm−1):	
   1593s	
   (C=N,	
   2,2'-­‐
bipyrimidine),	
   1500m	
   (C=N,	
   methyl-­‐substituted	
   pyrazolate),	
  
and	
  1084vs	
  (Cl−O,	
  perchlorate).	
  
	
  
[Cu2(µ-­‐pz)2(µ-­‐H2O)(ClO4)(4,7-­‐Me2phen)2]ClO4·∙H2O·∙CH3CN	
   (2),	
  
[Cu2(µ-­‐pz)2(µ-­‐H2O)(ClO4)3/2(H2O)1/2(phen)2]2[Cu2(µ-­‐pz)2(µ-­‐
ClO4)(ClO4)2(phen)2]·∙8H2O	
   (3),	
   and	
   [Cu2(µ-­‐
pz)2(CH3CN)2(3,4,7,8-­‐Me4phen)2](ClO4)2	
   (4).	
   A	
   similar	
  
procedure	
   was	
   used	
   for	
   the	
   preparation	
   of	
   all	
   three	
  
complexes.	
   An	
   acetonitrile	
   solution	
   (20	
   mL)	
   of	
   either	
   4,7-­‐
Me2phen	
  (2)	
  (104	
  mg,	
  1/2	
  mmol),	
  phen	
  (3)	
  (90	
  mg,	
  1/2	
  mmol),	
  
or	
  3,4,7,8-­‐Me4phen	
  (4)	
  (118	
  mg,	
  1/2	
  mmol)	
  was	
  slowly	
  poured	
  
into	
   an	
   aqueous	
   solution	
   (10	
   mL)	
   of	
   copper(II)	
   perchlorate	
  
hexahydrate	
  (183	
  mg,	
  1/2	
  mmol)	
  under	
  continuous	
  stirring.	
  An	
  
aqueous	
   solution	
   (10	
   mL)	
   of	
   Hpz	
   (34	
   mg,	
   1/2	
   mmol)	
   and	
  
triethylamine	
  (0.1	
  mL,	
  1/2	
  mmol)	
  was	
  then	
  added	
  leading	
  to	
  a	
  
deep	
  blue	
  solution.	
  Dark	
  blue	
  crystals	
  of	
  2−4	
  were	
  grown	
  from	
  
the	
  filtered	
  solution	
  by	
  slow	
  evaporation	
  at	
  room	
  temperature.	
  
Yield	
   ca.	
   36	
   (2),	
   50	
   (3),	
   and	
   26%	
   (4).	
   Anal.	
   Calcd.	
   for	
  
C36H37Cl2Cu2N9O10	
   (2):	
   C,	
   45.34;	
   H,	
   3.91;	
   N,	
   13.22.	
   Found:	
   C,	
  
45.26;	
  H,	
  3.77;	
  N,	
  13.07%.	
  Anal.	
  Calcd.	
   for	
  C90H88Cl6Cu6N24O35	
  

(3):	
   C,	
   41.64;	
   H,	
   3.34;	
   N,	
   12.94.	
   Found:	
   C,	
   41.41;	
   H,	
   3.21;	
   N,	
  
13.00%.	
   Anal.	
   Calcd.	
   for	
   C42H44Cl2Cu2N10O8	
   (4):	
   C,	
   49.71;	
   H,	
  

(a)

N
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4.37;	
   N,	
   13.80.	
   Found:	
   C,	
   49.54;	
   H,	
   4.22;	
   N,	
   13.59%.	
   IR	
  
(KBr/cm−1)	
   for	
   2:	
   3435s	
   (O−H,	
   water),	
   2265w	
   (C≡N,	
  
acetonitrile),	
   1625s,	
   1610s	
   (C=N,	
   dimethyl-­‐substituted	
  
phenanthroline),	
   1527m	
   (C=N,	
  pyrazolate),	
   and	
  1089vs	
   (Cl−O,	
  
perchlorate).	
   IR	
   (KBr/cm−1)	
   for	
   3:	
   3447s	
   (O−H,	
  water),	
   1636s,	
  
1578s	
   (C=N,	
   phenanthroline),	
   1520m	
   (C=N,	
   pyrazolate),	
   and	
  
1090vs	
   (Cl−O,	
   perchlorate).	
   IR	
   (KBr/cm−1)	
   for	
   4:	
   2265w	
   (C≡N,	
  
acetonitrile),	
   1618s,	
   1600s	
   (C=N,	
   tetramethyl-­‐substituted	
  
phenanthroline),	
   1530m	
   (C=N,	
  pyrazolate),	
   and	
  1095vs	
   (Cl−O,	
  
perchlorate).	
  
	
  

Magnetic	
  measurements	
  

Variable-­‐temperature	
   (2.0−300	
   K)	
   magnetic	
   susceptibility	
  
measurements	
   on	
   crushed	
   crystals	
   of	
   1–4	
   were	
   carried	
   out	
  
with	
  a	
  SQUID	
  magnetometer	
  under	
  an	
  applied	
  dc	
  field	
  of	
  500	
  
G.	
   Diamagnetic	
   corrections	
   for	
   the	
   constituent	
   atoms	
   were	
  
estimated	
   by	
   using	
   the	
   Pascal’s	
   constants.	
   The	
   experimental	
  
data	
   were	
   also	
   corrected	
   for	
   the	
   temperature-­‐independent	
  
paramagnetism	
  of	
  the	
  metal	
  center	
  (120	
  ×	
  10–6	
  cm3	
  mol–1	
  per	
  
two	
  CuII	
  ions)	
  and	
  the	
  sample	
  holder	
  (a	
  plastic	
  bag).	
  
	
  

Crystallography	
  

X-­‐ray	
  diffraction	
  data	
  on	
  single	
  crystals	
  of	
  1–4	
  were	
  collected	
  
at	
  room	
  temperature	
  with	
  a	
  Bruker-­‐Nonius	
  X8-­‐APEXII	
  CCD	
  area	
  
detector	
   system	
   by	
   using	
   graphite-­‐monochromated	
   Mo-­‐Kα	
  
radiation	
   (λ	
   =	
   0.71073	
   Å).	
   The	
   data	
   were	
   processed	
   through	
  
the	
  SAINT23	
  reduction	
  and	
  SADABS24	
  absorption	
  software.	
  The	
  
structures	
   were	
   solved	
   by	
   direct	
   methods	
   and	
   subsequently	
  
completed	
   by	
   Fourier	
   recycling	
   using	
   the	
   SHELXTL-­‐2013	
  
software	
   package,25	
   then	
   refined	
   by	
   the	
   full-­‐matrix	
   least-­‐
squares	
  refinements	
  based	
  on	
  F2	
  with	
  all	
  observed	
  reflections,	
  
using	
   established	
   methods.26	
   Non-­‐hydrogen	
   atoms	
   were	
  
refined	
   anisotropically,	
   unless	
   otherwise	
   specified.	
   The	
  
hydrogen	
   atoms	
   of	
   the	
   blocking	
   bpm	
   (1),	
   4,7-­‐Me2phen	
   (2),	
  
phen	
  (3),	
  and	
  3,4,7,8-­‐Me4phen	
  (4)	
  and	
  the	
  bridging	
  4-­‐Mepz	
  (1)	
  
and	
  pz	
  (2–4)	
  ligands,	
  as	
  well	
  as	
  those	
  of	
  the	
  crystallization	
  and	
  
coordinated	
  acetonitrile	
  molecules	
  (2	
  and	
  4)	
  were	
  included	
  at	
  
geometrically	
   calculated	
   positions	
   and	
   refined	
   using	
   a	
   riding	
  
model.	
  The	
  hydrogen	
  atoms	
  of	
  the	
  bridging	
  and	
  crystallization	
  
water	
   molecules	
   in	
   2	
   as	
   well	
   as	
   those	
   of	
   the	
   bridging	
   water	
  
molecule	
   in	
   3	
   were	
   located	
   from	
   the	
   Fourier	
   difference	
  map	
  
and	
   refined	
   with	
   restraints	
   on	
   O–H	
   and	
   H·∙·∙·∙H	
   distances.	
   The	
  
hydrogen	
   atoms	
   of	
   the	
   weakly	
   coordinated	
   water	
   molecule	
  
[O(2w)]	
  (vide	
  infra)	
  and	
  those	
  of	
  the	
  disordered	
  crystallization	
  
water	
  molecules	
  [O(3w)–O(7w)]	
  in	
  3	
  were	
  not	
  located	
  and	
  the	
  
corresponding	
   oxygen	
   atoms	
   were	
   refined	
   isotropically.	
  

Table	
  1	
  Summary	
  of	
  crystallographic	
  data	
  for	
  1–4	
  

	
  
1	
   2	
   3	
   4	
  

Formula	
  	
   C24H22Cl2Cu2N12O8	
   C36H37Cl2Cu2N9O10	
   C90H88Cl6Cu6N24O35	
   C42H44Cl2Cu2N10O8	
  

FW	
   804.51	
   953.72	
   2659.78	
   1014.85	
  

Crystal	
  system	
  	
   Monoclinic	
   Orthorhombic	
   Orthorhombic	
   Monoclinic	
  

Space	
  group	
  	
   P21/c	
   Pbcm	
   Pnma	
   P21/c	
  

a/Å	
   13.1874(8)	
  	
   8.497(2)	
  	
   12.6355(4)	
  	
   13.8410(13)	
  

b/Å	
   11.9065(8)	
  	
   25.544(7)	
  	
   41.3258(13)	
  	
   8.0261(8)	
  	
  

c/Å	
   19.8014(13)	
  	
   18.675(5)	
  	
   20.8981(7)	
  	
   39.946(3)	
  

β/°	
   100.142(2)	
   	
  
	
  

96.565(4)	
  

V/Å3	
   3060.5(3)	
   4053.3(17)	
   10912.4(6)	
   4408.5(7)	
  

Z	
   4	
   4	
   4	
   4	
  

Dc/g	
  cm
-­‐3	
   1.746	
   1.563	
   1.586	
   1.529	
  

μ(Mo-­‐Kα)/mm-­‐1	
   1.634	
   1.249	
   1.376	
   1.151	
  

T/K	
   296(2)	
  	
   296(2)	
  	
   296(2)	
  	
   296(2)	
  	
  

F(000)	
   1624	
   1952	
   5048	
   2088	
  

ϑ	
  range/°	
   1.569-­‐27.102	
   1.594-­‐27.134	
   1.771-­‐24.108	
   1.026-­‐26.404	
  

Refl.	
  collected	
   25127	
   49742	
   137264	
   79919	
  

Refl.	
  Indep.	
  [Rint]	
   6750	
  [0.0268]	
   4604	
  [0.0434]	
   8781	
  [0.0525]	
   8979	
  [0.0901]	
  

Goodness-­‐of-­‐fit	
  on	
  F2	
   1.035	
   1.098	
   1.077	
   1.122	
  

R1
a	
  [I	
  >	
  2σ(I)]	
  (all)	
   0.0408	
  (0.0523)	
   0.0632	
  (0.0874)	
   0.0670	
  (0.0982)	
   0.0825	
  (0.1523)	
  

wR2
	
  b	
  [I	
  >	
  2σ(I)]	
  (all)	
   0.1053	
  (0.1138)	
   0.1933	
  (0.2132)	
   0.1971	
  (0.2268)	
   0.2243	
  (0.2595)	
  

Δρmax,	
  min/e	
  Å
-­‐3	
   0.936,	
  –1.216	
  	
   0.760,	
  –0.595	
   1.047,	
  –0.783	
   0.965,	
  –0.923	
  

a	
  R1	
  =	
  ∑||Fo|	
  –	
  |Fc||/∑|Fo|.	
  
b	
  wR2	
  =	
  {∑w(Fo

2	
  –	
  Fc
2)2/∑[w(Fo

2)2}1/2	
  and	
  w	
  =	
  1/[σ2(Fo)
2	
  +	
  (mP)2	
  +	
  nP]	
  with	
  P	
  =	
  (Fo

2	
  +	
  2Fc
2)/3,	
  m	
  =	
  0.0552	
  (1),	
  0.1228	
  (2),	
  0.1328	
  (3)	
  

and	
  0.0922	
  (4),	
  and	
  n	
  =	
  3.6221	
  (1),	
  3.1841	
  (2),	
  29.5100	
  (3)	
  and	
  27.9269	
  (4).	
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Because	
  of	
  disorder,	
  only	
  half	
  occupancy	
  was	
  assigned	
   to	
   the	
  
water	
  molecules	
  [O(2w),	
  O(6w),	
  and	
  O(7w)]	
   in	
  3	
  giving	
  a	
  total	
  
of	
   4.5	
   water	
   molecules	
   per	
   asymmetric	
   unit,	
   i.e.,	
   3	
   water	
  
molecules	
  per	
  dicopper(II)	
  unit.	
  The	
  perchlorate	
  anions	
  in	
  1–4	
  
were	
  found	
  more	
  or	
  less	
  severely	
  disordered.	
  The	
  coordinated	
  
perchlorate	
   [Cl(2)]	
   in	
  1,	
   the	
  uncoordinated	
  perchlorate	
   [Cl(2)]	
  
in	
   2,	
   the	
   coordinated	
   and	
   bridging	
   perchlorate	
   groups	
   [Cl(2)	
  
and	
  Cl(4)]	
   in	
  3,	
  and	
  the	
  uncoordinated	
  perchlorate	
  [Cl(2)]	
   in	
  4	
  
were	
   partially	
   or	
   fully	
   modeled	
   over	
   two	
   positions,	
   as	
  
appropriate.	
  In	
  each	
  case,	
  the	
  relative	
  occupancies	
  of	
  the	
  two	
  
different	
  atomic	
  sets	
  were	
  refined	
  freely	
  within	
  SHELXL,	
  while	
  
constraining	
   their	
   sum	
   to	
   unity.26	
   These	
   disorders	
   were	
  
generally	
   refined	
   with	
   the	
   aid	
   of	
   similarity	
   restraints	
   on	
   1,2-­‐	
  
and	
  1,3	
  distances	
  as	
  well	
  as	
  rigid-­‐bond	
  restraints.26	
  Of	
  such	
  list,	
  
the	
   coordinated	
   perchlorate	
   [Cl(2)]	
   in	
   3	
   was	
   refined	
  
isotropically	
  (both	
  atomic	
  sets).	
  This	
  specific	
  perchlorate	
  group	
  
was	
   found	
   to	
   be	
   involved	
   in	
   further	
   statistical	
   disorder,	
   as	
   it	
  
appeared	
  to	
  compete	
  50:50	
  with	
  a	
  water	
  molecule	
  [O(2w)]	
  for	
  
the	
   coordination	
   to	
   the	
   metal	
   center	
   [Cu(2)]	
   in	
   3.	
   The	
  
coordinating	
   perchlorate	
   in	
  2	
   [Cl(1)]	
   was	
   found	
   engaged	
   in	
   a	
  
different	
   case	
   of	
   statistical	
   disorder.	
   In	
   fact,	
   to	
   satisfy	
   charge	
  
balance	
  requirements	
  and	
  considering	
  the	
  otherwise	
  unusually	
  
large	
   ADPs,	
   half	
   occupancy	
   had	
   to	
   be	
   crystallographically	
  
imposed	
   to	
   this	
   perchlorate	
   group,	
   which	
   appears	
   to	
  
coordinate	
  to	
  only	
  one	
  of	
  the	
  two	
  metal	
  centers	
  at	
  the	
  time	
  (or	
  
on	
  average),	
  unfulfilling	
  the	
  overall	
  Cm	
  molecular	
  symmetry	
  of	
  
the	
   bis(pyrazolate)(aqua)-­‐bridged	
   dicopper(II)	
   unit	
   in	
   2.	
   The	
  
final	
   geometrical	
   calculations	
   and	
   graphical	
   manipulations	
  
were	
   performed	
   using	
   the	
   XP	
   utility	
   within	
   SHELXTL;25	
  
graphical	
   manipulations	
   were	
   also	
   performed	
   with	
   the	
  
Diamond	
   software.27	
   A	
   summary	
   of	
   the	
   crystallographic	
   data	
  
and	
  structure	
  refinement	
  for	
  1–4	
   is	
  given	
   in	
  Table	
  1.	
  Selected	
  
bond	
   distances	
   and	
   interbond	
   angles	
   for	
   1–4	
   are	
   given	
   in	
  
Tables	
   S1–S4,	
   respectively.	
   CCDC	
   reference	
   numbers	
   are	
  
1047962	
  (1),	
  1047964	
  (2),	
  1047963	
  (3),	
  and	
  1047965	
  (4).	
  These	
  
data	
   can	
   be	
   obtained	
   free	
   of	
   charge	
   from	
   The	
   Cambridge	
  
Crystallographic	
   Data	
   Centre	
   via	
  
www.ccdc.cam.ac.uk/data_request/cif.	
  

Results	
  and	
  discussion	
  
Description	
  of	
  the	
  structures	
  of	
  1–4	
  

The	
   crystal	
   structures	
   of	
   1	
   and	
   2	
   comprise	
   neutral	
  
bis(pyrazolate)(perchlorate)-­‐	
   and	
   cationic	
  
bis(pyrazolate)(aqua)-­‐bridged	
   dicopper(II)	
   units,	
   [CuII2(µ-­‐4-­‐
Mepz)2(µ-­‐ClO4)(ClO4)(bpm)2]	
   and	
   [CuII2(µ-­‐pz)2(µ-­‐
H2O)(ClO4)(4,7-­‐Me2phen)2]

+,	
   of	
   C1	
   (1)	
   and	
   pseudo-­‐Cm	
   (2)	
  
molecular	
   symmetries,	
   respectively	
   (Fig.	
  1	
  and	
  2).	
  The	
   lack	
  of	
  
perfect	
  Cm	
  molecular	
  symmetry	
   in	
  2	
   is	
  due	
  to	
  the	
  partial	
  axial	
  
coordination	
  of	
  a	
  perchlorate	
  group	
  to	
  the	
  metal	
  centers,	
  with	
  
only	
  one	
  coordinating	
  perchlorate	
  ion	
  per	
  dicopper(II)	
  unit,	
  on	
  
average.	
   The	
   charge	
   balance	
   in	
   2	
   is	
   ensured	
   by	
   perchlorate	
  
counteranions,	
   while	
   additional	
   water	
   and	
   acetonitrile	
  
molecules	
  of	
  crystallization	
  are	
  also	
  present.	
  
	
  

	
  

Fig.	
   1	
   Perspective	
   view	
   of	
   the	
   neutral	
   bis(pyrazolate)(perchlorate)-­‐
bridged	
   dicopper(II)	
   unit	
   of	
   1	
   with	
   the	
   atom-­‐numbering	
   scheme	
   of	
  
selected	
  atoms.	
  Hydrogen	
  atoms	
  on	
  the	
  4-­‐Mepz	
  and	
  bpm	
  ligands	
  are	
  
omitted	
  for	
  clarity.	
  Thermal	
  ellipsoids	
  are	
  drawn	
  at	
  the	
  30%	
  probability	
  
level.	
   The	
   perchlorate	
   anions	
   are	
   depicted	
   using	
   a	
   ball-­‐and-­‐stick	
  
model.	
   Only	
   one	
   atomic	
   set	
   for	
   the	
   disordered	
   perchlorate	
   anion	
  
[Cl(2)]	
  is	
  shown	
  for	
  clarity.	
  
	
  

	
  

Fig.	
   2	
   Perspective	
   view	
   of	
   the	
   cationic	
   bis(pyrazolate)(aqua)-­‐bridged	
  
dicopper(II)	
   unit	
   of	
   2	
   with	
   the	
   atom-­‐numbering	
   scheme	
   of	
   selected	
  
atoms	
  [symmetry	
  code:	
   (a)	
  =	
  x,	
  y,	
   -­‐z+1/2].	
  Hydrogen	
  atoms	
  on	
  the	
  pz	
  
and	
  4,7-­‐Me2phen	
  ligands	
  are	
  omitted	
  for	
  clarity.	
  Thermal	
  ellipsoids	
  are	
  
drawn	
  at	
  the	
  30%	
  probability	
   level.	
  The	
  perchlorate	
  anion	
   is	
  depicted	
  
using	
   a	
   ball-­‐and-­‐stick	
   model;	
   note	
   that	
   it	
   does	
   not	
   fulfill	
   the	
   Cm	
  
molecular	
  symmetry.	
  
	
  
	
   Both	
   types	
   of	
   bis(pyrazolate)(perchlorate)-­‐	
   and	
  
bis(pyrazolate)(aqua)-­‐bridged	
   dicopper(II)	
   entities	
   occur,	
  
instead,	
   in	
   3	
   (Fig.	
   3).	
   In	
   this	
   case,	
   however,	
   only	
   the	
  
coordination	
   sphere	
   of	
   the	
   metal	
   center	
   of	
   the	
  
bis(pyrazolate)(perchlorate)-­‐bridged	
   dicopper(II)	
   entity	
   is	
  
crystallographically	
   uniquely	
   defined,	
   producing	
   the	
   anionic	
  
centrosymmetric	
   [CuII2(µ-­‐pz)2(µ-­‐ClO4)(ClO4)2(phen)2]

–	
   unit	
   [Fig.	
  
3(a)].	
   In	
   fact,	
   a	
   water	
   molecule	
   and	
   a	
   perchlorate	
   group	
  
compete	
   50:50	
   to	
   complete	
   the	
   coordination	
   sphere	
   of	
   one	
  
metal	
   center	
   of	
   the	
  bis(pyrazolate)(aqua)-­‐bridged	
  dicopper(II)	
  
unit,	
   producing	
   either	
   the	
   neutral	
   pseudo-­‐centrosymmetric	
  
[CuII2(µ-­‐pz)2(µ-­‐H2O)(ClO4)2(phen)2]

	
   or	
   the	
   cationic	
   acentric	
  
[CuII2(µ-­‐pz)2(µ-­‐H2O)(ClO4)(H2O)(phen)2]

+	
  units	
  [Fig.	
  3(b)].	
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Fig.	
  3	
  Perspective	
  views	
  of	
  (a)	
  the	
  anionic	
  bis(pyrazolate)(perchlorate)-­‐	
  
and	
   (b)	
   the	
   cationic	
   or	
   neutral	
   bis(pyrazolate)(aqua)-­‐bridged	
  
dicopper(II)	
   units	
   of	
   3	
   with	
   the	
   atom-­‐numbering	
   scheme	
   of	
   selected	
  
atoms	
  [symmetry	
  code:	
  (a)	
  =	
  x,	
  -­‐y+1/2,	
  z].	
  The	
  water	
  molecule	
  [O(2w)]	
  
and	
  the	
  perchlorate	
  anion	
  [Cl(2)]	
  in	
  (b)	
  coordinate	
  to	
  the	
  copper(II)	
  ion	
  
[Cu(2)]	
   alternately	
   (either	
   one	
   or	
   the	
   other	
   is	
   present	
   at	
   a	
   time).	
  
Hydrogen	
   atoms	
   on	
   the	
   phen	
   and	
   pz	
   ligands	
   are	
   omitted	
   for	
   clarity;	
  
those	
   on	
  O(2w)	
  were	
   not	
   located	
   from	
   the	
   diffraction	
   data.	
   Thermal	
  
ellipsoids	
   are	
   drawn	
   at	
   the	
   30%	
   probability	
   level.	
   The	
   perchlorate	
  
anions	
  are	
  depicted	
  using	
  a	
  ball-­‐and-­‐stick	
  model;	
  only	
  one	
  atomic	
  set	
  
for	
   the	
   disordered	
   perchlorate	
   anions	
   [Cl(2)],	
   [Cl(3)]	
   and	
   [Cl(4)]	
   is	
  
shown	
  for	
  clarity.	
  
	
  
	
   	
  
	
  
	
  

	
   Finally,	
   4	
   is	
   made	
   up	
   of	
   cationic	
   bis(pyrazolate)-­‐bridged	
  
dicopper(II)	
   units,	
   [CuII2(µ-­‐pz)2(CH3CN)2(3,4,7,8-­‐Me4phen)2]

2+,	
  
of	
  approximate	
  C2	
  molecular	
  symmetry	
   (Fig.	
  4),	
   together	
  with	
  
perchlorate	
   counteranions	
   and	
   acetonitrile	
   molecules	
   of	
  
crystallization.	
  	
  
	
  

	
  

Fig.	
   4	
   Perspective	
   view	
   of	
   the	
   cationic	
   bis(pyrazolate)-­‐bridged	
  
dicopper(II)	
   unit	
   of	
   4	
   with	
   the	
   atom-­‐numbering	
   scheme	
   of	
   selected	
  
atoms.	
  Thermal	
  ellipsoids	
  are	
  drawn	
  at	
  the	
  30%	
  probability	
  level.	
  
	
  
	
   While	
  1	
   comprises	
  neutral	
  dicopper(II)	
  molecules,	
  2	
   and	
  4	
  
have	
   thus	
   in	
   common	
   the	
   presence	
   of	
   cationic	
   dicopper(II)	
  
units	
   counterbalanced	
   by	
   uncoordinated	
   perchlorate	
   anions.	
  
Complex	
  3	
   represents,	
   instead,	
  a	
  nice	
  example	
  of	
  a	
  molecular	
  
salt,	
   where	
   both	
   the	
   cation	
   and	
   the	
   anion	
   are	
   dicopper(II)	
  
units,	
  and	
  whose	
  structure	
  is	
  further	
  stabilized	
  by	
  the	
  presence	
  
of	
   an	
   additional	
   neutral	
   dicopper(II)	
   molecule	
   (Fig.	
   5).	
   The	
  
anionic	
   bis(pyrazolate)(perchlorate)-­‐	
   plus	
   the	
   cationic	
   and	
  
neutral	
   bis(pyrazolate)(aqua)-­‐bridged	
   dicopper(II)	
   units	
   in	
   3	
  
form	
   altogether	
   a	
   neutral	
   "trimer-­‐of-­‐dimers"	
   supramolecular	
  
motif,	
   with	
   the	
   aid	
   of	
   hydrogen	
   bonds	
   involving	
   the	
  
coordinated	
   and	
   bridging	
   perchlorate	
   groups	
   and	
   the	
  
coordinated	
   [O(2w)]	
   and	
   crystallization	
   [O(6w)	
   and	
   O(7w)]	
  
water	
  molecules	
  [Ow·∙·∙·∙Ow	
  =	
  2.79(3)–2.81(3)	
  Å	
  and	
  Ow·∙·∙·∙OClO3	
  
=	
   2.55(3)–2.93(3)	
   Å]	
   	
   [Fig.	
   5(a)],	
   as	
   well	
   as	
   hydrophobic	
  
interactions	
   between	
   the	
   pyrazolate	
   bridging	
   ligands	
   and	
   the	
  
pyridine	
   rings	
   of	
   the	
   blocking	
   phen	
   ligands	
   from	
   adjacent	
  
dicopper(II)	
  units	
  [Fig.	
  5(b)].	
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Fig.	
   5	
   (a)	
   and	
   (b)	
   Views	
   of	
   the	
   neutral	
   "trimer-­‐of-­‐dimers"	
  
supramolecular	
   motif	
   in	
   3	
   with	
   the	
   atom-­‐numbering	
   scheme	
   of	
  
selected	
  atoms	
  showing	
  plausible	
  hydrogen	
  bonds	
  (dotted	
  lines	
  in	
  the	
  
ball-­‐and-­‐stick	
   model	
   representation)	
   and	
   hydrophobic	
   interactions	
  
(close	
  contacts	
  in	
  the	
  space-­‐filling	
  model	
  representation),	
  respectively	
  
[symmetry	
  code:	
  (a)	
  =	
  x,	
  -­‐y+1/2,	
  z].	
  Hydrogen	
  atoms	
  on	
  the	
  phen	
  and	
  
pz	
   ligands	
   are	
   omitted	
   for	
   clarity,	
  whereas	
   those	
  on	
   the	
   coordinated	
  
[O(2w)]	
   and	
   crystallization	
   [O(6w)	
   and	
  O(7w)]	
  water	
  molecules	
  were	
  
not	
  located	
  from	
  the	
  diffraction	
  data.	
  
	
   	
  
	
   Coordination	
   environments.	
   In	
   both	
   1	
   and	
   2,	
   the	
   two	
  
metal	
   ions	
   of	
   the	
   corresponding	
   bis(pyrazolate)(perchlorate)-­‐	
  
and	
   bis(pyrazolate)(aqua)-­‐bridged	
   dicopper(II)	
   units	
   are	
   one	
  
five-­‐	
  and	
  the	
  other	
  six-­‐coordinate,	
  in	
  apically	
  elongated	
  CuN4O	
  

square	
   pyramidal	
   and	
   axially	
   elongated	
   CuN4O2	
   octahedral	
  
geometries,	
   respectively	
   (Fig.	
  1	
  and	
  2).	
  The	
  two	
  metal	
   ions	
  of	
  
both	
   the	
   bis(pyrazolate)(aqua)-­‐	
   and	
  
bis(pyrazolate)(perchlorate)-­‐bridged	
  dicopper(II)	
  units	
   in	
  3	
  are	
  
six-­‐coordinate	
   with	
   axially	
   elongated	
   CuN4O2	
   octahedral	
  
geometries	
   (Fig.	
   3),	
   whereas	
   those	
   of	
   the	
   bis(pyrazolate)-­‐
bridged	
   dicopper(II)	
   units	
   in	
   4	
   are	
   both	
   five-­‐coordinate	
   in	
   a	
  
trigonally	
  distorted	
  CuN5	
  square	
  pyramidal	
  geometry	
  (Fig.	
  4).	
  
	
   The	
  average	
  values	
  of	
  the	
  equatorial/basal	
  Cu–N	
  distances	
  
from	
  the	
  pyrazolate	
  bridges	
  are	
  somewhat	
  shorter	
  than	
  those	
  
from	
   the	
   blocking	
   α-­‐diimine	
   ligands	
   (Table	
   2),	
   as	
   previously	
  
found	
   in	
   related	
   dicopper(II)	
   pyrazolenophanes	
   with	
   triple	
  
bis(pyrazolate)(chloride)	
   and	
   double	
   bis(pyrazolate)	
  
bridges.21a,c,d	
   On	
   the	
   other	
   hand,	
   the	
   average	
   values	
   of	
   the	
  
apical	
   Cu–N	
   distances	
   from	
   the	
   terminally	
   coordinated	
  
acetonitrile	
  molecule	
   in	
  4	
  are	
  much	
  shorter	
  than	
  those	
  of	
  the	
  
axial	
  Cu–O	
  distance	
   from	
   the	
  weakly	
   coordinated	
  perchlorate	
  
anions	
   and	
   water	
   molecules	
   in	
   1–3	
   (Table	
   2).	
   Only	
   slight	
  
differences	
   can	
   be	
   found	
   instead	
   in	
   the	
   values	
   of	
   the	
  
axial/apical	
  Cu–O	
  distances	
  from	
  either	
  the	
  perchlorate	
  (1	
  and	
  
3)	
  or	
  the	
  aqua	
  (2	
  and	
  3)	
  bridges	
  (Table	
  2).	
  
	
   A	
   relatively	
   large	
   trigonal	
  distortion	
  of	
   the	
   five-­‐coordinate	
  
square	
   pyramidal	
   copper(II)	
   ions	
   is	
   observed	
   in	
   4	
   when	
  

compared	
   to	
  2	
   and	
  3,	
   as	
   expressed	
   by	
   the	
   average	
   values	
   of	
  
the	
   trigonality	
  parameter	
   (τ)	
   in	
  Table	
  2	
   (τ	
   =	
  0	
  and	
  1	
   for	
   ideal	
  
square	
   pyramid	
   and	
   trigonal	
   bipyramid,	
   respectively).28	
   The	
  
average	
  value	
  of τ	
  for	
  4	
  is,	
  however,	
  within	
  the	
  range	
  of	
  those	
  
found	
   in	
   related	
   bis(pyrazolate)-­‐bridged	
   dicopper(II)	
  
complexes	
   with	
   the	
   parent	
   phen	
   as	
   blocking	
   ligand	
   and	
   no	
  
additional	
   bridging	
   ligands	
   (τ	
   =	
   0.14–0.63).21c,d	
   On	
   the	
   other	
  
hand,	
  a	
   larger	
   tetrahedral	
  distortion	
  of	
   the	
  basal	
  plane	
  of	
   the	
  
five-­‐coordinate	
   square	
   pyramidal	
   copper(II)	
   ions	
   occurs	
   in	
   4	
  

Table	
  2	
  Selected	
  structural	
  data	
  for	
  1–4a	
  

 1 2 3b 4	
  

Cu–Npz
c/Å	
   1.959(2)	
   1.977(4)	
   1.965(5)/1.974(6)	
   1.978(7)	
  

Cu–Nim
d/Å	
   2.019(2)	
   2.024(4)	
   2.025(5)/2.038(6)	
   2.038(6)	
  

Cu–Nac
e/Å	
   	
   	
   	
   2.211(9)	
  

Cu–Oper
f/Å	
   2.705(3)	
   2.740(9)	
   2.704(8)/2.730(14)	
   	
  

Cu–Ow
g/Å	
   	
   	
   2.66(1)	
   	
  

Cu–Oper
h/Å	
   2.488(7)	
   	
   2.478(2)	
   	
  

Cu–Ow
i/Å	
   	
   2.404(3)	
   2.425(5)	
   	
  

Cu–Oper–Cu
j/°	
   83.4(1)	
   	
   86.3(2)	
   	
  

Cu–Ow–Cu
k/°	
   	
   89.5(2)	
   87.6(2)	
   	
  

τl	
   0.013	
   0.092	
   	
   0.337	
  

δm/° 3.5	
   10.9	
   8.0/5.8	
   33.1	
  

hM
n/Å	
   0.022(1)	
   0.131(2)	
   0.095(3)/0.064(3)	
   0.371(4)	
  

θ	
  o/°	
   89.4(1)	
   89.1(3)	
   92.9(3)/98.9(3)	
   78.6(3)	
  

ψp/°	
   89.4(1)	
   103.7(1)	
   101.6(1)/97.6(1)	
   45.9(2)	
  

ϕq/° 119.6(1)	
   121.7(5)	
   124.3(7)/124.8(3)	
   104.6(3)	
  

φr/°	
   168.6(1)	
   168.3(5)	
   171.0(7)/174.2(3)	
   169.0(3)	
  

ρs/° 87.6(1)	
   134.7(1)	
   128.6(1)/110.5(1)	
   0.9(1)	
  

rt/Å 3.3076(5)	
   3.383(1)	
   3.382(1)/3.357(1)	
   3.098(1)	
  

a	
   The	
   estimated	
   standard	
   deviations	
   are	
   given	
   in	
   parentheses.	
   b	
  
Structural	
   data	
   for	
   the	
   two	
   crystallographically	
   independent,	
   bis(µ	
  
pyrazolate)(µ-­‐perchlorate)/bis(µ-­‐pyrazolate)(µ-­‐aqua)dicopper(II)	
   units	
  
[see	
   Fig.	
   3(a)	
   and	
   (b),	
   respectively].	
   c	
   Average	
   values	
   of	
   the	
  
equatorial/basal	
  Cu–N	
  distances	
  from	
  the	
  pyrazolate	
  bridges.	
  d	
  Average	
  
values	
   of	
   the	
   equatorial/basal	
   Cu–N	
   distances	
   from	
   the	
   blocking	
   α-­‐
diimine	
  ligands.	
  e	
  Average	
  values	
  of	
  the	
  axial/apical	
  Cu–N	
  distances	
  from	
  
the	
   acetonitrile	
   molecules.	
   f	
   Average	
   values	
   of	
   the	
   axial/apical	
   Cu–O	
  
distances	
   from	
   the	
   weakly	
   coordinated	
   perchlorate	
   anions.	
   g	
   Average	
  
values	
   of	
   the	
   axial/apical	
   Cu–O	
  distances	
   from	
   the	
  weakly	
   coordinated	
  
water	
   molecules.	
   h	
   Average	
   values	
   of	
   the	
   axial/apical	
   Cu–O	
   distances	
  
from	
   the	
   perchlorate	
   bridge.	
   i	
   Average	
   values	
   of	
   the	
   axial/apical	
   Cu–O	
  
distances	
  from	
  the	
  aqua	
  bridge.	
   j	
  Value	
  of	
  the	
  Cu–O–Cu	
  angle	
  from	
  the	
  
perchlorate	
  bridge.	
  k	
  Value	
  of	
  the	
  Cu–O–Cu	
  angle	
  from	
  the	
  aqua	
  bridge.	
  l	
  
Average	
   trigonality	
  parameter	
  of	
   the	
  metal	
  atoms.	
  m	
  Average	
  values	
  of	
  
the	
   dihedral	
   angle	
   between	
   the	
   two	
   CuN2	
   planes	
   from	
   the	
   pyrazolate	
  
bridges	
  and	
  the	
  blocking	
  α-­‐diimine	
  ligands.	
  n	
  Average	
  value	
  of	
  the	
  height	
  
of	
   the	
  metal	
  atoms	
  above	
  the	
  mean	
  equatorial/basal	
  planes.	
   o	
  Value	
  of	
  
the	
  dihedral	
  angle	
  between	
  the	
  pyrazolate	
  mean	
  planes.	
   p	
  Value	
  of	
   the	
  
dihedral	
   angle	
   between	
   the	
   metal	
   equatorial/basal	
   planes.	
   q	
   Average	
  
value	
  of	
   the	
  dihedral	
   angle	
  between	
   the	
  metal	
   equatorial/basal	
   planes	
  
and	
   the	
   pyrazolate	
   mean	
   planes.	
   r	
   Average	
   value	
   of	
   the	
   Cu–N–N–C	
  
torsion	
  angle	
  between	
  the	
  metal	
  atoms	
  and	
  the	
  pyrazolate	
  rings.	
  s	
  Value	
  
of	
   the	
  dihedral	
  angle	
  between	
  the	
  mean	
  planes	
  of	
   the	
   two	
  blocking	
  α-­‐
diimine	
  ligands.	
  t	
  Value	
  of	
  the	
  intermetallic	
  distance.	
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when	
  compared	
   to	
   that	
  of	
   the	
  basal/equatorial	
  planes	
  of	
   the	
  
five-­‐coordinate	
   square	
   pyramidal	
   and	
   six-­‐coordinate	
  
octahedral	
   copper(II)	
   ions	
   in	
   1–3.	
   This	
   is	
   reflected	
   by	
   the	
  
average	
   values	
   of	
   the	
   dihedral	
   angle	
   between	
   the	
   two	
   CuN2	
  
planes	
  (δ)	
  in	
  Table	
  2,	
  the	
  two	
  nitrogen	
  atoms	
  belonging	
  to	
  the	
  
blocking	
  α-­‐diimine	
   ligands	
   in	
  one	
  plane	
  and	
  to	
  the	
  pyrazolate	
  
bridging	
  ligands	
  in	
  the	
  other	
  one.	
  This	
  tetrahedral	
  distortion	
  is	
  
accompanied	
   by	
   greater	
   mean	
   values	
   of	
   the	
   metal	
  
displacements	
   from	
   the	
   mean	
   equatorial/basal	
   planes	
   (hM)	
  
toward	
   the	
   terminally	
  coordinated	
  acetonitrile	
  molecules	
   in	
  4	
  
when	
   compared	
   to	
   those	
   observed	
   in	
   1–3	
   toward	
   either	
   the	
  
perchlorate	
   (1	
  and	
  3)	
  or	
   the	
  aqua	
  (2	
  and	
  3)	
  bridges	
   (Table	
  2).	
  
The	
   average	
   values	
   of	
   δ	
   and	
   hM	
   for	
   4	
   are	
   even	
   greater	
   than	
  
those	
   found	
   in	
   related	
   five-­‐coordinate	
   square	
   pyramidal	
  
bis(pyrazolate)-­‐bridged	
  dicopper(II)	
  complexes	
  with	
  the	
  parent	
  
bpy	
   and	
   phen	
   as	
   blocking	
   ligands	
   and	
   no	
   additional	
   bridging	
  
ligands	
  (δ	
  =	
  16.7–21.3°;	
  hM	
  =	
  0.204–0.256).

21c	
  	
  
	
  
	
   Molecular	
   conformations.	
   Each	
   dicopper(II)	
  
metallacyclophane	
   entity	
   in	
   1–4	
   shows	
   a	
   saddle	
   molecular	
  
conformation	
  with	
   an	
  alternately	
  up	
  and	
  down	
  disposition	
  of	
  
the	
  two	
  metal	
  equatorial/basal	
  planes	
  and	
  the	
  two	
  pyrazolate	
  
rings,	
   respectively,	
  as	
  previously	
   found	
   in	
   related	
  doubly-­‐	
  and	
  
triply-­‐bridged	
   dicopper(II)	
   pyrazolenophanes.21a,c,d	
   This	
   is	
  
expressed	
   by	
   the	
   values	
   of	
   the	
   dihedral	
   angle	
   between	
   the	
  
pyrazolate	
   mean	
   planes	
   (θ)	
   and	
   those	
   between	
   the	
   metal	
  
equatorial/basal	
  planes	
  (ψ)	
  in	
  Table	
  2,	
  which	
  show	
  rather	
  large	
  
deviations	
  from	
  the	
  coplanar	
  molecular	
  conformation	
  (θ	
  =	
  ψ	
  =	
  
180°).	
  This	
  is	
  more	
  likely	
  due	
  to	
  the	
  steric	
  constraints	
  between	
  
the	
  pyrazolate	
  bridges	
  and	
  the	
  blocking	
   ligands	
  at	
  each	
  metal	
  
ion.	
   As	
   a	
   matter	
   of	
   fact,	
   1–4	
   adopt	
   an	
   almost	
   perpendicular	
  
disposition	
  of	
  both	
  the	
  pyrazolate	
  mean	
  planes	
  and	
  the	
  metal	
  
equatorial/basal	
   mean	
   planes	
   (θ	
   =	
  ψ	
   =	
   90°).	
   This	
   situation	
   is	
  
also	
  reflected	
  by	
  the	
  average	
  values	
  of	
  the	
  angles	
  between	
  the	
  
metal	
  equatorial/basal	
  planes	
  and	
  the	
  mean	
  pyrazolate	
  planes	
  
(ϕ)	
  in	
  1–4,	
  which	
  are	
  more	
  or	
  less	
  close	
  to	
  orthogonality	
  (Table	
  
2).	
  
	
   The	
   geometrical	
   parameters	
   for	
   the	
  
bis(pyrazolate)(perchlorate)-­‐	
   and/or	
   bis(pyrazolate)(aqua)-­‐
bridged	
  dicopper(II)	
  units	
   in	
  1–3	
  are	
  similar	
   to	
   those	
   found	
   in	
  
the	
  bis(pyrazolate)(chloride)-­‐bridged	
  dicopper(II)	
  complexes	
  of	
  
formulas	
  Ph4P[Cu2(µ-­‐pz)2(µ-­‐Cl)(H2Bpz2)2]·∙0.5Me2CO	
  and	
  [Cu2(µ-­‐
pz)2(µ-­‐Cl)(H2O)(dpa)]Cl·∙H2O	
  (θ	
  =	
  92.2–98.1°,	
  ψ	
  =	
  104.6–104.7°,	
  
and	
  ϕ	
   =	
   124.8–126.1°),21a,d	
   while	
   the	
   corresponding	
   ones	
   for	
  
the	
  bis(pyrazolate)-­‐bridged	
  dicopper(II)	
  unit	
  in	
  4	
  are	
  somewhat	
  
smaller	
   than	
   those	
   found	
   in	
   the	
   series	
   of	
   bis(pyrazolate)-­‐
bridged	
   dicopper(II)	
   complexes	
   of	
   general	
   formula	
   [Cu2(µ-­‐4-­‐
Rpz)2L2]X2·∙nH2O	
  [R	
  =	
  H	
  (pz),	
  Me	
  (4-­‐Mepz),	
  Cl	
  (4-­‐Clpz),	
  and	
  Br	
  (4-­‐
Brpz);	
  L	
  =	
  bpy	
  and	
  phen;	
  X	
  =	
  NO3

–	
  and	
  Cl–]	
  (θ	
  =	
  88.3–124.3°,	
  ψ	
  =	
  
48.1–71.3°,	
  and	
  ϕ	
  =	
  110.0–114.8°).21c,d	
  In	
  1–3,	
  the	
  values	
  of	
  the	
  
Cu–O–Cu	
   angle	
   from	
   both	
   the	
   perchlorate	
   and	
   aqua	
   bridges	
  
(see	
   Table	
   2)	
   are,	
   however,	
   somewhat	
   greater	
   compared	
   to	
  
those	
   of	
   the	
   Cu–Cl–Cu	
   angle	
   in	
   Ph4P[Cu2(µ-­‐pz)2(µ-­‐
Cl)(H2Bpz2)2]·∙0.5Me2CO	
  and	
   [Cu2(µ-­‐pz)2(µ-­‐Cl)(H2O)(dpa)]Cl·∙H2O	
  
(79.7–82.6°).21a,d	
  
	
   Hence,	
   the	
   exogenous	
   bridging	
   ligand	
  does	
   not	
   appear	
   to	
  
play	
  a	
  key	
  role	
  in	
  the	
  achievement	
  of	
  the	
  saddle	
  conformation	
  

in	
   1–4	
   (see	
   Fig.	
   1–4).	
   Actually,	
   the	
   bis(pyrazolate)-­‐bridged	
  
dicopper(II)	
   unit	
   in	
   4	
   exhibits	
   a	
   greater	
   folding	
   of	
   the	
   saddle	
  
conformation	
   compared	
   to	
   that	
   of	
   the	
  
bis(pyrazolate)(perchlorate)-­‐	
   and/or	
   bis(pyrazolate)(aqua)-­‐
bridged	
   dicopper(II)	
   units	
   in	
  1–3,	
   because	
   of	
   the	
   presence	
   of	
  
relatively	
   strong	
   π-­‐π	
   stacking	
   intramolecular	
   interactions	
  
between	
   the	
   blocking	
   3,4,7,8-­‐Me4phen	
   ligands	
   (the	
   value	
   of	
  
the	
   centroid-­‐centroid	
   distance	
   between	
   the	
   central	
   benzene	
  
rings	
   being	
   ca.	
   3.7	
   Å	
   and	
   that	
   of	
   the	
   average	
   off-­‐set	
   angle	
  
between	
  the	
  centroid-­‐centroid	
  vector	
  and	
  the	
  normal	
  to	
  their	
  
planes	
  being	
  17.2°).	
  This	
  situation	
  occurs	
   in	
  spite	
  of	
  the	
  steric	
  
hindrance	
   among	
   their	
   methyl	
   substituents	
   and	
   it	
   is	
   likely	
  
explained	
   by	
   the	
   electron	
   donating	
   nature	
   of	
   the	
   methyl	
  
group,	
   which	
   would	
   maximize	
   the	
   inter-­‐ring	
   π-­‐π	
   stacking	
  
interactions.	
  Accordingly,	
  the	
  intermetallic	
  separation	
  through	
  
the	
   bis(pyrazolate)	
   bridge	
   in	
   4	
   is	
   shorter	
   than	
   those	
   in	
   1–3	
  
across	
   the	
   bis(pyrazolate)(perchlorate)	
   (1	
   and	
   3)	
   and	
  
bis(pyrazolate)(aqua)	
   (2	
   and	
   3)	
   bridges,	
   which	
   are	
   in	
   turn	
  
within	
   the	
   range	
   of	
   those	
   reported	
   for	
   related	
   dicopper(II)	
  
complexes	
  with	
  simple	
  pyrazolates	
  (r	
  =	
  3.225–3.874	
  Å).21a–e,21g–
i	
  
	
   Due	
   to	
   their	
   saddle	
   conformation,	
   the	
   dicopper(II)	
  
pyrazolenophanes	
   in	
   1–4	
   exhibit	
   a	
   global	
   “butterfly-­‐like”	
  
geometry,	
  whereby	
  the	
  two	
  blocking	
  α-­‐diimine	
   ligands	
  would	
  
act	
   as	
   “wings”	
   (Fig.	
   6).	
   They	
   appear	
   more	
   or	
   less	
   folded,	
   as	
  
reflected	
  by	
  the	
  aforementioned	
  ψ	
  values	
  of	
  the	
  dihedral	
  angle	
  
between	
   the	
   mean	
   metal	
   equatorial/basal	
   planes,	
   or,	
  
alternatively,	
  by	
  the	
  values	
  of	
  the	
  dihedral	
  angle	
  between	
  the	
  
mean	
  planes	
   of	
   the	
   two	
  blocking	
  α-­‐diimine	
   ligands	
   (Table	
   2).	
  
The	
  folding	
  in	
  4,	
  where	
  no	
  additional	
  bridge	
  is	
  present,	
  appears	
  
maximized	
   by	
   the	
   possibility	
   of	
   π-­‐stacking,	
   as	
   mentioned	
  
above.	
  Although	
  there	
  is	
  no	
  apparent	
  relationship	
  between	
  the	
  
amount	
   of	
   inner	
   space	
   and	
   the	
   nature	
   or	
   size	
   of	
   the	
   hosted	
  
water	
   molecule	
   or	
   perchlorate	
   anion	
   in	
   1–3,	
   a	
   progressive	
  
molecular	
   folding	
   is	
   observed	
   that	
   follows	
   the	
   trend	
   4,7-­‐
Me2phen	
   (2)	
   <	
   phen	
   (3)	
   <	
   bpm	
   (1).	
   The	
   side-­‐by-­‐side	
   views	
   of	
  
the	
   five	
   core	
   geometries	
   of	
   the	
   bis(pyrazolate)(aqua)-­‐,	
  
bis(pyrazolate)(perchlorate)-­‐,	
   and	
   bis(pyrazolate)-­‐bridged	
  
dicopper(II)	
   units	
   of	
   1–4	
   look	
   like	
   a	
   “butterfly	
   ballet”,	
   the	
  
butterfly	
   wings	
   being	
   wide-­‐opened	
   and	
   closed	
   in	
   2	
   and	
   4,	
  
respectively	
  (Fig.	
  6).	
  	
  
	
  

	
  

Fig.	
   6	
   Space-­‐filling	
   representation	
   of	
   the	
   bis(pyrazolate)(aqua)-­‐,	
  
bis(pyrazolate)(perchlorate)-­‐,	
   and	
   bis(pyrazolate)-­‐bridged	
   dicopper(II)	
  
units	
  of	
  1–4,	
  arranged	
  according	
  to	
  their	
  progressive	
  folding.	
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Fig.	
   7	
   Plot	
   of	
   the	
   atomic	
   deviations	
   (h'X)	
   of	
   the	
   (a)	
  
bis(pyrazolate)(perchlorate)-­‐,	
   (b)	
   bis(pyrazolate)(aqua)-­‐,	
   and	
   (c)	
  
bis(pyrazolate)-­‐bridged	
  dicopper(II)	
  units	
  from	
  the	
  least-­‐squares	
  plane	
  
of	
   the	
   central	
   four-­‐membered	
  N4	
   pyrazolenophane	
   core	
   for	
  1	
   (),	
  2	
  
(),	
  3	
  (),	
  and	
  4	
  ().	
  
	
  
	
   The	
   saddle	
   conformation	
   in	
   1–4	
   leads	
   to	
   a	
   bent	
   six-­‐
membered	
  Cu–(N–N)2–Cu	
  metallacyclic	
  ring	
  with	
  small	
  but	
  not	
  
negligible	
   differences	
   in	
   the	
   values	
   of	
   the	
   atomic	
   deviations	
  

(h'X)	
   from	
   the	
   least-­‐squares	
   plane	
   of	
   the	
   central	
   four-­‐
membered	
   N4	
   core,	
   which	
   reflect	
   the	
   presence	
   of	
   additional	
  
perchlorate	
   and/or	
   water	
   supporting	
   bridges	
   (Fig.	
   7).	
   The	
  
average	
   value	
   of	
   the	
   Cu–N–N–C	
   torsion	
   angle	
   for	
   the	
  
bis(pyrazolate)-­‐bridged	
   dicopper(II)	
   entity	
   is	
   intermediate	
  
between	
   those	
   for	
   the	
   bis(pyrazolate)(perchlorate)-­‐	
   and	
  
bis(pyrazolate)(aqua)-­‐bridged	
  dicopper(II)	
  units	
  (Table	
  2),	
  all	
  of	
  
them	
   being	
   within	
   the	
   range	
   of	
   those	
   reported	
   for	
   related	
  
dicopper(II)	
   complexes	
   with	
   simple	
   pyrazolates	
   (φ	
   =	
   160.3–
177.9°).21a–e,21g–i	
  
	
  

	
   Crystal	
   packing.	
   Compounds	
   1–4	
   show	
   rather	
   different	
  
supramolecular	
   organizations	
   of	
   the	
   dicopper(II)	
   units	
   within	
  
the	
  crystal	
  lattice,	
  but	
  with	
  some	
  elements	
  in	
  common	
  like	
  the	
  
occurrence	
   of	
   intermolecular	
   π-­‐π	
   stacking	
   and/or	
   anion-­‐π	
  
interactions	
   and,	
   where	
   applicable,	
   hydrogen-­‐bonding	
  
interactions	
  to	
  stabilize	
  the	
  structures	
  (Fig.	
  8–11).	
  
	
  	
  

	
  

Fig.	
  8	
  (a)	
  Views	
  of	
  a	
  portion	
  of	
  the	
  crystal	
  packing	
  of	
  1	
  along	
  the	
  a	
  (left)	
  
or	
  the	
  c	
  (right)	
  crystallographic	
  axes.	
  Neighboring	
  chains	
  are	
  shown	
  in	
  
different	
  colors	
  for	
  clarity.	
  (b)	
  and	
  (c)	
  Views	
  of	
  the	
  1D	
  supramolecular	
  
motif	
   generated	
   by	
   adjacent	
   neutral	
   dicopper(II)	
   units	
   in	
   1	
   through	
  
very	
   weak	
   Cu–Operchlorate	
   contacts	
   	
   [dashed	
   lines	
   in	
   (b)]	
   and	
   anion-­‐π	
  
interactions	
   [see	
   the	
   space-­‐filling	
   model	
   representation	
   in	
   (c)],	
  
respectively.	
   The	
   terminal	
   perchlorate	
   anion	
   in	
   (c),	
   trapped	
   between	
  
the	
  blocking	
  bpm	
   ligands	
  of	
   two	
  adjacent	
  units,	
   is	
  depicted	
   in	
  yellow	
  
for	
   clarity.	
   Hydrogen	
   atoms	
   on	
   the	
   4-­‐Mepz	
   and	
   bpm	
   ligands	
   are	
  
omitted	
  for	
  clarity.	
  	
  
	
  
	
  

Page 8 of 14CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal	
  Name	
   	
  ARTICLE	
  

This	
  journal	
  is	
  ©	
  The	
  Royal	
  Society	
  of	
  Chemistry	
  20xx	
   J.	
  Name.,	
  2013,	
  00,	
  1-­‐3	
  |	
  9 	
  

Please	
  do	
  not	
  adjust	
  margins	
  

Please	
  do	
  not	
  adjust	
  margins	
  

	
  

Fig.	
  9	
  (a)	
  Perspective	
  view	
  of	
  a	
  portion	
  of	
  the	
  crystal	
  packing	
  of	
  2	
  along	
  
the	
   crystallographic	
  a	
   axis.	
  Main	
   packing	
   forces	
   are	
   evidenced	
   in	
   (b)	
  
and	
   (c).	
   Hydrogen	
   atoms	
   on	
   the	
   pz	
   and	
   4,7-­‐Me2phen	
   ligands	
   are	
  
omitted	
  for	
  clarity.	
  
	
  
	
   In	
   particular,	
   1D	
   supramolecular	
  motifs	
   are	
   observed	
   in	
  1	
  
and	
   2	
   [Fig.	
   8(a)	
   and	
   9(a),	
   respectively].	
   In	
   1,	
   the	
   terminal	
  
perchlorate	
   ion	
   coordinated	
   to	
   Cu(2)	
   interacts	
   very	
   weakly	
  
with	
  the	
  five-­‐coordinate	
  Cu(1)	
  atom	
  of	
  an	
  adjacent	
  dicopper(II)	
  
unit	
   [Cl(1)–O(4)·∙·∙·∙Cu(1a)	
  =	
  3.078(5)	
  Å;	
  symmetry	
  code:	
   (a)	
  =	
  x,	
  
1.5-­‐y,	
   -­‐0.5+z],	
   concurrently	
   being	
   trapped	
   between	
   two	
   bpm	
  
molecules	
   belonging	
   each	
   to	
   one	
   of	
   the	
   two	
   adjacent	
   units,	
  
thus	
   developing	
   chains	
   along	
   the	
   crystallographic	
   c	
   axis	
   [Fig.	
  
8(b)–(c)].	
   Hydrogen	
   bonds	
   involving	
   the	
   bridging	
   water	
  
molecule,	
   the	
   crystallization	
   water	
   molecule,	
   and	
   the	
  
uncoordinated	
   perchlorate	
   ion	
   [O(1w)·∙·∙·∙O(2w)	
   =	
   2.691(8)	
   Å,	
  
O(1w)·∙·∙·∙O(6)	
   =	
   2.98(2)	
   Å,	
   and	
   O(2w)·∙·∙·∙O(8b)	
   =	
   2.73(2)	
   Å;	
  
symmetry	
  code:	
  (a)	
  =	
  x-­‐1,	
  y,	
  z]	
  generate	
  chains	
  that	
  run	
  along	
  
the	
   crystallographic	
   a	
   axis	
   in	
   2	
   [Fig.	
   9(b)].	
   In	
   order	
   to	
  
accommodate	
   the	
   uncoordinated	
   perchlorate	
   counteranions	
  
and	
   the	
   crystallization	
   acetonitrile	
   molecules,	
   these	
   1D	
  
supramolecular	
  motifs	
   in	
  2	
  are	
   less	
  closely	
  packed	
  than	
  those	
  
observed	
  in	
  1	
  [Fig.	
  8(a)	
  and	
  9(a)].	
  So,	
  adjacent	
  supramolecular	
  
chains	
   in	
   2	
   are	
   arranged	
   along	
   the	
   crystallographic	
   c	
   axis	
   by	
  
means	
  of	
  off-­‐set	
  π-­‐π	
  stacking	
  between	
  4,7-­‐Me2phen	
  molecules	
  
(interplanar	
   centroid-­‐centroid	
   distance	
   of	
   ca.	
   3.5	
   Å)	
   and,	
  
alternately,	
   weak	
   anion-­‐π	
   interactions	
   involving	
   the	
  
coordinated	
  perchlorate	
  group	
  (Operchlorate-­‐centroid	
  distance	
   in	
  
the	
   range	
   of	
   ca.	
   3.2–3.3	
   Å)	
   [Fig.	
   9(c)].	
   Such	
   chain	
   disposition	
  
leads	
  to	
  channels	
  along	
  the	
  crystallographic	
  a	
  axis,	
  where	
  the	
  
H-­‐bonded	
   crystallization	
   solvent	
   (both	
   the	
   water	
   and	
   the	
  
acetonitrile	
   molecules)	
   and	
   the	
   uncoordinated	
   perchlorate	
  
counteranion	
  are	
  hosted	
  [Fig.	
  9(a)].	
  

	
  

Fig.	
  10	
  (a)	
  and	
  (b)	
  Perspective	
  view	
  of	
  a	
  portion	
  of	
  the	
  crystal	
  packing	
  
of	
  3	
  along	
  the	
  crystallographic	
  a	
  axis,	
  with	
  and	
  without	
  the	
  perchlorate	
  
ions,	
   respectively.	
   The	
   supramolecular	
   “trimer-­‐of-­‐dimers”	
   motif	
   	
   is	
  
evidenced	
  in	
  (b)	
  with	
  a	
  pink	
  color.	
  Hydrogen	
  atoms	
  on	
  the	
  pz	
  and	
  phen	
  
ligands	
  are	
  omitted	
  for	
  clarity.	
  
	
  
	
   In	
   addition,	
   the	
   occurrence	
   of	
   several	
   intermolecular	
  
interactions	
  in	
  3	
  generates	
  pseudo-­‐channels	
  running	
  along	
  the	
  
crystallographic	
   a	
   axis,	
   where	
   the	
   coordinated	
   perchlorate	
  
anions	
  are	
  hosted	
  [Fig.	
  10(a)–(b)].	
  These	
  include	
  both	
  classical	
  
π-­‐π	
   stacking	
   of	
   phen	
   moieties	
   (interplanar	
   distances	
   ranging	
  
from	
  3.6	
  to	
  4.0	
  Å)	
  and	
  pz-­‐phen	
  hydrophobic	
  interactions,	
  each	
  
phen	
   ligand	
   of	
   the	
   anionic	
   dicopper(II)	
   unit	
   being	
   pinched	
   by	
  
the	
   pz	
   double-­‐bridge	
   of	
   either	
   the	
   cationic	
   or	
   neutral	
  
dicopper(II)	
  unit	
  within	
  the	
  supramolecular	
  "trimer-­‐of-­‐dimers"	
  
motif	
  in	
  3	
  [see	
  Fig.	
  5(b)].	
  Columnar	
  stacks	
  of	
  dicopper(II)	
  units	
  
along	
   the	
   crystallographic	
  b	
   axis	
   are	
   found	
   in	
  4	
   instead,	
  with	
  
alternate	
   intra/inter-­‐molecular	
   π-­‐π	
   stacking	
   of	
   3,4,7,8-­‐
Me4phen	
  molecules	
  (interplanar	
  distances	
  of	
  ca.	
  3.5	
  and	
  3.7	
  Å,	
  
respectively)	
   [Fig.	
   11(b)].	
   Adjacent	
   columns	
   are	
   in	
   this	
   case	
  
well-­‐separated	
   from	
   each	
   other	
   because	
   of	
   the	
   presence	
   of	
  
perchlorate	
   counteranions	
   and	
   crystallization	
   acetonitrile	
  
molecules	
   being	
   located	
   within	
   the	
   inter-­‐column	
   space	
   [Fig.	
  
11(a)].	
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Fig.	
   11	
   (a)	
   Perspective	
   view	
   of	
   a	
   portion	
   of	
   the	
   crystal	
   packing	
   of	
   4	
  
along	
   the	
   crystallographic	
   b	
   axis.	
   The	
   uncoordinated	
   perchlorate	
  
counteranions	
   and	
   the	
   crystallization	
   acetonitrile	
   molecules	
   are	
  
represented	
   by	
   a	
   pseudo	
   space-­‐filling	
   model,	
   with	
   the	
   acetonitrile	
  
molecules	
  colored	
  in	
  orange	
  for	
  clarity.	
  (b)	
  View	
  of	
  a	
  columnar	
  stack	
  of	
  
cationic	
  dicopper(II)	
  units	
  in	
  4	
  along	
  the	
  crystallographic	
  b	
  axis	
  showing	
  
the	
   two	
   distinct	
   intra-­‐	
   and	
   intermolecular	
   π-­‐π	
   stacking	
   interactions	
  
(thick	
  dashed	
   lines).	
  Hydrogen	
  atoms	
  on	
   the	
  pz	
  and	
  3,4,7,8-­‐Me4phen	
  
ligands	
  are	
  omitted	
  for	
  clarity.	
  	
  
	
  
Magnetic	
  properties	
  of	
  1–4	
  

The	
  magnetic	
  properties	
  of	
  1–4	
  in	
  the	
  form	
  of	
  the	
  χM	
  and	
  χMT	
  
vs.	
   T	
   plots	
   [χM	
   being	
   the	
   molar	
   magnetic	
   susceptibility	
   per	
  
dicopper(II)	
  unit	
  and	
  T	
  the	
  absolute	
  temperature]	
  are	
  typical	
  of	
  
antiferromagnetically	
   coupled	
   CuII2	
   pairs	
   (Fig.	
   12).	
   At	
   room	
  
temperature,	
   the	
   χMT	
   values	
   in	
   the	
   range	
   of	
   0.55–0.61	
   cm

3	
  
mol–1	
   K	
   are	
   lower	
   than	
   that	
   expected	
   for	
   two	
   magnetically	
  
isolated	
   CuII	
   ions	
   [χMT	
   =	
   (2Nβ

2g2/3kB)SCu(SCu	
   +	
   1)	
   =	
   0.83	
   cm
3	
  

mol–1	
   K	
   with	
   SCu	
   =	
   ½	
   and	
   g	
   =	
   2.10].	
   Upon	
   cooling,	
   χMT	
  
decreases	
   continuously	
   from	
   room	
   temperature	
   while	
   χM	
  
exhibits	
   a	
   rounded	
  maximum	
  at	
   ca.	
   200	
   (1),	
   165	
   (2),	
   180	
   (3),	
  
and	
   170	
   K	
   (4),	
   which	
   unambiguously	
   demonstrates	
   the	
  
occurrence	
  of	
  a	
  singlet	
  (S	
  =	
  0)	
  ground	
  state	
  resulting	
  from	
  the	
  
moderate	
   antiferromagnetic	
   coupling	
   between	
   the	
   unpaired	
  
electrons	
  of	
  the	
  two	
  CuII	
  ions.	
  
	
   The	
  magnetic	
   properties	
   of	
  1–4	
   were	
   analyzed	
   through	
   a	
  
spin	
  Hamiltonian	
  for	
  a	
  simple	
  dinuclear	
  model	
  [eqn	
  (1)	
  with	
  S1	
  
=	
  S2	
  =	
  SCu	
  =	
  ½],	
  where	
  J	
  is	
  the	
  magnetic	
  coupling	
  parameter	
  and	
  
g	
  is	
  the	
  average	
  Landé	
  factor	
  of	
  the	
  CuII	
  ions.	
  Satisfactory	
  least-­‐
squares	
  fits	
  of	
  the	
  magnetic	
  susceptibility	
  data	
  were	
  obtained	
  
through	
   the	
  well-­‐known	
  Bleaney-­‐Bowers	
   expression	
   [eqn	
   (2)]	
  
(Table	
   3).29	
   In	
   fact,	
   the	
   theoretical	
   curves	
   closely	
   match	
   the	
  
experimental	
  data	
  and,	
  particularly,	
   they	
   reproduce	
  very	
  well	
  
the	
  rounded	
  χM	
  maximum	
  observed	
  experimentally	
  (solid	
  lines	
  
in	
  Fig.	
  12).	
  

	
  

	
  

Fig.	
   12	
   Temperature	
   dependence	
   of	
  χM	
   (a)	
   and	
  χMT	
   (b)	
   for	
  1	
   (),	
  2	
  
(),	
  3	
  (),	
  and	
  4	
  ().	
  The	
  solid	
  lines	
  are	
  the	
  best-­‐fit	
  curves	
  (see	
  text).	
  
	
  
	
   	
  
	
   H	
  =	
  –J	
  S1	
  ·∙	
  S2	
  +	
  gβH(S1	
  +	
  S2)	
   (1)	
  
  
 χM	
  =	
  (2Nβ

2g2/kBT)/[3	
  +	
  exp(–J/kBT)]	
   (2)	
  
	
   	
  
	
   In	
  order	
  to	
  take	
  into	
  account	
  for	
  its	
  actual	
  crystal	
  structure,	
  
the	
   magnetic	
   properties	
   of	
   3	
   were	
   alternatively	
   analyzed	
  
through	
   a	
   spin	
   Hamiltonian	
   for	
   a	
   “trimer-­‐of-­‐dimers”	
   model	
  
which	
  considers	
  the	
  2:1	
  stoichiometric	
  ratio	
  of	
  the	
  two	
  distinct	
  
bis(µ-­‐pyrazolate)(µ-­‐aqua)-­‐	
   and	
   bis(µ-­‐pyrazolate)(µ-­‐
perchlorate)dicopper(II)	
  entities	
  [eqn	
  (3)	
  with	
  S1	
  =	
  S2	
  =	
  S3	
  =	
  S4	
  =	
  
S5	
   =	
   S6	
   =	
   SCu	
   =	
   ½],	
   where	
   J	
   and	
   J'	
   are	
   the	
  magnetic	
   coupling	
  
parameters	
   for	
   each	
   type	
   of	
   dicopper(II)	
   entity,	
   respectively,	
  
and	
  g	
  is	
  the	
  average	
  Landé	
  factor	
  of	
  the	
  CuII	
  ions.	
  A	
  satisfactory	
  
least-­‐squares	
   fit	
   of	
   the	
   magnetic	
   susceptibility	
   data	
   was	
  
obtained	
  through	
  a	
  modified	
  Bleaney-­‐Bowers	
  expression	
  [eqn	
  
(4)].	
   Because	
   of	
   the	
   different	
   weight	
   of	
   each	
   dicopper(II)	
  
entity,	
  a	
  unique	
  set	
  of	
  J	
  and	
  J'	
  values	
  were	
  univocally	
  obtained	
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for	
   3,	
   values	
   which	
   would	
   be	
   otherwise	
   undetermined	
   and	
  
correlated	
  to	
  each	
  other	
  (Table	
  3).	
  	
  
	
  
	
   H	
  =	
  –J	
  (S1	
  ·∙	
  S2	
  	
  +	
  S3	
  ·∙	
  S4	
  )	
  –J'	
  S5	
  ·∙	
  S6	
  	
  
	
   +	
  gβH(S1	
  +	
  S2	
  +	
  S3	
  +	
  S4	
  +	
  S5	
  +	
  S6)	
   (3)	
  
	
  
	
   χM	
  =	
  (2Nβ

2g2/kBT){(2/3)/[3	
  +	
  exp(–J/kBT)]	
  	
  
	
   +	
  (1/3)/[3	
  +	
  exp(–J'/kBT)]	
  }	
   (4)	
  
	
  
	
   The	
   moderate	
   antiferromagnetic	
   couplings	
   found	
   in	
   1–4	
  
agree	
  with	
   those	
  previously	
   reported	
   for	
   the	
  aforementioned	
  
structurally	
   characterized,	
  dicopper(II)	
  pyrazolenophanes	
  with	
  
triple	
   bis(pyrazolate)(chloride)	
   and	
   double	
   bis(pyrazolate)	
  
bridges	
   (–J	
  =	
  143–268	
  cm–1).21a,c,d	
  The	
  values	
  of	
  –J	
   (and	
  –J')	
   in	
  
1–4	
   suggest	
   that	
   the	
   additional	
   perchlorate	
   or	
  water	
   bridges	
  
are	
   not	
   directly	
   responsible	
   for	
   the	
   small	
   variation	
   of	
   the	
  
antiferromagnetic	
   coupling	
   found	
   along	
   this	
   series	
   of	
  
dicopper(II)	
   pyrazolenophanes	
   with	
  
bis(pyrazolate)(perchlorate)	
   [228	
   cm–1	
   (1)	
   and	
   193	
   cm–1	
   (3)],	
  
bis(pyrazolate)(aqua)	
   [189	
   (2)	
   and	
   221	
   cm–1	
   (3)],	
   and	
  
bis(pyrazolate)	
   bridges	
   [197	
   cm–1	
   (4)].	
   So,	
   the	
   –J	
   value	
  of	
   the	
  
bis(µ-­‐pyrazolate)(µ-­‐perchlorate)dicopper(II)	
   entity	
   in	
   1	
   is	
  
greater	
   than	
   that	
   of	
   the	
   bis(µ-­‐pyrazolate)(µ-­‐aqua)dicopper(II)	
  
entity	
   in	
   2.	
   On	
   the	
   contrary,	
   the	
   –J'	
   value	
   of	
   the	
   bis(µ-­‐
pyrazolate)(µ-­‐perchlorate)dicopper(II)	
   entity	
   is	
   smaller	
   than	
  
the	
   corresponding	
   –J	
   value	
   of	
   the	
   bis(µ-­‐pyrazolate)(µ-­‐
aqua)dicopper(II)	
   entities	
   in	
   3.	
   Moreover,	
   the	
   bis(µ-­‐
pyrazolate)dicopper(II)	
   entity	
   in	
   4	
   has	
   a	
   –J	
   value	
   which	
   is	
  
intermediate	
   between	
   those	
   of	
   the	
   bis(µ-­‐pyrazolate)(µ-­‐
perchlorate)-­‐	
  and	
  bis(µ-­‐pyrazolate)(µ-­‐aqua)dicopper(II)	
  entities	
  
in	
  1–3.	
  
	
   Overall,	
   these	
   features	
   indicate	
   that	
   the	
   strength	
   of	
   the	
  
antiferromagnetic	
   coupling	
   in	
   1–4	
   is	
   independent	
   on	
   the	
  
presence	
   and	
   the	
   nature	
   of	
   the	
   axial	
   supporting	
   bridging	
  
ligand,	
   being	
   only	
   governed	
   by	
   the	
   electron	
   exchange	
  
interactions	
  between	
  the	
  CuII	
   ions	
  through	
  the	
  two	
  pyrazolate	
  
bridges.	
  Finally,	
  we	
  would	
  like	
  to	
  outline	
  that	
  although	
  several	
  
attempts	
   have	
   been	
   performed	
   in	
   order	
   to	
   find	
   appropriate	
  
relationships	
   between	
   the	
   strength	
   of	
   the	
   antiferromagnetic	
  
coupling	
   and	
   some	
   structural	
   factors,	
   such	
   as	
   the	
   bending	
   of	
  
the	
   pyrazolate	
   rings	
   relative	
   to	
   the	
   Cu–N–N–Cu	
   bridging	
  
units21c	
   or	
   the	
   trigonal	
   distortion	
   of	
   the	
  metal	
   atoms,21c,d	
   no	
  
general	
   trends	
  were	
  observed	
  along	
  this	
  series	
  of	
  dicopper(II)	
  
pyrazolenophanes.	
  

Conclusions	
  
In	
   this	
   work,	
   we	
   provide	
   a	
   comparative	
   study	
   on	
   the	
   self-­‐
assembling,	
   hosting	
   and	
  binding	
   abilities,	
   as	
  well	
   as	
  magnetic	
  
properties	
  of	
  a	
  unique	
  series	
  of	
  heteroleptic	
  bis(µ-­‐pyrazolato)-­‐,	
  
bis(µ-­‐pyrazolate)(µ-­‐perchlorate)-­‐,	
   and	
   bis(µ-­‐pyrazolate)(µ-­‐
aqua)dicopper(II)	
   complexes	
   with	
   polymethyl-­‐substituted	
  
aromatic	
   α-­‐diimines	
   as	
   blocking	
   bidentate	
   ligands.	
   A	
  
stereospecific	
   self-­‐assembly	
   of	
   metallacyclophanes	
   with	
   a	
  
saddle-­‐type	
   molecular	
   conformation,	
   so-­‐called	
   dicopper(II)	
  
pyrazolenophanes,	
  occurs	
   in	
  all	
   these	
  cases,	
   regardless	
  of	
   the	
  
nature	
  of	
  the	
  pyrazolate	
  bridging	
  ligand	
  and/or	
  the	
  blocking	
  α-­‐

diimine	
  ligand.	
  Yet	
  it	
  appears	
  that	
  the	
  nature	
  of	
  the	
  blocking	
  α-­‐
diimine	
  ligand	
  controls	
  the	
  folding	
  of	
  the	
  resulting	
  dicopper(II)	
  
pyrazolenophanes	
   in	
   the	
   solid	
   state	
   along	
   this	
   series,	
   so	
   that	
  
they	
   interact	
  with	
   exogenous	
   perchlorate	
   anions	
   and	
   neutral	
  
water	
   or	
   acetonitrile	
   solvent	
   molecules	
   through	
   either	
  
"inward"	
  or	
  "outward"	
  coordination.	
  Hence,	
  1–3	
  provide	
  novel	
  
examples	
  of	
  triply-­‐bridged	
  dicopper(II)	
  pyrazolenophanes	
  with	
  
"inward"	
   coordinated	
   perchlorate	
   anions	
   and/or	
   water	
  
molecules	
  as	
  guests,	
  while	
  4	
  constitutes	
  a	
  classical	
  example	
  of	
  
doubly-­‐bridged	
   dicopper(II)	
   pyrazolenophane	
   with	
   "outward"	
  
coordinated	
   acetonitrile	
   molecules.	
   On	
   the	
   other	
   hand,	
   the	
  
weakly	
   "outward"	
   coordinated	
   perchlorate	
   anions	
   in	
  1	
  act	
   as	
  
additional	
   bridging	
   ligands	
   between	
   the	
   dicopper(II)	
  
pyrazolenophanes	
  to	
  give	
  alternating	
  zigzag	
  chains	
  in	
  the	
  solid	
  
state.	
   Concerning	
   their	
   magnetic	
   properties,	
   a	
   moderate	
  
antiferromagnetic	
   coupling	
   is	
   found	
   in	
  1–4,	
   regardless	
   of	
   the	
  
nature	
  of	
  the	
  blocking	
  and	
  exogenous	
  bridging	
  ligands.	
  Current	
  
efforts	
   are	
   devoted	
   to	
   obtain	
   general	
   magneto-­‐structural	
  
correlations	
   for	
   the	
   vast	
   family	
   of	
   dicopper(II)	
  
metallacyclophanes	
   reported	
   in	
   the	
   literature,	
   which	
   might	
  
provide	
   additional	
   insights	
   into	
   the	
   orbital	
   mechanism	
   of	
  
through-­‐ligand	
   electron	
   exchange	
   coupling	
   in	
   these	
   simple	
  
metallacyclic	
  model	
  systems.	
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Table	
  3	
  Least-­‐squares	
  best-­‐fit	
  magnetic	
  parameters	
  for	
  1–4	
  

Compound Ja /cm–1 J'a /cm–1 gb Fc	
  (×	
  105)	
  

1	
   –228(1)	
   	
   2.082(9)	
   0.4	
  

2	
   –189(1)	
   	
   2.095(1)	
   0.1	
  

3	
   –210(1)	
  
[–221(1)]	
  

	
  
[–193(1)]	
  

2.087(4)	
  
[2.093(7)]	
  

0.5	
  
[0.5]	
  

4	
   –197(1)	
   	
   2.097(3)	
   0.2	
  

a	
  Values	
  of	
   the	
  magnetic	
   coupling	
  parameters	
  obtained	
   through	
  eqn	
  1.	
  
The	
  values	
  in	
  square	
  brackets	
  correspond	
  to	
  those	
  obtained	
  through	
  eqn	
  
3.	
   b	
   Values	
   of	
   the	
   Landé	
   factor	
   obtained	
   through	
   eqn	
   1.	
   The	
   values	
   in	
  
square	
  brackets	
  correspond	
  to	
  those	
  obtained	
  through	
  eqn	
  3.	
  c	
  Values	
  of	
  
the	
  agreement	
  factor	
  defined	
  as	
  F	
  =	
  ∑[(χMT)exp	
  –	
  (χMT)calcd]

2/∑[(χMT)exp]
2.	
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Self-assembly, binding ability and magnetic properties of  

dicopper(II) pyrazalenophanes  

Wdeson P. Barros, M. Luisa Calatayud, Francesc Lloret, Miguel Julve, Nadia Marino,* 

Giovanni De Munno, Humberto O. Stumpf, Rafael Ruiz-García, and Isabel Castro* 

 

 

The nature of the blocking α-diimine ligand controls the self-assembly and the molecular folding of 

the resulting "butterfly-shaped", antiferromagnetically coupled dicopper(II) pyrazolenophanes in 

the solid state, so that they are able to bind exogenous perchlorate anions and neutral water solvent 

molecules that act as guests. 

Page 14 of 14CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


