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Cu?*-Mediated Nucleophilic Addition of Different Nucleophiles to
Dicyanamide — Synthesis, Structures, and Magnetic Properties of a Family of
Mononuclear, Trinuclear, Hexanuclear, and Polymeric Copper(I) Complexes
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Five new copper(Il) complexes have been isolated from the
reaction system of Cu'/N(CN),/HNu (HNu = pyrazole or
MeOH) by Cu?*-mediated in situ nucleophilic additions of
methanol or pyrazole to dicyanamide; they are [Cu-
(HdcadMeOH),|(Cl10O4),-2H,0 3), [Cu(dca),(3-nic)s],e
(HdcaMeOH),,, (4), [Cu(dcapz)(dcadMeOH)] (5), [Cusz-
(dcadpz),(Hpz),(MeCN)2](ClO4)2(NO3),  (6), and [Cus-
(dcadpz-2H),(p-pz)s] (7) [HdcadMeOH = bis(methoxycarb-
imido)amine, @HdcaMeOH = (methoxycarbimido)cya-
noamine, dcadMeOH~ = bis(methoxycarbimido)aminato,
dcapz™ = (pyrazolecarbimido)cyanoaminato, dcadpz™ = bis-
(pyrazolecarbimido)aminato, Hpz = pyrazole, 3-nic = nicotin-
amide]. X-ray crystallography revealed that 3 and 5 are mo-
nonuclear complexes, 6 is a trinuclear complex, 7 is a cyclic
hexanuclear cluster, whereas 4 is composed of neutral one-
dimensional [Cu(p,5-dca),(3-nic),], coordination chains with
HdcaMeOH guest molecules located between these chains.

In the five complexes, the 1:1 and 1:2 nucleophilic addition
reactions occurred between dca” and methanol or pyrazole
molecules under controlled conditions. In complexes 3, 5, 6,
and 7, the addition products generated in situ act as bridging
or chelating ligands, whereas in compound 4 the addition
product acts as the guest molecule. The magnetic properties
of complexes 6 and 7 were studied by variable-temperature
magnetic susceptibility and magnetization measurements. In
6, significant ferromagnetic coupling exists between the
three S = 1/2 spins within the Cuj unit through the dcadpz~
bridges, whereas in 7, strong antiferromagnetic couplings ex-
ist between the neighboring copper ions through the
[dcadpz-2H]*" and pz~ bridges with an intratrimer exchange
interaction of —250.6 K and an intertrimer coupling interac-
tion of -69.1 K.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The metal-mediated and/or metal-catalyzed reactions of
RCN species have been surveyed in a number of articles
including previous reviews!!! and text-book considerations!”
on nitrile reactivity and also certain sections in recent gene-
ral reviews on the reactivity of RCN ligands.’] In the past
decade, some reviews devoted exclusively to hydrolysis in-
volving metal centers have been published, and they cov-
ered hydrolytic conversion occurring mainly at Ru, Re, and
Pt centers.) Some recent reviews concern nitrile hydratases
or mimetics of these enzymes.’! In view of the increasing
importance of metal-mediated hydrolysis to organonitriles
for both coordination and organic chemistry, a critical in-
vestigation that covers hydrolytic conversions at various
metal centers was thought to be timely.

[a] MOE Key Laboratory of Bioinorganic and Synthetic Chemis-
try / State Key Laboratory of Optoelectronic Materials and
Technologies, School of Chemistry and Chemical Engineering,
Sun Yat-Sen University,

Guangzhou 510275, P. R. China
Fax: +86-20-8411-2245
E-mail: tongml@mail.sysu.edu.cn

Supporting information for this article is available on the

WWW under http://www.eurjic.org or from the author.

4616

vvvvvvvvvvvvvvvvvvvvvv

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Sodium dicyanamide [dca, N(CN), ] has been extensively
used in recent years to generate a wide variety of polymers
of different topologies and magnetic properties.[¥) However,
what interests us is the nucleophilic addition of some nu-
cleophiles to dicyanamide.”!?! In our previous attempts to
synthesize coordination polymers!!’l with transition-met-
al(IT) ions, Na(dca) and pyrazole (Hpz), a functional pen-
tadentate ligand, bis(pyrazolecarbimido)aminate (dcadpz ),
was generated by a 2:1 nucleophilic addition of pyrazole to
dicyanamide, which led to in-situ synthesis of a ferromag-
netic homotrinuclear copper(Il) cluster of [Cus(dcadpz),-
(Hpz)»(ClO4),](Cl04),°H,0O (1), from which the interesting
metalloligand [Cu(dcadpz),] (2e¢) was isolated.l'¥] Sub-
sequently, we isolated and characterized the free pentadent-
ate ligand and two mononuclear precursors, [Cu(dcadpz),]
and [Ni(dcadpz),]-2/3dmf, which were successfully used to
rationally assemble a series of linear homo- and heterotri-
nuclear metal complexes, [{M(pdm)},{Cu(dcadpz),}]-
(NO3); (M = Co and Ni; pdm = 2,6-pyridinedimethanol)
and [{Ni(MeOH)(H,0),},{Ni(dcadpz),}|(NO3),.l"> Iga-
shira-Kamiyama and co-workers applied the polymorphous
mononuclear [Cu(dcadpz),] (2p) precursor obtained in a
mixed EtOH/CHCI; solution, to synthesize four linear tri-
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nuclear complexes of the same motif [M{Cu(dcadpz),}-
MJ** .15 We speculated that a series of functional poly-
dentate ligands may be designed and generated by introduc-
tion of other nucleophiles under different conditions, and
that these ligands may be used in the synthesis of homo-
and heterometallic clusters and metal-organic frame-
works.[16]

In our continuing investigation of this interesting system,
we report here the systematic preparation and characteriza-
tion of a family of Cull complexes with five interesting li-
gands generated in situ by nucleophilic addition of MeOH
and Hpz to dicyanamide under various conditions
(Scheme 1). They are: [Cu(HdcadMeOH),](ClO4),:2H,0
(3), [Cu(dca),(3-nic),],(HdcaMeOH),, (4), [Cu(dcapz)-
(dcadMeOH)] (5), [Cus(dcadpz),(Hpz),(MeCN),](ClOy),-
(NO3), (6), and [Cug(dcadpz-2H),(p-pz)s] (7) [Hdcad-
MeOH = bis(methoxycarbimido)amine; HdcaMeOH =
(methoxycarbimido)cyanoamine; dcapz = (pyrazolecarb-
imido)cyanoaminato; 3-nic = nicotinamide, which is occa-
sionally introduced to the reaction system to trap the Hdca-
MeOH].

Results and Discussion
Synthesis and Characterization

Synthesis

Reaction temperature plays an important role in the nu-
cleophilic addition reaction. In our case, all the complexes
were obtained at 50-60 °C in 47-62% yields. The higher
temperature may help to accelerate the nucleophilic attack
since additional energy is needed for a coordinative acti-
vation of the B-carbon atom of the dca ligand changing its
hybridization.['?] In fact, the [2+3] cycloaddition reaction of
dicyanamide and azide ions was carried out under reflux or
hydrothermal conditions in the presence of a Zn>* or Cd**
ion.[16]

Another important factor in relation to the product is
the applied transition metal salts (if the reaction tempera-
ture was fixed at 50-60 °C). Both copper(Il) perchlorate
and copper nitrate can effectively mediate the nucleophilic
addition reaction. It was previously documented that a
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zinc(II) salt was used to mediate similar reactions,®!!1 and
that Ni'! salts have also been found to play the role of Cu'!
in the synthesis of 1,3,5-triazapentadiene from nitrile and
ammonia.l'’l Moreover, the anions of the copper salts also
play a vital role in the formation of the final products. If
the synthesis of complex 3 was carried out by the replace-
ment of copper(Il) perchlorate by Cu(BF,),:6H,0, a neu-
tral complex [Cu(dcadMeOH),]l'Y was obtained. Similar
cases were also observed for the formation of complexes 4
and 5. If another copper(Il) salt was used in the synthesis
of 6 and 7, no crystal suitable for X-ray crystallography was
obtained, indicating that the final products were dependent
on the anions of the copper(Il) salts, even though the
anions did not coordinate with copper(II) ions.

Finally, it is noteworthy that the introduction of different
silver(I) salts led to the formation of 6 and 7, respectively.
If no AgNOs; is introduced into the reaction system, only
the trinuclear complex [Cus(dcadpz)>(Hpz),(ClO4),](ClO,),*
H,O!4 can be obtained. However, hexanuclear complex 7
was formed if AgNO; was replaced by AgBF,. The role of
these silver salts cannot be ignored, though it is unclear to
us at the moment.

The third notable factor is the effect of the molar ratio
of dca/nucleophile on the product.['8] Theoretically, eight
addition products of dca with nucleophiles of MeOH
or Hpz can be expected (Scheme S1). When MeOH is used
as the nucleophile, the 1:1 and 1:2 addition products can
be expected (Scheme Sla-d). In fact, HdcaMeOH
(Scheme S1b) was found in 4 in neutral form, [dcadMeOH]~
(Scheme Slc) in 5 in deprotonated form, and HdcadMeOH
(Scheme S1d) in 3 in necutral form. However, the 1:1 ad-
dition product of dca with MeOH (HdcaMeOH,
Scheme S1b) in its deprotonated form (dcaMeOH,
Scheme Sla) has not been trapped, which may be due to
the presence of tautomerism of the protonated form
(Scheme S1b). When Hpz is used as the nucleophile, the
1:1 and 1:2 addition products, [dcapz] (Scheme Sle) and
Hdcadpz, can be expected. Luckily, the addition product of
Hdcadpz was trapped in [dcadpz] form in 2 and 6
(Scheme S1f) and in [dcadpz-2H]*" form only in 7
(Scheme S1g). When the mixed nucleophiles of excess
MeOH and less Hpz coexist in the reaction system, both
[dcadMeOH] and [dcapz] were trapped as the addition
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Scheme 1. Synthesis of 3-7.
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products in 5. All addition products act as chelating ligands,
except that in 4. It should be noted that the Hdcadpz ligand
generated in situ resembles the versatile multidentate cyclo-
carbophosphazene-containing ligand [{NP(3,5-Me,Pz),}-
{NC(3,5-Me,Pz)},].l""!

Description of Crystal Structures

Crystal Structure of [ Cu( HdcadMeOH ),](CIlO,),2H,0
(3)

The structure of 3 consists of [Cu(HdcadMeOH),]** cat-
ions, ClO, anions, and lattice water molecules. Selected
bond lengths and angles are listed in Table 1. The Cu!! atom
is coordinated in square-planar geometry by four nitrogen

Table 1. Selected bond lengths [A] and angles [°] for 3-7.12

3

Cu(1)-N(@3) 1.9484(18) Cu(1)-N(1) 1.953(2)
NG)-Cu(l)N(1)  88.5009) N@)-Cu(l)-N(1)  91.5009)
4

Cu(1)-N(1) 1.987(2) Cu(1)-N(4) 2.0489(2)
Cu(1)-N(3b) 2482(2)

N()-Cu(1)-N@)  88.27(8) N(I)-Cu(1) N@da)  91.73(8)
N(1)-Cu(1)-NGc)  87.30(8) N(1)-Cu(1)-N3b)  92.70(8)
N@)-Cu(1)-N3b)  89.97(7) N@)-Cu(1)-NGc)  90.03(7)
5

Cu(1)-N(1) 1.898(4) Cu(1)-N(6) 1.966(3)
Cu(1)-N(2) 1.908(4) Cu(1)-N(4) 2.005(4)
N()-Cu(1)N@)  90.31(16) NQ)-Cu(1) N@6)  176.16(17)
N()-Cu(1)-N@6)  93.39(16) N()-Cu(l)N@)  172.94(15)
N@)-Cu(l) N@)  96.53(16) N(@6)-Cu(l)-N@)  79.74(14)
6

Cu(1)N(3) 1.956(4) Cu2)-N(5) 1.983(4)
Cu(1)-N(1) 1.962(3) Cu(2)-N(7) 1.985(4)
Cu(2)-N(@8) 1.954(4) Cu(2)-N(10) 2.284(5)
Cu(2-N(Q2) 1.958(3)

NQGa)-Cu(1) N(1) ~ 91.07(14) N@B)-Cu2)NG)  99.56(15)
NG)-Cu(l)-N(1)  88.93(14) N@)-Cu2)-N(G3)  80.20(14)
N@B)-Cu2)N(7)  98.43(16) N@)-Cu2N(7)  79.82(14)
NG)-Cu)-N(7)  157.30(16) N(@8)-Cu(2)-N(10)  95.20(18)
N@)-Cu(2)-N(10)  94.01(17) N(5)-Cu(2)-N(10)  97.87(19)
N@B)-Cu2)-N@2)  170.73(16)

;

Cu(1)N(@3) 1.916(4) Cu(2)-N(4) 1.984(4)
Cu(1)-N(1) 1.921(4) Cu(2)-N(13a) 1.992(4)
Cu(1)-N(@8) 2.011(4) Cu(3)-N(3) 1.928(4)
Cu(1)-N(10) 2.058(4) Cu(3)-N(11) 1.948(4)
Cu(2)-N(1) 1.942(4) Cu(3)-N(12) 1.973(4)
Cu(2)-N(©9) 1.960(4) Cu(3)-N(6) 1.987(4)
NG)»-Cu(l)-N(1)  91.10(16) N(©)-Cu(2)-N(13a)  93.87(16)
NG)-Cu(1)N@®)  172.20(17) N@)-Cu(2)-N(13a)  95.12(16)
N(1)-Cu(1) N@®)  88.14(16) NG)-Cu(3)-N(11)  88.93(16)
NG)-Cu(1)-N(10)  86.75(16) NG)-Cu3)N(12)  162.13(17)
N(1)-Cu(1)-N(10) ~ 170.78(17) N(11)-Cu@3)-N(12)  95.05(17)
N(8)-Cu(1)-N(10) ~ 95.19(16) NG)-Cu(3)-N@©6)  82.80(16)
N(1)-Cu(2-N©)  88.75(16) N(11)-Cu@)-N(@6)  159.62(18)
N(1)-Cu(2)-N@)  82.96(16) N(12)-Cu3)-N@©6)  98.51(17)
N©)-Cu(2)-N@)  170.80(16) Cu(l) N(1)-Cu2)  121.3(2)
N(1)-Cu(2)-N(13a) 166.41(17) Cu(1) N(3)-CuB3)  120.8(2)

[a] Symmetry codes for 3: (a) —x + 1, -y — 1, —z; (b) x, —y — 1, z;
ford:(a) x+1,py+1,—z+1L;b)x,y-1,z@-x+1,-p+
2,z + 1;(d) x, y+ 1, z; for 6: (a) —x — 2, —y, —z; for 7: (a) —x, —y
+1,—=z+ 1.
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atoms from two neutral HdcadMeOH ligands (Figure 1a).
The Cul-N bond lengths are 1.951(3) and 1.955(3) A,
which are longer than the Cu-N bond lengths [1.939(2),
1.946(2) A] in [Cu(dcadMeOH),].'Y The HdcadMeOH li-
gand apparently results from the 1:2 nucleophilic addition
reaction of dca and MeOH (Scheme 1). The amide N2 atom
was protonated in the presence of HCIO4. The two CH;0
groups of the HdcadMeOH ligand are in syn-syn conforma-
tion owing to the hydrogen atom bonded to the N2 atom,
whereas in [Cu(dcadMeOH),] the two CH30 groups of the
[dcadMeOH] ligand are in anti-anti conformation.[®-!4
Similar conformational changes have been documented for
the biguanide-like bidentate ligands in a variety of transi-
tion-metal complexes upon protonation/deprotonation,
which alters their capacity to recognize complementary hy-
drogen-bonding motifs.''al Each Cu unit is further con-
nected to two adjacent units through strong hydrogen
bonding between the lattice water molecules and Hdca-
MeOH ligands [N2--Olw = 2.749(4) A, N-H--O =
172(5)°], and an R%(8) hydrogen-bonded synthon
[O1w+-03 = 2.913(1) A] is formed between two H,O mole-
cules and two ClO, anions, resulting in 1-D coordination
chains (Figure 1b). These chains are further extended into
2D layers through the weak C-H-+-O hydrogen bonds (Fig-
ure S1).

Crystal Structure of [ Cu(dca),(3-nic),], (HdcaMeOH),,
(4)

Complex 4 consists of 1-D neutral coordination chains
formulated with [Cu(dca),(3-nic),], and a new 1:1 addition
product of dca with MeOH. These 1D chains are of the
type commonly found in coordination chemistry of the dca™
ligand.!) The copper atom is coordinated in [4+2] CuNg
octahedral geometry to four p, s-dca™ anions, coordinating
through the nitrile nitrogen atoms [Cul-Ny., 1.987(2) and
2.482(2) A], and two trans-related 3-nic ligands, coordinat-
ing through the pyridyl nitrogen donors [Cul-Nj ;. =
2.0489(2) A], as depicted in Figure 2a. The cis-N-Cul-N
bond angles deviate only slightly from O, symmetry and
range from 87.30(8) to 92.70(8)°. As documented in the re-
ported dca-bridged complexes,[® the dca anions do not co-
ordinate linearly to the metal center with C-N-Cul angles
of 145.6(2) and 159.6(2)°. The Cu'" atoms are doubly con-
nected by p s-dca bridges into 1-D linear chains with the
shortest intrachain and interchain CuCu separations of
7.058(5) and 7.572(5) A, respectively.

It should be noted that a new 1:1 addition product of
MeOH to dca, N=C-N=C(MeO)-NH, (HdcaMeOH,
Scheme 1), is trapped in 4. The IR peak at 1660 cm™! pro-
vides evidence of the existence of the N=C group, and the
peak at 2228 cm™! proves the existence of the N=C group.
Different from those in other complexes, the addition prod-
uct HdcaMeOH in 4 acts as the guest molecule, which may
be contributed to the synergic interactions between host
chains and guest molecules. 2-D hydrogen-bonded supra-
molecular thick double-layers are formed with the 1-D co-
ordination chains (Figure 2b) and the encapsulated Hdca-
MeOH guests through the N-H:N . and N-H--

Eur. J. Inorg. Chem. 2008, 4616-4624
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Figure 2. Perspective views of the coordination environment of the Cu" ion (a), the 1-D hydrogen-bonded [HdcaMeOH:+(3-nic)] chain
(b), and the interlayer self-complementary hydrogen-bonding interactions (c) in 4.

Ovcarbonyl hydrogen bonds between HdcaMeOH and the ter-
minal 3-nic ligands (Figure 2¢). Adjacent 2D layers are fur-
ther extended into a 3-D hydrogen-bonded network (Fig-
ure S2a) through interlayer self-complementary N-H--
Nhitrite and N-H**Ocyp0ny1 hydrogen bonds (Figure S2b).
Three supramolecular synthons of R%,(10), R%4(8), and
R?,(6) patterns are formed among two HdcaMeOH mole-
cules and two 3-nic motifs [N-H-+O 2.878(1) A, N-H--O
151.1(2)°; N-H--N 3.074(1) A, N-H--N 170.4(4)°; N-
H--N 3.074(1) A, 3.102(1) A, N-H--N 170.4(4)°, 152.1(6)°;
N-H-+N 2.942(2) A, 2.956(2) A, N-H--O 170.0(1)° and

Eur. J. Inorg. Chem. 2008, 4616-4624
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151.1(2)°]. In addition, a weak C—H+N hydrogen bond!*"!
between 3-nic and dca motifs exists within the 3-D supra-
molecular network.

Crystal Structure of [ Cu(dcapz)(dcadMeOH)] (5)

Complex 5 is a neutral planar Cu' complex (Figure 3a).
The Cu'! atom is coordinated in a square-planar geometry
to four nitrogen atoms from one [dcadMeOH] ligand and
one dcapz ligand, the Cul-N bond lengths are 1.894(4)—
2.005(4) A. The two CH;O groups are in anti-anti confor-
mation. The [dcadMeOH] ligand is apparently formed by
4619
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(b)

Figure 3. Perspective views of the coordination environment of the Cu'' ion and the hydrogen-bonded dimer (a) and the hydrogen-bonded

synthon of one dimeric motif with four neighboring dimers (b) in 5.

a 1:2 nucleophilic addition of MeOH to dca, which can also
be found in [Cu(dcadMeOH),],'Y! and the [dcapz]™ ligand
results from the 1:1 nucleophilic addition of Hpz to dca,
as shown in Scheme 1. The [dcapz]™ ligand was previously
trapped in a mononuclear [Ni(dcapz),].'8! A pair of neigh-
boring mononuclear species are linked by intermolecular
self-complementary Njpigo—H**Neyano hydrogen bonds be-
tween the cyano and amino groups [NI1---N6a 3.109(6),
N4-+N6a 3.249(6) A; NI-HIN-+N6a 160(3), N4
H4N---N6a 139(3)°], which is displayed in Figure 3a. Each
dimeric motif is further connected by four neighboring mo-
tifs (Figure 3b) through N-H--O and C-H-+O hydrogen
bonds into a 3-D hydrogen-bonded network (Figure S3).

Crystal Structure of [ Cuz(dcadpz),( Hpz)(MeCN),]-
(ClO4):(NO3); (6)

Similar to 1, 6 is a symmetrical linear trinuclear cop-
per(Il) complex, as illustrated in Figure 4. The crystallo-
graphically asymmetric unit consists of one half of a for-
mula unit, and therefore, there are 1.5 Cull centers, one
dcadpz, one Hpz, and one MeCN ligand as well as one
4620
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ClO4 and one NOj3 anion. The dcadpz ligand apparently
results from the addition of Hpz to dca in a 2:1 molar ratio
(Scheme 1), which was also found in 1. The central Cul
atom is located at an inversion center and is coordinated in
a perfectly square-planar geometry to four nitrogen atoms
from two dcadpz ligands, with Cul-N bond lengths of
1.956(7) and 1.962(7) A, longer than those found in 2

Figure 4. Perspective view of the coordination environment of the
Cu'! ions in 6.

Eur. J. Inorg. Chem. 2008, 4616-4624
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[1.949(4), 1.955(4) A]. Each of the terminal Cu2 atoms is
coordinated in a tetragonal-pyramidal geometry with three
nitrogen atoms from a dcadpz ligand [Cu2-N 1.958(4)-
1.985(7) A] and one Hpz ligand [Cu2-N8 1.954(7) A] in the
equatorial positions and one acetonitrile ligand in the api-
cal position [Cu2-N10 2.284(7) A]. Neighboring Cu3 units
are further linked by NOj; groups into a 1-D hydrogen-
bonded chain structure through a weak C—H-*-O hydrogen-
bonding interaction [C4---03 3.391(3), C6--03 3.196(2) A].

Crystal Structure of [ Cug(dcadpz-2H) ,(u-pz)s] (7)

Complex 7 is a neutral hexanuclear copper(Il) ring con-
sisting of six Cu'! ions, two [dcadpz-2H]*~ ligands, and six
pz ligands. Different from that trapped in complexes 1 and
6, each Hdcadpz ligand in 7 is in [dcadpz-2H]* form with
all coordinated imine and pyrazolyl N atoms oriented along
one side and acting in a psn'mZn?n! bridging mode to
link three Cu'' centers arranged almost in a linear array
to form the [Cus(dcadpz-2H)]** motif. Within [Cus(dcadpz-
2H)]**, the three Cu! ions are also bridged by two p-pz-
ligands. A pair of the thus-formed [Cus(dcadpz-2H)(pz),]*
subunits are linked into a circle by two p-pz ligands (Fig-
ure 5). All the copper(I]) ions are in a square-planar coordi-
nation geometry. The central Cul atom is coordinated to
two chelated imine nitrogen atoms from one [dcadpz-2H]*~
ligand and two pz ligands. The Cul-N bond lengths are
1.915(1)-2.058(1) A. Each of the Cu2 and Cu3 atoms is also
coordinated to two nitrogen atoms from a [dcadpz-2H]*-
ligand and two pz~ ligands. The Cu2-N bond lengths are
1.942(1)-1.993(1) A. The intracircle Cul-+Cu2 and
Cu2--Cu3 distances are 3.342(2) A and 3.367(2) A, respec-
tively, the intracircle Cu2--*Cu3a and Cu2a--Cu3 distances
separated by unique pz  bridges are 3.210(3) A. The Cug
cluster rings stack with each other into 2D layers, as shown
in Figure S4.

Figure 5. Perspective view of the coordination environment of the
Cu'' jons in 7.

Magnetic Properties of 6 and 7

The dc magnetic properties of 6 in the form of yp 7T vs.
T plots (ym 1s the magnetic susceptibility per trinuclear

Eur. J. Inorg. Chem. 2008, 4616-4624
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unit) are shown in Figure 6a. The y\ 7T value at room tem-
perature is 1.26 cm*mol 'K, slightly larger than that for
three uncoupled unpaired electrons (0.375 X 3, assuming g
= 2.00). Upon lowering the temperature, y\ 7 gradually in-
creases from 1.26 cm>mol 'K at 305 K to reach a maxi-
mum of 2.00 cm*mol 'K at 2.5 K and then decreases to
1.98 cm3mol 'K at 2 K. The 1/y,, vs. T plot (3002 K) ob-
eys the Curie-Weiss law with C = 1.25cm’mol 'K, 0 =
3.59 K. The C value corresponds to g = 2.10. The successive
increase of y,, and positive § value suggest the operation of
a ferromagnetic coupling interaction between the three S =
1/2 spins within the Cus cluster through the dcadpz brid-
ges. The temperature dependence of y,,7 was analyzed by
an isolated three-spin model!??l [H = -2J(ScyoScur +
ScuiScur)] with MAGMUN4.1.1231 The best-fit parameters
obtained with this computing model are J = 6.91 cm™,
zJ' = 00l6ecm™, g,, = 2.09, R = 1.01X10* {R =
[2(obs — Xeale)Zxons2] 2. These fitting results reveal that
Cu(dcadpz), is ferromagnetically coupled with both the ter-
minal Cu" ions and therefore each Cu—Cu—Cu unit has a
ground spin multiplicity of 3/2. The reduced molar magne-
tization (M/Np) per Cus unit in the range 0-70 kOe at 2 K
is shown in Figure 6b. The experimental curve gradually ap-
proaches the theoretical curve (solid line in Figure 6b) of
MI/H for the S = 3/2 state (g = 2.09). The ferromagnetic
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Figure 6. (a) Plot of y,,T vs. T. The solid line represents the best
fit with the parameters given in the text for 6. (b) The field depen-
dence of the magnetization measured at 2 K for 6. The solid lines
represent the theoretical curve per trinuclear unit calculated with
the Brillouin functions.
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interaction apparently results from the orthogonality of the
symmetric magnetic orbitals of the terminal Cu'! ions and
antisymmetric magnetic orbital of the central Cu'' ion. In
complex 6, the Cugenar atom is antisymmetric, whereas the
CUerminal atom is symmetric, and hence, the magnetic orbit-
als are orthogonal to each other, similar to those found in
previously reported linear Cu™-Cu™-Cu'" systems.!'4-!1]

The magnetic property of complex 7 in the form of the
am Vs. T plot (yv is the molar magnetic susceptibility for
six Cu! ions) is shown in Figure 7. The yyT curve (Fig-
ure S5) starts at ca. 1.36 cm>mol 'K, lower than the value
for six uncoupled unpaired electrons (0.375 X 6, assuming g
= 2.00). From room temperature down to 2 K, the ypm7T
product decreases continuously to 0.49 cm3*mol 'K at 2 K,
which is indicative of strong antiferromagnetic coupling
within the Cug cluster through the pz~ and [dcadpz-2H]*~
bridges. Considering cluster topology and connectivity, the
exchange pathway in 7 is shown in Figure 7b. The tempera-
ture dependence of y\; was analyzed on the basis of a theo-
retical expression®¥ derived from a spin Hamiltonian [H
= —Jo(S1°Sy + 8283 + Sg°S5 + S5S¢) — J1(S3°S4 + SeS1)]
including the temperature-independent paramagnetism
(TIP). The best-fit parameters obtained are: g = 2.10, 2J,/
kg = -69.1K, 2J,/)kg = -250.6K and TIP =
4% 10*cm*mol ! (fixed), R = 1.02X 10> {R = [X(Yobs —
Leal) 2 dons]2 ). The fitting results are consistent with the
structural features of 7 since there are two kinds of mag-
netic exchange pathways (one is composed of both the sin-
gle-atom bridge and pz~ bridge and another consists of the
unique pz- ligand).[25-2¢]
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Figure 7. (a) Plot of y,, vs. T. The solid line represents the best fit
with the parameters given in the text for 7. (b) Schematic diagrams
representing the exchange interactions within 7.
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Conclusions

In this work, Cu-mediated in-situ nucleophilic additions
of nucleophiles (MeOH, Hpz) to dicyanamide in different
molar ratios were carried out, from which five new mono-
nuclear, trinuclear, hexanuclear and one-dimensional cop-
per(Il) complexes 3-7 were obtained. Meanwhile, the
unique 1:1 addition product HdcaMeOH and a new coordi-
nation mode of the polydentate dcadpzH ligand, [dcadpz-
2H]?*-, were trapped in 4 and 7, respectively. Magnetic stud-
ies revealed that ferromagnetic and antiferromagnetic inter-
actions exist in 6 and 7, respectively, as a result of the polyd-
entate Hdcadpz ligand in different coordination modes,
which provides a new route to magnetic homo- and hetero-
trinuclear clusters.

Experimental Section

General: All chemicals were used as purchased from commercial
vendors without further purification. The C, H, and N microanaly-
ses were carried out with an Elementar Vario-EL CHNS elemental
analyzer. The FT-IR spectra were recorded from KBr pellets in
the range 4000-400 cm™! with a Bio-Rad FTS-7 spectrometer. The
variable-temperature magnetic-susceptibility data were measured
with a Quantum Design MPMS7 SQUID magnetometer. Magnetic
measurements were performed on samples of crushed single crys-
tals in the 2-300 K range. Diamagnetic corrections were made with
Pascal’s constants.

CAUTION! Metal perchlorates containing organic ligands are po-
tentially explosive. Only a small amount of material should be pre-
pared and handled with great care.

Synthesis of [Cu(HdcadMeOH),](C104),-2H,0 (3): Sodium dicyan-
amide (0.045 g, 0.5 mmol) was dissolved in a CH;OH/H,O (5:1,
v/v) mixture (30 mL). To this solution was added a dilute aqueous
solution (10 mL) of Cu(ClOy4),-6H,O (0.094 g, 0.25 mmol) whilst
stirring at 50 °C, and a small amount of blue precipitate was ob-
served. Dilute HCIO,4 (0.5 mmol) was added. The resultant solution
was filtered and left to stand at room temperature. Purple block
crystals suitable for X-ray diffraction were obtained by slow evapo-
ration of the solvents within one week. Yield: 0.070 g, 50% based
on Cu. CgH,,CLCuNgO,4 (560.76): caled. C 17.14, H 3.95, N
14.99; found C 17.30, H 4.04, N 14.90. IR (KBr): ¥ = 3601 (m),
3523 (m), 3373 (s), 3297 (w), 3249 (w), 3048 (w), 2960 (w), 2913
(w), 2582 (w), 2024 (w), 1677 (vs), 1595 (s), 1468 (m), 1405 (vs),
1235 (s), 1186 (w), 1143 (m), 1090 (m), 1001 (w), 921 (m), 761 (s),
689 (m), 671 (s), 485 (m) cm™.

Synthesis of [Cu(dca),(3-nic),], (HdcaMeOH),, (4): A methanol
solution (10 mL) of Cu(NO;),:3H,O (0.121 g, 0.5 mmol) was
added dropwise to a CH;OH/H,O (5:1, v/v) solution (20 mL) con-
taining sodium dicyanamide (0.134 g, 1.5 mmol) and 3-nic (0.122 g,
1.0 mmol) under vigorous stirring. The mixture was heated with
stirring at 60 °C for ca. 30 min and then filtered after cooling to
room temperature. Well-shaped blue-purple block crystals of 4 suit-
able for X-ray diffraction were obtained within one week upon slow
evaporation of the solvents. Yield: 0.128 g, 40% based on Cu.
C5,HCuN 04 (638.10): caled. C 41.41, H 3.48, N 35.12; found
C41.39, H 3.40, N 35.08. IR (KBr): ¥ = 3591 (w), 3404 (m), 3327
(m), 3239 (vw), 3169 (m), 2951 (w), 2442 (vw), 2301 (s), 2228 (s),
2173 (vs), 1660 (vs), 1619 (m), 1579 (s), 1487 (s), 1447 (m), 1392
(m), 1097 (m), 998 (m), 939 (w), 823 (w), 697 (m), 517 (w) cm™ .
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Table 2. Crystallographic data and structure-refinement parameters for 3-7.

3 4 5 6 7
EmpiOriCal formula C3H22C12CUN6014 C22H22CUN1604 CgH]zCUNgOZ C26H30C12CU3N22014 C34H30CU6N26
Formula mass 560.76 638.10 327.81 1136.24 1184.08
Cryst system monoclinic triclinic monoclinic triclinic triclinic
Space group C2/m (No. 12) P1 (No. 2) P2,/n (No. 14) P1 (No. 2) P1 (No. 2)
a[A] 16.848(3) 7.0589(9) 11.350(2) 7.297709) 8.256(1)
b [A] 6.2217(9) 7.573(1) 9.799(1) 11.448(1) 11.233(1)
c[A] 10.6653(16) 13.062(2) 11.755(2) 12.869(2) 11.996(2)
a [°] 90 91.035(2) 90 89.585(2) 106.433(2)
LI°] 109.049(2) 105.557(2) 100.462(2) 81.385(2) 92.944(2)
y [} 90 96.258(2) 90 87.035(2) 105.936(2)
V [A3] 1056.8(3) 667.8(2) 1285.7(3) 1061.6(2) 1016.0(2)
zZ 1 1 4 1 1
Deaica. [gem 3] 1.762 1.587 1.694 1.777 1.935
T [K] ) 293(2) 293(2) 293(2) 293(2) 293(2)
A (Mo-K,) [A] 0.71073 0.71073 0.71073 0.71073 0.71073
w1 [mm] 1.365 0.882 1.715 1.705 3.149
R, [I > 20(D)al 0.0402 0.0423 0.0553 0.0484 0.0446
WR, [I > 26(I)]®! 0.1132 0.1053 0.1232 0.1343 0.1017
R, (all data)! 0.0431 0.0460 0.0737 0.0581 0.0622
WR, (all data)l®! 0.1152 0.1080 0.1324 0.1434 0.1104

[a] Ry = Zl|Fo| — [FIZIF]. [b] wRy = [Zw(Fo| — [F) 2wl Fo)'72.

Synthesis of [Cu(dcapz)(dcadMeOH)] (5): Pyrazole (0.034 g,
0.5mmol) and sodium dicyanamide (0.089 g, 1.0 mmol) were
mixed in a CH;0H/H»O (5:1, v/v) solution (20 mL), to which an
aqueous solution (8 mL) of Cu(NO3),3H,0 (0.120 g, 0.5 mmol)
was slowly added with vigorous stirring at 60 °C. A small amount
of blue precipitate was formed which was then dissolved by adding
additional water (10 mL). The blue filtrate was allowed to stand at
room temperature, and blue-purple block single crystals suitable
for X-ray diffraction were obtained by evaporation of the solvents
within one week. Yield: 0.107 g, 65%. CoH;,CuN3zO, (327.81):
caled. C 32.98, H 3.69, N 34.18; found C 32.43, H 4.67, N 30.77.
IR (KBr): v = 3440 (w), 3334 (m), 3123 (m), 2993 (w), 2954 (w),
2847 (w), 2418 (w), 2308 (w), 2253 (w), 2171 (vs), 1603 (vs), 1471
(s), 1378 (s), 1251 (m), 1198 (m), 1153 (m), 1088 (m), 1051 (s), 972
(w), 822 (w), 791 (w), 739 (m), 579 (m), 470 (w) cm™ .

Synthesis of [Cuz(dcadpz),(Hpz),(MeCN),|(Cl04)(NO3), (6): A
methanol solution (10 mL) of Cu(ClOy),6H-0O (0.555 g, 1.5 mmol)
was added dropwise to a CH3;0OH/H,O (5:1, v/v) solution (20 mL)
containing sodium dicyanamide (0.089 g, 1.0 mmol) and pyrazole
(0.204 g, 3.0 mmol) under vigorous stirring. A blue solution formed
on addition of metal salt to the ligands. The mixture was heated
with stirring at 60 °C for ca. 30 min and then an acetonitrile solu-
tion (5 mL) of AgNO; (0.085 g, 0.5 mmol) was added; the solution
turned to deep blue, and some precipitate was soon formed. The
mixture was filtered after cooling to room temperature. Well-
shaped blue block crystals of 6 suitable for X-ray diffraction were
obtained within one week upon slow evaporation of the solvents.
Yield: 0.284 g, 50%. CysH30Cl,Cu3N»,0p4 (1136.24): caled. C
27.48, H 2.66, N 27.12; found C 27.45, H 2.65, N 27.09. IR (KBr):
¥ = 3217 (m), 3134 (m), 3086 (w), 2018 (vw), 16661 (vs), 1607 (m),
1529 (w), 1462 (m), 1403 (s), 1346 (m), 1297 (s), 1230 (w), 1107
(m), 1065 (m), 981 (m), 913 (w), 828 (w), 776 (m), 726 (m), 624 (s),
452 (vw) em™!.

Synthesis of [Cug(dcadpz-2H),(n-pz)s] (7): A methanol solution
(10 mL) of Cu(ClOy),"6H,0 (0.277 g, 0.75 mmol) was added drop-
wise to a CH3;0H/H,O (5:1, v/v) solution (20 mL) containing so-
dium dicyanamide (0.089 g, 1.0 mmol) and pyrazole (0.136 g,
2.0 mmol) under vigorous stirring. A blue solution formed on ad-
dition of metal salt to the ligands. The mixture was heated with
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stirring at 60 °C for ca. 30 min, and then an acetonitrile solution
(5mL) of AgBF, (0.146 g, 0.75 mmol) was added, the solution
turned dark green, and some precipitate was soon formed. The
mixture was filtered after cooling to room temperature. Needle-
shaped dark green crystals of 7 suitable for X-ray diffraction were
obtained within one week. Yield: 0.053 g, 36% based on copper
salt. Cs34H30CugNog (1184.08): caled. C 34.49, H 2.55, N 30.76;
found C 34.38, H 2.64, N 30.56. IR (KBr): v = 3419 (vw), 3148
(m), 2922 (m), 2851 (w), 1744 (w), 1660 (w), 1599 (s), 1515 (m),
1488 (m), 1433 (w), 1382 (m), 1349 (s), 1325 (m), 1301 (m), 1253
(w), 1202 (m), 1175 (w), 1049 (vs), 991 (w), 943 (m), 876 (w), 809
(s), 756 (vs), 676 (w), 627 (s), 582 (m) cm .

X-ray Crystallographic Study: The data collections were carried out
with a Bruker SMART Apex CCD diffractometer by using graph-
ite-monochromated Mo-K, radiation (A = 0.71073 A) at 293 K
(frames of 0.3° oscillation). Absorption corrections were applied by
using SADABS.”! The structures were solved with direct methods
and refined with a full-matrix least-squares technique with the
SHELXTL package.”®! Anisotropic thermal parameters were ap-
plied to all non-hydrogen atoms. The organic hydrogen atoms were
generated geometrically, the aqua hydrogen atoms were located
from difference maps and refined with isotropic temperature fac-
tors. The crystallographic data for 3-7 are summarized in Table 2.
CCDC-688303 (3), -688304 (4), -688305 (5), -688306 (6), and
-688307 (7) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Products generated in situ by nucleophilic additions of dif-
ferent nucleophiles to dicyanamine in complexes 3-7; hydrogen-
bonded layers or networks in 3, 4, 5, and 7.
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