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Abstract: Defective metal string complex with one nickel(Il) metal absent in center [Nig(ug-Ng-
2pz),Cl,](PFe). (2) was obtained on the basis a pyrazine and naphthyridine-containing triamino
ligand N2-(pyrazin-2-yl)-N'-(7-(pyrazin-2-ylamino)-1, 8-naphthyridin-2-yl)-1, 8-naphthyridine-
2,7-diamine (H3Ng-2pz) (1). The small J value (J = —2.96 cm™) suggests quite a weak magnetic
interaction throughout the molecule of complex 2. The weak magnetic interaction in defective
complex indicates that the spin exchange in metal string occurs through the metal core rather

than the bridging ligands.
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1. Introduction

In the past decade, numerous metal
string complexes (also called “Extended Metal
Atom Chain complexes” — EMACS) have been
synthesized with various metals (Cu, Rh, Co,
Ru, Ni, and Cr) and their magnetic and
electronic properties extensively studied [1-6].
The chemistry of metal string complexes is of
great interest in the field of molecular wire
development [7]. Metal string complexes are
known to be valuable for their interesting
magnetic properties, as well as
superconductivity [8].

The typical structure of this family
includes a linear metal chain which is helically
wrapped by four deprotonated oligo-a-
pyridylamido ligands; all the pyridine nitrogen
and amido nitrogen atoms are coordinated to
the metal in a syn form. The adjacent pyridyl
rings are not coplanar due to the repulsion of
the b-H atoms, and the dihedral angle between
adjacent pyridyl rings is about 45°. The M—M—

M angle deviates only slightly from 180°.
Recently we have synthesized modified oligo-
a-pyridylamido ligands by replacing some of
the pyridyl groups in the ligands with
nitrogen-rich aromatic pyrazine rings and/or
rigid and potentially redox-active
naphthyridine groups. Using tuning ligands we
have  successfully  synthesized longest
heptacobalt, nonachromium, undecanickel
string complexes, as well as 1D, 2D, and 3D
copper(Il) coordination polymers
[3,6,9,10,11]. Also, we have been succesful in
desinging a pyrazine- and naphthyridine-
modulated ligand, N?N’-di(pyrazin-2-yl)-1,8-
naphthyridine-2,7-diamine (H,dpznda) and a
pyrimidine- and naphthyridine-modulated
ligand, N2 (pyrimidin-2-yl)-N'-(2-(pyrimidin-
2-ylamino)-1,8-naphthyridin-7-yl)-1,8-

naphthyridine-2,7-diamine (H3Ng-2pm) that
showed the good reactivity and produced
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interesting defective metal string complexes
with one metal lost in the center of metal chain
[12,13].

Below is provided a new pyrazine-

and naphthyridine-modulated oligo-a-

pyridylamino ligand, N (pyrazin-2-yl)-N’-(7-
(pyrazin-2-ylamino)-1,8-naphthyridin-2-yl)-

1,8-naphthyridine-2,7-diamine (H3No-2pz) (1)
and its nickel string complex [Nig(zg-Ng-

2pz),,Cl,](PFe)2 (2).

2. Experimental

2.1. Materials and measurements

All reagents and solvents were
obtained from commercial sources and used
without further purification unless otherwise
was provided.

IR spectra were performed from KBr
pellets with a Thermo Scientific Nicolet iS 10
FT-IR Spectrometer in the range of 500-4000
cm™.  Absorption spectra were recorded on
Shimadzu UVmini-1240 UV-VIS
spectrophotometer. Proton NMR  spectra
recorded in dimethyl sulfoxide-ds (DMSO-ds).
All NMR chemical shifts recorded as o values
in parts per million (ppm) and coupling
constants (J) are given in hertz (Hz).

2.2. Crystal structure determinations

The chosen crystal was mounted on a
glass fiber. Data collection was carried out on
a NONIUS KappaCCD diffractometer at
150(2) K using a Mo-Ka radiation (1 =
0.71073 A) and a liquid nitrogen low-
temperature controller. Cell parameters were
retrieved and refined using DENZO-SMN
software on all reflections. Data reduction was
performed on SHELXTL software. Semi-
empirical absorption was based on symmetry-
equivalent  reflections and  absorption
corrections were applied with the DENZO-
SMN program. The structure was solved using
SHELXS-97 and refined with SHELXL-97 by
full matrix least squares on F2 values [14, 15].
The details of the X-ray diffraction experiment
and the main crystallographic data of the
nickel-string complex 2 are given below:
Empirical formula C105H85C|2Ni8N45P2F12011;
formula weight = 2903.70; crystal system —
monoclinic; space group - P2 (1)/n; a =
23.4552(8), b = 20.5625(7), ¢ = 24.9815(8) A;
a = 90.00; B = 93.7529(18); y = 90.00°;
obbeM = 12022.7(7) A’ Z = 4
density(calculated) = 1.604 mr/m®; absorption

coefficient = 1.387 wmm'; crystal size:
0.30x0.10x0.05 wmm*; © range for data
collection ~ 1.52— 25.00°; reflection collected -
59984, independent reflection - 21182 [R(int)
= 0.1144]; Ry-factor = 0.1160, wR2[I >25(1)]
=0.2576, Ry =0.2866, wR2 = 0.3491; GOF =
1.179.

The R factors for 2 are reasonable and
acceptable, despite they are higher than usual
because (a) the molecule is large and contains
solvent (CH3;OH and (C,Hs),0)) molecules
which escape quickly during the data
collection and (b) some atoms were found in
disordered positions in every molecule. We
carefully examined structures and concluded
that the P2 (1)/n option is best.

2.3. Synthesis

N?-(pyrazin-2-yl)-N’-(7-(pyrazin-2-
ylamino)-1,8-naphthyridin-2-yl)-1,8-
naphthyridine-2,7-diamine (1).

A mixture of  bis(2-chloro-1,8-
naphthyridin-7-yl)amine (7.2 g, 21.0 mmol)
[12], 2- aminopyrazine (4.8 g, 50.4 mmol), t-
BuONa (6.84 g, 70.8 mmol), Pd,(dba); (0.64
g, 4 mol-%, dba = dibenzylideneacetone) and
BINAP (1.05 g, 9.6 mol-%, BINAP = 2,2'-
Bis(diphenylphosphino)-1,1'-binaphthyl) were
placed in a flame-dried flask under argon. The
mixture was stirred and refluxed in toluene
(350 mL) for 72 h. After cooling to room
temperature, the solvent was removed using a
rotary evaporator. The mixture was washed
with water. The resulting dark solid was
recrystallized from dmf/ethyl acetate/methanol
(1:20:1) and gave pure H3Ng-2pz as a light
yellow-orange solid. Yield 6.83 g (70 %). IR
(KBr) v/em *: 3360 w, 3220 m, 3030 m, 1600
s, 1580 s, 1560 m, 1492 s, 1444 s, 1422 s,
1380 m, 1330 s, 1258 m, 1135 m, 840 m, 790
m, 648 w, 444 w; UV/Vis (DMF) Ama/nm
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(e/dm® mol™ ecm™): 275 (3.25 x 10%, 338
(6.10 x 10%), 352 (1.32 x 10*; *H NMR (400
MHz, (CD3),SO): & =10.50 (s, 1H), 10.30 (s,
2H), 8.37-8.35 (d, J = 8.4Hz, 2H), 7.94 (s,
2H), 7.90-7.88 (d, J = 8.4 Hz, 2H), 7.80-7.77
(m, 4H), 6.77-6.74 (m, 4H); MS(FAB): m/z
(%) 460 (75) [M]"; Elemental analysis (%)
CosH17Ny; [H3N9-2pZ] (45947) calc.. C
62.74, H 3.73, N 33.53; found: C 62.80, H
3.92, N 33.61.

[Nig(ug-Ng-2p2)4C|2](PFe)2 (2)

Anhydrous NiCl, (339 mg, 2.62 mmol),
H3Ng-2pz (500 mg, 1.09 mmol) and
naphthalene (60 g) were mixed and heated at
ca. 170-180 °C under argon. After 12 h, a
solution of potassium tert-butoxide (322 mg,
2.87 mmol) in n-butyl alcohol (6 mL) was
added dropwise. The reaction was continued
for another 2 h, and then KPFg (610 mg, 3.3

mmol) was added. After that the mixture was
left to cool to about 50 °C and then hexane
was added to wash out the naphthalene. The
solid was extracted with benzene and
recrystallized from dichloromethane/diethyl
ether solution to give deep brown-purple
crystals. Single crystals were obtained by
diffusion of diethyl ether into a solution of 2 in
CH,CI,/CH30H (1:2). Yield: 132 mg (18%).
IR (KBr) v/em™: 3450 (w), 1587 (m), 1568
(m), 1492 (s), 1446 (m), 1414 (m), 1328 (s),
1289 (m), 1142 (m), 842 (w), 785 (w), 664
(W), 561 (w) cm ™. UV/Vis (CHyCls) Amad/nm
(e/dm® mol™ cm™): 230 (1.41 x 10°), 268
(1.38 x10°), 447 (1.62 x 10°), 632 (7.24 x 10°)
nm. MS (MALDI): m/z (%) 2294(48) [M —
2CI]*.  Cg7HeoClaNNigP2F1,0  [2:CH30H]
(2688.19): calcd. C 43.34, H 2.25, N 22.93;
found C 43.48, H 2.32, N 22.82.

3. Results and discussion

3.1. Syntheses

The ligand N2 (pyrazin-2-yl)-N"-(7-
(pyrazin-2-ylamino)-1,8-naphthyridin-2-yl)-
1,8-naphthyridine-2,7-diamine (H3Ng-2pz) 1
was synthesized by palladium-catalyzed cross-

c| BINAP, “EINAP, BuONa

Bu'OK, KPFs _

coupling of bis(2-chloro-1,8-naphthyridin-7-
yl)amine and 2-aminopyrazine, in the presence
of catalysts [Pda(dba)s, BINAP, Bu'ONa] in
refluxing toluene under argon (Scheme 1), and
characterized by IR, *H NMR and MS(FAB).

zlmmm

H3Ng-2pz (1)

4H3Ng-2pz + 9NICl,

Naphthaline

[Nig(g-Ng-2pz)4Cl,] (PFs),
(2)

Scheme 1. Synthesis of H3Ng-2pz (1) and its octanickel complex (2).

The defective octanuclear complex [Nig(us-
No-2pz)4Cl,](PFs), (2) was obtained by the
reaction of anhydrous NiCl, with the H3Ng-2pz
ligand in an argon atmosphere employing
naphthalene as solvent and Bu'OK as a base to
deprotonate the amine groups.

3.2. Structure
The crystal structure of 2 is shown in
Fig. 1. Selected bond distances and angles are

shown in Table 1. Complex 2 is dicationic
molecule associated with two PFg" anions as
counter anions. The complex consists of eight
nickel (I1) atoms in a linear chain with Ni—Ni—
Ni angles in the range of 179.0-179.7°. There
are four equatorial ligands in a molecule,
wrapping around the metal string in a syn—-syn
form as trianion helixes; the axial chloride
ligands are collinear with the Nig axis; the
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whole length of the Nig chain is 18.3 A. The
nonadentate ligand H3Ng-2pz is expected to
form metal-strings with nine metal centers
instead of the octanickel compound 2. This is a
typical example of a nickel-defective metal-
string with the absence of one metal atom in
the metal-atom chain related to the
naphthyridine moiety [13]. It crystallizes in
space group P2:/n of the monoclinic system. In
complex 2, the Ni-Ni distances range from
2.266(2) to 2.400(2) A, the terminal distance
(Ni(1)-Ni(2)) is the longest and the distance of
Ni—Ni bonded to naphthyridine units (Ni(3)—
Ni(4)) is the shortest. The Ni(3)-Ni(4)
distance (2.266(2) A) is significantly longer
than that in defected octanickel complex
[Nig(ug-Ng-2pm)4Cl,](PFs)2 (2.225(9) A) with
pyrimidyl-  and  naphthyridyl-modulated
pentapyridyltetramine ligand (HzNg-2pm) [12].
It is important to note that the Ni — CI
distances of complex 2 are also shorter than in

case of complex [Nig(us-Ng-2pm)4Cl2](PFe)-.
Compare with the Ni-Cl bond distance (Ni-
Cl=2.3290(3) A) of the pyrimidyl- and
naphthyridine-modulated pentapyridyltet-
ramine ligand complex [Nig(ug-No-
2pm)4Cl,](PFg)2, the relatively short Ni-Cl
distances (2.298(4) and 2.319(4) A) of 2,
maybe result from a stronger ligand field
providing by the two-pyrazine containing
ligand H3Ng-2pz. This phenomenon was also
observed in our previous work with pyrazine-
modulated ligands [16]. Two terminal Ni (I1)
ions bonded with the axial ligands are in a
square-pyramidal (NiN4Cl) environment and
exhibit long Ni-N bonds (Ni (1)-Ng =
2.091(14) and Ni(8)-Na = 2.075(14) A),
which are consistent with a high-spin Ni(ll)
configuration. However, all shorter inner Ni-N
distances, ranging from 1.889(13) to 1.962(11)
A, indicate Ni (1) with a low spin state S=0.

Figure 1. The molecular structure of dicationic complex in [Nig(us-Ng-2pz),CLJ(PFe)2. (2).
Thermal ellipsoids are drawn at the 20% probability level. The hydrogen atoms have been

omitted for clarity.

In our opinion, the defect complex
comes from the rigid structure and unsaturated
coordination of the supporting ligands of
naphthyridines resulting just in one nitrogen
atom of each naphthyridine coordinated to the
metal atom. As has previously been noted, the
electronic structure of EMACs depends on
both the metal and ligands [16]. All the known

defective metal string complexes, including
also complex 2 are very stable although the
entire metal core has been off due to the lack
of one central metal atom. Therefore it can be
assumed that the steric force from four helical
wrapping ligands may be responsible for the
formation of the metal chain.
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Table 1. Selected bond distances (A) and angles (°) for 2.

2
Ni(1)-Ni(2) 2.400(2)
Ni(3)-Ni(4) 2.266(2)
Ni(6)-Ni(7) 2.350(2)
Ni(1)-Nay 2.091(14)
Ni(3)-Nay 1.927(11)
Ni(5)-Nay 1.952(12)
Ni(7)-Nay 1.889(13)
Ni(1)-CI(1) 2.298(4)
CI(1)-Ni(1)-Ni(2) 178.76(17)
Ni(2)-Ni(3)-Ni(4) 179.42(13)
Ni(6)-Ni(7)-Ni(8) 179.06(13)
N-Ni(2)-Ni(3)-N 17.88
N-Ni(4)-Ni(5)-N 16.07
N-Ni(6)-Ni(7)-N 23.98

Ni(2)-Ni(3) 2.313(2)
Ni(4)-Ni(5) 2.306(3)
Ni(7)-Ni(8) 2.319(4)
Ni(2)-Nay 1.891(13)
Ni(4)-Nay 1.951(11)
Ni(6)-Nay 1.962(11)
Ni(8)-Nay 2.075(14)
Ni(8)-CI(2) 2.319(4)
Ni(1)-Ni(2)-Ni(3)  179.09(13)
Ni(3)-Ni(4)-Ni(5)  179.57(12)
N-Ni(1)-Ni(2)-N 22.97
N-Ni(3)-Ni(4)-N 14.50
N-Ni(5)-Ni(6)-N 18.80

Ni-Nay: average value from the four wrapping ligands.

In our previous work, we reported on a
new pyrimidyl and naphthyridine-modulated
pentapyridyltetramine ligand (HsNg-2pm) and
its linear nona- and octanickel chain
complexes [12]. However, in the case of H3Ng-
2pz in similar condition to get a suitable single
crystal for X-Ray measurement for nonanickel
metal string complex was unsuccessful even
despite that mass spectrometry analysis clearly
shows the formation of this compound (MS
(MALDI): m/z (%) 2424 (100) [M+H]" —
parent peak in the mass spectra).

3.3. Magnetic properties

The magnetic susceptibility of complex
2 was measured over a temperature range of
5-300 K. The observed ymT value of 2 at room
temperature (300 K) was 2.28 emu K mol ™ to
comply with high-spin dinuclear nickel(1l)

complexes (uncoupled spin-only for dinickel
compound yuT = 2.00 emu K mol™) [5,17].
The Ni(Il) ions with d® electrons are divided
into two states, high-spin S = 1 and low-spin S
= 0 configurations. According to the structural
analysis of [Nig(ns-No-2pz)4Cl,](PFs)2, both
terminal nickel(1l) atoms are in spin state S=1
and all other inner nickel(ll) atoms are in spin
state S = 0. When the system was cooled down
from room temperature, the ymT value
decreased in a very smooth fashion to a value
of 1.86 emu K mol™ at 20 K, then declined
rapidly to 1.28 at 5 K (Fig.2). This indicates an
antiferromagnetic interaction. The
experimental results were in excellent
agreement with the theoretical analyses, for a
dinuclear system deduced from the spin
Hamiltonian equation H = -JS;S, (51 =S, =1)
(egn. (1) and (2)) [17]. The fitting parameters
for 2 are J = —2.96 cm * and g = 2.008 with
TIP = 8.3x10 *cm®mol ™.
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Figure 2. Plots of ymT vs. T for compound 2. Solid line results from least-squares fit.

The small J value suggests quite a weak
magnetic interaction throughout the molecule
of 2 which is comparable with the magnetic
coupling of similar defected octanuclear
complex of [Nig(us-Ng-2pm)4Cl](PFe)2 (J = —
1.66 cm* and g = 2.03, TIP = 1.08x10° cm®
mol™) [12]. In considering that the metal chain

is defective due to one missing metal atom, the
very weak magnetic interaction indicates that
the spin exchange in metal string occurs
through the metal core rather than the bridging
ligands and is consistent to our previous
reports on the nickel string complexes [12,15].

Conclusions

By using naphthyridine and pyrazine
modulated novel bridging ligand N°-(pyrazin-
2-y1)-N’-(7-(pyrazin-2-ylamino)-1,8-naphthy-
ridin-2-yl)-1,8-naphthyridine-2,7-diamine 1,
defective nickel metal string 2 was obtained.

nickel atoms in a straight line with a Nig core.
The Nig!®  complex reveals weak
antiferromagnetic coupling of ca. —2.96 cm™
between two terminal nickel(ll) ions of high-
spin states (S = 1) in line with our previous

The metal chain in 2 is defective because of reports on the defective multi-nickel
one missing metal atom to consist of eight complexes.
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PIRAZIN VO NAFTIRIDINLO MODULLASDIRILMIS N*(PIRAZIN-2-L)-N'-(2-
(PIRAZIN-2-ILAMINO)-1,8-NAFTIRIDIN-7-iL)-1,8-NAFTIRIDIN-2,7-DIAMIN
L/IQANDININ DEFEKTLI SOKKiZ NUVOLI KOMPLEKS]

R.H. Ismayilov,? F.F. Valiyev,®N. V. Israfilov, \Ven-Zhen Vang,® Cin-Hsiang Lii,
Sie-Ming Penqg®, B.9. Siileymanov®
“Nefiqazelmitadaqiqatlayiha ” Institutu, SOCAR,

AZ 1012 Bak:, Zordabi pr. 88A , e-mail: Baghir.Suleymanov@socar.az
®Kimya vo Kimya Miihandisliyi Maktabi,Sian Sijou Universiteti, Sian, Sansi, Cin;
¢ Tayvan Milli Universitetinin Kimya fakultasi, Taypey, Tayvan,Cin

Yeni pirazin va naftiridinlo modullasdirilmis N?(pirazin-2-il)-N"-(2-(pirazin-2-ilamino)-1,8-
naftiridin-7-il)-1,8-naftiridin-2,7-diamin ligand: asasinda, morkazindo bir nikel atomu itmis
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defektli [Nig(x5-Ng-2p2),CL1(PFe)2 (2) metal string kompleksi sintez olunmusdur. J kamiyyatinin
kicik giymoati (J = —2.96 smY) kompleks molekulunda maqnit qarsihiql tasirin kicik oldugunu
gastorir. Defektli metal string kompleksda magnit qarsiligh tosirin zaif olmasi, metal stringda
spin miibadilasinin korpii ligandlarla deyil, metal zanciri boyu getdiyini gostarir.

Agar sozlar: naftiridin va pirazinlo modullasdirilmis oliqo-a-piridilamin ligandi, metal-metal
qarsiligh tasiri, nikel komplekslari, magnit xassalori

JIE®EKTHBIH OKTASJJEPHBIN HUKEJIEBBIF KOMILIEKC C ITHPA3HH H
HA®THPHIIHH MOJIY/IHPOBAHHBIM JIAT AHIOM N? (ITAPA3HH-2-HJI)-N'-(2-
(ITHPA3HH-2-HJIAMHHO)-1,8-HA® THPH/IHH-T-UJI)-1,8-HA® THPHTHH-2,7-
JIAAMUAH

P.I'. Hcmaunog®, @.®. Banues®, H.B. Hcpagunos®, Ben-3en Bans’,
JKun-Icuane JIu®, Illue-Mune Ilen’, B.A. Cyreumanos”

“ HUTIHA “Hegmezaz”, COKAP
AZ 1012 baxky, np.3apoabu, 884, e-mail: Baghir.Suleymanov@socar.az
® Hlxona xumuu u xumuueckoii unocenepuu, Illuan, Hlancer, Kumaii
C o o o o 9 9 o %
Xumuueckuil paxynomem, Tatisancrkuti Hayuonanvnoui Yuusepcumem, Taupeu, Taiisan, Kumati

Cunme3uposan HOGbIU NUPA3UH- U HAGMUPUOUH-MOOYIUPOBAHHBIU TULAHO N? -(nupazun-2-un)-
N'-(2- (nupazun-2-unamuno)-1,8-nagmupudun-7-un)-1,8-nagpmupudun-2,7-ouamun 1) u
oechexmmuulii okmasioepuviil Huxeneswviil komniekc (2) na e2o ocrnose. Hebonvuioe 3nauenue J (J
=-2.96 cm — 1) ceudemenvcmayem o 00CMAmMoOUYHO C1AOOM MACHUMHOM 83AUMOOEUCMBUU Yepe3
monexynvl komniekca 2. Cnaboe macHumHoe 63aumoolelcmeue 6 O0edeKmHOM KoMNieKce
VKasvlgaem HA MO, UYMO CHUHOBBINL O0OMeH 8 Memail CmpuHee NPoOUCXooum uepes
Memannudeckoe 10po KOMNIEKCd, a He Yyepe3 MOCIUKOBbIU TUSAHO.

Knwuesvie cnosa: nagpmupuoun u nupazuH-moO0yIUPOBAHHBIN ONAUSO-0-NUPUOULAMUHOBBII
JIUSAHO, MEMANT-MEeMALT 83aUMOO0elicmeue, HuKelesble KOMNIEKCbl, MASHUMHbIE CEOUCMBA
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