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General Introduction

Coordination polymers are metal-ligand compoundsg #re composed of
metal ion ‘connectors’ and bridging ligand ‘linkerand they can extend
infinitely into one, two or three dimensional stwes [1,3]. Weaker
noncovalent interactions such as hydrogen bondsmostacks also play an
important role during the construction of coordiaatpolymers [3].

The applications of coordination polymers are wydgdread in the areas of
catalysis, chirality, conductivity, luminescenceagnetism, spin-transition
(spin-crossover), non-linear optics (NLO), and gi@sage [2,3].

The important characteristics of metal ion ‘connegt are the number and
orientation of their binding sites (coordination nmoers and coordination
geometries). Depending on the metal lons and tbeidation states, the
coordination numbers can be ranged from 2 to 7ingivise to various
geometries, which can be linear, tetrahedral, sgplmar, square-pyramidal,
trigonal-bipyramidal, octahedral, trigonal-prisntatpentagonal-bipyramidal,
and the corresponding distorted forms [1].

The ligands as ‘linkers’ afford a wide variety @fiking sites with various

binding strength and directionality. Therefore, thigmensionalities of



coordination polymers can be tuned by carefullgsthg organic ligands. The
bridging ligands commonly used in the constructitbrroordination polymers
are 4,4-bipyridine, 1,4-diaza-bicyclo[2.2.2]octanepyrazine, oxalate,
terephthalate, benzenetricarboxylate, and benzeaedeboxylate, etc. [1~3]

Polyazamacrocyclic complexes with multi-connectilgands have been
proved to be good building blocks for the consiarctof coordination
polymers. So, we have used metallotetraazamacexysid several bridging
ligands as building blocks to construct coordimatipolymers and to
investigate intermolecular interactions that hameeffect on their structures
and properties. Metallotetraazamacrocycles haven veported to be good
‘connectors’ because the axial sites of the metas iare opened for incoming
bridging ligands ‘linkers’ [4].

The bridging ligand is one of the important facttirat influence the whole
structures of the coordination polymers. Multidéatpolycarboxylate anions
are well-known versatile ligands that are ablehielate and bridge metal ions
for the formation of polynuclear systems. And thegn act not only as
hydrogen bond donors but also hydrogen bond acasegte to the existence
of protonated and/or deprotonated carboxyl gro6p8] [

On the basis of the aforementioned points, we lsdtempted to construct



coordination polymers with tetraazamacrocyclic tigs and polycarboxylate
ligands. In this thesis, the syntheses and prasedi new macrocyclic Zn(ll)
and Ni(ll) carboxylato complexes have been desdribevhere each
metallotetraazamacrocycle is bridged by polycarbaieg such as maleate,
2,6-pyridinedicarboxylate, 1,2,4,5-benzenetetracaylate, and oxalate anions.
In all complexes, various types of hydrogen bondimgractions and the pre-
organization of N-H groups play an important ratereinforcing the metal-
ligand ligations as well as in determining the ssapf the carboxylate anions.
The n-n stacking interactions were observed in severalptexes, too. The
details of the structures for the new complexesvadatermined by analytical,
spectroscopic, and X-ray diffraction methods.

Overall, this thesis is composed of three chaptershe Chapter I, the
syntheses and properties of two novel 2Zn(ll) comgde with
tetraazamacrocyclic ligand are reported. The maleatd isomeric fumarate
anions show the different molecular interactionthin(ll) macrocycle.

In the Chapter I, the syntheses and propertigsrofnew Ni(ll) complexes
are reported. These new complexes indicate therdift coordination modes
of Hdipic and dipic ligands to Ni(ll) ions in a samenvironment.

In the Chapter Ill, the syntheses and structuresest one-dimensional



coordination polymers are described. These 1D petgnare built by taking
advantage of the rigidity, directionality and stehindrance of the Zn(ll)
macrocycle ‘connectors’ along with the ability okatate and 1,2,4,5-

benzenetetracarboxylate ‘linkers’ to bridge betwggr(il) ions.
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CHAPTERI|

Molecular interactions of zinc(l1) cyclamstoward

maleate and fumar ate anions

Abstract

Two new zinc(ll) complexes of the composition {[Zri()(maleate)H.O},
(1) and [ZnL1)(H0)J(fumarate¥H,.O (2) (L1 = cyclam, 1,4,8,11-
tetraazacyclotetradecane) have been prepared raictusally characterized by
a combination of analytical, spectroscopic, therravgnetric, and
crystallographic methods. The carboxylate groupghefmaleate ligand it
show a coordination tendency toward zinc(ll) cyddamesulting in the
formation of a 1D coordination polymer. Howevere ttarboxylate groups of
the isomeric fumarate anion i do not interact with zinc(ll) cyclam. The
identification of strong interactions between candate groups and zinc(ll)
ions in1 may provide better knowledge for the improved gief receptor-

targeted zinc(ll) cyclams in anti-HIV agents.



I ntroduction

Cyclams and bicyclams attract increasing interesisig to their highly
potent and selective anti-HIV activity by speciflgablocking the co-receptor
CXCR4 [1-3]. Particularly, the Xylyl-bicyclam AMD3ID ([1,1'-(1,4-
phenylenebismethylene)-bis-1,4,8,11-tetraazacyichutecan@HCI-2H,0])
has recently been on clinical trials for the treattof AIDS, and stem cell
plantation for the treatment of patients who haaecers involving the blood
and immune system [4-6]. Cyclam itself is knownetdnibit significant anti-
HIV activity as well. It has been suggested thatasimte residues having
carboxylate groups (Asp 171 and Asp 262) of the BA&o-receptor play
key roles in the recognition of cyclams [1,7]. 4t also understood that the
metal complexation, especially the zinc(ll)-ion quexation to cyclams and
bicyclams greatly enhance the antiviral activityarthfree ligands [3].
Therefore, the knowledge of interactions betweetbhaeylates and zinc(ll)
cyclams is important in the design and developnuéninore effective anti-
HIV agents. In this chapter, several zinc(ll) coaxgls have been prepared and
structurally characterized in order to elucidatesedective recognition of

zinc(ll) cyclams by carboxylates [6,8,9]. Nevert#sd, the examples of



carboxylato zinc(ll) cyclams are still rare. As @ntinuation of our
investigations on expanding such complexes andratadaling the nature of
interactions between zinc(ll) cyclams and carbaeda we attempted
reactions between [Zh(Q)][CIO4, and sodium maleate (two carboxylate
groups are mutuallgis through the carbon-carbon double bond) or sodium
fumarate (two carboxylate groups are mutudhligns through the carbon-
carbon double bond). In this chapter, | descrilee dnthesis, structures and

properties of new zinc(Il) complexésand?2.

AMD3100 L1



Experimental

Materials and Methods

All chemicals used in the synthesis were reageatl@rand were used
without further purification. Distilled water wassed for all procedures.
Infrared spectra of solid samples were recorded erkin-Elmer Paragon
1000 FT-IR spectrophotometer between 4006@md 400crt as Nujol mulls
on KBr discs. Thermal analysis (TGA-DTG) was pemied on a Perkin-
Elmer Model TGA-7 Thermogravimetric Analyzer undérfrom 50 to 806C
at a heating rate of £&/min. Elemental analysis was performed by the Kore
Research Institute of Chemical Technology, Daejd¢orea. The precursor
complex [Zn[ 1)][CIO4), was prepared according to the literature procedure

previously reported [8].

Caution! Perchlorate salts of metal complexes with orgdigands are
potentially explosive. Only small amounts of thetenals should be prepared,

and these should be handled with care.



Synthesis of

To a DMF (N,N-dimethylformamide) solution (10ml) §n(L1)][CIO4].
(232 mg, 0.5 mmol) was added an aqueous soluti@mljlof sodium maleate
(80 mg, 0.5 mmol) in an open beaker. Colorlesslsimgystals ofl were
obtained in a week. The compléxas stable indefinitely in the air. Suitable
crystals of 1 for X-ray diffraction studies and subsequent smscbopic
measurements were manually collected under a neiopes Anal. Calcd. for
Ci14H28N40sZn (1): C, 42.24; N, 14.08; H, 7.04%. Found: C, 42.22;1R.96;

H, 7.37%.

Synthesis a?

To a DMF solution (10ml) of [Zri(1)][ClO4)2 (232 mg, 0.5 mmol) was
added an aqueous solution (10ml) of sodium fuma@@emg, 0.5 mmaol).
Colorless single crystals @fwere obtained in a week. The compkretained
its transparency for several weeks with motherdrgm a refrigerator, but it
lost solvent water molecules in several days upgogure to atmosphere as

evidenced by thermal analysis. Suitable crystal® dér X-ray diffraction

10



studies and subsequent spectroscopic measuremergsmvanually collected
under the microscope. Anal. Calcd. for4d3sN4sO10Zn (2): C, 34.44; N,

11.48; H, 7.79%. Found: C, 34.29; N, 11.28; H, %47

X-ray crystallography

A summary of selected crystallographic dataXf@and?2 are given in Table
1.1. The data were collected on a Nonius Kappa @@itactometer, using
graphite monochromated MoyKadiation § = 0.71073 A). A combination of
1° @ andw (with k offsets) scans were used to collect sufficienadéhe data
frames were integrated and scaled using the Dehdg-Sackage [10]. The
structure was solved and refined, using the SHELWRTLV5.1 package [11].
Refinement was performed by full-matrix least sesaon E using all data
(negative intensities included). Hydrogen atomsewiacluded in calculated
positions, except for those involving hydrogen bogdspecifically for the
hydrogen atoms bonded to the nitrogen atoms, whkehe refined with

isotropic thermal parameters.

11



Table 1.1. Crystal data and structure refinement for {[Zh)(maleate)H.O},
(1) and [Zn( 1)(H20);](fumarate)dH,O(2)

1 2
Empirical formula C14H2gN4OsZn Ci4H3gN4O10Zn
Formula weight 397.77 487.85
Temperature (K) 150(2) 150(2)
Crystal system Monoclinic Triclinic
Space group P 2/n P-1
a (A) 15.1376(4) 7.0809(2)
b (A) 8.3063(4) 8.8867(3)
c (A) 15.3944(6) 9.3322(2)
a(°) 72.9800(19)
B (°) 113.588(2) 78.822(2)
v (°) 84.6880(17)
Volume (&%) 1773.92(12) 550.46(3)
z 4 1
Deaica (Mg/m®) 1.489 1.472
Absorption coefficient 1.416 mnt 1.171 mnt
Crystal size (mrf) 0.38 x0.34x0.20 0.45x 0.34 x0.30
0 range for data collection..2.85-27.49° 2.83-27.49°
Index range -19<h<19 -9<h<9
-9<k<10 -10sk=<11
-19<1<19 -12<1<12
Reflections collected 14312 7276
Independent reflections 4052 2495

Goodness-of-fit on ¥

Final R indices [I1>8(1)]

R indices (all data)

[R(int) = 0.0750]
0.986

R1 = 0.0391
WR2 = 0.0952
R1 = 0.0750
WR2 = 0.1128

[R(int) = 0.0644]
1.040
R1=0.0324
WR2 = 0.0811
R1 = 0.0359
WR2 = 0.0842

12



Results and Discussion

Descriptions of structures fdrand?2

The structure ofl consists of a 1D coordination polymer with a basic
[Zn(L1)(maleate)] unit (Fig. 1.1). The maleate ligand which two
carboxylate groups are mutually arrangedci® through the carbon-carbon
double bond bridges zinc(ll) macrocycles. Two irglegent macrocycles are
observed in the structueend each zinc atom sits on an inversion center. The
macrocyclic ligand skeleton dftakes the most stable “trans 11" conformation.
The coordination environment about the central (Zinon shows a distorted
octahedron in the chain direction with four Zn-Ndamwo Zn-O bonds. The
Zn-N distances vary from 2.082(2) A to 2.1150(19)with an average
distance 0f12.102 A, which are comparable to those found latee systems
[8,9]. The Zn-O distances are in the range of 28(96) A - 2.2840(16) A
(Table 1.2). Those are well matched within the fesly reported values
({Zn(L)(phthalate)}-(CHzOH),;, Zn-O = 2.220(2), 2.190(2) A [8],
[ZNna(Xylyl-bicyclam)(OAc)](OAC),-2CH:OH; Zn-O = 2.089(2), 2.407(2) A

[6], {Zn(L 1)(tp*)-H-0}n; Zn-O = 2.1559(12) A [9], {Zri(1)(Habtad)-2H,0}

13



Zn-0 = 2.2839 (14) A [9], Zn(1)(H2btc),-2DMF; Zn-0 = 2.2222(12) A [9];
where tp = terephthalate, bta = 1,2,4,5-benzeremtooxylate and btc =
1,3,5-benzenetricarboxylate). The significant défece between the two Zn-O
distances inl is ascribed to the different types of hydrogen diog
interactions involved. One of the pertinent struakdieatures found id is the
pre-organization of N-H groups of the macrocycléhwts role in profacial
selection of maleate anion binding through covakemd hydrogen bonding
interactions. Apart from the Zn-O bonds, the oxygésms O2 and O3 of the
carboxylate groups participate in bifurcated hy@mogonds (N1-H1...02#1 =
2.861(3) A, N4-H4...02 = 2.914(3) A, N3-H3...03 = 3.03¢ A, O1W-
H1WA...03 = 2.752(3) A; symmetry code: #1 = -x+1, ly+z+1) by
connecting two macrocycles. It appears that thegmee of such hydrogen
bonding interactions is crucial for the formatiohomordination polymeil.
Water molecules mediate in connecting the macresyas well as in
interconnecting each polymeric 1D chain through rbgdn bonding

interactions (Table 1.3).

14



Figure 1.1. Molecular structure of {[Zrl(1)(maleate)H.O}, (1) with atom-
labeling scheme. Hydrogen atoms other than thogeipating in hydrogen

bonding are omitted for clarity.

15



Table 1.2. Selected bond lengths (A) and angRddr
{[Zn(L 1)(maleate)H.0}, (1)

Zn1-N1 2.1018(19)
Zn1-N2 2.1150(19)
Zn2-N3 2.082(2)
Zn2-N4 2.1078(18)
Zn1-01 2.1968(16)
Zn2-04 2.2840(16)
N1-Zn1-N2 85.11(7)
N1-Zn1-01 87.00(7)
N2-Zn1-01 90.26(7)
N3-Zn2-N4 94.70(8)
N3-Zn2-04 91.13(7)
N4-Zn2-04 91.45(7)

Symmetry transformations used to generate equivatems:

#1 x+1,y+1,z+1  #2 x+1,y+1,z

Table 1.3. Hydrogen bonds for {[Zr(1)(maleate),0}, (1) (A and °)

D-H...A dD-H) d(H..A) d({D..A) <(DHA)
N1-H1...02#1 0.93 2.01 2.861(3) 151.8
N2-H2...01W 0.93 2.06 2.947(3) 157.7
N3-H3...03 0.93 2.28 3.014(3) 135.1
N4-H4...02 0.93 2.06 2.914(3) 151.2
O1W-H1WB...04#3 0.89(3) 2.16(3)  3.036(3) 169(3)
O1W-H1WA...03 0.91(4) 1.86(4) 2.752(3) 168(3)

Symmetry transformations used to generate equivatems:

#1 x+1,y+1,z+1 #2 x+1,y+1,z #3 x+3/2y+1/2,z+1/2

16



The structure of2 consists of a mononuclear [Zri)(H,0),]** divalent
cation, a fumarate anion and solvent water molaceg. 1.2). As the
basicity of carboxylates in the fumarate anionsxigected to be similar to that
of maleate anions, it is surprising that the furteemions do not interact with
zinc(ll) cyclams. Instead, the water molecules gneftially coordinate to the
zinc(ll) ion in DMF/H,O cosolvents. It appears that the presence of lygdro
bonding interactions in addition to the Zn-O cowaleond is requisite for the
formation of ‘coordination polymer.. However, it isfavorable for the
fumarate anions in which two carboxylate groupsratgually transto form
such additional hydrogen bonds. The coordinatioongery around the
zinc(ll) ion reveals a six coordinated axially dised octahedron with four
nitrogen atoms from the macrocycle and two.oxygésma from water
molecules. The Zn-N distances of 2.1063(15) A 926714) A and the Zn-O
distance of 2.2539(13) A are normal and fall onsthdound in a closely
related system ([Zi(1)(H,0) 7](OAC) »; Zn-N = 2.1198(15) - 2.0809(15) A,
Zn-0 = 2.2719(14) A [8]) (Table 1.4).

In conclusion, we have prepared and fully charadrtwo new zinc(ll)
cyclams. The carboxylate groups of the maleatentiga the compleX show

strong coordination behavior toward the zinc(ll)cleyn with hydrogen

17



bonding interactions between the N-H groups ofrtteerocycle and oxygen
atoms of the maleate ligands. However, the fumaaaten having twdrans
arranged carboxylate groups through the carbomscadouble bond does not
interact with the zinc(ll) cyclam. From this accouwe conclude that the
coordination behavior of carboxylate groups of ratdeor fumarate ligands to
zinc(ll) cyclams are highly dependent on the presesf additional hydrogen
bonding interactions that reinforce the formatidrr@ordination polymer. The
zinc(ll) complexesl and2 could be good model systems for the understanding
of the nature of molecular interactions betweenc(ip cyclams and
carboxylate groups as well as the importance ofpiesence of hydrogen

bonding interactions in forming coordination polyme
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Figure 1.2. Molecular structure of [Zm(1)(H.O)](fumarate)4H,O (2) with
atom-labeling scheme. Hydrogen atoms other tharsethparticipating in

hydrogen bonding are omitted for clarity.
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Table 1.4. Selected bond lengths (A) and angRddr
[Zn(L 1)(H20),](fumarate)4dH,0 (2)

Zn1-N1 2.1063(15)
Zn1-N2 2.0926(14)
Zn1-01 2.2539(13)
N1-Zn1-N2 85.18(6)
N1-Zn1-01 88.95(5)
N2-Zn1-01 91.86(5)

Symmetry transformations used to generate equivatems:

#1 x+1,y+1,z+1  #2 X,-y,-z+2

Table 1.5. Hydrogen bonds for (A and °) [Zn)(H.0),](fumarate}4H,O (2)

D-H...A dD-H) d(H...A) d(D...A)  <(DHA)
N1-H1...02W#3 0.93 2.21 3.074(2) 155.0
N2-H2...01W#4 0.93 2.12 3.029(2) 166.4
01-H20...02W 0.84(3)  1.98(3) ~.2.820(2) 172(3)
O1W-H1WB...02 0.79(3) | 1.93(3) 2.706(2) 173(3)
O1W-HIWA...02#5 0.82(3)  1.91(3) 2.7066(19) 163(3)
O2W-H2WB...03 0.76(3) 2.06(3) 2.813(2) 170(3)
01-H10...01W#2 0.83(3) 1.90(3) 2.7133(19) 168(3)

O2W-H2WA...O3#6 0.85(3) 1.93(3) 2.7758(19) 174(3)

Symmetry transformations used to generate equivatems:
#1 x+1,y+1,z+1 #2 X,-y,-z+2 #3 X,-y+1,z+1

#4 x+1,y,-z+2 #5 X,-y,-z+3  #6 X,-y+1,z+2
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Spectroscopic properties and thermal analysislfand?2

The solid state infrared spectrum bindicates a/O-H band at 3349cth
vN-H band at 3209citand vCOO bands at 1569, 1300&msupporting the
crystal structure clearly (Fig. 1.3 (a)). The spartt of 2 contains asO-H band
at 3379crit, vN-H band at 3174citandvCOO bands at 1694, 1554¢h(Fig.
1.3 (b)). TGA-DTG curves forl showed a first weight loss of 4.5 %
(calculated 4.5%) over 85 - 14Q with an endothermic processes centered at
126 °C, corresponding to the loss of a molecule of waber further heating,
gradual weight loss was observed in 275 - 885range with the loss of
maleate and cyclam ligands. Finally, the ZnO residabserved 20.4 %,
calculated 20.4 %) was remained above %8%Fig. 1.4 (a)). For compleZ,
the TGA analysis was hampered by its thermal ungialeven at room
temperature. It was only possible to identify thehytration of six water
molecules (two coordinated and four uncoordinatediich started even &t
26 °C and completed with the weight loss of 23.5% (daled 22.1%) at 105
°C. Significant weight loss was observed gradually forther heating
presumably due to the loss of the macrocyclic kigand the fumarate anion.

No residues were observed above ¥QFig. 1.4 (b)).

21



70

()
60
S
(D]
[&]
C
8
IS
[72]
c
©
[ vCOO
vCOO
4000 3500 3000 2500 2000 1500 1000 500
wavenumber(cm™)
70
b
(b) o |
S
()]
[&]
C
S
=
€
3 vC00
<
l_

4000 3500 3000 2500 2000 1500 1000 500

wavenumber(cm™)

Figure 1.3. Infrared spectra of (a) {[Zh@)(maleate)H.O}, (1) and (b)

[Zn(L 1)(H20),](fumarate}4H,0 (2) [Nujol mull]

22



(@)

100 |

0, 0,
ool 4-5%(cal 45%

60 |

Weight(%)

a0}

2ol 20.4%(cal 20.4%)

0 200 400 600 800 1000
Temperature(°C)

100 |

(b)

sl | < 23.5%(cal 22.1%)

60

a0t

Weight(%)

20

0 200 400 600 800 1000

Temperature(°C)

Figure 1.4. Thermogravimetric analyses of (a) {[4r)(maleate)H.0}, (1)

and (b) [Zn[ 1)(H20),](fumaratedH,0 (2)

23



Supplementary material

Crystallographic data have been deposited at themb@idge
Crystallographic Data Center (CCDC), CCDC Nos. Z95fr 1 and 295278

for 2.
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CHAPTER I

Different coor dination modes of Hdipic and dipic ligands

to nickel(l1) ionsin a same environment

Abstract

Two new nickel(ll) complexes of the composition (INL)(Hdipic),]-2H.O
(1) and [NiC1)(HO)][Ni(dipic)2]-2.5HO (@) (L1 = 1,4,8,11-
tetraazacyclotetradecane, cyclam, dipic = 2,6-pyedicarboxylate,
dipicolinate) - have been prepared and structuralharacterized by a
combination of analytical, spectroscopic, . thermugnetric, and
crystallographic methods. The structurelashows that the central nickel(ll)
ion is coordinated axially by two monodentate Hdipgands. The discrete
neutral complex1 further extends its structure by hydrogen bonding
interactions to form a one-dimensional supramokecihe mononuclear motif
[Ni(L1)(Hdipic),] acts not only as hydrogen bond acceptors but also
hydrogen bond donors, thus, it behaves as a “nuatalplex synthon”. In

addition, thett - 1 interaction is observed between the Hdipic ligantse
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structure of2 consists of two independent nickel(ll) centers.té¥anolecules
instead of dipic ligands prefer to coordinate te Mil ion forming a divalent
cation [NilL 1)(H-0),]**. Two dipic ligands coordinate to the second Ni2 io
forming a divalent anion [Ni(dipig)>. The divalent cations and anions are
charge-balanced, resulting in a molecular salt. dilialent cations and anions

are interconnected by multiple types of hydrogending interactions.

Introduction

Research on transition metal complexes with pohaeylates has been the
subject of numerous reports [1-4]. The reasongHisr interest mainly lie in
their relevance to the development of more effecamti-HIV agents [2,5,6],
the design of insulin-mimetic agents [7,8] and otpetential applications
[9,10]. Dipicolinate is one of the frequently uss@matic polycarboxylates in
those areas. The interest of metal complexes wjiit &nd its protonated
forms Hdipic and Kdipic stems from their interesting structural featuwith
various coordination modes [7], stabilization olugnal oxidation states [11],
chemical analysis of iron at low concentration [1Jsulin-mimetic effects

[7,8], and catalysis [13]. As part of our studyuwrderstanding the interactions
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between macrocyclic transition metal complexes armtomatic
ploycarboxylates, we were interested in preparimg @aracterizing nickel(ll)
complexes containing dipicolinate ligands. Hereig report the synthesis,

crystal structures and propertieslaind?2.

Z

zZ
o—0
pd
o—0

L1 dipicolinate

Experimental

Materials and Methods

All chemicals used in the synthesis were reageatiggrand used without
further purification. Distilled water was used fafl procedures. Infrared
spectra of solid samples were recorded on a P&ilkiver Paragon 1000 FT-IR
spectrophotometer between 4000cmnd 400crit as Nujol mulls on KBr

discs. Thermal analysis (TGA-DTG) was performecdadperkin-Elmer Model
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TGA-7 Thermogravimetric Analyzer under air from ®0800°C at a heating
rate of 10°C/min. Elemental analysis was performed by the KdResearch
Institute of Chemical Technology, Daejeon, Korealis state diffuse
reflectance spectra were obtained at the Kanazawaelsity, Japan.
[Ni(L1)][ClO4]2[14] and[Ni(L 1)][PFe]2[15] were prepared as described in the
literature.

Synthesis of and2

To a DMF solution of [Ni(1)][PFe¢]2 (274 mg, 0.5 mmol) was added a
DMF solution of Hdipic (167 mg, 1.0 mmol). The mixture was allowadan
open beaker at room temperature. Purple blocks arid green needles af
were obtained simultaneously in a week. Suitabystats ofl and2 for X-ray
diffraction studies and other measurements wereuaiBncollected under the
microscope. Anal. Calcd. for,gH3sNesO10Ni (1) (Yield > 90%): C, 45.91; H,
5.74; N, 13.39%. Found: C, 45.93; H, 5.69; N, 1%631Anal. Calcd. for
Ca4H39NO12.Ni2 (2) (Yield < 10%): C, 39.50; H, 5.35; N, 11.52%. Fdurc,

39.51; H, 5.29; N, 11.50 %.
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X-ray crystallography

X-ray crystallographic data fot and 2 were collected on a Nonius Kappa
CCD diffractometer, using graphite monochromated Kipradiation j =
0.71073 A). A combination of 1 andw (with k offsets) scans were used to
collect sufficient data. The data frames were irgtgyl and scaled using the
Denzo-SMN package [16]. The structure was solved fined using the
SHELXTL\PC V5.1 package [17]. Refinement was perfed by full-matrix
least squares oR? using all data (negative intensities included)dkbgen
atoms were included in calculated positions, exdeptthose involving in
hydrogen bonding specifically for the hydrogen asdmonded to the nitrogen
atoms, which were refined with isotropic thermalrgmaeters. The data

collection and refinement details are presentethinie 2.1.
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Table 2.1. Crystal data and structure refinement for [NiY(Hdipic),]-2H.O
(1) and [Ni 1)(H20),][Ni(dipic)z]-2.5H0 (2)

1 2
Empirical formula Co4H36NeO10Ni Co4H30NeO12 Ni>
Formula weight 627.30 729.03
Temperature (K) 150(1) 150(1)
Crystal system Triclinic Monoclinic
Space group P-1 C2/c
a (A) 8.0569(3) 22.6811(9)
b (A) 8.2784(5) 15.1030(7)
c (A) 11.5014(8) 8.8806(2)
a (%) 74.463(3)
B (°) 85.675(4) 102.066(2)
v (°) 67.097(3)
Volume (&%) 680.47(7) 2974.87(19)
z 1 4
Deaica (Mg/m®) 1.531 1.628
Absorption coefficient 0.781 mnt 1.340 mnt
Crystal size (mrf) 0.18 x 0.10 x 0.08 0.30x0.20x0.14
0 range for data collection.2.77-27.54° 2.69-27.49°
Index range -10<h=<10 -29<h<28
-9<k<10 -17<k<19
-14<1<14 -10<1<11
Reflections collected 6133 10596
Independent reflections 3055 3404
[R(int) = 0.0614] [R(int) = 0.0480]
Goodness-of-fit on ¥ 1.042 1.060
Final R indices [I>3(1)] R1 =0.0453 R1 =0.0371
wR2 =0.0973 wR2 = 0.0824
R indices (all data) R1=0.0728 R1 =0.0594
wR2 =0.1233 wR2 = 0.0923
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Results and discussion

Descriptions of structures fdrand?2

Treatment of [Ni(1)][PFe]. with two equivalents of btlipic in DMF
provided purple blocks ol and green needles @ on slow evaporation.
Compoundd and2 were stable indefinitely in air, and the microatiabl and
infrared spectral results clearly supported thacstires determined by X-ray
diffraction studies.

The structure ol shows that the central nickel(ll) ion is coordethtxially
by two Hdipic ligands (Fig. 2.1). The macrocycligdnd skeleton irl takes
the most stable tfans III” conformation as usual. The coordination
environment around the central nickel(ll) ion candescribed as a distorted
octahedron with four Ni-N and two Ni-O bonds. The &om sits on an
inversion center. The Ni-N distances vary from Z@$ A to 2.073(2) A,
which are typical for a six-coordinated nickel(t§ system [1,18]. The Ni-O
distance of 2.1242(19) A lies within the previoushgported values
({[Ni( L)(dipic),]-H20}n (L = 2,5,9,12-tetramethyl-1,4,8,11-

tetraazacyclotetradecane) [18]; Ni-O = 2.115(4), 088(4) A,

32



[Ni o(dipic)a(H20)s]-2H,0 [19]; Ni-O = 2.098(3), 2.159(3), 2.164(3), 2.13p(
A). Although dipicolinates have a unique ability frm stable chelates, the
Hdipic ligand inl acts as a monodentate ligand by coordination efaygen
atom from each carboxylate group to the nickel@h. It is known that there
is a range of different coordination modes with gliole monodentate [20],
bidentate [8,21], tridentate [7,8,20,23,24], ordgmg [18,19,22] in transition
metal-dipicolinate complexes depending on whetherdivalent anionic dipic,
protonated anionic Hdipic or diprotonateddipic forms are coordinated to
metal ions (Fig. 2.2). The discrete neutral compleXfurther extends its
structure by hydrogen bonding interactions to foemone-dimensional
supramolecule {[Ni( 1)(Hdipic),;]-2H,0}, (Fig. 2.3 and Table 2.3). The
mononuclear motif [Ni{1)(Hdipic),] acts not only as hydrogen bond donors
but also as hydrogen bond acceptors, thus, it lEshag a “metal complex
synthon”. In addition, thet - Tt interactions are observed between the Hdipic
ligands (Fig. 2.3). In a closely related systemortga recently [18]a one-
dimensional coordination polymer {[Ni{(dipic),]-2H,O}, has been built by
the reaction between [Nij(H20),][Cl], and dipic, where the macrocyclic

units are bridged by a dipic anion with a bis-magrtdte coordination mode.
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Figure 2.1. Molecular structure of [Ni(1)(Hdipic),]-2H,O (1) with atom-
labeling scheme. Hydrogen atoms other than thogeipating in hydrogen

bonding are omitted for clarity.
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Table 2.2. Selected bond lengths (A) and angRddr

[Ni(L 2)(Hdipic)s]-2H,0 (1)

Nil-N1
Ni1-N2
Ni1-O1
C6-01
C6-02
C12-03
C12-04

N1-Nil-N2#1
N1-Nil-N2
N1-Nil-O1#1
N1-Ni1-O1
N2-Ni1-O1

2.067(2)
2.073(2)
2.1242(19)
1.265(3)
1.251(3)
1.213(3)
1.328(4)

94.73(9)
85.27(9)
89.57(9)
90.43(9)
92.49(8)

Symmetry transformations used to generate equivatems:

#1 x+1,y+1,z+1

Table 2.3. Hydrogen bonds for [Ni(1)(Hdipic),]-2H,0 (1) (A and °)

D-H...A

N1-H1...03#2

N2-H2...02

O1W-H1WA...O4#3
O1W-H2WA...02
04-H40...01W

d(D-H)

0.93
0.93

0.90(5)
0.82(5)
0.99(5)

d(H..A) d(D...A) <(DHA)

2.12 2.955(3) 149.5
2.06 2.916(3) 151.7
2.13(5)  2.961(3) 154(4)
1.97(5)  2.787(3) 171(4)
1.68(5)  2.634(3) 161(5)

Symmetry transformations used to generate equivatems:

#1 x+1,y+1,-z+41 #2xy+1z7-1 #3 X,-y,-z+2
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Figure 2.3. View of 1D supramolecule structure of

{[Ni( L1)(Hdipic),]-2H,O} (1). Dotted lines indicated hydrogen bonds.
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The green complef was obtained simultaneously during the preparaifon
1 as a minor product. As shown in Fig. 2.4, The whgands instead of dipic
anions preferentially coordinate to the atom Nanfing a [NiC 1)(H20)2]?*
divalent cation. The atom Ni2 is coordinated by tdipic ligandsvia their
carboxylate and nitrogen donors resulting in thenfation of a [Ni(dipic)]*
divalent anion. Eventually, the [Ni(dipig¢)’ divalent anion is charge-balanced
by the [Ni(L1)(H-0)]*" divalent cation. Since the purity of starting nmite
[Ni(L1)][PFe]2is high enough by repeated recrystallization, tfi iNn in the
divalent anion seems to be originated from thel[8)]** divalent cation. The
planes defining the dipic rings are mutually ortbwog in the [Ni(dipic)]?.
Both of the nickel(ll) ions exhibit distorted octdral geometry. The Nil-N
bond distances are 2.062(2) and 2.0733(19) A, la@d\t1-O bond distance is
2.1524(18) A. The Ni2-N(d = dipic) bond distances are 1.931(3) and
1.955(3) A, and the Ni2-O bond distances are 2.(¥®4and 2.1318(17) A
(Table 2.4). Those are comparable with values instesys
(INi(L 2)(H20)]3[CeH3(COO)]»24H,0 [1]; Ni-N = 2.070(3), 2.057(3) A,
{[Ni( L)(dipic)2]-H20},[18]; Ni-N = 2.070(4), 2.087(5), 2.084(5), 2.090(k)
Ni-O = 2.115(4), 2.086(4) A, [N{dipic)(H:0)s]-2H,0; Ni-O = 2.098(3),

2.159(3), 2.164(3), 2.179(3) A, NigN= 1.962(3), 1.974(3) A) [19]. The
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carboxylate groups of dipic ligands are bound t@ Mi a most frequently
observedO,N,Otridentate coordination mode (Fig. 2.4). The inelegent
divalent cations and anions are interconnected blyipte types of hydrogen
bonding interactions (Table 2.5).

In conclusion, we have prepared and fully charagdr two new
carboxylato nickel(ll) complexl and 2. The Hdipic ligands inl act as a
monodentate ligand by coordination of one oxygeomatfrom each
carboxylate group to the nickel(ll) ion. The reggt neutral motif
[Ni(L1)(Hdipic),]-2H,O extends its structure to form the supramolecyle b
intermolecular hydrogen bonds and Tt interactions. In the compleX water
molecules instead of dipic ligands prefer to cowmati to the Nil ion, forming
the divalent cation [NI(1)(H-0),]**. Two dipic-ligands coordinate to the
second Ni2 ion in ®,N,O-tridentate coordination mode, forming the divalent
anion [Ni(dipicy]*. The divalent cations and anions are charge-bathnc
resulting in a molecular salt. The divalent catioasd anions are
interconnected by multiple types of hydrogen bogdirieractions. The degree
of deprotonation of btlipic is an important factor for the formation of

complexesl and2 even in a same reaction environment.
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Figure 2.4. Molecular structure of [Ni(1)(H20),][Ni(dipic);]-2.5H0 (2)
with atom-labeling scheme. Hydrogen atoms othen thase participating in

hydrogen bonding are omitted for clarity.
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Table 2.4. Selected bond lengths (A) and angRddr

[Ni(L 1)(H20)][Ni(dipic);]-2.5H0 (2)

Ni1l-N1
Ni1-N2
Ni1-O1
Ni2-N3
Ni2-N4
Ni2-O4
Ni2-O3
C10-O04
C10-05

N1-Nil-N2#1
N1-Nil-N2
N1#1-Nil-O1
N1-Ni1-O1
N2-Ni1-O1
N2-Ni1-O1#1
N3-Ni2-O4
N4-Ni2-O4
O4-Ni2-O4#2
O4-Ni2-O3#2
N3-Ni2-03
N4-Ni2-03
0O4-Ni2-03
O3#2-Ni2-03

2.062(2)
2.0733(19)
2.1524(18)
1.931(3)
1.955(3)
2.1318(17)
2.1464(16)
1.272(3)
1.236(3)

94.46(8)
85.54(8)
90.67(8)
89.33(8)
92.64(8)
87.36(8)
78.35(5)
101.65(5)
156.70(10)
94.07(6)
101.71(5)
78.29(5)
90.63(6)
156.59(9)

Symmetry transformations used to generate equivatems:

#1 x+1/2,y+3/2,7 #2 x+1y,-z+1/2



Table 2.5. Hydrogen bonds for [Ni(1)(H2O),][Ni(dipic) 2]-2.5H0O (2)
(A and °)

D-H...A dD-H)  dH..A) d(D..A) <(DHA)
O1-H1O0A...01W 0.80(4)  1.97(4)  2.771(3) 177(4)
O1-H1O0B...06#3 0.78(4)  2.02(4)  2.794(3) 171(3)
N1-H1...O5#4 0.93 2.21 2.975(3) 1395
N2-H2...03#5 0.93 2.30 3.176(3)  157.7
O1W-H1WA...06 0.83(3)  1.99(3) 2.815(3) 171(3)
O1W-HIWB...O4#4  0.83(3)  2.00(4)  2.822(3) 176(3)
O2W-H2WA...03 0.8400(12) 2.143(19) - 2.981(12) 175(18)

O2W-H2WB...O5#6  0.8400(10)2.24(11) ~ 2.898(12) 136(14)

Symmetry transformations used to generate equivatems:
#1 x+1/2,y+3/2,z #2 xt1ly,-z+1/2 #3x,-y+1.z-1/2

#4X,-y+1,2-1/2 #5x+1/12y+1/2,7+1/2 #6Xy,z+1
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Spectroscopic properties, electronic spectra ararital analysis ol and?2

The solid state infrared spectrum bindicates a/O-H band at 3579ct
vN-H bands at 3283, 3172¢v,sCOO band from COOH at 1736Cmvas
COO bands from COQat 1606, 1569cih andvsCOO bands from COQat
1429, 1335cil, supporting the crystal structure clearly (Figs 2a)). The
spectrum of contains a’O-H band at 3350cih vN-H band at 3239ch vas
COO band from COQat 1607crit andvs COOband from COCat 1431crit
(Fig. 2.5 (b)).

Solid state diffuse reflectance spectral@nd2 showed bands at 513, 690
nm for 1 and 525, 634 nm fd2 (Fig. 2.6). These are the characteristic spectra
expected for a high-spin 8dnickel(ll) ions in.a distorted octahedral
environment, and could be attributed®®,4 — °E,°, *B1y  °Bag + *Big
3A2ga transitions, respectively. The expected highesrgnbands at ca. 300
nm originated fromB;y  *Ey transitions were not resolved due to the strong
charge transfer bands in both complexes [25,26].

TGA-DTG curves forl showed a first weight loss of 5.8 % (calculated
5.7 %) over 150 - 218C with an endothermic processes centered at°’C93

corresponding to the loss of two water molecules.f@ther heating, gradual
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weight loss was observed in 210 - 440 range with the loss of the
macrocycle and Hdipic ligands. Finally, the NiOideg (observed 11.5 %,
calculated 11.9 %) was remained above 430The TGA-DTG curves fo?
showed a first weight loss of 11.4 % (calculatedL®4) over 68 - 126C with

an endothermic processes centered at “@O0corresponding to the loss of
coordinated and lattice water molecules. On furtieating, abrupt weight loss
was observed in 330 - 42C range with the loss of the macrocycle and dipic
ligands. Final residue (observed 18.5 %, calculdi®® %) was remained

above 411C with Ni;O composition (Fig. 2.7).

44



(@) 70t
60}
50
40}

30

Transmittance(%)

20

vOH
10}

vNH valCO(Q v{COO

4000 3500 3000 2500 2000 1500 1000 500

wavenumber(cm™)

b) ™
60 |-
50
40+
30t

20

Transmittance(%)

10+

v, CO v{COO

4000 3500 3000 2500 2000 1500 1000 500

wavenumber(cm™)

Figure 2.5. Infrared spectra of (a) [Ni(l)(Hdipic)]-2H,O (1) and (b)

[Ni( L 2)(H,0),][Ni(dipic) 2] -2.5H0 (2) [Nujol mull]
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Supplementary material

Crystallographic data have been deposited at themb@idge

Crystallographic Data Center (CCDC), CCDC Nos. @&W#br 1 and 614485

for 2.
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CHAPTER |11

One-dimensional macrocyclic zinc(l1) coordination polymers

containing an unusual coordination of polycarboxylate ligands

Abstract

Two new zinc(ll) complex.of the caomposition {[4n2)(oxalate)]3.5H,0},
(1) and {[ZnL2)(Hpm)H0}y, (2) (L2 = 5,16-dimethyl-2,6,13,17-
tetraazatricyclo[16.4'0%0" *4docosane, pm = pyromellitate, 1,2,4,5-
benzenetetracarboxylatbave been prepared and structurally characteriged b
a combination of analytical, spectroscopic, therravgnetric, and
crystallographic methods. The bridging oxalaterdyan 1 shows an unusual
twisted bis-monodentate coordination (1,1’-biconadion) mode to the
zinc(ll) ions, resulting in the formation of an iolate one-dimensional
coordination polymer. And the compleéxshows 1D coordination polymer
containing the unusual coordination of 1,5-C@@ups in the bridging #m
ligand to zinc(ll) macrocycle. These unusual stiees are caused by the

enhanced rigidity and steric hindrance of the mawmi® L2 by the
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introduction of cis-fused cyclohexane rings and methyl groups on the 1

membered tetraazamacrocycle.

Introduction

Macrocyclic transition metal complexes with polywaxylate ligands have
been proved to be good building blocks for the tmietion of coordination
polymers and multi-dimensional supramolecular neka¢1-9]. Coordination
polymers are generally composed of metal ion ‘cotore’ and multidentate
ligand ‘linkers’, and the dimensionality of coordiion polymers can be tuned
by controlling the coordination sites of metal foonnectors’ for multidentate
ligand ‘linkers’[1]. Thus, the construction of od@nensional coordination
polymers is possible to be achieved by blockingatayial sites of metal ions
with polyazamacrocycles and leaving axial sitesdpe bridging ligands.

An oxalate ligand as a linker has allowed the aoeibn of a number of
dinuclear complexes as well as one-, two-, andetdimensional transitional
metal complexes which have potential applicationshirality, magnetism and
NLO areas [10,11]. In spite of the richness of Esidn such oxalato metal

complexes the bis-bidentate coordination mode etitidging oxalate ligands
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to form five membered chelate rings with the cdntnaetal ions is
predominant, and the number of structurally charstd bis-monodentate
(1,1’-cis-bidentate or 1,1ltransbidentate) compounds is extremely rare
[12,13]. This is especially the case for complexeg/hich the oxalate ligand
is coordinated to metal ions by a 1¢$-bidentate coordination mode. One
good example is a polymeric copper(ll) complex, (jGaxalate)(HO)(4-
apyk]n (4-apy = 4-aminopyridine) [12].

Among multidentate ligand ‘linkers’, 44m is one of the attracting linkers
due to its versatile coordination tendencies oboaylic acid groups to metal
ions depending on the degree of deprotonation[]4-Roreover, the
carboxylic acid groups of Jdm in metal complexes can act as hydrogen bond
donors and/or acceptowa inter- and/or intramolecular fashion in extending
the structures.

In this chapter, we add another example of suabnaptex and describe the
synthesis and structure of this new one-dimensi@aalrdination polymer
{[Zn(L 2)(oxalate)]3.5H,0}, (1) and {[Zn(L 2)(Hzpm)]H>0}, (2) (see Chart
1) built by taking advantage of the rigidity, ditenality and steric hindrance
of the zinc(ll) macrocycle ‘connectors’ along witiee ability of oxalate and

Hopm ‘linkers’ to bridge between zinc(ll) ions.
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: i :NH HNj I : NH HN: I : NH HN: I :
NH  HN NH HN NH HN
e e e

L L2 L3

III
III

Chart 1. lllustration of macrocyclic ligands L, bad L3.

Experimental

Materials and Methods

All chemicals used in the synthesis were reageatiggrand used without
further purification. Distilled water was used fail procedures. Infrared
spectra of solid samples were recorded in-a Pdthmer Paragon 1000 FT-IR
spectrophotometer between 4000cmnd 400crit as Nujol mulls on KBr
discs. Thermal analysis (TGA-DTG) was performedadperkin-Elmer Model
TGA-7 Thermogravimetric Analyzer under air from @0800°C at a heating
rate of 1°C/min. Elemental analysis was performed by the KdResearch

Institute of Chemical Technology, Daejeon, Korea.
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Synthesis diZn(L 2)][NO3],

The free ligand_2 was synthesized by literature procedures [25,26¢
precursor complex [Zh()][NO3]. was prepared by refluxing ligahd (3.36
g, 1.0 mmol) and Zn(N¢),-6H,O (3g, 1.01 mmol) in stirring methanol for a
day, filtering the white powder, washing with metbh and finally drying in

air. Yield > 95%.

Synthesis of

Compoundl was prepared by adding an aqueous solution ofspiota
oxalate monohydrate (184 mg, 1.0 mmol) ‘to a DMEHsolution of
[Zn(L2)][NOg3]> (526 mg, 1.0 mmol). Slow evaporation of the soluti
provided colorless single crystals bf Suitable crystals for X-ray diffraction
studies and other measurements were manually tedlender the microscope.
Yield > 90%. Anal. Calcd. for £H47/N4O75Zn (1): C, 47.73; H,8.50; N,

10.13%. Found: C, 47.99; H, 8.44; N, 10.07%.
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Synthesis a?

To a DMF/HO solution of [Zn[2)][NO3], (526 mg, 1.0 mmol) was added
a DMF solution of Hpm (254 mg, 1.0 mmol). The mixture was allowednn a
open beaker at room temperature. Colorless blo€ks were obtained in a
week. Suitable crystals oR for X-ray diffraction studies and other
measurements were manually collected under the osuope. Doubly
deprotonated Bbm anions were always involved in the structur@ even in
the absence of a base. Yield > 90%. Anal. Calcd.CigH4eN4O9ZN(2): C,
53.56; H, 6.84; N, 8.33; O, 21.42%. Found: C, 53H817.35; N, 8.76; O,

20.48 %.

X-ray crystallography

A summary of selected crystallographic data andgctire refinement fot
and 2 are given in Table 3.1. X-ray data were colleat@da Nonius Kappa
CCD diffractometer, using graphite monochromated Kipradiation j =
0.71073 A). A combination of 1 andw (with k offsets) scans were used to

collect sufficient data. The data frames were irgtgyl and scaled using the
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Denzo-SMN package [27]. The structure was solved fined using the
SHELXTL\PC V6.1 package [28]. Refinement was perfed by full-matrix
least squares on?Rusing all data (negative intensities included)dtdgen
atoms were included in calculated positions, exdeptthose involving
hydrogen bonding specifically for the hydrogen asdmonded to the nitrogen
atoms, which were refined with isotropic thermaigmaeters. In the compleX
the crystals seemed to be twinned and/or the diftma pattern was effected
by the fact that atom Zn2 was slightly displacemirfrthe center of symmetry
causing it to be disordered. The structure conthitveo unique Zn atoms
(Figure 3.3) for asymmetric unit and gave the pidi 1D structure. Some
other residual electron density presumed watertéacan a void could not be
resolved. The program SQUEEZE was used to.remasereésidual density
[29]. The program suggested one molecule of watsr gsymmetric unit,

therefore this was added to the formula.
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Table 3.1. Crystal data and structure refinement for
{[Zn(L 2)(oxalate)]3.5H,0}, (1) and {[Zn(L 2)(H2pm)]-H20}, (2)

1 2
Empirical formula CooH47N4O7 572N CaoH46N409ZN
Formula weight 553.01 672.08
Temperature (K) 150(1) 150(2)
Crystal system Triclinic Triclinic
Space group P-1 P-1
a (A) 10.6117(4) 10.7864(11)
b (A) 11.3617(5) 12.855(2)
c (A) 12.4952(6) 12.8584(17)
a (%) 66.468(2) 75.423(7)
B (°) 74.220(2) 67.982(8)
v (°) 89.381(2) 70.936(9)
Volume (&%) 1320.98(10) 1545.2(4)
z 2 2
Deaica (Mg/m®) 1.390 1.445
Absorption coefficient 0.979 mnt 0.855 mmnt*
Crystal size (mrf) 0.46 x 0.26 x 0.17 0.18 x 0.18 x 0.04
0 range for data collection..2.65-27.49° 2.59-25.13°
Index range -13<h<12 -10sh<12
-14<k<14 -14<k< 15
-16<1<16 -15<1<15
Reflections collected 12543 5142
Independent reflections 5820 5142
[R(int) = 0.0616] [R(int) = 0.117]
Goodness-of-fit on ¥ 1.052 1.038
Final R indices [I>3(l)] R1=0.0443 R1 =0.0748
wR2 =0.1070 wR2 = 0.1973
R indices (all data) R1=0.0743 R1=0.1134
wR2 =0.1256 wR2 =0.2173
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Results and Discussion

Descriptions of structures fdrand?2

The crystal ofl consists of a 1D coordination polymer with a basic
[Zn(L 2)(oxalate)] unit (Figs. 3.1 and 3.2). The coordimatenvironment
about the central zinc(ll) ion shows a distortedabedron in the chain
direction with four Zn-N and two Zn-O bonds. The-Krdistances are normal
and vary from 2.105(2) A to 2.135(2) A with an aage distance dfl2.120 A
(Table 3.2). The Zn-O distances are in the rang2. bI5(17) A - 2.2352(17)
A. These lie in the upper part of the range of galueported for related
compounds  ([Zri(3)(apcy]; zZn-O = - 2.099(2) A  [30],
{Zn(L1)(phthalate)}-(CHsOH)n,  ZN-O = -2.220(2), 2.190(2) A [7],
{Zn(L 1)(tp)-H20}n; Zn-O = 2.1559(12) A [31], {Zri(1)(Hopm)2H,0}p; Zn-0
= 2.2839(14) A [31], Zr(1)(H.btch-2DMF; Zn-O = 2.2222(12) A [31],
[Zna(L 1)-(oxalate)]2Cl0;2DMF; Zn-O = 2.1175(11), 2.1397(11) A [31],
{[Zn(L 1)(maleateyH,O]} »; Zn-O = 2.1968(16), 2.2840(16) A [32]; whera
= 1,4,8,11-tetraazacyclotetradecane, cyclam, apc 3=amino-2-

pyrazinecarboxylate, tp = terephthalate and bt¢3751benzenetricarboxylate).
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Two independent macrocycles are observed in thectate and each zinc
atom sits on an inversion center. Two noteworttaiuiees are observed in the
complex1. One is that the complekcontains the interesting macrocytlg,
which is one out of 16 possible diastereocisomeis (fee Chart 1). As far as
we know, the complexl and 2 are the first examples of a structurally
characterized zinc(ll) complex of the macrocyclgahd,L 2, which contains
cis-fused cyclohexane rings. The cyclohexane subunits2 are anti with
respect to the plane of the macrocycle. There tHmeen several structural
reports for the transition metal complexes o8 containing transfused
cyclohexane rings, but only three examples of n{tkecomplexes withL 2
have been prepared and structurally charactef2e@®3,34]. Recent studies
indicate quite different coordination behaviors aobdemical properties
between transition metal complexesldt andL 3 [25,33]. For example, the
bicarbonate ligands coordinate to the nickel(1f) @ [Ni(L 2)][ClO4], to form

a 1D supramolecule {[Ni(2)(OCOH);]}» in which the coordination
environment around the nickel(ll) ion is a distdrtectahedron, whereas
bicarbonate anions do not involve in coordinatioithwthe nickel(ll) ion of
[Ni(L3)][ClO4]2[33]. They only remain as counteranions formingydrbgen

bonded supramolecule {[Ni@3)]-2HCGs}]} », where the geometry around the

60



nickel(ll) ion is a square plane. Solution chenyiséiso indicates that the
nickel(ll) complex ofcis-fused isomer binds various solvent molecules more
easily than the nickel(ll) complex ¢fansfused isomer does [25]. Although
the present ligant2 has a close resemblance to a cyclam and its aredog
never affords a folded structure with metal ionst & cyclam doe$31,35].
This is ascribed to the enhancement of the rigiditghe macrocycle by the
introduction of cyclohexane rings 2. The rigidity of the macrocycle2 in

1 forces the oxalate ligand to coordinate to thec(ip ions in a bis-
monodentate mode rather thanbis-bidentate coordination mode. Another
thing to note is that the bridging oxalate ligarsd not planar. The two
carboxylate groups in the oxalate ligand are twlistéh respect to the carbon-
carbon bond (C11-C22) which leads to a dihedraleaf@1-C11-C12-04) of
-74.2 between the 01-C11-02 and 03-C12-O4 planes. Thstetivoxalate
ligand bridges the zinc(ll) ions using only one geg atom of each of its two
carboxylate groups while the second one remainsoardmated. The
interatomic distances of 01-03 = 3.195 A and 01=%952 A indicate that
the oxalate ligand is best considered as coordigat the zinc(ll) ions by a
1,1'-cis-bidentate coordination mode. The steric hindramfethe bulky

cyclohexane rings and methyl groups causes thejibgdoxalate ligand to
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twist so that the steric repulsions are minimizddmerous oxalate bridged
metal complexes have been reported, however, ld@auahetal complexes

with a planar bis-bidentat®ordination mode are domind@0,31,35-37].

04w i

Figure 3.1. Molecular structure of {[Zr(2)(oxalate)]3.5H0}, (1) with
atom-labeling scheme. Hydrogen atoms other tharsethparticipating in

hydrogen bonding are omitted for clarity.
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Figure 3.2. View of one-dimensional chain of {[Zb@)(oxalate)]3.5H,0},

(2) running toward crystallographecdirection.
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Table 3.2. Selected bond lengths (A) and angRddr

{[Zn(L 2)(oxalate)}3.5H0}n (1)

Znl-N1
Zn1-N2
Zn2-N3
Zn2-N4
Znl1-01
Zn2-04

N1-Zn1l-N2
N1-Zn1l-N2#1
N1-Zn1l-O1
N1-Zn1-O1#1
N2-Zn1-O1#1
N2-Zn1l-O1
N3-Zn2-N4
N3-Zn2-0O4
N4-Zn2-O4
N3-Zn2-N4#?2
N3-Zn2-O4#2
N4-Zn2-O4#2

2.105(2)
2.135(2)
2.119(2)
2.122(2)
2.2352(17)
2.2175(17)

83.38(8)
96.62(8)
93.57(7)
86.43(7)

87.55(7)

92.45(7)
83.53(8)

89.31(7)

89.96(7)

96.47(8)

90:69(7)

90.04(7)

Symmetry transformations used to generate equivatems:

#1 -x+1,-y+1,-z+1 #2 -x+2,-y+1,-z
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Table 3.3. Hydrogen bonds for {[Zri(2)(oxalate)]3.5H,0}, (1) (A and °)

D-H...A dD-H)  d(H..A) d(D..A) <(DHA)
N2-H2A...01W#1 0.93 2.29 3.165(3)  155.8
N3-H3...03W#3 0.93 2.19 3.077(3)  158.3
N4-H4...03 0.93 2.11 2.967(3) 153.5
O1W-HIWA...03 0.80(5)  2.05(5) 2.831(3) 166(5)
O1W-HI1WB...03W 0.71(4)  2.38(5) 2.994(4)  145(4)
O2W-H2WA...02 0.87(4)  1.95(4) 2.810(3)  169(4)
O2W-H2WB...03#4 0.83(5)  2.08(5) 2.864(3) 158(4)
O3W-H3WA...02 0.80(5)  2.07(5)  2.846(3)  164(4)
O3W-H3WB...02W#4  0.93(5)  1.85(5) 2.778(4)  175(4)
O4W-HAWA...0O1W 0.842(5) 2.06(3) 2.882(7)  166(11)
O4W-HAWB...O1W#5 0.842(5) 2.12(3) 2.943(8)  166(13)

Symmetry transformations used to generate equivatems:

#1 -x+1,-y+1,-z+1

#4 -x+1,-y+1,-z

#2 -X+2,-y+1,-2

#5 -X+1,-y,-z+1
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The structure of2 exhibits the undulated 1D coordination polymer
{[Zn(L2)(H2pm)]-H,0}, with a basic [Zn(2)(Hpm)]-HO unit (Fig. 3.3).
The 1D chains are linked togethea the face-to-face-=n interactions between
the aromatic rings of coordinated,gfn ions to generate an extended
supramolecular structure. The coordination envirenimaround the central
zinc(ll) is a distorted octahedron with four Zn-NMras from the macrocycle
and two Zn-O bonds from thegpin ligands. The Zn-N distances are in the
range of 2.102(4) - 2.263(5) A (Table 3.4). The @mdistances of 2.207(4)
and 2.170(3) A lies within the previously reporteslues in related systems
([Zn(L 3)(apc)]; Zn-0O = 2.099(2) A [30], [Zp(xylyl-
bicyclam)(OACH|(OAC),2CHOH; Zn-O = 2.089(2), 2.407(2) A [38],
{Zn(L1)(phthalate)}-(CHsOH),,;, Zn-O = 2.220(2),  2.190(2) A [7],
{Zn(L 1)(tp)-H20}; Zn-O = 2.1559(12) A [31], {Zr(1)(Hopm)2H,0}y; Zn-

O = 2.2839(14) A [31], Zi(1)(HJbtc)-2DMF; Zn-O = 2.2222(12) A [31],
{[Zn(L1)(maleateyH,OJ}n; Zn-O = 2.1968(16), 2.2840(16) A [32]). Two
pertinent features are found in the compkxOne is that the complek
contains an interesting macrocytl2 like the complexl. Another noteworthy
feature found ir2 is the unusual coordination of 1,5-COgdoups of Hpm to

zinc(Il) macrocycle. Although diverse coordinatiomodes and shapes for
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Hspm, Hspm, Hpm, and pm moieties are understood depending odebeee
of deprotonation and the types of hydrogen bondslied, the coordination
of 1,4-COOQ groups of Hpm to metal ions is dominant, and the involvement

of 1,5-COOQO groups of Hpm in coordination is unprecedented (Scheme 3.1).

HO O o.—-_0
OH OH
o] o]
o o)
o] OH
"o OH 0" -"o OHo" 0 07 “oH
Hspm in ref 22 Hopm in ref 22 Hpm in ref 22 H3Em in ref 23
oL - O
o]
O OH
HO 0
o
o -0
Hopm in ref 23 Hpm in ref 24 Hpmin ref 24 Hpm in ref 39
0. -_0O o) o
Ho

HO O

o -0 Ho" >0

Hopm in ref 40 Hpm, this work
Scheme 3.1. Versatility of Hjppm, Hspm and Hpm, and their coordination and

hydrogen bonding modes.
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The previously reported copper(ll) complex {{Cdj(H,pm)]:H.O}, may
be a system to be comparable with the present ex2plbut the 1,5-COOH
groups of Hpm rather than 1,5-CO@roups coordinate to copper(ll) ions
their carbonyls in {{Cu(1)(Hopm)]-H20}, [24]. As is usual, the macrocyclic
skeleton in2 retains thdarans Il conformation with two sets of pre-organized
N-H groups which enable to interact withgth anions in the proface through
coordination and intermolecular hydrogen bondstrdauting the formation of
the coordination polymer2. Each COOH group on 2,4-positions is
participating in an intramolecular hydrogen bondhwneighboring COO
groups on 1,5-positions, respectively (Table 3.5).

In conclusion, we have prepared and fully charastdrthe new one-
dimensional macrocyclic zinc(ll) coordination polgni and?2 in which the
macrocyclic ligandL2 contains cis-fused cyclohexane rings. The oxalate
bridge in the complexl shows an unusual twisted bis-monodentate
coordination mode to the zinc(ll) ions. The bridgitigand Hpm in the
complex2 shows the unusual coordination mode to the zinefcrocycle
with the involvement of 1,5-COQather than 1,4-COQn coordination. We
believe that this unusual structures are causdtidynvolvement of complex

inter- and intramolecular hydrogen bonds between Zimc(Il) macrocycle
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‘connectors’ and oxalateddm ‘linkers’ (Fig. 3.1, 3.3 and Table 3.3, 3.5)eth
presence of face-to-fagen interactions of aromatic rings between the 1D
chins in the comple® as well as the enhanced rigidity and steric himckeaof
the macrocyclel2 by the introduction ottis-fused cyclohexane rings and

methyl groups on the 14-membered tetraazamacracycle

Figure 3.3. Molecular structure of {[Zr(2)(H,pm)]-H.O}, (2) with atom-
labeling scheme. Hydrogen atoms other than thogeipating in hydrogen

bonding are omitted for clarity.
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Table 3.4. Selected bond lengths (A) and angRddr

{{Zn(L 2)(Hzpm)}H:0}n (2)

Znl-N1
Zn1-N2
Zn2-N3
Zn2-N4
Znl1-01
Zn2-021
Zn2-N3#2
Zn2-N4#2

N1-Zn1l-N2
N1-Zn1l-N2#1
N1-Zn1l-O1
N1-Zn1-O1#1
N2-Zn1-O1
N3-Zn2-N4
N3-Zn2-021
N4-Zn2-021
N3#2-Zn2-N4
N3#2-Zn2-N4#2
N4#2-Zn2-N4
N3#2-Zn2-021
N4#2-Zn2-021
N3-Zn2-N3#2
N3-Zn2-N4#?2

2.102(4)
2.126(5)
2.263(5)
2.118(5)
2.207(4)
2.170(3)
2.044(5)
2.057(4)

96.34(16)
83.66(16)
89.27(14)
90.73(14)

90.93(15)
89.40(17)

104.61(16)

95.82(16)

84.60(18)

97.49(18)

157.61(7)

96.00(17)

106.07(16)

159.03(7)
80.71(17)

Symmetry transformations used to generate equivatems:

#1 -x+1,-y+1,-z+1 #2 -X+2,-y,-Z



Table 3.5. Hydrogen bonds for {{Zri(2)(H2pm)]-H.0}, (2) (A and °©)

D-H...A

0O5-H5...02
08-H8...021
N1-H1...02
N2-H2...07#3
N3-H3...06#4
N3-H3...021#2
N4-H4...03#2

d(D-H)

0.84
0.84
0.93
0.93
0.93
0.93
0.93

dH...A)

1.59
1.65
2.08
2.13
2.52
2.56
2.01

d(D...A)

2.406(5)
2.432(6)
2.970(6)
3.048(6)
3.370(6)
3.133(6)
2.897(6)

<(DHA)

164.4
153.6
159.1
170.5
151.6
120.5
157.9

Symmetry transformations used to generate equivatems:

#1 -x+1,-y+1,-z+1
#4 x+1y-1,z

#2 -X+2,-y,-2
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Spectroscopic properties and thermal analysi ahd?2

The solid state infrared spectralodind2 gave evidences for the presence of
macrocyclic, oxalate andpm ligands. The IR spectrum dfindicatesvO-H
bands at 3502, 3414¢mvN-H bands at 3232, 3160¢mv,COO0 band at
1568cm', and v.COO band at 1309cf supporting the crystal structure
clearly (Fig. 3.4 (a)). The spectrum Bfcontains avO-H band at 3425cih
vN-H bands at 3240, 3183¢hv.{00 bands from COOH at 3145, 1709tm
v,COO bands from COGat 1587, 1531cih andv.COOband from COQat
1335cm* (Fig. 3.4 (b)).

TGA-DTG curves forl showed a first weight loss of 11.2% (calculated
11.3%) over 35 - 88C with an endothermic processes centered atG30
corresponding to the loss of lattice - water molesu{@n further heating, three
consecutive weight losses were observed in 299 °G8ange with the loss of
oxalate and macrocyclic ligands. Finally, the ZréSidue (observed 15.1%,

calculated 15.3%) was remained above ¥8TFig. 3.5).
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Figure 3.4. Infrared spectra of (a) {{Zh(2)(oxalate)]3.5H,0}, (1) and (b)

{[Zn(L 2)(H2pm)]-H20}x (2) [Nujol mull]
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Figure 3.5. Thermogravimetric analysis of {{Zh@)(oxalate)]3.5H,0}, (1)
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Supplementary material

Crystallographic data have been deposited at themb@idge

Crystallographic Data Center (CCDC), CCDC Nos. @22for 1 and 623391

for 2.
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