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Factors Dictating the Nuclearity/Aggregation and Acetate Coordination Modes
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The reactions of Zn(OAc), - 2H,0 with various positional isomers of lutidine were explored with a view to understand
the factors responsible for the nuclearity/aggregation and acetate coordination modes of the products. The reactions of
Zn(0Ac), - 2H,0 with 3,5-lutidine, 2,3-lutidine, 2,4-lutidine, and 3,4-lutidine in a 1:1 ratio in methanol at ambient
temperature afforded three discrete trinuclear complexes [Zns(OAC)(uz-17%:1"-OAC)x(uo-n" 7" -OAC)o(Hz0)(3,5-
lutidine)] (1), [Zns(uz-n":n'-0AC)4(uz-*:n°-0Ac),L,] [L = 2,3-lutidine (2) and 2,4-lutidine (3)], and a one-
dimensional coordination polymer [Zn(OAc)(uo-n":77'-OAc)(3,4-lutidine)] (4) in 93, 79, 81, and 94% yields,
respectively. Complexes 1—4 were characterized by microanalytical, IR, solution ('H and '*C), and solid-state
cross-polarization magic angle spinning "C NMR spectroscopic techniques and single-crystal X-ray diffraction data.
Complex 1 is unique in that it contains three types of acetate coordination modes, namely, monodentate, bridging
bidentate, and asymmetric chelating bridging. Variable-temperature 'H NMR data indicated that complex 1 partially
dissociates in solution, and the remaining undissociated 1 undergoes a rapid “carboxylate shift” even at 218 K. The
plausible mechanism of formation of complexes 1—4 was explained with the aid of a point zero charge (pzc) model,
according to which the nuclearity/aggregation observed in complexes 1—4 depends upon the number and nature of
equilibrating species formed upon dissolution of the reactants in methanol, and these in turn depend upon the subtle
basic/steric properties of lutidines. Further, noncovalent interactions play a crucial role in determining the nuclearity/
aggregation and acetate coordination modes of the products.

Introduction

Lewis base coordinated zinc(II) carboxylate complexes are
an important class of coordination compounds due to their
relevance as structural and functional models for biologically
important metalloenzymes,' as Lewis acid catalysts for the
copolymerization of cyclohexene oxide and carbon dioxide to
afford polycarbonates,” and as useful precursors for nano-
sized ZnO.? Further, complex frameworks present in some of
the Lewis base coordinated zinc(II) carboxylate complexes
are frequently observed as a fundamental building blocks or
secondary building units in zinc(IT) carboxylate based metal
organic frameworks (MOFs).* Anionic carboxylates are
highly flexible and versatile O-donor ligands in that a range
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of substituents may be introduced on the carbonyl carbon to
modulate its reactivity and coordination propensity to result
in a variety of coordination modes such as monodentate,
chelating, bidentate bridging, monoatomic bridging, and
chelating bridging, as depicted in Figure 1.
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Figure 1. Various carboxylate coordination modes.

Lewis base coordinated zinc(II) carboxylate complexes in
solution are labile partly because of a closed-shell d'° con
figuration and partly because of the ability of the carboxylate
moiety to flip from one coordination mode to the other
through a relatively less energetic “carboxylate shift” path-
way illustrated in Figure 2. The carboxylate shift has im-
portant implications for metalloenzymes in understanding
their catalytic activities.”’

In the literature, Lewis base coordinated zinc(II) carboxy-
late complexes were prepared by (i) a condensation reaction
involvin% zinc(Il) carboxylate and the appropriate Lewis
base'®"!> and (ii) a metathetical reaction involving zinc(II)
salts with the salts of the corresPonding carboxylic acid in
the presence of a Lewis base.'®™>° The aforementioned
routes were shown to afford a variety of discrete complexes
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with varying numbers of zinc as well as a coordination
polymer depending upon the nature of the reactants, their
ratio, Lewis base, and other reaction conditions. It was
shown that subtle factors such as the nature of solvents used
for crystallization and temperature also influence the nucle-
arity of the Lewis base coordinated zinc(II) acetate com-
plexes.'”

We wanted to understand the plausible mechanism of
formation of Lewis base coordinated zinc(Il) carboxylate
complexes from their respective precursors in solution fol-
lowing the condensation route mentioned in the preceding
paragraph, and hence Zn(OAc),-2H,0 was treated with
3,5-lutidine (pK, = 6.15), 2,3-lutidine (pK, = 6.57), 2,4-lutidine
(pK, = 6.99), and 3.4-lutidine (pK, = 6.46)*' ina 1:1 molar
ratio in methanol under identical reaction conditions. From
these reactions, three discrete trinuclear complexes, namely,
[Zn3(OAC) (uz-"n' OAC)z(ﬂz 77 ' OAC)z(H20)2(3 5-luti-
dine)] (1) and [Zns(ua-n':n'-OAC)s(uz-n*:n°-OAc), L,
[L = 2,3-lutidine (2) and 2,4-lutidine (3)], and a one-
dimensional coordination polymer, [Zn(OAc)(u-1":"-
OAc)(3.4-1utidine)] (4),>> were isolated and structurally
characterized. A plausible mechanism for the formation
of complexes 1—4 is also presented.
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Experimental Section

Full experimental details pertinent to materials and meth-
ods can be found in the Supporting Information. Complexes
1—4 were prepared by a similar procedure, and a typical
experimental procedure is described below for complex 1. The
reported yields of complexes 1—4 are based on Zn-
(OAC)2 . 2H20

[Zn3(OAC)2(u2-n”:n"-OAC)(42-n":7"-OAc),(H,0),(3,5-
lutidine),] (1). Zn(OAc),-2H,0 (500 mg, 2.28 mmol) was dis-
solved in methanol (20 mL). To the aforementioned solution
was added 3,5-lutidine (250 mg, 2.33 mmol) in methanol (SmL).
The homogeneous mixture was stirred at room temperature for
12 h, concentrated under a vacuum to ~5 mL, and the solution
left at room temperature to afford colorless crystals. Crystals
were separated and washed with cold n-hexane to afford com-
plex 1 in 93% yield (570 mg, 0.71 mmol). Crystals suitable for
X-ray diffraction data were obtained from methanol at room
temperature over the period of a week. FT-IR data (KBr, cm™'):
3402 (br) for »(H,O); 1601 (br, vs), 1577 (sh), 1571 (sh) for
Vasym(OCO); and 1421 (br, s), 1396 (sh) for vsm(OCO). 'H
NMR (CDCl;, 300 MHz, 6 ppm): 2.07 (s, 18H, OC(O)CH3),
2.37 (s, 12H, NCsH3(CHs3),-3,5), 2.95 (s, 4H, H,0), 7.55 (s, 2H,

(21) CRC Handbook of Chemistry and Physics, 81st ed.; Lide, D. R., Ed.;
CRC Press: New York, 2000/2001; Section 8.

(22) We prefer not to use n or  in representing coordination polymer 4.
This issue was discussed in detail in the following reference: Biradha, K.;

Ramanan, A.; Vittal, J. | . 2009, 9, 2969.
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Figure 2. “Carboxylate shift” process.

4H NCsH;3(CH;),-3,5, 8.33 (s, 4H, 2H & 6H NCsH;(CHj3),-
3,5). 3C NMR (CDCl,, 75.5 MHz, é ppm): 18.0, 22.4 (CH;),
134.4, 140.5, 146.3 (NCsH;(CHj;),-3.5), 179.7 (OC(O)CH3).
Solid-state CPMAS '*C NMR (75.5 MHz, 6 ppm): 17.7, 19.0,
22.1,24.2 (CH3), 133.6, 141.0, 145.7 (NCsH3(CH3),-3,5), 177.2,
180.3 (OC(O)CH3). MS (TOF, ES™): m/z 801 [M]* (11%), 587
[LyZn,(OAc), + Lil* (18%), 560 [LZny(OAc)4(H,0) + Na +
K]" (13%), 456 [L,Zn(OAc)>,(H,O), + Na]® (19%), 418
[L,Zn(OAc),(H-O)]* (36%), 388 [LZn(OAc)>(H,0), + Na +
K] (38%), 342 [LZn(OAc),(H,0), + 2 LiJt (42%), 271
[Zn(OAc)>(H,0), + K + 2 Li]* (26%), 242 [Zn(OAc),(H,0),
+ Na]" (100%). Anal. Calcd for C,gH49N,O,4Zn;5: C, 39.00; H,
5.03; N, 3.50. Found: C, 38.79; H, 5.01; N, 3.46%.

[Zn3(ﬂ2-1]1:1]1-OAc)4(ﬂ2-1]2:1]0-0Ac);(2,3-lutidine)z] (2).
Yield: 79% (460 mg, 0.60 mmol). FT-IR data (KBr, cm'):
1637 (s), 1597 (vs) for v,4ym(OCO); 1436 (vs), 1408 (s), and 1390
(sh) for v4,m(OCO). "H NMR (CDCls, 300 MHz, 6 ppm): 2.11
(s, 18H, OC(O)CH3), 2.36, 2.59 (each s, 12H, NCsHs-
(CH;3),—2,3), 7.24 (t, 2H, 5H NCsH5(CH3),-2,3, Jyg = 6.3
Hz), 7.63 (d, 2H, 4H NCsH5(CH3),-2,3, Jun = 7.5 Hz), 8.46 (d,
2H, 6H NCsH5(CH3)>-2,3, Jyyg = 5.1 Hz). *C NMR (CDCl;,
75.5 MHz, 6 ppm): 19.4, 21.8, 23.0 (CH3), 122.2, 133.5, 139.8,
146.3, 157.4 (NCsH3(CHs),-2,3), 180.4 (OC(O)CH3). Solid-
state CPMAS '*C NMR data (75.5 MHz, 6 ppm): 18.4, 20.7,
22.2, 23.8, 24.3 (CHjy), 122.9, 133.3, 141.6, 1459, 1574
(NCsH3(CH;),-2,3), 176.6, 178.4 (OC(O)CH3). MS (TOF,
ES™): m/z 765 [M]t (4%), 609 [L,Zn»(OAc); + Na + Li]*
(3%), 532 [LZny(OAc)4(H,0) + K]" (9%), 455 [L,Zn-
(OAc),(H,0), + Na]t (11%), 360 [LZn(OAc)>(H,0) + K + 2
Li]" (22%), 317 [LZn(OAc),(H,O) + 2 Li]* (100%). Anal.
Calcd for C26H3(,Nzo|zzn3i C, 4083, H, 474, N, 3.66. Found:
C,40.61; H, 4.76; N, 3.42%. Crystals suitable for X-ray diffrac-
tion data were grown from a methanol/diethyl ether mixture at
room temperature over two days.

[Zn3(u2-n" 5" -OAC)4(2-7*:°-OAc)(2,4-lutidine),] (3).
Yield: 81% (470 mg, 0.61 mmol). FT-IR data (KBr, cm '):
1636 (vs), 1624 (vs) for v,4ym(OCO); 1421 (s) for v4ym(OCO).
'"H NMR (CDCl;, 300 MHz, ¢ ppm): 2.10 (s, 18H, OC-
(O)CH3), 2.40, 2.61 (each s, 12H, NCsH3(CH;),-2,4), 7.12
(d, 2H, 5HNC5H3(CH3)2-2,4, JHH =54 HZ), 7.15 (S, 2H, 3H
NCsH3(CH3),-2,4), 8.45 (d, 2H, 6H NCsH;(CHj3),-2.4,
Jun = 5.4 Hz). C NMR (CDCls, 75.5 MHz, 6 ppm): 21.0,
22.8,23.2(CH;), 122.9,126.1, 148.2,151.5, 158.0 (NCsH3(CHj3),-
2,4), 180.0 (OC(O)CHj;). Solid-state CPMAS '>C NMR (75.5
MHz, ¢ ppm): 21.0, 23.5 (CHs3), 124.3, 127.5, 147.6, 153.6, 158.7
(NCsH3(CHj3),-2,4), 177.5,178.6 (OC(O)CH3). MS (TOF, ES™):
mjz 764 [M]* (27%), 451 [L,Zn(OAc),(H,0);]" (31%), 410
[LZn(OAc)»(H>0), + 2K + Li]* (15%), 317 [LZn(OAc),(H,0)
+ Li]" (10%), 275 [Zn(OAc)>(H,0); + Na + 2 Li]* (57%), 243
[Zn(OAc),(H,0), + Na]™ (44%), 215 [Zn(OAc), + Na + Li]*
(48%). Anal. Calcd for CosH36N,01,Zn3: C, 40.83; H, 4.74; N,
3.66. Found: C, 40.50; H, 4.78; N, 3.61%. Crystals suitable for
X-ray diffraction data were grown from a methanol/diethyl ether
mixture at room temperature over two days.
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[Zn(OAc)(u-n":n'-OAc)(3,4-lutidine)] (4). Yield: 94% (620
mg, 2.14mmol). FT-IR data (KBr,cm™"): 1571 (s), 1557 (sh) for
Vasym(OCO); 1414 (sh), 1395 (vs) for v4,(OCO). '"H NMR
(CDCl3, 300 MHz, 6 ppm): 2.06 (s, 6H, OC(O)CHj;), 2.30,
2.34 (each s, 6H, NCsH;3(CH3),-3,4), 7.24 (d, 1H, SH NCsH;-
(CH3)»-3,4, Juun = 5.4 Hz), 8.43 (d, 1H, 6 H NCsH;3(CHj3),-3.4,
Jun = 4.8 Hz), 8.44 (s, 1H, 2H NCsH5(CH3)>-3,4). '*C NMR
(CDCls, 75.5 MHz, 6 ppm): 16.4, 19.3,22.6 (CH3), 125.7, 134.0,
146.5, 148.7, 150.2 (NCsH;3(CHj3),-3,4), 179.9 (OC(O)CH3).
Solid-state CPMAS '*C NMR (75.5 MHz, 6 ppm): 15.9, 22.5
(CH3), 126.0, 133.8, 146.1, 150.3, 152.1 (NCsH3(CHj3),-3.4),
177.3, 183.0 (OC(O)CHj;). Anal. Caled for C; HsNO4Zn: C,
45.46; H, 5.20; N, 4.82. Found: C, 45.26; H, 5.11; N, 4.78%.
Crystals suitable for X-ray diffraction data were grown by
diffusing n-hexane over a CH,Cl, solution of 4 at room tem-
perature over two days.

The reaction of Zn(OAc),-2H,0 (500 mg, 2.28 mmol) with
2,6-lutidine (250 mg, 2.33 mmol) in methanol (25 mL) under
conditions identical to those mentioned for complex 1 afforded
no new product, as revealed by '"H NMR spectroscopy.

Crystal Structure Determination. X-ray diffraction studies of
suitably sized crystals mounted on a capillary were carried out
on a BRUKER AXS SMART-APEX diffractometer with a
CCD area detector (Mo Ka, 0.71073 A, graphite mono-
chromator).?® Frames were collected at 298 K by w, ¢, and 26
rotation at 10 s per frame with SMART.>® The measured
intensities were reduced to F* and corrected for absorption with
SADABS.* Structure solution, refinement, and data output
were carried out with the SHELXTL program.>® Non-hydrogen
atoms were refined anisotropically. C—H hydrogen atoms were
placed in geometrically calculated positions by using a riding
model. O—H hydrogen atoms were located in a difference
Fourier map and refined isotropically by fixing the observed
position in subsequent refinement cycles. Images were created
with the Diamond program.?® Hydrogen-bonding interactions
in the crystal lattice were calculated with SHELXTL.? The
X-ray crystallographic parameters, details of data collection,
and structure refinement are presented in Table 1.

Results and Discussion

Zn(OAc),-2H,0 was treated with 3,5-lutidine, 2,3-luti-
dine, 2.4-lutidine, and 3.,4-lutidine in a 1:1 molar ratio in
methanol under identical conditions to obtain the lutidine
coordinated zinc(IT)acetate complexes and to understand the
plausible mechanism of formation of the products. Further,
the structural information obtained for the products was
anticipated to shed light on the “carboxylate shift” concept.
From the aforementioned reactions, three discrete trinuclear
complexes 1—3 and a one-dimensional coordination polymer
4 were isolated in 93, 79, 81, and 94% yields, respectively.

Crystal and Molecular Structures of Complexes 1—4.
The molecular structures of complexes 1—4 were deter-
mined by single-crystal X-ray diffraction data. The OR-
TEP representations of complexes 1—4 with the atom
labeling scheme are shown in Figures 3—6, respectively.
Selected bond parameters for complexes 1—4 are listed in
Tables 2—4. Complex 1 consists of a linear trinuclear
Zn(I1) unit with the central Zn(II) residing on a crystal-
lographic inversion center and is coordinated to the

(23) SMART: Bruker Molecular Analysis Research Tool, version 5.0;
Bruker Analytical X-ray Systems: Madison, W1, 2000.

(24) SAINT-NT, version 6.04; Bruker Analytical X-ray Systems: Madison,
WI, 2001.

(25) Sheldrick, G. M. SHELXTL-NT, Version 6.12, Reference Manual;
Bruker-AXS: Madison, WI.

(26) Klaus, B. DIAMOND, version 3.0 c; University of Bonn: Bonn,
Germany, 2004.
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Figure 3. An ORTEP representation of complex 1 at the 50% probability level. Hydrogen atoms omitted for clarity.

Figure 4. An ORTEP representation of complex 2 at the 50% probability level. Hydrogen atoms omitted for clarity.

Table 1. Crystallographic and Experimental Data for Complexes 1—4
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1 2 3 4
formula Cy6HyoN2O14Zn3 Cy6H36N,0127Zn3 Cy6H36N>012Zn3 C;1HsNO4Zn
fw 800.77 764.74 764.74 290.64
cryst syst triclinic triclinic triclinic monoclinic
space group Pl PT Pl P2y/c
a(A) 8.037(2) 7.677(4) 8.114(6) 7.9956(11)
b(A) 8.072(2) 10.114(6) 8.595(7) 8.4047(12)
c(A) 14.774(4) 11.599(6) 2.566(10) 19.580(3)

o (deg) 97.196(5) 69.651(9) 109.914(8) 90.00

f (deg) 95.077(5) 74.983(8) 97.534(2) 99.392(3)

y (deg) 116.266(4) 72.43009) 96.222(5) 90.00

vol (A%) 838.6(4) 749.3(8) 804.7(11) 1298.6(3)

zZ 1 1 1 4

density (caled), g cm > 1.586 1.599 1.578 1.487

T (K) ) 298(2) 298(2) 298(2) 298(2)

A(Mo Ko (A) 0.71073 0.71073 0.71073 0.71073
u(Mo Ka) (cm™) 2.194 2.308 2.278 1.893

Ry, Rwo[I > 20(D]" 0.0374, 0.0870 0.0400, 0.1404 0.0629, 0.1283 0.0581, 0.1398
Ry, Ry (all data)” 0.0443, 0.0838 0.0574, 0.1207 0.0779, 0.1350 0.0668, 0.1447

“Ri = YNE,| = [FU[SIF s wRy = [ W(Fo| — [Fl)/SowlFo 12

adjacent pair of centrosymmetrically related Zn(II) by
syn—syn bidentate bridging and asymmetric chelating
bridging acetate moieties. The remaining two coordina-
tion sites on the central Zn(II) are occupied by two water
molecules to afford an octahedral geometry, whereas
those on the terminal Zn(II) are occupied by a mono-
dentate acetate and a 3,5-lutidine, affording a severely
distorted trigonal bipyramidal geometry. The Zn2—07,
2.483(2) A, distance is significantly longer than the

remaining Zn—O bonds around the terminal zincs that
vary over 1.946(2)—2.012(2) A. Further, the C(12)—0(7),
1.229(3) A, distance is shorter than the C(12)—0(6),
1.296(3) A, distance, indicating an asymmetric chelating
bridging acetate coordination mode. The metrical para-
meters around the terminal zincs in 1 compare well with
one of the terminal zincs in the MOF {[Zn3(1,4-BDC);-
(DEF),]-DEF} (1,4-BDC = 1,4—benzene dicarboxylate;
DEF = diethylformamide).*¢ Complex 1 is unique in that
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Figure 5. An ORTEP representation of complex 3 at the 50% probability level. Hydrogen atoms omitted for clarity.

Figure 6. View of the ID helical chain of complex 4 at the 50%
probability level running along the b axis. Hydrogen atoms omitted for
clarity.

Table 2. Sclected Bond Lengths (A) and Bond Angles (deg) for Complex 1

Zn1—04 2.065(2) Zn2-03 1.976(2)
Zn1—-05 2.094(2) Zn2-06 2.012(2)
Zn1—-06 2.180(2) Zn2-07 2.483(2)
Zn2-01 1.946(2) Zn2—N1 2.076(2)
04—Zn1-05 90.80(8) 03—Zn2—N1 96.93(9)
04—Zn1—06 92.13(7) 06—Zn2—N1 120.99(8)
05-Zn1—06 92.00(7) 07-Zn2-N1 87.50(8)
06—Zn1—-06' 180.00(1) 01-Zn2—07 96.34(9)
01-Zn2-03 106.3(1) 03-Zn2-07 155.86(8)
01- Zn2—-06 127.42(8) 06—Zn2—07 56.74(7)
03-Zn2—06 101.58(8) N1-Zn2-07 87.50(8)
01-Zn2—N1 98.88(8)

Table 3. Selected Bond Lengths (A) and Bond Angles (deg) for Complexes 2 and 3

2 3 2 3
Zn1-01 1.961(3)  1.958(3) Zn2—02 2.0703)  2.085(3)
Znl-03 1.9403)  1.953(3) Zn2—04 2.1103)  2.045(3)
Zn1-05 1.980(3)  1.962(3) Zn2—05 2.156(2)  2.152(3)
Zn1—NI1 2.0253)  2.026(4)

03-Zn1—01 107.4(1)
03-Zn1-05 109.2(1)

115.2(1)  02-Zn2-04 92.8(1)  86.3(1)
102.8(1) 02-Zn2—-04' 87.2(1)  93.7(1)
0O1-Zn1—05 102.1(1)  100.8(1) 04—Zn2—04 180.00(1) 180.0(1)
03-Znl-N1 118.8(1) 100.02) 02-Zn2-05 89.9(1)  90.4(1)
01-Znl-N1 97.7(1)  98.6(1) 02-Zn2—05' 90.1(1)  89.6(1)
05-Znl-N1 118.7(1)  140.0(1) 04-Zn2-05 89.8(1)  89.8(1)
02-Zn2—02 180.00(1) 180.00(1)

it contains three types of acetate coordination
modes, namely, monodentate, bridging bidentate, and
asymmetric chelating bridging. We are aware that

Table 4. Selected Bond Lengths (A) and Bond Angles (deg) for Complex 4

Znl-NI1 2.052(3) Zn1-02 1.994(3)
Znl—01 1.971(2) Zn1-03 1.941(3)
N1-Zn1-01 105.8(1) 03-Zn1-02 135.7(1)
N1-Zn1-03 98.7(1) 02-Zn1-0l 95.2(1)

Table 5. Significant Hydrogen Bond Parameters (Interatomic Distances in Aand
Bond Angles in deg) found in the Crystal Lattice of Complex 1

D-H---A D-H H---A D---A D-H---A
05—H5C---02 0.82 1.98 2.73 152
O5—H5B---02¢ 0.82 2.04 2.83 162
C6—H6B- - -07 0.96 2.64 3.59 170
C3-H3---0l 0.93 2.72 3.52 145

“Symmetry code: 1 —x, 1 —y, 1 —z.

(MesN)[Nb,Cly(tht)(ua-17:1'-OAC) 10" :17'-OAc) (t>-
n'm'-OAc),] (tht = tetrahydrothiophene) is the only
other complex known to possess three different acetate
coordination modes.?’

Significant hydrogen-bond parameters observed in
complex 1 are listed in Table 5. Two water molecules on
the central Zn(II) in 1 act as a hydrogen-bond donor to
the carbonyl oxygen of the monodentate acetate within
the molecule (intramolecular hydrogen bonding) and the
carbonyl oxygen of the monodentate acetate in the inver-
sion related adjacent molecule (intermolecular hydrogen
bonding) and thus form an eight-membered ring (R4 (8),
Figure 7). In addition, the O7 atom of the asymmetric
chelating bridging acetate is involved in C—H-:-O
hydrogen bonding with one of the hydrogen atoms bonded
to C6 while O1 of monodentate acetate is involved in the
second C—H- - -O hydrogen bond with the p-hydrogen of
the 3,5-lutidine in the inversion related adjacent molecule.
The aforementioned hydrogen-bonding network grows
along the hc plane to afford a two-dimensional sheet, as
depicted in Figure 7. The two-dimensional sheet is further
strengthened by an offset ;7-stacking interaction between
3,5-lutidine in the reference molecule and that in the
inversion related adjacent molecule with a centroid-to-
centroid distance of 3.54 A. The centroid-to-centroid
distance in 1 is in a range anticipated for the 7---7
distance between pyridine-type aromatics (3.4—3.8 A).%’
We believe that the noncovalent interactions in the crystal

(27) Cotton, F. A.; Diebold, M. P.; Matusz, M.; Roth, W. |l
Acrg 1986, 112, 147.
(28) Bernstein, J.; Davis, R. E.; Shimoni, L.; Chang, N.-L. s
. 1995, 34,1555,

PR,
29) Janiak, C. | NS . 2000, 3855.
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lattice could have stabilized complex 1 in the shown
framework.

Complexes 2 and 3 possess a cage framework, and this
framework resembles that reported for [Zns(us-17':'-
0,CR)4(u-7*7°-0sCR):La] [R/L: Me/py (I),'” MeCH=
CH/quinoline (II),'*® and Ph/nicotinamide (III)"].

Figure 7. Packing diagram showing both O—H---O and C—H---O
hydrogen bonding in complex 1.
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The values of metrical parameters 4, B, D, a, f3, v, and
0 associated with the geometry of a monoatomic bridging
acetate in trinuclear complexes 1—3 and I—III are listed in
Table 6 to gain insight concerning the “carboxylate shift”
concept.’” The values of 4 and B in complex 1 are slightly
longer than those observed in I, 2, and 3. The value of D is
significantly shorter, but the value of Zn- - - Zn is signifi-
cantly longer in 1 than those observed in I, 2, and 3.
Complex 1 differs from complexes I, 2, and 3 in that it
only contains one bidentate bridging acetate whereas
complexes I, 2, and 3 each contain two. Thus, the
observed variations in Zn- - -Zn separation and D may
be the result of the second bridging acetate versus the
basicity/sterics of the Lewis base. The values of y and 6
are higher, but the value of 3 is smaller in complex 1 than
those found in I, 2, and 3. These structural features
suggest that either less basic L or more basic and more
sterically hindered L shifts the acetate coordination mode
from asymmetric chelating bridging to monoatomic brid-
ging (see Figure 2).

No meaningful trend concerning the “carboxylate
shift” concept emerged upon comparison of the structural
parameters of I with those of II and III, perhaps owing to
the complexity associated with subtle electronic/steric
properties of the Lewis bases and the carboxylate moieties
as well as noncovalent interactions in the crystal lattice. In
fact, complex I is devoid of noncovalent interactions,
whereas II and III are shown to possess intermolecular
C—H---O/n-+-m and N—H---O/C—H---O interac-
tions, respectively, in the crystal lattice.

Lippard and co-workers compared the values of the
parameters indicated in Table 6 for the structurally
analogous Lewis base coordinated diiron tetracarboxy-
late complexes and concluded that changing either the
steric bulk of the carboxylate subsituent or the basicity of
the Lewis base shifted the carboxylate coordination mode

Table 6. Comparison of Metrical Parameters Associated with Monoatomic Bridging Acetate in Complexes 1—3 and I-III (Interatomic Distances in A and Bond

Angles in deg)
Znnon(interacting) 2'nint(eracting)l
7N ZN—
1 2 3 I 11 I
A 2.180(2) 2.155(2) 2.152(3) 2.130(3) 2.177(2) 2.201(1)
B 2.012(2) 1.980(3) 1.962(3) 1.951(3) 1.954(2) 1.996(1)
D 2.482(2) 2.793(2) 2.790(2) 2.781(3) 2.752(3) 2.780(1)
Zn---Zn 3.626(1) 3.280(2) 3.290(2) 3.233(1) 3.264(2) 3.1845(2)
C-0, 1.296(3) 1.303(4) 1.290(5) 1.289(5) 1.306(3) 1.306(3)
C—0y4 1.229(3) 1.209(5) 1.220(5) 1.211(5) 1.219(3) 1.228(2)
0,—C—04 118.9(3) 121.3(4) 120.1(4) 121.2(4) 120.8(3) 121.12)
o 137.8(1) 133.3(2) 139.8(3) 137.22) 133.8(2) 126.4(1)
B 102.2(1) 112.0(2) 113.6(3) 112.8(2) 111.4(2) 109.4(1)
y 82.0(2) 75.3(3) 75.3(3) 74.7(2) 75.5(1) 74.7(1)
t=a—pf 35.6 21.3 26.2 24.4 22.4 17.0
0 119.8(1) 104.9(1) 106.1(1) 104.7(1) 104.2(1) 98.6(1)
N—Zn—0, 121.0(1) 118.8(1) 140.0(1) 130.7(1) 130.4 (1) 118.8(1)
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Synd-lotacﬂc Isotactic

Figure 8. Space fill models for complexes 4 (left) and IV (right).

from monoatomic bridging to syn—syn bidentate brid-
ging.” Further, the Lewis base coordinated metal carbox-
ylates were classified into three classes depending upon
the values of the parameters listed in Table 6.” According
to this classification, complexes 2 and 3 belong to class I,
whereas complex 1 belongs to the first structurally char-
acterized class II zinc(II) carboxylate complex. Both
complexes 2 and 3 are stabilized by C—H- - -O hydro-
gen-bonding interactions in the crystal lattice (see the
Supporting Information).

In complex 4, the Zn(II) is tetrahedrally surrounded
by a 3,4-lutidine, O(3) of the monodentate acetate, O(2)
of the syn—anti bridging acetate, and O(1) of the
syn—anti bridging acetate from the next repeating unit
of the polymer related by a screw axis (1 — X, 1/2 +y,1/2
— 7 see Figure 6). In the related [Zn(,u] 7' -OAc)(us-
n'n'-OAc)py] (IV),'° the Zn(II) is surrounded by a

pyridine, two syn—anti bridging acetates, and an asym-
metric chelating acetate and is thus five-coordinated.
The nonbonded Zn- - - Zn separations within the repeat-
ing unit and between the repeating units in IV are 4.687
and 4.552 A, and these distances are longer than that
observed for complex 4 (4.415(1) A) Another notable
difference between 4 and IV is that the 3,4-lutidine in
complex 4 is situated on the opposite side of the growing
polymer and thus renders a syndiotactic stereochemistry,
whereas pyridine is placed on the same side of the
growing polymer giving an isotactic arrangement for
1V, as shown in Figure 8. We believe that the aforemen-
tioned structural differences arise due to the difference in
the steric and basic properties of Lewis bases. The
topology of the polymer in 4 resembles that reported
for [Zn(cinn),(mpcm)] (cinn = cinnamato, mpem =
methyl-3-pyridylcarbamate) (V).? However, the non-
bonded Zn---Zn separatlon 4.415(1) A, and Zn— Oy4
distance, 2.729(4) A,indare shorter than those reported
for V[4.7750(3) and 3. 141(2)A respectively].? Complex
4 is stabilized by C—H---O hydrogen bonding in
the crystal lattice (see the Supporting Information).
The nuclearity/aggregation and acetate coordination
modes in complexes 1—4 thus appear to depend upon
the subtle basic/steric properties of lutidine versus
noncovalent interactions formed during the synthesis
of the products.

Kumar et al.

Spectroscopic Properties of Complexes 1—4. IR spec-
troscopy is one of the useful techniques used to assign the
carboxylate coordination modes, and the following trend
is generally accepted as a guldelme to differentiate various
carboxylate coordination modes.>

AV = Vm(0CO) —v4yn (OCO)

Av chelating < Av bridging < Av ionic
< Av monodentate

More precisely, comparison of the Av value of the
respective carboxylate complexes with the Av value of
the sodium salt of the same carboxylate should be used as
a guideline in assigning the carboxylate coordination
modes. Accordingly, (i) the chelating coordination mode
occurs when Av of the studied complex < Av of the
sodium salt; (i1) the bidentate bridging coordination
mode occurs when Av of the studied complex < Av of
the sodium salt, and (iii) the monodentate coordination
mode exists when Av of the studied complex > Av of the
sodium salt, >3

The IR spectrum of complex 1 revealed an intense broad
band at 3402 cm ™', indicating the presence of coordinated
water molecules in the crystal lattice. Further, complex 1
revealed an intense band at 1601 cm ™' with two shoulders
at 1577 and 1571 cm” ! for Vasym(OCO) and an intense band
at 1421 cm™ ' with a shoulder at 1396 cm ™! for Voym(OCO).
The Av = 205 cm ™! value of complex 1 is hlgher than that
reported for sodium acetate (Av = 164 cm™')*! and thus
indicates a monodentate acetate coordination mode, and
we assign the Av = 175 cm™ ! value for syn—syn bidentate
bridging and the Av = 156 cm™ ! value for asymmetric
chelating brid%ing Complex 2 revealed two bands at 1637
and 1597 cm™ " assignable for vagym(OCO) and three bands
at 1436, 1408, and 1390 cm™' assignable for Veym(OCO),
whereas complex 3 revealed two bands at 1636 and
1624 cm™ ! assignable for Vasym(OCO) and a band at
1421 cm™" assignable for Voym(OCO). Thus, the Av =
189 and 161 cm™' values for complex 2 and Av = 215
cm™ ! value for complex 3 correspond to syn—syn bidentate
bridging, whereas the Av = 247 cm™ ! value for complex 2
and Av = 203 cm ™' value for complex 3 correspond to
monoatomic bridging. The IR spectrum of complex 4
revealed two bands at 1571 and 1557 cm™ ass1gnable to
Vasym(OCO) and two bands at 1414 and 1395ecm™ a351gn-
able to v4ym(OCO). The Av = 176 cm ™~ ! value for the first
pair indicates a monodentate acetate coordination mode,
and the Av = 143 cm™ ' value for the second pair indicates a
syn—anti bidentate bridging coordination mode.

Tasumi et al. suggested an empirical equation (eq 1)
that relates Av.,c.q With metrical parameters or and
foco obtained from single-crystal X-ray diffraction
data:*?

Aveaiea = 1818.187 + 16.47(6oco —120) + 66.8... (1)

(30) (a) Zelendk, V.; Vargovd, Z.; Gyoryova, K. | NN R
A 2007, 66, 262. (b) Nakamoto, K. Infra-red and Raman Spectra of Inorganic
and Coordination Compounds, 5th ed.; Wiley: New York, 1997.

(31) Ito, K.; Bernstein, H. J. gusiinbmiaksi 1956, 34, 170.

(32) Nara, M.; Torii, H.; Tasumi, M. sl 1996, 700, 19812.
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Table 7. Av,eq and Avey, Values and Coordination Modes in Complexes 1—4

AVeiod (AVeyp) (cm™") coordination mode

1 204 (205) monodentate
170 (156) asymmetric chelating bridging
177 (175) syn—syn bidentate bridging

2 204 (189), 196 (161) syn—syn bidentate bridging
259 (247) monoatomic bridging

3 220 (215) syn—syn bidentate bridging
196 (203) monoatomic bridging

4 105 (143) syn—anti bidentate bridging
173 (176) monodentate

where Or is the difference between the two C—O bond
lengths (in angstroms) and foco is the OCO angle (in
degrees). Ishioka et al. applied ec}1 1 to anhydrous Zn-
(OAc), and Zn(OAc),-2H-0,*® and subsequently
Zelendk et al. applied eq 1 to several Lewis base
coordinated zinc(II) carboxylates bearing distinct car-
boxylate coordination modes to better interpret Av
values in these compounds.*** In Table 7, we compared
the values of Avgeq obtained from eq 1 with Avgy,
obtained from the IR spectra of complexes 1—4. There
is fairly good agreement between the Avg,icq and Avey,
values for the monodentate acetate coordination mode
in complexes 1 and 4, the asymmetric chelating bridging
mode in complex 1, the monoatomic bridging mode in
complexes 2 and 3, the syn—syn bidentate bridging
mode in complexes 1 and 3, and one of the syn—syn
bidentate bridging coordination modes in 2. However,
there is a significant deviation between Agueq and Acy,
values for the syn—anti bidentate bridging mode in com-
plex 4 and one of the syn—syn bidentate bridging modes in
complex 2 perhaps due to cage deformation.’*
Complex 1 possesses three types of acetate binding
modes, whereas complexes 2—4 possess two. 'H and '*C
NMR spectra of complexes 1—4, however, revealed
only a singlet for the acetate CH; protons and two
singlets for OC(O)CHj5 carbon nuclei. The simple 'H
and '"*C NMR spectral pattern observed for complexes
1—4 may be ascribed to the labile nature of both Zn(II)
(due to d'® electronic configuration)'™** and acetate
ligands, thus making these complexes highly fluxional
in solution at ambient temperature. Lewis base coordi-
nated Zn(IT) carboxylate complexes are known for their
fluxional behavior due to the “carboxylate shift” pro-
cess that occurs at a rate faster than the NMR time scale.
Demsar and co-workers showed that the bidentate
bridging and monoatomic bridging acetatesin the tetra-
nuclear [Zng(bdmap)s(ur-7*:n°"-OAc)>(ur-1":n'-OAc)4]
(Hbdmap: 1,3-bis(dimethylamino)-2-propanol) were in-
distinguishable by "H NMR spectroscopy at ambient
temperatures but distinguishable at 212 K.*> Complex 1
was, therefore, subjected to a variable-temperature (VT)
"H NMR spectroscopic study in THF-ds at 298, 278, 258,
238, and 218 K to identify three types of acetate CH;
protons, and the resulting stack plot in the 0.0—4.0 ppm
region is depicted in Figure 9. As can be seen, the 'H
NMR spectrum of complex 1 revealed a broad peak

(33) Ishioka, T.; Shibata, Y.; Takahashi, M.; Kanesaka, I.; Kitagawa, Y.;
Nakamura, K. T. 1998, 54, 1827.

(34) Vahrenkamp, H. . 2007, 4751.

(35) Demsar, A.; Kosmrlj, J.; Petricek, S. oy 2002, /24,
3951.
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Figure 9. VT '"H NMR spectrum of complex 1 in THF-dg at tempera-
tures indicated suggesting partial dissociation of the sample and a rapid
“carboxylate shift” process.

at oy = 1.83 ppm for OC(O)CH; protons at 298 K, but
this peak decoalesces into three separate peaks at oy =
1.52,1.86, and 1.96 ppm in a ~1.00:7.45:1.70 ratio at 238
K. The THF-dg solution of 1 was spiked with the same
solution of N,N',N'’-triphenylguanidinium acetate,
[C(NHPh)3]OAC, to better understand the observed spec-
tral pattern. The "H NMR spectrum of the mixture after a
spiking experiment revealed only one peak at oy = 1.86
ppm for OC(O)CH; protons (see the Supporting In-
formation). Thus, complex 1 dissociates in solution to a
significant extent. The signal at 0y = 1.86 ppm for
complex 1 in THF-dg at temperatures < 258 K corre-
sponds to the dissociated OC(O)CH; protons, and those
signals at 6y = 1.52 and 1.96 ppm correspond perhaps to
the terminal and bridging OC(O)CH; protons of the
undissociated complex 1. The terminal and bridging
OC(O)CH; protons in complex 1 are indistinguish-
able up to 278 K but are distinguishable below 278 K.
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However, syn—syn bidentate bridging and the asym-
metric chelating—bridging OC(O)CHj; protons in com-
plex 1 are indistinguishable even at 218 K, perhaps due to
a rapid “carboxylate shift” process. The TOF—MS spec-
tral data of complex 1 revealed a molecular ion peak at
m/z = 801 in addition to several other species (see the
Supporting Information). Thus, both VT '"H NMR and
mass spectral data indicated the presence of complex 1 in
solution accompanied by other species resulting from a
dissociative pathway.

The solution *C NMR spectra of complexes 1—4
revealed a single peak for the CHj carbon (16.0—24.0
ppm) and a single peak for the OC(O) carbon (~180 ppm)
irrespective of the types of acetate coordination modes.
This artifact could be due to sample dissociation, solvent
coordination, or a rapid “carboxylate shift” process. The
solid-state CP-MAS '*C NMR was shown to be one of
the useful techniques used to dlstmguish various types of
acetate coordination modes,***” and hence we measured
0. for complexes 1—4. The solid-state CP-MAS '°C NMR
spectrum of complex 1 revealed four peaks at 6, = 17.7,
19.0, 22.1, and 24.2 ppm for the CH; carbon as antici-
pated but only two peaks at 6. = 177.2 and 180.3 ppm for
OC(O) carbon instead of three. The following d. trend for
the OC(O) carbon of the related zinc(II) acetate com-
plexes is generally accepted in the literature: c‘)cgchelatlng)
> dc(bidentate bridging) > d(monodentate).*** Further,
an octahedral Zn(OAc),-2H,0 that possess two biden-
tate chelating acetate and two water molecules revealed a
peak at 8, = 184.4 ppm for OC(O) carbon.*®** Hence, we
assign 0. = 180.3 ppm of complex 1 for both the syn—syn
bidentate bridging and the asymmetric chelating—bridging
OC(0O) carbon, perhaps due to the isochronous nature of
OC(0O) carbon nuclei or the peak may be unresolved. The
relatively upfield-shifted . = 177.2 ppm may be assigned
for the monodentate OC(O) carbon, and this reasoning is
based on the fact that two mesomeric structures a and b can
be drawn for the bidentate bridging acetate, as shown in
Chart 1, and hence the carbonyl carbon is more deshielded
than the carbonyl carbon of the monodentate acetate.
Complexes 2 and 3 revealed one signal for the monoatomic
bridging [0, = 176.6 (2) and 178.6 (3)] and one signal for
the bidentate bridging [0, = 178.4(2) and 177.5(3)] OC(O)
carbon. The solid-state CP-MAS '*C NMR spectrum of 4
revealed two peaks at 6. = 177.3 and 183.0 ppm that could
be assigned for the monodentate and syn—anti bidentate

(36) (a) Ye, B.-H.; Li, X.-Y.; Williams, I. D.; Chen, X.-M. it
2002, 41, 6426. (b) Ye, B.-H.; Williams, I D.; Li, X.-Y. piiuuiiy. 2002,
92, 128.

(37) Hunt, P. A.; Straughan, B. P. | N | . 19%.
2131.

(38) Ishioka, T.; Murata, A.; Kitagawa, Y.; Nakamura, K. T. 4¢fg

(iidlags 1997, C53,1029.
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bridging OC(O) carbon, respectively. Further, the .
183.0 ppm assigned for the syn—anti bidentate bridging
OC(O) of 4 closely matches with the d. values reported for
anhydrous Zn(OAc),’s (0. = 183.2 and 184.2 ppm?’) that
possess a chemically identical but crystallographically
distinct syn—anti bidentate bridging OC(O)CHj; carbon,
as revealed by a single-crystal X-ray diffraction study.*
Upon comparing the dc values of the OC(O) carbon
of complexes 1—4 with the related complexes in the
literature,>*® the following o, trend may be proposed:
Oc(chelating) > dc(bidentate bridging) ~ d(monoatomic
bridging) > dc(monodentate).

Thermal Studies of Complexes 1—4. The TGA of com-
plex 1 indicated a 4.97% weight loss (calcd weight loss:
4.50%) in the temperature range of 50—105 °C, corre-
sponding to the loss of two coordinated water molecules.
Upon further heating, CO, and 3,5-lutidine were lost in
sequence, and at the end of a thermolysis event carried out
up to 600 °C, only 6% residue was left, perhaps due to the
formation of volatile species. Complexes 2—4 upon heat-
ing lose CO» and lutidine in sequence and leave no residue
at the end of thermolysis, as revealed by TGA/DTA data
(see the Supporting Information).

Mechanistic Aspects. The plausible mechanism for the
formation of complexes 1—4 may be explained by in-
voking a point zero charge (pzc) model proposed by
Ramanan and Whttingham*® and subsequently cited by
others.*' 7*® According to the pzc model, as soon as a
metal salt is dissolved in water or a nonaqueous solvent,
a soluble metal complexes or point zero charge species
is initially formed, and such soluble metal complexes
undergo condensation at the isoelectric point. The man-
ner in which condensation occurs depends upon the
nature of metal salts, supporting ligands, polarity of
the solvent, pH of the medium, and stoichiometry of the
reagents involved. The plausible mechanism of the for-
mation of complexes 1—4 based on the pzc model is
illustrated in Scheme 1.

The reactions of Zn(OAc),-2H,0 with 3,5-lutidine,
2,3-lutidine, 2.,4-lutidine, or 3,4-lutidine may give rise to
one or two neutral species or point zero charge species
such as X, Y, or Z, depending upon the steric/basic
properties of lutidines. The zinc in these species is likely
to have an octahedral geometry.*® Zn(OAc),-2H,O in the
presence of 3,5-lutidine may form species X and Y, and
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Scheme 1. Plausible Mechanism for the Formation of Complexes 1—4

Inorganic Chemistry, Vol. 49, No. 1, 2010 71

IL: or 2 M2 |

o o
H20-...__ | 0 g=meon H20H2| /o Hy0_ |r1 & Hgo‘,mz|n 8
hidricoi i
< K L Tl 57| DoH, | om,
o O\fo OYO OYO
X Y 4
Ofﬂ’< /J\ '
o} Hy Oﬁ/ H 0 Y
N o Hz0 L ‘ zT o]
e L\ZL/O ~ / H0-_ | A \\Zn/ / |n/O
Z N o
5 OOH2</| B e |n‘\L o | / n\ /T\L
Py i 0 KN o=
0 & e
X Y X 1
b il A .
N
| S 0O O O o}
_ Hzohzl 8 Sx|/OHszom|/L (\T C\ AN /

N\ Y o\fo OYO )\

\g) 4 Y z 20r3

IL [L N
OH OH \

2
= Ao X Y ~<A "
L
Z Z A 4

T

presence of more basic 3,4-lutidine may form only one
species Z, which could subsequently condense with itself
to afford a one-dimensional coordination polymer 4. No
reaction was observed between Zn(OAc),-2H,0 and the
most sterically hindered 2,6-lutidine, indicating perhaps
the absence of formation of neutral species such as X, Y,
or Z owing to the steric bulk of the latter.

The 1:1 Zn/L ratio is maintained only in complex 4,
whereas a 3:2 ratio is maintained in complexes 1—3. This
observation may be related to the number and nature of
the equilibrating species formed upon dissolution of the
reactants in organic media, and these in turn may be
influenced by basic/steric properties or both of the Lewis
bases. Itis difficult to delineate the individual role of steric
and basic properties of Lewis bases in deciding the
nuclearity/aggregation of the products, although it ap-
pears that 3.4-lutidine upon reaction with Zn-
(OAc),-2H,O produces only Z, whereas sterically
somewhat comparable but less basic 3,5-Iutidine gener-
ates two species, namely, X and Y, from such a reaction.
One of the reasons for the observed open framework in
complex 1 versus the cage framework in complexes 2 and
3 underlines the significance of noncovalent interactions
in the crystal lattice of the former versus increased steric
and basic properties of lutidines in the latter.

Concluding Remarks

We have isolated three Iutidine coordinated discrete tri-
nuclear zinc(II) acetate complexes 1—3 and a one-dimensional

coordination polymer 4 in good yield, and all were structurally
characterized. Complex 1 represents the first structurally
characterized discrete trinuclear complex that possess three
distinct acetate coordination modes, namely, monodentate,
bridging bidentate, and asymmetric chelating bridging, and
this complex falls under class II as per the classification of
Lippard and co-workers.” VT 'H NMR data indicate that
complex 1 in solution dissociates significantly, and the remain-
ing undissociated complex 1 perhaps undergoes a “carbox-
ylate shift” rapidly, even at 218 K. Upon comparing the
structural parameters of complex 1 with those of I, 2, and 3,
it can be suggested that either decreasing the basicity or
increasing both the basicity and steric bulk of L shifts the
acetate coordination mode from asymmetric chelating brid-
ging to monoatomic bridging. From the present investigation,
noncovalent interactions in the crystal lattice appear to play a
decisive role, and subtle basic/steric properties of Iutidine
appear to play a supportive role in deciding the nuclearity/
aggregation and acetate coordination modes, as present in
complex 1, whereas the reverse situation appears to be true in
complexes 2—4.
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