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1. General Introduction

Dinuclear complexes are the simplest assembled system in the polynuclear one. In the
dinuclear complex, two coordination polyhedrons are connected by the bridging ligand(s).
As shown in Figure 1-1, there are several bridging types; a point-sharing, an edge-sharing
and a face-sharing form and so on. There are also long-range bridged complexes which are
connected by the long chain bridging ligand(s). The bridging ligands are often monoatomic
ions as halogeno anions X', O* and S*, or polyatomic anions as OH’, NH,” and H,O. In
these cases a ligating atom is bound to the two metal ions. Polydentate ligands as RCOO,
SOf, POf', etc., act as a bidentate bridging ligand.

The chromium(III) dinuclear complexes with hydroxide ion as bridging ligands
together with cobalt(IIl) dinuclear ones have been widely studied about the synthesis,
structures, reactivities and magnetic properties since the pioneering works of S. M.

"1 Springborg recently reviewed the development of researches

Jargensen and A. Werner.
about the hydroxo-bridged complexes of chromium(IIl), cobalt(III), rhodium(IIl) and
iridium(I1I)."" Though many researches of the relation between magnetic properties and
structures have carried out in the chromium(III) dinuclear complexes because of the interest

11-23

in magnetic interaction between the metal ions, there are few studies of the relation

among magnetic properties, reactivities, structures and coordinate bond character of the

13, 26-28

bridging states. The relation between the coordinate bond characters of the ligands

and the physical and chemical properties of the chromium(III) dinuclear complexes has not
been clear yet.

Taking into account the situation at present, systematic and basic studies about the
relation between the coordinate bond characters of the ligands and the physical and chemical
properties of the dinuclear complexes are required. In order to accomplish such study, itis
necessary to design and to synthesize new chromium(IIl)-cobalt(III) and
chromium(III)-chromium(III) dinuclear complexes which have vanous kinds of bridging
and/or non-bridging ligand, and to examine the influences by the coordinate bond

characters of the ligands on the structures, the magnetic properties and the reactivities of




these complexes.

In this work, synthesis, structures, magnetic properties and base hydrolysis
reactions of the chromium(III)-cobal(IIl) and chromium(IIl)-chromium(IIl) dinuclear
complexes in the various fashon with u-OH and/or n-RCOO bridging ligands, as shown in
Figure 1-2, were studied by means of the UV/VIS absorption and infrared(IR) spectra,
circular dichroism(CD) spectra, acid dissociation constants, multinuclear NMR, magnetic
susceptibility measurements, kinetics of base hydrolysis and single X-ray crystal structure

analysis.
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2. Systematic Synthesis of the Chromium(III)-Cobalt(IlI) and

Chromium(IlI)-Chromium(III) Dinuclear Complexes

2.1 Introduction

The well-known chromium(IIl) and cobalt(IIl) dinuclear complexes with general
formula in [L M(u-OH),ML ]™" have been synthesized from the corresponding
mononuclear complexes by aqueous hydrolysis reaction as follows:

2cis-[ML,(H,0)(OH)]""™ = [L M(u-OH),ML,_I*™*™ + 2H,0

where L is monodentates, bidentates or tetradentate ligand(s). Since the aqueous hydrolysis
reaction often forms some higher polynuclear complexes and gives the different isomers as
byproducts, the expected yields are relatively low. On the other hand, [L M(u-OH),ML ™"
type dinuclear complexes which coordinate NH;, en and tn ligands can also be obtained by

the solid-state thermal reaction as the following equation:

A
2cis-IML,(H,0)(OH)]X, = [L,M(u-OH),ML ]X, + 2H,0

where X is an anionic counterion. In contrast to aqueous hydrolysis reaction, the solid-state
reaction often gives the dinuclear complexes in quantitative yield. In the crystals of
cis-[ML,_(H,O)(OH)]X,, the two cations can form an intermolecular hydrogen bonded ion
pair as shown in Figure 2-1. Therefore the water ligands would be losed easily and the
yields are very high.

Recently, the synthesis via the air-oxydation step of the chromium(II) compounds with
various amine ligands in aqueous or in methanolic solution under the open air was
reported.'8'28‘29‘3° The starting material are adopted as [Cr“z(CH3COO)4(HZO)2],
Cr'sO,-6H,0 and Cr'C,0,-2H,0. It is noted that the CH,COO, SO,* and C,O,” ions
remained and coordinated to chromium(IIl) ion as a brndging ligand. This method is
expected to be versatile to obtain of the carboxylato bridged chromium(IIl) dinuclear
complexes.

In this chapter, it will be described that synthesis of the chromium(I1I)-cobal¢(III) and

chromium(IIT)-chromium(III) dinuclear complexes with various bridging ligands by the




R L

\M/ \M/

— \O_H ............. o/ ™~
| H

Figure 2-1. The intermolecular hydrogen-bonded ion pair of cis-[IML,(OH)(H,0)]1X,

which s often found in the solid state.




methods of the aqueous hydrolysis and of the oxidation of the Cr(II) compounds.

2.2 Materials
The precursor complexes: K, [Cr,(nta),(OH),]-4H,0,*!

cis-[Co(NH,) (H,0),1,(SO,),-3H,0,*? [Co(CO,)(en),]CL* [Co(CO,)(tn),]C1,>*

cis-[CoCL{(R,R)chxn},]C1,** cis-a-[Co(trien)(H,0),}(ClO,),,*

cis-a-[CoCl,(picam),]Cl-H,0,”” [Co(CO,)(bpy),]C1-2H,0,*

[Co(CO;)(phen),]Cl-4.5H,0,% cis-[CrCI(H,0)(NH,),]1SO,,*

cis-[CrCl,(en),]Cl-H,0,” cis-[CrCl(dmso){(R, R)chxn},]Cl,,*

cis-[Cr(tn),(H,0),}(NO,),, * cis-a-[CrCl,(trien) |Cl- H,0,*

cis-a-[CrCl,(picam),]C1,* cis-[Cr(OH)(H,0)(bpy),](ClO,),* and

cis-[Cr(phen),(H,0),I(NO,),-2H,0" were synthesized by the reported methods and

identified by elemental analysis and UV/VIS absorption spectra. Deutenated acetic acid with

99 atom % ‘H was purchased from Merck. EtOH-d, was purchased from Aldrich.

Deuteriated acetic acid CH,COOD was prepared from the reaction of acetic acid anhydrous

with D,O. All other materials were commercially available.

2.3 Preparation of the heterometal [(nta)Cr(u-OH),M(N),]" Complexes (A-1 to 8)

i) [(nta)Cr(OH),Co(NH,;),]CI-3H,0 (A-1). cis-[Co(NH,),(H,0),],(SO,);-3H,0 (1.68 g,
2.5mmol) was dissolved with stirring in 25 (:mé of H,O for 20 min. at 40 "C. To this
solution, the solid K, [Cr,(nta),(OH),]-4H,0(0.84 g, 1.25 mmol) was added with stirring.
This mixture was adjusted to pH 7 by adding2 M (1 M = 1 mol dm™) NaOH solution and
stirred for 30 min. at 40 °C. The reaction solution was cooled to room temperature and
loaded on a column (SP-Sephadex C-25 cation exchanger, 3 x 40 cm). The column was
washed with water and eluted by 0.2 M NaCl solution. After washing with water the
column gave only one band. This band was collected. The eluate was evaporated and
desalted by adding methanol and ethanol. Finally, the crude complex was precipitated by
adding ethanol and acetone. This was purified by dissolving in a minimum amount of water

and reprecipitated with ethanol and acetone. The obtained crystals were washed with acetone




and ether and air dried. Yield 0.56g.

i) [(nta)Cr(OH),Co(en),]Cl-2.5H,O (A-2). [Co(CO;)(en),]Cl (0.68 g, 2.5mmol) was
dissolved in 20 cm’® of 1 M HCIO,. The CO, gas was evolved. The solution was heated at
60°C. When the evolution of CO, ceased, the solid K, [Cr,(nta),(OH),]-4H,0 (0.86 g,
1.25 mmol) was added. The following synthetic procedure is the same with that for
complex A-1 except for the reaction conditions(60 °C, 30 min). Yield 0.35g.

iii) [(nta)Cr(OH),Co(tn),]Cl- 1.5H,0 (A-3). The compound was prepared as complex A-2,
with [Co(CO;)(tn),]Cl (0.78g, 2.5mmol). Yield 0.38g.

1v) [(nta)Cr(OH),Co{(R, R)chxn},]Cl-3H,0 (A-4). cis-[CoCL{(R, R)chxn},]Cl (0.98g,
2.5 mmol) was added to a three fold equimolar amount of freshly prepared moist Ag,O. The
mixture were stirred at room temperature and filtered to remove AgCl. The violet filtrate was
cooled on an ice bath and acidified with concentrated hydrochloric acid. From this solution,
the A-4 was prepared as complex A-2. Yield 0.47g.

v) [(nta)Cr(OH),Co(trien)]CI+2.5H,0 (A-5). The compound was prepared as complex
A-1 with cis-a-[Co(trien)(H,0),](CIO,), (1.35g, 2.5 mmol) except for the reaction

conditions(60 °C, 30 min). Yield 0.37g.

vi) [(nta)Cr(OH),Co(picam),]Cl-2H,O (A-6). The compound was prepared as complex
A-4 with cis-a-trans(py)-[CoCl,(picam),]Cl- H,O (1.0 g, 2.5mmol). Yield 0.51g.

vil) [(nta)Cr(OH),Co(bpy),]C1-3H,O (A-7). The compound was prepared as complex
A-2 with [Co(CO;,)(bpy),]CI-2H,0 (1.26g, 2.5mmol). Yield 0.50g.

vinn) [(nta)Cr(OH),Co(phen),]Cl-2H,O (A-8). The compound was prepared as complex
A-2 with [Co(CO;,)(phen),]Cl-4.5H,0 (1.4 g, 2.5 mmol). Yield 0.48g.

2.4 Preparation of the homometal [(nta)Cr(u-OH),M(N),]" Complexes (B-1 to 8)

1) [(nta)Cr(OH),Cr(NH,),]C1-2.5H,0 (B-1). The compound was prepared as complex
A-1 with cis-[CrCI(H,0)(NH,),]SO,(0.68 g, 2.5 mmol). Yield 0.33g.

1) [(nta)Cr(OH),Cr(en),]CI-3.5H,0 (B-2). The compound was prepared as complex A-1
with cis-[CrCl,(en),]C1-H,O (0.75 g, 2.5 mmol) except for the reaction conditions(60°C,
30 min). Yield 0.57g.




iii) [(nta)Cr(OH),Cr(tn),]Cl-1.5H,0 (B-3). This compound was prepared as complex A-2
with cis-[Cr(tn),(H,0),]J(NO;), (1.03 g, 2.5 mmol). Yield 0.60g.

iv) [(nta)Cr(OH),Cr{(R,R)chxn},]CI-3.5H,0 (B-4). The compound was prepared as
complex B-2 with cis-[CrCl(dmso){(R, R)chxn},]Cl, (1.16 g, 2.5 mmol) Yield 0.57 g.

v) [(nta)Cr(OH),Cr(trien)]C1-2H,0 (B-5). This compound was prepared as complex A-2
with cis-a-[CrCl(trien)]CI-H,0O (0.81 g, 2.5mmol). Yield 0.51g.

Vi) [(nta)Cr(OH)ZCr(picam)z]Cl°2.5H20 (B-6). This compound was prepared as complex
A-3 with cis-a-[CrCl,(picam),]CI (0.96 g, 2.5 mmol). Yield 0.38g.

vii) [(nta)Cr(OH),Cr(bpy),]Cl-5.5H,0 (B-7). cis-[Cr(bpy),(OH)(H,0)](ClO,), (1.66 g,
2.5mmol) was dissolved in 25 cm® H,O at 60°C and acidified with 1 dm>mol HCI solution
(pH 4). The compound was prepared as complex A-2. Yield 0.60 g.

viil) [(nta)Cr(OH),Cr(phen),]Cl-7H,O (B-8). This compound was prepared as complex
A-2 with cis-[Cr(phen),(H,0),](NO;), - 2H,0 (1.68 g, 2.5 mmol). Yield 0.57g.

2.5 Preparation of [Cr,(u-OH)(u-RCOO)(en),]J(ClO,), (en complexes) (C-1a to 7a)
The reported(R = H and CH,) and the new (R = CH,Cl, CH,OCH,, C,H, n-C,H, and
CH,CICH,) complexes were prepared from [Cr,(OH),(en) ,J' by the method of Springborg

and Toftlund. ™

2.6 Preparation of [(nta)Cr(u-OH)(u-RCOO)Cr(en),]Cl (nta complexes) (C-1b to 8b)
All the complexes of this type (R = H, CH,, CH,CIl, CH,OCH,, C,H,, n-C;H,,
CH,CICH,, and C(H,) were synthesized by the following method. cis-[CrCl,(en),]Cl-H,O
| (0.74g, 2.5 mmol) was dissolved in H,0 (20 cm’) at 60 °C with stirring. To the resultant
red solution was added 0.84g (1.25 mmol) of K,[Cr,(nta),(OH),]-4H,O. The mixture was
stirred for 10 min to become a clear solution. After this was neutralized with 2 M NaOH
solution, stirring was allowed to continue for 30 min at 60 °C to form the violet complex,
[(nta)Cr(OH),Cr(en),]” which was described in Section 2.2. To the violet solution was
added 10 mmol of RCOOH. The mixture was stirred at 45 °C for 20 min. The color of the

solution changed violet to reddish violet. After this solution was cooled to room




temperature, the pH was adjusted to pH 7 with 2 M NaOH solution. The filtered solution
was poured onto a 3.5 X 60 cm column of a SP-Sephadex (C-25, Na") cation exchanger.

After washing the column with water, the charged complex was eluted with 0.1 M NaCl
solution. The column gave two bands. The second violet band (E2) was confirmed to be
unreacted [(nta)Cr(OH),Cr(en),]” by the UV/VIS absorption spectra. The first reddish
violet band (E1) was condensed with a vacuum rotary evaporator to as small a volume as
possible at 25 °C. A white precipitate of NaCl was filtered off. After the repeated removal
of NaCl for a few times in the same manner, ethanol and acetone were added to the
condensed El eluate. The solution was allowed to stand in a refrigerator. Reddish violet
crystals were obtained. Recrystallization was carried out by addition of ethanol and acetone
to the concentrated aqueous solution, followed by standing in a refrigerator. Yield 46% to
58% (based on Cr). The deuteriated complexes were synthesized by the similar method with

use of the deuteriated nta ligand®' or CD,COOD.

2.7 Preparation of [Crz(u—OI-I)z(u-RCOO)(bispicam)z]3+ " complexes

1) Bis(2-pyridylmethyl)amine (bispicam). Bis(2-pyndylmethyl)amine trihydrochloride
monohydride (bispicam *3HCI-H,0) was prepared by the literature method.*® Free bispicam
ligand was extracted with ether from aqueous solution of the trihydrochloride by adding
excess of solid NaOH and obtained by removing ether before preparing complexes.

11) Deuteriated bispicam(bispicam-d,). Deuterniated bispicam-d, was prepared by the reaction
of pyndine-2-aldehyde and deuteniated 2-picolylamine-d, by the same method of
non-deuteriated  bispicam+3HCI-H,0.”® The 2-picolylamine-d,with a formula
C,H,N-CHDNH, was prepared by the literature method to synthesize 2-picolylamine* as
follows. A sample of 2-pyridinealdoxime (5 g, 0.041 mol) was dissolved in 25 cm’ of
EtOH-d, and 20 cm’ of acetone. This solution was stirred and added Zn powder (40 g) and
CH,COOD (40 g) during 3 h. This mixture was strred over night. The Zn powder and
Zn(CH,COO0), were removed by filtration. The filtrate was evaporated. To the residue was
added excess of solid KOH. The free amine layer was extracted with ether. The extract was

dried with sodium sulfate and ether was removed on a rotary evaporator. Yield 2.15g (48

-10-




%). The extent of deuteriation of 2-picolylamine-d;, was estimated to be 92% on the basis of
the 'H NMR spectrum, which was measured on a sample containing a known amount of
-BuOH as a standard. The obtained 2-picolylamine-d, was used for preparing bispicam-d,
without further purtfication.
1i1) Preparation of [Crzn(RCOO)4(HZO)2] (R =H, CH;, CH,CH,, CH,Cl, and CH,CICH,).
They were prepared by the reported methods.” All these complexes were synthesized and
stored under N, atmosphere.
iv) Preparation of [Cr,"(RCO0),CL]Cl (R = -CH,NH,", -CH,CH,NH,",
-CH,CH,CH,NH,", -CH(CH,)NH,", and -CH(OH)NH,"). These complexes were
synthesized by slightly modified reported method.” All these complexes were also
synthesized and stored under N, atmosphere.
v) Preparation of [Cr,(OH),(RCOO)(bispicam),]X,-nH,O(R = H, CH,, CH,CH,, CH,Cl,
CH,CICH,, CH,NH,, CH,CH,NH,, CH,CH,CH,NH,, CH(CH,)NH,, and CH(OH)NH,)
(D-1 to 18). The free bispicam (0.6 g, 3mmol) was dissolved in 15 cm’ of H,O in N,
atmosphere. To this solution, 1.5 mmol of [Cr,"(RCOO),(H,0),] or [Cr,"(RC0O0),CL]CI
was added and dissolved with stirring. This solution was vigorously stirred in the air for 3
h. The color of the solution gradually changed from blue to red. The solution was filtered
and added saturated NaClO, aqueous solution. Red precipitates were obtained. This
precipitates were collected and washed with ethanol and ether. The recrystallization was
carried out from minimum amount of 1 mM HCIO, at 90 °C. Yield 27 - 35% (based on Cr).
The bromide salts were obtained as follows. The aqueous solution of perchlorates were
through the QAE-Sephadex column (Br form). The eluate was collected and evaporated to
dryness. The crude bromides were recrystallized from aqueous solution added with EtOH.
The other salts were obtained from concentrated aqueous solution of the bromide salt by
adding corresponding sodium salt (Nal, NaBF, and NaPF,). They were recrystallized from
hot water (90 °C).

Analytical data were summarized in Tables 2-1, 2 and 3.

-11-
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3. Characterization and Structures of the Chromium(III)-Cobalt(III) and

Chromium(III)-Chromium(III) Dinuclear Complexes

3.1 Introduction

In Chapter 2, the synthesis of the chromium(III) and cobalt(III) dinuclear complexes
was described. In this chapter, the charactenzation and structural study of the obtained
dinuclear complexes were examined by means of UV/VIS, CD and IR spectra, acid

dissociation constant and single crystal X-ray crystal structure analysis.

3.2 Experimental
3.2.1 Measurements
Absorption and CD spectra were recorded on a HITACHI 330 spectrophotometer and a
JASCO J-500 spectropolarimeter, respectively at room temperature. Infrared spectra were
measured on a Shimadzu [R-135 on KBr pellets.
The pH measurements were carried out by using a Hortba F-7SS pH meter with a #6028
coupling electrode at 25 “C. The acid dissociation constants were estimated by the method of

Mgnsted and Mgnsted*® using pH measurements and absorption spectra.

3.2.2 X-Ray Crystal Structure Determination

All measurements were made on a Rigaku AFC5R diffractometer with graphite
monochromated MoKa radiation and the calculations were performed using TEXSANY
crystallographic software package of Molecular Structure Corporation.

The crystals suitable for the X-ray crystal structure determination,

[(nta)Cr(OH),Co(tn),]CI-1.5H,0 (A-3), [(nta)Cr(OH),Cr(tn),]Cl-1.5H,0 (B-3) and
[(nta)Cr(OH),Cr(phen),]Cl-7H,O (B-8) were obtained by slowly evaporation of the
corresponding  concentrated  aqueous  solutions.  Suitable  crystal  of
[Cr,(OH),(HCOO)(bispicam), ](Cl0,);-0.5H,0 (D-1) for X-ray study was obtained by
cooling hot aqueous solution.

The data collection was carried out 23 =1 °C using w-20 scan method. The direct
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Table 3-1. Crystallographic data for [(nta)Cr(OH),Co(tn),]CI- 1.5H,0 (A-3),
[(nta)Cr(OH),Cr(tn),]Cl- 1.5H,0 (B-3) and [(nta)Cr(OH),Cr(phen),]Cl- 7H,O (B-8).

(A-3) (B-3) (B-8)
Formula C,,H;,0, NCrCoCl C,H;,04 {NCr,Cl C5H360,sNCr,Cl
Formula Weight 543.79 536.85 848.10
Crystal System monoclinic monoclinic triclinic
Space Group C2/c(No. 15) C2/c(No. 15) PT(NO. 2)
a, A 16.384(2) 16.465(3) 15.79(1)
b, A 14.660(2) 14.727(2) 18.04(1)
¢, A 18.874(2) 19.057(2) 12.77(1)
a, deg 96.39(8)
B, deg 110.77(1) 110.277(9) 102.23(7)
v, deg 102.83(7)
v, A’ 4239(1) 4334.5(9) 3418(5)
Z value 8 8 4
D...car g cm” 1.676 1.645 1.648
u(Mo K,), cm’ 14.60 11.56 7.76
No. of unique refl. 6438 6604 10803
No. of obsd. refl. 6646 6818 11251
Foo 2216 2232 1752
R 0.038 0.042 0.077
R, 0.048 0.049 0.100

*R=ZlIFol-IFcll /ZIFol . "R, =[(Z(IFol- IFcl )’/ ZTwFo% |2
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Table 3-2. Crystallographic data for [Cr,(OH)(HCOO)(bispicam),](ClO,),*0.5H,0(D-1).

Formula

Formula Weight
Crystal System
Space Group

a, A

b, A

c,A

v, A’

Z value

D,y g cm”
uMoK)), cm’
No. of unique refl.
No. of obsd. refl.
1::000

R

R b

w

C,5H3,0,6,sN6Cr,Cl;
897.89
orthorhombic
Pnma(No. 62)
14.771(3)
12.346(6)
19.054(4)
3475(3)

4

1.699

9.21

5475

5657

1812

0.053

0.059

*R=ZllFol-IFcll /ZIFol .

*R,=[(Z(IFol- IFcl )*/ZwFo") "%
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methods followed by normal heavy-atom procedures were used for structure analysis. The
positional and thermal parameters were refined by the full-matrix least-squares refinement.
All hydrogen atoms except for those of the complex (B-8) were found in the
difference-Fourier map and refined isotropically. Non-hydrogen atoms were refined with
anisotropic thermal parameters except for the seven oxygen atoms of crystalline waters
(O(101) - O(107)) and CI(2) in complex (B-8) which were refined isotropically.
Crystallographic data for three complexes are listed in Table 3-1 and 2. The Tables of the

fractional coordinates and anisotropic thermal parameters are listed in Appendixes.

3.3 Results and Discussion
3.3.1 Characterization of [(nta)Cr(OH),M(N),]" complexes
i) Synthetic method of the [(nta)Cr(OH),M(N),]" complexes. The analytical data as shown
in Table 2-1 do not exclude a possibility of hydrogen bonded aggregates with
[Cr(nta)(OH)(H,0)] and [M(N),(OH)(H,0)]** as found in [Cr(bpy),(OH)(H,0)],*".*
Since they did not separate out on SP-Sephadex column chromatography, it is apparent that
they are not aggregates, but have a di(u-OH) structure.
When the reaction solution was separated by the column chromatography, only one band
([(nta)Cr(OH),M(N),]") was eluted by 0.2 M NaCl aqueous solution. No formation of the
symmetrical dinuclear complexes like [Cr,(u-OH),(N) 4]4+ and [Crz(nta)z(u-OH)z]z' were
detected in the column chromatography. It is found to be a specific formation of the
unsymmetrical [(nta)Cr(OH)ZM(N)J']+ type dinuclear complexes in this reaction. These
obtained dinuclear complexes except for complex A-1 are stable and there is no change in
UV/VIS spectra for several days in aqueous solution. The complex A-1 decomposes
relatively fast to the monomeric species in aqueous solutions.

The synthesis of di(u-OH) [Cr(III)-Co(III)] heterometal dinuclear complexes
[(en)ZCr(u—OH)ZCo(en)z]4+ was firstly reported by Josephsen and Sch dffer.> They
obtained the crude product by the solid state reaction using a syncrystallized mixture of
A-cis-[Cr(en),(OH)(H,0)]** and A-cis-[Co(en),(OH)(H,0)]** as dithionate. The pure

product was obtained from impurities successfully utilized differences in the rate of the
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diol-monool equilibrium. On the other hand, the heterometal {(nta)Cr(OH),Co(N),]"
complexes are synthesized in aqueous solutions and obtained pure product easier in this
study. They have a rigid [Cr(OH),Co] bridging structure without monool-diol equilibrium
in the aqueous solution because of no spectral change in time except for complex A-1.
Similar types of unsymmetrical di(u-OH) [Co(III)-Co(II)] complexes
[LCo(u-OH),Co(L")Y(L")]™ (L = edda’"; ethylenediaminediacetato or nta®~, and L' and L" =
NH,, en, gly ) were synthesized by Ama et dl.. 523 Such unsymmetrical di(u-OH) dinuclear
complexes seem to be easily formed 1n the neutral or slightly basic aqueous solutions in the
range of pH 7 to 9. In such reaction conditions, the deprotonation of the coordinated waters
of the mononuclear diaqua complex occurs and an aquahydroxo [LM(OH)(H,0)]**
complex is formed. The aquahydroxo complexes often form the aggregates by the
intermolecular hydrogen bonds in aqueous solution. The resultant ion pair changes to
di(u-OH) dinuclear complex through aqueous hydrolysis reaction.'' In our experiments, the
precursor mononuclear diaqua complexes change into [Cr(nta)(OH)(H,0)] and
[M(N) 4(OH)(HZO)]2+ by deprotonation of the coordinated water. The resulting
aquahydroxo complexes would be assembled and form the ion pair as an intermediate of the
dinuclear complex, owing to not only the intermolecular hydrogen bond between aqua and
hydroxo ligands but also the electrostatic attractive force between a cation
([M(N)4(OH)(HZO)]2+) and an anion ([Cr(nta)(OH)(H,0)]) as shown in Figure 2-1.
Though Ama et al. claimed that the important factor to form such unsymmetrical dinuclear
complexes is the intramolecular hydrogen bonds between non-bridging ligands,>™
[(nta)Cr(OH),M(picam, bpy or phen),]" complexes which have no hydrogen atom to form
the intramolecular hydrogen bond between amine proton and carboxylato ligating oxygen
(N-H -+ -O) are found to be formed in this study. The above facts suggest that the
electrostatic attractive force also plays an important role to form [(nta)Cr(OH),M(N),]" type
dinuclear complexes analogously to the hydrogen bonds between non-bridging ligands.
According to the structures of the precursor complexes, the geometrical and absolute
configurations for M(N), moieties are retained in the corresponding dinuclear complexes as

follows : the bis(picam) complexes (A-6 and B-6) are frans-(py) type, the trien ones (A-5




and B-5) are cis-a type, and bis{(R,R)chxn} ones (A-4 and B-4) are A absolute

configuration.

1) The crystal structure of [(nta)Cr(OH),Co(tn),]Cl-1.5H,O (A-3). The selected bond
lengths and bond angles are listed in Table 3-3. A perspective view of this dinuclear
complex cation i1s shown in Figure 3-2. The chromium(IIl) and cobalt(IIl) ions are in an
approximately octahedral environment. The [Cr(OH),Co] bndging unit is almost flat.

The Co-N(tn) bond lengths fall in the range of 1.956(3)A to 1.994(3)A (average 1.969A).
These are almost the same values for the reported Co-tn complexes.54 The Cr-N(nta) and
Cr-O(nta) bond lengths are 2.060(3)A and 1.975A(average), respectively. The bond lengths
and angles in the Cr(nta) moiety are almost the same values for those of
K, [Cr,(nta)(u-OH)(u-CH,COO0)}* 4H,0’” and Cs,[Cr,(nta),(u-OH),] - 4H,0.*

The (nta)Cr-O(8)H distance frans to the nta amine nitrogen atom is 1.913(2)A and
significantly shorter by 0.054 A than the (nta)Cr-O(7)H distance (1.967(2) A) cis to one as
shown in Table 3-3. This difference is not obviously found in the symmetrical type
di(u-OH) bridged Csz[Crz(nta)z(OH)z]-4I—IZO.56 The similar differences in Cr-N bonds
between cis and frans positions of tertiary amine nitrogen atoms are found in analogous nta
type monomeric complexes [Cr((S)-LDA or (S)-PDA)(im),] ((S)-LDA =
l-leucine-N, N-diacetato, (S)-PDA = [-phenylalanine-N, N-diacetato and im = imidazolato)
by Bocarsly et al..”” The (tn),Co-OH bond lengths showed little difference (Co-O(7)H:
1.9352) A and Co-O(8)H: 1.921(2) A), while the Co-OH bond length in
[Co,(n-OH),(en),I(NO;), is 1.934.%

The definition of the chelate ring 1, 2A and 2B in the propane-1,3-diamine ligand is
shown in Figure 3-2. The chelate ring 1 has a chair conformation. Following the definition
of the propane-1,3-diamine rings by Jurnak and Raymond,*® the chair ring conformer folds
the central carbon atom in the chelate ring 1 which defines a rotation direction antiparallel to
the direction defined by the metal ion configuration. Therefore the chelate ring 1 is "a"
conformation. The chelate ring 2, three carbon atoms are disordered. The chelate nng 2A

takes a skewboat conformation and the "8" chelate configuration in which a line between the




Table 3-3. Selected bond lengths(A) and bond angles(deg) for
[(nta)Cr(OH),Co(tn),]C1-1.5H,0 (A-3).

Co-N(2) 1.965(3) Co-N(3) 1.956(3)
Co-N(4) 1.961(3) Co-N(5) 1.994(3)
Co-O(7) 1.935(2) Co-O(8) 1.921(2)
Cr-N(1) 2.060(3) Cr-O(1) 1.960(2)
Cr-0(3) 1.995(3) Cr-O(5) 1.971(2)
Cr-0(7) 1.967(2) Cr-O(8) 1.913(2)
O(7)CoO®)  80.69(9) O(7)CoN(2)  88.1(1)
O(7)CoN@E)  96.3(1) O(7)CoN(4)  170.9(1)
O(T)CoN(5)  87.2(1) O(B)CoN(2)  86.2(1)
O(8)CoN(3)  174.7(1) O(8)CoN(4)  90.6(1)
O(B)CoN(5)  92.3(1) N(2)CoN(3)  89.4(1)
N(2)CoN(4)  88.6(1) N(2)CoN(5)  175.2(1)
N(3)CoN(4)  92.2(1) N(3)CoN(5)  91.9(1)
N(4)CoN(5)  95.9(1) O(7)CrO(8) 80.07(8)
O(1)CrO(7)  174.97(9) O(1)CrO(8) 94.97(9)
O(1)CrN(1) 84.8(1) O(1)Cro@3) 91.4(1)
O(1)CrO(5) 89.3(1) O(3)CrO(5)  163.52(9)
O(3)CrO(7) 88.52(9) O(3)CrO(8) 97.46(9)
O(3)CIN(1) 80.8(1) O(5)CrO(7) 92.23(9)
O(5)CrO(8) 98.9(1) O(5)CIN(1) 82.9(1)
O(7)CIN(1)  100.11(9) O(B)CIN(1)  178.2(1)

CoO(7Cr 98.20(8) CoO(8)Cr 100.61(8)
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Figure 3-2. An ORTEP drawing of [(nta)Cr(OH)ZCo(m)z]’ (A-3) with
thermal ellipsoids drawn at the 50 % probability level. Some hydrogen atoms
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nitrogen atoms and a line between the carbon atoms bound to the nitrogen atoms shows a
right-handed helix. > The chelate ring 2B takes a skewboat conformation and the "A" chelate
configuration in which that shows a left-handed helix. The total conformation of Cr(tn),
moiety in Figure 3-2 is then AaA(d).”

The intramolecular hydrogen bonds are expected between the amine protons of the
propane-1,3-diamine ligands and coordinated oxygen atoms of the nta one as observed in
the [(edda)Co(u-OH),Co(en)(gly)]" * and [(H,0)L,Cr(uw-OH),CrL,(H,0)]* *° type
complexes. The distances of N(2) -+ +O(3) and N(5)* - - (5) are 3.192(4) and 2.967(4)A,
respectively. Since the N - - - O distances are in the range of 2.57 10 3.24A,°' there are two
intramolecular hydrogen bonds between tn and nta ligands. The amine proton of the chelate
ring 1 is found to be formed a hydrogen bond with the coordinated nta oxygen atom in the
neighboring complex (N(3)+ - -O'(2) 2.860A). Since two hydrogen bonds(intra- and
intermolecular) exist in the chelate ring 1, the conformation of ring 1 would be fixed.
However, since such intramolecular hydrogen bond does not exist in the ring 2, its
conformation would not be determined and the carbon atoms would be disordered. The
hydrogen atoms of bridging OH proton bonds to the oxygen atom of crystalline water(O(9))

(O(8) - - O(9) 2.723(3)A) and to the CI counter anion (O(8)- - - Cl 3.171(2)A).

ui) The crystal structure of [(nta)Cr(OH),Cr(tn),]CI-1.5H,O0 (B-3). This dinuclear
complex is isostructural with [(nta)Cr(OH),Co(tn),]CI-1.5H,0 (A-3). The selected bond
lengths and bond angles are listed in Table 3-4. A perspective view of this complex cation
1s shown in Figure 3-3. Each of the chromium(IIl) ions is in an approximately octahedral
environment. The bridging plane is almost {lat.

The average Cr-N(tn) bond length is 2.083 A. This is the same value for the reported
Cr-tn complexes.62 The Cr-N(nta) and Cr-O(nta) bond lengths are 2.052(3)A and 1.971A(
average) respectively.

The difference in the (nta)Cr-OH bond lengths is the same as in the case of complex
A-3. The (nta)Cr(2)-O(8)H and (nta)Cr(2)-O(7)H distances are 1.921(3)A and 1.976(2)A,
respectively. There is also little difference in the (tn),Cr-OH bond lengths (Cr(1)-O(7)H:




Table 3-4. Selected bond lengths(A) and bond angles(deg) for
[(nta)Cr(OH),Cr(tn),]Cl- 1.5H,0 (B-3).

Cr(1)-N(2) 2.075(3) Cr(1)-N(3) 2.077(3)
Cr(1)-N(4) 2.076(3) Cr(1)-N(5) 2.102(3)
Cr(1)-0(7) 1.967(3) Cr(1)-O(8) 1.951(2)
Cr(2)-N(1) 2.052(3) Cr(2)-0(1) 1.951(2)
Cr(2)-0(3) 1.991(3) Cr(2)-0(5) 1.970(3)
Cr(2)-0(7) 1.976(2) Cr(2)-O(8) 1.921(3)
O(7)Cr(1)O®)  80.63(9) O(NCr(1)N(2)  88.8(1)
O(NCr(HN@B)  97.3(1) O(NCr(N(E)  171.4(1)
O(7CH(1)N(5)  88.0(1) OB)Cr1N(2)  87.7(1)
O(®)Cr(1)N@3)  174.5(1) OR)Cr()NME)  9L.4(1)
O)Cr(1IN(S)  93.2(1) NQ)CH()NGB)  87.4(1)
N()Cr()N(4)  90.0(1) NQ)CHN(5)  176.4(1)
N3)Cr(1)N(4)  91.1(1) NG)CH(1)N(5)  91.6(1)
N@)Cr(HN(S)  93.4(1) O(7)Cr(2)08)  80.1(1)
O(1)Cr(2)0(3)  91.3(1) Oo()Cr(2)0(5)  89.6(1)
O(1)Cr(2)O(7)  175.7(1) O()Cr(2)0®)  95.1(1)
O(1)Cr(2N(1)  84.9(1) 0B3)Cr(2)0(5)  163.8(1)
O3)Cr(2)0(7)  88.7(1) 0B3)Cr(2)0®)  97.6(1)
O3)Cr(A)N(1)  80.9(1) O(5)Cr(2)0(7)  91.6(1)
O(5)Cr(2)0(8)  98.4(1) O(5)Cr(QN(1)  83.2(1)
O(7Cr(2N(1)  99.3(1) O®)Cr(QN(1)  178.4(1)
Cr(O(7Cr(2)  98.27(9) Cr()OB)Cr(2)  100.72(9)
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Figure 3-3. An ORTEP drawing of [(nta)Cr(OH),Cr(tn),]* (B-3) with
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1.967(3)A and Cr(1)-O(8)H: 1.951(2)A).

In the Cr(tn), moiety, the definition of the tn chelate rings 1 and 2 is shown in Figure
3-3. The chelate ring 1 has a chair conformation and "a" conformation as described in
complex A-3. On the other hand, the chelate ring 2 has a skewboat conformation which is
nearly planar and the "8" chelate conformation.”” The total conformation of Cr(tn), moiety in
Figure 3-3 is then Aad.”>

The intramolecular hydrogen bonds between the amine protons of the
propane- 1,3-diamine ligands and coordinated oxygen atoms of the nta one also exists. The
distances of N(2)- - -O(3) and N(5) - - - (X5) are 3.241(4) and 3.055(5)A, respectively. The

intermolecular hydrogen bondings are the same as complex A-3.

1v) The crystal structures of [(nta)Cr(OH),Cr(phen),]Cl-7H,O (B-8). The selected bond
lengths and angles are listed in Table 3-5. Two crystallographically independent complex
cations (molecules 1 and 2 in Table 3-5) are contained in an asymmetric unit. Figure 3-4
shows a perspective view of molecule 1. Each of the chromium(IIl) ions is in an
approximately octahedral environment. The bridging units are almost flat.
The average Cr-N(phen) bond length is 2.06 A. This is the same value of
[Cr,(u-OH),(phen),]X, (X = CI* and I*") complexes. The average Cr-N(nta) and
Cr-O(nta) bond lengths are 2.05A and 1.96A, respectively.

The difference in the (nta)Cr-OH bonds between frans and cis to the nta nitrogen atom is
also observed in the complex B-8 by 0.02A (average value) similarly as shown in the
complexes A-3 and B-3.

Unlike the complexes A-3 and B-3, there 1s no possibility to form the intramolecular
hydrogen bond between the phen and nta ligand. The picam and bpy complexes also have
no such intramolecular hydrogen bond. In the aqueous solutions, the picam, bpy and phen
complexes are stable for several days. The Cr(N),-OH bond length of complex B-8 is
significantly shorter by 0.04A than those of the complex (B-3). The average (N),Cr-OH
bond lengths in [Cr,(OH),(phen) 4]4+ 034 (1.92A) is also shorter by 0.03A than that in

[Cr,(OH),(en) 4]4" % (1.95A). This is due to a m-bond interaction in the M-(N), bond
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Table 3-5. Selected Bond Lengths(A) and Bond Angles(deg) for
[(nta)Cr(OH),Cr(phen),]” (B-8).

molecule 1 molecule 2

Cr(1)-O(1) 1.94(1) Cr(4)-0O(11) 1.93(1)
Cr(1)-O(3) 1.979(8) Cr(4)-0O(13) 1.996(9)
Cr(1)-O(5) 1.969(8) Cr(4)-0(15) 1.918(9)
Cr(1)-O(8) 1.95(1) Cr(4)-0O(18) 1.947(8)
Cr(1)-O(7) 1.970(9) Cr(4)-O(17) 1.96(1)
Cr(1)-N(1) 2.05(1) Cr(4)-N(11) 2.04(1)
Cr(2)-O(7) 1.92(1) Cr(3)-O(17) 1.923(8)
Cr(2)-O(8) 1.92(1) Cr(3)-0(18) 1.91(1)
Cr(2)-N(2) 2.05(1) Cr(3)-N(12) 2.05(1)
Cr(2)-N(3) 2.07(1) Cr(3)-N(13) 2.06(1)
Cr(2)-N(4) 2.08(1) Cr(3)-N(14) 2.058(9)
Cr(2)-N(5) 2.07(1) Cr(3)-N(15) 2.07(1)
N(1)-C(1) 1.49(2) N(11)-C(51) 1.48(2)
N(1)-C(3) 1.47(2) N(11)-C(53) 1.46(2)
N(1)-C(5) 1.45(1) N(11)-C(55) 1.46(2)
C(DH-C(2) 1.52(2) C(51)-C(52) 1.50(2)
C(3)-C4) 1.51(2) C(53)-C(54) 1.52(2)
C(5)-C(6) 1.54(2) C(55)-C(56) 1.51(2)
Oo(HC(1H)O(7) 175.2(4 O(11)Cr(4)O(17) 169.3(4)
O(DHCr(1)O(5)  89.4(4) O(11)Cr(4)N(15) 93.8(4)
O(1)Cr(1H)OM®)  95.7(4 O(11)Cr(4)O(18) 95.3(4)
OB3)Cr(HO(7)  89.(4) O(13)Cr(4)O(17) 87.8(4)
OB)Cr()N()  79.7(4 O(13)Cr(4)N(11) 80.8(4)
O(5)Cr(1)O(8)  100.9(4) O(15)Cr(4)O(18) 95.0(4)
O(7)Cr(1)OB)  79.5(4) O(17Cr(4)O(18) 77.6(4)
OB)Cr(1)N(1) 175.8(3) O(18)Cr(4)N(11) 177.1(4)
O(HCr(1)OB)  90.8(4) O(11)Cr(4)O(13) 85.9(4)
O(D)Cr(1)N(1)  85.3(4) O(11)Cr(4)N(11) 86.0(4)
OB)Cr()O(5) 162.8(4) O(13)Cr(4)O(15) 163.1(4)
OB3)Cr(1)O(8)  96.2(4) O(13)Cr(4)O(18) 95.3(4)
o5)Cr(1)O(7)  91.3(4) O(15)Cr(4)O(17) 94.7(4)
O(5)Cr(1)N(1) 83.1(4) O(15)Cr(4)N(11) 82.3(4)
O(NCr(1)N(1)  99.6(4) O(17Cr(4)N(11) 101.5(4)

18-




Table 3-5. continued.

O(NCIANQ2)  92.5(4) O(17)Cr(3)N(12)  95.0(4)
O(7)Cr(2)N@4)  174.3(4) O(17)Cr(3)N(14) 168.8(4)
O(B)Cr(QN(2)  93.5(4) O(18)Cr(3)N(12) 92.5(4)
OB)Cr(AN4)  93.4(4) O(18)Cr(3)N(14) 92.8(4)
N(2)Cr(2)N3)  80.8(4) N(12)Cr(3)N(13) 79.6(4)
N()Cr(Q)N(5) 169.3(4) N(12)Cr(3)N(15) 168.6(4)
NG)Cr(2N(5)  94.8(4) N(13)Cr(3)N(15) 91.5(4)
O(7Cr(2)0®)  81.4(4) O(17)Cr(3)0(18)  79.4(4)
O(NCI2NB)  94.2(4) O(17)Cr(3)N(13)  97.5(4)
O(NCI(ANGB)  97.6(4) O(17)Cr3)N(15)  93.2(4)
OB)Cr(QNB)  172.6(4) O(18)Cr(3)N(13) 171.3(4)
O(B)Cr(QN(5)  91.6(4) O(18)Cr(3)N(15) 96.8(4)
N(2)Cr(2)N3)  80.8(4) N(12)Cr(3)N(14) 93.3(4)
N(2)Cr(2)N(5) 169.3(4) N(I13)Cr(4)N(14) 91.3(4)
NG)Cr(2N(5)  94.8(4) N(14)Cr(3)N(15) 79.7(4)
Cr(H)O(NCr(2)  99.3(4) Cr(3)0(17)Cr(4) 101.0(4)
Cr()O®)Cr(2)  99.9(4) Cr(3)O0(18)Cr(4) 101.9(4)
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Figure 3-4. An ORTEP drawing of [(nta)Cr(OH),Cr(phen),]* (B-8)
(molecule 1) with thermal ellipsoids drawn at the 50 % probability level.

Hydrogen atoms are omitted to clarify.
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stabilizes the M(N),-OH bond. This result is consistent with the difference of the stability
between [Cr,(OH),(en),]*" and [Cr,(OH),(phen),]* in the aqueous solution. The
[Crz(OH)z(en)4]4+ comes easily mto equilibrium between mono(u-OH) and di(u-OH)

species. *° It is considered that the strength of the Cr-OH bond would be also important for

the stability of the di(u-OH) dinuclear complexes in aqueous solution.

v) Comparison of the structures in the bridging units between the hetero- and homometal
dinuclear complexes. Except for the bridging unit, structural parameters of Cr(nta), Cr(tn),,
Co(tn), and Cr(phen), moieties are almost the same as those of the [L,M(u-OH),ML,] type
(L = bidentate) symmetrical dinuclear complexes. In Table 3-6, the selected bond lengths
and angles for the dinuclear complexes are compared. The metal-metal distance in
[(nta)Cr(OH),Co(tn),]” (A-3) is 2.9493(7)A. It is expected that the Cr-Co distance in
heterometal dinuclear complex would be an averaged value of the corresponding homometal
dinuclear complexes since the bond lengths and angles in A-3 are almost the same values of
the corresponding homometal dinuclear ones, however, the Cr-Co distance is shorter than
the expected average value(2.965 A) of the metal-metal distances between
[Co,(OH),(en),]*"(2.9514)® and [Cr,(nta),(OH),](2.9794).%° The same difference is also
observed in [(nta)Cr(OH),Cr(tn),]" (B-3) (2.9816(9)A), where the average value is 3.019
A of the metal-metal distances between [Cr,(OH),(en),]*(3.059 A )** and
[Cr,(nta),(OH),]*(2.979 & ).>° However, the average metal-metal distance in
[(nta)Cr(OH),Cr(phen),]" (B-8) (2.981A) is almost equal to the average value (2.988A) of
the metal-metal distances between [Cr,(OH),(phen),]'"(2.997 A )***  and
[Cr,(nta),(OH),]*(2.9794). The shorter metal-metal distances in complex A-3 and B-3
than the averaged values would be due to the intramolecular hydrogen bonds between the tn
amine protons and nta carboxylato atoms as described above, since such difference is not
obtained in the complex B-8 which has no hydrogen atoms to form the intramolecular
hydrogen bond between the phen and nta ligand.
The (nta)Cr-OH bonds frans to the nta nitrogen atom in the aliphatic diamine complexes

A-3 and B-3 are significantly shorter by about 0.03 A than those in the aromatic diimine
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complex BJS, while the (N),Cr-OH bonds in complexes A-3 and B-3 are longer by 0.04A
than thatin the complex B-8. Itis considered that the differences of the (nta)Cr-OH bonds
between complexes A-3 or B-3 and B-8 are due to the extent of the w-bond interaction of
(N),M-OH bond. It is noticeable that the (nta)Cr-OH bonds #rans to the nta nitrogen atom
vary with the extent of the x-bond interaction of M(N),-OH bond, but those cis to the nta

one are almost unaltered.

vi) Acid strength of bridging hydroxide. The colors of aqueous solutions of the complexes
A-1~ 4 and B-1 ~ 4 instantaneously change from red to blue by adding sodium
hydroxide solution. The reaction is reversible and presumably due to the deprotonation of
the hydroxo bridges giving u-hydroxo-p-oxo complexes. Similar spectral behavior in
alkaline soluton was reported for [Cr,(OH),(NH,),]*,*” [Cr,(OH),(en),]*",**
[Cr,(u-OH)(1-SO,)(en),1>*,** and [Cr,(u-OH)(u-CH,COO)(en),]*".** The pK,, values of
above complexes were reported to be about 12. The pK,, values of the bridging hydroxo
ligands for the [Cr(III)-Co(III)] and [Cr(III)-Cr(1II)] complexes varied with the kinds of the
coordinated diamines as shown in Table I1I-7. The pK, values are about 12 for the aliphatic
amine complexes (NH,, en, m, (R,R)chxn and trien). The pK, values are 9.8 and 11 for
the picam complexes. The pK,, values are about 9 for the bpy and phen complexes. These
results are the same as [Cr,(u-OH),(N),]*" type dinuclear complexes'' as shown in Table
3-7. This tendency of the acid strength would correspond to the x-acceptor interaction in the
M-N((N),) bond. Itis considered that the zt-acceptor interaction in the M-N bond affects the
M-OH bond. The M-N bond is strengthened by the m-acceptor interaction, the M-O bond is
enhanced by the z-donor interaction simultaneously as a push-pull action. The pK,, values
were not estimated exactly because of the decomposition of the dinuclear complexes in the
relatively strong alkaline aqueous solutions.

Since two bridging OH are not equivalent, it is necessary to clarify which hydrogen
atom in the bridging hydroxide is dissociated. The stronger Cr-OH bond causes the weaker
O-H bond and the proton would be easy to dissociate. Since the longer (N),M-OH bond

causes the shorter (nta)Cr-OH bonds frans to the nta amine nitrogen as found in the crystal
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Table 3-7. Acid Strength of bridging hydroxide for obtained dinuclear
complexes” and [LCr(OH),CrL]™ type complexes”.

Complex No. pK,, pK,,
[(nta)Cr(OH),Co(NH,),]" A-1 —° —
[(nta)Cr(OH),Co(en),]” A-2 ~12 —°
[(nta)Cr(OH),Co(tn),]" A-3 ~12 —
[(nta)Cr(OH),Co{(R,R)chxn},]"  A-4 ~12 —
[(nta)Cr(OH),Co(trien),] A-§ ~12 —
[(nta)Cr(OH),Co(picam),]” A-6 11 —°
[(nta)Cr(OH),Co(bpy),]" A-7 93 —°
[(nta)Cr(OH),Co(phen),]" A-8 9.4 —°
[(nta)Cr(OH),Cr(NH,),]" B-1 ~12 —
[(nta)Cr(OH),Cr(en),]" B-2 ~12 —
[(nta)Cr(OH),Cr(tn),]* B-3 ~12 —
[(nta)Cr(OH),Cr{(R,R)chxn},]”  B-4 ~12 —
[(nta)Cr(OH),Cr(trien),]" B-5 ~12 —
[(nta)Cr(OH),Cr(picam),]" B-6 9.8 —F
[(nta)Cr(OH),Cr(bpy),]" B-7 9.0 —
[(nta)Cr(OH),Cr(phen),]" B-8 9.2 —°
[(NH,),Cr(OH),Cr(NH,),]* ~12 —
[(en),Cr(OH),Cr(en),]™ ~12 >14
[(tn),Cr(OH),Cr(tn),]* ~12 —
[(mepic),Cr(OH),Cr(mepic),]* * 10.7 —
[(bpy),Cr(OH),Cr(bpy),]* 7.60 11.9
[(phen),Cr(OH),Cr(phen),]* 7.40 11.8
[(nta),Cr(OH),Cr(nta),]* 8.7 9.8

*at 25 °C and ionic strength I = 0.1 mol dm” adjusted with KCI. ° Data from
reference 11.° Not determined because of the decomposition.

* mepic is 1-(2-pyridyl)ethylamine.
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structures, the O-H bond strength frans to the nta amine nitrogen would not be changed.
Therefore, the hydrogen atom bounds to the oxygen cis to the nta amine nitrogen of which
the (nta)Cr-OH bond is not affected by the (N),M-OH one would be dissociated at first.
The [Cr(III)-Co(Ill)] complexes exhibit little larger pKa, values than the
[Cr(III)-Cr(I1II)] ones. Though there 1s no data of acid strengths in di(u-OH)
[Co(II)-Co(II)] complexes, the pK, values of the coordinated water of
cis-[Co(en)z(HzO)z]Z’+ (pK,: 6.06 and pK,: 8.19) is larger than those of
cis-[Cr(en),(H,0),1>* (pK,,: 4.75 and pK,,: 7.35)."' This is consistent with the trends

observed for the dinuclear complexes.

vii) Absorption and CD Spectra. The dinuclear complexes have broad absorption bands
because of the two different chromophores ( [CINO;] and [MN,O,] (M = Cr(II) and
Co(11I)) ) in the first spin allowed d-d absorption band region. The spliting spectral pattern
in this region were observed in some complexes. The splitted absorption maxima are
assigned to the [(nta)Cr(OH),] and [(OH),M(N),] chromophores from the longer
- wavelength, respectively as shown in Table 3-8. These spectral result is consistent with the
unsymmetrical [(nta)Cr(OH),M(N),]" structure. The UV/VIS absorption spectra of four
complexes A-2, 7, B-2 and 7 are shown in Figure 3-5. The broad absorption band
observed at 35000 cm™ (ca. 285 nm) for the [Cr(IIT)-Co(111)] aliphatic diamine complexes in
Figure 3-5b as observed in the di(u-OH) bridged [Co(III)-Co(III)] complexes.>**”° For the
complexes A-6, 7 and 8 with the pyridine ligands, such an absorption band is not observed
owing to overlapping with the ni-m intraligand transition band. These absorption bands at
35000 cm™ are assigned to the charge transfer (CT) transition of Co-OH moiety for the
[Co(u-OH),Co] type complexes.’® It is noted that this CT transition appears even in these
[Cr(u-OH),Co] complexes. The absorption intensities of these CT transitions for the
[Cr(IIT)-Co(III)] complexes in this study are smaller by about one-fourth than those of the
[Co(II1)-Co(III)] ones.”>*
The inflection at 35100 cm™ (285 nm) appears for the [Cr(III)-Cr(III)] aliphatic diamine

complexes. The complex B-4 exhibits the CD maxima at 35100 cm™ (285 nm). Such
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Figure 3-5. The UV/VIS absorption spectra of four [(nta)Cr(OH),M(N) J
complexes in aqueous solution. (@) M= Cr™and (N), = (en), (A-2), (b) M= Co™
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and (N), = (bpy), (B-7).
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inflections of the complexes B-6, 7 and 8 with the pyridine ligands were not observed
owing to overlapping with the n-xt intraligand transition band. These absorption bands are
considered to be characteristic of the [Cr(III)-Cr(I1I)] complexes. But the assignment is not

clear.

3.3.2 Characterization of [Cr,(OH)(RCOO)(en) 4]4+ (en  complexes) and
[(nta)Cr(OH)(RCOO)Cr(en),]* complexes (nta complexes)
1) Synthetic method of [Cr(OH)(RCOO)Cr] type dinuclear complexes. Since the analytical
data (Table 2-2) gave satisfactory results, the en complexes are identified as
[Crz(OH)(RCOO)(en)J‘]4+ . The UV/vis absorption spectra for newly prepared en
complexes are identical with the literature ones (Table 3-9). The elemental analysis (Table
2-2) and column chromatographic behavior for the nta complexes indicate that the present
complexes have the carboxylato bridging dinuclear structures, together with the observation
of two absorption maxima or shoulder around 590 and 509 nm corresponding to
Cr(nta)(O), and cis-Cr(en),(O), chromophores.

The infrared spectral behavior in difference between the asymmetric (v,)) and symmetric
(v,) stretching frequency for the carboxylates shows the existence of the carboxylate
bridging ligand; Av (COO) = v, - v, for the bndging carboxylates are smaller than those
for the corresponding sodium salts as shown in Table 3-10, and the linear correlation is

13,4527

found between the v, and the pK, values for the bridging carboxylates in Figure 3-6.
Two geometrical isomers are possible for [(nta)Cr(OH)(RCOO)Cr(en),]" as shown in
Figure 3-7. Careful column chromatography gave only one band. The *H NMR spectra of
deuteriated complex [(nta-d)Cr(OH)(CD,COO)Cr(en),]" gave only one set of the signal
components; three (-11.0, -24.6 and -31.5 ppm) and one (47.4 ppm) signal for the nta-d;
and CD,COO ligand, respectively. These facts confirm the existence of only one
geometrical isomer, but not of a mixture of two ones. The (a) structure in Figure 3-7
seems to be more favored than the (b) one in view of the release of the steric congestion

between the glycinato ring chelate in the nta ligand and the en chelate, in accordance with the

structures in K, [(nta)Cr(u-OH)(u-CH,COO)Cr(nta)]-4H,0> and [(tren)Cr(u-OH)(u-
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Table 3-9. Visible absorption spectral data for [Cr,(OH)(RCOO)(en),]*
and [(nta)Cr(OH)(RCOO)Cr(en),]" complexes

Compounds No. A/ nm(e/ mol" dm’ cm'™)

[Cr,(OH)(RCOO)(en),]* *

R=H C-1a  504(202)  376(90)

CH, C-2a  505(210) 378(99)
CH,CH, C-3a  505(208) 377(101)
CH,CH,CH, C-4a  505(207) 377(99)
CH,CI C-5a  504(200) 376(88)
CH,CICH, C-6a  505(201) 377(96)
CH,OCH, C-7a  504(207) 376(94)

[(nta)Cr(OH)(RCOO)Cr(en),]* "

R=H C-1b  590sh(90) 509(128) 403(128)
CH, C-2b  590sh(90) 507(141) 404(133)
CH,CH, C-3b  590sh(90) 509(135) 404(132)
CH,CH,CH, C-4b  590sh(90) 509(136) 404(131)
CH,CI C-5b  590sh(90) 507(131) 405(128)
CH,CICH, C-6b  590sh(90) 509(133) 404(128)
CH,OCH, C-7b  590sh(110) 506(144) 405(147)
C.H, C-8b  590sh(90) 509(128) 403(128)

*in 0.01 mol dm® HCL. ® in H,0.
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Table 3-10. Infra-red spectral data (cm™) for [Crz(OH)(RCOO)(en)4]4+ ,
[(nta)Cr(OH)(RCOO)Cr(en),]" and RCOONa in CO streching region®

compounds No. v, (CO) v(CO) Av(CO)

[Cr,(OH)(RCOO)(en),]**

R=H C-la 1572 1380 192
CH, C-2a 1550 1422 128
CH,CH, C-3a 1540 1445 95
CH,CH,CH, C-4a 1536 1455 81
CH,CI C-5a 1598 1443 155
CH,CICH, C-6a 1555 1455 100
CH,OCH, C-7a 1575 1460 115

[(nta)Cr(OH)(RCOO)Cr(en),]"

R=H C-1b 1568 1380 188
CH, C-2b 1555 1420 135
CH,CH, C-3b 1545 1438 107
CH,CH,CH, C-4b 1540 1453 87
CH,CI C-5b 1592 1445 145
CH,CICH, C-6b 1554 1458 96
CH,OCH, C-7b 1568 1460 108
C(H, C-8b 1540 1425 115

RCOONa

R=H 1590 1355 253
CH, 1578 1425 153
CH,CH, 1553 1421 132
CH,CH,CH, 1558 1420 138
CH,CI 1610 1445 145
CH,CICH, 1560 1420 140
CH,OCH, 1613 1422 191
C.H, 1540 1425 115

* KBr pellets.
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CO,)Cr(tren) J(CIO,), '4H20,71 where the oxygen atom of the p-carboxylato or u-carbonato
ligand is located at the cis position to the tertiary amine nitrogen in the nta or tren ligand.
Moreover, the following kinetic and structural considerations also support the (a) structure.
[(nta)Cr(OH)(RCOO)Cr(en),]" are formed by the reaction of [(nta)Cr(OH),Cr(en),]* with
free RCOOH. In the acidic condition, the hydroxo bridge cleavage of
[(nta)Cr(OH),Cr(en),]” occurs firstly to give [(nta)(HZO)Cr(p,-OH)Cr(HzO)(en)z]2+ before
forming [(nta)Cr(OH)(RCOO)Cr(en),".

Since there 1s no monool-diol equilibrium in the [(nta)Cr(OH)ZCr(en)z]+ , the formation of

[(nta)(HzO)Cr(OH)Cr(HZO)(en)z]2+ would be anticipated as follows:

H —|+ H -]2+ H —12+

0] 0]
\ +H* r/ N\ K, AN
(nta)Cr Cr(en) ~ (nta)C Cr(en), -~ (nta)Cr/ Cr(en)s
\0/ _ H+ \ / I

o)
H H/ \H +Ho0 OH, OH.,

The bridging OH ligand is protonated in the acidic condition at first. Since the aqua
bridged species which is very unstable and labile with respect to bridge cleavage,''
[(nta)(HZO)Cr(OH)Cr(HZO)(en)ZJ2+ is immediately formed. The protonation reaction of the
bridging OH 1s affected Cr-(N), bond as we seen in the deprotonation reaction of the
bridging OH ligand in Section 3.3.1, because {(nta)Cr(OH),Cr(bpy and phen),]" did not
react with RCOOH. Therefore, the hydroxo bridging ligand cis to the tertiary amine nitrogen
in the nta which is affected Cr-(N), bond is protonated in the acidic condition. Thus, it is
plausible that the acid catalyzed cleavage could occur at the cis position to the tertiary amine
nitrogen in the nta ligand to form the (a) structure rather than the (b) one in Figure 3-7. This
coordination environment is apparently crowded by the steric interaction among the
substituents in the bridging carboxylates, the en and nta's glycinato chelate rings. However,
the bridging site seems to leave room for enough space to be unaffected even by the bulky R
substitution groups, since there is little ditfference in formation yield of this type of
complexes with carboxylates (R = H, 58; CH,, 56; C,H;, 54; CH,OCH,, 50; CH,CIl, 50;
n-C,;H,, 47; CH,CICH,, 46; C;H,, 48%).

-43-




3.3.3 Characterization of [Cr,(OH),(RCOO)(bispicam),]** °*" complexes

1)Synthetic method of [Cr,(OH),(RCOO)(bispicam),]>* ° **. Chromium(II) carboxylato
complexes easily react with the tridentate ligand N, N-bis(2-pyridylmethyl)amine (bispicam)
in water. Though the previous report was only concemned with u-CH,COO complexes, '**°
itis found that many p-carboxylato chromium(IIl) dinuclear complexes can be prepared
from chromium(Il) carboxylato ones in this study. The crude products were easily obtained
from the red reaction solution by adding saturated NaClO, aqueous solution without using
column chromatographic separation and fractional recrystallization as performed in

[Cr,(u-OH),(u-SO,)(bispicam),]**  ** and  [Cr,(u-OH),(u-CH,COO)(tpen)]** ,'®

respectively. The obtained crude perchlorates can be easily recrystallized from hot water and

gave satisfactorily analytical results. These complexes are stable for several days in aqueous

solution.

13.27.45

As shown in some p-carboxylato chromium(III) dinuclear complexes, the infrared

spectral behavior in difference between asymmetric (v,) and symmetric (v,) stretching
frequencies for the carboxylates decreases in the following order: monodentate carboxylate,
free carboxylate and bidentate or bridged carboxylate. In Table 3-11, the Av (COO) values
(Av =v,, -v,) for all the carboxylato complexes are lower than those for the corresponding
free carboxylato ions. Though there is no corresponding data to compare for the amino
acidato complexes, the Av (COO) value of the [Crz(OH)Z(H3NCI—IZCOO)(bispica.m)z]4+
(126 cm") is comparable to that of [Cr,(OH)(H,NCH,COO)(en),]>* (185 cm™).** The Av
(COO) values of other amino acidato complexes are also comparable to that of
[Cr,(OH),(H,NCH,COO)(bispicam),]*" . The linear correlations between the pK, values of
the free carboxylic acids and the frequencies v, (COO) of the corresponding u-carboxylato

13,27,45 s . . .
A similar relationship in the

chromium(III) and cobalt(IIl) complexes were found.
present carboxylato complexes are obtained as shown in Figure 3-8. This result supports
that the obtained complexes have the p-carboxylato structure.

There exists three geometrical isomers of the obtained complexes for

[CrZ(OH):,‘(SO4)(bispicam)z]2+ as Larsen, Michelsen and Pedersen considered (Figure
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Figure 3-8. Correlation between v, (COO) and pK, values of [Cr,(OH),-
(RCOO)(bispicam)z]3+ . Line shown is least-squares fit.
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Figure 3-9. Possible geometrical structures of [Crz(OH)(RCOO)(bispicam)2]3*:

(a) meso-(C,)), (b) meso-(C), (c) and (d) the enantiomeric pair.
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Table 3-12. ’H NMR spectral data for [Crz(OH)Z(RCOO)(bispicam-dl)2]3+ in H,O.

Complex d (intencity) Ad*
6A 6B

[Cr,(OH),(HCOO)(bispicam-d, ),,_]3+ 22.1(4) -143(4) 364
[Crz(OI-I)z(CH3COO)(bispicam—dl)2]3+ 13.2(4) -10.1(4) 233
[Crz(OH)Z(CH3CHZCOO)(bispicam-dl)2]3+ 15.5(4) -12.44) 279
[Cr,(OH),( CHZCICOO)(bispicam-dl)2]3+ 26.0(4) -12.5(4) 38.5
[Cr,(OH),(CH,CICH,COO)(bispicam-d,),1** 20.7(4) -12.8(4) 33.5
[Cr,(OH),(H,NCH,COO)(bispicam-d,),]** 14.8(4) -10.5(4) 253

[Cr,(OH),(H,NCH,CH,COO)(bispicam-d, ),]** 13.94) -113(4) 252
[Cr,(OH),(H,NCH,CH,CH,COO)(bispicam-d,),]”* 15.5(4) -12.4(4) 27.9
[Cr,(OH),(H,NCH(CH,)COO)(bispicam-d,),]>*  157(4) -12.4(4) 27.5
[Cr,(OH),(H,NCH(OH)COO)(bispicam-d,),I** 148(4) -123(4) 27.1

* The shift difference. Ad = 3, - d,.




3-9).%* In order to establish the geometrical isomers of the present complexes, the deuteron
NMR were employed. Since [Cr,(OH),(CD,COO)(bispicam),]’* exhibited only one
resonance at 0 44.0, it is found that only one isomer exists. When bispicam-d, coordinates
to the chromium(III) ion as a tridentate, the deuteron atom equivalently exists in the four
methylene proton sites in one bispicam ligand. According to Figure 3-9, the *H NMR
spectra of [Cr,(OH),(RCOO)(bispicam-d,),]>" " expect to give two signals in the (a)
1somer, four ones in the (b) isomer and four ones in the (c) and (d) isomers. As shown in
Table 3-12, all the dinuclear complexes containing bispicam-d, gave two signals with the
same intensities. This indicates that there is two kinds of unequivalent methylene deuterons.
Seeing the whole structures of Figure 3-9, the meso-C, isomer (a) is only appropriate to the

results in *H NMR spectra.

i1) Crystal Structure of [Cr,(OH),(HCOO)(bispicam), }(ClO,),*0.5H,0 (D-1). The complex
consists of two octahedrally coordinated chromium atoms bridging by two hydroxo and one
formato ligands as shown in Figure 3-10. The structure of the complex is the same as
expected by the “"H NMR spectra. The selected bond lengths and angles are listed in Table
3-13. The overall symmetry of the complex cation is close to C, and there is a
crystallographic mirror plane through O(1), O(2) and C(1). The average Cr-OH bond length
is 1.952A and falls in the range of the normal Cr-OH bond.* * '***7*7 The Cr-N bonds are
almost the similar magnitude to the related complexes.'®** The average CrO(H)Cr angle is
97.7 ° and slightly smaller than those of the di(u-OH) chromium(III) dinuclear complexes,72
since the two polyhedrons are more attracted by the additional bridging -ligand as
[Cr,(OH),(SO,)(bispicam),]** ** and [Cr,(OH),(CH,COO)(tpen)]>".'* The interplanar
angle between CrO,0, and Cr'O, 0, plane is 27 °.
Table 3-14 shows the comparison of selected the structural parameters of the related
complexes. The Cr-O(formato) distance is 1.977(3) A and little longer than that of
[Crz(p,-OH)(u-HCOO)Z(HZO)G]3+.73 The C-O bond in the formato ligand is slightly shorter
than that of [Cr,(OH),(CH,COO)(tpen)]*" complexes.'® There is no peculiar structural

parameters of [Crz(OH)Z(HCOO)(bispicam)z]s* in comparison with other complexes. The
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Table 3-13. Selected bond lengths (A) and bond angles (deg) for
[Cr,(OH),(HCOO)(bispicam),](ClO,),-0.5H,0 (D-1).

Cr(1)-0(1) 1.957(3)  Cr(1)-0(2) 1.946(3)
Cr(1)-0(3) 1.977(3)  Cr(1)-N(1) 2.066(4)
Cr(1)-N(2) 2.042(4)  Cr(1)-N(@3) 2.046(4)
O(3)-C(1) 1.255(4)

o(1Cr(1)O(2)  78.5(1)  O(1)Cr(1)O(3) 92.7(1)
O(DCHDN(D)  94.7(2)  O(LCr(1)N(2) 91.3(1)
O(1)CH(1INGB)  171.4(2)  O(2)Cr(1)O(3) 92.7(1)
O)CH(DN()  952(2) OR)CH(N(2)  167.9(1)
O)CHNG3)  93.9(1) OB)CHDN(1)  170.1(1)
OB)CH(IN()  943(1) OB)Cr(1)N@3) 91.8(1)
N(DHCH(IN(2)  79.0(1)  N(1)Cr(1)N(3) 81.7(1)
N(I)Cr()N@3)  957(1) CrDHO()Cr(l)  97.3(2)
Cr(H)OR)Cr(l) 98.1(1) Cr1HOB)C(l)  125.7(3)
O(3)C(1)0O3B)  128.3(6)
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Figure 3-10. An ORTEP drawing of [Crz(OH)(I—ICOO)(bispicam)z]3+ cation
in the crystals of the perchlorate salt (D-1) with thermal ellipsoids drawn at the

50 % probability level. Some hydrogen atoms are omitted to clarif V.
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Cr-N(H) bond in the complex D-1 is little shorter than that of
[Cr,(OH),(CH,COO)(tpen)}*".

Though the two methylene moieties are inequivalent in the crystal because of the tortion
angles of 41.7(4)° and 19.1(5)° in the CIN,C,C, and CrN,C,C,, respectively, the
[CrZ(OI-I)z(RCOO)(bisicam—dl)2]3+ °* exhibited two signals with equivalent intensities in
*H NMR. This means the tortion angles of Cr-N-C-C are averaged and two methylene
rings are equivalent in the bispicam ligand in solution.

The hydrogen atoms in the bridging hydroxo groups are involved in hydrogen bonds to
two perchlorate ions. The O-O distances are O(1)(OH)- + -O(12)(ClO;) = 2.877(7) A and
O(2)(OH) * - -O(31)(CIO,) = 2.798(7)A. The average angle (6) between O-O line of

hydroxo bridged oxygen atoms and hydrogen atoms is 25.8 °.

1) Absorption Spectra. The absorption and CD spectral data in the visible region are
summarized in Table 3-15. Figure 3-11 shows the absorption spectrum of
[Crz(OH)Z(HCOO)(bispicam)z]3+ in 1mM HCIO, solution. The first-absorption band
maxima of [Cr,(OH),(RCOO)(bispicam),]** ** is at ca. 510 nm. This value is slightly
red-shifted from that of the [Cr,(OH),(CH,COO)(tpen))’"(500 nm).'* Since the
[Crz(OH),_(CH3COO)(tpen)]3+ is strained by the ethylene chain which connects the two
bispicam ligand, the ligand field is changed slightly. Compared with the
[Cr,(OH),(SO,)(bispicam)]*"(533 nm),”® the first absorption band maxima of
[Cr,(OH),(RCOO)(bispicam),]** **" is blue shifted. This is due to the difference of the

ligand field strength between the sulfato and carboxylato ligands.

1v) Acid strength of bridging aminoacid ligands. The acid dissociation constants of the
u-amino acid complexes were determined potentiometrically on 5 mM aqueous solutions in
0.1 M NaClIO, at 25 C. In contrast to [Cr,(OH)(glyH)(en) 4]5+ which occurs a carboxylato
bridge cleavage reaction, the present pu-aminoactd complexes are so stable that a normal
titration method can be employed. This relatively robustness of the present complexes in the

slightly basic solution would be related to the bridging structures of [Cr(OH),(RCOO)Cr]
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compared to that of [Cr(OH)(RCOO)Cr]. The obtained acid strengths are summarized in
Table 3-16. The pK, value of [Cr,(OH),(glyH)(bispicam),]* is comparable to that of

[Cr,(OH)(glyH)(en),]>* (pK, = 7.5). As Springborg and Toftlund claimed,*® it is
considered that these increased acid strength in the dinuclear complexes is due to the
coordination to the two metal centers. The acid strengths for -NH, group in the B- and
y-amino acid are found to be weaker than that in the a-amino acid. This tendency is the
same as acid strengths in the free amino acid NH,(CH,),COOH. The acid strength of the
bridging amino acid in the dinuclear complexes is affected by the properties in the free

amino acid.
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Figure 3-11. Absorption spectrum of [Cr,(OH),(HCOO)(bispicam),]**
in ImM HCIOQ, solution.
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4. Stereochemistry and Paramagnetic Influence on the Multinuclear NMR
Spectra of the Chromium(III)-Cobalt(III) and Chromium(III)

-Chromium(III) Dinucelar Complexes

4.1 Introduction

Although chromium(III) complexes with various organic ligands have attracted
attention, their structural characterization in the solution has been hampered by the inability
to employ NMR spectroscopy owing to their paramagnetic properties. Recently, the ’H
NMR spectra of paramagnetic chromium(III) complexes with various kinds of deuteriated
ligands have been found to be useful in the study of stereochemistry and electronic
properties.”* However, there has been no systematic study about dinuclear complexes using
’H NMR. It is expected that the application of ’H NMR for the chromium(III) dinuclear
complexes would make us to obtain the valuable information of characteristics of the
dinuclear complexes. However, the ’H NMR study often suffers from the tedious and
expensive deuteriation of the ligands, since the natural abundance of H is only 1.5x107%.
Nitrogen-14 and cobait-59 NMR of the chromium(III)-cobalt(IIT) ([Cr(II)-Co(lI)]) and
chromium(I11)-chromium(III) ([Cr(III)-Cr(I1I[)]) dinuclear complexes which were
synthesized in this study is expected to give more straightforward and valuable information
since the natural abundance of "*N and *’Co are 99.63% and 100%, respectively.

In this chapter, the applications of the multinuclear NMR to the above mentioned
dinuclear complexes were described. The stereochemistry and coordinate bond character of
the ligands in the dinucelar complexes were elucidated on the basis of the ’H NMR spectra.
At the same time, the influences of the paramagnetic unpaired electrons in the chromium(I1I)
ion on the multinuclear NMR spectra for the [(nta)Cr(OH),M(N),]" (M =Co’* and Cr’")

were examined in comparison with those related diamagnetic compounds.

4.2 Expenimental
4.2.1 Preparation of compounds

i) Deuteriated nitrilotriacetic acid (H,nta-dy). The deuteriation was carried out by the method
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reported by Koine et al..”!

it) Deuteriated bipyridine (bpy-dg). The deuteriation of bpy was carried out by slightly
modified reported method.”

iii) Preparation of other complexes. The complexes [Cr(nta)(HZO)z],57

[Co,(OH),(en),]Br, nH,0,* [(nta)Co(OH),Co(en),]Cl-nH, O’ and

[(H,0),M"{(u-OH),Co"(en), },1(CIO,), (M" = Ni, Co and Zn)"® were obtained by the
literature methods. cis-[Co(N) 4(HZO)Z]3+ and cis-[Co(N),(OH),]" (N), = (en),, (tn),, (bpy),
and (phen),) were obtained from decomposition of the corresponding carboxylato

33.34.35

complexes by acid and adjusted to appropriate pH in the solution.

4.2.2 Measurements.

'H, *H, *’Co NMR spectra were measured using a JEOL GSX-270 and/or EX-270 FT
NMR spectrometer. Nitrogen-14 NMR spectra were recorded using a JEOL GX-500 FT
NMR spectrometer. The external standards used were TSP[8('H) = 0], CZHCI3 [6(2H) =
7.24], Na"*NO, [6(**N) = 0] and [Co(NH,),]CL, [8(*’Co) = 8100], with the downfield shift

defined as positive.

4.3 Results and Discussion
4.3.1 'H NMR Spectra

The '"H NMR spectra of cis-[Co(bpy),(H,0),]’" in D,O revealed coupled signals from &
7.3 10 9.4. They are assigned to the bpy aromatic protons (Figure 4-1b). To this solution
(concentration of the complex = 0.05 M) was added [Cr(nta)(H,O),] with varnous
concentrations ( 0.005, 0.01, 0.02 and 0.05 M). The linewidths of each signal increased
and the coupled signals became simple with increasing concentration of [Cr(nta)(H,0),] as
shown in Figure 4-1b ~ e. Their chemical shifts, however, did not change. The similar
NMR behavior was reported for the 'H NMR spectra of the ion paired
[Co™(phen),Cl,1,[Co"Cl,] - 2H,0 with *A, ground state for Co™ similar to Cr’* ground state
in dmso solution,” where pronounced line-broadening effect and small change of the

chemical shifts was also observed on going from the more dilute to the more concentrated
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Figure 4-1. '"H NMR spectra of cis-[Co(bpy)z(I*IZO)z]3+ in D,0O:

(a) before adding [Cr(nta)(H,0),], after adding [Cr(nta)(H,0),] (b) 0.005 M,

()0.01 M, (d) 0.02 M and (e) 0.05 M.
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Figure 4-3. °H NMR spectra of [(nta)Cr(OH),Co(bpy-d,),]" (a) and
[(nta)Cr(OH), Cr(bpy-d,),]" (b) in H,O.
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solution. In aqueous solution at the pH ca 7, the coordinated H,O ligand in

cis-[Co(bpy),(H,0),]’* and [Cr(nta)(H,0),] would deprotonate, and they become

cis-[Co(bpy),(OH)(H,0)]** and [Cr(nta)(OH)(H,O)] as described in Chapter 3. They
would assemble and form the ion pair by the electrostatic attractive force as shown in Fig
3-1. In such ion pairs, the isotropic hyperfine interaction constant (Fermi contact term) is
small and the dipolar interaction with the unpaired electrons is affective.”® The increased
linewidths are due to the dipolar relaxation of unpaired electrons of [Cr(nta)(OH)(H,0))
moiety. The unchanged chemical shifts would be due to the small dipolar interaction (8"° =
87" + & | 8" and 8" ~ 0, then 8"° ~ O where 8"°, 8" and 8*" are the observed
isotropic shift, contact interaction and dipolar interaction, respectively). The influence of the
paramagnetic unpaired electrons through the hydrogen bond is relatively small in this ion
pair, since the paramagnetic ion center is relatively far from Co™ ion.

On the other hand, [(nta)Cr(OH),Co(bpy),]" revealed very broad resonances different
from those of cis-[Co(bpy),(H,0),]** from & 8 to 10 (Figure 4-2). The NMR spectra were
independent in the concentration of complex (from 0.005 to 0.05 M, not shown here). Since
the *H NMR spectra of deuteriated [(nta)Cr(OH)ZCo(bpy-dg)z]+ exhibited the signals in the
same range of 'H NMR spectra as shown in Figure 4-3a, all the bpy protons would
resonant in these region. Since this complex has a ngid dinuclear structure bridged by the
hydroxo ions, the proton nuclei in [(nta)Cr(OH),Co(bpy),]" were more affected by the
unpaired electrons in (nta)Cr™ moiety through the bridging OH than those in the ion pair of
cis-[Co(bpy)z(OH)(HZO)]2+ and [Cr(nta)(OH)(H,O)] via the hydrogen bonds. The very
broad resonances would be due to the dipolar and contact relaxation. The isotropic shifts,
however, were relatively small in spite of the very broad resonance. “H NMR spectra of
[(nta)Cr(OH),Cr(bpy-dy),]" exhibited large contact shifts as shown in Figure 4-3b. It is
found that the deuteron nuclei of the ligand which coordinates directly to the paramagnetic
chromium(III) 1on are more affected by the paramagnetic unpaired electrons than those

which do not coordinate directly to the paramagnetic center. The influence of the

paramagnetic unpaired electrons through the OH bridging ligands is not so large.

-63-




4.3.2 *H NMR spectra and stereochemistry

The *H NMR spectra of [(nta-d,)Cr(OH),M(N),]" (M = Co and Co) were measured and
their data were summarized in Table 4-1. The *H NMR spectra of the [Cr(IIT1)-Co(I1I)] and
[Cr(IIT)-Cr(IIT)] complexes are observed with large contact shifts. On the basis of the signal
assignment made as for the previously reported Cr-nta’** and [Cr(edta)] type

® it appears that the tetradentate nta’ ligand has two acetate chelate

complexes, 7
rings(G-rings) with chemically inequivalent methylene deuterons and acetate chelate

ring(R-ring) with the equivalent deuterons’"> as shown in Figure 4-4. The signals from o
-4.4 10 -10.6 and from & -27.2 to -34.6 are assigned to the inequivalent methylene
deuterons in the G-rings, and those from 8 -9.1 to -23.6 to the equivalent methylene ones in
the R-ring. Table 4-1 shows the spectral data with assignment. The complexes with the
aliphatic diamines (A-1, 2, 3, 4, 5, B-1, 2, 3, 4 and §) show the similar spectral patterns
to each other and to the reported Cr-nta complexes.“'ss Since the [Cr(III)-Cr(III)]
complexes gave the similar spectral patterns to the corresponding [Cr(III)-Co(III)] ones
with variation of diamine ligands, the *H NMR spectra would be influenced by the (N),
ligands and insignificantly by the metal ion M in the M(N), moieties. Figure 4-5 shows “H
NMR spectra of three [Cr(I1I)-Cr(III)] complexes.

The isotropic contact shifts for the deuteriated acetate methylenes in the edta-like
hexadentate coordinated chromium(I1I) mononuclear complexes were related to the glycinato
chelate ring conformation between the chemical shifts and the torsion angles in the
Cr-N-C-C(O) fragment of the acetato(glycinato) rings according to a Karpuls-like or cos*8
relation”*® as shown in Figure 4-6. The cos*0 relation gives equations (1) and (2) for the
A(axial) and B(equatorial) vicinal deuterons as shown in Figure 4-6. The difference between
their NMR shifts is expressed as in equation (3), where the angles « are defined as shown
in Figure 4-6 (taking positive sign for clockwise rotation) and C is a constant including the
spin density.

6,=C cos’8 (1)
d, = Ccos’(8+120°)  (2)
Ad,,=9,-0;=(-V3/2)Csin(2a)  (3)
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Figure 4-4. The description of the G- and R-ring in the tetradentate nta
ligand in [(nta)Cr(OH),M(N),]" .
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Figure 4-5. ’H NMR spectra of [(nta-dﬁ)Cr(OH)ZCr(N)A]““:
(a) (N), = (en),, (b) (N), = (phen), and (c) [(nta-ds)Cr(O)(OH)Cr(phen)z]‘
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Figure 4-6. Dihedral angles for Cr-N-C-D iy (8), Cr-N-C-Dy ooy
(6+120°) and Cr-N-C-C(O) chains exemplifying the 8 conformation with a

negative o angle.
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Table 4-2 shows the dihedral angles and sum of angles for the nta chelate rings for the
dinuclear complexes A-3, B-3 and 8. Though the separation of the signals of the G-ring is
expected for three complexes because of the inequivalent torsion angles o as described in
the reference 74b, the signals of the G-rings for complexes A-3 and B-3 did not separate.
It is likely that the nta chelate conformation of the G-rings are not frozen, but take an
averaged conformation in the solution. The hydrogen bonds between the tm and nta ligands
seem not to retain the nta chelate rings in solution.

On the other hand, the complexes with pyridine rings (A-6, 7, 8, B-6, 7 and 8) show
different spectral patterns. Figure 4-7 is a schematic representation of the “H NMR chemical
shifts. At the lowest field, two signals due to the deuterons in the G-ring appeared with
equivalent intensities from 6 -4.0 to -14.0 (Figure 4-5b, 4-7¢ ~ ¢ and 4-71 ~ k). This
separation of the signals for the deuterons in the G-ring is caused by the inequivalency of
two G-rings. This suggests that the G-ring chelate conformation is frozen in these
complexes in solution. The frozen conformations in the solution is considered to result from
the non-bonding interactions between the nta ligand and heteroaromatic rings. In the
complex B-8, there are differences in the distances and angles between the oxygen atoms of
the two G-rings and hydrogen atoms of phen ligands (C-H - - -O) as shown in Table 4-3.
These nonbonding interactions retain inequivalent G-rings in the solution. That is,
implication of such nonbonding interactions between nonbridging ligands are claimed in the
stereoselective formation of A,A- and A,A-[Cr,(OH),(phen or bpy) 4]4" complexes.78
Moreover, in the [(nta)Cr(u-O)(u-OH)Cr(phen),] complexes of which the bridging unit 1s
altered by deprotonated brnidging oxo ligand as described in Chapter 3 (the Cr-O bond
becomes shorter), since the nonbonding interaction would be more pronounced, the highest
field signal is separated from & -28.0 to -34.0 as shown in Figures 4-5¢ and 4-71. The
[(nta)Cr(n-O)(u-OH)Co(phen),] complex also reveals the same spectral pattern as shown in
Table 4-1.

The average torsion angles o of the two G-rings are 34.2° and 33.6° and sin(2a) gives
0.929 and 0.922 for A-3 and B-3, respectively. There is a small difference in the sin(2a)

values. Therefore the shift difference between A-3 and B-3 of the G-rings result from the
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Table 4-2. Tortion angles a (deg) (Cr-N-C-C(O)) and sum of angles(deg)
of nta chelate rings® for the dinuclear complexes A-3, B-3 and B-8.

Chelate rings Tortion angles(at) Sum of angles
[(nta)Cr(OH),Co(tn),]” (A-3)
R Cr(DHN(1)YC(1)C(2) -14.1(3) 537.2
G, Cr(HN(DHCB)CHD -37.6(3) 525.6
G, Cr(1)N(1)C(5)C(6) 30.7(3) 531.5

[(nta)Cr(OH),Cr(tn),]” (B-3)

R Cr2)N(DC(1)C(2) -13.9(4) 537.5
G, Cr(2N(1)C(3)C(4) -36.8(4) 526.0
G, Cr(2N(1)C(5)C(6) 30.4(3) 531.7

[(nta)Cr(OH),Cr(phen),]” (B-8)

molecule 1
R Cr(HN(DHC(1)C(2) -17(1) 540.3
G, Cr(HN(DHC3B)CHH -37(D) 523.0
G, Cr(DHN(DHC()C(6) 27(1) 533.2
molecule 2
R Cr(4)N(11)C(11)C(11) 11(1) 536.6
G, Cr(4N(11)C(13)C(14) -35(2) 527.0
G, Cr(dN(11)C(15C(16) 31(2) 531.1

* R- and G-rings are defined in the text.
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different C values. Since the parameter C is a constant including the spin density, these
difference are caused by the decrease in the effect by the paramagnetic unpaired electrons

owing to the antiferromagnetic interaction in the [Cr(III)-Cr(III)] complexes.

4.3.3 *H NMR spectra and the influence of the ligands

i) The m-bond interaction of M-(N), bond in [(nta)Cr(OH),M(N),]". It is noted that not only
the chemical shifts of the G-ring, but also those of the R-ring varied from 8 -9.1 to -23.6.
The variation of the ligands in the M(N), moieties is in accord with the changes in the
chemical shifts of the R-ring as shown in Table 4-1 and Figure 4-7. The *H NMR chemical
shifts of the R-ring methylene deuterons in the aliphatic amine complexes are located from &
-9.1to-12.7(A-1 - 5 and B-1 - 5). The chemical shifts of the picam complexes are located
atd -14.0 and -15.6(A-6 and B-6). Those of the bpy and phen complexes with all aromatic
nitrogen ligators are located from d -17.9 t0-23.6 (A-7, 8, B-7 and 8).

From the X-ray structure analysis in Chapter 3, it is expected that the signals of the
R-rings also separate for complexes A-3, B-3 and 8, according to the reported result about
the torsion angle a,”*" but only one signal was obtained for all the complexes in this study.
This result suggests that the R-ring becomes planar in the solution and the o values are
equal to zero. From equation (3), thus, the shift differences between each complex are
caused by the magnitude of the constant C. The constant C is affected by the spin density of
the deuteron atom. As described in the crystal structures of the dinuclear complexes in
Chapter 3, the Cr(nta)-OH bond lengths frans to the nta nitrogen atom vary with the Kinds of
the (N), ligand. Those of the aliphatic diamine complexes A-3 and B-3 are significantly
shorter by about 0.03A than those of the aromatic diimine complex B-8. Though the
obvious change in the Cr-N(nta) bond lengths is not detected from the structural analysis,
the difference in the Cr(nta)-OH bond would affect the Cr-N(nta) bond owing to the frans
influence. Therefore, it is considered that the unpaired electron density of the deuteron
nuclei in the R-ring on the Cr,0, plane or its isotropic contact shift increases with
lengthening the M(N),-OH bond frans to the nta nitrogen atom. In other words, the H

NMR chemical shifts of the R-ring in the nta-d63' ligand are sensitive to the s-bond

-73-




(t)cee- @Li1e-  ©cTtI- L5 (W)D (000 HP D NHO)ID (Cp-eiu)]
(0)6'8c- @0o0e-  @111- LH(u)D(00D HOO*HD)(HO)1D Cp-8u)]
(0)89¢c- Q)se6c-  (D)T11- LEWID(O0D HOIDHI)(HO)ID Cp-aiu)]
(Q)9Lc- @9'Lc-  @r101- L (u)1D(00D1D HO) (HO)ID (p-e1u)]
(O1sc- @s1¢-  (O)80I- LH(U)ID(00D HO*HO *HO)(HO)1D (*p-e1u)]
(Desc- (@80¢-  (Q)Tol1- Lu)ID(00D HO *HO)HO)ID Cp-aiu)]
(D)9 ve- Q@<1¢- @o11- L (W)D(00D HONHO)ID(Cp-eyu)]
Q)S11- (@68 (Q)0'8- L (©2)15(00DH)(HO IO (Cp-eiu)]
un-y 3ui-p
(Xysuour)g xo[dwo)

'O°H Ut [*(u2)10(000W)(HO)DCP-u1u)] 10 eep AN H, 't-b 2IqEL

74-



20 1 1 |
-0.5 0 0.5 1 1.5

0—*

Figure 4-8. Relation between “H NMR shift differences and the inductive
substituent constants for [Cr2(OH)Z(RCOO)(bispicam-dl)2]3+: R = CH,CI (a),
H (b), CH,CICH, (c), C,H, (d) and CH,(e). The shift differences are adopted

from Table 3-12. The inductive substituent constants are adopted from Table 6-5.
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interaction of M-(N), bond via the M(N),-OH bond in these dinuclear complexes through

siX bonds.

11) Influence of the substituent R in [(nta-d,)Cr(OH)(RCOO)Cr(en),]" . The ’H NMR data of
[(nta-d,)Cr(OH)(RCOO)Cr(en),]” are summarized in Table 4-4. As described in above
section, it is expected that the Cr-O(OOCR) bond which is governed by the substituent
effect of RCOOH affects the "H NMR signals. There is no significant relation between *H
NMR chemical shifts and RCOOH. This poor relation supports the expected structure of
[(nta-d,)Cr(OH)(RCOO)Cr(en),]" as shown in Figure 3-7(a). The Cr-N(nta) bond is hardly
affected by the Cr-O one cis to the nta nitrogen atom, no matter how the Cr-O(OOCR) bond

changes significantly with the substituent R.

iii) Influence of the substituent R in [Cr,(OH),(RCOO)(bispicam-d, ),|>* **** complexes. The
H NMR of [Cr,(OH),(RCOO)(bisicam-d,),]** ° ** were applied to determine the structure
of the complexes in Chapter 3. Since all the complexes gave two “H NMR signals, the
Cr-N-C-C torsion angles o in the methylene ring of the bispicam ligand are averaged and
constant in the solution. Therefore, the different C values are responsible for the shift
differences Ad between two signals in the equation Ad, , = 9, - §, = (—\/?T/ 2)C sin (2a) as
described in above Section. There is a correlation between the shift differences Ad and the
inductive substituent constants of the R which will be explained detail in Chapter 6 as
shown in Figure 4-8. This correlation means that the unpaired electron density in the
deuterons in the methylene ring becomes larger with increasing inductive effect of the
substituents. The increasing unpaired electron density is due to the shortened Cr-N(H)
bond. Therefore, it was found that the Cr-O(OOCR) bond affected to the Cr-N(NH) one as
a trans influences. The inductive effects as the properties of the substituent R were related to

the "H NMR chemical shift differences in the methylene deuterons in the bispicam ligand.

4.3.4 "N NMR Spectra

The signal for the en ligands in [(nta)Cr(OH),Cr(en),]" was observed at almost the
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Table 4-5. Nitrogen-14 NMR spectral data for chromium(III) and

cobalt(III) complexes.

Complex o (v,,/Hz)
[(nta)Cr(OH),Cr(en),]" (B-2) -329.8 (81.0)
cis-[CrCl,(en),]" -338.8 (140.2)
cis-[CrF,(en),]" -338.8 (92.1)
trans-[CrF,(en),]" -346.8 (119.7)
[Cr(en),]** -322.7 (292.1)
| [(nta)Cr(OH),Co(en),]" (A-2) -436 (1560), -481 (1870)

[Co,(OH),(en),]* -387, -408 (1800%)
[Co(en),(H,0),]** -386, -403 (1260%
[Co(en),(H,0),1’" * -380, -396 (1880%)

* Linewidth for unresolved signals. ® With addition of an equimolar

amount of paramagnetic [Cr(nta)(H,O),] (see text).
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Figure 4-9. "N NMR spectrum of [(nta)Cr(OI—I)ZCr(en)z]+ at25°C.

-78-




(b)

(a)

0 2500 ppm

Figure 4-10. "N NMR spectra of [(n2)Cr(OH),Co(en),]" (a), cis-[Co(en),(H,0),]** (b)
and cis- [Co(en)z(HzO)z]3+ with equimolar amount of [Cr(nta)(H,0),] (c) at25 °C.
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Figure 4-11. The relation among the "N NMR chemical shifts(@), linewidths )
and temperature in [(nta)Cr(OH)ZCr(en)z]+ at25 °C.
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same position as those of the mononuclear chromium(III) complexes (Table 4-5 and Figure
4-9). In addition, the linewidth is narrower than those of them. The '*N signal of this
dinuclear complex does not seem to be affected by the paramagnetic unpaired electrons in
the Cr(nta) moiety. The only one resonance was observed, though there are two

inequivalent nitrogen atoms cis and frans to the OH ligands. This is the same behavior to the
mononuclear chromium(III) complexes.

In the "N NMR spectrum for the en ligands of [(nta)Cr(OH),Co(en),]", two resolved

signals owing to the inequivalent nitrogen atoms are obtained as shown in Figure 4-10a.
These signals are shifted to higher field and broader than for the Cis-[Co(en)z(I-IZO)z]3+
(Figure 4-10b) and [Coz(OH)z(en)J4+ (Table 4-10). Therefore, the chemical shifts and
linewidths of this complex do not result, respectively, from the coordination shift and the
line broadening due to the enhanced rotation-correlation time. Moreover, the coexistence of
cis-[Co(en),(H,0),I>" in an equimolar amount (0.5 M) with the paramagnetic complex
[Cr(nta)(H,0),] result in a small lower-field shift together with the line broadening (Table
4-5 and Figure 4-10c) for the "N NMR signals as observed for [NBu,],[CoX,].” This
small lower-field shift caused by adding the chromium(IIl) complex is in contrast to the
large higher-field one for the [Cr(III)-Co(III)] which exhibits the expected isotropic shift
with paramagnetic relaxation line broadening. Their behavior is due to the effect of the
paramagnetic unpaired electrons by the (nta)Cr™ moiety as observed in the 'H NMR spectra
for [(nta)Cr(OH),Co(bpy),]".

However, no temperature dependence of the "*N NMR chemical shifts was observed for
each complexes as shown in Figure 4-11. The influences of paramagnetic unpaired electrons
on the "N nuclei is not clear yet inspitt of the large contact shifts of

[(nta)Cr(OH),Co(en),]". The temperature dependent linewidths are due to the increasing

rotation-correlation time as shown in Figure 4-12.

43.5 *>Co NMR Spectra
Cobalt-59 NMR chemical shifts and line widths for [(nta)Cr(OH),Co(N),]" are shown in

Table 4-6 together with the corresponding complexes. The spectra of




Table 4-6. Cobalt-59 NMR data and the positions of the first absorption
maxima for cobalt(III) dinuclear and related mononuclear complexes.

Complex d(v,,, / Hz) Apea /MM
[(nta)Cr(OH),Co(NH,),]* 8600 (10050) 545
[(nta)Cr(OH),Co(en),]" 8780 (3300) 510
[(nta)Cr(OH),Co(tn),]" 9250 (3230) 531
[(nta)Cr(OH),Co{(R,R)chxn},]" 8490 (9800) 516
[(nta)Cr(OH),Co(trien),]* 8380 (2360) 508
[(nta)Cr(OH),Co(picam),]” 9250 (3230) 540
[(nta)Cr(OH),Co(bpy),]" 8210 (3290) 504
[(nta)Cr(OH),Co(phen),]" 8500 (3050) 512
[(H,0),Co™{(OH),Co(en), },]** 9220 (6690) —°
[(H,0),Zn"{(OH),Co(en), },]** 8820 (4780) —°
[(H,0),Ni"{(OH),Co(en), },]* 8430 (10980) -
[(nta)Co(OH),Co(en),] 9100 (7610) 512
cis-[Co(en),(OH),]" 9380 (330) 516
cis-[Co(tn),(OH),]" 9850 (320) 523
cis-[Co(bpy),(OH),]" 8720 (2210) 516
cis-[Co(phen),(OH),]" 9050 (1950) 508

* Absorption maxima for [Co(N)(O),] moiety. ® This absorption maxima was not be

estimated.
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[(nta)Cr(OH),Co(en),]" is shown in Figure 4-13. There is a linear relationship between the
chemical shifts of [Cr(IlI)-Co(IlI)] ones and the corresponding mononuclear
cis-[Co(OH),(N),]" ones(Figure 4-14). In the mononuclear cobalt(II) complexes, there is a
linear relationship between chemical shifts 6 and the first absorption band maxima 1/AE.*°
There is also the linear relationship between the chemical shifts and absorption band maxima
in the first absorption band of [Cr(III)-Co(IIl)] complexes (Figure 4-15).

In the paramagnetic compounds, the >’Co NMR chemical shift & is written as d=0"+
8" + 8" where 8, 8" and 6"” are diamagnetic (temperature independent paramagnetic
(TIP)), Fermi contact and dipolar term, respectively as described in the 'H NMR. In this

dia

case, the 6™ term is proportional to the strength of the ligand field around the Co® ion. The
3°" and 8“* are the influences of the paramagnetic unpaired electrons in the Cr** ion. The
d"" term is proportional to the 1/R’ where R is the distance between the observed nuclei and
paramagnetic center, vbut the 3" one is not directly proportional to that. Since these
dinuclear complexes are rigid bridging structures ([Cr(u-OH),Co]), the 8*® terms which
depends upon the distance from the paramagnetic center would be almost unchanged for all
the dinuclear complexes. The remaining 6™ term would not be changed for each complex
because of the above linear correlation.

To clarify the influences of the paramagnetic unpaired electrons, the temperature

con

dependence chemical shifts were examined. The 8" and 8*® terms are closely related to the
temperature (Curie law). Figures. 4-16 and 4-17 show the relationships among chemical
shifts, linewidths and temperature. In the chemical shift change, the slope for

[(nta)Cr(OH),Co(en),]" was almost the same as those for cis-[Co(en),(OH),]". The

behavior of the linewidths of [(nta)Cr(OH),Co(en),]” were also the same as those for the
mononuclear one. In contrast to the fact that the **Co NMR for the Co,0, polycrystalline
which contains diamagnetic octahedral Co®* and the paramagnetic tetrahedral Co** ions®' and
*W NMR for the wolfram heteropoly complexes which contains paramagnetic tetrahedral
Co™ ion™ give large temperature dependent shifts in comparison with the corresponding

diamagnetic species, there would be little influence by the paramagnetic electrons from

([(nta)Cr(u-OH),]) motety in the [Cr(III)-Co(III)] complexes. In addition, the temperature
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Figure 4-14. Correlation between *Co NMR chemical shifts of [(nta)Cr-

(OH),Co(N),]" and cis-[Co(OH),(N),]": (N), = (in), (a), (en), (b), (bpy), (c)
and (phen), (d).
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Figure 4-15. Correlation between **Co NMR chemical shifts of [(nta)Cr-
(OH),Co(N),1" and their first absorption maxima. The data are obtained from

Table 4-6. Line shown is least-squares fit.
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Figure 4-16. Relation betwen **Co NMR chemical shifts and temperature:
cis-[Co(en),(OH),]" (a), [(nta)Cr(OH),Co(en),]* (b) and [(H,0),Ni{(u-OH),-
Co(en), },I** (c).
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Figure 4-17. Relation betwen *>Co NMR line widths and temperature:
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dependent chemical shifts of the cobalt(IIl) trinuclear [(HZO)ZNiH{(OH)ZCom(en)z}2]4+
complex which contains octahedral (high spin d*) Ni** ion, exhibited slightly larger slope
(8-1/T) than those of the cis-[Co(en),(OH),]" and [(nta)Cr(OH),Co(en),]* as shown in
Figure 4-16. The same structural [(HZO)ZCOH{(OI-I)ZCom(en)z}z]4+ complex also exhibited
small influence of the paramagnetic unpaired electrons according to the **Co chemical shift
and halfwidth. The effect of the paramagnetic unpaired electrons even in the e, orbitals
which form a o-bond of Ni" or Co" ions is not so large to affect the >’Co NMR shift
apparently. As will be described in the Chapter 5, since the antiferromagnetic interaction is
mainly via the m-overlap with magnetic t,, orbital, the influence of the paramagnetic
unpaired electrons in the o-bond would not be so effective as expected.

Accordingly, the change in the higher field shifts in these complexes from the dihydroxo
mononuclear complexes would result from the ligand field strengths of OH" of [Co(N),(0O),]
moiety. The order of the ligand field strengths of the OH 1on is then as follows:
AE([(H,0),Ni"{(u-OH),Co(en),},]*) >  AE([(n@)Cr"(u-OH),Co(en),]) >
AE([(H,0),Zn"{(u-OH),Co(en),},I") >  AE([(nta)Co™(u-OH),Co(en),]) >
AE( [(HZO)ZCOH{(}LOL-I)ZCO(en)Z}2]4+) > AE([Co(OH),(en),]".

The difference in the *Co NMR chemical shift among these complexes is mainly due to the
difference of the ligand field strengths of the coordinating OH ligand to different metal ions.
The bridging OH' ion lies in the higher position of the spectrochemical series than the

monodentate OH one.




5. Magnetic Exchange Interaction in Chromium(III)-Chromium(III)

Dinuclear Complexes

5.1 Introduction

Since the octahedral chromium(IIl) ion has spin § = 3/2, the magnetic exchange
interaction 1s one of the most interesting aspects in the dinuclear complexes as described in
General Introduction. The extent of magnetic exchange interaction is usually obtained from
the temperature dependent magnetic susceptibility data. The temperature dependent magnetic
susceptibility data for chromium(IIl) dinuclear complexes were fitted by the Van Vieck

equation,

Ng*p? 2exp(2J | kT)+10exp(6J / kT)+8exp(12J / kT)
kT 1+3exp(2J / kT)+5exp(6J | kT)+7exp(12J / kT)

where J is the spin-exchange coupling constant in cm” by the exchange Hamiltonian
expressedas H =-2J(S,S,).

There are several magneto-structural correlation about the exchange interaction in
chromium(IIlI) dinuclear complexes. For the chromium(IIl) dinuclear complexes with
[Cr(un-OH),Cr] bridging unit, Glerup, Hodgson and Pedersen purposed a model (GHP
model) which correlates the magnitude of the magnetic exchange interaction with structural
parameters of Cr-O bond length r, Cr-O-Cr bridging angle ¢ and dihedral angle 6 between
the bridging plane and the OH vector of the bridging group (Figure 5-1).”* The observed
exchange coupling constant J is the sum of the antiferro- (J,) and ferromagnetic (J)
contribution. They estimated each contributions to the above structural parameters on the
basis of the angular overlap model (AOM) consideration. The overlap of the d,, orbital in
one chromium(IIl) ion and the d, orbital in another one via the p, orbital on the bridging
oxygen atom is mainly contributed to the antiferromagnetic interaction. The J, term is
proportional to |<d, (a) | V_|d,(b)> | *| E., where E . is the energy of the charge transfer
configuration. On the other hand, the overlap of the d ; orbital in one chromium(III) ion and

the d_, orbital in another one is contributed to the ferromagnetic interaction. The J; term is

-O1-




I
/_O/\
r

Cr ¢ Cr
\o/
- — H ~_ N\

X, X5 Y, Yy

Figure 5-1. The coordination system for [Cr(u-OH),Cr] bridging
unit in the GHP model.

Figure 5-2. The magnetic exchange paths in face-sharing dinuclear complexes

with d°-d* electronic confi guration.
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proportional to |<d(a) |V, |d, (b)>| ’. The total expression for 2. is the sum of Jsand J;
Using these three structural parameters from X-ray structure, we can calculate the 2J value.
According to the GHP's explanation, the -2J value is obtained following equation:

2J= e*“"[bcos’d / {1-sin’0 / tan’(¢/2)}*-csin’ ¢ / { 1-cos¢}*]
where @, b and c are the parameters which were determined by the least-squares technique (a
=19, b=6llandc=172).”

On the other hand, Wieghardt and co-workers reported that the direct metal-metal
exchange interaction in the face-sharing transition metal dinuclear complexes with the d*-d’
electronic configuration.® They demonstrated the only relevant structural parameter that
correlates with the value of J is the distance between the two metal ions. Unlike the
di(u-OH) chromium(IIl) dinuclear complexes, not the superexchange interaction, but the
direct metal-metal interaction take place (Figure 5-2).

Although there are several magneto-structural correlations in the chromium(III)
dinuclear complexes, a few studies on relation between magnetic exchange interaction and
the coordinate bond characters of the ligands are reported. Nakahanada et al. reported that
the one of the most appropriate series which make possible to relate the magnetic exchange
interactions to the structural and the electronic properties of bridging moieties.®* The
magnetic  exchange interactions in  five  [Cr,(acac),(X-PhO),]  type
bis(u-4-substituted-phenoxo) complexes tend to increase with increasing pK, values of
4-X -phenols or electron density at the bridging oxygen ligators. Gafford et al. found the
relation of the pK, values of the carboxylic acids with the magnetic interactions in
[(tmpa)Cr(u-O)(u-RCOO)Cr( tmpa)]5+ type complexes.”' B

In this chapter, the magnetic exchange interactions in the chromium(I1I)-chromium(III)
dinuclear complexes are described. In [(nta)Cr(OH),Cr(N),]" complexes, the correlation
between structures and magnetic exchange coupling are investigated. In
[(nta)Cr(OH)(RCOO)Cr(en),]” complexes, the contribution in the magnetic exchange
interactions of the bridging carboxylates is examined. Since
[Cr,(OH),(RCOO)(bispicam),]** * ** complexes have both face-sharing bridging unit and

di(u-OH) one, it 1s interest of the correlation between structures and magnetic exchange
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coupling. In addition, the contribution in the magnetic exchange interactions of the bridging

carboxylates is also interest.

5.2 Experimental
5.2.1 Measurements

Magnetic susceptibilities were measured on powdered samples of chromium(III)
dinuclear complexes by using a Faraday method. Corrections for diamagnetism were
applied with use of Pascal's constants. The observed susceptibilities were fitted by a
theoretical equation using a non-linear least-squares SIMPLEX parameter optimization
routine, minimizing the residual function R = [Z(x,,, - Xuo) / Sy 1'% Magnetic

moment in aqueous solution is measured using a Gouy method at room temperature.

5.3 Results and Discussion
5.3.1 [(nta)Cr(OH),Cr(N),]" complexes

The best fit of the susceptibility data reveals that the [Cr(III)-Cr(IIT)] complexes give
antiferromagnetic coupling and that their 2J values are -17.2 t0 -31.4 cm™ as summarized in
Table 5-1. These 2J values are in the range of the dinuclear di(u-OH) chromium(III)
complexes.”> The experimental data for the temperature dependence of the magnetic
susceptibility and magnetic moment of [(nta)Cr(OH),Cr(tn),]Cl- 1.5H,0 is shown in Figure
5-3.

The X-ray structure analysis for [(nta)Cr(OH),Cr(tn),]Cl- 1.5H,0 as described in
Chapter 3 reveals that the angle 6, which consists of the Cr,O, plane and the hydrogen atom
of bridging hydroxo ligand is 22.7°(average). From the GHP model, the coupling constants
(2J) for [(nta)Cr(OH),Cr(tn),]Cl*1.5H,O is expected to be -23.1 cm™, compared with the
observed value -17.2 cm”. The calculated value in this study is fairly in agreement with the
observed one.

The 2J value of [Cr,(OH),(phen),]Cl,-6H,0 (-43.0 cem™)’? is larger than that of

[Cr,(OH),(en),]Cl,-H,O (-29.4 cm™).”® Since the magnetic exchange interaction in

di(u-OH) chromium(III) dinuclear complexes is largely dependent on Cr-OH bond length as




Table 5-1. Magnetic parameteres for [(nta)Cr(OH),Cr(N),]"".

Complex g 2J/cm™?
[(nta)Cr(OH),Cr(NH,),]" 2.01 -19.5
[(nta)Cr(OH),Cr(en),]” 2.01 -19.8
[(nta)Cr(OH),Cr(tn),]* 2.01 -17.2
[(nta)Cr(OH),Cr{R, R(chxn)},]" 1.98 -25.5
[(nta)Cr(OH),Cr(trien),]" 1.96 215
[(nta)Cr(OH),Cr(picam), ] 1.99 -20.5
[(nta)Cr(OH),Cr(bpy),]’ 2.02 314
[(nta)Cr(OH),Cr(phen),]" 1.98 -22.6

* Chloride salts. ° 2J refers to the coupling constant determined from the

observed susceptibility data.
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Figure 5-3. Temperature dependent magnetic susceptibility (% Teft scale, @)

and effective magnetic moment (u 4 right scale, O) for [(nla)Cr(OH)ZCr(tn)z]Cl'

1.5H,0 (B-3).

-06-




Table 5-2. Magnetic parameters for [(nta)Cr(OH)(RCOO)Cr(en),]"

R g 2J/cm™
H 2.01 -22.6
CH, 1.99 -20.0
CH,CH,CH, 1.98 -20.8
C.H, 2.00 -21.1
CH,CH, 1.97 -20.2
CH,CI 2.00 225
CH,CICH, 2.01 -21.6
CH,OCH, 1.99 -22.0

* 2J refers to the coupling constant determined from the observed susceptibility data.
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GHP model described, this difference in magnetic exchange interaction would be mainly
due to the Cr-O bond difference between two complexes (see Table 3-6). Since the Cr-O
bond lengths of the [(nta)Cr(OH),Cr(N),]" complexes are also varied with (N), ligands
described in Chapter 3, it is of interest in variation of their magnetic exchange coupling. As
shown in Table 5-1, the 2J values are not so varied in wide range. From the X-ray
structures, the (N),Cr-OH bond of [(nta)Cr(OH),Cr(tn),]CI-1.5H,0 (B-3) is longer by
0.04A than that of [(nta)Cr(OH),Cr(phen),]Cl-7H,O (B-8). On the other hand, the
(nta)Cr-OH bond frans to the nitrogen atom of nta in [(nta)Cr(OH),Cr(tn),]Cl* 1.5H,0
(B-3) is shorter by 0.03A than that in [(nta)Cr(OH),Cr(phen),]Cl-7H,O (B-8). Since the
magnetic exchange interaction mainly depends on the overlap between d_(a) and d,(b)
orbitals via the p, one on the bridging oxygen atom in di(n-OH) chromium(IIl) dinuclear
complexes according to the GHP model, the averaged Cr-O bond length should be rather
considered in this unsymmetrical dinuclear complexes. The average Cr-OH bond lengths are
1.954A and 1.94A for complex B-3 and B-8, respectively. These average Cr-O bond
lengths are not so changed to reveal the difference in the exchange coupling constant.
Therefore the 2J values are not so different from each other in the [(nta)Cr(OH),Cr(N),]"
complexes, though (N),Cr-OH bonds are atfected by the coordination bond character of

(N), ligand as seen in X-ray structures.

5.3.2 [(nta)Cr(OH)(RCOO)Cr(en),]" complexes
The magnetic exchange interaction of 2J values varied from -20.0 to -22.6 cm™ for
[(nta)Cr(OH)(RCOO)Cr(en),]” complexes as shown in Table 5-2. Small change of 2J
values are obtained in spite of the variation of bridging ligands. The bridging carboxylates
are not affected in the magnetic exchange interaction. The Cr-O(H)-Cr exchange path would
contribute mainly to the magnetic exchange interaction in these complexes. The structural
parameters mainly Cr-O(H) bond would not be changed in each complexes, since the first
absorption band maxima which is affected by the ligand field strength .Therefore the
magnetic exchange interaction are not varied with complexes. This result indicates the direct

contribution to the magnetic exchange interaction as an exchange path of the bridging
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carboxylato ligand is not atfective in these complexes.

5.3.3 [Cr,(OH),(RCOO)(bispicam),]** *** complexes
Table 5-3 shows the summarized magnetic properties of u-carboxylato chromium(III)
dinuclear complexes. In Figure 5-4, plots of % vs. T are shown for
[Cr,(OH),(HCOO)(bispicam),](ClO,), 0. 5H,O (D-1) and
[Cr,(OH),(HCOO)(bispicam), ](PF);+0.5H,O (D-5). The results of the data fitting
showed ferromagnetic exchange interactions between two chromium(IIl) ions in complexes
D-1, D-4 and D-11 as shown in Table 5-3. The magnetic exchange interactions were
changed from antiferromagnetic to ferromagnetic one depending upon the changes of the
anion in the u-HCOO and u-CH,CICOO complexes. This remarkable change in magnetic
exchange interactions for chromium(IIl) dinuclear complexes is firstly observed in this
study. The bridging structure of these dinuclear complexes is intermediate between the
edge-sharing and the face-sharing form as shown in Figure 5-5. The ferromagnetic
exchange coupling in the u-hydroxo bridged chromium(III) dinuclear complexes has been
reported as Na,[Cr,(mal),(OH),]-H,O (2J = +2.16 cm™)* and [Cr,(OH),(histidine),] (2J =
+0.15 cm™).*® The reason of this ferromagnetic exchange coupling was not explained in the
literatures. *>** Though the complexes in this study have the di(u-hydroxo) structure, the 2J
value of [Cr,(OH),(HCOO)(bispicam),](ClO,);-0.5H,0 (D-1) (2J = +28.0 cm’) is larger
than those of Na,[Cr,(mal),(OH),]'H,0 and [Cr,(OH),(hisudine),]. This large
ferromagnetic exchange interaction is also remarkable. On the other hand, the strong
antiferromagnetic ~ coupling (2J = -67 cm’) was observed in the
[Crz(OI-I)Z(CHsCOO)(tpen)](ClO4)318 which has the similar structures to the present
dinuclear complexes. Moreover, it 1S noted that the
[Cr,(OH),(SO,)(bispicam),](S,0;) - 3H,O which has almost the same structure revealed
antiferromagnetic coupling (2J = -14.4 cm™').?®
Toftlund, Simonsen and Pedersen suggested that the strong antiferromagnetic exchange
coupling in [Cr,(OH),(CH,COO)(tpen)](CIO,); would be due to the existence of the

exchange paths through the hydroxo ligands and the acetato one.'® However, another
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Figure 5-4. Temperature dependent magnetic susceptibility (Xp left scale)

and effective magnetic moment (U nght scale) of [Cr,(OH),(HCOO)(bispicam),]-
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Figure 5-5. The bridging structure of [Cr,(OH),(RCOO)(bispicam),]** " ** type
complexes.
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exchange path which can perform antiferromagnetic exchange exists in the chromium(III)
dinuclear complexes. Since this complex has a relatively short metal-metal distance, the
strong antiferromagnetic coupling is anticipated to be due to a direct metal-metal interaction
as described in the  introduction. The  coupling  constant  for

[Cr,(OH),(CH,COO)(tpen)](CIO,), 1s very applicable for their relationship between the
metal-metal distances and In| -2J| (the resultis shown in Figure 5-6). From this result, in
the magnetic exchange coupling of [Cr,(OH),(CH;COO)(tpen)](CIO,), , the direct
metal-metal interaction is a predominant exchange path. Therefore, the existence of the
exchange path through the carboxylate in [Cr,(OH),(CH,COO)(tpen)](CIO,), is not clear.
On the other hand, the possibility of the contribution of the direct metal-metal interaction in
the face-sharing type dinuclear complexes is not favorable for the present ferromagnetic
[Cr,(OH),(HCOO)(bispicam),]** ** ** complexes, since that interaction reveals

83
* In

antiferromagnetic coupling in d>-d’ electronic configuration as Wieghardt explained.
addition, the antiferromagnetic exchange interactions of [Cr,(OH),(HCOO)(bispicam),]** "
* can not be explained by the metal-metal direct interaction. The In| -2J| values of
[Crz(OH)Z(HCOO)(bispicam)z]3+ % are plotted using the metal-metal distance of
[Cr,(OH),(HCOO)(bispicam),](CIO,), - 0.5H,0 (D-1) in Figure 5-6. The In| -2J| values
of [Cr,(OH),(HCOO)(bispicam),]** *** are widely distributed as surrounded by the dotted
ellipsoids. The magnetic exchange interactions of these complexes cannot be explained by
the face-sharing model.
Larsen, Michelsen and Pedersen reported that the calculated 2J value of

[Cr,(OH),(SO,)(bispicam), ](S,0;) *:3H,0 (2J 4 = -15 cm™) using GHP model was in
agreement with the fitting data and the bridging sulfate ion was not an effective exchange
path. Using the structural parameters of r = 1.977A, ¢ = 96.97 ° and 6 = 25.75 ° in the
[Cr,(OH),(HCOO)(bispicam),](ClIO,), - 0. 5H,O, the 2J value is calculated according to the
GHP model. The calculated 2J values is -22.8 cm” (antiferromagnetic coupling) and
different from the observed value. In addition, it assumes that the structural parameters of
the other [Cr,(OH),(HCOO)(bispicam),]** ** complexes are not so different from those of

complex D-1, the observed 2J values of them are also smaller than this calculated one. The
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Figure 5-6. A plotof In|-2J| vs. metal-metal distance R for face-sharing dinuclear
complexes. The symbols [_] and Bldenote [Cr,(OH),(CH,COO)(tpen)] (CIO,), and
[Crz(OH)Z(SO4)(bispicam)z](SZOG) *3H,0, respectivery. The 2J values for
[Cr,(OH),(RCOO)(bispicam),]** *** are indicated as symbol A. The data (@) for
[M(u-X);M] type are from reference 83.
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GHP model also cannot elucidate observed magnetic exchange coupling in
[Cr,(u-OH),(u-RCOO)(bispicam),]** .

The carboxylato bridging ligand must be taken into account as an additional effective
exchange path in [Cr,(OH),(RCOO)(bispicam),]>" °* **. The apparent magnetic interaction
would be a sum of the two hydroxo bridged path and carboxylato bridged one as following
equation:

Jobsd = JOH + JRCOO

where J,, 4, Jon and Jpoo are the observed coupling constant, the contribution of the OH
path and that of the RCOO one, respectively. Since the ferromagnetic term in OH path is
small according to the GHP model, the ferromagnetic contribution in apparent magnetic
coupling constant would be due to the RCOO path. Assuming almost the constant of
ferromagnetic contribution in RCOO path in the Jy.,, value in each complexes, the
remarkable change in magnetic exchange interaction from antiferromagnetic to ferromagnetic
is due to the change of the J,; one which is influenced by the structural parameters of
bridging unit. While the crystal structures which exhibit anitiferromagnetic coupling are not
obtained, the small antiferromagnetic contribution of OH path arise from the decrease of the
overlap between p, and d, or d, because of the large 6 values in the crystals. The large 6
value brings to the change the hybridized orbital from sp” to sp’ in the bridging OH, and
then the Cr-O bond becomes longer.”

The carboxylato bridging ligand as an exchange path was reported by Inoue and Kubo
in the formato-copper(Il) oomplexes.87 They claimed that there are ferromagnetic
o-exchange path and antiferromagnetic n-exchange path in the formate bridging ligand. The
contribution of the substituent R in the carboxylato ligand is not clear 1n

[Cr,(OH),(RCOO)(bispicam),]** " **.
It is concluded that this is a certain first example to suggest that the carboxylato bridging

ligands are the obvious important magnetic exchange path in the chromium(III) dinuclear

complexes.
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6. Base Hydrolysis Reaction in Chromium(III)-Chromium(III) Dinuclear

Complexes

6.1 Introduction
Though a number of chromium(III) dinuclear complexes have been also investigated

11.12,13.15.45.88 . .
there has been few studies on the correlation

from the kinetic view points,
between properties of the ligands and the reactivities in the bridging units. Springborg and
Toftlund reported that the base hydrolysis of [Crz(OH)(RCOO)(en)4]4+ with R = H, CH,,
and NH;CH, were presumed to be affected by acid strengths of free carboxylic acids from
the semiquantitative comparison of the half-life times.* The recent kinetic study on the
u-CF,COO bndging complex [Cr,(OH)(CF,COO)(en) 4]4+ revealed that the hydrolysis
reaction undertakes through two stages with easy loss of the bridging carboxylate ligand."’
As described in Chapters 2, it was found that [(nta)Cr(OH),Cr(en),]” reacts with many
carboxylic acids (RCOOH) to form [(nta)Cr(OH)(RCOO)Cr(en),]” in aqueous solution.
These dinuclear complexes are expected to a suitable candidate to clarify the reaction
mechanis related to the on substituent effects of the bridging carboxylates and the effect of
the ligands in comparison with those for [Cr,(OH)(RCOO)(en) 4]“. Their structures which
confirmed in Chapter 3, are shown in Figure 6-1.
In this chapter, the kinetics of base hydrolysis of [Crz(OH)(RCOO)(en)J“ and
[(nta)Cr(OH)(RCOO)Cr(en),]" at 25 °C were described. The effects of substituent groups

of carboxylates and of non-bridging ligand on the base hydrolysis reaction rates and the

reaction mechanisms will be discussed.

6.2 Expennmental

6.2.1 Instruments. UV/VIS spectra were recorded on a HITACHI 330 and a Shimadzu
UV-2100 spectrophotometers at room temperature. Stopped flow measurements were
carried out by an Union Giken Stopped-flow RA-401 spectrophotometer. Deuteron-2
NMR spectra were measured using a JEOL JNM-GSX-270 FT NMR spectrometer at 25 “C.

The data were collected on mixing solutions initially containing equivalent volume of 0.01
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M solution of the complexes and 1 M NaOH solution in 10 mm tubes. The external standard
was C*HCI, 7.24 ppm with the downfield shift defined as positive.

The column chromatography to separate the reaction intermediates from the reaction
solution was carried out in the following conditions with SP-Sephadex (C-25 Na' form and
1.5 x 20 cm) and/or QAE-Sephadex (A-25 CI form and 1.5 x 20 cm) ion exchanger. The

eluting solution was 0.1 M NH,/NH,CI aqueous buffered solution at pH 9.5.

6.2.2 Kinetic measurements. The kinetics of base hydrolysis for [Cr,(OH)(RCOO)(en),]**
(C-1a - 7a) were monitored at 363 and 527 nm in 10 mm quartz cells thermostated at 25+
0.1 °C using a Shimadzu UV-2100 spectrophotometer.  Since the reactions of the
u-formato and p-monochloroacetato complexes were very fast, they were followed at 363
nm by employing the stopped flow method. The hydroxide ion concentration dependence of
the rates were investigated for the reactions with NaOH solution ranging in concentration
from 0.1 to 0.5 M. The initial concentrations of the complexes were 3 x 10° M. All
spectrophotometric measurements were made by mixing equivalent volume of each solution
in a cell at constant tonic strengths of 0.5 M adjusted with NaClO,.

The base hydrolysis of [(nta)Cr(OH)(RCOO)Cr(en),]” (C-1b - 8b) were followed
spectrometrically by using a Shimadzu UV-160 or UV-2100 spectrophotometer at 700 nm
in 10 mm cells thermostated at 25+0.1 “C. The hydroxide ion concentration dependence
of the rates were investigated for the reactions with NaOH solution ranging in concentration
from 0.05 to 2 M at constant ionic strengths of 2 M adjusted with NaClO,. The initial
concentrations of the complexes are 5 x 10° M.

Pseudo-first-order rate constants (k_,,,) were determined by plotting In(4, - A, vs.
time. Reactions were followed for at least 4 half-lives. Rate constants were calculated from
the slope of the plots using the following relationship

In(A,-A,,) = -k, + In(A,-A,) (1),
where A,, A, and A, refer to the absorbances at the initial, infinite, and t time,
respectively. Kinetic runs are carried out at least three imes. The reproducibility of rate

constants for the repeated experiments was found to be within 9%.
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6.3 Results and Discussion

6.3. 1 Kinetics of base hydrolysis for [Cr,(OH)(RCOO)(en) 4]4+ (en complexes, C-1a - 7a).
The color of the aqueous solution of [Cr,(OH)(RCOO)(en) 4]4+ changed rapidly from red to
blue by addition of hydroxide ion. This color change is due to the deprotonation of the
hydroxo bridge as reported by Springborg and Tof tlund.** The deprotonation.reaction rate is
too fast to follow it even with a stopped-flow method. After deprotonation, the UV/VIS
spectra of the blue complex giving absorption maxima at 580, 450 and 363 nm changed
with ime. The isosbestic points are observed at 385, 430 and 558 nm in the early phase of
the reaction as shown in Figure 6-2. At 363 nm, the absorbance was simply decreased and
converged to A, . whereas at 527 nm it was initially increased and then decreased. The
isosbestic points vanished as the reaction proceeded. These spectral changes are ascribed to
the first and second stages in the whole reaction.

The SP-Sephadex column chromatography at 5 min and 60 min during the base
hydrolysis gave two bands, showing a tripositive and an unipositive complex ion in view
of the concentrations of the eluting solutions. The amount of the former and the latter bands
decreased and increased, respectively, at 60 min as compared with those at 5 min. They are
identified as mono-u-OH dinuclear [(OH)(en)zCr(u-OH)Cr(OH)(en)z]3+ and mononuclear
cis-[Cr(OH),(en),]" not only by the UV/VIS spectra,68 but also by the ’H NMR spectra of
the u-CD,COQO complex as follows.

The *H NMR chemical shift behavior of CD,COO makes possible to distinguish
among an uncoordinated form, monodentate one and a bndged ligand coordinated to
chromium(III) ions. The NMR signals for the monodentate acetato ligand appear at about 20
ppm.>>® On the other hand, the bridging acetato ligands exhibit a signal ranging in

5% Before addition of hydroxide ion, only one

chemical shifts from about 60 to 40 ppm.
’H NMR signal was observed at 56 ppm as in Figure 6-3a. This is assignable to the
bridging deuteriated acetato ligand in [Cr,(OH)(CD,COO)(en) 4]4+ . When hydroxide ion
was added, three signals at 39.0, 17.8 and 3.0 ppm appeared (Figure 6-3b). Among

them, the signal intensity at 3.0 ppm increased with time and kept almost unchanged after
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Figure 6-3."H NMR spectral change of [Cr,(u-OH)(u-CD,COO)(en),]*
solution (a), before adding NaOH solution; after adding NaOH aqueous solution
(b) 5 min, (¢) 10 min, (d) 15 min, (e) 20 min, (f) 30 min, (g) 40 min and
(h) 50 min.
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Scheme 6-1. Base hydrolysis reaction mechanism of
[Cr,(u-OH)(u-RCOO)(en),I*.
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Figure 6-4. Plotof In(A, - A,,) at 363 nm vs. time for the reaction of
[Cr,(n-OH)(u-CH,COO)(en) 4]4* (C-2a) with NaOH aqueous solution
([OH] = 0.5 M) at25C and I = 0.5 M (NaClO,).
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about 40 min. This signal is due to free uncoordinated CD,COO ion in view of the chemical
shift. The remaining two signals at 39.0 and 17.8 ppm decreased with time and finally
disappeared. The signal at 39.0 ppm is assigned to the bridging acetato in the deprotonated

[Cr,(n-O)(n-CD;COO)(en) .. Since this deprotonated complex changed to
[(OI—I)(en)zCr(OH)Cr(OH)(en):,,]3+ complex in the early phase of the reaction, there can be
no formation of a mononuclear complex containing monodentate CD,COO like
[Cr(OH)(CD,COO)(en),]*. Thus, the other signal at 17.8 ppm is due to monodentate
CD,COO ligand 1n [(OH)(en)ZCr(u-OH)Cr(CD3COO)(en)2]3+, of which the amount is
small in view of the intensity. This is supported by “H NMR spectral change exhibiting a
complete disappearance of the coordinated CD;COO signal and an appearance of free
CD,COQO signal in the acetato bndge cleavage reaction.

From these experimental results, the first stage reaction involves an acetato bridge
cleavage giving mono-u-OH complex as Springborg and Toftlund claimed.*” The second
stage reaction is a decomposition of the dinuclear complex. The rate-determining steps exist
in the first and second stage reactions. Almost the same absorption spectral changes were
observed for all the u-carboxylato complexes as well as the p-acetato complex. In addition,
the column chromatography for all the u-carboxylato complexes gave two eluates
corresponding  to [(OI-I)(en):,,Cr(OH)Cr(OH)(en)Z]3+ and cis-[Cr(OH),(en),]"
Accordingly, the reaction mechanism for the u-carboxylato complexes is the same as that for
the p-acetato complex. Therefore, the reaction mechanism for the p-carboxylato en
complexes is depicted as in  Scheme 6-1.

The apparent rate constant (k,(obsd)) for the first stage reaction (carboxylato bridge
cleavage) and the second stage (k,) reaction (decomposition to the mononuclear complex)
rates in Scheme 6-1(2) and (4) were obtained by monitoring the absorbances at 363 nm
(Figure 6-4) and 527 nm (arrows in Figure 6-2), respectively. The obtained kinetic data
were summarized in Table 6-1. The influence from the second stage reaction rate is removed
by the monitor at 363 nm, where only the first one is observed, and vice versa at 527 nm.
For the monodentate carboxylato ligand dissociation reaction in Scheme 6-1(3), the rate

constant (k,) can not be estimated in this experiment, in view of a small amount of
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Table 6-1. Rate constants for [Cr,(OH)(RCOO)(en),]** complexes®

R [OH]/moldm®  k,(obsd)/s™ k,/10% s
H 0.1 0.299+0.016 3.14+0.04°
0.2 0.543+0.011 3.13£0.04°
0.25 0.649 £0.004 3.16+0.04"
0.4 0.909+0.022 3.15+0.04°
CH,Cl 0.1 0.070£0.001 3.14£0.06°
0.2 0.108 £0.003 3.18+0.08°
0.25 0.121+0.001 3.26+0.08"
0.4 0.159+0.006 3.12+0.02°

CH,OCH, 0.1 (0.660 £0.008) x 10*  3.15%+0.04
0.25 (1.04+0.02) x 107 3.16+0.07

0.4 (1.24+0.01) x 107 3.18+0.03

0.5 (1.40£0.02) x 107 3.19+0.02

CH,CICH, 0.1 (1.46+0.02) x 10” 3.13£0.07
0.25 (1.51£0.01) x 10? 3.17+0.06

0.4 (1.51£0.02) x 107 3.18+0.05

0.5 (1.52£0.02) x 10” 3.28+0.02

CH, 0.1 (1.47£0.02) x 10° 3.21£0.05
0.25 (1.50£0.01) x 107 3.24+0.03

0.4 (1.57+0.02) x 10° 3.24+0.06

0.5 (1.59£0.01) x 10° 3.35+0.05

C,H, 0.1 (7.35+0.03) x 10* 3.21+0.02
0.25 (8.64+0.03) x 10™ 3.14+0.04

0.4 (8.80£0.02) x 10™ 3.15+0.04

0.5 (9.24+0.02) x 10™ 3.20+0.03

n-C,H, 0.1 (6.78+0.03) x 10™ 3.07£0.04
0.25 (7.37+0.04) x 10 3.11+0.01

0.4 (7.57+0.03) x 10 3.11£0.04

0.5 (7.60+0.01) x 10™ 3.08£0.04
{[Cr(OH)(en),],(u- 0.1 3.07+0.02
OH)}* f 0.25 3.084+0.01
0.4 3.09+0.01

0.5 3.14+0.03

*I=0.5 mol dm” NaClO, at 25 °C. * 0.1 mol dm” of [OHT. ¢ 0.25 mol dm™
of [OH. ® 0.4 mol dm” of [OH].€ 0.5 mol dm” of [OH]. ‘ Rate constants of
the decomposition reaction of the dinuclear complex to the mononuclear one.
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[(OH)(en)ZCr(OH)Cr(CD3COO)(en)2]3+ as observed for the NMR spectra and of only the

early phase detection of the kinetic measurements in the decarboxylation of the
u-oxo-u-carboxylato complexes (Scheme 6-1(2) and (3)).

The half-lives estimated from the &, (obsd) values for the p-acetato (C-2a) and p-formato
(C-1a) complexes are in the similar order of magnitude (t,, ~ 6 min and 1 sec,
respectively) to those for the these complexes reported by Springborg and Toftlund.* The
hydroxide ion concentration dependence was observed for the apparent rate constant

(k,(obsd)) of the first stage reaction, but not for the second stage (k,) ones.

Taking into account the acid-base equilibrium of [Cr,(OH)(RCOO)(en),]*" as shown in
Scheme 6-1(1), these reactions lead to the rate laws about the pseudo-first-order constant
k (obsd):

d[[Cr,(w-O)(u-RCOO)(en), 1]

. — = k,([Cr,(u-O)(u-RCOO)(en),1**)

let

a = imtial concentration of [Cr,(OH)(RCOO)(en) 4]4+ complexes,

X = fraction of carboxylato bridge cleavaged complex at time t,

[A] = concentration of species of [Cr,(OH)(RCOO)(en) 4]4+ complex
at time t,

[B] = concentration of species of deprotonated [Cr,(u-O)(u-RCOO)(en) 4]3+
complex at time t,

[OH'] = hydroxide ion concentration ([OH] >> a) .

Then
[B][H,0O]

[A][OH]
anda-x = [A]+ [B].

K[OH]
So that [B] = —————— (a- x)
1+K[OH]
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d[carboxylato bridge cleavaged complex] k -K[OH]
Then = kBl =————— (a-x)
dt 1+K[OH] .

Integrating this equation, we can obtain

L k,K[OH]
n = t
a-x 1+K[OH]

Hence the obtained pseudo-first-order constant £, (obsd) is given by

= k,(obsd)t

K[OH]]
k(obsd)= ——— k&,
1+K [OH]

This equation can be rearranged to following form

1 1 1 1

=—+ : )
k(obsd) k, k<K  [OH]

As seen in Figure 6-5, plots of 1/k,(obsd) vs. 1/ [OH] give straitlines. Thus, we can
obtain the reaction rate constant k¥, and the equilibrium constant K from the slope and
intercept of the  1/k, (obsd) vs. 1/[OH] plot, respectively .

Using the equilibrium constant K, the acid strengths of the bridging hydroxo ligand
(pK, = -log(K*K)) can be calculated. The k, k,, K and pK, values are summarized in
Table 6-2. For the u-CH,COO complex, the pK, value (12.0) agrees with the estimated
value of Springborg and Tof tlund.®> The first stage reaction rate constants k, varied largely
from 288 s’ o 7.88 x 107 s' with varation of carboxylates in
[Crz(u-OH)(u-RCOO)(en)4]4+ . Springborg and Toftlund concluded that the carboxylato
bridge cleavage reaction becomes plausibly slower as acid strengths (pK,') of the
corresponding carboxylic acids decrease.* On this basis, the reaction rate (k,) of the
u-monochloroacetato (C-5a, pK,' = 2.68 ) and p-methoxyacetato (C-7a, pK,' = 3.31)
complex is supposed to be faster than that of the u-formato (C-1a, pK,' = 3.55 ) one.
However, the k, values for the former two complexes are found to be smaller by one or two

order of magnitude than the latter one. These data cannot be accounted for only by the

-117-




Figure 6-5. Plots of k,(obsd)” vs. [OH]" of [Cr,(u-OH)(u-RCOO)(en),]*;
(a), R= H; (b), CH,Cl;(c), CH,OCH,;(d), CH,CICH,; (e), CH,: (),
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acidity of the carboxylates in the bridging unit. This subject will be discussed later in detail
on the basis of the substituent effect other than the acidity of the carboxylic acid.

The k, values are almost the same for all the complexes. Since the rate-determining step
reaction in the second stage one is a decomposition of the mono-u-OH complex
[(OH)(en)ZCr(u-OH)Cr(OH)(en)z]3+ to the mononuclear complexes, it is reasonable that

the &, values of each complex are independent of the substituent group R of the u-RCOO

complexes.

6.3.2 Kinetics of base hydrolysis of [(nta)Cr(OH)(RCOO)Cr(en),]" (nta complex, C-1b -
8b). As in the case of the en complexes, by addition of NaOH solution to aqueous solution
of the nta complexes, the rapid color change occurred from reddish violet to blue. This
observation suggests the deprotonation of the hydroxo bndge in
[(nta)Cr(OH)(RCOO)Cr(en),]” . The absorption spectra of the blue solution showed
maxima at 510 and 372 nm and an inflection at 700 nm. After deprotonation, the UV-vis
spectra changed with time as in Figure 6-6.

Successive column chromatography with SP-Sephadex cation and QAE-Sephadex
anion ion-exchangers at 2 and 40 min after addition of hydroxide ion gave one and two
bands for an uncharged red band and a unipositive and a dinegative ones, respectively in
view of the elution behavior. The amounts of the latter two complexes increased with time.

These species were characterized by the ’H NMR spectral change of the reaction
solution for the u-CD,COO complex. A signal at 47.4 ppm observed before addition of OH
“lon is assigned to [(nta)Cr(u-OH)(u-CD3COO)Cr(en)2]+ (Figure 6-7a). When OH 1on
was added, two signals appeared at 40.0 and 18.0 ppm (Figure 6-7b). The 40.0 ppm signal
completely disappeared after 10 min (Figure 6-7c). The 18.0 ppm signal decreased with
time, and a new 20.0 ppm one appeared. After then the signal intensity remained
unchanged. The signals at 18.0 and 20.0 ppm are assigned to the monodentate CD,COO
ligand coordinated to the u-OH dinuclear and mononuclear complexes, respectively,
according to the column chromatographic behavior and the reported data. 8% Unlike

[Crz(OH)(CD3COO)(en)4]4+, the half-life of a signal attributable to the coordinated

-120-




"398 ()6 SEM SURDS U90M1OQ [RAISIUL OWIL, “UIW ()9 STawh Juiueds [®10], ") 6T 1R (NSO =
[.HOJ) uonnjos HOeN snoanbe 3uippe 1o1je Inoy ouo 1.0 (AW ¢ [eniut) (qz-0) uonnjos

[E(u)1D(00D HD-1)(HO-M)1D(®iu)] jo 98uryo jenosads uondiosqy *9-9 aanSiy

wu /Y
008 009 00¥ 00t

i

T T T T

ekl

90ueRqIosSqQVy

-121-



(s Ok

® | A :

(e) M

@ .

(c)

(b) - B

HDO
) N /(
40

80 |

0 | E?Pm

Figure 6-7.*H NMR spectral change of [(nta)Cr(u-OH)( u-CD,COO)Cr(en),]*
solution after adding NaOH aqueous solution; (a) before adding NaOH solution,
(b) 5 min after, (c) 10 min, (d) 15 min, () 20 min, (f) 30 min and (g) 40 min.

Asterisks exhibit free CD,COO  anion due to the decomposition of the reaction

product.
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Scheme 6-2. Base hydrolysis reaction mechanism of
[(nta)Cr(n-OH)(u-RCOO)Cr(en),]".
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CD,COQ ligand 1s longer in this reaction; showing the formation of the monodentate
acetato complex. This fact gives a clue to determine a cleavage reaction site of the
carboxylato bridges (Cr(en), or Cr(nta) site). If the cleavage occurs at the Cr(nta) site, the
CD,COQ ligand could remain at the Cr(en), one. In this case, the ’H NMR signal of the
monodentate acetate must appear but disappear within a few minutes similarly as for
[Cr,(OH)(CD,COO)(en) 4]‘“. This is contrary to the observation for the nta complex.

The Cr-O bond of the p-RCOO cis to the tertiary amine of the nta in the structure of
[(nta)Cr(OH)(RCOO)Cr(en),]” (Figure 6-1(b)) is assumed to be relatively inert as claimed
for the aquation of [Cr(nta)(im);,‘].57 Therefore, the first stage reaction of the carboxylato
bridge cleavage occurs at the Cr(en), site to give the mono-u-OH complex
[(CD,COO)(nta)Cr(un-OH)Cr(OH)(en),].

Furthermore, a In(A, - A,,) vs. time plot of the absorbance at 700 nm reveals two
stage reactions as shown in Figure 6-8. The apparent rate constants (k,(obsd)) for the first
stage reaction were obtained from the early steep line (insert in Figure 6-8) and the second
ones (k,) from the late less steep line. The obtained kinetic data were summarized in Table
6-3. All the carboxylato bridging complexes as well as the p-acetato complex showed
almost the same absorption spectral changes. The similar column chromatographic behavior
were observed for all the u-carboxylato complexes. Accordingly, the reaction mechanism
for the p-carboxylato complexes appears to be the same as that for the p-acetato complex.

From the above results, the reaction mechanism is proposed as the following Scheme
6-2. Scheme 6-2 is analogous to Scheme 6-1 except that one of the final products contain
the monodentate carboxylato ligand. For these complexes, both the k,(obsd) and k, rate
constants exhibit no hydroxide ion concentration dependence. According to the equation (2),
therefore, the observed k,(obsd) values equal the first stage reaction rate constant &,. In this
condition, K[OH] >>1 holds, resulting in much larger values for K than those of the en
complexes. It is noted that the acid strengths for the unipositive nta complexes are
unexpectedly much stronger than those for the tetrapositive en complexes. The k, ( =
k,(obsd)) and k, values are summarized in Table 6-4.

As compared with the k, values for [Cr,(OH)(RCOO)(en),]*"
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Figure 6-8. Plotof In(A, - A,,) vs. time at 700 nm for the reaction of
[(nta)Cr(u-OH)(u-CH,COO)Cr(en),]" (C-2b) with NaOH aqueous solution ([OH] =
0.5 M) at25C and I = 2 M (NaClO,). The insert shows plot of In(A, - A_) vs. time.
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Table 6-3. Rate constants for [(nta)Cr(OH)(RCOO)Cr(en),]* complexes®

R [OH]/moldm® k (obsd)/107s™" k,/10° s
H 0.05 6.77+0.03 1.98+0.08
0.5 6.78+0.04 1.90%0.05
1.0 6.90%0.05 1.95+0.06
2.0 6.92+0.06 1.99+0.04
CH, 0.05 2.10£0.04 1.96+0.04
0.5 2.01+0.06 1.85+0.03
1.0 1.88+0.01 1.76+0.04
2.0 1.95%0.01 1.71%0.02
n-C;H, 005 1.77+0.02 1.93+0.02
0.5 1.68+0.02 1.93+0.03
1.0 1.76 £0.02 2.00%0.02
2.0 1.73£0.02 2.04%0.04
C.H, 0.05 1.68+0.02 1.76+£0.02
0.5 1.74%0.02 1.81£0.04
1.0 1.72£0.03 1.79+0.04
2.0 1.73+0.04 1.90+0.03
C,H; 0.05 1.65%0.01 1.76+0.01
0.5 1.62+0.01 1.78 £0.01
1.0 1.64%0.02 1.7740.02
2.0 1.65%+0.03 1.76+0.03
CH,Cl 005 1.56+£0.03 1.61+0.03
0.5 1.57+0.03 1.74%0.02
1.0 1.58+0.02 1.68+0.01
2.0 1.60%0.02 1.90%0.04
CH,OH, 0.05 1.55+0.02 1.9440.02
0.5 1.52+0.01 1.99+0.01
1.0 1.56£0.02 2.03+0.02
2.0 1.56+0.02 1.97+0.02
CH,CICH, 0.05 1.64+0.03 1.91£0.04
0.5 1.63+0.02 1.98+0.04
1.0 1.61£0.03 1.95+0.05
2.0 1.61£0.01 1.8440.07

* I =2 mol dm” NaClO, at 25 °C.
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Table 6-4. Kinetic data for [(nta)Cr(OH)(RCOO)Cr(en)z]+ complexes®

R k,/107 s> k1107 7
H 6.87(8) 1.96(4)
CH, 1.99(9) 1.82(11)
CH,CH,CH, 1.74(4) 1.98(5)
CH, 1.72(3) 1.82(6)
CH,CH, 1.64(1) 1.77(1)
CH,CI 1.58(2) 1.73(12)
CH,CICH, 1.62(2) 1.92(6)
CH,OCH, 1.55(2) 1.98(4)

*I=2mol dm>at25 °C. ® Average value. ° Standard deviations are given in

parentheses in units of the last decimal.
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[(nta)Cr(OH)(RCOO)Cr(en),]" give little variation of the k, ones with the same order of
magnitude. On the other hand, the k, values of [(nta)Cr(OH)(RCOO)Cr(en)z]+ are almost
the same for all the complexes. The k, values correspond to the rates of the hydroxo bridge
cleavage reaction of mono-u-OH complexes to the mononuclear ones. In the mono-pu-OH
complex [(RCOO)(nta)Cr(u-OH)Cr(OH)(en),] , there are two reaction sites of the hydroxo
bridges (Cr(en), or Cr(nta) site). It the cleavage occurs at the Cr(en),-OH site, the k, values
should be close to those for the [Crz(OH)(RCOO)(en)J4+ . However, the present reactions
for the nta complexes are about six times faster than those of the corresponding
[Cr,(OH)RCOO)(en) 4]4". In this reaction stage, therefore, the hydroxo bridge cleavage in
the nta complexes would occur at the Cr(nta) site in accordance with the carboxylate cis
labilization effect.”’

In order to reveal the fundamental difference in the substituent effect or the effect of the
nonbridging ligand together with the reaction mechanism, The kinetic data in terms of the

substitutional parameters will be examined in the next section.

6.3.3 Substituent effects of carboxylato bridged ligands. In the reaction series of the m- and
p-substituted derivatives of benzene, the substituent effects on the reaction are simply
correlated to the polar effect of the substituent as the Hammet equation™

log(k [ k)= p © 3),
where o and p are substituent constant and adjustable parameter, respectively. In this case,
the substituents must be held rigidly and the steric interactions must not be changed about
the reaction center.

On the other hand, since the aliphatic compounds have many conformations, the steric
effects must be considered in the substituent effects. Taft separated the substituent effects to
the inductive and the steric ones and estimated their parameters. He expressed the
relationship between the reaction rate constants and the substituent effects as Taft's
equation”'

log(k / k) = p* o* + OFE, (4),

where o* and E,_ are the inductive and the steric aliphatic substituent constants, respectively
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Table 6-5. The inductive and steric substituent constants for aliphatic series.*

Substituent R o E,
Cdl, 2.65 -2.06
CHF, 2.05 -0.67
CHCl, 1.940 -1.54
CH,F i.10 -0.24
CH,Cl1 1.050 -0.24
CH,Br 1.000 -0.27
CH,I 0.85 -0.37
CH; 0.600 -
CH,0OCH, 0.520 -0.19
H 0.490 +1.24
(CHy),CH 0.405 -1.76
CH,CICH, 0.385 -0.90
C.H.CH, 0.215 -0.38
C,H,CH,CH, 0.080 -0.38
C.H (C,H,)CH 0.04 -1.50
C.H,CH,CH,CH, 0.02 -0.45
CH, 0.000 0.00
cyclo-CH,;,CH, -0.06 -0.98
C,H; -0.100 -0.07
n-C;H, -0.115 -0.36
1-C,H, -0.125 -0.93
n-C,H, -0.130 -0.39
cyclo-CH,, -0.15 -0.79
t-C,H,CH, -0.165 -1.74
i-C;H, -0.190 -0.47
cyclo-CsH, -0.20 -0.51
(C,Hy),CH -0.225 -1.98
(t-C,H,)(CH;)YCH -0.28 -3.33
t-C,H, -0.300 -1.54

® Data from reference 91.
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as shown in Table 6-5. The o* depends only on polar effects and is analogous to the
Hammet substituent constant . The E; represents the degree of the steric effect of a
substituent. The adjustable parameters p* and 8 are the constant values through a reaction
series and independent of the nature of the substituent groups. They give a measure of the
relative susceptibility to the inductive and steric requirements of the aliphatic substituents in
the reaction series. The k / k is the relative rate of the reaction series for any substituent.
The &, 1s the rate constant for the standard reactant. In this study, the u-acetato complexes
are used as the standard reactant.

This Taft's equation was applied to the base hydrolysis reaction rate constant k, values
for a series of [Cr,(OH)(RCOO)(en) 4]4+ which vary largely with kinds of the carboxylato
bridges. Using a regression analysis for the least squared fitting, itis found that log(k / k,)
for the rates of the base hydrolysis for all the seven u-RCOO' complexes are satisfactorily
fitted with the correlation coefficient 0.992 to give the parameter values p* = 2.28+0.21
and 0 = 1.43 =0.13 in the equation (3) (Figure 6-9).

This result means that the carboxylato bridge cleavage base hydrolysis reaction for

[Cr,(OH)(RCOO)(en) 4]4+ is influenced by both the inductive and the steric effects in similar
extents. The reaction coefficients (p* and ) in [Cr,(OH)(RCOO)(en),]™" are relatively large
and similar to those in the methanolysis reaction of /-menthylester (p* = 2.70 and o =
1.30)”
The reaction mechanism of the methanolysis reaction of -menthylester is shown in Scheme
6-3. In accordance with the mechanism in the methanolysis of /-menthylester, therefore, the
carboxylic acyl carbon atom is attacked nucleophilically by OH followed by the C-O bond
cleavage as shown in Scheme 6-4a.

As Basolo et al. reported, the Co-O(carboxylato) bond cleavage occurred in the base
hydrolysis reactions of the [Co(NH,),(OOCR)]**,” while the C-O bond cleavage reaction
occurred only for [Co(NH,),(OOCCF,)]** ** and [Cr(NH,),(OOCCF,)**.” This is because
the acyl carbon is significantly activated by the strong inductive CF; substituent. In our
experimental results for the base hydrolysis reaction of [Cr,(OH)(u-RCOO)(en) 4]4+, it is to

be noted that the C-O bond cleavage occurs 1n all the complexes without the strong inductive
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Figure 6-9. Relationship between log(k / ky) vs. the inductive and steric
substituent constants for carboxylato bridge cleavage reaction constants (k,) of
[Crz(u-OH)(u-RCOO)(en)4]4+: (@) H, (b) CH,CI, (c) CH,0OCH,, (d) CH,,

(e) CH,CICH,, (f) CH,CH, and (g) CH,CH,CH,,.
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Clongo- + CH3OH

Scheme 6-3. Reaction mechanism of the sodium methoxide-catalyzed

methanolysis of /-menthylester.
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Scheme 6-4. Proposed reaction sites of carboxylato bridge

cleavage reaction.
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Figure 6-10. Relationship between log( k / k,) vs. the inductive and steric

substituent constants for carboxylato bridge cleavage reaction constants (k) of

[(nta)Cr(u-OH)(n-RCO0)Cr(en),]": (a) H, (b) CH,, (c) CH,CH,,
(d) CH,0CH,, (e) CH,Cl, (f) CH,CH,CH, and (g) CH,CICH,.
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substituents like CF; group. Though the base hydrolysis for the p-trifluoroacetato complex

[Crz(OH)(CF3COO)(en),,]4+ 1s assumed to be the C-O bond cleavage mechanism from a
comparison with the reaction for [Cr(NH,),(OOCCF,)]**,"* it is reasonable that the C-O
bond rupture in the (u-OH)(n-RCOO) dinuclear complexes is ascribed to the acyl carbon
activation due to the bidentate bridging ligation rather than due to only the strong inductive
effect of CF; group.

For [(nta)Cr(OH)(RCOO)Cr(en),]” , the k, values also varied with kinds of the
carboxylato bridges (6.87 x 107 to 1.55 x 10 s™). The range in the rate constants is
smaller than that of [Crz(OH)(RCOO)(en)4]4+. In the same manner as the above mentioned
procedure for the en complexes, the least squared fitting for the relationship between the
reaction rate constants and the substituent effect in the equation (3) gives the parameter
values p* = 0.01£0.12 and d = 0.32£0.08 with the correlation coefficient 0.904 as
shown in Figure 6-10.

For the nta complexes, the carboxylato bridge cleavage base hydrolysis reaction is
entirely different from that for the en complex and influenced mainly by the steric effect but
only little by the inductive one, though the estimated uncertainty for the p* is rather larger
than the parameter value itself. The susceptibility to the steric effect is smaller by about one
fourth than that of the en complexes. Thus, the cleavage reaction occurs in the Cr-—
O(carboxylato oxygen) bond at the Cr(en), site remote from the substituent group R as
Scheme 6-4b.

In view of the above examinations of the kinetics for the u-carboxylato complexes,
the difference in reaction mechanisms between the en and the nta complexes may be ascribed
to the kinetic lability resulting from the relative charge imbalance among the acyl carbon,
Cr(en),, and Cr(nta) sites. The intrinsic difference in the thermodynamic instability or the
coordination bond (ligand field) properties between the (en),Cr-O and (nta)Cr-O bonds
would not be responsible for the difference in the reaction mechanisms, in agreement with
the similarity in the ligand field absorption maxima as well as the magnetic interaction (2J)
for these complexes as described above. This is the first example for differentiating the

base-hydrolysis reaction mechanisms by non-bridging ligands in dinuclear complexes.
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7. Concluding Remarks

As descnibed in Chapter 1 (General Introduction), this work directs toward the
elucidation of the influences of the coordination bond characters of the ligands on the
physical and chemical properties of the chromium(IIl)-cobalt(I[I) and
chromium(III)-chromium(III) dinuclear complexes.

1) About 40 new chromium(IIl)-cobalt(Ill) and chromium(III)-chromium(III)
dinuclear complexes with various ligands have been prepared. The [(nta)Cr(OH),M(N),]”
(M = Cr(III) and Co(III)) type complexes have been synthesized by the aqueous hydrolysis
reaction. The resulted heterometal [(nta)Cr(OH),Co(N),]* complexes are very stable in
aqueous solution. The systematic synthesis of the stable di(u-OH) [Cr(III)-Co(III)]
dinuclear complexes is firstly confirmed. The [(nta)Cr(OH)(RCOO)Cr(en),]" and
[Cr,(OH)(RCOO)(en) 4]4+ type ones have been prepared by the reaction of di(u-OH)
complexes with RCOOH in aqueous solution. [Cr,(OH)(RCOO)(bispicam),]** ** ** type
ones have been obtained by oxidation reactions of air sensitive [Cr",(RC00),X,] type ones
with the amine ligand. They have been characterized by the UV/VIS, infra-red, CD spectra,
acid dissociation constants, magnetic properties, NMR spectra and single crystal X-ray
structure analysis and those result helped to examine the various properties of the dinuclear
complexes.

2) The structures of the unsymmetrical [(nta)Cr(OH),M(N),]" complexes have been
confirmed by the X-ray crystal structure analysis. The bond lengths and angles in the
bridging units were found to correspond to those of the symmetrical [L, M(OH),ML ] type
dinuclear complexes. The (nta)Cr-OH bond #rans to the nta amine nitrogen atom is changed
accompanying with the changes of the (N),Cr-OH bond. The acid strengths of the bridging
hydroxide ligands are influenced by the nt-bond characters of the M-(N), bond.

3) The *H NMR spectra of the [(nta-d,)Cr(OH),M(N),]" complexes have been
influenced by the interaction between non-bridging ligands and the long-range influences by
the coordinate bond characters of the (N), ligands. The 'H, "*N and *Co NMR spectra of

the [(nta)Cr(OH),M(N),]" complexes have been examined the paramagnetic influences.
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4) The *H NMR spectra of the [Cr,(OH)(RCOO)(bispicam-d,),]** complexes have
been influenced by the inductive substituent effect of the carboxylic acid.

5) The magnetic exchange interaction in [(nta)Cr(OH),Cr(N),]" and
[(nta)Cr(OH)(RCOO)Cr(en),]” complexes were not appliciably changed by the (N), and
RCOO ligands, since the average Cr-OH bond distance which governs to the magnetic
exchange interaction are not changed within these complexes according to the X-ray
structures and the UV/VIS absorption spectra. In contrast to the above complexes, the

J*°™* ones widely changed

magnetic exchange interaction in [Cr,(OH)(RCOO)(bispicam)
from antiferromagnetic to ferromagnetic exchange coupling with the variation of the counter
anions. This remarkable change in the magnetic exchange interaction is due to the
competition between the ferromagnetic contribution of the carboxylato bridging ligands and
the antiferromagnetic one of the OH bridging ligands.

6) The base hydrolysis reaction of the chromium(III)-chromium(III) complexes were
examined. The carboxylato bridge cleavage reaction is influenced by both the inductive and
the steric effects of the substituents in [Crz(OH)(RCOO)(<an)4]4+ complexes, but is mainly
influenced by the steric effect in [(nta)Cr(OH)(RCOO)Cr(en),]* ones. The former
complexes cleavage at carboxylic acyl carbon-oxygen bond (C-O) and the latter ones
cleavage at chromium-oxygen bond (Cr-O) in the Cr(en), site. These differents cleavage

sites come from the relative charge imbalance among the acyl carbon, Cr(en), and Cr(nta)

sites.
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Table AI-1. Positional parameters and equivalent isotropic thermal parameters
(A% for [(nta)Cr(OH),Co(tn),]Cl* 1.5H,0 (A-3).

Atom x/a y/b Zlc B(eq)
Co 0.29853(2) 0.66786(3) 0.36213(2) 1.47(1)
Cr 0.25972(3) 0.54968(3) 0.47265(3) 1.59(2)
Oo(1) 0.3134(1) 0.5304(2) 0.5823(1) 2.51(8)
O(2) 0.3175(2) 0.4344(2) 0.6741(1) 3.6(1)
0O(3) 0.1663(1) 0.6272(1) 0.4863(1) 2.13(8)
O4) 0.0239(2) 0.6288(2) 0.4634(2) 4.0(1)
o(5) 0.3269(1) 0.4455(1) 0.4562(1) 2.28(1)
Oo(6) 0.3198(2) 0.2971(2) 0.4329(2) 4.0(1)
o(7) 0.2122(1) 0.5786(1) 0.3638(1) 1.81(7)
O(8) 0.3369(1) 0.6461(1) 0.4693(1) 1.93(7)
O(9) -0.0038(2) 0.8174(2) 0.4386(2) 4.0(1)
O(10) 1.0000 0.4923(8) 0.7500 14.5(6)
N(1) 0.1742(2) 0.4487(2) 0.4772(1) 1.81(9)
N(2) 0.2226(2) 0.7625(2) 0.3793(1) 2.2(1)
N(3) 0.2488(2) 0.6928(2) 0.2533(1) 2.12(9)
N(4) 0.3893(2) 0.7607(2) 0.3775(2) 2.5(1)
N(5) 0.3689(2) 0.5641(2) 0.3463(2) 2.3(1)
C(1) 0.1954(2) 0.4267(2) 0.5595(2) 2.5(1)
C(2) 0.2827(2) 0.4652(2) 0.6102(2) 2.4(1)
C@3) 0.0868(2) 0.4899(2) 0.4427(2) 2.4(1)
C4) 0.0909(2) 0.5900(2) 0.4661(2) 2.4(1)
C(5) 0.1913(2) 0.3702(2) 0.4351(2) 2.4(1)
C(6) 0.2861(2) 0.3684(2) 0.4419(2) 2.5(1)
C( 0.1292(2) 0.7684(2) 0.3318(2) 2.5(1)
C(8) 0.1162(2) 0.7752(3) 0.2490(2) 2.9(1)
C(9) 0.1528(2) 0.6969(2) 0.2178(2) 2.6(1)
C(10A)* 0.4764(4) 0.7486(5) 0.3763(4) 3.2(3)
C(10B)* 0.4605(5) 0.7340(6) 0.3404(5) 4.4(4)
C(11A)* 0.4860(6) 0.6659(7) 0.3362(6) 5.7(5)
C(11B)* 0.5107(4) 0.6485(5) 0.3791(4) 3.2(3)
C(12A)* 0.4672(5) 0.5739(6) 0.3749(6) 5.0(4)
C(12B)* 0.4567(5) 0.5716(5) 0.3381(5) 3.4(3)
Cl 0.8196(0(8) 0.57712(7) 0.75965(7) 4.75(5)

* The population parameter is 0.5.
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Table AI-2. Positional parameters and equivalent isotropic thermal parameters
(A%) for [(nta)Cr(OH),Co(tn),]Cl" 1.5H,0 (A-3) (Hydrogen atoms).

Atom x/a y/b zlc B(eq)
H(1) 0.203(2) 0.547(2) 0.340(2) 1.7(6)
H(2) 0.375(3) 0.643(2) 0.490(2) 2.8(8)
H(3) 0.154(2) 0.452(2) 0.577(2) 3.7(9)
H(4) 0.200(2) 0.361(2) 0.569(2) 2.6(7)
H(5) 0.071(2) 0.489(2) 0.386(2) 2.3(7)
H(6) 0.044(2) 0.460(2) 0.450(2) 2.2(7)
H(7) 0.180(2) 0.315(2) 0.454(2) 2.0(7)
H(8) 0.160(2) 0.375(2) 0.384(2) 2.3(7)
H(9) 0.238(2) 0.805(2) 0.381(2) 2.5(7)
H(10)  0.225(2) 0.756(3) 0.427(2) 3.9(9)
H(11)  0.103(2) 0.814(2) 0.350(2) 3.0(8)
H(13)  0.137(3) 0.825(3) 0.250(3) 6(1)
H(14)  0.060(2) 0.779(2) 0.223(2) 2.7(8)
H(15)  0.138(2) 0.703(2) 0.161(2) 2.3(7)
H(16)  0.129(2) 0.635(2) 0.225(2) 3.5(8)
H(17)  0.267(2) 0.736(2) 0.245(2) 2.8(8)
H(18)  0.267(2) 0.650(2) 0.222(2) 3.2(8)
H(51) -0.053(3) 0.823(3) 0.433(2) 5(1)
H(52)  0.013(4) 0.739(5) 0.423(4) 14(2)
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Table AI-3. Thermal parameters for [(nta)Cr(OH),Co(tn),]C1-1.5H,0 (A-3).

Atom

Ull U22 U33 UIZ

U13

U23

Co
Cr
Cl
(1)
O(2)
O3)
O4)
O(5)
O(6)
O(7)
o(8)
O(9)
O(10)
N(1)
N(2)
N@3)
N(4)
N(5)
C(1)
C(2)
C(3)
C4)
C(5)
C(6)
C(7)
C(®
C%)

0.0203(2) 0.0176(2) 0.0171(2) -0.0015(2)
0.0234(2) 0.0170(2) 0.0202(2) -0.0030(2)
0.0714(7) 0.0444(6) 0.0598(7) -0.0022(5)
0.039(1) 0.031(1) 0.023(1) -0.009(1)
0.054(2) 0.053(2) 0.029(1) -0.003(1)
0.032(1) 0.023(1) 0.028(1) -0.0005(9)
0.039(1) 0.038(1) 0.086(2) 0.008(1)
0.027(1) 0.022(1) 0.040(1)  0.0029(9)
0.057(2) 0.024(1) 0.085(2) 0.007(1)
0.026(1) 0.021(1) 0.021(1) -0.0049(8)
0.025(1) 0.027(1) 0.018(1) -0.0064(8)
0.028(1) 0.068(2) 0.049(2) -0.006(1)
0.117(6) 029(1) 0.1448) O

0.026(1) 0.020(1) 0.025(1) -0.001(1)
0.031(1) 0.023(1) 0.026(1)  0.002(1)
0.030(1) 0.031(1) 0.020(1) 0.002(1)
0.028(1) 0.031(1) 0.033(1) -0.011(1)
0.029(1) 0.026(1) 0.033(1) 0.005(1)
0.040(2) 0.028(2) 0.033(2) -0.04(1)
0.039(2) 0.031(2) 0.027(2) 0.002(1)
0.022(1) 0.028(2) 0.042(2) -0.004(1)
0.037(2) 0.025(2) 0.033(2) 0.003(1)
0.038(2) 0.018(1) 0.042(2) -0.006(1)
0.039(2) 0.022(1) 0.038(2) 0.002(1)
0.027(2) 0.039(2) 0.028(2) 0.007(1)
0.029(2) 0.050(2) 0.028(2) 0.012(2)
0.031(2) 0.047(2) 0.016(1) 0.002(1)

C(10A) 0.024(3) 0.049(4) 0.053(4) -0.002(3)
C(10B) 0.047(5) 0.053(5) 0.082(6) 0.004(4)
C(11A) 0.069(6) 0.076(7) 0.099(8) -0.025(5)
C(11B) 0.026(3) 0.043(4) 0.049(4)  0.000(3)
C(I12A) 0.035(4) 0.064(6) 0.086(7) 0.016(4)
C(12B) 0.029(4) 0.054(5) 0.049(4)  0.002(3)

0.0057(1) 0.0006(1)
0.0081(2) 0.0013(2)
0.0171(6) -0.0256(5)

0.007(1)
0.013(1)
0.014(1)
0.034(1)
0.016(1)
0.043(2)

0.006(1)
0.017(1)
-0.0026(9)
0.004(1)
0.005(1)
0.000(1)

0.0072(8) -0.0037(8)
0.0025(8) 0.0038(8)

0.005(1)
0.042(6)
0.011(1)
0.004(1)
0.010(1)
0.008(1)
0.015(1)
0.019(2)
0.018(1)
0.013(1)
0.019(1)
0.021(2)
0.020(2)
0.009(1)
0.007(1)
0.003(1)
0.018(3)
0.038(5)
0.065(6)
0.011(3)
0.017(5)
0.019(3)

~0.015(1)
0
0.001(1)
-0.004(1)
0.001(1)
0.006(1)
0.000(1)
0.006(1)
0.003(1)
-0.002(1)
0.002(1)
-0.007(1)
0.003(1)
~0.001(1)
0.005(2)
-0.001(1)
-0.002(4)
0.023(5)
-0.020(6)
0.007(3)
~0.006(5)
0.004(4)
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Table AlI-4. Positional parameters and equivalent isotropic thermal parameters

(A?) for [(nta)Cr(OH),Cr(tn),]CI - 1.5H,0 (B-3).

Atom xla y/b zlc B(eq)
Cr(1) 0.29950(3) 0.66725(4) 0.36365(3) 1.36(2)
Cr(2) 0.26165(3) 0.54800(3) 0.47498(3) 1.47(2)
o(1) 0.3136(2) 0.5295(2) 0.5827(1) 2.4(1)
O(2) 0.3157(2) 0.4356(2) 0.6741(2) 3.7(1)
O(3) 0.1683(2) 0.6245(2) 0.4882(1) 2.03(9)
o4 0.0261(2) 0.6254(2) 0.4647(2) 3.7(1)
o(5) 0.3296(2) 0.4453(2) 0.4586(1) 2.2(D)
o(6) 0.3248(2) 0.2975(2) 0.4362(2) 3.7(1)
o) 0.2144(1) 0.5750(2) 0.3668(1) 1.66(8)
O(8) 0.3383(1) 0.6447(2) 0.4711(1) 1.91(8)
0(9) -0.0013(2) 0.8128(2) 0.4390(2) 3.7(1)
O(10) 1.0000 0.4842(7) 0.7500 11.7(5)
N(1) 0.1775(2) 0.4473(2) 0.4795(2) L.7(1)
N(2) 0.2180(2) 0.7664(2) 0.3795(2) 2.3(1)
N(@3) 0.2472(2) 0.6956(2) 0.2500(2) 2.1(1)
N(4) 0.3956(2) 0.7640(2) 0.3778(2) 2.4(1)
N(5) 0.3753(2) 0.5616(2) 0.3448(2) 2.4(1)
C(1) 0.1968(2) 0.4259(2) 0.5604(2) 2.3(1)
C(2) 0.2824(2) 0.4655(2) 0.6106(2) 2.3(D
C(3) 0.0902(2) 0.4869(2) 0.4456(2) 2.1(1)
C(4) 0.0935(2) 0.5867(2) 0.4678(2) 2.2(1)
C(5) 0.1956(2) 0.3687(2) 0.4383(2) 2.4(1)
C(6) 0.2905(2) 0.3681(2) 0.4451(2) 2.2(1)
C(7) 0.1256(2) 0.7679(2) 0.3302(2) 2.5(1)
C(8) 0.1164(2) 0.7787(2) 0.2491(2) 2.9(5)
C(%) 0.1511(2) 0.7002(3) 0.2173(2) 2.7(1)
C(10) 0.4770(4) 0.7449(4) 0.3639(5) 7.3(3)
C(11) 0.5030(5) 0.6577(5) 0.3598(6) 10.4(5)
C(12) 0.4670(3) 0.5728(4) 0.3513(5) 7.1(3)
Cl 0.82218(9) 0.57819(9) 0.75564(7) 4.79(5)
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Table AI-S. Positional parameters and equivalent isotropic thermal parameters
(Az) for [(nta)Cr(OH),Cr(tn),]Cl- 1.5H,0 (B-3) (Hydrogen atoms).

Atom x/a y/b Z/c B(eq)
H(1) 0.200(2) 0.536(2) 0.334(2) 2.8(9)
H(2) 0.373(2) 0.648(3) 0.492(2) 2.7(9)
H(3) 0.152(2) 0.456(2) 0.570(2) 2.6(9)
H(4) 0.194(2) 0.368(2) 0.564(2) 2.3(8)
H(5) 0.073(2) 0.485(2) 0.391(2) 1.3(7)
H(6) 0.048(3) 0.457(3) 0.456(2) A1)
H(7) 0.180(2) 0.316(2) 0.454(2) 3.0(9)
H(8) 0.157(3) 0.381(3) 0.382(2) 5(1)
H(9) 0.237(2) 0.811(2) 0.381(2) 2.7(9)
H(10)  0.223(3) 0.761(3) 0.425(2) A1)
H(11)  0.101(2) 0.816(2) 0.347(2) 1.8(7)
H(12)  0.102(2) 0.704(3) 0.340(2) 3(1)
H(13)  0.145(3) 0.826(3) 0.245(3) 4(1)
H(14)  0.057(3) 0.777(3) 0.227(3) 5(1)
H(15)  0.132(2) 0.706(2) 0.165(2) 2.7(8)
H(l6)  0.128(3) 0.635(3) 0.231(2) 4(1)
H(17)  0.269(2) 0.749(3) 0.248(2) 2.6(8)
H(18)  0.261(3) 0.661(3) 0.226(2) 4(1)
H(19)  0.372(2) 0.808(3) 0.345(3) 5(1)
H(20)  0.401(3) 0.783(3) 0.420(2) 4(1)
H(27)  0.379(3) 0.526(3) 0.375(2) 4(1)
H(28)  0.342(3) 0.542(3) 0.306(2) 5(1)
H(51)  -0.050(3) 0.812(3) 0.438(2) 5(1)
H(52) -0.003(4) 0.747(4) 0.433(3) 6(1)
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Table AI-6. Thermal parameters for [(nta)Cr(OH),Cr(tn),]CI- 1.5H,0(B-3).

Atom Ui U,, Us; U, U Uy
Cr(1) 0.0184(2) 0.0171(2) 0.0159(2) -0.009(2) 0.0054(2) 0.0007(2)
Cr(2) 0.0216(3) 0.0160(2) 0.0186(2) -0.0028(2) 0.0073(2) 0.0011(2)
Cl 0.0705(9) 0.0453(7) 0.0589(8) 0.0009(6) 0.0130(7) -0.0285(6)
O(l) 0.037(1) 0.030(1) 0.021(1) -0.008(1) 0.007(1) 0.005(1)
O(2) 0.056(2) 0.055(2) 0.027(1) -0.006(2) 0.011(1) 0.016(1)
O(3) 0.030(1) 0.021(1) 0.028(1) -0.001(1) 0.013(1) -0.003(1)
O 0.038(2) 0.037(2) 0.076(2) 0.010(1) 0.032(2) 0.005(2)
O(5) 0.027(1) 0.022(1) 0.038(1) 0.002(1) 0.016(1) 0.003(1)
O6) 0.052(2) 0.022(1) 0.078(2) 0.004(1) 0.037(2) -0.000(1)
O(7) 0.024(1) 0.020(1) 0.019(1) -0.005(1) 0.006(1) -0.003(1)
O 0.024(1) 0.026(1) 0.018(1) -0.008(1) 0.002(1) 0.002(1)
o9 0.028(1) 0.057(2) 0.048(2) -0.007(1) 0.006(1) -0.012(2)
O(10) 0.102(6) 0.20(1) 0.142(8) O 0.040(5) O

N(1) 0.024(1) 0.018(1) 0.026(1) -0.001(1) 0.011(1) 0.001(D)
N(2) 0.030(2) 0.027(2) 0.023(2) 0.004(1) 0.001(1) -0.005(1)
N@3) 0.030(2) 0.031(2) 0.021(1) 0.005(1) 0.010(1) 0.001(1)
N(4) 0.033(2) 0.031(2) 0.027(2) -0.007(1) 0.009(1) 0.005(1)
N(5) 0.0352) 0.028(2) 0.029(2) 0.007(1) 0.015(1) 0.002(1)
C(1) 0.036(2) 0.026(2) 0.028(2) -0.006(2) 0.015(2) 0.005(1)
C(2) 0.038(2) 0.026(2) 0.025(2) 0.002(2) 0.016(2) 0.002(1)
C(3) 0.021(2) 0.0252) 0.034(2) -0.003(1) 0.010(1) -0.001(1)
C(4) 0.0352) 0.0252) 0.029(2) 0.004(2) 0.017(2) 0.002(1)
C(5 00352) 0017(2) 0.043(2) -0.008(1) 0.020(2) -0.007(2)
C6) 0.034(2) 0.022(2) 0.034(2) 0.003(2) 0.018(2) 0.002(2)
C(7) 0.026(2) 0.039(2) 0.028(2) 0.006(2) 0.009(2) -0.004(2)
C(8 0.028(2) 0.048(33) 0.030(2) 0.011(2) 0.007(2) 0.007(2)
CO) 0.027(2) 0.051(2) 0.017(2) 0.006(2) 0.000(1) 0.002(2)
C(10) 0.051(3) 0.061(4) 0.192(8) 0.0093) 0.076(4) 0.038(4)
C(11) 0.077(5) 0.089(5) 0.28(1) -0.041(4) 0.125(6) -0.078(6)
C(12) 0.040(3) 0.062(4) 0.184(7) 0.010(3) 0.059(4) 0.013(4)
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Table AI-7. Positional parameters and equivalent isotropic thermal parameters

(A% for [(nta)Cr(OH),Cr(phen),]C1-7H,0 (B-8).

Atom x/a y/b zlc B(eq)
Cr(1) 0.6867(1) 0.1863(1) 0.7084(1) 2.60(8)
Cr(2) 0.7351(1) 0.0724(1) 0.8454(2) 2.53(8)
o(1) 0.7032(6) 0.2112(5) 0.5687(7) 3.8(4)
O(2) 0.6773(7) 0.2900(6) 0.4531(8) 5.2(5)
0O(3) 0.5648(6) 0.1210(5) 0.6388(7) 3.2(3)
O4) 0.4252(6) 0.1099(6) 0.6505(8) 4.7(4)
o(5) 0.7878(6) 0.2748(5) 0.7815(7) 3.4(4)
O(6) 0.8236(7) 0.3963(5) 0.8640(8) 4.7(4)
o(7) 0.6756(5) 0.1544(4) 0.8485(6) 23(3)
O(8) 0.7467(6) 0.1026(5) 0.7084(6) 2.8(3)
N(1) 0.6148(7) 0.2682(5) 0.7054(8) 2.7(4)
N(2) 0.6173(7) -0.0093(6) 0.7777(8) 2.7(4)
N(@3) 0.7051(7) 0.0385(6) 0.9859(8) 2.4(4)
N(4) 0.8062(7) -0.0110(6) 0.8316(9) 3.3(4)
N(5) 0.8632(7) 0.1377(6) 0.9221(9) 3.0(4)
C(1) 0.602(1) 0.2890(8) 0.594(1) 3.5(5)
C(2) 0.667(1) 0.2640(8) 0.533(1) 3.7(5)
C@3) 0.5283(9) 0.2295(8) 0.724(1) 3.3(5)
C(4) 0.5018(8) 0.1469(8) 0.666(1) 3.1(5)
C(5) 0.667(1) 0.3325(8) 0.790(1) 3.7(6)
C(6) 0.768(1) 0.3371(7) 0.814(1) 3.5(5)
C( 0.575(1) -0.0316(7) 0.673(1) 3.7(6)
C(8) 0.493(1) -0.0865(8) 0.638(1) 4.1(6)
C%) 0.453(1) -0.1170(8) 0.714(1) 4.6(6)
C(10) 0.4968(9) -0.0974(7) 0.828(1) 3.7(6)
C(11) 0.464(1) -0.1278(8) 0.916(1) 4.4(6)
C(12) 0.509(1) -0.1050(8) 1.019(1) 4.9(7)
C(13) 0.596(1) -0.0476(7) 1.048(1) 3.4(5)
C(149) 0.645(1) -0.020(1) 1.156(1) 5.0(7)
C(15) 0.721(1) 0.0367(9) 1.174(1) 4.3(6)
C(16) 0.7495(9) 0.0660(8) 1.089(1) 3.4(5)
C(17) 0.6269(8) -0.0168(7) 0.965(1) 2.6(5)
C(18) 0.5794(8) -0.0411(7) 0.853(1) 2.7(5)
C(19) 0.779(1) -0.0844(7) 0.794(1) 4.4(6)
C(20) 0.836(1) -0.1305(9) 0.780(1) 5.7(7)
C(21) 0.922(1) -0.101(1) 0.805(1) 7.0(9)
C(22 0.962(1) -0.019(1) 0.843(1) 6.1(8)
C(23) 1.056(1) 0.023(1) 0.872(2) 8(1)
C(24) 1.084(1) 0.098(1) 0.919(1) 6.9(9)
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Table AI-7. continued.

Cc(25)  1.021(1) 0.139(1) 0.938(1) 4.6(6)
C@26)  1.045(1) 0.2141(9) 0.989(1) 4.6(6)
C7  0.97%1) 0.2503(8) 1.009(1) 4.2(6)
C(28)  0.8897(9) 0.2114(7) 0.972(1) 3.4(5)
C29)  0.9271(8) 0.1006(8) 0.907(1) 3.2(5)
C30)  0.897(1) 0.0219(8) 0.860(1) 3.9(6)
Cr3)  0.7253(1) -0.4724(1) 0.2911(2) 2.21(7)
Cr4)  0.7201(1) -0.3151(1) 0.3892(2) 2.61(7)
o(11)  0.6371(6) -0.2776(5) 0.4588(8) 4.1(4)
o(12)  0.6321(8) -0.1834(7) 0.580(1) 7.1(6)
O(13)  0.7873(5) -0.3189(5) 0.5388(7) 2.9(3)
O(14)  0.9163(6) -0.2622(5) 0.6605(8) 3.4(4)
O(15)  0.6780(6) -0.2812(5) 0.2551(7) 3.7(4)
o16)  0.7142(8) -0.1919(7) 0.150(1) 7.1(5)
O(17)  0.8005(5) -0.3691(5) 0.3334(7) 2.8(3)
O(18)  0.6457(5) -0.4202(5) 0.3434(7) 2.9(3)
N(11)  0.7973(7) -0.2045(6) 0.429(1) 3.6(4)
N(12)  0.7661(6) -0.5055(5) 0.4378(8) 2.1(4)
N(13)  0.8218(6) -0.5261(5) 0.2591(8) 2.3(4)
N(14)  0.6263(7) -0.5278(6) 0.2318(8) 2.6(4)
N(15)  0.6868(7) -0.4599(6) 0.1304(8) 3.2(4)
C(51)  0.745(1) -0.1603(8) 0.483(1) 4.5(6)
C(52)  0.666(1) -0.2099(9) 0.511(1) 4.5(6)
C(53)  0.8806(8) -0.2068(7) 0.503(1) 3.2(5)
C(54)  0.8606(8) -0.2676(7) 0.574(1) 2.7(5)
C(55)  0.808(1) -0.1794(8) 0.326(1) 4.5(6)
C(56)  0.726(1) -0.218(1) 0.235(1) 4.7(6)
C(57)  0.7370(9) -0.4938(8) 0.527(1) 3.2(5)
C(58)  0.775(1) -0.5151(8) 0.623(1) 3.6(6)
C(59)  0.843(1) -0.5494(8) 0.628(1) 3.8(6)
C(60)  0.8748(9) -0.5647(8) 0.537(1) 3.4(5)
C6l)  0.947(1) -0.6001(8) 0.533(1) 4.4(6)
C(62)  0.975(1) -0.6109(9) 0.442(1) 4.9(7)
C(63)  0.9348(9) -0.5874(7) 0.345(1) 3.3(5)
C64)  0.960(1) -0.5992(8) 0.247(1) 4.0(6)
C(65)  0.917(1) -0.5279(9) 0.158(1) 4.1(6)
C(66)  0.8460(8) -0.5381(8) 0.167(1) 3.1(5)
C(67)  0.8638(8) -0.5518(7) 0.346(1) 2.8(5)
C(68)  0.8340(8) -0.5400(7) 0.443(1) 2.5(5)
C(69)  0.5941(9) -0.6255(8) 0.287(1) 4.0(6)
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Table AI-7. continued.

C(70)
C(71)
C(72)
C(73)
C(74)
C(75)
C(76)
C(77)
C(78)
C(79)
C(80)
Cl(1)
CI(2)
O(101)
0(102)
O(103)
O(104)
0(105)
0(106)
0(107)

0.525(1)
0.490(1)
0.5186(9)
0.485(1)
0.517(1)
0.586(1)
0.623(1)
0.689(1)
0.721(1)
0.6220(9)
0.5893(8)
0.7070(3)
0.4677(5)
0.0488(5)
0.1233(7)
0.1858(7)
1.0009(8)
0.7647(8)
0.9072(9)
0.705(1)

-0.6907(9)
-0.6987(8)
-0.6454(8)
-0.648(1)
-0.591(1)
-0.527(1)
-0.465(1)
-0.405(1)
-0.402(1)
-0.5213(8)
-0.5812(8)
0.2768(2)
0.5121(4)
0.2900(4)
0.4433(6)
0.3394(6)
0.4002(7)
0.2459(7)
0.1790(7)
0.023(1)

0.238(2)
0.126(2)
0.068(1)
-0.047(1)
-0.100(1)
-0.043(1)
-0.090(1)
-0.029(1)
0.083(1)
0.070(1)
0.126(1)
0.0481(3)
0.3794(6)
0.7423(6)
0.0805(9)
0.2052(9)
0.882(1)
0.288(1)
0.293(1)
0.474(1)

5.6(7)
6.0(7)
4.4(6)
5.3(6)
5.3(7)
4.2(6)
5.8(7)
5.0(7)
4.1(6)
3.1(5)
3.2(5)
4.4(2)
12.0(2)
2.4(2)
5.6(3)
5.8(3)
6.9(3)
6.7(3)
7.6(3)
11.9(5)
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Table AI-8. Positional parameters and equivalent isotropic thermal parameters
(A%) for [(nta)Cr(OH),Cr(phen),]Cl- 7H,O(B - 8)(Hydrogen atoms).

Atom x/a y/b z/c B(eq)
H(1) 0.6487 0.1742 0.9027 2.8
H(2) 0.7747 0.0823 0.6552 3.5
H(@3) 0.5408 0.2653 0.5542 4.3
H(4) 0.6092 0.3443 0.6005 4.3
H(5) 0.5324 0.2309 0.8014 4.4
H(6) 0.4828 0.2562 0.6984 4.4
H(7) 0.6562 0.3804 0.7693 4.5
H(8) 0.6462 0.3276 0.8562 4.5
H(9) 0.6052 -0.0096 0.6197 4.4
H(10) 0.4648 -0.1020 0.5611 5.1
H(11) 0.3940 -0.1532 0.6908 5.4
H(12) 0.4071 -0.1660 0.8997 5.5
H(13) 0.4854 -0.1269 1.0769 6.3
H(14) 0.6252 -0.0417 1.2167 6.3
H(15) 0.7547 0.0577 1.2488 5.2
H(16) 0.8041 0.1075 1.1044 4.3
H(17) 0.7141 -0.1082 0.7756 5.5
H(18) 0.8114 -0.1853 0.7517 6.6
H(19) 0.9617 -0.1350 0.7997 8.1
H(20) 1.1008 -0.0036 0.8567 9.2
H(21) 1.1473 0.1256 0.9359 7.9
H(22) 1.1076 0.2427 1.0123 5.5
H(23) 0.9959 0.3029 1.0480 5.0
H(24) 0.8447 0.2383 0.9837 4.2
H(25) 0.8610 -0.3494 0.3282 3.4
H(26) 0.5845 -0.4411 0.3459 3.6
H(27) 0.7851 -0.1279 0.5483 5.2
H(28) 0.7254 -0.1258 0.4358 5.2
H(29) 0.9226 -0.2188 0.4622 3.6
H(30) 0.9098 -0.1568 0.5478 3.6
H@31) 0.8193 -0.1238 0.3337 5.4
H(32) 0.8609 -0.1920 0.3090 5.4
H(33) 0.6867 -0.4699 0.5252 3.9
H(34) 0.7529 -0.5048 0.6885 4.3
H(35) 0.8701 -0.5633 0.6968 4.5
H(36) 0.9767 -0.6164 0.5976 5.1
H(37) 1.0243 -0.6359 0.4424 5.7
H(38) 1.0066 -0.6259 0.2410 4.7
H(39) 0.9362 -0.5765 0.0904 5.1
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Table AI-8. continued.

H(40)
H(41)
H(42)
H(43)
H(44)
H(45)
H(46)
H(47)
H(48)

0.8135
0.6188
0.5032
0.4413
0.4375
0.4931
0.6034
0.7144
0.7683

-0.5226
-0.6185
-0.7298
-0.7446
-0.6925
-0.5950
-0.4636
-0.3616
-0.3580

0.1031
0.3657
0.2807
0.0916
-0.0880
-0.1781
-0.1664
-0.0622
-0.1268

3.8
4.7
6.8
6.8
5.8
6.0
7.1
6.3
5.4
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Table AI-9. Thermal parameters for [(nta)Cr(OH),Cr(phen),]Cl-7H,O (B-8).

Atom Uy, U,, Uss Up, Us Uss

Cr(l) 0.038(1) 0.031(1) 0.031(1) 0.008(1) 0.009(1) 0.006(1)
Cr(2) 0.037(1) 0.028(1) 0.032(1) 0.009(1) 0.009(1) 0.006(1)
O(l) 0.067(7) 0.0556) 0.038(6) 0.028(6) 0.022(5) 0.020(5)
O(2) 0.099(9) 0.073(8) 0.036(6) 0.023(7) 0.028(6) 0.024(6)
O(3) 0.041(6) 0.039%(6) 0.039(5) 0.007(5) 0.009(4) 0.005(4)
O(4) 0.0396) 0.0597) 0.0758) 0.003(5) 0.011(5) 0.018(6)
O(5) 0.033(5) 0.040(6) 0.0547) 0.003(4) 0.008(5) 0.014(5)
o) 0.070(7) 0.0356) 0.059(7) -0.001(5) 0.002(6) 0.005(5)
O(7) 0.033(5) 0.030(5) 0.028(5) 0.006(4) 0.013(4) 0.004(4)
O® 0.047(6) 0.037(5) 0.030(5 0.0154) 0.023(4) 0.008(4)
N(1) 0.044(7) 0.023(6) 0.032(6) 0.0055) 0.006(5) 0.005(5)
N(2) 0.041(7) 0.031(6) 0.030(6) 0.0055) 0.012(5) 0.004(5)
N(3) 0.030(6) 0.0347) 0.032(7) 0.0065) 0.0155) 0.010(5)
N(4) 0.049(7) 0.043(7) 0.042(7) 0.022(6) 0.013(6) 0.014(6)
N(5) 0.039(7) 0.0357) 0.041(7) 0.010(5 0.007(5) 0.009(6)
C(1) 0051) 0.0399) 0.044(9) 0.018(7) 0.008(7) 0.015(7)
C(2) 0051) 0.0388) 0.0348) -0.0047) -0.002(7) 0.007(7)
C3) 0.036(8) 0.042(9) 0.051) 0.006(7) 0.0147) 0.016(7)
C4) 00358) 0.04(1) 0.0409) 0.0057) 0.0047) 0.017(7)
C(5)  0.05(1) 043(9) 0.051) 00157 0.018(7) 0.013(7)
C6) 0.051) 0.040(8) 0.042(9) 0.006(7) 0.010(7) 0.026(7)
C(7) 006(1) 0.0298) 0.041) 0.006(7) 0.0048) 0.006(7)
C@® 007(1) 0.0359) 0.051) 0.0048) 0.016(8) 0.002(7)
C(9) 006(1) 00369 006(1) 0.006(8) -0.007(8) -0.012(8)
C(10) 0.043(9) 0.0258) 0.07(1)  0.006(7) 0.021(8) -0.002(7)
C(11) 0.05(1) 0.041) 0.08(1) 0.003(8) 0.029(9) 0.00698)
C(12) 0.08(1) 0.04(1) 0.08(1) 00129 0.041)  0.017(9)
C(13) 0.05(1) 0.032(8) 0.04909) 0.013(7) 0.020(7) 0.011(7)
C(14) 009(1) 0.06(1) 0051) 0.02(1) 0041)  0.0299)
C(15) 0.06(1) 007(1) 0.037(9) 0.012(9) 0.0048) 0.020(8)
C(16) 0.044(9) 0.046(9) 0.036(9) 0.007(7) 0.006(7) 0.009(7)
C(17) 0.040(8) 0.031(8) 0.0358) 0.014(6) 0.016(6) 0.012(6)
C(18) 0.039(8) 0.024(7) 0.041(8) 0.010(6) 0.013(7) -0.002(6)
C(19) 0.08(1) 0.0258) 0.06(1) 0.020(8) 0.006(9) -0.007(5)
C(20) 0.09(1) 0.051) 0.07(1) 0.041) 000(1) -0.021(9)
C2l) 0.13(2) 008(1) 006(1) 0081) 001(1) -0.01(1)
C(22) 0.091) 0.1091) 006(1) 0.07(1) 001(1) 0.01(1)
C(23) 006(1) 0.16(22) 0.102) 0.08(1) 001(1) 0.01(1)
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Table AI-9. continued.

C(24) 0.05(1) 0.13(2) 0.08(1) 0.041) -0.10(1) -0.01(1)
C(25) 0.0358) 0.07(1) 0.06(1) 0.08(8) 0.012(8) 0.00(1)
C(26) 0.05(1) 0.07(1) 0.05(1) 0.005(8) -0.001(8) 0.006(8)
C(27) 0.04(1) 0.05(1) 0.05(1)  -0.002(8) -0.001(8) 0.013(8)
C(28) 0.045(9) 0.032(8) 0.05(1) 0.004(7) 0.012(7) 0.008(7)
C(29) 0.033(8) 0.05(1) 0.036(8) 0.017(7) 0.007(6) 0.004(7)
C(30) 0.05(1) 0.06(1) 0.038(9) 0.03(8) 0.007(7) -0.001(7)
Cr(3) 0.027(1) 0.033(1) 0.024(1) 0.009(1) 0.0056(9) 0.004(1)
Cr(4) 0.029(1) 0.030(1) 0.035(1) 0.008(1) 0.001(1) -0.001(1)
O(11) 0.039(6) 0.046(6) 0.061(7) 0.0155) 0.003(5) -0.013(5)
O(12) 0.077(9) 0.08(1) 0.10(1) 0.022(7) 0.023(8) -0.033(8)
O(13) 0.036(5) 0.036(6) 0.034(5) 0.003(4) 0.004(4) 0.003(4)
O(14) 0.043(6) 0.041(6) 0.040(6) 0.010(5) 0.005(5) -0.000(5)
O(15) 0.052(6) 0.033(6) 0.043(6) 0.008(5) -0.009(5) 0.003(5)
Oo(16) 0.10(1) 0.073(9) 0.067(8) -0.002(7) -0.023(7) 0.033(7)
O(17) 0.024(5) 0.032(5) 0.050(6) 0.004(4) 0.010(4) 0.000(4)
O(18) 0.029(5) 0.036(5) 0.044(6) 0.0094) 0.011(4) -0.002(4)
N(11) 0.048(7) 0.029(7) 0.051(8) 0.013(6) -0.008(6) 0.006(6)
N(12) 0.025(5) 0.031(6) 0.023(6) 0.005(5) 0.008(5) 0.004(5)
N(13) 0.028(6) 0.028(6) 0.031(6) 0.008(5) 0.008(5) 0.003(5)
N(14) 0.037(6) 0.017(6) 0.040(7) 0.007(5) -0.004(5) 0.004(5)
N(15) 0.043(7) 0.056(8) 0.024(6) 0.026(6) 0.005(5) -0.002(6)
C(51) 0.05(1) 0.04(1) 0.07(1) 0.028(8) 0.000(8) -0.004(8)
C(52) 0.04(1) 0.07(1) 0.06(1) 0.026(9) 0.001(8) -0.007(8)
C(53) 0.034(8) 0.028(8) 0.050(9) -0.000(6) -0.002(7) 0.004(7)
C(54) 0.038(8) 0.033(8) 0.031(8 0.018(6) 0.003(6) -0.006(6)
C(55) 0.08(1) 0.04(1) 0.036(9) 0.000(9) 0.001(8) 0.010(7)
C(56) 0.06(1) 0.06(1) 0.05(1) 0.018(9) -0.008(8) 0.008(8)
C(57) 0.044(9) 0.041(9) 0.0358) 0.006(7) 0.009(7) 0.011(7)
C(58) 0.05(1) 0.05(1) 0.031(8) 0.0058) 0.012(7) 0.003(7)
C(59) 0.05(1) 0.05(1) 0.032(8) -0.0048) -0.002(7) 0.012(7)
C(60) 0.043(9) 0.040(9) 0.039(9) 0.003(7) -0.001(7) 0.012(7)
C(61) 0.05(1) 0.05(1) 0.06(1) 0.021(8) -0.010(8) 0.011(8)
C(62) 0.05(1) 0.05(1) 0.08(1) 0.033(9) 0.003(9) 0.005(9)
C(63) 0.038(8) 0.027(8) 0.05(1) 0.004(7) 0.002(7) 0.003(7)
C64) 0.04(1) 0.05(1) 0.06(1) 0.018(8) 0.011(8 -0.001L(8)
C(65) 0.05(1) 0.07(1) 0.04(1) 0.020(9) 0.024(8) 0.002(8)
C(66) 0.031(8) 0.047(9) 0.041(9) 0.013(7) 0.008(7) 0.008(7)
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Table
C(68)
C(69)
C(70)
C(71)
C(72)
C(73)
C(74)
C(75)
C(76)
C(77)
C(78)
C(79)
C(80)
CI(D)

Cl1(2)

AI-9. continued.
0.034(7) 0.033(8)
0.041(9) 0.029(8)
0.06(1) 0.04(1)
0.05(1) 0.030(9)
0.037(8) 0.04(1)
0.035(9) 0.09(1)
0.06(1) 0.10(1)
0.06(1) 0.09(1)
0.08(1) 0.14(2)
0.08(1) 0.09(1)
0.06(1) 0.07(1)
0.037(8) 0.05(1)

0.035(8) 0.05(1)
0.061(3) 0.055(3)
0.152(3)

0(101) 0.030(2)
O(102) 0.072(3)
O(103) 0.074(3)
0O(104) 0.088(4)
0(105) 0.084(4)
0(106) 0.097(4)
0O(107) 0.151(6)

0.023(7)
0.07(1)
0.11(2)
0.12(2)
0.08(1)
0.05(1)
0.03(1)
0.027(8)
0.03(1)
0.05(1)
0.04(1)
0.039(8)

0.037(8)
0.048(2)

0.003(6)
0.013(7)
0.014(9)
0.012(8)
0.021(7)
0.03(1)
0.05(1)
0.04(1)
0.08(1)
0.05(1)
0.04(1)
0.033(8)
0.029(7)
0.006(2)

0.005(6)
-0.009(8)
0.01(1)

-0.01(1)
-0.010(8)
-0.018(7)
-0.007(8)
0.010(7)
0.016(9)
0.035(9)
0.029(8)
0.014(7)
-0.003(6)
0.023(2)

-0.001(6)
0.005(8)
0.02(1)

-0.02(1)

-0.016(8)

-0.05(1)

-0.019(9)
0.003(8)
0.02(1)
0.03(1)
0.038(9)
0.009(7)

-0.007(7)
-0.001(2)
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Table AII-1. Positional parameters and equivalent isotropic thermal parameters
(A%) for [Cr,(OH),(HCOO)(bispicam), (ClO,), -0.5H,0 (D-1).

Atom X/a y/b zlc B(eq)
Cr(1) 0.22983(4) 0.13098(5) 0.06503(4) 2.29(2)
o(1) 0.2632(3) 0.2500 0.1277(2) 27(2)
0(2) 0.2438(3) 0.2500 -0.0011(2) 2.42)
0@) 0.0989(2) 0.1585(2) 0.0769(2) 2.8(1)
N(1) 0.3606(2) 0.0742(3) 0.0538(2) 3.2(2)
N@2) 0.2365(2) 0.0222(3) 0.1456(2) 2.7(2)
N@) 0.2062(2) 0.0185(3) -0.0117(2) 2.6(2)
C(1) 0.0619(4) 0.2500 0.0789(3) 2.8(3)
C@2) 0.3953(3) 0.0522(4) 0.1250(3) 3.7Q2)
C3) 0.3223(3) -0.0005(4) 0.1667(2) 3.3(2)
C@) 0.3370(4) -0.0671(5) 0.2242(3) 4.9(3)
C(3) 0.2649(5) -0.1068(4) 0.2605(3) 54(3)
C(6) 0.1785(4) -0.0853(4) 0.2390(3) 4.8(3)
C(7) 0.1666(3) -0.0205(4) 0.1814(3) 3.7(2)
C(®) 0.3633(3) -0.0227(4) 0.0088(3) 3.9(2)
C(9) 0.2800(3) -0.0337(4) -0.0356(2) 3.0(2)
C(10) 0.2771(4) -0.0975(4) -0.0949(3) 4.4(3)
C(11) 0.1979(4) -0.1083(4) -0.1302(3) 5.0(3)
C(12) 0.1206(4) -0.0578(4) -0.1049(3) 43(3)
C(13) 0.1281(3) 0.0056(4) -0.0467(3) 34Q2)
Cl(1) 0.0361(1) 0.2500 0.26699(9) 3.83(8)
O(11) 0.0436(3) 0.2500 0.3406(2) 4.1(3)
0O(12) 0.1506(4) 0.2500 0.2509(3) 6.1(3)
0(13) 0.0162(4) 0.1576(5) 0.2382(3) 10.3(4)
Cl(2) 0.4724(1) 0.2500 0.9152(1) 3.86(9)
o1 0.4789(3) 0.2500 0.9911(3) 4.2(3)
0(22) 0.5610(4) 0.2500 0.8863(3) 6.6(4)
0(23) 0.4259(3) 0.3436(4) 0.8749(1) 4.4(1)
Cl1(3) 0.0234(1) 0.2500 0.9152(1) 3.86(9)
0@31) 0.1185(4) 0.2500 0.8888(3) 5.6(3)
0@32A)  -0.0173(9) 0.2500 0.9372(6) 82(3)
O@B32B)  0.001(1) 0.2500 0.803(1) 7.7(4)
O@B3A)  0.0037(5) 0.3425(6) 0.8356(4) 7.12)
0O@33By’ -0.0272(8) 0.340(1) 0.9103(6) 7.8(3)
O(51) 0.269(1) 0.2500 0.5695(7) 7.13)

* Population is 0.5.
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Table AII-2. Positional parameters and equivalent isotropic thermal parameters
(Az) for [Cr,(OH),(HCOO)(bispicam),}(CIO,),*0.5H,O (D-1)(hydrogen atoms).

Atom Xx/a y/b z/c B(eq)
H(1) 0.244(3) 0.2500 0.158(3) 1(1)
H(2) 0.219(3) 0.2500 -0.031(2) 1(1)
H(@3) 0.004(4) 0.2500 0.089(3) 3(1)
H(4) 0.409(3) 0.116(4) 0.148(2) 4(1)
H(5) 0.451(3) 0.009(3) 0.123(2) 3(D
H(6) 0.395(3) -0.082(3) 0.238(2) 3(D)
H(7) 0.268(3) -0.145(4) 0.299(3) 5(1)
H(8) 0.120(4) -0.109(4) 0.261(3) 6(1)
H(9) 0.108(4) -0.006(5) 0.161(3) 7(1)
H(10) 0.361(3) -0.078(3) 0.037(2) 3(D)
H(11) 0.421(3) -0.026(4) -0.025(2) 5(1)
H(12) 0.331(3) -0.141(4) -0.111(3) 6(1)
H(13) 0.196(3) -0.143(4) -0.169(2) 4(1)
H(14) 0.073(3) -0.161(4) -0.122(2) 4(1)
H(15) 0.084(3) 0.038(4) -0.024(2) 4(1)
H(16) 0.389(3) 0.123(3) 0.038(2) 3(1)
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Table AII-3. Thermal parameters for
[Cr,(OH)(HCOO)(bispicam), ](ClO,),-0.5H,0 (D-1).

Atom U, U,, Uss U, U Uy,
Cr(l) 0.0258(3) 0.0251(3) 0.0361(3) -0.0002(3) 0.0025(3) 0.0006(3)
O(l) 0.0342) 0034(2) 0033(2) 0 0.002(2) 0

O(2) 0027(2) 0.032(2) 0033(2) O 0.001(2) O

O(3) 0.027(1) 0.032(2) 0.046(2) -0.001(1) 0.005(1) -0.002(1)
N(I) 0031(2) 0031(2) 00583) 0.000(2) 0.002(2) 0.004(2)
N(2) 0037(2) 0.0292) 0.039(2) -0.002(2) -0.002(2) 0.002(2)
N3) 0031(2) 0027(2) 0.0392) -0.002(2) 0.002(2) 0.001(2)
C(l) 0.026(3) 0.040(4) 0.039(4) O 0.001(3) 0

C(2) 0.033(2) 0.0483) 0.061(3) 0.002(2) -0.013(2) -0.003(3)
C(3) 0.047(3) 0.0353) 0.0453) 0.003(2) -0.006(2) -0.003(2)
C(4) 0.074(4) 0051(4) 00594) 00103) -0.0253) 0.006(3)
C(5) 0.106(5) 0.047(3) 0.051(3) -0.005(4) -0.010(3) 0.019(3)
C(6) 0.086(4) 0051(3) 0.046(3) -0.016(3) 0.001(3) 0.011(3)
C(7) 0051(3) 0.042(3) 0.0493) -0.009(3) 0.002(2) 0.005(3)
C(8 0.046(3) 0.0413) 0.0603) 0.014(2) 0.0143) -0.001(3)
C(9) 0.044(3) 0.028(2) 0.041(2) 0.0042) 0.007(2) 0.002(2)
C(10) 0.071(4) 0.0363) 0.0593) 0.0093) 0.0113) -0.0093)
C(11) 0.093(5) 0.0433) 0.054(3) -0.006(3) -0.001(3) -0.012(3)
C(12) 0.067(4) 0.0383) 0.0593) -0.013(3) -0.012(3) -0.002(3)
C(13) 0.042(3) 0.034(3) 0.0553) -0.004(2) 0.002(2) -0.004(2)

CI(1) 0.042(1) 0.067(1) 0.036(1) 0 0.0057(8) 0
O(11) 0.047(3) 0.072(4) 0.038(3) 0 -0.001(2) 0
O(12) 0.0493) 0.119(5) 0.063(4) 0 0.02333) 0
O(13) 0.1194) 0.175(5) 0.096(4) -0.072(4) 0.036(3) -0.074(4)
CI(2) 0.056(1) 0.042(1) 0.049(1) O 0.0060(9) 0
O(21) 0.051(3) 0.063(4) 0.0453) O 0.0033) 0
O(22) 0.075(4) 0.092(5) 0.086(5) O 0.044(4)

O(23) 0.1094) 0.079(3) 0.07933) 0.036(3) -0.001(3) 0.019(3)
CI(3) 0.0544) 0.076(4) 0.082(4) 0 0.012(1) 0
O(31) 0.054(4) 0.076(4) 0.082(4) 0 -0.0303) 0

O(32A) 0.103(4)
O(32B) 0.097(5)
O(33A) 0.090(2)
O(33B) 0.098(4)
O(51) 0.090(4)
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