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Twelve compounds containing two quadruply bonded,(DéniF); (DAniF = N,N-di-p-anisylformamidinate)

units linked by dicarboxylate anions have been prepared in high purity and good yields. All of these compounds
have been characterized by crystallography and NMR. The dinuclear pairs display electrochemical behavior which
is controlled by the nature of the bridging dicarboxylate group. As described by the linkers, the compounds are
oxalate,1; acetylene dicarboxylat®; fumarate 3; tetrafluorophthalate4; carborane dicarboxylat®; ferrocene
dicarboxylatep; malonate; succinate8; propane-1,3-dicarboxylat®; tetrafluorosuccinatel0; bicyclo[1.1.1]-
pentane-1,3-dicarboxylaté]l; andtrans-1,4-cyclohexanedicarboxylat&2.

Introduction We recognized some time ago that many of the same general
types of molecular architectures can be constructed by using
artially complexed Munits as can be constructed with M units.
owever, with the use of Munits one may obtain compounds
with desirable properties not readily available with the mono-
nuclear units. Of the many differences expected between these
two classes of compounds, one would be related to the charge
of the end species. With dinuclear species the charge can be
reduced to zero. Furthermore, the presence of dinuclear units
are expected to facilitate redox processes, and indeed they do.
We have already shown in preliminary reports that by using

metal moiety, e.g., Re(CgQl,2 been used, together with neutral suitably chosen Mu_nlts and Ilnkers_, one can obtain a variety
of product geometries, among which are simple pairs gf M

linkers, thus leading to a neutral product. In these compounds, = .= - - - .

; L . .. 'units® triangular array$,square array$and three-dimensional
no change in the charge is in general possible because OX|dat|onarra < In our continuing studies. we have examined each of
or reduction would lead to disintegration of the assembly. This thesi/a t es and othersg in muck; reater depth and this is the
work is driven by the search for novel materials, distinguished YPEs, ' 9 P,

by special magnetic propertiésnicro- and mesoporous struc- flrsl';l IPhii‘ ?g“grst \?err?opgfo?]r?nsglgt;?egui:] (\e/\)/(k:(iacnhSIt\\//\? r;;l#;s'
tures? or catalytic properties. P @

are joined by a bifunctional linker. We further restrict this report
Jfo systems in which the bifunctional linkers adénions of

The use of metal atoms (or ions) as key elements in the
assembly of supramolecular arrays has emerged as an area
great interest, and much effort has been devoted to the
assemblage of molecules having a great variety of polygons
and polyhedra.In most of the work done in other laboratories,
the metal-containing moiety has beedigML , (M = Pd', Pt')
unit, where the L ligands (or bidentate ligand) are neutral.
Since the linkers, usually diamines, are also neutral, the polygons
or polyhedra containing metal moieties have charges af2,
usually upward of 8. Only in a very few cases has a neutral
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and murillo@tamu.edu. dicarboxylic acidsand the dimetal units contain Mo. We employ
ITexas A&M University. here a particularly stable and convenient quadruply bonded
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Compounds Containing Quadruply Bonded Jd2AniF);

(2) the crystal structures of all 12 compounds, and (3) the
electrochemistry of these 12 compounds.
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Chart 1. Dicarboxylate Linkers in
[Mo2(DANIF)3]0O2,CXCO,[Mo2(DANIF)3] Compounds
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It is to be emphasized that an understanding of the variables /c\ @Fe 0
involved in the synthesis of the relatively simple compounds o 0

reported here provides the essential groundwork for our
forthcoming reports on more elaborate molecules. Furthermore,

X-ray Structure Determinations. Single crystals suitable for X-ray

the electrochemistry reported here for the simplest type of diffraction analysis of all compounds were grown by diffusion of
dicarboxylate-bridged system shall also provide a basis for hexanes into a C#€l, solution of the corresponding product. Single-
interpretation of the results for more elaborate systems currently crystal X-ray work on compounds-6 and9—12was performed on a
under study. Chart 1 presents a numbered list of the 12 Nonius FAST diffractometer utilizing the program MADNESN each

dicarboxylate linkers. The corresponding tylbfecompounds
will be numbered in a similar fashion.

Experimental Section

Materials and Methods. All manipulations and procedures were
conducted under Nusing either a Ndrybox or standard Schlenk line
techniques. Solvents were distilled and degassed prior to use; MeCN
was twice distilled under N first from activated molecular sieves and
then from CaH, CH,Cl, was dried and distilled from s, MeOH
and EtOH were dried and distilled from Mg turnings, and@and
hexanes were dried and distilled from Na/K-benzophenong(DAmiF)s-

Cl, (DANiF = N,N'-di-p-anisylformamidinate) was prepared by the
literature method,and all tetrabutylammonium and tetraethylammo-
nium dicarboxylate salts were prepared and isolated as white solids by
neutralizing the corresponding diacid with 2 equiv of,NEDH or
BuNOH followed by careful drying in vacuo. All other reagents
(NaHBES%, Zn dust) were purchased from commercial sources and used
as received.

Physical Measurements Elemental analyses were performed by
Canadian Microanalytical Service, Delta, British ColumBld.NMR
spectra were recorded on a Varian XL-200E NMR spectrometer, with
chemical shifts ¢) referenced to CkCl, or to CHCk. The cyclic
voltammograms were recorded on a BAS 100 electrochemical analyzer
in 0.1 M BU4NPFs solution (CHCI) with Pt working and auxiliary
electrodes, a Ag/AgCl reference electrode, and a scan rate of 100 mV/
s. All the potential values are referenced to the Ag/AgCl electrode,
and under the present experimental conditions,BhgFc'/Fc) was
consistently measured at 440 mV.

(9) Cotton, F. A.; Daniels, L. M.; Jordan IV, G. T.; Lin, C.; Murillo, C.
A. J. Am. Chem. Sod.99§ 120, 3398.

case, a suitable crystal was mounted on the tip of a quartz fiber with
a small amount of silicone grease or epoxy and transferred to a
goniometer head. Cell parameters were obtained from an autoindexing
routine and were refined with 250 reflections withinéarange of 18.%

41.6°. Cell dimensions and Laue symmetry for all crystals were
confirmed with axial photographs. All data were corrected for Lorentz
and polarization effects. Data were processed using an ellipsoid-mask
algorithm (the program PROCOR, and the program SORTA¥was

used to correct for absorption. Data fband8 were collected using a
Bruker SMART 1000 CCD area detector system usingcans of 0.3
deg/frame with 30 s frames such that 1271 frames were collected for
a hemisphere of data. The first 50 frames were re-collected at the end
of the data collection to monitor for crystal decay, but no significant
decomposition was observed. Cell parameters were determined using
the program SMARTS? Data reduction and integration were performed
with the software package SAINT, which corrects for Lorentz
polarization, while absorption corrections were applied by using the
program SADABS*

In all structures, the positions of some or all of the non-hydrogen
atoms were found via direct methods using the SHELXTL software.

(10) Pflugrath, J.; Messerschmitt, A. MADNE®unich Area Detector
(New EEC) Systemversion EEC 11/1/89, with enhancements by
Nonius Corporation, Delft, The Netherlands. A description of MADNES
appears in the following: Messerschmidt, A.; PflugrathJ.JAppl.
Crystallogr. 1987, 20, 306.

(11) (a) Kabsch, WJ. Appl. Crystallogr.1988 21, 67. (b) Kabsch, WJ.
Appl. Crystallogr.1988 21, 916.

(12) Blessing, R. HActa Crystallogr.1995 A51, 33.

(13) SMART for Windows NTversion 5.059; Bruker Analytical X-ray
Systems: 19971998.

(14) SAINTF for NT, version 6.02; Bruker Analytical X-ray Systems:
1997-1999.
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For all structures, subsequent cycles of least squares refinement followed

by difference Fourier syntheses revealed the positions of the remaining
non-hydrogen atoms. All hydrogen atoms were added in calculated
positions and refined isotropically as riding atoms with displacement

parameter values equal to 1.2 times those of the carbon atoms to which

they are attached. Cell parameters and refinement results for all
compounds are summarized in Table 1, while key metrical parameters
are collected in Tables 2 and 3.

Preparation of Compounds.The dicarboxylate-bridged molecules
[Mo2(DANIF)3]2(u-O,CXCOy), Chart 1, were prepared by one of two
general methods, which are detailed below.

Method A. A solution of Ma(DAnNIF)sCl, (154 mg, 0.150 mmol)
and an excess of the bis(tetrabutylammonium) dicarboxylate (0.450
mmol) in 60 mL of CHCI, was treated with NaHBE(1.0 mmol),
which produced visible evolution of Hand effected a lightening of
the solution color. The reaction mixture was stirred for 24 h at ambient

temperature and then was concentrated to dryness in vacuo. The

resulting residue was washed withp@t(10 mL), EtOH (2x 20 mL),
H.O (2 x 10 mL), and EtOH (10 mL). Extraction of the remaining
solid with CH,CI, (3 x 7 mL), filtration, concentration of the combined
extracts (4 mL), and layering of the GEl, concentrate with hexanes
produced crystalline material within 2418 h. The crystalline product
was collected by filtration and dried in vacuo.

Method B. A solution of Ma(DAnRIF)sCl, (0.500 g, 0.490 mmol)
in 60 mL of MeCN was treated with Zn dust (7.5 g). The resulting
suspension was stirred vigorously for 1.5 h. The excess Zn dust was
then separated from the yellow solution by filtration through packed
Celite into a flask containing the bis(tetraethylammonium) dicarboxylate
salt (0.490 mmol). The Celite was washed with an additional 5 mL
portion of MeCN. Within a few minutes of stirring, the filtrate
developed a voluminous precipitate. Stirring was sustained for 1 h,
and the volume of the mixture was then reduced to 20 mL. The MeCN
was removed by filtration, and the remaining solid was washed with
an additional 10 mL portion of MeCN followed by 10 mL of Xt
The solid product was dried briefly under vacuum, extracted with 4
3 mL of CH.Cl,, and filtered. Layering of the filtrate with hexanes
produced crystalline material within 2418 h. The crystalline product
was collected by filtration and dried in vacuo.

[Mo2(DANIF) 3]2(0,CCO,) (1). Method A: 53.6% vyield. H
NMR 6 (ppm in CDCly): 8.52 (s, 2H,—NCHN-), 8.47 (s, 4H,
—NCHN-), 6.56 (m, 32H, aromatic), 6.45 (d, 8H, aromatic), 6.23
(d, 8H, aromatic), 3.67 (s, 24H;OCHj3), 3.64 (s, 12H—~OCH,).

[Mo2(DANIF) 3]2(0,CC=CCO,) (2). Method B: 70.6% yield.
(Note: Compound2 can only be prepared following method B.
Furthermore, successful preparation requires usexattly/, equiv
of (EtaN)2(0,CC=CCQ) per equivalent of MgDANIF)sCl,.) *H NMR
O (ppm in CDC}): 8.49 (s, 4H,—NCHN-), 8.41 (s, 2H~NCHN-),

6.63 (d, 16H, aromatic), 6.54 (d, 16H, aromatic), 6.43 (d, 8H, aromatic),
6.19 (d, 8H, aromatic), 3.72 (s, 24HOCH3), 3.65 (s, 12H;~OCHsy).
Anal. Calcd for GsHeoM04N12046: C, 55.68; H, 4.47; N, 8.29. Found:
C, 55.71; H, 4.49; N, 8.07.

[Mo2(DANIF) 3],(trans-O,CC(H)C(H)CO ) (3). Method A: 41.2%
yield. IH NMR 6 (ppm in CDxCl): 8.47 (s, 4H,—NCHN-), 8.41 (s,
2H, —NCHN-), 7.36 (s, 2H~C(H)C(H)—), 6.64 (d, 16H, aromatic),
6.53 (d, 16H, aromatic), 6.42 (d, 8H, aromatic), 6.21 (d, 8H, aromatic),
3.70 (s, 24H,—OCHs), 3.62 (s, 12H,—OCH3).

[Mo 2(DANIF) 3]2(0,CCeF4CO;) (4). Method A: 46.5% yield.™H
NMR 6 (ppm in CDCly): 8.52 (s, 2H,—NCHN-), 8.51 (s, 4H,
—NCHN-), 6.66 (d, 16H, aromatic), 6.57 (d, 16H, aromatic), 6.46 (d,
8H, aromatic), 6.25 (d, 8H, aromatic), 3.70 (s, 24H)CHs), 3.64 (s,
12H, —OCHg). Anal. Calcd for GgHooFsM04N12016. C, 54.71; H, 4.22;

N, 7.81. Found: C, 54.48; H, 4.33; N, 7.63.

[MO2(DAniF)3]2(02CCB]_0H1()CC02) (5) Method A: 62.4% yleld
H NMR 6 (ppm in CD,Cly): 8.44 (s, 2H,—NCHN-), 8.34 (s, 4H,
—NCHN-), 6.65 (d, 16H, aromatic), 6.51 (d, 16H, aromatic), 6.44 (d,
8H, aromatic), 6.18 (d, 8H, aromatic), 3.77 (btBigHio—), 3.70 (s,
24H, —OCHj3), 3.63 (s, 12H,—OCHj3).

(15) SHELXTL, version 5.03; Siemens Industrial Automation, Inc.: Madison,
WI.

Table 1. Crystallographic Dafafor Compoundsl—12

b wR2

RY
0.052

space

group

c, A a, deg B, deg y, deg Vv, A3

b, A

a A
13.998(2)
10.409(4)
10.458(1)

formula
CoaHg4ClsM04N12016

0.121
0.207
0.150
0.167

0.190
0.144
0.148
0.166

0.126
0.127

0.204
0.198

0.093

ng_/ C

4898(1)
5486(3) P1

84.83(2)

89.69(1)

97.40())
99.41())

86.23(2)

20.229()
32.533(6)
27.257(1)
18.090(3)

17.441(3)
16.299(4)
34.382(2)
15.756(2)

C104.3H114ClsM04N12016 5

2:2.5CHClyp+CgH142Y-EL,0

1-2CH,Cl,
3-1.75CHClI,

0.066

Cos.7495.:Cl3sM04N12016
CioeH108C14FaMOsN1,016

ng_/ C

9669(1)

0.068

2670.8(6) P1
5601.2(7) P2i/c

87.63(1)

79.61(1)
92.76())

76.65(1)

9.791())
15.718(1)
11.525(2)

4-2CH,Cly*CgH14
5-2.9CHCl,
6:2CH.Cl,
7-CH.Cl,

0.077

Cop.dH105.810Cls.gM04N1,016
CioH10LlaFeMaiN12016
CoaHo4CloM0OsN 12016

20.059(2)
20.178(4)

17.786(1)
13.101())

87.93(3) 65.33(1) 2629.4(7)P1 0.063

90.565(2)
104.360(2)

72.68(3)

0.077

P21/ n

9241(l)

33.857(3)
31.665(3)
35.848(9)
31.801(6)
18.95(1)

26.534(2)
19.467(2)
13.422(3)
19.630(4)
17.407(9)

17.413(3)
0.71073 A)PR1 = 3||Fo| — |FdI/3|Fol. WR2

10.2875(9)
17.792(2)

0.069

Cro8H127ClsM0OsN 12016 5

8'2CHQC|2'2C6H 14‘1/2H20

9-1.5CHCl,

Pgll n

10624(2)

0.046
0.051

4893(2) P1

10519(4)

106.90(1)

91.78())
104.83(3)

94.062(4)

10.6542(4)
17.431(4)
16.604(2)
19.548(2)

Cos.3Hg9ClsM04N1,016

0.084
0.077

P2./n
1/[03(F») + (aP)? + bP], whereP

P2,

5232(4) P1

10918(3)

81.24(3)

81.14(4)

93.19())
[SIW(Fo? — FAAZ[W(FAFM2, w

76.89(3)

32.123(5)

C103.H111ClFsM0sN 1,016

C101H104Cl1sM04N 12016
C107.4H121Cl"M04N 12016

10‘3.5C|‘bC|2'C5H14
12’3.5C|‘bC|2‘CaH14

11-4CHCI,

Cotton et al.

aData were obtained with graphite-monochromatized Mo riddiation ¢

= [max(Fe? or 0) + 2(F)]/3.



Table 2. Selected Interatomic Distances (A) for Compouridsl 2

%/(Tdmpenb Bulureluod spunodwo)d

1 2 3 4 5 6 7 8 9 19 11 12
d, Av 6.953 9.537 9.194 11.300 11.605 10.953 7.647 9.209 9.013 9.061 10.297 9.78
Mo(1)—Mo(2) 2.0900(7) 2.095(2) 2.0860(5) 2.0903(9) 2.0883(9) 2.087(1) 2.089(1) 2.0920(8) 2.0837(7) 2.087(l) 2.082(1) 2.08841)
Mo(3)—Mo(4) 2.095(2) 2.0870(6) 2.088(1) 2.0904(9) 2.0876(7) 2.086(1) 2.088(1) 2.087(1)2
Mo(1)—0O(1) 2.145(3) 2.145(7) 2.123(3) 2.124(5) 2.149(5) 2.126(5) 2.136(6) 2.124(4) 2.133(3) 2.175(6) 2.130(6) 2.134g)
Mo(2)—0(2) 2.115(3) 2.124(7) 2.140(3) 2.163(5) 2.134(5) 2.139(5) 2.141(6) 2.138(5) 2.149(4) 2.156(6) 2.140(6) 2.1308)
Mo(3)—0(3) 2.150(7) 2.132(3) 2.128(6) 2.142(5) 2.135(4) 2.169(6) 2.123(6) 2.126(8
Mo(4)—0(4) 2.139(7) 2.165(3) 2.151(6) 2.122(4) 2.123(4) 2.155(6) 2.154(6) 2.173(7%;
Mo(1)—N(1) 2.119(4) 2.14(1) 2.147(4) 2.144(6) 2.170(7) 2.141(6) 2.143(7) 2.130(6) 2.154(4) 2.126(7) 2.151(9) 2.187(8)
Mo(1)—N(3) 2.137(4) 2.13(l) 2.135(4) 2.108(6) 2.135(6) 2.122(5) 2.133(8) 2.117(5) 2.119(4) 2.113(7) 2.134(8) 2.16(Tp
Mo(1)—N(5) 2.130(4) 2.11(1) 2.161(3) 2.156(6) 2.148(5) 2.142(6) 2.164(7) 2.158(6) 2.164(4) 2.146(7) 2.138(8) 2.145(8)
Mo(2)—N(2) 2.168(5) 2.13(l) 2.145(4) 2.137(6) 2.143(6) 2.140(6) 2.140(5) 2.143(6) 2.126(4) 2.159(7) 2.144(5) 2.163(8)
Mo(2)—N(4) 2.135(4) 2.126(9) 2.151(4) 2.122(6) 2.125(6) 2.134(6) 2.119(5) 2.133(6) 2.128(4) 2.134(8) 2.123(8) 2.130(9)
Mo(2)—N(6) 2.155(4) 2.15()) 2.137(3) 2.129(6) 2.130(6) 2.163(6) 2.128(7) 2.123(6) 2.128(4) 2.132(7) 2.141(8) 2.135(8)
Mo(3)—N(7) 2.13(1) 2.150(4) 2.140(7) 2.137(6) 2.136(5) 2.139(7) 2.132(8) 2.179(9)
Mo(3)—N(9) 2.122(9) 2.115(4) 2.127(7) 2.127(6) 2.122(4) 2.119(8) 2.118(8) 2.136(9)
Mo(3)—N(11) 2.155(9) 2.161(4) 2.131(8) 2.144(6) 2.141(5) 2.149(7) 2.169(8) 2.122(9)
Mo(4)—N(8) 2.15(1) 2.147(4) 2.133(7) 2.135(6) 2.141(5) 2.140(7) 2.137(8) 2.134(8)
Mo(4)—N(10) 2.126(9) 2.123(4) 2.148(5) 2.116(6) 2.127(4) 2.125(7) 2.118(8) 2.141(8)
Mo(4)—N(12) 2.153(9) 2.147(4) 2.160(7) 2.152(6) 2.145(5) 2.137(7) 2.115(8) 2.147(9)
Selected Bond Distances for Bridging Dicarboxylate
C(3-C(4)  C(3)-C(4) C(1)-C(3) C(1)-C(3)  C(-Cr
1.18(2) 1.372(7) C(HC@B) C(3-CH4) 1.498(8) 1.53(1) 1.87(1) CEr(3)
C(1)-C(1A) C(1yC(3) C@A)ycC(3 cCc@ayrc@ c@arce c@arce 1.50(1) 1.50(1) C(CH4) C(2-C@) C(1-C(2) 1.52(2)
1.51(l) 1.44(2) 1.480(6) 1.49(1) 1.50(1) 1.47(1) CH(3) 1.496(8) 1.53(1) 1.48(1) C(2X(6)
C(2-C4) C(2-C®) 1.52(1) C(3)C4) C(3-C(4) 151(2)
1.45(2) 1.486(7) 1.56(l) 1.49())

aValues are for one of two molecules in the asymmetric (rdt= distance between centroids of Mainits.® Nonbonded distance.
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Table 3. Selected Angles (deg) for Compountis12

OF "IoA ‘Ansiway) olueblou| 8eZT

1 2 3 4 5 6 7 8 9 19 11 12
@, deg 0 34 10.9 0 0 0 39.4 19.3 44.0 13.9 9.4 18.4
O(1)-Mo(1)—N(1) 85.1(2) 86.6(3) 85.9(1) 85.4(2) 90.1(2) 87.9(2) 85.9(2) 87.6(2) 85.8(2) 84.0(3) 84.2(3) 85.8(3) -
O(1-Mo(1)—N(3) 176.8(2) 175.1(4) 174.7(1) 173.3(2) 175.4(2) 174.2(2) 175.4(3) 174.5(2) 173.7(2) 175.5(2) 175.5(3) 176.6(3¢
O(1)-Mo(1)—N(5) 86.3(2) 85.8(4) 87.8(1) 86.9(2) 85.5(2) 85.5(2) 88.9(3) 84.6(2) 85.7(2) 86.5(2) 89.5(3) 87.9(3) -
O(2)-Mo(2)—N(2) 84.8(2) 86.0(3) 86.0(1) 84.9(2) 88.3(2) 86.5(2) 86.6(3) 87.8(2) 84.0(2) 84.5(2) 85.2(3) 83.2(3) ©
O(2)-Mo(2)—N(4) 173.2(2) 175.4(4) 175.6(1) 177.4(2) 175.1(2) 176.5(2) 175.0(3) 175.4(2) 177.0(2) 174.8(2) 174.6(3) 174.3(3)
O(2)-Mo(2)—N(6) 85.6(2) 86.4(3) 87.1(1) 87.7(2) 85.4(2) 85.2(2) 87.7(3) 84.8(2) 86.3(2) 85.6(3) 91.4(3) 87.43) ©
O(3)—Mo(3)—N(7) 86.2(3) 84.8(1) 85.2(3) 86.7(2) 85.3(2) 84.0(2) 84.8(3) 84.3(3)
O(3)—Mo(3)—N(9) 175.9(3) 174.8(1) 174.1(3) 176.6(2) 176.6(2) 175.2(2) 173.6(3) 173.9(3)
O(3)—Mo(3)—N(11) 84.7(3) 86.9(1) 89.5(3) 86.3(2) 86.2(2) 87.1(2) 87.3(3) 85.2(3)
O(4)—Mo(4)—N(8) 86.0(3) 86.4(1) 86.5(3) 86.4(2) 85.4(2) 85.8(3) 85.5(3) 83.4(3)
O(4)—Mo(4)—N(10) 175.3(3) 175.7(1) 177.0(3) 174.4(2) 174.6(2) 174.8(2) 176.3(3) 176.6(3)
O(4)-Mo(4)—N(12) 86.0(3) 86.1(1) 88.2(3) 85.5(2) 87.1(2) 87.0(2) 88.1(3) 86.6(3)
N(1)—Mo(1)—N(5) 168.1(2) 171.2(4) 171.7(1) 171.9(2) 173.9(3) 171.6(2) 173.1(3) 170.7(2) 171.3(2) 169.5(3) 171.3(3) 172.1(3)
N(2)—Mo(2)—N(6) 170.2(2) 170.8(4) 171.5(1) 169.8(2) 171.2(3) 170.3(2) 172.4(3) 170.7(2) 167.3(2) 168.7(3) 174.3(3) 169.4(4)
N(7)—Mo(3)—N(11) 169.7(3) 170.4(2) 172.9(3) 170.7(2) 169.4(2) 169.6(3) 171.1(3) 168.9(4)
N(8)—Mo(4)—N(12) 170.2(4) 170.9(2) 172.4(3) 170.6(2) 171.4(2) 170.9(3) 170.7(3) 168.0(3)
Selected Bond Angles for Bridging Dicarboxylate
C(1)-C(3)-C(4) C(1-C(3-C(2) C(1)-C(3)-C(4)—-C(2y
177(1) 120.4(8) 164.3
C(2)-C(4)-C(3) C(1-C(3)-C(4)-C(2y C(2)-C(5)-C(4)
177(1) 175.3 74.0(7
C(1)-C(3-C(4) C(2)-C(6)-C(4)
117.8(4) 74.8(7)
C(2)-C(4)-C(3) C(2-C(7-C4)
123.0(5) 74.5(7)

aValues are for one of two molecules in the asymmetric (. = twist angle between Moaxes.c Torsion angle.
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[Mo(DANIF) 3],(0,CFcCO,) (6). Method A: 57.5% yield.*H is reduced to fumarate as shown by comparison of the NMR
NMR 6 (ppm in CDCly): 8.54 (s, 4H,—NCHN-), 8.47 (s, 2H, and cell dimensions with those of an authentic sampl&.of
—NCHN—),_6.63 (br, 32H, arom_atic), 6.43 (d, 8H, arom_atic), 6.21 (d, Furthermore, [Me(DAniF)s]o(u-H)-° can be observed as a
8H, aromatic), 5.04 (t, 4H, Cp rings), 4.22 (t, 4H, Cp rings), 3.67 (s, competing, albeit minor, byproduct when method A is followed.
24H, ~OCH), 3.64 (s, 12H~OCH,). Thus we were forced to find a more general method and found

Mo »(DAnNIF 0,CCH,COy) (7). Method B: 52.0% vyield.'H . .
o o )iﬂZ(CSCD: 202 ((S’) o N B @y, that use of [Me(DANIF)(CHCN)]BP fulfled our expecta-

—NCHN-), 6.44 (m, 40H, aromatic), 6.18 (d, 8H, aromatic), 4.55 (s, 1ONS. This was prepared using Zn metal as the reducing agent.
2H, O,CCH,COy), 3.66 (s, 12H—OCH3), 3.62 (s, 24H—OCHs). Furthermore, it was found that isolation of the latter was not
[Mo 2(DANIF) 3] 2(0.CCH,CH,CO,) (8). Method B: 90.5% yieldH necessary for the success of the coupling reaction. Consequently
NMR ¢ (ppm in CDCh): 8.45 (s, 4H,—NCHN-), 8.39 (s, 2H, the coupling process can be simplified by converting,Mo
—NCHN-), 6.64 (d, 16H, aromatic), 6.53 (d, 16H, aromatic), 6.43 (d, (DAnIiF)3Cl, to the highly soluble [Mg(DANIF)3(CH3CN),]™

8H, aromatic), 6.21 (d, 8H, aromatic), 3.72 (s, 24HDCH3), 3.65 (s, cation by in situ reduction with zinc in acetonitrile according
12H, *OCH:;), 3.50 (S, 4H ,*OzCHzCHzCOZ*). Anal. Calcd for GsHos to the fo“owing stoichiometr)l_ﬁ
Mo4N120:6. C, 55.57; H, 4.66; N, 8.27. Found: C, 55.22; H, 4.72; N,
8.09. . 0
[Mo2(DANIF) 5,(0;CCH,CH,CH,CO,) (9). Method B: 71.206  2MOy(DANIF),Cl, + Zn" + 4MeCN—
yield. *H NMR ¢ (ppm in CDC}): 8.43 (s, 2H,—NCHN-), 8.35_ 2[M02(DAniF)3(MeCN)2]+ 4 ZnCIf*
(s, 4H,—NCHN-), 6.51 (m, 32H, aromatic), 6.45 (d, 8H, aromatic),
6.22 (d, 8H, aromatic), 3.67 (s, 12HOCHSs), 3.62 (s, 24H~OCHs), , ) o )
3.02 (t, 4H,—0,CCH,CH,CH,CO,—), 2.44 (q, 2H,—0,CCH,CH- The s_ubsequent couplmg of the dlcarboxylate_ dianion with,fMo
CH,CO,—). Anal. Calcd for GsHogM0oaN120:6. C, 55.78; H, 4.73; N,  (DAniF)3(MeCN)]™ is a facile process driven forward by
8.22. Found: C, 55.14; H, 4.70; N, 7.92. precipitation of the product as a neutral molecule. The soluble

[Mo »(DANIF) 5],(0,CCF,CF,CO5) (10). Method B: 46.9% vyield. ZnCls?~ species can be easily eliminated during the filtration
IH NMR 6 (ppm in CDC}): 8.49 (s, 2H,—NCHN-), 8.45 (s, 4H, and washing of the product.
—NCHN~-), 6.63 (d, 16H, aromatic), 6.60 (d, 16H, aromatic), 6.47 (d,  Here again, use of an excess of{Bkdicarboxylate appears
?*;Haroggﬂc))' 6.23 (d, 8H, aromatic), 3.71 (s, 24H0CH;), 3.68 (S, to be helpful. A notable exception is the reaction with
y 3)- — i i 1
[Mo 2(DANIF) 3],(0,CC(CH2)sCCO,) (11). Method B: 51.7% yield. gitaw/)ég‘?ﬁgEjiecl:rg(g(%laﬁh:nﬁo:\egg:rgauﬁczlgrieof(jlﬁ;%)ﬁ

IH NMR 6 (ppm in CDC}): 8.46 (s, 2H,—NCHN-), 8.38 (s, 4H, . .
~NCHN-), 6.66 (d, 16H, aromatic), 6.55 (d, 16H, aromatic), 6.46 (d, Clo. When an excess of the linker is used and the temperature

8H, aromatic), 6.23 (d, 8H, aromatic), 3.73 (s, 24HDCHs), 3.67 (s, is not kept b.elo'w 25°C, decarbonization of the linker is

12H, —OCHy), 2.60 (s, 6H, C(El)sC). Anal. Calcd for GHee observed’ As indicated above, compourctannot be prepared

MosN1.016 C, 56.29; H, 4.68; N, 8.12. Found: C, 55.71; H, 4.78; N, following method A. A carefully controlled method B is the

8.22. only way found, so far, for its preparation. Our observations
[Mo »(DANIF) 5],(02,CC(H)(CH »CH,),C(H)CO,) (12). Method B: indicate that method B is a decisively cleaner and more general

74.4% yield*H NMR (ppm in CDC}): 8.48 (s, 2H,~NCHN—), 8.42 protocol.

(S, 4H,—NCHN-), 6.69 (d, 16H, aromatic), 6.58 (d, 16H, aromatic),  |n every case théH NMR results indicate that the bulk

6.49 (d, 8H, aromatic), 6.27 (d, 8H, aromatic), 3.75 (s, 24@CHs),
3.69 (s, 12H,—OCHj3), 2.69 (br, 2H,—0,CCH)—), 2.35 (m, 4H,eq
C—H in O,CC(H)CH,—,), 1.84 (m, 4H,ax C—H in O,C(H)CH,—).
Anal. Calcd for GgHiodMl0sN120:6: C, 56.44; H, 4.83; N, 8.06.

sample is very pure. Furthermore the spectra in solution are
fully consistent with the structures of the compounds.
Structures. Because the structural results are so voluminous,

Found: C. 56.48: H. 4.95: N. 8.29. we reserve most of the details for deposit. Figure 1 presents
the 12 structures, with the formamidinate ligands shown only
Results as N-C—N chains. Generally, two [Mg units are linked by

the dicarboxylate dianions with the MdJ/o axes nearly parallel

to each other; the larger deviations of 39%d 44.0 are those

for 7 and9, respectively (see Table 3). Depending on the nature
of the dicarboxylate group, the two MU units and the linker
can be nearly in a plane or forming a step. Interestingly, in the
succinate8, and the corresponding fluorinated analogl@,
there are considerable structural variations Bittaving a more
planar core tharO.

The structure ofl2 is a little surprising. As can be seen in
Figure 1, the conformer obtained is the axiakial (ax—ax)
one, whereas, with large substituents (as in the classic case of
) N 1,4-ditert-butylcyclohexane) the equatortaéquatorial ég—
2Mo,(DANIF),Cl, + (BU'yN),(O,CXCO,) + 2NaHBEt — eqg) conformation is normally expected. Evidently, the net effect

[Mo,(DANIiF),] ,(O,CXCO,) + 2BU",NCI + 2NaCl+ of both intra- and intermolecular forces (i.e., crystal packing
SBEL + H forces) favors theax—ax conformation in the crystal. As will
3 2

Preparative Methods. Two distinct procedures were used
to introduce the Mg(DAnNiF)s™ components of the bridged
assembly. A common feature is the introduction of the dicar-
boxylate linker as the tetraethylammonium or tetrabutylammo-
nium salt. All of these were easily prepared by neutralizing the
diacids with aqueous JRIOH and were isolated as white
anhydrous powders that were easy to weigh and handle.

The first compounds we made were prepared using method
A which proceeds by the stoichiometry indicated in the
following equation:

(16) [Moz(DANIF)3(MeCN)] " has been crystallographically characterized
In practice, however, use of an excess of the dicarboxylate as the [BPh]~ salt, details of which will be communicated at a later

. ., - L time. Also, crystalline (BtN)2(ZnCls) has been isolated and structur-
dianion appears to be critical, possibly because precipitation of ally characterized by X-ray diffraction, thereby providing further

sodium dicarboxylate dianion upon introduction of NaHBEt evidence for the reaction stoichiometry. (BN)2(ZnCly)-2CsHs
interferes with the reaction stoichiometry. This procedure suffers crystallizes in the space groug2d with cell parametera = b =
from the additional problem that NaHBEfs a reagent 14.711(2) A.c = 23.499(5) A, and/ = 5086(1) &. o
. . . S . " . (17) The elimination of C@ has been demonstrated by the isolation in
incompatible with bridging units sensitive to reduction. For good yield of crystalline Mg{DANiF)s(0,CC=C—H), the structure

example, in the reaction with acetylene dicarboxylate, the linker of which has been determined and will be described elsewhere.
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Figure 1. The core structures of the 12 [M®ANIF);]2(0,CXCO,) compounds. Displacement ellipsoids are given at the 40% probability level.
Thep-anisyl group attached to each N atom and all hydrogen atoms have been omitted for clarity. To the right of each structure, the number of each
compound and the cyclovoltammogram (above) and differential pulse voltammogram, DPV (below), are shown.
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Figure 1. (continued)
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be noted later, there are indications from the electrochemistry Table 4. Electrochemical Datefor Compoundsl—12

and'H NMR spectrum that theg—eqconformation is favored peak positions
in CHCI; solution.

Insofar as the dimensions_ o_f the [Maunits are concerned, compd Elﬁgir/{)o)‘ El/Z(riJ\r//Jr)’ EUZSﬁ\J;/O)’ Arf\l/lcz' K
the structures are all very similar (see Table 2). The-Wmw
distances are all within the range 2.082¢2)095(2) A, and the % ggg gé fég g'i 12
Mo—N and Mo-0 distances also lie within very narrow ranges. 3 217 334 137 2.k 10
All interatomic distances in the dicarboxylate linkers fall within 4 315 356 87 30
normal ranges, e.g., the singly bondedCdistances are close 5 328 69 15
to 1.50 A. Curiously, the &C bond in2 retains the triple- 6 192 7519
bond character with a distance of 1.18(2) A, and theQC ! 225 285 108 67

. . . 8 225 285 100 49

distance of 1.372(7) A i is also typical of a &C double 9 217 262 112 78
bond. 10 410 495 121 1.k 1

Besides the interatomic distances, another dimension given 11 261 95 40
in Table 2 is the distancal (A), between the centers of the 12 21¥ 69 15

two [Moy] units in each compound. These will be employed in aThe data were recorded on a BAS 100 electrochemical analyzer in
the discussion of the electrochemical data. It may be noted hereo.1 M BuuNPF; solution (CHCI;) with Pt working and auxiliary
that not all of these distances will necessarily remain the sameelectrodes and a Ag/AgCl reference electrode. Scan rate is 100 mV/s
when the molecules are in a different environment, specifically, for CV and 2 mVi/s for DPV. All the potential values are referenced to
in solution. Almost certainlyl, 2, 3, 4, 5, 7, and 11 will not Ag/AgCl, and under the present experimental conditionsEih€Fc'/

vary. It is unlikely 'Fhat6 will vary, but 8, 9, 10, gnd 12 have (F:(\:) \f'gfsl?%rllséystlef tg/nrgi;s lérlidjté 43 rgf;g%:f‘iﬁg p;)q/\% f(rrgm

enough conformational freedom to do so. This aspect of the ppy for 3 and 4; E,y = 50 mV for 2, 7, 8, 9, and 10. ¢ AEy, as

structures will be relevant when the electrochemical results are calculated using the DPV peak half-height method of Richardson and

discussed. Taube, ref 189 K., calculated from the formul&. = e*E122569 See
Electrochemical Data.The electrochemical results are shown ref 23.¢Ey; values for5, 6, 11, and 12 are average values for both

in Figure 1, and numerical values are collected in Table 4. The redox couples, i.e.,2/0.

AE;, values were measured by the method of Richardson and ) ]

Taube!8 From eachAEy;, one may calculate the compropor- '.[here' is only one varying carboxyl group and t'he.re are three

tionation constanK, that is, the equilibrium constant for the ~ invariant formamidinate ligands, no greater variation in-Mo

following reaction: Mo distances could be expected.
On the contrary, it has been shown that the electrochemical
[Mo,]O,CXCO,[Mo,] + [I\/|02+]02CXC02[M02+] = behavior of the Mg(DArF), complexes is very sensitive to small

N variations of the substituents. For example, for=Amp-anisyl
2{[M0,]O,CXCO,[Mo,]} the oxidation potentiaEy, = 244 mV; for Ar = p-CeH4CFs,
Ei is 795 mV, and for 3,5-6H3Cly, Epa is 1029 mVv20
In this equation the oxidation states of individual dimolybdenum Consequently, at the onset of this study, we had no way to
units, [Mop] and [Mo;*], have been specified on the left-hand  anticipate what could happen when pairs of f/lonits were
side, but on the right-hand side we simply indicate that the entire oxjdized. We have now found that, for [M@.CXCO,[Mo]
unit has a+1 charge. How that charge is distributed, even molecules, there are indeed observable oxidation processes.
formally, will have to be determined in each case. These are reversible one- or two-electron oxidations that can
be effected electrochemically. A major goal in future work will
be to isolate and characterize these oxidized species, especially
The work reported here demonstrates that it is possible to the singly oxidized ones. It is obvious that the compounds under
synthesize compounds of the type described with virtually any study here will raise many of the same questions as were raised
dicarboxylic acid desired, so long as its tetraalkylammonium years ago in the work of Taube and others on the mixed-valence
salt can be prepared. The 12 compounds reported here haveomplexes of #-d® metal center$® Since we have not yet
been deliberately chosen to present as broad a test of ourisolated the mixed-valence species, nor even examined them
synthetic methodology as possible. spectroscopically in solution, we are not yet in a position to
Since the structures in general show no anomalous featuresaddress these questions in detail, but we plan to do so in the
not a great deal of discussion is required. However, there are afuture.
few details that merit comment. The similarity of the Milo As mentioned earlier, a major goal of the present study was
distances (vide supra) would have been expected on the basiso develop a synthetic approach to supramolecular compounds
of the fact that those in M@O,CCHg)s4, M02(O2CCsHs)4, and containing metatmetal bound corner pieces. In doing so, we
M02(O,CCFs)4 are all equal to within 0.01 A? even though prepared a large number of the simplest units. As an added
each of these molecules has four bridging carboxylate groupsbonus, and with the results now available, we can discuss some
and the strengths of the corresponding acids vary over about 5simple but basic questions concerning the electrochemical
orders of magnitude. Likewise, M@iarylformamidinate) properties of our compounds. For comparison we will use some
compounds, MgDArF),, have Mo-Mo distances of 2.09 A of the pioneering work on compounds of the Cretifaube
that vary by no more than ca. 0.01 A, independently of the donor type2! where two octahedrally coordinated metal ions are linked
ability of the substituents on the aryl groui8s herefore, when by a diamine. We will be using th&E;, values or the related
comproportionation constants; both of these are given in Table

Discussion

(18) Richardson, D. E-l: Taube, Hholrg.IChemalgﬁl 20, 1278. | 4. In our discussion we will concentrate on the former, namely,
(19) 2Cn0c§tgg'-FOQSrXVS;?vnérgiyAmgst? eoi?grds 138’;89” Metal Atoms  \yhat factor, or factors, determine the separation between the

(20) Lin, C.; Protasiewicz, J. D.; Smith, E. T.; Ren,lfforg. Chem1996
35, 6422 and references therein. (21) Creutz, CProg. Inorg. Chem1983 30, 1.
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Figure 2. Variation of theAE;/, as a function of the square of the
distance (A) between the midpoints of the quadruply bondet
units. The best fit line excludes data points of the more polarizable
linkers 1, 2, and3. For 12aand 12b see text.

two oxidation potentials, i.e., thAE;/, values. We approach
that question by looking first at the simplest possible relation-
ship, namely, how theAE;;, values vary with the distance
between the [Mg centers in the neutral molecules.

The first point to recognize is that if the linker is a very poor
transmitter of the effect of oxidation of one Manit to the
other one, we might expect an essentially electrostatic (Cou-
lombic) effect. This would mean that theE;, values should
vary inversely withd?, whered is the distance separating the
centers of the two Mg™" units. Figure 2 shows such a plot.
Clearly eight of the points define a good straight line, with a
correlation coefficient of 0.89. In other words, the data support

the idea that, in these cases, there is no delocalization and little

if any through-bond coupling. Considering the nature of the
groups between the carboxylate groups in these eight cases, thi
is not surprising.

What about the four compounds that “do not fit"? In the case
of 12, there is the question about what the valuelghay be
for the molecule in solution. While in the crystal thrans-1,4-
cyclohexyldicarboxylate linker has the carboxylate groups in
an ax—ax conformation, it appears to change in solution to an
eg—eq conformation. This change may be inferred by close
inspection of the?H NMR signals corresponding to thens
1,4-cyclohexyldicarboxylate linker, which show a broad signal
of ~25 Hz at half-height for the two methine hydrogen atoms.
If these methine hydrogen atoms were axially disposed, they
would experienceax—ax couplings of 8-10 Hz andax—eq
couplings of 2-3 Hz with the vicinal CH groups?? which
would be anticipated to produce a signal several tens of hertz
wide, as observed. Were these hydrogen atoms in the equatori
conformation instead, all coupling constanés-(eq and eq—
eg would be 2-3 Hz and combine to form a substantially
narrower signal (18612 Hz). Theax—ax andeg—eqconforma-
tions correspond to points2a and 12b, respectively, and the
latter fits quite well to the line in Figure 2. The distance for
12b has been estimated, relative to thatl?a, from models.

We are now left with compounds, 2, and3 which all lie
above the line. In the case bfthe oxalate, it seems extremely
likely, a priori, that the monocation is delocalized, and its
position in Figure 2 provides excellent support for this idea.
Points2 and3 are clearly above the line but not nearly so much

(22) Becker, E. DHigh-Resolution NMR: Theory and Chemical Applica-
tions, 3rd ed.; Academic: New York, 2000; p 124.

al
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as 1. We propose that the monocations in these two cases are
not fully delocalized, but that the short, unsaturated connectors
—C=C— and—CH=CH-—, respectively, are significantly polar-
ized when a charge is placed in one Mgroup. Such
polarization should be greater for the triple bond, which is
exactly what is seen.

Finally it may be noted that the small amount of scatter for
the points that have been used to define the line is not surprising
in view of the uncertainties in th&E;;, values (which we
estimate to bet10 mV) and in the uncertainties as to the best
mean value ofl for molecules such a6—10, which all have
some conformational freedom. All in all, the electrochemical
results seem to make very good sense and to support a priori
ideas as to where coupling and polarization phenomena should
play the most important role.

Finally a few words about the comproportionation constants,
K¢, derived from the electrochemical data (Table 4) are
necessary. These constants are calculated using the expféssion

__ _AE15/25.69
K. =€

whereAE;), is the separation of potentials for successive one-
electron processes in millivolts.

In general, smal\E;, values (and thus smafl; values) have
been interpreted as being associated with a small degree of
meta-metal interaction in homodinuclear compleXé<on-
versely, large\E; ; values (largeK. values) indicate increased
M—M interactions, and for very large values the interaction
might be so strong that electron delocalization can be prevalent
in monooxidized species.

Accordingly, these intervalence compounds have been clas-
sified using the RobirDay classificatior?® widely used by
Creutz-Taubé! and otherg8in one of three classes, beginning
with class | where the compounds have complete charge
gocalization. In class Ill compounds, the delocalization is very
extensive and the metal units in each chromophore can be
considered formally as having half the positive charge. Class
Il compounds are those more or less intermediate between the
other two classes with detectable electronic interaction that
partially mixes the character of the oxidized and reduced metal
units through interaction with orbitals of the link&r.

As shown in Table 4, the comproportionation constants of
the 12 compounds described here vary from the essentially
statistical value (4) to ca. 5.9 10 for 1. The largest constant
is associated with a\E;;, value of 223 mV, and thus all
compounds fall below the upper end for class Il systems, which
is normally associated withE;/, values of ca. 350 m&? or K,
of 8.3 x 1CP.

As noted earlier, th&. is a measurement of the stability of
Ehe non oxidized plus doubly oxidized species relative to the
monooxidized species. Thus, this information is critically
important in the planning of our next goal, that is, the isolation
of some of the monooxidized species. One would expect that
monooxidized complexes, with smallég values, will be more

(23) See, for example: (a) Flanagan, J. B.; Margel, S.; Bard, A. J.; Anson,
F. C.J. Am. Chem. S0d978 100, 4248. (b) Ito, T.; Hamaguchi, T.;
Nagino, H.; Yamaguchi, T.; Kido, H.; Zavarine, I. S.; Richmond, T.;
Washington, J.; Kubiak, C. R. Am. Chem. Sod999 121, 4625.

(24) See, for example: Atwood, C. G.; Geiger, W.JEAm. Chem. Soc.
200Q 122, 5477 and references therein.

(25) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocheri967, 10, 247.
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