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Abstract: Compounds with two quadruply bonded Mox*" units, Mox(DANiF); (DAniF = N,N'-di-p-
anisylformamidinate), linked by unsaturated dicarboxylate dianions of various lengths have been prepared
and their spectroscopic and electrochemical properties studied. As identified by the dicarboxylate linkers,
these compounds are maleate (7), allene-1,3-dicarboxylate (10), cis,cis-muconate (11), trans,trans-muconate
(12), octa-2,4,6-trans, trans, trans-hexatriene-1,8-dioate (tamuate, 13), and deca-2,4,6,8-trans,trans,trans,-
trans-octatetraene-1,10-dioate (texate, 14). The latter three molecules complete the five-membered (all
trans) series [Moz(DANIiF)3](O.C(CH=CH),CO,)[Mo2(DAnIiF)s] (n = 0—4). Several unsymmetrical paddle-
wheel compounds of the type Moz(DANIF)3(0.CX) (X = C=CH (3), CH=CH, (4), (E)-CH=CH—CH=CH,
(5)) have also been prepared for comparison to the molecules in which there are linked Mo, units. The
precursors [Moz(DANiF)3(MeCN);](BPh,), [1]BPhs, and Mo(DANiF)sClI(MeCN) (2) have also been isolated
and characterized. The structures of all new molecules have been established by X-ray crystallography,
including the methyl esters of various carboxylates used as ligands. All of the linked molecules have been
examined by cyclic and differential pulse voltammetry, and AE;,; values, the separation between successive
Moz*"/Mo,>" oxidations, have been determined. Those compounds with highly unsaturated, fully conjugated
linkers demonstrate electrochemical communication from end-to-end that is more persistent over distance
than is accounted for by an electrostatic interaction alone, implying that the iz system of these dicarboxylate
linkers is mediating communication. In the series [Moz(DANIF)3](0O.C(CH=CH),CO,)[Mo(DANIF)s] (n = 0—4),
the first oxidation potential shifts progressively to less positive values due to an increasing contribution of
the polyolefinic a,w-dicarboxylate to the molecular orbital undergoing oxidation. This first oxidation potential
approaches a limiting value of 63 mV (vs Ag/AgCl) as n becomes infinitely long. Compound 11 can be
photoisomerized to 12 in a process that is affected by the presence of the Mo,** units, as the analogous
rearrangement of dimethyl cis,cis-muconate is faster.

Introduction nature are often complicated by characteristics of the linker,

including conformational on€s.

There are many ways of probing electronic communication
between components connected by linkers, such as studying their
magnetic propertiestheir response to electromagnetic radia-
tion % or their electrochemical behavibil he pioneering studies
by Taube on the CreutZTaube type complexes having two
linked ruthenium ions are a paradigm for work in this fiéld.
ch research still constitutes an important area of chemical

Electronic communication between two atoms or two groups
of atoms is a process fundamental to numerous complex
chemical systems ranging from life processtsphotoactive
donor/acceptor procesdeand electronic devicesln a system
with multiple components, it is crucial to understand how the
transfer of electrons from one subunit to another is affected by
many possible variables so that this can allow fine-tuning of
the intrinsic chemical characteristics that will lead to improved Su
electronic and excitonic performance. However, studies of this
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investigation today. Electron-transfer processes between twoSch?fDnX l'i:) ?Oerg(ig gt;tl&tur(eDgf aF)DiC?rb?Xglate rll-inged Pair .
: : : . 02 niF)3(0O2 2 02 niF)z], Including the Structure o

r(_adox centers ha\_/e be(_an gxamln(_ad W|t_h various linkers such a%':e N, N-di-p-anisylformamidinate (DANIF) Ligand

simple monatomic unit¥,inorganic anions such as M®

N N
groups (M= S, Mo, W)Y0 or CO;2~ anions!! organic linkers N/-| N/—l
such as polyyne¥, polyenes including carotenoid$polymeric N—I—Mo—o\ /0—!—M0—N
z-conjugated organic framework$polyphosphine/cumulene N(_ ////[_ C‘X“C\O__M////l J

spacers2 polyphenyls and polyaromatiégferrocenes® mul-
tiporphyrins}” and dipyridylpolyened?

The major goals of research in this laboratory at present are
four: (1) to increase the diversity of the metal centers that may
be used, (2) to increase the diversity of linkers that may be used,
(3) to design molecules that may have nanoscale applications,

)

N

(N P
_C-X-C = dianion of a dicarboxylic acid
~o

and (4) to elucidate the principles by which the behavior of all H,;CO H OCH;
such systems is governed. In doing so, we have continued two N/\N = O\ /fll\ /©/
of our own approaches, which are (a) to use dimetal units rather N72\N

than single metal atorts and (b) to connect them with

dicarboxylic acid®’ and related species, for example, diami-
dateg® and diamidinatedt We also continue to search for
relationships between the nature of the organic matter that lies®n the electrochemistry. The latter is of special interest for
between the carboxylate groups and the extent to which COmpounds with Mg units. These have af7*6* electronic

excitation at one dimetal unit is coupled to analogous excitation configuration and exhibip — ¢6* transitions in the visible
at the other. spectra which are highly dependent on the supporting lig&hds.

Dimetal units, which can be supported by two or three Additional advantages of using such Mmits as internal probes
formamidinates, carboxylates, or other bridging ligands, offer &risé not only from the well understood chemistry and spec-
many advantages over the mononuclear units. One advantagérOSCOpy but also because they offer multiple stable oxida#ns.
is that substitutions on the supporting ligands can have a large One indispensable key to success in the field is to devise
impact on the electronic properties of the dinuclear unit, notably @nd employ dimetal units that are not subject to rearrangements,

= N,N'-di(p-anisyl)formamidinate (DAniF)
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disproportionations, or other interfering reactions. This is
accomplished by choosing suitable supporting ligands. In recent
studies, we have shown that quadruply bonded units of the type
shown in Scheme 1 remain firmly intact when linked by
dicarboxylate units of various types and that the oxidation
potentials of such species are highly dependent upon the nature
of the linker, especially its length and the presence or absence
of unsaturation and bond conjugati&hWe have shown that
dimetal units may also be used to form supramolecular structures
such as loops, triangles, squares, polygons, and other extended
architectures, many of which exhibit significant electronic
communication between the dimetal units as mediated by the
linkers1®

In the first of two reportg? we present the synthesis and
structural characterization of a series of compounds having two
quadruply bonded MgDAnNIF); (DAniF = N,N'-di-p-anisyl-
formamidinate) units linked by dicarboxylate anions having
chains of up to four alternating single and double bonds. We
also show the structures of the precursors, both the metal
containing units and the organic acids, as well as those of a
group of unsymmetrical Mg+ compounds having three form-
amidinate ligands and one carboxylate anion with unsaturated
C—C bonds. For the pairs, we have studied how the conjugated
dicarboxylates modulate the electronic communication between
the two distal dimetal units separated by linkers having 0, 1, 2,
3, and 4 alltrans carbon-carbon double bonds, and we have
analyzed the effect of the dimetal units on tbis—trans
isomerization of two &C bonds on the linker.

(22) Cotton, F. A.; Walton, R. AMultiple Bonds between Metal Atoms
Clarendon: Oxford, 1993.

(23) Cotton, F. A.; Donahue, J. P.; Lin, C.; Murillo, C. korg. Chem2001,
40, 1234.

(24) The second report is in a succeeding paper in this issue: Cotton, F. A.;
Donahue, J. P.; Murillo, C. A.; Pez, L. M.J. Am. Chem. So€003 125,
5486.
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Chart 1. List of Moz(DANIF)3(02CX) and [Moz(DANIF)3]2(#-O2,CXCO2) Compounds as Identified by Their Mono- or Dicarboxylate Ligands
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In the following reporg*we discuss the manifestation of such  Moz(DAniF)s(0,CX) compounds, where the carboxylate ligands are
communication using visible spectroscopy and show how DFT those illustrated in Chart 1. The use of numbers followedHy*H 2,
calculations help in understanding such experimental results. o "Mez refers to the corresponding acids or to their methyl esters.

Thus, for instance, the compound [MDANIF)s](u-cis,cisO.C—(CH=
Experimental Section CH),—CO,)[Mo2(DAnNIiF)3] is abbreviated asll, while cis,cis
MeO,C(CH=CH),CO,Me (cis,cismuconic acid dimethyl ester) is
shortened td.1*Me;.

Allene-1,3-dicarboxylic acidi0*H;) was prepared from 3-chloro-
2-pentene dioic acfd according to the literature procedufeOcta-
transtranstrans-2,4,6-triene-1,8-dioic acid dimethyl estéftamuic acid

Materials and Methods. All manipulations and procedures were
conducted under Nusing either an Ndrybox or standard Schlenk
line techniques. Solvents were distilled and degassed immediately prior
to use: MeCN was twice distilled under,Nfirst from activated
Egol\lﬂe:)zle(l:r:;g\llzeasnznglgﬁréHzogll vﬁ?gﬁ; \;Ir? s gifttilllllsg ffrr;r: Zglsg dimethyl ester13*Me;) and E)-penta-2,4-dienoic ackl (5*H) were
and toluene, BEO, and hexanes were distilled from Na/K-benzophenone; similarly synthesized according to h_te_raturc_e methgds. I:_Imm,trans,-

trans,trans2,4,6,8-tetraene-1,10-dioic acid (texic acith*H,) was

1.3-dichlorobenzene, 2,24 trimethylpentane, antDBle were filtered obtained by the base catalyzed rearrangement of deca-4,6-diyne-1,10
through anhyd 8 dd d with vi IHubbling. -4, L0
rough anydrous NBOx and degassed with vigorous: Bubbing dioic acid®® which itself was prepared by the CuCl mediated coupling

Mo2(DANIF)3Cl, was prepared according to the literature mettahd . o ) N . .
all tetraethylammonium dicarboxylate salts were prepared and isolatedOf 4-pentynoic acid: The dimethyl ester ottl_s,ms-r_nuconlc acid was .
as white solids by neutralizing the corresponding diacid with 2 equiv prepared by treatment of the corresponding dicarboxylate salt with
of ELNOH followed by careful drying under vacuum. (26
The numbers in bold-faced type are used throughout the following
discussion to designate [M@ANIF)s](02CXCO,)[Mo(DANIF)s] and (27
9

) Ikeda, I.; Honda, K.; Osawa, E.; Shiro, M.; Aso, M.; Kanematsu,JK.
Org. Chem.1996 61, 2031.

) van der Zanden, J. MRecl. Tra.. Chim. Pays-Bas1935 54, 289.

) Dreiding, A. S.; Pratt, R. J. Am. Chem. Sod.953 75, 4580.

)

)

)

(28
(29) Abarbri, M.; Parrain, J.-L.; Cintrat, J.-C.; Ducte A. Synthesid996 82.
(25) Cotton, F. A.; Daniels, L. M.; Jordan, G. T., IV; Lin, C.; Murillo, C. A. (30) Jones, E. R. H.; Shaw, B. L.; Whiting, M. @. Chem. Socl954 3212.
Am. Chem. Socl998 120, 3398. (31) Reppe, W. et alustus Liebigs Ann. Cheri955 596, 72.
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excess Mel in CECl/MeOH, while thetranstransisomer was obtained
by thermal isomerization dfis,cismuconic acid dimethyl ester in hot

14*H,, [1]BPhs, 2:0.5CHCl,, 4, 5:2CH,Cl,, 7:CICH,CH)CI, 10
2CICH,CH,CI, 11-:3.5CICHCHCI-Et,0, 12:2CICH,CH,ClI, 13-C;Hg-

MeOH. All other reagents were purchased from commercial sources CgHis, and14-CsH4Cly-CsH14 were collected using a Bruker SMART
and used as received. In this report, we are adopting short names forl000 CCD area detector system withscans of 0.3 deg/frame with

two acids with very cumbersome systematic names, namelyCHO
(CH=CH),CO,H: tamuic acid ( = 3) and texic acidr{ = 4).

Physical Methods.Elemental analyses were performed by Canadian
Microanalytical Service, Delta, British Columbia, Canada, upon crystal-
line samples that were dried overnight under vacuum. In several
instances, the presence of residual solvent was indicatétl ihNMR
and was factored into the expected analy&s.NMR spectra were
recorded on a Varian XL-200AA NMR spectrometer with chemical

30, 60, or 90 s frames such that 1271 frames were collected for a
hemisphere of data. The first 50 frames were recollected 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 SMART? and data reduction and integration were
performed with the software package SAIRfTwhich corrects for
Lorentz, polarization, and decay effects, while absorption corrections
were applied by using the program SADABS.

In all structures, the positions of some or all of the non-hydrogen

shifts referenced to the protonated solvent residual. Absorption spectra
were measured at room temperature undeuding a Shimadzu UV- atoms were found by a direct methods solution using the SHELX
1601PC spectrophotometer. The cyclic voltammograms and differential software. For all structures, subsequent cycles of least squares refine-
pulse voltammograms were taken with a CH Instruments model- ment followed by difference Fourier syntheses revealed the positions
CH1620A electrochemical analyzer in 0.1 M BIPF; solution (CH- of the remaining non-hydrogen atoms. For all molybdenum containing
Cl,) with Pt working and auxiliary electrodes, a Ag/AgCl reference molecules and for deca-4,6-diyne-1,10-dioic acid dimethyl ester,
electrode, and a scan rate of 100 mV/s. All the potential values are hydrogen atoms were added in calculated positions and refined
referenced to the Ag/AgCl electrode, and under the present experimentalisotropically as riding atoms with displacement parameter values of

conditions, theEy, (Fct/Fc) consistently occurred at 440 mV.

X-ray Structures. Block-shaped crystals of 3-chlos-2-pentene
dioic acid and of5*H were obtained by slow evaporation of,6t
solutions, while slow cooling of an ED solution afforded needle
crystals oftrans-3-iodoacrylic acic?® Rectangular crystals df1*Me;
deposited upon slow evaporation of a MeOH solution at ambient
temperature, while cooling of a hot MeOH solution resulted in thermal
isomerization tol2*Me,. Fragile plate crystals of deca-4,6-diyne-1,-
10-dioic acid dimethyl ester were produced by slow evaporation of an
ethyl acetate solution. Column-shaped crystals of H&HMe, and
14*Me, were grown by slow cooling of hot MeOH solutions.

Single crystals of [Mg(DAnNiF)3(MeCN)]|BPh, [1]BPh,, suitable
for X-ray diffraction analysis were grown by vapor diffusion of‘Bu
OMe into a saturated MeCN solution. Crystals of J@AniF)sCl-
(MeCN)-0.5CHCI, (2:0.5CHCI,) grew by diffusion of a 1:25 EO:
hexanes mixture into a 12:1 GEl,:MeCN solution. Slow introduction
of a 1:25 EfO:hexanes mixture into Ci€l, solutions afforded
crystalline3-0.5CHCl,*0.5GH14, 4, and5-2CH,Cl,. Similarly, crystals
of 7-CICH,CHClI, 10-2CICH,CH,CI, 11-3.5CICHCH,CI-Et,0, and12-
2CICH,CH.CI were obtained by diffusing an f/hexanes mixture into
CICH,CH,CI solutions of the respective compounds. Crystald ®f
C7Hg-CgH1s were prepared by diffusion of 1:10 toluene:2,2,4-trimeth-
ylpentane into a 1,3-dichlorobenzene solution diluted 50% from the
point of saturation. A similar approach, but with a 1:10 toluene:hexanes
mixture instead of 1:10 toluene:2,2,4-trimethylpentane, yielded fine plate
crystals 0f14:CgH4Clo* CeH14.

X-ray diffraction data forl3*Me;, and for 3:0.5CHCl,+0.5CGH14
were collected on a Nonius FAST diffractometer utilizing the program
MADNES.*? A suitable crystal was mounted on the tip of a quartz
fiber with a small amount of silicone grease and transferred to a

1.2 times those of the carbon atoms to which they were attached. For
texic acid dimethyl ester, the positions of the vinyl hydrogen atoms
were refined, while the methyl hydrogen atoms were added in calculated
positions and refined as riding atoms. In the remaining organic
molecules, the positions of all hydrogen atoms were visible in the final
electron density maps and were therefore allowed to refine. Crystal-
lographic data and refinement results are presented as Supporting
Information, while selected metrical parameters are collected in Tables
1 and 2 for the molybdenum containing molecules.

Syntheses. A. Tamuic Acid, 13*H. Octatranstranstrans-2,4,6-
triene-1,8-dioate dimethyl estet3*Me,, (0.300 g, 1.54 mmol) was
suspended in MeOH (10 mL) and treated with an aqueous solution of
Et4NOH (12.6 mL of 35 wt % solution, 12.9 g, 30.6 mmol). The mixture
was refluxed for 12 h, and the MeOH was then removed under vacuum.
The remaining aqueous solution was acidified with 20 mL of 25%
aqueous HCI, which induced precipitation of a cream colored solid.
This solid was collected by filtration, washed withx25 mL distilled
H>0, and dried under vacuum. Yield: 0.210 g, 82%. The compound
was used without further purification. Because of its sparing solubility
in organic solvents, tamuic acid was not readily subject to characteriza-
tion other than the X-ray crystallography of the corresponding dimethyl
ester.

B. Texic Acid, 14*H,. As initially prepared by the base catalyzed
rearrangement of deca-4:6-diyne-1,10-dioic acid, texic acid was not
sufficiently pure for further use. Therefore, purification was ac-
complished by converting texic acid to its dimethyl estb$ Me,,
vacuum subliming it, and recrystallizing it from MeOH. Deprotection
of 14*Me, (0.237 g, 1.07 mmol) was then done in the same manner as
described for tamuic acid. Texic acid was isolated as a bright yellow
solid. Yield: 0.207 g, 97%.

goniometer head. Cell parameters were obtained from an autoindexing  C. [Moz(DAnNIF) 3(MeCN);]BPhy, [1]BPh,. A 100 mL Schlenk flask

routine and were refined with 250 reflections withinarange of 18.%
41.6. The cell dimensions and Laue symmetry were confirmed with

was charged with a stir bar, M®AniF)sCl, (0.251 g, 0.214 mmol),
NaBPh (0.0835 g, 0.214 mmol), Zn dust (5.0 g), and 50 mL of MeCN.

axial photographs. The data were corrected for Lorentz and polarization The heterogeneous mixture was stirredfd atambient temperature.

effects and were processed using an ellipsoichsk algorithm (the
program PROCOR3 The program SORTA% was used to correct
for absorption.

Data for 3-chloroeis-2-pentene dioic acidrans-3-iodoacrylic acid,
5*H, 11*Me,, 12*Me;,, deca-4,6-diyne-1,10-dioic acid dimethyl ester,

(32) Pflugrath, J.; Messerschmitt, MADNES, Munich 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: Messerschmitt, A.; Pflugrath,d.Appl. Crystallogr1987,

20, 306.

(33) (a) Kabsch, WJ. Appl. Crystallogr1988 21, 67. (b) Kabsch, WJ. Appl.
Crystallogr. 1988 21, 916.

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

The reaction mixture was filtered through a packed Celite column to
remove Zn dust. The light yellow filtrate was concentrated to dryness
under vacuum. The resulting yellow solid was redissolved in a minimal
volume of MeCN (3 mL), and BlOMe was added by vapor diffusion
over a period of 48 h. The yellow microcrystalline precipitate was
collected by filtration, washed successively with 5 mL portions of 33%

(35) SMART for Windows NWersion 5.059; Bruker Analytical X-ray Systems;
1997-1998.
(36) SAINT+ for NT, version 6.02; Bruker Analytical X-ray Systems; 1997

(37) Sheldrick, G. M.SHELX-97 Programs for Crystal Structure Analysis

Institit flr Anorganische Chemie der UniverditaTammanstrasse 4,
D-3400 Gitingen, Germany, 1998.
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ARTICLES Cotton et al.
Table 1. Selected Interatomic Distances (A) for Compounds 1-5, 7, 10—14
1 2 3 4 5 7 10 11 12 13 14
dbA 7.693 9.395 10.350 11.575 13.920 16.156
Mo(1)-Mo(2) 2.1079(5)  2.111(6) 2.091(1) 2.0884(3) 2.0899(3) 2.0900(3) 2.0919(3) 2.087(1) 2.0869(4) 2.0862(8)  2.0898(6)
Mo(3)—Mo(4) 2.0928(3) 2.0873(9)
Mo(1)—X(1)¢ 2.200(4) 2.468(1) 2.147(5) 2.147(2) 2.125(2) 2.092(2)  2.140(2) 2.146(5)  2.128(2) 2.149(4) 2.119(3)
Mo(2)—X(2)c 2.184(4) 2.169(5) 2.150(6) 2.152(2) 2.130(2) 2.164(2)  2.149(2) 2.119(5)  2.141(2) 2.128(4) 2.149(3)
Mo(3)—0(3) 2.099(2) 2.133(5)
Mo(4)—0(4) 2.172(2) 2.121(6)
Mo(1)-N(1)  2.155(4) 2.149(4) 2.152(6) 2.136(2) 2.152(2) 2.137(2)  2.144(2) 2.165(7)  2.158(3) 2.151(5) 2.131(5)
Mo(1)-N(3)  2.080(4) 2.121(4) 2.112(6) 2.132(2) 2.116(3) 2.133(2)  2.108(2) 2.126(6)  2.128(3) 2.127(5) 2.127(4)
Mo(1)-N(5)  2.149(4) 2.192(4) 2.153(7) 2.144(2) 2.133(2) 2.153(2) 2.144(2) 2.163(7)  2.160(3) 2.155(5) 2.146(5)
Mo(2)-N(2) 2.125(4) 2.138(4) 2.145(7) 2.161(2) 2.158(2) 2.134(2) 2.167(2) 2.139(7)  2.138(3) 2.161(5) 2.154(4)
Mo(2)—-N(4) 2.119(4) 2.121(4) 2.131(6) 2.134(2) 2.137(2) 2.146(2) 2.153(2) 2.127(6)  2.142(3) 2.132(5) 2.123(4)
Mo(2)—-N(6) 2.142(4) 2.152(4) 2.142(7) 2.158(2) 2.153(2) 2.135(2) 2.129(2) 2.142(7)  2.148(3) 2.132(5) 2.150(4)
Mo(3)—N(7) 2.177(3) 2.155(6)
Mo(3)—N(9) 2.121(3) 2.138(6)
Mo(3)—N(11) 2.151(3) 2.144(7)
Mo(4)—N(8) 2.136(2) 2.146(7)
Mo(4)—N(10) 2.130(2) 2.131(7)
Mo(4)—N(12) 2.127(2) 2.129(7)
Selected Bond Distances for Carboxylate Ligand or MeCN Ligands
C(2)-C(3) C(1)-C(2) C(3)-C(5) C(1)-C(2) C(2-C(3) C(2-C(3)
1.330(5) 1.483(4) 1.33(1) 1.471(4) 1.331(9) 1.329(7)
N(7)—C(46) N(7)—C(46) C(l)—C(2) C(1)-C(2) C(3)-C(4) C(3)-C(4) C(2-C(3) C(4)-C(6) C(2-C(3) C(4)-C(4A) C(a)-C(5
1.106(6) = 1.126(7) = 1.44(1) = 1.487(3) 1.451(5) 1.327(4) 1.305(2) 1.34(1) = 1.337(4) 1.34(1) 1.345(8)
N(8)—C(48) C(2)-C(3) C(2-C(3) C(4)-C(5) C(3)-C(2A) C(5)—C(6) C(3)-C(3A) C(3)-C(4) C(5)—-C(5A)
1.138(6) 1.18(1) 1.307(4) 1.329(6) 1.305(2) 1.45(1) 1.449(6) 1.436(9) 1.40(1)

aValues are for one of two molecules in the asymmetric unit; values for the other one are very Sith#adistance between centroids of the two Mo
units. © X(1), X(2) = N(7), N(8) for 1; CI(1), N(2) for2; O(1), O(2) for3—5, 7, 10-14.

MeCN in BuOMe, 20% MeCN in BtOMe, BUOMe, and EfO, and
dried under vacuum. Yield: 0.193 g, 58%1 NMR 6 (ppm in CD-
CN) 8.89 (s, 2H,—~NCHN-), 8.29 (s, 1H,—NCHN-), 7.27 (m, 8H,
aromatic C-H), 6.99 (t, 8H, aromatic €H), 6.85 (d, 4H, aromatic
C—H), 6.57-6.73 (m, 16H, aromatic €H), 6.43 (d, 4H, aromatic
C—H), 6.12 (d, 4H, aromatic €H), 3.71 (s, 12 H—~0OCH3), 3.61 (s,
6 H, —OCHjs), 1.96 (s, 6H, EGisCN).

D. Moz(DANIF)sCI(MeCN) (2). A solution of Ma(DAnNIF)sCl,
(0.500 g, 0.486 mmol) in MeCN was stirred over Zn dust (5 g) for 2
h. The resulting yellow solution was filtered ina 5 mL solution of
BzENCI (0.111 g, 0.486 mmol) in MeCN. This mixture was stirred

for several hours and became somewhat turbid. The solvent was
removed under vacuum, and the resulting residue was stirred vigorously

overnight with 5 mL of fresh MeCN. The fine yellow-orange powder
that developed was isolated by filtration and washed with an additional
2 mL portion of MeCN. The remaining solid was extracted witkx 3
2 mL of CHCI, and filtered into a clean Schlenk tube. The filtrate
was then diluted with 0.5 mL of MeCN and layered with&t(3 mL)
followed by hexanes (40 mL). After 4 days, large yellow needle crystals
(0.256 g, 49% vyield) were collected by filtratiohd NMR ¢ (ppm in
1:1 CD,CI,:CDsCN) 8.74 (s, 2H~NCHN-), 8.25 (s, 1H~NCHN-),
6.85 (d, 4H, aromatic €H), 6.58-6.67 (dd, 8H, aromatic €H), 6.49
(d, 4H, aromatic &H), 6.40 (d, 2H, aromatic €H), 6.28 (d, 2H,
aromatic C-H), 6.14 (d, 2H, aromatic €H), 5.93 (d, 2H, aromatic
C—H), 3.70 (s, 6 H,—OCHs3), 3.68 (s, 6H,—OCHj), 3.62 (s, 3H,
—OCHj3), 3.57 (s, 3H,—0OCHz), 2.00 (s, 3H, NCE3). Absorption
spectrum (ChCly) Amax (em): 479 (1220). Anal. Calcd for [MgDANIF)s-
CI(MeCN)]-0.25(CHCly), Cs7.2H1g :Cl1 sM02N7Os: C, 53.77; H, 4.63;
N, 9.29. Found: C, 53.88; H, 4.60; N, 9.21.

E. Mo2(DANIF) 3(0,CX) Compounds. The procedure used was that
of Method B in ref 23.

F. Mo2(DAniIF) 3(0,CC=CH) (3). 1 equiv of (EiN),(O,CC=CCG,)

(s, 12 H,—OCHg), 3.63 (s, 6H,—OCHg), 2.86 (s, 1H,—C=C—H).
Absorption spectrum (CKl2) max (em): 265 (55 400), 301 (59 000),
435 (sh). Anal. Calcd for ggH4sM02NgOs: C, 56.15; H, 4.52; N, 8.18.
Found: C, 55.61; H, 4.31; N, 8.05.

G. Mo2(DAnNiF)3(0.CH=CHy) (4). Yield: 72%.H NMR ¢ (ppm
in CD,Clp): 8.47 (s, 2H,—NCHN—), 8.45 (s, 1H,—NCHN—), 6.65
(d, 8H, aromatic €&H), 6.53 (d, 8H, aromatic €H), 6.44 (d, 4H,
aromatic C-H), 6.38 (dd, 1H, vinyl C-H), 6.22 (d, 4H, aromatic €
H), 5.76 (dd, 1H, vinyl G-H), 3.71 (s, 12H,—OCHj3), 3.63 (s, 6H,
—OCHS3). The remaining vinyl hydrogen atom of the acrylate ligand
was obscured by aromatic-@1 resonances. Absorption spectrum ¢€H
Cly) Amax (em): 268 (49 500), 301 (52 700), 405 (sh), 445 (sh). Anal.
Calcd for GgHisM02NgOs: C, 56.04; H, 4.70; N, 8.17. Found: C, 56.22;

| Ho 475N, 8.24.

H. Mo2(DAnNIF)3((E)-O,CCH=CH—CH=CH,) (5). Yield: 35%.
'H NMR 6 (ppm in CDCl,): 8.47 (s, 2H,—NCHN—), 8.46 (s, 1H,
—NCHN—), 7.36 (dd, 1H, vinyl CG-H), 7.11 (br, 1H, vinyl C-H),
6.86 (br, 1H, vinyl C-H), 6.66 (d, 8H, aromatic €H), 6.53 (d, 8H,
aromatic C-H), 6.44 (d, 4H, aromatic €H), 6.23 (d, 4H, aromatic
C—H), 5.37-5.61 (m, 1H, vinyl G-H), 3.71 (s, 12H—OCHs3), 3.64
(s, 6H,—OCHj3). The remaining vinyl hydrogen atom of the)¢penta-
2,4-dienoate ligand was obscured by aromatie-HC resonances.
Absorption spectrum (CHCl2) Amax (em): 253 (73 000), 301 (59 400),
454 (7750). Anal. Calcd for [MgDAnNIF)3((E)-O.CCH=CH—CH=
CH2)]'CH2C|2, CsiHs.ClbMooNgQOg:  C, 53.74; H, 4.60; N, 7.37.
Found: C, 53.47; H, 4.69; N, 7.50.

H. [Mo 2(DANIF) 3] 2(¢-0,C—X—C0O,) Compounds.The procedure
used was that of Method B in ref 23 but with [M®ANIF)3(MeCN)]
introduced to the dicarboxylate salt in the stoichiometric ratio of 2:1.

I. [Mo »(DANIF) 5]»(u-maleate) (7).Yield: 52%.'H NMR ¢ (ppm

was used rather than the corresponding propiolate salt, and the cruddn CDzCl): 8.47 (s, 2H,—NCHN~-), 8.37 (s, 4H,—NCHN-), 6.67

product was washed withJ® (2 x 10 mL) followed by EtO (5 mL).
Propiolate formed in situ from a spontaneous decarboxylation of

(s, 2H, vinyl C-H), 6.53 (d, 16H, aromatic €H), 6.39 (d, 8H, aromatic
C—H), 6.34 (d, 16H, aromatic €H), 6.08 (d, 8H, aromatic €H),

acetylene dicarboxylate when an excess of the latter was used. Yield:3.62 (s, 12H,—OCHj), 3.56 (s, 24H,—OCH). Absorption spectrum

48%.™H NMR 6 (ppm in CD,Cly) 8.54 (s, 2H,—NCHN—), 8.43 (s,
1H, —NCHN—), 6.68 (d, 8H, aromatic €H), 6.53 (d, 8H, aromatic
C—H), 6.44 (d, 4H, aromatic €H), 6.21 (d, 4H, aromatic €H), 3.72

5440 J. AM. CHEM. SOC. = VOL. 125, NO. 18, 2003

(CH,Clp) Amax (em): 265 (106 000), 298 (106 000), 519 (11 700). Anal.
Calcd for [Moy(DANIF)s]o(u-maleate)CICH,CH,CI, CogHoeCloM04-
N12016. C, 54.17; H, 4.55; N, 7.90. Found: C, 54.13; H, 4.73; N, 7.94.
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J. [Mo2(DAnIF) 3]x(u-glutinate) (10). Yield: 49%.*H NMR ¢ (ppm
in CD,Cly): 8.43 (s, 2H,—NCHN—), 8.41 (s, 4H,—NCHN—), 6.79
(s, 2H, C=C(H)CO,), 6.48-6.66 (m, 32H, aromatic €H), 6.40 (d,
8H, aromatic G-H), 6.15 (d, 8H, aromatic €H), 3.69 (s, 12H,—
OCHs3), 3.62 (s, 12H,—OCHs3), 3.61 (s, 12H,—OCH3;). Absorption
spectrum (CHCI,) Amax (em): 288 (92 500), 315 (sh), 435 (sh). Anal.
Calcd for GsHgeaM04N12046: C, 55.89; H, 4.54; N, 8.23. Found: C,
55.60; H, 4.53; N, 8.13.

K. [Mo »(DANIF) 3] o(u-cis,cismuconate) (11).Yield: 74%.'H NMR
(6 in CD.Cly): 8.49 (s, 2H,—NCHN-), 8.47 (s, 4H—~NCHN-), 8.04
(dd, 2H, vinyl C-H), 6.65 (d, 16H, aromatic €H), 6.53 (d, 16H,
aromatic C-H), 6.44 (d, 8H, aromatic €H), 6.31 (d, 1H, vinyl C-H),
6.23 (d, 8H, aromatic €H), 3.70 (s, 24H,—OCHg), 3.64 (s, 12H,
—OCH;). The remaining vinyl hydrogen atom of tleés,cissmuconate
bridge was obscured by aromatie-& resonances. Absorption spectrum
(CHCl2) Amax (em): 266 (125 000), 293 (119 000), 546 (13 400). Anal.
Calcd for GeHeaM04N12046: C, 56.09; H, 4.61; N, 8.18. Found: C,
56.03; H, 4.53; N, 8.06.

L. [Mo 2(DANIF) 3]o(u-trans,transmuconate) (12).Yield: 64%.'H
NMR 6 (ppm in CDCl,): 8.47 (s, 2H,—NCHN-), 8.45 (s, 4H,
—NCHN-), 7.52 (dd, 2H, vinyl G-H), 6.65 (d, 16H, aromatic €H),
6.62 (dd, 2H, vinyl C-H), 6.53 (d, 16H, aromatic €H), 6.44 (d, 8H,
aromatic C-H), 6.22 (d, 8H, aromatic €H), 3.70 (s, 24H,—OCHy),
3.64 (s, 12H,~OCHj3). Absorption spectrum (CH12) Amax (em): 268
(117 000), 293 (sh), 566 (16 100). Anal. Calcd for [NDANIF)3]2(u-
transtransmuconateBCICH,CH,Cl, Cio2H106ClsM0sN120:6. C, 52.08;
H, 4.54; N, 7.14. Found: C, 52.01; H, 4.55; N, 7.34.

M. [Mo »(DANIF) 3] o(u-tamuate) (13).Yield: 57%.'H NMR 6 (ppm
in CD.Cly): 8.47 (s, 6H,—NCHN-), 7.39-7.51 (m, 2H, vinyl C-H),
7.08 (br, 1H, vinyl C-H), 6.87 (br, 1H, vinyl C-H), 6.76 (dd, 2H,
vinyl C—H), 6.66 (d, 16H, aromatic €H), 6.53 (d, 16H, aromatic
C—H), 6.44 (d, 8H, aromatic €H), 6.22 (d, 8H, aromatic €H), 3.71
(s, 24H,—0OCHy), 3.64 (s, 12H,~OCHj3). Absorption spectrum (CH
Cly) Amax (em): 305 (128 000), 581 (18 100). Anal. Calcd fossBee-
MosN12016: C, 56.54; H, 4.65; N, 8.07. Found: C, 55.75; H, 4.68; N,
7.93.

N. [Mo2(DANIF) g]o(u-texate) (14).Yield: 73%.*H NMR 6 (ppm
in CD,Cl,): 8.46 (s, 6H,—NCHN-), 7.42 (dd, 2H, vinyl G-H), 7.07
(br, 2H, vinyl C—H), 6.85 (br, 2H, vinyl C-H), 6.66 (d, 16H, aromatic
C—H), 6.53 (d, 16H, aromatic €H), 6.44 (d, 8H, aromatic €H),
6.39 (d, 2H, vinyl C-H), 6.22 (d, 8H, aromatic €H), 3.71 (s, 24H,
—OCHj3), 3.64 (s, 12H,—~OCHj3). Absorption spectrum (CKl2) Amax

(em): 251 (75 000), 308 (99 400), 329 (102 000), 588 (19 300). Anal.

Calcd for GooHesM04N 12016 C, 56.99; H, 4.69; N, 7.97. Found: C,
56.67; H, 4.77; N, 7.97.

O. [Mo2(DANIF) 3]»(u-terephthalate) (15)%8 Yield: 79%.'H NMR
0 (ppmin CD,Cly): 8.51 (s, 2H,~NCHN-), 8.45 (s, 4AH~NCHN-),
8.40 (s, 4H, aromatic €H), 6.67 (d, 16H, aromatic €H), 6.59 (d,
16H, aromatic G-H), 6.47 (d, 8H, aromatic €H), 6.26 (d, 8H,
aromatic C-H), 3.71 (s, 24H,—OCH3;), 3.65 (s, 12H,—OCHs,).
Absorption spectrum (CHl2) Amax (em): 252 (98 400), 299 (93 900),
492 (15 200). Anal. Calcd for gHgsM0osN1,016. C, 56.60; H, 4.56;
N, 8.08. Found: C, 56.38; H, 4.40; N, 8.11.

Results and Discussion

Syntheses and Structures of Organic LigandsSeveral of
the mono- and dicarboxylic acids of intere&*il, 10*H,,
13*H,, and 14*H,) were unavailable commercially but were

o) HO
[T { HIf HzOf & o] BUaSn
OH —_ 9ac:z{Mecm¢
[}

0(2)
C(5) gy ©(3)
C4) | C2) e

o 1P nuu HO, H
meo,c. L _come ZJ—H;-; HO,W == o

HyCO

1] Ewou 1
L8] J &
O 2] CHsl i “MeoH
CHaf

Q

Figure 1. Preparations ob*H, 10*H,, 11*Me,, 12*Me,, 13*H,, and
14*H,. Thermal ellipsoid plots are drawn at the 50% probability level. The
double ended arrows relate the line drawings to their corresponding thermal
ellipsoid plots.

compounds that have been characterized by X-ray crystal-

accessible in usable quantities according to literature methods, lography. This was essential because the original preparations
These Syl’ltheses are CO”ect|Ve|y Summarlzed n F|gure l WhereOf some of these molecules were accompar”ed by |nc0mp|ete
displacement ellipsoid drawings are used to indicate those physical characterization and there was a need to confirm their

(38) The crystal structure 0152CsHi4 has been reported: Cotton, F. A;
Donahue, J. P.; Lin, C.; Murillo, C. A.; Rockwell, Acta Crystallogr.
2002 E58 m298.
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mono- and dicarboxylates.
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Table 3. Comparison of Carbon—Carbon Bond Lengths in the Polyolefinic Compounds Me,OC(CH=CH),CO,Me and
[Mo2(DANIF)3](0.C(CH=CH),CO,)[Mo2(DAnIF)s] (n = 2—4)2

compound (C—C)antc A (C=C)a A APdA
MeO,C(CH=CH),CO,Me 1.450(25 1.333(2% 0.117(4)
MeO,C(CH=CH);CO,Me 1.437(2) 1.332(2) 0.105(3)
MeO,C(CH=CH),CO,Me 1.445(1) 1.342(1) 0.103(2)
[Mo2(DARIF)3](02C(CH=CH),CO,)[Mo2(DANIF)3] 1.449(6% 1.337(4y 0.11(1)
[Mo2(DARIF)3](02C(CH=CH)3CO)[Mo2(DANIF)3] 1.436(9% 1.336(7) 0.10(1)
[Mo2(DANIF)3)(02C(CH=CH),CO,)[Mo2(DANIF)3] 1.416(6) 1.337(5) 0.079(8)

a All double bonds have thians configuration. With the exception of M@C(CH=CH)sCO,Me, all molecules in the table crystallized on an inversion
center. Only those €C and G=C bond distances which were crystallographically independent were used in determifi@d¢(GC=C)ay, andA. ? Error
propagations were determined using the general formula for uncertainty in a function of several variables as detailed in ref-45{.5@ A& carbor-
carbon single bond: to the carbonyl carbon, 8—(CH=CH),, was not included in this calculatioAA = (C—C)ay — (C=C)a. ¢ These values are not
averages, since only one bond distance was available.

A few general remarks on the syntheses and characterizationtematic names tamuic acid and texic acid, respectively. Since
of the organic compounds used as precursors to the ligands ardoth tamuic and texic acid are only sparingly soluble in organic
relevant to anyone trying to duplicate these syntheses. Thesolvents, they were more effectively purified and characterized
compound 3-chloro-2-pentenedioic acid was readily prepared, as the corresponding dimethyl esters. Both dimethyl esters were
not in a pure form but as a 2:1 mixture of the corresponding characterized crystallographically (Figure 1) and reveal a linear
cis and trans isomers, as determined B4 NMR.3° The cis chain of alternating single and double bonds (Table S4,
isomer crystallizes by evaporation of an@tsolution and orders ~ Supporting Information). Texic acid dimethyl ester is fully 16
itself into a herringbone type of end-to-end H-bonded pattern. A from end to end and crystallizes parallel to thexis on an
The diacid10*H, was formed in good yield as a mixture of inversion center in the space groBf. Interestingly, the unit
enantiomers upon treatment of 3-chloro-2-pentenedioic acid with cell for this molecule is comprised of two separate half
aqueous bas®. The acid5*H was obtained by the Pd(ll)  molecules of the dimethyl ester, with the result that ¢heis,

mediated Stille coupling between tributyl vinyl tin at@dns the longest cell axis, is half the length of the full molecule. It
3-iodoacrylic acic®® The latter molecule was readily prepared is known that even in infinitely long or large cyclic conjugated
by the addition of HI to propiolic acid and, lik*H itself, polyolefins (the former being commonly called polyacetylenes)

readily crystallized from ED and was further identified by an  the alternating carbon to carbon bonds have lord.44 A)
X-ray crystal structure. Unit cell parameters and refinement and short (1.36 A) distancé&in the dimethyl esters of tamuic
results for all organic compounds are available as Supporting and texic acids, the differences are somewhat larger than this
Information. (Table 3).

For 13*H,, the corresponding dimethyl ester was obtained  Syntheses and Structures of Compounds Containing Mo
by the self-condensation of methyl-4-bromocrotonate in Na@9CH Units. Our common starting material for the preparation of
CsHe.2® The diacid was then obtained in good yield by dicarboxylate linked pairs of Mounits [Moy(DANIF)3]O2-
deprotection in aqueous base. The next member in the series oCXCO,[Mo2(DANiF)3] has been the mixed-valent species
polyolefinic o,w-dicarboxylic acids14*H,, was prepared by a ~ Moy(DAnNIF)3Cl2.2° In the presence of Zn dust in MeCN, dark
base-catalyzed prototropic shift rearrangement of deca-4,6-brown Mag(DAnNIiF)sCl, is readily reduced to yellow [Me
diyne-1,10-dioic acid® The material thus obtained requires a (DAniF)3(MeCN)]*, according to the stoichiometry of the
further degree of purification by transformation to the dimethyl following equation:
ester, vacuum sublimation, and recrystallization from MeOH.

Deca-4,6-diyne-1,10-dioic acid was accessible by CuCl mediated2Mo,(DANIF),Cl, + Zn + 4MeCN—
coupling of commercially available 4-pentynoic atidnd was ; + 2-
structurally characterized as its dimethyl ester. Although higher 2Mo,(DANIF)(MeCN), + 2nCl,

polyolefinic a,«-dicarboxylic acids, with five, six, and seven g the air sensitivity and the high solubility of this cation

gonjugated Carb0ﬁcqrbon doublg bqnds in an fithns con- have rendered it expedient to use it in situ rather than as an
figuration are known in the chemical literatufttheir syntheses  qated and purified material. However, diffraction quality
require r{ither inaccessible starting materials and hence aNgrystals having catioft were grown as the BRh salt, the core
exponentially greater amount of work. Thus, these acids have g,eqre of which is presented in Figure 2. The isolation and
not yet been prepared by us, but they will be the target of future ¢4 racterization of this salt compleféthe five-membered series
studies. o _ _ [Mox(DANiF)n(MeCNY)s-2y] @7, the other members of which
The scant organic literature which can be found concerning 1 5e peen described in prior wofkThe & — o* transition for
13*Hz and14*H; or their dimethyl esters deals only with their ¢ o00r5 at 481 nm, consistent with the observed trend toward

preparation and isolation. Inasmuch as we appear to be the first,yper energy as the number of formamidinate ligands increases.
to have found some further use for these molecules, we haveAs nincreases from 0 to 4, the corresponding- 9* transition

resorted to designating them by the more convenient, nonsys-

(41) (a) Longuet-Higgins, H. C.; Salem, Proc. R. Soc. Londoh959 A251,

(39) The!H NMR spectrum of thecis isomer of 3-chloro-2-pentenedioic acid 172. (b) Yannoni, C. S.; Clarke, T. ®hys. Re. Lett.1983 51, 1191. (c)
(ds-DMSO) was obtained using single crystals from the same set used to Guo, H.; Paldus, dnt. J. Quantum Chenl997 63, 345.
determine the crystal structure: 12.86 (br, 2HGOH), 6.23 (s, 1H, vinyl (42) Forn = 2, bothcis andtransisomers are possible, but only thisisomer
C—H), 3.99 (s, 2H,—CHy). has proven sufficiently stable to be isolated and studied.

(40) (a) Kuhn, R.; Grundmann, ©hem. Ber1936 69, 1979. (b) Kuhn, R,; (43) Chisholm, M. H.; Cotton, F. A.; Daniels, L. M.; Folting, K.; Huffman, J.
Grundmann, CChem. Ber1937, 70, 1318. (c) Shaw, B. L.; Whiting, M. C.; lyer, S. S;; Lin, C.; Macintosh, A. M.; Murillo, C. AJ. Chem. Soc.,
C. J. Chem. Socl954 3217. Dalton Trans.1999 1387.
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soluble in CHCI, and THF, this molecule may be useful as an

alternative source of the [MDANIF);(MeCN)]* cation in

applications which may require a very precise stoichiometric
1 control or the use of a solvent other than MeCN.

In the course of our first efforts to prepare [MDANIF)3]»-
(u-O,C—C=C—CO0,), we noted that when acetylene dicarboxy-
late was used in excess of the calculated stoichiometry, it was
pronetoadecarboxylationreaction which yielded{@#niF)3(O2-
CC=CH), 3, as the only identifiable product. The origin of the
terminal acetylenic proton is not clear, but the possibility of its
being due to adventitious J@ cannot be ruled out, as the
(Et4N)2(O,CC=CCO,) salt is difficult to dry without inducing

2 decomposition. Decarboxylation of acetylene dicarboxylic acid
has been noted in other systéfhand appears to be a quite
facile process. Sinc8 was of interest in its own right as a
comparison to the bridged molecule [MDAnNIF)3]2(u-0.C—
C=C—C0,), it was subjected to a complete characterization.
Similarly, the mixed-ligand molecules M@®ANIF)3(0,CCH=
CHy), 4, and Ma(DAnNIF)3((E)-O,CCH=CH—CH=CHy), 5,
were deliberately prepared. The core structures of these

3 molecules are set forth in Figure 2.

Compounds3—5 belong to a family of compounds in which
the quadruply bonded Mt unit is spanned by three forma-
midinate ligands and a carboxylate anion, thereby forming an
unsymmetrical paddlewheel complex. This lowered symmetry
is manifest in théH NMR spectra, where two distinct signals
in the ratio of 2:1 are observed for the methine protons of the
three formamidinate ligands. The weakemsinfluence of the
carboxylate ligand i8—5 is evident by the slightly upfield shift

4 of the methine signal for the formamidinateans to the
carboxylate (8.43 ppm foB) compared to the formamidinate
ligandscis to the carboxylate (8.54 ppm f&). The Mo—Mo
distances fall within a narrow range and are close to 2.09 A,
These distances are slightly shorter than the values2of1 A
observed for the catiod and molecule2. The lessertrans
influence of the carboxylate ligand Br5 is also revealed in
the Mo—N bond distances, which fall in the range 2-1216
A for the two formamidinate ligandsis to carboxylate, while

5 the trans ligand has shorter bond lengths in the range 2.11
2.13 A

The bridged molecule6—15 were readily prepared by the

Figure 2. Core structures of the unbridged molecules containing thg Mo assembly of 2 equl\_/ of [MﬁDAnIFh(MeCN)Z]Jr with 1 equiv
(DANIF)s unit: [Mox(DANIF)(MeCN)]*, 1; Mox(DANIF):CI(MeCN), 2; of the corresponding dicarboxylate, the product generally
Mox(DANIF)3(0,CC=CH), 3; Mo2(DANIF)3(O,CCH=CHb,), 4, Mox(DANIF)s- precipitating from MeCN in microcrystalline form in good yield.
((B)-(O:LCH=CH—CH=CHy)), 5. Ellipsoids are drawn at the 50%  Compoundss, 8, and9 have been reported previoughput
probability level, and alp-anisyl groups are omitted for clarity. Hydrogen pertinent data are presented here to facilitate discussion and

atoms are included in the carboxylate ligands to emphasize the stereochem : : -
istry. comparison to other members of the family of bridged com-

appears at 597, 570, 516, 481, and 430 nm in keeping with thepounds with l_Jnsaturated linkers. Al new cqmpoun?lsl@—
decreasing MeMo distance and hence increasihiteraction 14) were subject to structural characterization by X-ray crys-
. L tallography (Table S3, Supporting Information).

When a soluble source of Clsuch as BzENCI, is used in | | the struct be d ibed having t
lieu of a bridging dicarboxylate, the asymmetric molecule n general, the structures can be described as having two
Mo2(DANIF);ClI(MeCN), 2, may be isolated in the form of large chemically equglent compon.ents, each ha\{|ng a qqadruply
yellow needle crystals. The core structure of this molecule is bonfl&d '\QQ tumt, linked py a dicarboxylate anion. Agam the
presented in Figure 2 and reveals rather appreciable deviationévlo . Ot IIS grg;ei a(r;e n allvetrz n'ar(;gmé_r?nge :n atre ap-
from the bond angles 6$90° and~18C typically observed in proximately <. - oenerally, the Istancesrans to
tetragonal paddlewheel compounds of this type. For example the dicarboxylate anions are shorter than those for the corre-
the Mo2-Mo1—Cl1 and MotMo2—N7 bond angles are "spondingcis ligands; however, the trend is not as marked as
108.86(4) and 103.1(19, respectively (Table 2). In the crystal- that found for3—>5. All molecular pairs are diamagnetic, and
line state2 is sufficiently stable for it to be handled briefly in (44) Bera, J. K.; Fanwick, P. E.; Walton, R. 4. Chem. Soc., Dalton Trans.
air (tens of minutes) without visible decomposition. Highly 2001 109. o ' '
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the two dimetal containing components are equivalent on the Table 4. Electrochemical Data? for Compounds 3—15

IH NMR time scale. For most compounds, the two methine Eyo(H0)  Eup(2+4)  AEy d
signals for thecis andtransformamidinates are observable, but  cmpd (V) (mv) (mv) Ke ke () d
for those with the longest linkeré3 and14, no such difference 3 35
is noticeable. 4 21P

Compoundsl2, 13, and14 all crystallize upon an inversion 2 %Si 50 212 38x10° 83 6.953 0144
center in the space groupl. Each successive addition of a 7 209 38 17X 72x1® 6.6 7.693 0.130
—CH=CH— unit increases the separation between, Mpits g 263 408 145" 20x1? 53 9194 0.109

- 32% 433 150' 34x10® 58 9537 0.105
by ~2.2 A to the maximum of 16.2 A observed 1. Texate o 215 315 130 16.10¢ 51 0395 0106

is the longest dicarboxylate linker thus far used in the assembly 11 29%F 418 125 13x1® 49 10.350 0.097

of Mz units into larger arrays. The dicarboxylate linkerd B 12 23C¢ 33% 105" 60 41 11575 0.086
14 are comprised of alternating carbecarbon double bonds 13~ 194 26¢ 75 19 29 13920 0.072

d single bonds which do not differ in a statistically significant 1 1y 243 65 13 2.5 16156 0.062
andsingie y sig 15 225 325 1000 49 3.9 11.236 0.089

way* from values observed in the dimethyl esters (Table 3).
This is consistent also with what has been observed in other 2These data were recorded on a CH Instruments model-CH1620A

; ; e ; o - ;. electrochemical analyzer in 0.1 M BNPFs solution (CHClp) with Pt
systems in which transition metal ions are joined by polyolefinic working and auxiliary electrodes and a Ag/AgCl reference electrode. The

bridging ligands of other type$46Thermal ellipsoid plots of scan rate is 100 mV/s for CV and 2 mV/s for DPV. All the potential values
the core structures of molecul&8—14 are presented in Figure  are refererlced to Ag/AgCI, and under the present experimental conditions,
3. It is noteworthy that the preparation of diffraction quality thEClﬁ]zcséE;)z yé’?ﬁeiocvse'féeéﬁ'tyainmtfdafsrléﬁdﬂ?é fe‘}gﬁgﬁr‘ggz‘/':idgim
crystals for these compounds has required the use of a MiXtUreAE,, + E,u)/2 according to ref 7€, = Ely; + AEy. Ec = the center
of solvents from which the solvent molecule of optimal size Ppotential of the DPV traceEpy = 50 mV.  Determined by the width-at-
and shape can be fit into the crystal interstices. The diffusion ?jf'f'?he\'gl‘fquseg}%drféﬂwdtgg ?opt\r/]gicee;ggfgr%qgetgaﬁec'ﬂf;fj‘}?o?gc:éa”be’
of a toluene/isooctane mixture into a 1,3-dichlorobenzene formulaK, = e*E172569
solution of 13, for instance, succeeded in growing diffraction
quality crystals, while the use of more common solvent dinuclear rheniunty manganesé and rutheniurft carbonyl
combinations such as GHI,/hexanes failed to produce material compounds in which allene-1,3-dicarboxylate dimethyl ester is
suitable for X-ray crystallography. observed in bothu-?5? and u-13-5»* coordination modes
The maleate bridged molecul&)(shows rather significant  involving the allenyl unit itself.
distortion from planarity because of the steric crowding between  Electrochemistry and Electronic Communication. Elec-
p-anisyl groups of the formamidinate ligands on opposing Mo trochemical studies have shown t13t15 can undergo one or
units. The twist angle of 42°%etween the Mpaxes serves to  two one-electron oxidations. The values of these oxidation
alleviate some of the steric clash and undoubtedly is a featurepotentials and other relevant data are presented in Table 4.
that persists in solution. Thas,cismuconate bridged molecule, Each of the Me(DANiF)3(O.CR) complexe$—5 displays a
11, is observed to have a relatively planar core geometry. It reversible one-electron oxidation at potentials (8:235 V)
was found that solutions dfl were susceptible to isomerization  gomewhat more oxidizing than that observed for the tetrafor-
to thetrans,transisomer12, which was identified by crystal-  mamidinate complex MgDANIF)4 (0.15 V)2 (Figure 5) and
lography. Successful crystallization & required the use of g pstantially less oxidizing than the potentials required to oxidize
coqcentrateq solutions (to h.as.ten crysta} growth) that were dimolybdenum tetracarboxylate complexes such as(214,6-
maintained in the dark to avoid isomerization. S_uch rearrange- pj,c.H,C0,)s (0.621 V)33 These potentials correlate as ex-
ment appears to be both a thermal and photoinduced procesgyecied with the basicity of the ligand set; that is, the more basic
and is reminiscent of _thels—trans isomerization experienced o mamidinate ligand better supports the ffooxidation state
by rhodopsin in the visual cyctg. and shifts the Mg™ — Mo,*" potential to lower values as the
The allene-1,3-dicarboxylate bridged molecul, crystal- number of formamidinate ligands increases. Within the set of
lizes as a racemic mixture in the orthorhombic space group complexes Mg(DANiF)3(O.CR) (R= C=CH, CH=CH,) and
Fdd2. The core structure of this molecule is depicted in Figure Mo,(DAnIF),, the trend in Me®™ — Moz** potentials (0.351
4, the chiral configuration of the allene-1,3-dicarboxylate bridge v, 0.217 v, 0.150 V) parallels the carboxylate and formamidi-
being R) and the twist angle between Maxes being 62:9 nate ligand basicity (8;s of 1.8954 4.2554 and 8.045
The two halves of this molecule are related by a 2-fold axis respectively).

passing through the central carbon atom of the allene unit, C(3).
Molecule 10 appears to be the first transition metal compound
in which allene-1,3-dicarboxylate binds transition metal ions

through its carboxylate moieties, although other connectors such(49 Adams, R. D.: Huang, MOrganometallics1996 15, 4437,

) ) )
as allene and cumulene bridged polyphosphines have beenso) Adams, R. D.; Huang, MChem. Ber1996 129, 1447.
a,48 iati it (51) Adams, R. D.; Huang, M.; Zhang, U. Cluster Scil1997 8, 101.
used? The on_Iy_ existing examples_ of transition metal (82) TheEys of 0.150 V (AG/AGC]) for the Mad* - Mos+ process for Me
complexes containing the allene-1,3-dicarboxylate group are (DAnIF), obtained using our experimental conditions differs from a value
previously published by another research group: Cf. Lin, C.; Protasiewicz,
J. D.; Smith, E. T.; Ren, Tinorg. Chem1996 35, 6422. We will use our

For the molecular pairs, there is a wider variation of the values
of By, but it is significant that those with the longest unsaturated

(45) Taylor, J. R.An Introduction to Error Analysis University Science experimental number for reference.

Books: Sausalito, California, 1997. (53) Cotton, F. A.; Daniels, L. M.; Hillard, E. A.; Murillo, C. Ainorg. Chem.
(46) Gilbert, T. M.; Hadley, F. J.; Simmons, M. D.; Bauer, C. B.; Rogers, R. 2002 41, 1639.

D. J. Organomet. Cheni996 510, 83. (54) Serjeant, E. P.; Dempsey, Bnisation Constants of Organic Acids in
(47) Rando, R. RChem. Re. 2001, 101, 1881. Aqueous SolutigrPergamon: Oxford, 1979.
(48) Hong, B.Comments Inorg. Chem999 20, 177. (55) Oszczapowicz, J.; Ofleki, R.; Hejchman, BPol. J. Chem1979 53, 1259.
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Figure 3. Core structures and electrochemistry results for moledil8s 12, 13, and14. Molecules6 and8 were previously reportédand are included
here for comparison. Ellipsoids are shown at the 50% probability level, araadisyl groups and hydrogen atoms are omitted for clarity.

linkers,13and14, possess first oxidation potentials of less than linkers become longer, the two peaks begin to merge and finally
200 mV, making them the most easily oxidized dimolybdenum they appear as one. Nevertheless, valueAy,, the separation
pairs having a mix of formamidinate and carboxylate ligands. between successive one-electron oxidations, can be determined
Using differential pulse voltammetry, DPV, the two processes using standard techniques such as the width-at-half-height
are clearly distinguishable in those compounds with shorter method of Richardson and Taub&hese values are presented
linkers, for example, fob and8 (Figure 3). However, as the  Table 4.
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Figure 4. Core structures and electrochemistry results for molecyl&s, and10. Ellipsoids are shown at the 50% probability level, ancpedinisyl groups
and hydrogen atoms are omitted for clarity.

5 reported® as well as for those in the present wSfkThese

H—cEc—{ H dicarboxylate linked molecules are identified numerically ac-
0 H AN cording to the system shown in Chart 1, where only the linker
St S is illustrated. The section outlined in blue circumscribes those
Mo, (DAiF), E,_=0217V molecules with linkers which are chemically saturated or
E,,=0450V otherwise not expected to be effective transmitters of the effect

of oxidation of one Me unit upon the other. Transmission of
the effect of oxidation of one Mounit upon the other is
essentially a through-space, electrostatic phenomenon. Devia-
tions from linearity may be attributed at least in part to plausible
differences ind between the crystalline state and solution. A
molecule with a flexible linker such asCH,CH,— might have

a value ofd effectively longer in solution than that observed in

0.9 07 05 03 0.1 -0-1 0.3 the crystal structure. Interestingly, the allene-1,3-dicarboxylate
Potential (Volts vs Ag/AgCl) bridged molecule10, is included in this set of compounds
Figure 5. Overlay cyclic voltammograms for the molecules #aniF), having poor communication through the linker. This is likely

3, and4, illustrating the dependence of the Wt/Mo*" redox couple upon

the basicity of the ligand set. due to the discontinuity imposed on its system by the

] ) ) orthogonal set of MOs. This result is entirely consistent with
AEy in systems with two redox centers depends inversely e gpservation of Hong et al. that found no communication
upon the distance, a relationship which derives from electric patween an Os and a Ru unit linked by 'BB-tetrakis-
potential energy expressed in terms of the distance between tWO(diphenylphosphino)allen‘@.
point charges. Figure 6 is a plot &fE,/, versusd, whered is

B ; ; (56) In ref 23, a plot ofAE;/, versusd? was used instead. However, the general
the distance between the centers of the Muits, as determined appearance of the plot @E;/, versusd is similar to that of the published

crystallographically, for the compounds we have previously figure. More importantly, the discussion presented in ref 23 is not affected.
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Volts vs Ag/AgCl
Figure 6. Plot of AEy; vs d for the compounds [MgDARIF)3]o(u-O--
CXCOy), whered is the distance in A between the centers of the, Miuits.

The series in blue is the set of compounds whose dicarboxylate linkers are
not good communicators of the effect of one oxidation upon the other Mo
unit. The series in red is the set of compounds with unsaturated, conjugated

Figure 7. Overlay differential pulse voltammograms for the series;Mo
(DANIF)3(u-0,C(CH=CH),CO;), wheren = 0—4, showing the increasing
ease of oxidation with increasing length of the dicarboxylate linker.

linkers. A best fit line for the series in red is shown, with a correlation 020
coefficient of 0.91.AE;/; values are obtained from the differential pulse 0.18
voltammograms by the width-at-half-height method of Richardson and 046
Taube’ ’
0.14 A
The area bounded in red encompasses those molecules WithR o.'iz o
atio

unsaturated, conjugated linkers. That this region lies well above ™30
the one in blue strongly suggests that factors other than mere 0.08
electrostatics are at work here. Undoubtedly, an important .
contributor is the presence of the conjugatedystem, which 0.06
provides a relatively soft set of polarizable bonds through which ~ 0.04
the increase in the positive charge upon oxidation may be felt  o.02
by one Mg unit from the other, therefore giving rise to a 0
considerable increase in internuclear communication between 0 1 2 3 4
the Mo, units. It is also true (vide infra) that the atomic orbitals n, number of double bonds
of these linkers contribute to the molecular orbitals from which F79ure 8 Plot of the ratio of the contribution made to the composition of

. . . the highest occupied molecular orbital by the atoms of the bridging
electrons are removed. Included for the points in red is also a gicarboxylate over the contribution made by the remaining atoms of the
best fit line, for which the correlation coefficient is 0.91. molecule as a function ofin the series [Ma(DANiF)s]2(u-O;C(CH=CH)x-

The electrochemical behavior of the series of compouids CO,). wheren = 0-4.

8 12 13 and14, " which t_he two Mg units are linked by an o-phenylene vinylene oligomeP8 are increasingly easidmoth
unsaturated, conjugated dicarboxylate according to the formulato oxidizeandto reduce as the length of the system is increased.

[Mo2(DANIF)3)(O2C(CH=CHRCO,)[Moz(DANIF)s] (n = 0—4), Voltammetric studies upon carotenoids also reveal an increasing
reveals the effect of increasing the length of the conjugated a5 of oxidation as the polyolefinic chain is lengthened in
system. An overlay of the DPV traces of these five compounds aqgition to a progressively smaller separation between the first
is shown in Figure 7. The most obvious observation is the gyidation and a second ofi.

.mergi.ng of the sepgrate one_—electron waves into a single wave As discussed in more detail in the following pageDFT

in which the resolution has disappeared. A second, more subtleq|cjjations have been employed to determine the electronic
feature is the small shift toward milder oxidizing potentials for ¢t ,cture of the compounds reported here. An examination of
the first observed oxidation. Oxidation of the texate linked the character of the highest occupied molecular orbital in the
molecule ¢ = 4) occurs more easily by 84 mV compared 10 series [Mo(DANIF)3](02C(CH=CH),COs)[Mo(DANIF)3] (n =

the first oxidation of the oxalate linked molecule, and the first o—4) reveals that the contribution of the bridging dicarboxylate
oxidations of the remaining molecules are more or less evenly to the composition of this MO increases steadily withtWhen
spaced between these two. This result is consistent with thethis contribution by the dicarboxylate ligand atomic orbitals to
general observation that the separations between energy levelshe makeup of the HOMO is expressed as a ratio to the
continually diminish in conjugatedr systems of increasing  contribution made by the remaining atoms in the molecule and
length. It has been noted, for instance, that conjugated poly-then plotted against the increase in(Figure 8), an ap-
olefins terminated bytert-butyl substituenf§ or by ylidene- proximately linear relationship emerges. The relative involve-
1,3-dithiole-4,5-dicarbonitrile grou$,as well as conjugated ment of these bridging dicarboxylate ligands in the HOMO

(57) Kiehl, A.; Eberhardt, A.; Adam, M.; Enkelmann, V.; \en, K. Angew. (59) Gebhardt, V.; Bacher, A.; Thelakkat, M.; Stalmach, U.; Meier, H.; Schmidt,
Chem., Int. Ed. Engl1992 31, 1588. H.-W.; Haarer, D Adv. Mater. 1999 11, 119.

(58) Makl, G.; Pdl, A.; Aschenbrenner, N. G.; Schmaus, C.; Troll, T.; (60) Deng, Y.; Gao, G.; He, Z.; Kispert, L. 0. Phys. Chem. R00Q 104,
Kreitmeier, P.; Nth, H.; Schmidt, M.Helv. Chim. Actal996 79, 1497. 5651.

5448 J. AM. CHEM. SOC. = VOL. 125, NO. 18, 2003



Polyunsaturated Dicarboxylate Tethers

ARTICLES

350

y intercept = 63 mV

300 r2=0.97

250

200
E112

150

100

50

0

0 0.05 0.1 0.15

1(n + 4)

Figure 9. Plot of the first oxidation potentiaE;, for the series [Me-
(DANIF)3]2(u-02,C(CH=CH),CO,)[Mo2(DANIiF)3] (n = 0—4) vs 1/f + 4).
Each Me*" unit and carboxylate group is counted as an additional part of
the conjugated system.
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grows more than 3-fold asvaries from 0 to 4, which appears
consistent with the trend toward milder oxidizing potentials seen
in Figure 7.

For soluble oligomers containing conjugated systems, an
important trend has been observed in relation to the chain length

limiting potential which is characteristic of the conjugated
polymer, and plots o/, versus the inverse of the chain length
(1/n) always show a linear dependence. Heré the number

of conjugated bonds. The limitid~ O provides an estimate of
the first redox potential of a hypothetical polymer consisting
of an infinitely long chain in a solutiong).%* If we treat6, 8,

12, 13, and 14 as the first members of a chain of conjugated
multiple bonds, we find that for the first oxidation process a
plot of E versus 1k, wheren is number of double bonds in the
dicarboxylate, is not linear. Neither is a similar plot that includes
the number of carboxylate groups. However, a linear relationship
is apparent when the multiple bonds from the Mmits are

added to the number of bonds from the chain and the number
of carboxylate groups, which suggests that there exists a very

significant modulation of the linkers by the multiply bonded
Moy units (Figure 9). From thg-intercept, it can be estimated
that the Ey, for the first oxidation of the corresponding
molecular pair having an infinitely long linker will be63 mV.
Comproportionation Constants. A fundamental parameter
in systems in which two separate but otherwise identical redox
centers exist in the same molecule is the comproportionation
constanK,, defined as the equilibrium constant for the reaction
[M n_Mn] + [M (n+1)_M(n+1)] = Z[Mn_M(n+l)]_8a,62 ThUS,Kc
is a measure of the degree to which a mixed valent species [M
MO+D] which may, of course, be localized as written or be
delocalized, is favored relative to the unoxidized and doubly
oxidized specieskK. assumes the statistical value of 4 when

the two redox sites are completely independent and noninter-
acting and goes to much higher values as electrostatic interactior]"
or charge delocalization increases. It may be determined by

different methods. For example, if the mixed valent species
[M"—MO*1)] has an intervalence absorption band that is not

(61) Heinze, J.; Tschuncky, P. Electronic Materials: The Oligomer Approach
Millen, K.; Wegner, G., Eds.; Wiley-VCH: New York, 1998; Chapter 9.
(62) Kaim, W.; Klein, A.; Glakle, M. Acc. Chem. Re00Q 33, 755.

overlapped by absorption bands belonging to the other species,
then a spectrophotometric titration and analysis of the apparent
extinction coefficients as a function of oxidizing or reducing
equivalents permits one to measure a valueKgf® A less
obvious but often more convenient alternative is the measure-
ment of K. electrochemically.K; depends onAE;p, the
difference between the first and second ionization potentials,
according to the relationshilg, = e*Ev22569 (298 K, AEy, in
mV),”8awhich leads to a limiting value of 36 mV foAE;.,
whenK. = 4. Thus, even two well separated and noninteracting
redox centers will have a nonzetd:; 5, but AE;» will increase
rapidly with increasing interaction.

The calculated values &f;, shown in Table 4, clearly indicate
that, for the conjugated linkers, the electronic communication
between Mg units is significantly higher through the shorter
linkers, for example, oxalate i8, than through the longer
linkers, for example, tamuate itv.

Isomerization of [Mo2(DANIF) 3](u-cis,cis-O,C(CH=CH)-
CO2)[Mo(DANIF) 3. The photoinducedis-to-transrearrange-
ment of conjugated polyolefins is an isomerization reaction of
physiological significance, for example, in the isomerization of
polyunsaturated fatty acids. Also, by such a process, rhodopsin
undergoes a@is—trans conversion, which is a key element in
the visual transduction pathwédySuch photoisomerizations of

) ‘polyolefins are a general phenomenon, and in the particular case
In such compounds, the redox potentials converge toward a

of cis,cismuconic acid, its photosensitivity was noted many
years agd? Our finding that thecis,cismuconate linked
compound,11, was susceptible to isomerization to tians,-
transimuconate linked moleculel2, led us to undertake a
gualitative comparison between the rates of isomerization of
11 and dimethylcis,cismuconate to ascertain what effect
coordination to the Mgt units had upon the process.
Samples of both compounds were prepared in NMR tubes
and dissolved in CECl, and irradiated at each of two different
wavelengths. At 254 nm over a period of 4814, underwent
negligible isomerization tdl2, as determined byH NMR,
although a small amount of decomposition was visible. Under
the same conditions, pure dimetlty$,cismuconate was found
to have converted to a mixture with thrans,transisomer, the
two isomers existing in a 3:2 ratigig,cistrans,tran3. A minor
amount of another species was observed, possiblgighieans
isomer of dimethyl muconate, although that assignment was not
confirmed by independent preparation of an authentic sample.
During the same period, irradiation at 365 nm produced a 1:2.4
mixture of 11:12 with some degradation to unidentified species,
while the dimethyl ester o€is,cismuconate was found in a
1:3 ratio with thetrans,transisomer. At both wavelengths
examined, 11 underwent a slower isomerization than did
dimethyl cis,cismuconate, but this difference was more pro-
nounced at the shorter wavelength.

Conclusions and Summary

The present work has extended the set of dicarboxylate linked
olecules of the type [M@DANIF)3](O2,CXCO,)[Moy(DANIF)3]
to include new members with highly unsaturated linkers. Among
these are the molecules [M®AnIF)3](0O,C(CH=CH),CO,)-

(63) Demadis, K. D.; Hartshorn, C. M.; Meyer, T.Ghem. Re. 2001, 101,
2655.
(64) (a) Elvidge, J. A.; Linstead, R. P.; Sims, P.; Orkin, B.JA.Chem. Soc.

195Q 2235. (b) Elvidge, J. A,; Linstead, R. P.; Sims, P.Chem. Soc.
1953 1793.
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[Mo2(DANIF)3] (n = 2—4), which, with the oxalate and fumarate

to dimethylcis,cismuconate, which suggests that polyolefinic

linked molecules prepared earlier, comprise a homologous seriessystems might be photostabilized or tuned in optical sensitivity

(n = 0—4) in which the effect of increasing upon physical

properties can be examined. Another variation we have studied

is that between the pairs of geometrical isom&8&and11/12.

For comparison, we have also prepared the unbridged com-

pounds Mg(DAnIF)3(0,CCH=CH,) and Ma(DAnNIF)3((E)-O.-
CCH=CH—CH=CHy). All new dimolybdenum compounds
have been structurally characterized by X-ray crystallography,
as have the dimethyl esters of many of the organic dicarboxy-
lates.

The molecules [MgDANIF)3](0:CXCO,)[Mo2(DANIF)3]
have been examined by cyclic and differential pulse voltam-
metry. The upshot of this study is that the compounds in which
the dicarboxylate linker is aonsaturated, conjugated bridge
constitute a set in which electrochemical communication from
one M@ unit to the other is stronger and more persistent over
distance than is accounted for by a purely electrostatic inter-
action. This electrochemical communication is quantified by

measuringAE;, values, the separation between successive one-

electron oxidations of the separate Mmits. In the series [Mg
(DANIF)3](02C(CH=CH).CO,)[Mo2(DANIF)3] (n = 0—4), the
first oxidation potential shifts progressively (albeit slightly) to

by coordination to an appropriate transition metal ion.

Interest has been growing in polyene systems, including those
which incorporate transition metals, as components for light
harvesting devicé8 and materials with enhanced nonlinear
optical propertied8d48|n view of this increasing activity, it is
rather surprising that no use appears to have been made of the
polyolefinic a,w-dicarboxylic acids H[CH=CH),CO,H where
n > 3. Considering that carboxylates are ubiquitous ligands in
transition metal chemistry, we imagine other applications for
these particular diacids, such as their incorporation into other
types of supramolecular assemblies or their use as modifiers of
the electrooptical properties of a transition metal ion. Among
several current avenues of research in this laboratory is the use
of these polyolefiniar,w-dicarboxylic acids in the preparation
of the molecular squares [M@DANIF);]4(u-O,C(CH=CH),-
CQOy)4 (n = 2—4). Such squares will likely have interesting
electrochemical behavior and electronic spectra.
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