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Abstract: The reaction of #5>-CsMes)Re(NO)(PPE)(C=CC=CSiMe;) and ¢;>-CsMes)Fe(;>-dppe)(Cl) with

KF, KPFs, and 18-crown-6 in MeOH/THF gives the heterobimetallic butadiynediyl compjexCéMes)Re-
(NO)(PPh)(C=CC=C)(?-dppe)Fef>-CsMes) (9, 65%). This can be oxidized with/f-CsHs).Fe]" PR~ to

the isolable radical catio®™ PR~ and dicatior®?t 2PR;~, which constitute the first conjugal consanguineous
family of C, complexes. The crystal structure ®fs determined, ané"* nPR;~ are characterized in detail by
cyclic voltammetry (CV) and IR, NMR, near-IR, ESR, atfe Mossbauer spectroscopies. The bond lengths/
angles suggest some bridge polarization9inand CV data show that the iron and rhenium endgroups
communicate strongly. The odd electror@hPFR;~ is delocalized between the endgroups9ih 2PF;~, both
electronic and magnetic interactions are found between remote unpaired spins on the rhenium and iron endgroups.
This antiferromagnetic coupling stabilizes the singlet cumulenic over the triplet butadiynediyl state. At room
temperature, however, both isomers9%f 2PF;~ are simultaneously present. Data are carefully compared to
those of the analogous consanguineous diiron and dirhenium complexes.

Introduction others!1~16 constitute promising building blocks in this respect.

The rapidly growing interest in molecular electronics is Two representative gxamples are the homobimetallic butadiyr!ediyl
evidenced by increasing reports of new nanoscale-sized “smart’cOMplexeslab, which feature the 17-valence-electron chiral
organic or organometallic molecules with tailor-made properties "henium and achiral iron endgroupg{CsMes)Re(NO)(PPE)™
such as recognition or switching abilityl® A prerequisite o and ¢°>-CsMes)Fe(;*-dppe);? respectively. These provide par-
the development of supermolecules incorporating these devicediicularly interesting models for studies since they can be
is efficient and modular electron conveyors. Several wire-like transformed into stable, isolable, and “consanguinedssgigle-
bimetallic polyynediyl complexes, reported recently by us and and double-oxidized statesab* X~ and 1ab?* 2X".
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Scheme 1. Synthesis of the ConjugalComplex9
/% /%\ /% %\ KF/18-crown-6
Re——=———=——Re e———Fe ? % % hé
Phap/le \ PPhs P\_/}; \j /\Fb —— = SiMe; + C— e\ = Fé
ON la No P iberdape (:,I':GP/ T MeOH/THE \P_’j
M—C=C=C=C=—=M KA’::—KA 10 12 ®°C 9 (65%)
I n ROH 12
18-crown-6 ROH
Much information about the impressive electron transfer KF % KPFs
capabilities of wire-like sp carbon chains has been extracted )
by the study of mixed valence (MV) states of such complexes. ‘2,',,“3.,/
Both the iron and rhenium endgroups have proved particularly 1n

effective, offering several complementary probes. Spectroscopic
studies indicate that oxidation induces a progressive change in
the electronic structure of the bridge, but many properties are
influenced by the metal termini. This is clearly illustrated by
the G dirhenium and diiron dications. A cumulenic structure
() is found forla2* 2PRs~, which has a singlet ground stéfe.
However, a spin equilibrium is observed fo?t 2PR;~. This
compound also has a singlet ground state, but the separation
between singlet and triplet states is so wehk=(—18 cnt?)

that both are thermally populated even at liquid nitrogen
temperaturé?® As a butadiynediyl structurel() is expected for

the triplet state, the Lligand mediates both energetic and
magnetic communication between the metal terrihi.

e

—M]

complexes have less delocalized electronic holes than their
symmetrical counterparts (e.§a* PR~ vs 1b™ PR™), despite

the highly polarized carbon bridges. However, the poor stability
of the oxidized forms of many of these first generation systems
(e.g.,2b™ PR, 3a,b?" 2PR™) hindered detailed studies. This
further illustrates the effect of the metal termini upon the
physical and chemical properties of such complexes.

The number of stable oxidation states strongly depends on
the terminal ends as shown by the comparison between the
complexest 14b 5,160 and6.16¢ Another example of a ghridged
complex is the diruthenium compourtet3d which undergoes
four stepwise single-electron oxidations, as assayed by cyclic
voltammetry. This novel series of five oxidation states includes
the formal mixed valence states RuftRRu(lll) and Ru(lll)—

[M] = (PPhs,RHCO)  2a Ru(lV). Interestingly, the dimanganese complg¥2 has a

PhoP | 1= eGP 2D paramagnetic triplet ground state, in contrast to the other neutral
oN complexes above. This compound is derived from the 16-
% M- COFeCaey  3a va!e_nce-electron Mrm(z-dmp_e)(l) e_ndgrou_p, and is_ easily _
Fe—=—=—M [M] = (COpFe(CsPhy  3b oxidized to the corresponding radical cation and diamagnetic
L! (P-P: dppe) dication. Structural and IR data indicate that the triplet ground
state of 8 has alternating €C and G=C bonds, and the
1 /@\ diamagnetic singlet dication is cumulenic.
o= Fevp (- dippe) 4 To best study and analyze the effects and interplay of unlike
Cp p) endgroups in such systems, we decided to investigate the title
series of conjugal consanguineous compleéXes\PF;~, which
% ) feature the iron and rhenium endgroup% CsMes)Fe(;-dppe)
o PTE = Fo~co 5 and ¢°-CsMes)Re(NO)(PPB) that render such a broad range
oc co of oxidation states isolable witha,b™ nPR~. In this paper,
N co we describe the synthesis and detailed structural, spectroscopic,
\ge _ H//°° NN: 462 Bubpy) 6 and electronic characterization @fthe radical catio®* PR,
°°;Cl TN\JN and the dication9?" 2PR;~. Their properties are carefully

analyzed with respect tdab" nPF~. These data provide
important benchmarks for future studies of conjugalcGm-

Phsp/?u—::— Vg ®=Ph,Me) 7 ple_xes, such as analogues With_ Ionger carb(_)n chains, polyme-
RaP PPhg tallic endgroups, and/or protective microenvironments.
P T'},
|——NL./%:—/M|{—| @®-P: dmpe) 8 Results
Pula Rer 1. Synthesis and Characterization of 9.As outlined in
Scheme 19 was synthesized via a protocol similar to one
% % y . developed for related diiron complextsThe trimethylsilyl-
ON’T’:%F‘{j (PP dppe) butadiynyl complex10, which is stable as a solid for extended
PhaP P

periods, was transformed by a fluoride-ion-containing recipe
(KF, KPFs, 18-crown-63° to the butadiynyl comples1, which

For similar reasonsponsymmetricabr “conjugal™! com- then coupled with the iron chlorid&2. Such desilylations are
plexes with different endgroups have also been independentlywell-known in organic reactions, but are less used in organo-
studied by our groups, viz2a,b'” and 3a,b.1® We found that metallic synthesid® NMR monitoring showed thatl2 was
the singly oxidized mixed valence states of the conjugal consumed after 24 h. Workup ga®as a spectroscopically

(17) Weng, W. Q.; Bartik, T.; Brady, M.; Bartik, B.; Ramsden, J. A,;
Arif, A. M.; Gladysz, J. A.J. Am. Chem. S0d.995 117, 11922-11931.

(18) Coat, F.; Guillevic, M.-A.; Toupet, L.; Paul, F.; Lapinte, C.
Organometallics1997 16, 5988-5998.

(19) No reaction was observed in the absence of 18-crown-6, a good
binder for potassium ions that would be expected to enhance the nucleo-
philicity of the KF. Optimum yields were obtained with roughly 2 equiv,
possibly due to the presence of KPF
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Table 1. SelectedH NMR Chemical Shifts (ppm) for £ Table 2. IR Data for 9 nPR~ and Related Compounds
Complexes with Iron and/or Rhenium Endgroups - — —
compd medium ve=c(cm™) vno (cmh)
5.
compd  7>-Cs(CHg)s  Cels solvent ref 9 KBr/Nujol 2093 (sh), 2058 (m), 1955 (m) 1622 (vs)
9 1.76 (Re); 7.3-7.0; CsDs this work CH,Cl, 2095 (sh), 2058 (m), 1956 (m) 1620 (vs)
1.50 (Fe) 8.2-7.8 9t PR~ KBr/Nujol 2002 (vs), 1933 (vs), 1876 (m) 1635 (vs)
92" 2PRy” 2.25 (Re); 7.60-6.50 CDCl, this work CHCl; 2005 (sh), 1950 (vs), 1882 (m) 1660 (vs)
1.20 (Fe) 92" 2PRs~  KBr/Nujol 1941 (vw), 1849 (vw), 1783 (vw) 1701 (vs)
la 1.68 (Re) 7.567.48 THFdg 11 CHCl, 1949 (vw), 1851 (vw), 1787 (vw) 1720 (vs)
12t 2PR~  2.03 (Re) 763725 CDOClL, 11 10 KBr/Nujol 2119 (m), 2097 (m) 1648 (vs)
1b 1.55 (Fe) 8.167.00 GDs 12a CHCl, 2118 (m), 2098 (m) 1653 (vs)
10?7 2PR~  —6.03 (Fe) 9.66.2 CDCl; 12a 1 KBr 2113 (s), 1975 (w) 1645 (vs)
CHCl,  2115(s), 1975 (w) 1644 (vs)
13 KBr/Nujol 2165 (m), 2090 (vs), 1980 (s)
pure orange powder in 65% yield. A similar coupling could be CH:Cl> 2162 (m), 2081 (vs), 1977 (s)
effected with11 and 12, but overall yields for this two-step 12 éﬁrCI iggi (w) iggg (s)
sequence were lower. P 212 (w) (s)
. la" PR KBr 1870 (m) 1654 (br)
A FAB mass spectrum d showed the expected parent ion, CHCl, 1872 (m) 1665 (s)
but the microanalysis was not very satisfactory. Cube-shaped1&*2Pr~ KBr not obsd 1692 (s, br)
crystals, obtained from Ci€l,/pentane, gave a microanalysis CHCl,  not obsd 1719 (s)
very close to that expected for the solv&@&eCH,Cl,. NMR 1b+ .- g:zg:z 13?2 iggg
spectra were severely broadened unless freshly crystallized;pe+ >pp- CH§C|§ 1950, 2160
samples and carefully deoxygenated solvents were used. This
problem was much more severe than with FEEC=CFe Table 3. Crystallographic Data fo8-CH,Cl,
systems studied previously. The generally broad lines can be
attributed to fast electron exchange with traces of an oxidized mo:ecu:ar forml;]'ta %"éﬁgFlesNoBReCHzc'Z
paramagnetic compound. This phenomenon has abundant g:o eclu arweig clini
122 ystal system '[_I’IC Inic
precedent- ) ) space group P1
At —80 °C, the3!P NMR spectrum showed two signals in a cell dimensions
2:1 ratio?? The 'H NMR spectrum {80 °C) confirmed the a A 14.760(8)
presence of the solvate, and showed tw@OEls)s signals, with b,é 12'233(?
the upfield one always broader. This was assigned, by analogy © :243(6)
. . - . o, deg 104.26(4)
to the chemical shift trend ifta and1b (Table 1), to the iron- B, deg 98.15(6)
bound ligand. Unfortunately, th€C signals of the ¢ligand v, edg 111.73(6)
could not be definitively detected. Such resonances are always V, A3 3134(2)
difficult to observe, and® presents an even greater challenge 2 2
due to the potential for coupling to three inequivalent phosphorus deaio, g/CNTF (294 K) 1.416
- o absorption coef. (mmt) 2.366
nuclei, and a poor low-temperature solubility. F(000) 1360
The IR Spectrum 09 eXh|b|tS a Stl’Ong}No band at 1620 Crysta| dimensions (m?m 0.35x 0.35x 0.45
cm and two medium/weakc=c bands at 2058 and 1956 cin diffractometer CAD4 NONIUS
(Table 2). The latter absorptions are consistent with a slight radiation (A) Mo Kot (0.70926)
polarization of the carbon bridge, as previously observed with ~ data collection method /20
tma/measure, s 60

3ab. Thevno band is shifted relative to those of monorhenium

range/indiceshk, 0, 15;-17,16;—19,19

complexesl0and11 (Table 2), analogously tha Also, the 0 ragnge ) 1.3424.97

ve=c bands in9 are shifted relative to those d0 and11 as decay of standards (25), % 1.2

well as the monoiron complex¥-CsMes)Fe(?-dppe)(G=CC= no. of refins measd 11043

CSiMey) (13). This indicates that the iron endgroup is more  no. of independent refins 10573

: : : . no. of obsd datd, > 20(l) 8499
electron releasing than trimethylsilyl. Furthermo®eexhibits t variabl 689
houlder at 20932095 cnt?, both in solution and solid state no- 0! varavies ;

as oM . g Rint (from merging equiv. refins) 0.0280

(crystals and powders). This might be due to the Fermi coupling  final R 0.0412 R, = 0.1208]

with another vibrational mode involving atoms adjacent to the  Rindices (all data) 0.064H, = 0.1317]
GOF 0.991

triple bonds, as suggested for mononuclear iron butadiynyl
complexes?

2. Crystal Structure of 9. No structural data for any type of
heterobimetallic G complex have been reported to dite. are summarized in Table 5. General features, such as the
Accordingly, the crystal structure & CH,Cl, was determined ~ formally octahedral geometry at each metal, are in accord with
as outlined in Table 3 and the Experimental Section. The past structures in this serigs!? Although 9 is somewhat more
molecular structure is shown in Figure 1. Key distances and distorted than homometallic butadiynediyl analogues, most bond
angles are given in Table 4, and key data for related compoundslengths and angles fall into previously established ranges (Table
5). As expected, the F&C= bond (1.895 A) is shorter than the
Re—C= bond (2.029 A), and both are shorter than in model

(21) Roger, C.; Hamon, P.; Toupet, L.; RapHa Saillard, J.-Y.; Hamon, compounds with metalC(sp) bonds (Fe-C = 2.003-2.154
J.-R.; Lapinte, COrganometallics1997, 10, 1045-1054. A and Re-C = 2.123 A)#

(22) These signals were not detectable at room temperature unless spectra
were recorded in the presence of a reducing agent (e.g., Na/toluene). Under (24) (a) Roger, C.; Toupet, L.; Lapinte, €.Chem. Soc., Chem. Commun.
these condition8 slowly decomposes, but the dppe phosphorus atoms give 1989 713. (b) Hill, D. H.; Parvez, M. A.; Sen, Al. Am. Chem. Sod994
a second-order AApattern with &Jy, value of ca. 8 Hz. 116, 2889-2901. For °-CsHs)(?-dppe)Fe(CHCeHs): (c) Le Bras, J.;

(23) Interestingly, the:co bands in3a,b are analogously shifted relative  Jiao, H.; Meyer, W. E.; Hampel, F.; Gladysz, J. A. FgP-CsMes)Re-
to monoiron counterparts {710 cntl), see ref 18. (NO)(P(4-GH4CHz)3)(CHs). J. Organomet. Chen200Q in press.

largest diff peak and hole, e A 1.746 and-1.347

(20) Weyland, T.; Lapinte, C.; Frapper, G.; Calhorda, M. J.; Halet, J.-
F.; Toupet, L.Organometallics1997, 16, 2024-2031.
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C4 systemd#t Cyclic voltammograms of the related monome-
tallic rhenium @0) and iron 3) complexes were measured
under identical conditions. These gave only one oxidation, which
was poorly reversible with rhenium. The iron complex was
thermodynamically easier to oxidiz&%(10—13) = 0.35 V).
Data are summarized in Table 6.

The E° values (Table 6) require strong interactions between
the endgroups. Specifically, substitution of the trimethylsilyl
endgroup in the iron complet3 by the rhenium endgroup
renders oxidation 0.50 V more favorable. In accord with the
trend for10 and 13, oxidation is presumed to have dominant
iron character. The second oxidation, which should have more
rhenium character, is 0.12 V more favorable than thatGfn
] accord with other observations involving thg{CsMes)Fe ;%
Figure 1. Molecular structure o8. dppe) fragment, this indicates that even the monooxidized form

Table 4. Key Distances (A) and Angles (deg) forCH.Cl, can beh.ave.as an apparent electron-releasing group that facili-
tates oxidatiort®

Fe-P1 2.1628(19) PiFe—P2 86.19(8) i o .
Fe—p2 2.187(2) PiFe—C37 88.49(19) Comparison of thée® values (_)f9 with thosg of_la and1b _
Fe-C37 1.895(6) P2Fe-C37 81.1(2) further supports these conclusions. The oxidation of the iron
Re-P3 2.353(2) FeC37-C38 176.6(5) center in9is 0.19 V more difficult than that idb. This suggests
Re-C40 2.029(6) that replacement of one of the iron endgroupshirby a rhenium
Ei:'gll i-;ié(g) gé‘ge_cpjo gg-gg(ig) endgroup decreases the electron density at iron. However, the
- 212(8) e -03(18) relative magnitudes of the resonance energies associated with
C37-C38 1.209(8) N+Re—-C40 103.4(3) . . . - .
C38-C39 1.370(9) Re C40-C39 169.6(6) the mixed-valence radical cations (which as discussed below
C39-C40 1.224(9) Re2N1-01 171.8(5) should be much greater for the diiron specigls™ X™)
Fe—CsMes(centroigy ~ 1.740(5) constitutes another thermodynamic influence. Similarly, the
Re-CsMesenroqy  1.943(5) C38C39-C40  177.4(7) second oxidation o9 (i.e., the oxidation 08" X~) is 0.31 V
Fe—Re 7.703 C3#C38-C39 178.3(7)

more facile than the second oxidationl (i.e., the oxidation
of 1at X™). Thus, from every oxidation state perspective, the

Figure 1 shows that the Refe linkage in9 deviates some-  iron fragment ¢°>-CsMes)Fe(7>-dppe) is more electron releasing
what from linearity. The Re C=C angle is most acute (169)¢ than the rhenium fragmeng{-CsMes)Re(NO)(PPE).? This is
followed by a larger FeC=C angle (176.6. Most MC;M also in accord with the Mgsbauer data fd discussed below.

complexes feature bond angles of more than°1(Ai@ble 5), Finally, note that the second oxidation ®is 0.12 V more
although the radical catiohbt PR~ has one M-C=C angle favorable than the first one df0. Such behavior, known for

that is even more distorted (167)0Even stronger deformations, ~ 1ab and3ab, indicates that the second metal helps in stabilizing
attributed to packing forces, have also been observed in twothe radical cation. This can be considered as direct evidence
(175-CsMes)Re(NO)(PPB)((C=C),-p-tolyl) systems® The un- for electronic delocalization/interaction along the butadiynediyl
symmetrical diiron complexa also has one somewhat acute bridge in the radical cation. Despite a decreased difference
M—C=C angle (172.9), and the other more linear (177)88 between the two oxidation potentials (0.73 Vvs 1.10 or 1.21 V
This was previously attributed to increased metal-to-ligand (d for 3a and3b, respectively), on the whole the cyclic voltam-
to 7*) back-bonding from the more electron-rich phosphine- metry of 9 is reminiscent of that for nonsymmetric diiron
substituted endgroup, leading to sorfee=C=C=C=C(:")— complexes3ab, the main difference being now the chemical
Fe character and bending at the carbonyl substituted endgroupreversibility of the second redox process. As we will see in the
While other factors cannot be discounted, the present datafollowing section, the double-oxidized state is stable and

suggest an analogous polarizatior®jiwith iron as the electron-  isolable.

rich endgroup. 4. Synthesis of 9 PFs~ and " 2PFs~. As shown in Scheme
Despite the moderate bending, the irahenium separation 2, [(7°-CsHs)oFe]” PR~ (0.95 equiv) andd were reacted in

(7.730 A) is longer than the ireriron distances ilb* PR;~,122 CH,Cl,. The red solution instantly turned brown. Workup gave

33,18 and 5,160 (7.431, 7.570, and 7.653 A). As expected, itis the greenish-brown mixed valence (MV) radical ca@drPRs~

shorter than the rheniurthenium distance ina (7.828 A)11 in 86% yield. Similar reactions 08" PR~ and [¢7>-CsHs)>-

All of the complexes in Table 5 have ongMkes ligand on each ~ FeI" PR, or 9 and excess {(-CsHs)oFe]" PRs™, gave the
endgroup. These provide reference points for analyzing con- dication9** 2P~ in 98% yield. A correct microanalysis was
formations about the figand. We use the centroids to define  obtained for9* PF~, and9*" 2PFs~ gave a reasonable C/H/N

a twist angle ¢), with 18¢° and O corresponding to anti and  ratio. IR data for both compounds are given in Table 2, and
syn arrangements. That 6f (48.3, Table 5) is the smallest ~ Other characterization is detailed below. As expecged?Rs”
found to date. and 92" 2PFKs~ gave identical cyclic voltammetry data.

The IRvc=c bands of the radical catid® PR~ were at much
lower frequencies than those ®{ca. 125 cm?). This indicates
a reduced bond order in the carbon bridge in the mixed valence
state, consistent with an increased contribution of “cumulenoid”
or other resonance structures with reduced triple bond character.

3. Cyclic Voltammetry of 9. As illustrated in Figure 2, cyclic
voltammograms 09 show two chemically reversible oxidations,
separated by 0.73 V, corresponding to the radical c&ifoX~
and dicatior®?t 2X~, respectively. A third oxidation, attributed
to the trication93* 3X~, is observed next to the solvent edge

(133 V) Such trications have been isolated with some diiron (26) Solvation energies also affe@ values. Comparisons of the

electron-releasing abilities of the metal endgroups are valid only if the
(25) Dembinski, R.; Lis, T.; Szafert, S.; Mayne, C. L.; Bartik, T.; Gladysz, relative solvation energies of the various oxidation statekapflb, 3a,b,

J. A.J. Organomet. Chenml999 578 229-246. 9, 10, and 13 do not differ significantly.
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Table 5. Selected Crystallographic Reference Data

J. Am. Chem. Soc., Vol. 122, No. 39, 2@2m9

compd M1-M2 ya c=C =C-C= M—-C= M—C=C ref

9 7.730 48.3 1.209/Fe 1.370 1.895/Fe 176.6/Fe this work
1.224/Re 2.029/Re 169.6/Re

la 7.828 107.6 1.202 1.389 2.037 174.45 11

1b* PR~ 7.431 180.0 1.236 1.36 1.830 167.0 12a

3a 7.570 115.4 1.24 1.36 1.960 172.0b 18
1.21r 1.886 177.8¢

43 3PRy~ 7.411 180.0 1.27 1.33 1.79 175.2 14b

5 7.653 180.0 1.197 1.396 1.933 178.0 16b

aTwist angle §), CsMescentroidrM(1)—M(2)—CsMescentroiy © At the (7°-CsMes)(CO)Fe terminus® At the (7>-CsMes)Fe(>-dppe) terminus.

va
o}
—9
Ik seoe 10
--13
V vs. SCE
-2 L ] '] L ']
1.0 0.5 0.0 -0.5 -1.0

Figure 2. Cyclic voltammograms o® and related monometallic
complexes 10, 13) in 0.1 M n-BusN* PR;"/CH.CI, (Pt electrode; V
vs SCE; scan rate 0.100 V/s; 2Q).

Table 6. Electrochemical Data

compd AEp (V) E° (V)2 idia  AE° (V) ref

la 0.09 +0.01 1 0.53 11
0.09 +0.54 1

1b 0.06 —0.69 1 0.72 12a
0.06 +0.03 1 0.92
0.06 +0.95 1

9 0.07 —0.50 1 0.73 this work
0.07 +0.23 1 1.92
0.07 +1.33 b 1.10

10 0.25 +0.35 3 this work

13 0.09 0.00 1 18

20.1 Mn-BusN* PR/CH.CI; at 20°C; Pt electrode; scan rate 100
mV/s; V vs SCEE°(ferrocene)= 0.46 V. Ratio difficult to determine
with precision due to its position in the solvent diffusion edge.

Similar trends are found wittha and3a,b.11*8In contrast, the
vno band shifts to higher frequency. The magnitude differs
somewhat in CkCl, solution (40 cm?) vs KBr or Nujol (13

Scheme 2. Synthesis of the Consanguineous Complexes
9t PRs— and 9%+ 2PR—

\ [(n®-CsHs)oFel* PFg

N
}ae—:—:— F(\{\F’ PFg’
Pl P/

ON~
Phg
9* PFg (86%)

‘ [(®-CsHs)oFe]” PFg

Y

\+ /X
Re:C=C=C:C=Fe\P
! Y

y

= = F

R

< 2PFg’
P
v

~

)‘*e' 2PF
ON“y

PhsP

ON~
PhgP

o0

Triplet Singlet

92* 2PF (98%)

close to those 8, 1ab, andla?™ 2PR~. As expected, the signal
for the iron ligand is very different from that of paramagnetic
1b%* 2PK, which is shifted significantly upfield{6.03 ppm).

The PR~ 3P NMR signal appeared as a sharp sextuplet, as
expected. However, the phosphine ligand signals could not be
detected, even after prolonged accumulation times. This could
be due to the proximity of the phosphorus nuclei to paramagnetic
metal centers. Indeed, tH&P NMR signals are generally not
observed in the [>-CsMes)(2-dppe)Fe(lll)L] and other orga-
nometallic seried’ Under these circumstances, acquisition of

cm™?). Regardless, this indicates reduced back-bonding into the the 13c NMR spectrum was not attempted.

nitrosyl ligand, consistent with increased positive charge at

rhenium. However, these shifts are less than those rthnd
la" PR~ (CH.Cl, 42 cntl; KBr, 25 cnt1),'t where each
rhenium in the product carries a formal half charge. This is in
accord with greater iron character in the oxidation9pfand
positive charge density in the resulting radical cation.

For similar reasons, theno band shifts to still higher
frequencies upon oxidation 6f PR~ to the dicatiorf?t 2PRs~
(CHxCly, 60 cnT; KBr or Nujol, 66 cnt?). Somewhat smaller
shifts are found betweeba" PR~ and 1&2+ 2Pk~ (CH,Cly,

54 cn11; KBr, 38 cnl). Thevno values for dication§?" 2Pk~
andla2" 2PR~ are quite close, consistent with similar positive
charge density on rhenium. In additi®?®;” 2PF;~ exhibits three
very weak bands between 1950 and 1870 Emlthough these

5.5%Fe Mdssbauer Data.Mdssbauer spectroscopy is a very
sensitive probe for identifying the iron oxidation state in adducts
of (#5-CsMes)Fe(y2-dppe)?8 In addition, quadrupole splittings
(QS orAEg) and isomer shifts can provide insight into the nature
of the bonds to iron. Accordingly’Fe Massbauer spectra of
the consanguineous seri@s nPF~ were measured, and data
are summarized in Table 7.

At zero field and 80 K, the neutral compl&gives a doublet
typical of a pure iron(ll) system (1.983 mmAS)The QS value
does not change significantly with temperature. The slightly
increased isomer shift at 80 K compared to that of monoiron
complex 13 (0.255 vs 0.245 mm/& can be attributed to
increased electron density at iron due to substitution of the silyl
endgroup by the much more electron-rich rhenium. This again

are in the region of cumulenic absorptions, we hesitate to useshows that there is effective electronic communication between
them as structural evidence due to their weakness. No compathe remote ends of the butadiynediyl spacer. Interestingly, the

rable IR-active bands were found fb&2" 2PF;~ (only a strong
Raman absorption at 1883 ctnin CH,Cly).

The!H NMR spectrum oP?* 2PR~ at ambient temperature
(Table 1 and Experimental Section) shows@s signals very

(27) Fettinger, J. C.; Mattamana, S. P.; Poli, R.; Rogers, R. D.
Organometallics1996 15, 4211-4222.

(28) Guillaume, V.; Thominot, P.; Coat, F.; Mari, A.; Lapinte, C.
Organomet. Chenl998 565 75—80.
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Table 7. 5"Fe Mtssbauer Fitting Parameters

compd T(K) oJ(mm/s) QS (mm/s) I'(mm/s) % area (a)
9 80.0 0.255 1.983 0.130 100
293.0 0.182 1.976 0.116 100
9" PR~ 45 0.197 0.988 0.167 100
80.0 0.191 0.995 0.194 100
140.0 0.180 0.975 0.193 100
210.0 0.156 0.978 0.200 100
293.0 0.116 0.973 0.202 100
9 2PRy 45 0.196 0.988 0.167 100
80.0 0.138 0.957 0.146 100 293 K G
293.0 0.053 0.906 0.164 100 i i
2500 3000 3500 4000

isomer shift, more pronounced b (0.27 mm/s).?2 confirms
that (¢7°>-CsMes)Fe(?-dppe) is more electron releasing thaf-(

CsMes)Re(PPB)(NO), in accord with other data above. (b)
The QS value of the mixed-valence complex PR~ is
reduced relative t® (0.995 vs 1.983 mm/s, 80 K). This is
characteristic of a 17-valence-electron center, and unambigu-
1

ously indicates that the iron center is best represented by the
oxidation state (11?8 The decreased isomer shift (0.191 mm/s,
80K) relative to9 is similar to that of the diiron analogud®
and 1b" PR~ (AIS = 0.06 mm/s) at 77 K22 Finally, the
decreased isomer shift 8" 2PFR;~ relative to9* PR~ (0.138 90 K
vs 0.191 mm/s, 80 K) is suggestive of a further decrease in
electron density around iron, consistent with the trend for 2500 3000 3500 4000
1b%" 2PR~ (AIS = 0.03 mm/s):?22The QS value 08?" 2PFR~
(80 K) is comparable to that &' PR~ and smaller than that
of 12 2PRy~ (1.32, 77 K)t2a ()
Furthermore, the QS value 8" 2PR~ changes significantly
with temperature from 4.5 to 293 KNQS = 0.082 mm/s). This
may be indicative of oxidation state and bonding changes, and
therefore bridge or spin isomei®,such as the singlet cumulenic
and triplet butadiynediyl forms dfb?* 2PFRs~ (1, Il ) described
above. However, the presence of only one doublet suggests that
if two isomers are simultaneously present, their exchange should
be sufficiently fast to give an averaged signal on thesbtmauer 45K G
time scale (ca. 1 s)2°2The splitting trend suggests that the ! 1 1 L .
butadiynediyl bridge is relatively more important at higher 0 1000 2000 3000 4000 5000
temperature, and the cumulenic bridge is relatively more
important at lower temperature. However, the limiting QS value
for a purely cumulenic RefEe structure is unknown, and might
differ significantly from those of purely cumulenic Fga
structureg® Hence, the equilibrium ratio cannot be assessed.
6. ESR and Magnetism.The ESR spectrum of the radical
cation9* PR~ was recorded at 293 K in Gigl,/CICH,CH,CI
(2:1 viv). As shown in Figure 3a (top), an isotropic and strongly
coupled signaldiso = 2.0346) was observed. The coupling of
the unpaired electron to rhenium, which can be approximated
as a simple nuclear spin 5/2 system, is immediately apparent in
the six-line pattern. The dominant isotope of iréfFe, 98%)
has no nuclear spin. The spectrum was simulated with a line-
broadening factor of 48 G. This gave AR, reVvalue of 65 G,
two-thirds that of the fully delocalized dirhenium radical
la" PR~ (98 G)* and one-third those of monorhenium radicals
such as [(°>CsMes)Re(NO)(PPK)(CHs)]" PR~ (195-190
G).17:240,3031 Thjs indicates a substantial diminution of spin (31) For ESR measurements of rhenium-centered radicals, see: (a) Klein,
density on rhenium, consistent with dominant radical character A; Vogler, C.; Kaim, W.Organometallics1996 15, 236-244. (b) Stor,
at iron. TheAis,,pvalues were estimated as 12 G for dppe and ?.CJ).rb\;?]r;%ceert.vcusﬁemgséijfzggsig_.gd %s)kggﬂgi ';r_aﬁ?Jg’uﬂ]B;f’%'g’ K.
36 G for PPh. The former compares well with those previously ~ Angew. Chem., Int. Ed. Engl991, 30, 448-450; Angew. Chem1991,
found for (75-CsMes)Fe(y2-dppe)-based radicafs. 103 447-449. (d) Walker, H. W.; Rattinger, G. B.; Belford, R. L.; Brown,
T. L. Organometallics1983 2, 775-776. (e) Baldas, J.; Boas, J. F.;
(29) (a) Guillaume, V.; Mahias, V.; Mari, A.; Lapinte, Organometallics Bonnyman, J.; Pilbrow, J. R.; Williams, G. A. Am. Chem. Sod 985
200Q 19, 1422-1426. (b) Coat, F.; Guillemot, M.; Paul, F.; Lapinte, C. 107, 1886-1891.
J. Organomet. Chen1999 578 76—84. (32) Connelly, N. G.; Gamasa, M. P.; Gimeno, J.; Lapinte, C.; Lastra,
(30) Meyer, W. E.; Amoroso, A. J.; Jaeger, M.; Le Bras, J.; Wong, E.; Maher, J. P.; Le Narvor, N.; Rieger, A. L.; Rieger, P.JHChem. Soc.,
W.-T.; Gladysz, J. AJ. Organomet. Chen200Q in press. Dalton Trans.1993 2575-2578.

Figure 3. ESR spectra: (a9" PR~ in CH,CI/CICH,CH.CI at 293
K; (b) same as spectrum a, but at 90 K glass; and (c) solid sample of
9+ 2PR~ at 45 K.

A second spectrum of the same sample was recorded at 90
K in the solvent glass. As shown in Figure 3b (middle), it is
more complex due to the presence of trggensors, appropriate
for a pseudo-octahedral geometry around the radical. The
extrapolated valueg{ = 1.9202,g, = 2.0075,g; = 2.2356)
are typical of an iron-centered radiéalhe highgs tensor value,
closer to that for the electron (2.0023) than those of mixed-
valence complexe8ab™ PR~ (gs = 2.3343 and 2.3474%
suggests that the SOMO @1 PR~ is mainly iron-centered and
therefore significantly separated in energy from the next lower-
lying iron-based molecular orbitél. On the other hand, the
much highergs value of 13 (g3 = 2.4857) indicates stronger
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2.5 Table 8. UV—Visible and Near-IR Spectral Data (GEl,
xT (emu K mol 1) 280-3000 nm)
20 compd Dop— 1Ds  Amax(nm) 10 (M~tcmY)
1.5 9 0.382 298 (sh) 40.0
330 (sh) 19.0
1.0 356 (sh) 14.0
9t 2PR™ 0.382 410 27.7
0.5 601 28.7
’ 1087 0.85
0.0 9*"PR~ 0.382 296 (sh) 39.0
’ T (K) 374 (sh) 21.0
05 ] 1 | 1 | 1 388 (sh) 19.0
. 448 (sh) 5.0
0 50 100 150 200 250 300 868 (sh) 5.7
Figure 4. Temperature dependence of the corrected molar magnetic %ggé 33'g4
susceptibilityym (O) for 9% 2PR~. The solid line represents the best :
fit with eq 1.

the extent of magnetic exchange between paramagnetic sites in

interactions between the single electron and electrons of lower-related complexeh.33.36
lying orbitals. The higher SOMO/(SOMO-1) energy separa-
tion in 9t PR~ relative to3ab* PR~ can be attributed to the _ 2. 21 _ =
more electron-rich endgroup;¥CsMes)Re(PPB)(NO) vs (;°- %= (2NGeo 4 )(1 = p)/kgTL3 + exp( ZJ/ka)] *
CsMes)Fe(CO), or (375-CsPhs)Fe(CO}, leading to enhanced (2Nggo ug )pl2ks T+ C (1)
repulsive interactions between the two sets of metal-based d
orbitals. Thus, the reduced anisotropy of theensor Ag = gs The line drawn through the points in Figure 4 represents the
— 01 = 0.3154) would indicate an increased delocalization of best fit for the parameterd, C, and p in eq 1. The value
the SOMO relative tBab™ PRs. calculated for the isotropic constamt, (1/3(@Q1 + g2 + g3)) is

Consistent with certain observations above, the dication 2.10, and the following values can then be extractéttz =
92t 2PRs~ also gave an ESR spectrum. Optimum resolution was —250+ 5 K (J = —175+ 4 cnmr'1), C = 0.00504 0.0002,p
achieved with a powdered sample at 45 K (Figure 3c, bottom). = 0.04+ 0.01. The large negative magnetic exchange coupling
The weak signal intensity suggests that the sin@et Q) state constant (—175 cn1?) indicates tha®?t 2PR~ has a singlet
dominates at this temperature. The two distinct patterns in the ground state. However, the energy gap betweerStise0 and
Ams = 1 and 2 § = 4.3046) regions establish that the ESR 1 states is sufficiently weak (0.35 kcal/mol) that at ambient
active species is a tripleS(= 1), consistent with a diradical  temperature the triplet state is appreciably populated (at 300
with two spins. This excludes a variety of impurities or other K: ST = 37/63). This gives credence to the'b&bauer results
artifactual sources of the signal. The signal is also broader thansuggesting two rapidly equilibrating specigs.
that of 9t PRs~. The width of theAms = 1 signal is similar to 7. UV—Visible and NIR Spectra. The UV—visible and near-
that of a diradical with twdS = 1/, (175-CsMes)(72-dppe)Fe(lll) IR spectra o®"" nPFR;~ are summarized in Table 8. In general,
centers’® The broadening is a consequence of two unpaired 9 and 9* PR~ exhibit absorptions similar to those of diiron
electrons on the molecule, which greatly shortens the relaxationcomplexes8ab and3ab™ PF;~.28 The visible bands " PR;~
time. As the spectrum is not well resolved and the hyperfine (448 nm sh;e 5000 Mt cm™1) and 9" 2PR~ (410, 601 nm;
structure appears to be complex, determination of the spine 27700, 28700 M! cm™) bear a close relationship to those
Hamiltonian parameters was not straightforward. However, a of dirhenium complexeda” PR~ (454 nm sh;e 6400 M1
simulation allows reasonable values for the thigeéensor cm1) and 122" 2PR~ (390, 578 nm;e 39600, 28100 M?!
componentsd; = 2.04,g, = 2.10,g3 = 2.15) and the coupling  cm™). Interestingly, the unsymmetrical diiron compléa™ PR~
constants to rheniumA{ = 30 G,A, = 50 G,A, = 150 G) to gives a very weak intervalence transition in the NIR region

be extracted. (1600 nm;e 360 M~ cm™Y). Thus, we sought to check for a
The spin ground state @* 2PF;~ was further probed on a  similar feature with9* PRs™.
SQUID magnetometét over the temperature range-300 K, As shown in Figure 59" PFs™ in fact exhibits a very broad

using a recrystallized sample. As shown in Figure 4, the molar and weak NIR band. Unfortunately, solvent absorptions could
paramagnetic susceptibility) appears to be dominated by not be completely subtracted. Regardless, this band is absent
intramolecular spin interactions and can be modeled satisfac-in both 9 and 92" 2PF~. With 9" 2P, a weak spir-orbit

torily using the modified BleaneyBowers expression (eq 1) transition characteristic of the Fe(lll) center is also found (2220
including the contribution from angular momentum (spanbit nm; e 110 M~ cm~?).38 The absorption 08" PR~ was fit to

coupling)3® Similar treatments are successfully used to evaluate a Gaussian shape, and key parameters were extracted: 2500
nm, e ca. 340+ 5 M~ cm1,39 Ay, = 2150 cntl. To check

(33) Weyland, T.; Costuas, K.; Mari, A.; Halet, J.-F.; Lapinte, C.

Organometallics1998 17, 5569-5579. (36) Aquino, M. A. S;; Lee, F. L.; Gabe, E. J.; Bensimon, C.; Greedan,
(34) The magnetic moments 6fand 9" PR~ were measured by the J. E.; Crutchley, R. JJ. Am. Chem. S0d 992 114, 5130-5140.

Evans method in CkCl,. The former was diamagnetic, and the latter gave (37) This would also explain why the sample, although paramagnetic at

a value of ca. 1.5, close to that for a single unpaired electron (1.} room temperature, gives only a slightly shiftdd NMR spectrum.

(a) Evans, D. FJ. Chem. Sacl959 2003-2004. (b) Schubert, E. M. (38) This represents a typical LF-metal centered transition of an Fe(lll)

Chem. Educl1992 69, 62—62 radical. These are usually observed in fully oxidized iron alkynyl complexes.
(35) In this equationg is the isotropic EPR valueyg is the Bohr See: Le Stang, S.; Paul, F.; Lapinte,|@rg. Chim. Actal999 291, 403~

magnetonN is Avogadro’s numbelkg is the Bolzman constant, ar@is 425.

the positive temperature-independent contribution for the coupling of the  (39) It was necessary to use a relatively high concentraticd® ¢fF~
ground Kramers doublet with the excited levels through the Zeeman in our Schilenk cell (ca. Z 1073 M). If the linear domain of the Beer
perturbation, see: Kahn, ®olecular MagnetismVCH: New York, 1993; Lambert law is exceeded, the extinction coefficient can be slightly
p 107. underestimated.
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1500 2000 nm 2500 3000 lies lab™ nX~ extrapolates readily to the new conjugal
heterobimetallic systems, and needs no further comment.
However, every physical probe of structure and electronic
ground state presents new issues. In particular, strong electronic
communication between the iron and rhenium endgroups is
evident in all oxidation states & nPR~. As noted above,
Bruce and Berke have described related series of consanguineous
diruthenium and dimanganesg €dmplexes derived frorm and
8.13d.16a However, a detailed discussion of these interesting
homobimetallic systems is beyond the scope of this paper.
The iron and rhenium atoms in neutral comphave 18-
valence-electron coordination spheres. As analyzed above, iron/
7000 6000 5000 4000 cm rhenium communication is best reflected in the IR, electro-
chemical, and Mssbhauer data (Tables 2, 6, ane-pyobes that
apply to other oxidation states as well. To a first approximation,

€
M- cm?)
600

400

200

0

Figure 5. Near/medium IR spectra & nPR~ in CH,Cl,.

Scheme 3.Redox Isomers 09" PR~ the interactions can be viewed as classical substituent effects
through unsaturated linking groups. For example, the data show
) that the rhenium fragment;{-CsMes)Re(NO)(PPH) is less
% w) L % 4% ) electron releasing than the iron fragmenf-CsMes)Fe ;-
ON’r}e—H_Fl\;j e = | ot Ffpj Fre dppe)i?2 but more electron releasing than the carbonyl-

PhsP m

PP v substituted fragmentsy§-CsRs)Fe(CO} (R = Me, Ph)!8

dominant iron radical character dominant henium radical charcter However, we are not aware of any prior systematic studies of
heterosubstituted polyynediyl systems. A recent paper offers
additional detailed comparisons of IR, NMR, WVisible, and
electrochemical properties of the dirhenium complexhigher
homologues with up to 20 carbons, and mononuclear models
(7°-CsMes)Re(NO)(PPE)((C=C).X) (n = 2—6).1°

The radical catio®" PR~ is formally derived from one metal

d with an 18-valence-electron coordination sphere, and another
with a 17-valence-electron coordination sphere. Here, the degree
of electronic communication is most easily quantified, aided

. . : by the extensive literature on other mixed-valence com-
in cm~! using eq 2, wher®yw- is the through-space metal 143 = . .

metal distance (A) and the other terms are as given above. Thispoundé First, 'ghe IR, electrqchemlcal, and'ssbauer data}
formula gave a/u, value of 0.021 eV foBa* PRy, and yields show ffhat the radical has dominant iron characte_r, as depicted
0.019 eV (152 cm?) for 9+ PR;. Both values are quite high by Il in Scheme 3. However, the ESR spectra (Figure 3) show
for class Il complexe& However, much higher values are that substantial coupling to rhenium remains, indicative of some

obtained for class Ill complexes suchlas PRy and1b* PRy~ ground-state delocalization. The near-IR transition represents,
(0.702-0.620 and 0.47 eV) in the context of mixed-valence compounds, a photoinduced

electron transfer from iron to rheniunin other words, an

_ - — 12 excited statdV, with dominant radical character on rhenium.
Vao = 0-0205€ e madAV12) TR ) These data also confirm the locus of the electronic hole on the
more electron rich termini in the conjugal diiron complexes
3abt PR.18
The metal/metal electronic coupling 8t PR, calculated
om the Hush model and eq ¥4, = 0.019 eV), is comparable

that this transition is not originating from a concentration-
dependent ion-pairing mechanigfye verified that its energy
was insensitive to the concentration ®f PR~. Finally, an
analogous band was detected with s@fdPFR;~, but not with
solid 9 and 9°" 2PF;™.

Accordingly, the 2500 nm absorption &f PR~ was assigned
to an intervalence transition. In the case of a weakly couple
or type Il mixed-valence complex, the Hush model applie.
The electronic coupling paramet®g, can then be computed

Physically, theV,, value of 9" PR~ represents the electronic
coupling of the redox isomer$l and IV in Scheme 3. The
former best represents the ground state based upon the man}/r
spectroscopic probes above. The free energy differeNGg)( -
can be approximated by the difference in oxidation potentials © that of3a” PR~ (0.021 eV), but smaller than those of other

between the mononuclear rhenium and iron complégesand homometallic class Il complexes, e.g., diruthenium(lli)
13in Table 6 (0.36 V or 2904 cr#). Equation 3 can then be complexes bridged by 44ipyridine (0.057 eV), isonicotinato

used to calculate the theoretical bandwidth. The value (0.037 eV), and isonicotonamido (0.063 eV) ligaftiEquation
obtained is very close to that observed (1916 vs 2150%m 2 has been W|dq|y appliel put there are potential compl]catlons
In view of the approximations made and the experimental With the resultingVa, values, as recently summarized by

uncertainty in the numbers, this provides a valuable a posteriori N€!Sen® Our data provide several cross-checks that appear to
validation of the use of the Hush treatment to extract the validate the Hush treatment, but further work is underway to

electronic coupling value. better define and interpret these energetic parameters.

2 (42) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiochem 967, 247—
— AGO)] 3) 422. The class I/1I/1ll categories of mixed-valence complexes signify that
the odd electron is (1) localized on one metal, (Il) predominantly localized

(AV1/2)theo = [2300(17

max

Di . on one metal, but that the complex has an energetically accessible state
Iscussion whereby the electron becomes predominantly localized on the other metal,
: : - and (Ill) fully delocalized over both metals.
The e_xperl_ments_detane(_j above thoroughly p_robe the issues (43) Crutchley, R. JAdy. Inorg, Chem1994 41, 273-325.
summarized in the title of this paper. The synthetic methodology  (44) (a) Reimers, J. R.; Hush, N. Borg. Chem199Q 29, 4510-4513.
developed earlier for the homobimetallic consanguineous fami- (b) Chou, M. H.; Creutz, C.; Sutin, Nnorg. Chem 1992 31, 2318-2327.
(45) Patoux, C.; Launay, J.-P.; Beley, M.; Chodorowski-Kimmes, S.;
(40) Goldshy, K. A.; Meyer, T. Jnorg. Chem1984 23, 3002-3010. Collin, J. P.; James, S.; Sauvage, JPAm. Chem. Sod998 120, 3717~
(41) (a) Hush, N. SProg. Inorg. Chem1967, 8, 347—389. (b) Hush, 3725.
N. S.Prog. Inorg. Chem1967, 8, 391-444. (46) Nelsen, S. FChem. Eur. J200Q 6, 581-588
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The degree of iron/rhenium communication in the dication and pentane, distilled from Na/benzophenoneClH distilled from
92t 2PRs~ determines the electronic ground state. As shown in Cak: and purged with argon; MeOH, distilled from Mgénd purged
Scheme 2 (bottom), there are two possible limiting structures. With argon; CICHCH,CI (ESR), distilled from EOs and purged with
One features 17-valence-electrons in each metal coordination@9°n; KF, KPk, and 18-crown-6 (Aldrich>99%, >98%, >99%),
sphere and a butadiynediyl bridge (triplet), and the other 18- °Pened/stored in aglo"ezgxnf(c5H5)2Fer PR, prepared by previ-
valence-electrons and a cumulenic bridge (singlet). Alternatively ously published proceduréSNMR, IR, UV=vis, and LS| mass spectra

. ; - ) . were obtained as described earfie¥?2Cyclic voltammograms were
said, an anti-ferromagnetic coupling of the odd electrons gives recorded as described in Table 6 using a PAR model 263 appartus, a

asinglet ground state, and ferromagnetic coupling gives a triplet SCE reference electrode, and ferrocene as internal calibrant (0.460 V).
ground state. Our present data are best interpreted in the contexk-band ESR spectra were recorded on a Bruker ESP-300E spectrometer.

of a temperature-dependent spin equilibrium between singlet Méssbauer spectra were recorded with a 2.3072 C (9.25 x 108

and triplet isomers, with the former more stable under the

Bq) 5’Co source using a symmetric triangular sweep mSdiéagnetic

conditions examined. Here, the magnetism data (Figure 4) aresusceptibilities were determined with a SQUID instrumentina 0.1 T

particularly crucial, and the Mgsbauer and ESR results provide
additional support.

As noted in the Introduction, magnetism and IR data show
that the diiron compledb?" 2PR~ has a singlet ground state,
but a very low lying thermally populated tripl&t Thus, therm-
ally equilibrating singlet and triplet states may prove to be quite
common in L,M(CC)ML, systems with suitable endgroups
(the ML, fragment must have 16 or fewer valence electrons,
or the cumulenic isomer will violate the 18-electron rule). How-
ever, the dirhenium compleke?™ 2PR~ is purely cumulenic/
singlet in charactéef: Preliminary computational studies confirm
a strong dependence of these equilibria upon the enddfoup.
The singlet state of a model complex fbe* is 8.0 kcal/mol
below the triplet. On the other hand, the triplet state of a model
complex for1b?* is 1.9 kcal/mol below the singlet. Although

field (1000 G)3® Elemental analyses were performed at the Center for
Microanalyses of the CNRS at Lyon-Solaise, France. LSIMS analyses
were effected at the “Centre Regional de Mesures Physiques de I'Ouest”
(C.R.M.P.O., Rennes) on a high-resolution MS/MS ZabSpec TOF
Micromass spectrometer (8 kV).
(7°-CsMes)Fep?-dppe)(C=CC=C)(PhsP)(ON)Re°-CsMes) (9).
A Schlenk flask was wrapped with aluminum foil and charged with
MeOH/THF (2:1, 30 mL), £>-CsMes)Re(NO)(PPK)(C=CC=CSiMe;)
(10, 0.160 g, 0.220 mmoly, (°-CsMes)Fe@?>-dppe)(Cl) (2, 0.136 g,
0.218 mmol®! KPF (0.050 g, 0.270 mmol), and KF (0.015 g, 0.259
mmol). Then 18-crown-6 (0.105 g, 0.398 mmol) in THF (5 mL) was
added with stirring. After 48 h, an orange precipitate formed. The dark
green overlayer was decant®dnd the remaining solid was washed
with MeOH (3 x 5 mL) and pentane (5 mL) and dried by oil pump
vacuum. This gav® as a moderately sensitive orange powder (0.150
g, 0.119 mmol, 65%). It can be further purified by dissolving in toluene
(25 mL), and filtering the concentrated solution through CeliteZ1

the latter energy order does not agree with experiment, the cm) precipitation with pentane affords ca. 95% recovery. Alternatively,
computations provide gas-phase values, and the substantialljjeep red cubic shaped crystals ®CH;Cl, can be grown by slow

increased relative stability of the triplet is correctly reproduced.

diffusion of pentane (layer/layer) into a concentrated,Clslsolution

Together, these data demonstrate that not only strong electroni¢0.100 g, 0.079 mmol, 439%}.Calcd for GgHesFeNORRe CH.Cly:
but also magnetic interactions can be conveyed through the C C, 62.02; H, 5.36; N, 1.05. Found: C, 62.82; H, 5.67; N, 1.14. MS
ligand, and that the degree of the magnetic interaction is decisive(Positive LSI, 3-NBA) 1251 §*, 100%), 589 (¢>-CsMes)Re(NO)-

for the singlet/triplet ratio at a given temperature.
In summary, this work shows that conjugal heterobimetallic

butadiynediyl complexes give rise to consanguineous redox

families with strong electronic communication between the
endgroups. In contrast to its homometallic pardatsPR~ and
1b* PR, the conjugal iror-rhenium radical catior®* PR~

(PPh)(Ca)*, 20%). NMR ¢, CsDs): *H (300 MHz) 8.1-7.8, 7.2-7.0
(2m, 7GHs), 2.69 (br s, 2H of CHCH,), 1.76 (br s, (§(CHs)s)Re, 2H

of CH,CHy), 1.50 (br s, (§(CHs)s)Fe); 13C{*H} (75.5 MHz) 137.8-
124.5 (m, PPh PPh), 121.3, 106.4, 76.7 (3br s, tentatively assigned
to C;C(FC), 99.6 (S, Cs(CH3)5)Re), 87.5 (S,¢5(CH3)5)F6), 31.2 (br

s, CH), 10.4 (s, (G(CHas)s)Fe), 10.2 (s, (6{CHs)s)Re); 31P{H} (121
MHz) 102.9 (s, dppe), 20.9 (s, PPHhOther spectroscopic data are given

presents a less delocalized structure and behaves as a class-ih Tables 1, 2, and 68.

Robin and Day systerit.Thus, despite an apparent polarization

of the bridge structure in all redox states, the electronic
delocalization is not suppressed. Additionally, the structure of
the G ligand in the dicatior®?* 2PFRs~ proves to be strongly

influenced by the magnetic interaction between the endgroups.

Also, trends previously reported for the related compoBais

have been further supported and/or confirmed. The reversible
redox behavior, polarized electronic structures, capabilities for
photoinduced electron transfer, and other properties demon-

strated above illustrate the potential for polyynediyl-derived

organometallics in nanoscale devices, including components for

molecular electronics, molecular magnets, and NLO-active
assemblies. Work is currently underway to further explore,

[(7°-CsMes)Fe(n?-dppe)(C=CC=C)(PhsP)(ON)Re@®-
CsMes)] " PRs~ (9" PFRs™). A Schlenk flask was charged withiff
CsHs)oFe]" PR~ (0.065 g, 0.196 mmol)9 (0.260 g, 0.208 mmol),
and CHCI, (15 mL). The solution was stirred for 1.1 h at room
temperature and concentrated by oil pump vacuum to ca. 5 mL. Pentane
(50 mL) was added. The dark precipitate was decanted, washed with
toluene (2x 3 mL) and pentane (& 3 mL), and dried under vacuum
to give9" PR~ as a dark green powder (0.235 g, 0.168 mmol, 86%).
Calcd for GgHesoFsFeNORRe: C, 58.50; H, 4.98; N, 1.00. Found: C,
58.53; H, 5.09; N, 0.99. Spectroscopic data are given in Tables 1, 2,
and 6-8.

[(n°-CsMes)Fe(p?-dppe)(CCCC)(PhsP)(ON)Re(n°-
CsMes)]?t 2PRs~ (9% 2PFs7). A Schlenk flask was charged withift
CsHs).Fel" PR~ (0.057 g, 0.172 mmolp* PFs (0.245 g, 0.175 mmol),

define, and elaborate the electronic and magnetic properties ofand CHCl (15 mL). The solution immediately turned deep blue-green

these nonsymmetric conjugal systems through additional mea-and was stirred for 3.5 h at room temperature and concentrated by oil
surements, bridge extension, and the construction of tailored PUMP vacuumto ca. 5 mL. Pentane (50 mL) was added. The precipitate

bridge microenvironments. (48) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877-910.

(49) Greenwood, N. NMossbauer SpectroscopZhapman and Hall
London, 1971.

(50) In the case that no precipitation occurs after 48 h, solvent is removed
from the dark green reaction mixture by oil pump vacuum. The dark green
residue is extracted with toluene 45 mL) until the purple extracts become
colorless. The toluene is removed by vacuum and the deep purple residue
is washed with MeOH (4x 5 mL, until the purple washings become
colorless) and pentane (2 3 mL) and dried by oil pump vacuum. The
remaining orange soli@ can then be further purified.

(51) IR data are given in Table 1.

Experimental Section

General Data. All manipulations were carried out under inert
atmospheres. Solvents or reagents were used as follows: TP, Et

(47) Jiao, H.; Gladysz, J. A. Manuscript in preparation. Dicatiba’
and 1b*" were modeled (B3LYP density functional theory) by
CsHs)(NO)(PHs)ReGRe(PH)(NO)(17%-CsHs)] 2™ and [(75-CsHs) (72-HPCH:-
CHPH,)FeCFe(2-HoP CHCH,PH,)(17°-CsHs)]2 .
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was decanted, washed with,8t(2 x 5 mL), and dried under oil pump P = (Fo? + 2FA)/3). Atomic scattering factors were taken from the
vacuum to gived*" 2PFs~ as deep blue-green powder (0.260 g, 0.168 literature®” Ortep views were generated with PLATON-38AIl
mmol, 98%)>! 'H NMR (6, CD.Cl,, 200 MHz) 7.57-6.55 (6m, 7GHs), calculations were performed on a Silicon Graphics Indy computer.
3.8 (br m, 2H of CHCH,), 2.25, 1.20 (2br s, 2H of CiCH,,

(Cs(CHa)s)Re and (G(CHs)s)Fe). Spectroscopic data are given in Tables ~ Acknowledgment. We thank the Center National de la
1, 2, and 6-8. Recherche Scientifique (CNRS), the US NSF, the Deutsche
Crystallography. Data were collected on a cubic crystal &f Forschungsgemeinschaft (DFG, GL 300/2), and NATO for
CH,CI, (above) as summarized in Table®3Cell constants and an support of this research.

orientation matrix were obtained from a least-squares refinement using

25 high+ reflections. After Lorentz and polarization correctighend Supporting Information Available: Complete X-ray crys-
absorption correctionsy(scansf? the structure was solved with SIR- tallographic data for compleQ-CH,Cl, (PDF). This material
97%° which revealed the non-hydrogen atoms and the@itolvate. is available free of charge via the Internet at http://pubs.acs.org.

After anisotropic refinements, a Fourier difference map revealed many
hydrogen atoms. The whole structure was next refined by SHELX- JA0011055

93 by full-matrix least-squares techniques (usé~afquared magni- - -
. L (54) Spek, A. L.PLATON-98 A Multipurpose Crystallographic Tool;
tude;x, y, z 3 for Re, Fe, P, ’;I O,andC aton;s, andy, zin riding Utrecht University: Utrecht, The Netherlands, 1998.
mode for H atoms; calw = 1/[0%(F%) + (0.091P)? + 4.520F], where (55) Altomare, A.; Burla, M. C.; Camalli, G.; Cascarno, G.; Giacovazzo,
C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R.1..Appl.
(52) Fair, C. K.MolEN. An Interactive Intelligent System for Crystal Cryst 1998 31, 74-77.
Structure Analysis; ENRAF-NONIUS: Delft, The Netherlands, 1990. (56) Sheldrick, G. M.SHELX-93 Program for Refinement of Crystal
(53) Spek, A. L.HELENA Program for Handling of CAD4-Diffracto- Structures; University of Gtingen: Gitingen, Germany, 1993.
meter Output SHELX(S/L); Utrecht University: Utrecht, The Netherlands, (57) Reidel: D.nternational Tables for X-ray Crystallographitynoch
1997. Press: Birmingham, 1974; Vol. IV.




