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Topological Effects on Intramolecular Electron Transfer via Quantum Interference
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The three isomers of diferrocenylbenzenes (orflipmeta,1m; para,lp) as well as 5-substituted derivatives of
mediferrocenylbenzene with R NH; (2), Cl (3), CHs (4), CN (5), NO; (6), and N(CH)3** (7) have been prepared.
Crystal structures ofo, 3, and5 have been solved. 18and5, the cyclopentadienyl rings are nearly parallel to
the benzene mean planes with angles ranging from 9.98¢3)4.74(5). One ferrocene group is above and the
other below the mean molecular plane. Eorthere is an important twist between the benzene and cyclopentadiene
rings (68.6(8) and 32.5(8)) for steric reasons. Controlled potential electrolysis yields the mixed-valence ferrocene/
ferrocenium species in comproportionation equilibrium with homovalent species. Intervalence transitions have
been observed and corrected from comproportionation. From the intervalence band parametersnetadtal
couplings Vap) are calculated using Hush’s equation. The values are much highdof(®.025 eV) andlp

(0.043 eV) than forlm (0.012 eV) and exhibit little or no variation for the substituteeliferrocenylbenzenes

2—6. These results are rationalized by extendeakdl molecular orbital calculations. The weakness of the
interaction inlm can be ultimately traced to a quantum Interference effect, i.e., a cancellation of the contributions
of two electron transfer paths. This cancellation occurs because each path implies a mixing of metal orbitals
with a different ligand orbital, and the resulting molecular orbitals exhibit different symmetries.

Introduction Thus in 1983, Richardson and Tadbeported the marked
difference in behavior between ruthenium complexes bridged
Intramolecular electron transfer can be monitored by the study by either 1,3-dicyanobenzene or 1,4-dicyanobenzene (i.e., meta
of intervalence transitions occurring in mixed-valence com- ,spara isomers). A wealu, coupling occurred in the former
plexes! Inthe frame of a general study about electron transfer with respect to the latter, and more generally, when the
and molecular switching;# we have been interested in deter- substituent position was changed systematically, an “alternation
mining the factors responsible for the interaction between two effect was found, which was expected on the basis of general
metal atoms connected through a bridging ligand. This interac- experience with the transmission of electronic effects through
tion is currently characterized by thé, parameter, which has  conjugated bond system&”.In the same spirit, Hunteet al
the dimension of an energy, and corresponds to the effectivehave found a stronger interaction for para-disubsituted organo-
coupling between metal localized orbital¥a, can be obtained =~ metallic complexes than for meta isomérsjthough these
from the position, intensity, and width of the intervalence authors focus mainly on the wave splittinde, > (equivalent to
transition which occurs genera”y in the near infratéd. AEO) between the redox processes associated with the twd sites.
In 1993, we described the peculiar properties of the 2,7,9,-
10-tetraazaphenanthrene ligand for which Yhg coupling is
lower than would be predicted from simple superposition rules
based on the topology of the ligafdThis showed that adding
a new branch in a given ligand does not necessarily increase
the coupling, a fact reminiscent of the classical properties of

Interesting behaviors can be expected whereoupling
is small as a result of cancellation effects, because one could
expect a great sensitivity to small perturbations. This could be
the basis of a switching process basedjoantum interference
In fact, such effects have been foreshadowed in the literature.
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(1) See, for instance, the reviews by Crutchley and Creutz: Crutchley R. (7) Chukwu, R.; Hunter, A. D.; Santarsiero, B. D.; Bott, S. G.; Atwood,
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(4) Ribou, A.-C.; Launay, J.-P.; Sachtleben, M. L.; Li, H.; Spangler, C. medium?” The present paper is mainly devoted to the study.pf
W. Inorg. Chem.1996 35, 3735-3740. couplings.
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interferometric devices. This was attributed to the existence
of two coupling channels with different symmetry properties.
A related effect has been theoretically studied by Ra¢hex.,

who showed that inclusion of hon-nearest-neighbor interactions
(which is equivalent to adding a new coupling channel) changes
the pattern of resonance and interference effécts.

The influence of several parallel electron transfer paths also
has been studied by Beratat alll in the case of protein
electron transport. Finally, in recent years, Paddon-Boal12
have shown that topological interference can explain the peculiar
electron transfer properties of polynorbornyl bridges. A detailed
analysis based on the parity rule (couplings are algebraic
quantities with alternating- and — signs when the number of
relays on a given pathway increases) shows that destructive
interference may occur when there is “crosstalk” between two
parallel paths. Although their analysis concerns specifically
coupling througho bonds, it bears similarity to the present
problem wherer couplings are involved.

We have thus undertaken an experimental and theoretica
study of the effect of topology on intramolecular electron
transfer. The studied compounds contain ferrocene groups,
which proved convenient for the spectroscopic detection of weak
interactions in the mixed-valence stateln addition, the
chemistry of ferrocene is well-known and versatile enough to
yield a large variety of products.

In the present paper, we first describe intervalence transitions
andVy, couplings in diferrocenylbenzenes with ortho, meta, and
para connection (compounds, 1m, 1p, Scheme 1). This
allows a preliminary study of the influence of topology on
electron transfer. Then, starting from the structure nef
diferrocenylbenzenel(m), we study the influence of a third
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group R introduced in the 5-position, givirgJ(R = NHy), 3
(R=CI), 4 (R=CHz), 5 (R=CN), 6 (R=NO,), and7 (R

= N(CHjz)3"), this list being arranged more or less in the order
of increasing Hammet parameters, i.e., from strong donors to
strong acceptors.

The results are then interpreted in the frame of molecular
orbitals via a four-level model. After identification of the
specific molecular orbitals of the bridging unit which determine
the coupling, we show that a cancellation happens, which
explains the weakness of the couplings in meta isomers. This
observation is in agreement with a destructive interference effect
occurring during the charge transfer process through the meta
isomer ligand. The conditions to observe this quantum interfer-
ence effect are developed.

Results and Discussion

1. Syntheses. Since poor results were obtained by the
Bachmann-Gomberg-Hay'® reaction between ferrocene and
phenylenetetrazonium salts,a longer route, involving an
aromatic, palladium-catalyzed cross-coupling reaction, was
selected.

A first approach was to react dihalobenzenes with ferroce-
nylzinc chloride, in the presence of Pd(RRHi.e., Negishi's
conditiond® ). Good results were obtained for tipediferro-
cenylbenzenelp), but the reaction failed for the orthd.@)
and meta1m) isomers. Difficulties in scaling up the prepara-
tion of monobromoferroceAg precursor of the organozinc
reagent free of 1,idisubstituted ferrocene prompted us to look
for another method.

The air-stabl& ferrocenylboronic acid, conveniently prepared
in one step from ferrocené|is a suitable reagent for the Suzuki

(13) (a) Little, W. F.; Reilley, C. N.; Johnson, J. D.; Lynn, K. N.; Sanders,
A. P.J. Am. Chem. S0d.964 86, 1376-1381, (b) 1382-1386. (c)
Little, W. F.; Nielsen, B.; Williams, RChem. Ind.1964 195. (d)
Roe, A; Little, W. F.J. Org. Chem1955 20, 1577-1590.

(14) Schoutissen, H. A. J. Am. Chem. S0d.933 55, 4531-4534.

(15) Lee, M. T.; Foxman, B. M.; Rosenblum, Nbrganometallics1985
4, 539-547. Chambron, J.-C.; Coudret, C.; Sauvage, Né&w J.
Chem.1992 16, 361—367. Negishi, E. I.; Takahashi, T.; King, A. O.
In Organic Synthese$reeman, J. P., Ed.; John Wiley: New York,
1993; Collect. Vol. 8, pp 430434.

(16) Fish, R. W.; Rosenblum, Ml. Org. Chem1965 30, 1253-1254.

(17) Upon standing, ferrocenylboronic acid is slowly converted into an
insoluble material. Esterification with diols is a well-known procedure
to stabilize boronic acids without changing their reactivity in Suzuki's
cross-coupling reactio#?:

(18) Sawamura, M.; Sasaki, H.; Nakata, T.;
1993 66, 2725-2729.
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aromatic cross coupling, in a DME/aqueous NaOH mixture Table 1. Crystallographic Data for and Refinement Parameters of

using PdCJ(dppf) as catalyst, as shown by Rehatial 1° Four 10,3, ands
new diferrocenylbenzenes have been obtained by reacting this lo 3 S
ester with various dihalobenzenes (Scheme 2). The reaction formula GeHooFe CoHnFeCl  CyHxFeN
proceeds well for the electron deficient dibromobenzenes, giving fw (g mol™) 446.16 480.60 471.16
the chloro 8) or nitro (6) derivatives in 64% yield, and its ~ SPace group Pcab F2y/n P1
efficiency is only slightly decreased for the electron rich ;e('}l‘)) (©) 5126(1) 211 92(1) 2142 702(1)
3,5-dibromotoluene: the methyl derivatidés obtained in 52% b (A) 9.909(1) 8.022(3) 13.389(1)
yield. Even the sterically hindereddiiodobenzene reacts under ¢ (A) 41.87(1) 17.40(1) 14.330(1)
these conditions, and the previously unknowdiferrocenyl- a (deg) 90 90 109.50(1)
benzene 10) has been obtained, albeit in poor yield (8%). £ (deg) 90 97.59(5) 90.77(1)
However, this strongly basic aqueous reaction mixture is not 7 (deg) 90 90 113.37(1)
: . , V(A3 3911(1) 2065(2) 2078(4)
suitable for readily hydrolyzable substituents, and the preparation 8 4 4
of the cyano derivativé required anhydrous conditions such  F(o0) 1840 984 968
as those developed by Suzdki.By using KsPO, as the base cryst size (mm) 0.8,0.2,0.2 0.4,0.4,0.1 0.8,0.7,0.3
in dry DME, we have been able to obtain compounid 52% A (A 0.71069 0.71069 0.71069
yield. Non commercially available 1,3-dibromobenzenes were #(MoKa) (em™) — 1.49 1.55 1.4l
prepared by bromination of the appropriate aniline (4-ami- ﬁ;a“ggguﬁmé refins 154221 1'355571 1'55301
nobenzonitrile) followed by reductive deamination (4-amino- o of obsd refins 1409 2863 4080
3,5-dibromobenzonitrile, 2,6-dibromo-4-nitroaniline, and 2,6- weighting scheme  Chebyshev  unit unit
dibromo-4-chlorobenzene) using standard procediires. R 0.059 0.037 0.042
Once the ferrocene group has been introduced into the R’ 0.052 0.040 0.047
molecular framework, classic functional group interconversion €9 dens (e —0.7,+0.69 —0.38,+0.52 —0.79,+0.45
reactions such as the almost quantitative ;N@duction by AR = Y ||Fo| — IFcll/YIFol. PRy = [IW(|Fo| — |Fcl)2ywW|Fo|Y2.

hydrazin@? and amine permethylatio?? have been used to

prepare compounds bearing the electron-donating amino group |n 3 and5, one ferrocene group is above and the other below

(2) or the electron-withdrawing trimethylammonium groi) ( the mean molecular plane. The cyclopentadienyl rings are

(Scheme 3). _ nearly parallel to the benzene mean planes with angles ranging
All of the new diferrocenylbenzenes have been thoroughly ¢, 9.99(5) to 14.74(5j. In contrast, the steric constraints

characterized by standard techniques. As expe¢tédiMR between the two ferrocene units in the ortho derivativeand

spectra show that protons on the benzene ring are sensitive to .
the electron-withdrawing influence of the substituent on the In_particular between H(24) and C(10), C(11), and C(14)

5-position of the ring, leading to an increase of their chemical (dlstances 2'619(8)’ 2.872(8), and 2.756(8) A, regpectlvely),
shifts. This effect is weakly transmitted to the ferrocenyl groups. N"créase the twist angles between the benzene ring and the
A typical charge transfer absorption of the arylferrocene Ccyclopentadiene rings (68.6(8)and 32.5(8)). This steric
chromophor# around 450 nm is observed for all compounds repulsion has no effect on the planarity of the phenyl ring itself,
and is remarkably independent of the 5-substituent. Mass but maintains C(10) 0.151(5) A above the benzene ring, whereas
spectrometry shows the expected fragmentation of ferrocenyl C(20) is slightly below this ring by 0.037(5) A, with a torsion
derivatives, that is, a successive loss of cyclopentadienyl andangle C(10)-C(100)-C(101)-C(20) of 7.55(8). In all three

iron. compounds, the interannular C(C(phenyl) distances (1.466-
2. Crystal and Molecular Structures of 10, 3, and 5. The (8)—1.49(1) A) are identical within experimental errors, which
molecular structures in the solid statelaf 3, and5 have been  indicates little influence of conjugation between the aromatic

established by single-crystal X-ray diffraction analyses. Crys- rings. An important conjugation between the nearly coplanar

tallographic data and parameters for structure refinements arégjectron-releasing ferrocenyl group and the electron-withdrawing
given in Table 1, while selected bond lengths and torsion angles panzonitrile part in5 would have shortened the C(Cp)

are given in Table 2. Figures 1, 2, and 3 show respectif@ly o (,henyl) bond in comparison with the more perpendicular
3, and one of the two molecules of the asymmetric uni at cégfom?a)tion in10.25 P berp

a probability level of 30%.

(19) Knapp, R.; Rehahn, Ml. Organomet. Chenl993 452, 235-240. (23) Sandler, S. R.; Karo, WOrganic Functional Group Preparations,
(20) Watanabe, T.; Miyaura, N., Suzuki, Synlett1992 207—210. 2nd ed.; Academic Press: London, 1983; Vol. 1, p 386.
(21) Furniss, B. S.; Hannaford, A. J.; Smith, P. W. G.; Tatchell, A. R. (24) Toma, S.; Gaplovsky, A.; Hudecek, M.; LangfelderovaManatsh.
Vogel's Textbook of Practical Organic ChemistBth ed.; Longman Chem.1985 116, 357—364.
Scientific & Technical: Harlow, 1989; pp 909 and 94844. (25) See, for example: Roberts, M. G.; Silver, J.; Yamin, B. M.; Drew,
(22) Sessler, J. L.; Mody, T. D.; Ramasamy, R.; Sherry, ANBw J. Chem. M. G. B.; Eberhardt, UJ. Chem. Soc., Dalton Tran4988 1549-

1992 16, 541-544. 1556.
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Figure 1. Molecular structure oflo.

Figure 2. Molecular structure 08.

Table 2. Selected Bond Lengths and Torsion Angles
Interannular C(Cp}C(phenyl) Bond Distances (A)

1o C(10)-C(100) 1.49(1) C(26YC(101) 1.48(1)
3 C(10)-C(100) 1.471(5) C(26)C(102) 1.468(5)
5 C(10)-C(100) 1.466(8) C(26)C(102) 1.485(8)
C(30)-C(200) 1.474(8) C(46YC(202) 1.475(8)
Torsion Angles between the Linked Cp and the Phenyl Mean Planes (deg)
1o phenyl C(100) to C(105)
Cp ring C(10) to C(14) 68.6(8)
Cp ring C(20) to C(24) 32.5(8)
3 phenyl C(100) to C(105)
Cp ring C(10) to C(14) 12.35(5)
Cp ring C(20) to C(24) 14.74(5)
5 phenyl C(100) to C(105)
Cp ring C(10) to C(14) 14.55(5)
Cp ring C(20) to C(24) 9.99(5)
phenyl C(200) to C(205)
Cp ring C(30) to C(34) 25.71(5)
Cp ring C(40) to C(44) 6.84(5)
3. Electrochemical Results. Except for theo- and p- procedure?®
diferrocenylbenzene, for which the beginning of a splitting is . . .
observed, a single oxidation wave appears whatever the Fc—Fc+ Fc'—Fc” = 2Fc-Fc
technique used. Coulometric measurements indicate that this 2
wave is bielectronic, thus confirming again the compounds’ K = [Fc—Fc] 1)
formulas. c [FC_FC][FC+_FC+]

Since for each compound the mixed-valence species is in . . _ .
equilibrium with the homovalent ones (eq 1), in order to get Profiles of the differential-pulse voltammograms are simulated
the mixed-valent complex absorption spectrum, we first deter- with a home-made program to get the two redox potentials, i.e.,

mine the comproportionation constaty, adapting a literature ~ E°1 (Fc—Fc/Fc—Fc) andE®, (Fct—Fcf/Fc—Fct) of the two
closely spaced processes. Th&tan be computed following

(26) Richardson, D. E.; Taube, thorg. Chem.1981, 20, 1278-1285. eq 2, whereAE® = E°, — E°; and F is the Faraday constant.
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Figure 3. Molecular structure ob.

. AE°F Table 3. Redox Potentiafsand K. Value$ for
Ke= eXF{ RT ) (2) Diferrocenylbenzenes and Their Substituted Derivatives
compd E°; (mV) E°2(mV) Ke
Results for the diferrocenylbenzene isomers are summarized 1o 387 518 160
in Table 3. For solubility reasons, thediferrocenylbenzene 1p 386° 490 60
(1p) redox potentials have been determined in CH@$tead 1m 398 488 35
of CHsCN. 2 379 478 50
Itis known thatK; values depend on several energetic factors. z31 ggg i%g gg
Among them, the electrostatic interaction between the redox 5 459 538 20
centers, strongly related to their distance, was believed to make 6 471 558 30
the major contributiod” As expected, the ortho isoméio 7 466 551 30

shows a higheK, value than the para one. However, the meta  apy gifferential pulse voltammetry with curve fitting, in GBN
isomerlm, in which the Fe-Fe distance is intermediate, gives containing 0.1 M NByPF;, unless otherwise noted. Values with respect
rise to the smalledt; value. This indicates that the electrostatic to SCE.P From eq 2.6In CHCls.

interpretation is not sufficient to explai. variations.

For the different substitutedr+diferrocenylbenzenes, elec- of which were precipitation of a brown solid and a dramatic
trochemical results are also displayed in Table 3. In Figure 4 color change from deep-green to brown. Such a phenomenon,
have been plotted thelf®; andE®, values against the Hammett  which occurs in various solvents, such as;CH, DMF, CHs-
parametersn.?® As expected, the more electron-withdrawing CN, has been scarcely described in the literature. The role of
the substituent is, the more anodic the potentials of the two O, has been suspectétias well as the ferrocenium reactivity
couples are. Note that tlg, parameters used here are primary toward nucleophilic species (i.e., halide ions), and its stability
constants describing both inductive and resonance effects. Thisin various solventd! To circumvent this difficulty, we designed
kind of dependence was in fact already reported many yearsa new type of air-tight electrochemical cell, allowing cell content
ago by Hohet al® and Little et al.*3 transfers to be realized undanaerobic conditionsalthough

For all cases, th&E® values remain small; thus all th&; one performs an electrochemical oxidation. With this apparatus,
values fall in the same range, from 21.7 (CN) to 47.8 {NH  and using CHCN as solvent, decomposition is only slowed
With this topology, a substituent dependence, albeit weak, is gown, and quick electrolyses with a minimal number of stops
observed, thus showing that an “electronic” influence of the paye to be performed. Typically, from a 50-mL stock solution,
redox centers’ bridging unit on the comproportionation constant gjy g-mL fractions were used consecutively. Each fraction was
cannot be ruled out. . , electrolyzed, and only three spectra were recorded: the initial

4. Intervalence Bands and ExperimentaVa, Couplings. one, an intermediate one for a giver0 < n < 2, and the final
Determination of the experimental coupling paramétgrhas one for complete oxidation. The experiment was then renewed
been achieved by spectroelectrochemistry using a previously, iih a fresh fraction for a new value of n. Around half-

described procedufe.A stepwise coulometric titration was oxidation, only the spectrum which displays the most intense

3 L1 i is— . . .
perfolrge(g on ari_a. 2 x 1? mok-L S?'”:'On’ ang Lé\’gv'ts ¢ intervalence band was used. This procedure yielded correct
near Ik absorption Spectra were regularly recorded by trans e'r'spectrophotometric measurements even for the fully oxidized
ring part of the electrochemical cell content into a UV cuvette stage

for different values oh (n being the average number of electrons )
removed, 0< n < 2). Then, the pure valence-mixed complex spectrum was ex-

However, upon passing the half-oxidation point, a quick tracted from the experimental one, by subtracting the homovalent
decomposition process was observed, the most striking featuresSPeCies spectra weighted by their respective proportions using

(27) Sutton, J. E.; Taube, Hhorg. Chem.1981, 20, 3125-3134. (30) Oxygen-induced ferrocenium decomposition has been reported but with

(28) Maskill, H. The Physical Basis of Organic Chemistr@xford no mechanism proposition. See: Yang, E. S.; Chan, M. S.; Wahl, A.
University Press: Oxford, 1985; pp 26203 and 442443. C.J. Phys. Cheml975 79, 2049-2052.

(29) Hoh, G. L. K.; McEwen, W. E.; Kleinberg, J. Am. Chem. So&961, (31) Prins R.; Korswagen, A. R.; Kortebeek A. G. T. &.0Organomet.

83, 3949-3953. Chem.1972 39, 335-344.
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Figure 5. Spectra of the different forms dfp recorded in CHGt (a) starting form Fe-Fc; (b) fully oxidized form F¢—Fct; (c) half-oxidized
solution (mixture of homovalent and mixed-valence forms); (d) pure mixed-valence forfRd=c

the previously determine#. value. An example of such a
treatment is given in Figure 5. Deconvolution of the interva-
lence band (partly overlapped by a ferrocenium absorption) is 2.05x 102 —
performed using an already described home-made program. Vap= WV €maBW1/2Vmax 3)
This givesemax vmaxand BWi 2, (respectively molar extinction

coefficient, wavenumber at the maximal absorbance, and half-

calculate theVa, coupling constant, using eqg°3.

; ’ - ; i Note that, in eq 3, the definition of theyy distance can
height band width). Finally, the through-space intermetallic r5ise some difficulty, an&ww should probably be replaced by
distanceRwwm is determined either from crystallographic data the difference in electron centroids in the ground and excited
or by molecular modeling using PC-Mod@lhoth being in good

agreement. With all these parameters, gathered in Table 4, we(32) PCMODEL Serena Sofware, Box 3076, Bloomington, IN 47402-3076.
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Table 4. Spectroscopic ResuttgPosition? Extinction Coefficient, and WidtH of the Intervalence Transitions) and Experimehtaid
Theoreticdl Va, Couplings

Vab (eV)
compd Vmax (cm™2) €max (M~-cm™2) BWy2(cm™2) exptl calcd

lo 6540+ 620 91+ 5 6750+ 230 0.025+ 0.002

1p 7450+ 18C° 620+ 2C¢ 4906+ 16° 0.043+ 0.001 0.0768
1m 8290+ 100 46+ 5 4040+ 140 0.013+ 0.001 0.0110
2 5360+ 600 29+ 3 7725+ 45 0.011+ 0.001 0.0079
3 8340+ 100 32+ 3 4590+ 150 0.011+ 0.001 0.0107
4 8170+ 120 56+ 5 4440+ 50 0.015+ 0.001 0.0108
5 8710+ 580 28+ 3 5220+ 500 0.012+ 0.002 0.0117
6 8380+ 180 35+ 7 5780+ 360 0.013 0.002 0.0122
7 9000+ 600 32+5 4770+ 500 0.012+ 0.002 0.0113

a]n CH3CN containing 0.1 M NBKPF; unlesss otherwise notetlFrom spectral simulatiorf.From eq 3.9 Calculated for planar conformations
only. ¢In CHCls.

Vab (eV)
0,05
O calc
i A exp
0,041
0,031
0,021
LA 4 4
0,01 4 O & *
[m]
0,00 T T T T T T
-0,2 -0,0 0,2 0.4 0.6 0.8 1.0 1.2

o

Figure 6. Vi, couplings against Hammett parameter: experimental and theoretical values (from exténéletiddlculations).

states’®® However, in the present case where wave functions in competition with the trapping of the charge on one of these
are strongly localized on metal d orbitals, and since we are two sites by the progressive distortion of their coordination
mainly interested by comparisons, this distinction does not sphere and environment. At this crossing pafif = h vay/2.
matter. Note thatVa, can also be obtained from the avoided crossing
Vap couplings are shown in Figure 6 as functions of the  between adiabatic potential energy curves (the energy splitting),
Hammett parameter arranging substituent groups from strongbecause diagonalizing the Hamiltonian at the crossing point
donors to strong acceptors. There is clearly a great influencebetween the diabatic curves is equivalent by the effective
of the nature of the isomer of diferrocenylbenzene on the Hamiltonian Technique to extracting,343% Before analyzing
coupling value, the lowest value being obtained for the meta in detail the time evolution of an electron transfer process in a

disposition. For the substituted compounds of ihefamily, multibranched ligand to interpret thé,, variation observed
no systematic variation can be experimentally detected, taking experimentally, we need to identify the specific energy levels
into account the uncertainty of the measurements. (channels) of the ligand participating in the transfer for our

5. Vap Couplings: a Rationalization. Electronic coupling particular class of compounds.

is the key parameter describing the efficiency of the molecule  5.1. Molecular Orbitals Controlling the Couplings. The
to perform intramolecular electron transfer. It was measured diferrocenyl compounds can be formally decomposed into a free
here indirectly by the intervalence transition, but corresponds ligand of the bis(cyclopentadiene) type and two iron atoms.
to a process occurring normally at the crossing point of Hush  Metal orbitals of the @2 type can overlap with C(2p) orbitals
Marcus curves. At this crossing point, we have demonstrated of = symmetry of the bridgehead carbon atoms of the cyclo-
elsewhere thaVy, is given by the fundamental frequeney, pentadienyl rings (see Figure 3).Then the interaction of the
of the back and forth oscillation process of the charge through filled and empty orbitals of the ligand with iron orbitals raises
the ligand between the two metal si#sThis oscillation occurs  the degeneracy between symmetry-adapted linear combinations
of the metal orbitals. In the final diagram, there is an electron
(33) Oh, D. H.; Sano, M.; Boxer, S. G. Am. Chem. So¢991, 113 6880~ hole in the pair of ¢, orbitals for the mixed-valence

6890. Reimers, J. R, Hush, N. S. Mixed Valency Systems:  .qmn0,nd6 ThusV,pis determined from the energy splitting

Applications in Chemistry, Physics and Biolodrassides, K., Ed.;
Kluwer Acad. Publ.: Dordrecht, 1991; pp290. Cave, R. J.; Newton,

M. D. Chem. Phys. Letll996 249 15-19. Karki, L.; Lu, H. P.; Hupp, (35) Waitellier, S.; Launay, J.-P.; Joachim,Chem. Phys1989 131, 481—
J. T.J. Phys. Chem1996 100, 15637-15639. 488.
(34) Joachim, C.; Launay, J.-P.; Woitellier,Ghem. Phys199Q 147, 131~ (36) Boukheddaden, K.; Linares, J.; Bousseksou, A.; Nasser, J.; Rabah,

141. H.; Varret, F.Chem. Phys1993 170 47-55.
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Figure 7. Overlap of gz—y type metal orbitalsZ taken as the main
axis of the ferrocene group) with C 2pridgehead orbitals in the case
of 1p.

E (eV)

Fep complex L

-12

Figure 9. Interaction diagram foim. The vacant ligand orbitals are
too high in energy and not represented.

— 37 (bu)
/ Fe

-9r cﬁ; > final MO (79) has very small weights on the ligand as a result

of cancellation effects. It is slightly stabilized with respect to

pure metal orbitals.

The+ + combination of metal orbitals interacts mainly with
ligand orbital 38 (the interaction with a vacant ligand orbital of
the same symmetry, 35, is possible but can be neglected due to
a large energy gap). Since orbital 38 is filled, a net destabiliza-
tion occurs, giving MO 76. The shape of orbital 76 shows
indeed an appreciable contribution coming from ligand 38.

Thus the electronic interaction is due to the different
perturbations experienced by the+ and+ — SALCs of Fe
orbitals when they mix with the ligand orbitals.

-10

11

76
+ + _’,(aﬂ_, /"H" 38 (ag)
e $2vap

Meta Isomer. A similar analysis can be performed for the
meta isomer €, point group). Here also, all MO can be
classified using their symmetry properties with respect @ a
axis (see Figure 9). The crucial ligand orbitals are then 38 (a

symmetry) and 39 (b symmetry), which present almost the same
energies and very similar weights on the bridgehead carbon
atoms. Thus they interact in almost the same way with-
and+ — SALCs, giving the final MO 76 and 77. Consequently,
their energy difference is very small, corresponding to a very
smallVa Here the vacant ligand orbitals are too high to mix
efficiently.

Effects of Substitution on the Meta Isomer. While no clear

(see Figures 8 and 9). In the following, only the case of para Variation ofVy, with the substituent can be proved experimen-
and meta isomers will be discussed, because in their structuredally, theoretical calculations predict a modest increase of the
the conjugated systems are more or less planar, while for thecoupling when passing from a donor substituent gNté an
ortho isomerlo a severe deviation to planarity occurs, which acceptor one (N§), as shown in Table 4 and Figure 6.
precludes a simple orbital interpretation. (Curiously, this tendency does not carry on for the strongly
Para Isomer. For the para isometp (Con, point group) the ~ accepting N(Ch)s™ group.) This small variation could be
interaction diagram is shown in Figure 8. The two metal orbitals understood by a detailed examination of MO 76 and 77. Thus
able to mix with the ligand are of theady? type. For the Fe in unsubstitutedn-diferrocenylbenzene, MO 76 is slightly above
fragment, they give the two symmetry-adapted linear combina- 77. MO 76 has practically a node on carbon atoms 2 and 5 for
tions (SALCs) 2Y2(de_2 + de—y2) and 2V(de_2 — de_y?), symmetry reasons, while 77 has a strong contribution from C(2)
which are quasi-degenerate, taking into account the weaknesgnd a minor one from C(5) (see Figure 10). Consequently, the
of the direct metat metal overlap. These SALCs will be noted introduction of a donor or acceptor substituent in position 5
“++” and “+ —" in the following and are respectively  can change slightly the energy of MO 77, but not of 76. With
symmetrical (g) and antisymmetrical (p with respect to the @ donor group such as NHMO 77 is lifted, and thusVap
C, axis of the molecule (see Figure 8). Then each of the SALCs decreases. Conversely, with an acceptor group like, WD
“selects” ligand orbitals of the same symmetry to interact. It 77 is stabilized, and the energy gap with 76 increases.
should be noted that some ligand orbitals have almost no weight Finally, since one of the MO defining the coupling has a
on the bridgehead carbon atoms and, thus, play no role in thestrong contribution from C(2), the effect of substitution on this
interaction. position should be appreciable, and higher than for a substitution
The + — combination of metal orbitals interacts with the in the 5-position. However, it is not easy to introduce
filled orbital 41 and the empty 37 of the free ligand. Thus the substituents in this position for obvious steric reasons, and in

-12r - 41 (bu)

Fez complex L

Figure 8. Interaction diagram fodp. + + and + — designate the
symmetry adapted linear combinations of iroa-@ orbitals. L is the
bis(cyclopentadienyl)benzene ligand.
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MO=76  (B3a) E=-11.502

MO=77 (B8a) E=-11.524

Figure 10. Shape of MO 76 and 77 iim. The contributions of the
outer cyclopentadienyl rings are not shown. The contribution of C(5)
to MO 77 is too small to be drawn.

addition, they could introduce an additional direct coupling path
in the electron transfer process.
5.2. Quantum Interference Interpretation. The weakness

of the interaction in the meta isomer is due to a cancellation
effect: the interaction with one ligand orbital alone (either 38
or 39) would give a nonzend,, but the simultaneous presence

of the two coupling paths with different symmetries destroys
the overall coupling. This is strongly reminiscent of an

interference effect and can be understood by the time dependen
analysis of the through-bond charge transfer process. In the

following, a detailed comparison will be made between two

model systems: a three-state system, for which no quantum

interference can occur, and a four-state system, for which
guantum interference is possible.
The simplest quantum system to model a through-bond

Inorganic Chemistry, Vol. 36, No. 22, 1995045

3-state
12>
’ \
/ \
B AE Y
la> / \ Ib>
4-state
13>
YA SRkl N
;v Yoy
1B B
la> 1, AE; | AE3 \} Ib>

Figure 11. Energetic models of a three-state and a four-state system.
B, v, andd are the couplings whilAE, AE,, andAE; are the differences

in energy when the electron (or hole) is localized either on the terminal
sites or on the bridge.

bridging part. The basic parameters are tiAdfy the energy
difference between the terminal and ligand states,/addy,

the couplings at each end of the ligand. To make the link with
the MO model at the monoelectronic levglandy are taken
proportional to the coefficients of the ligand MO on the
bridgehead carbon atoms, and in particular theyadgebraic
guantities which introduces the possibility to describe different
symmetries of the ligand states.

The four-state system presented in Figure 11 can be used to
model substituted molecules of tHam family, taking into
account the existence of two coupling channels with different
symmetries (ligand MO 38 and 39). The two ligand states are
taken of almost equal energy, and a phase shift can be generated
by choosingd = —y on one of the two intermediate states.
This will define the phase-modulated branch in which one can
in principle play with the energy of this level or the coupling
amplitude to control the influence of this dephasor branch.

We now compare the time evolutions when,tat 0, the
systems are prepared in stgi#l From the time-dependent
Schralinger equation, one computes thgg(t) probability
amplitude to reach statid’ (note thatgy(t) is a complex
guantity carrying a modulus and a phase). The details of
calculation are given in the Appendix. Tham(t)|? represents
the probability at timet for the system to reach stafiel] and
this quantity is plotted as a function of time in Figure 12,
enabling a direct comparison of the two systems. Usually one
recognizes an oscillating behavior characterized by a funda-
mental frequencya, governing the secular evolution of the
transfer proces¥ Vg is then simply given bWa, = hvay2.

The time evolution of the three-state system is given in Figure
12a. The calculation shows thgi(t) itself contains a time-
independent prefactor 2y/(8% + ¥?). This prefactor is also
interesting to consider even if not experimentally accessible in
an intervalence band measurem&ntWheny = 44, which is
the case here because we consider symmetrical systems, this
time-independent prefactor is maximum giving rise to a resonant
transfer procesqydjy(t)|2 can reach unity even if staf@llis not
at the same energy as stateSland |b[).3” But there is ar
phase shift between the = 8 and they = —f cases. This
phase shift is not observable (i.e., has no consequenciggs-on
(1|9 in a three-state system since there is only one open electron

(37) Sautet, P.; Joachim, @.Phys. C: Solid State Phys988§ 21, 3939~
3957. Note that in this paper the probability is denotgt), but
corresponds actually timy(t)|2 here.

electron transfer process is the three-state system (Figure 11)(38) The intervalence band intensity is determined by the frequency of the

each level representing the total molecular energy for initial,

final, and intermediate states during the transfer process, i.e.

for an electron or hole localized either on the ends or on the

main component in the time evolutidgy(t)|2, but does not depend
upon the time-independent prefactor. To obtain the latter, it would be

) necessary to follow in real time the dynamic evolution of the system,
by ultrafast laser techniques.
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To summarize, the consequence of an interference effect in
a ligand is the variation 0¥,, depending on the coupling sign
and energy in one branch compared to the others. Thus the
AE; andAE; parameters are related to the energy of the ligand
orbitals such as 38 and 39. Although the frequency of the
oscillation process,, changes when the two coupling paths
are simultaneously present, one recognizes the basic behavior
of an interferometer. The main difference with a macroscopic
interferometer is that adding one branch to a quantum system
not only introduces a possibility of interference but also modifies
all its quantum states, i.e., its characteristic frequencies. This
means that the superposition operation, which is the basis of
conventional interference, is more difficult to trace, the fre-
guency of the oscillation process through the intermediate states
being also changed. The important result is nevertheless the
following: since the oscillation frequenay, determinesVap,
which itself determines the intensity of the intervalence transi-
tion, there is indeed, under certain conditions fulfilled by the
ligand orbitals, an extinction of an experimental signal when
the two branches contribute to electron transfer.

Conclusion

The series of the three isomets, 1m, and 1p of diferro-
cenylbenzene shows a strong influence of the molecular
topology on the electroni¥/y, coupling. This is particularly
evident when comparingm and 1p which exhibit planar
geometries, and for which electron transfer can occur only via
through-bond coupling. This difference in coupling is rational-
ized by molecular orbital calculations at the extendedkél
level. For compounds of them family, the effect of substitu-
tion in the 5-position is not detected experimentally, although
extended Haokel calculations predict a very small effect.

The weakness of the interaction Im can be ultimately

TIME /107 s traced to a quantum interference effect, i.e., a cancellation of
Figure 12. Time evolutions|gs(t)|? for the three-state (a) and four-  the contributions of two electron transfer paths, each one
state (b) systems. Parameters for g:= 0.4 eV; AE = 3.0 eV corresponding to a coupling with a given ligand orbital. This
corresponding td/, = 0.05 eV. For b:g =y = 0.4 eV;6 = —0.4 concept seems at first sight surprising because the frequency

eV, AR, = 2.7 eV, AE; = 3.3 eV. of charge oscillation is modified when the two paths are present.
transfer channel via statel] However, for more than one open  But at the same time, the probabilitgs(t)|2 of the charge
channel, this phase shift has observable consequences as showansfer process changes, too, which is the true signature of an
below. interference.

The four-state system evolution is shown in Figure 12b. It Although the influence of substitution is minor in the present
can been obtained either from numerical calculation or from case, this thorough analysis of the coupling mechanism could
an analytical solutiof? depending on the input parameters (see help in the design of more efficient systems to control
Appendix). When the conditiong = 3, 6 = —y, andAE; = intramolecular electron transfer.

AE; are approached, the time-independent prefactogy)|?
does not go to 0. But the fundamental frequency of the processExperimental Section

goes t0 0, that isVay is very small (see F!ggre 12fzompared Materials. All solvents and chemicals for synthesis were com-
with the three-state system and for similar parameters, the ye(cially available of reagent grade quality and were used without any
period is much longgr At the same time all the independent  fyrther purification except as noted below. Tetrahydrofuran (THF) and
amplitudes of the sinusoids combine in such a way that their diethyl ether were freshly distilled from sodium benzophenone.
sum goes to 0 befongy, equals 0 (note that this does not happen Dimethoxyethane (DME) was passed over neutral alumina prior to use.
for & = y). This is clear evidence that the dephasing branch Petroleum ether refers to the fraction boiling from 35 t¢60 Solvents
acts at the same time on the mixing and on the frequency of were removed on a rotary evaporator at water-aspirator vacuum, and
the elementary time processes involved in the transfer. Ex- 'émaining traces were then removed on a vacuum pump. Experiments
perimentally, this is the sharp decreasegf(and thus oNay) involving air- or water-sensitive reagents were carried out using standard
with a smalié variation which is characteristic of an interference  >C1eNk tube techniques under an argon atmosphere. For electrochem-
istry, acetonitrile was from Merck (Uvasol), while CHGlas passed

effect, one branch being the dephasor. This is fortunate because, | | mina.

without this quantum phenomenon of changing all the quantum  \ethods and Instrumentation. UV—vis—Near IR spectra were
states of a system by only modifying one of its elementary taken on a Shimadzu UV-3100 spectrophotomefét.NMR spectra
parameters, the only possibility to prove an interference effect were recorded on a Bruker WF-250 spectrometer and processed with
would have been to follow experimentally the time evolution the program SwaN-MR2 Chemical shifts were measured with

of the system during the transfer process, which is much more reference to the residual solvent signals. Mass spectra (El and FAB,
demanding than just measurivgy NBA matrix) were recorded on a Nermag R10-R10 spectrometer.

(39) Joachim, C. Unpublished calculations. (40) Balacco, GJ. Chem. Inf. Comput. Sc1994 34, 1235-1241.
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s), 4.69 (4 H, s), 7.33 (4 H, s). Mass spectrum (Et)iz= 446 (100,
e o M). Anal. Calcd for GHoFe: C, 69.98; H, 4.98. Found: C, 69.34;
/@QA H, 4.88.
2-Ferrocenyl-1,3,2-dioxaborolane (9). To an ice-cooled (OC)
solution of ferrocene (8 g, 43 mmol) in THF (40 mL) in a Schlenk
tube was addetBuLi (1.7 M in pentane, 25.3 mL, 43 mmol) slowly
A = via a syringe. The resulting suspension was stirred at this temperature
,/ for 10 min and then allowed to warm to room temperature for 30 min.
‘T The mixture was cooled te 78 °C, and B(OBuj (13.9 mL, 51.6 mmol)
y was slowly added via a syringe. After 10 min-a¥8 °C, the solution

% was stirred fo 2 h atroom temperature and hydrolyzed with 10 mL of
% 5% HCl at 0°C. Ether was added, and the mixture was filtered through
3 a Celite pad. The organic layer was separated from the filtrate, washed
) by with brine, and dried over magnesium sulfate and solvents were
% evaporated. Chromatography on neutral alumina gave ferrocene (with
U toluene as eluent) and ferrocenylboronic acid (toluene/MeOH, 95/5).
'L. V77 The latter was dissolved in toluene (100 mL) with ethylene glycol (2.4
mL, 43 mmol), and the solution was heated under reflux for 2 h. The
solution was filtered on paper, the solvent was evaporated, and the
solid was dried under vacuum to give an orange, fluffy and stable solid.
Yield: 53%. IH NMR (CDCl): 6 4.14 (5 H, s), 4.32 (4 H, s), 4.41
(2H,t,J=15Hz),4.42 (2 H, tJ = 1.5 Hz). Mass spectrum (El):
m/z = 256 (100, M). Anal. Calcd for GH.13BFeQy: C, 56.25; H,
5.08. Found: C, 56.67; H, 4.94.
3,5-Dibromobenzonitrile (11). 4-Aminobenzonitrile (3 g, 25.39
mmol) was dissolved in glacial acetic acid (15 mL) in a 500-mL

Electrochemical measurements were performed with an Electromat 2000Erenmeyer, and the solution was ice-cooled. Bromine (2.62 mL, 50.79
system (ISMP technology). For all electrochemical techniques, the mmol) was added to the suspension and the mixture _aIIowed to warm
reference electrode was a saturated potassium chloride calomel referenct® "00m temperature. Precipitation of the crude 4-amino-3,5-benzoni-
electrode (Tacussel) separated from the nonagueous solution by arffile (10) was obtained upon addition of,8 (300 mL). After being
intermediate compartment. Water and-@bntamination were neg- ~ rémoved by filtration, washed with water, and air-dried, it was used
ligible for the time scale of the experiments. Cyclic voltammograms Without any further purification for deamination.
was obtained using a platinum disk (1 mm diameter) as the working In a 100-mL round-bottom flask, 4-amino-3,5-dibromobenzonitrile
electrode and a platinum wire as the auxiliary electrode. Linear and (ca 25.39 mmol) was dissolved in hot EtOH (20 mL), and 95% H
differential-pulse voltammetry were carried out using a rotating platinum SO (2.61 mL, 50.78 mmol) was added to the boiling solution. After
electrode (Metrohm) at 1000 rpm. The pulse parameters were asremoval of the oil bath, powdered sodium nitrite (2.63 g, 38.08 mmol)
follows: amplitude, 48 mV; duration, 50 ms; interval between pulses, Was added. The solution was stirred for 15 min and heated under reflux
0.2 s. Differential pulse voltammograms were simulated with a home- until gas evolution stopped. The suspension was then cooled@ 0
made program taking into account the pulse amplitude, ta\§tand and the solid was filtered off and rinsed with a minimum amount of
Ke. EtOH and then ED. Purification of 3,5-dibromobenzonitrild {) was
Coulometric investigations were performed under argon in a three- achieved by column chromatography on silica gel eluting with
electrode four-neck cell improved in the laboratory (Figure 13): the Petroleum ether/CkCl, (50/50) followed by recrystallization from
reference electrode and the counter electrode (a platinum spiral) wereEtOH. Yield: 94%. 'H NMR (CDCl): 6 7.73 (2 H, d,J = 1.75
separately immersed in the solvent (§CH#) containing the supporting ~ H2), 7.91 (1 H, tJ = 1.7 Hz). Mp: 100°C (lit.* mp 96.5°C).
electrolyte (0.1 M tetrabutylammonium hexafluorophosphate recrystal- ~ 3,5-Dibromochlorobenzene (12).The same procedure allowed us
lized twice from ethanol) and isolated from the bulk solution by a glass to obtain 3,5-dibromochlorobenzene from 2,6-dibromo-4-chloroaniline.
frit. The working electrode was a platinum grida( 2 cn? area). The crude product was purified by column chromatography on silica
Coulometry was typically performed on an 8-mL scale. In the last gel eluting with petroleum ether/GBI, (97/3). Yield: 68%.'H NMR
side arm of the cell was inserted a Teflon tubing, dipping in the solution, (OMSO-ds): 6 7.91 (2 H, d,J = 1.65 Hz), 7.98 (1 H, t) = 1.7 Hz).
and connected to a degassed 10-mL syringe via the spectrophotometridvip: 98 °C (lit.*? mp 99.5°C).
flow-cell located in the spectrophotometer. Transfers of the solution  3,5-Dibromonitrobenzene (13). The same procedure allowed us
to the spectrophotometer were obtained by pumping the electrochemicalto obtain 3,5-dibromonitrobenzene from 2,6-dibromo-4-nitroaniline. The
cell content into the UV cuvette with the syringe. Once the spectrum crude product was purified by column chromatography on silica gel
was recorded, the UV cell content was returned to the electrochemical eluting with petroleum ether and recrystallized from EtOH. Yield: 71
cell by pushing backward the syringe plunger. %. *H NMR (DMSO-ds): 0 8.50 (1 H, t,J =1.65 Hz), 8.52 (2 H, d,
1,4-Diferrocenylbenzene (1p). Monobromoferroceri€ (773 mg, J=1.6 Hz). Mp: 104°C (lit.** mp 104.5°C). Mass spectrum (El):
2.92 mmol) was converted into ferrocenyllithium in ether (50 mL) at m/z= 281 (100, M). Anal. Calcd for €43Br.NO,. C, 25.64; H, 1.07;
—78 °C with ‘BuLi (1.7 M in pentane, 4.12 mL, 7 mmol), and the N, 4.99. Found: C, 25.67; H, 1.16; N, 4.77.
solution was allowed to warm to room temperature for 40 min. Ether  Standard Procedure for the Cross Coupling under Aqueous
was then removed on the vacuum line and replaced by THF (12 mL) Conditions. Dihalobenzene (4 mmol), 2-ferrocenyl-1,3,2-dioxaboro-
followed by the addition of a solution of Zn£(400 mg, 2.92 mmol) lane (2.05 g, 8 mmol), and the catalyst (bis(diphenylphosphino)-
in THF (3 mL). The resulting solution was stirred at room temperature ferrocene)palladium(ll) chloride (65 mg, 0.08 mmol) were placed in a
for 30 min. In a three-neck round-bottom flask, equipped with a Schlenk tube equipped with a magnetic stirring bar. Then, DME (30
magnetic stirring bar and a condenser, 1,4-diiodobenzene (463 mg, 1.4mL) and aqueous sodium hydroxide (16 mL of 3 M) degassed with
mmol) and tetrakis(triphenylphosphine)palladium (77 mg, 0.067 mmol) argon were added. The Schlenk was tightly closed with a greased glass
were dissolved in THF (10 mL). The ferrocenylzinc chloride solution cap and the solution heated to reflux for 48 h. After coolingQH50
(2.92 mmol) was then transferred via a cannula into the diiodobenzenemL) and CHC} (200 mL) were added to the mixture. The organic
solution. The mixture was stirred at room temperature for 17 h and layer was separated, washed withGH and dried over magnesium
heated under reflux for 1 h. The reaction was quenched with 70 mL
of 10% HCI, and the solid, which is_very poorly soluble, was extracted (41) Bogert, M. T.; Hand, W. FJ. Am. Chem. S0d.903 25, 935-947.
with 150 mL of CHC}, washed with HO, and recrystallized from (42) Hurtley, W. H.J. Chem. Soc1901, 79, 1293-1305.
CHCls. Yield: 57%. 'H NMR (CDCl): ¢ 4.09 (10 H, s), 4.36 (4 H, (43) Koerner, W.Gazz. Chim. I1tal1874 4, 305-446.

\]

Figure 13. Electrochemical cell used for spectroelectrochemistry.
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sulfate. Solvents were removed, and the crude product was purified an orange solid was extracted with hot £ (50 mL). To this

by column chromatogaphy on silica gel, eluting with petroleum ether/
dichloromethane (90/10), and recrystallized from hexane/dichlo-
romethane.

1,3-Diferrocenylbenzene (1m)from 1,3-dibromobenzene. Yield:
58%. H NMR (CDCl): 6 4.06 (10 H, s), 4.33 (4 H, ] = 1.66 Hz),
4.67 (4 H,tJ=1.7Hz), 7.2 (1 H, ddJs; = 6.34 Hz,J4» = 8.71 Hz),
729 (1 H,dJ=144Hz), 7.39 (1 H, tJ = 1.69 Hz), 7.57 (1 H, t,
J=1.6 Hz). Mass spectrum (El)m/z= 446 (100, M). Anal. Calcd
for CosHoFe: C, 69.98; H, 4.98. Found: C, 69,83; H, 5.06.

1,2-Diferrocenylbenzene (10)from 1,2-diiodobenzene. Yield: 8%.
H NMR (DMSO-ds): 6 4.15 (10 H, s), 4.18 (4 H, t} = 1.83 Hz),
4.28 (4 H, t,J = 1.84 Hz), 7.35 (2 H, ddJs1 = 5.80 Hz,Js» = 3.39
Hz), 7.87 (2 H, ddJq. = 5.85 Hz,Js, = 3.38 Hz). Mass spectrum
(El): m/z= 446 (100, M). Anal. Calcd for gHxFe: C, 69.98; H,
4.98. Found: C, 69.99; H, 4.71.

3,5-Diferrocenylchlorobenzene (3):from 3,5-dibromochloroben-
zene (2). Yield: 64%. *H NMR (DMSO-ds) 6 4.05 (10 H, s), 4.40
(4 H,t,J=1.83Hz),4.96 (4 H,t) = 1.83 Hz), 7.37 (2 H, dJ =
1.46 Hz), 7.62 (1 H, tJ = 1.47 Hz). Mass spectrum (El)n/z= 480
(100, M). Anal. Calcd for ggH2:CIFe: C, 64.94; H, 4.37. Found:
C, 64.81; H, 4.07.

3,5-Diferrocenylnitrobenzene (6):from 3,5-dibromonitrobenzene
(13). Yield: 64%. H NMR (CDCl): 6 4.08 (10 H, s), 4.42 (4 H, 1,
J=1.90 Hz), 4.74 (4 H, tJ = 1.90 Hz), 7.80 (1 H, tJ = 1.56 Hz),
8.08 (2 H, d,J = 1.63 Hz). Mass spectrum (El)m/z= 491 (100,
M). Anal. Calcd for GeH2:FeNO,: C, 63.58; H, 4.28; N, 2.85.
Found: C, 63.98; H, 4.36, N, 2.82.

3,5-Diferrocenyltoluene (4): From 3,5-dibromotoluene. Yield:
52%. H NMR (CDCL): 6 2.37 (3 H, s) 4.08 (10 H, s), 4.33 (4 H, s),
4.67 (4 H,s),7.08 (2H,s),7.38(1H,s). Mass spectrum ()=
460 (100, M). Anal. Calcd for &H.Fe: C, 70.43; H, 5.22.
Found: C, 70.23; H, 5.05.

3,5-Diferrocenylbenzonitrile (5). A stirred suspension of 3,5-
dibromobenzonitrilel1l (750 mg, 2.87 mmol), 2-ferrocenyl-1,3,2-
dioxaborolane9) (1.47 g, 5.75 mmol), anhydrous powdered potassium

phosphate (1.675 g, 7.9 mmol), and (bis(diphenylphosphino)ferrocene)-

palladium(ll) chloride (42 mg, 0.058 mmol) in argon-degassed DME

solution was added potassium hexafluorophosphate (119.8 mg, 0.651
mmol), and the product was precipitated by addition g®dH200 mL)

and filtered off on a glass frit. The solid was dried under vacuum
with P,Os and used without any further purification. Yield: 92%il

NMR (CDsCN): 6 3.58 (9 H, s), 4.13 (10 H, s), 4.48 (4 H, s), 4.95 (4

H, s), 7.54 (2 H, s), 7.79 (1 H, s). Mass spectrum (FABY= 504

(200, M").

X-ray Structure Determinations of Compounds 1o, 3, and 5.
Single crystals oflo, 3, and 5 were grown by vapor diffusion
(dichloromethane/diethyl ether). Diffraction data were collected at 24
°C on an Enraf-Nonius CAD-4 diffractometer, using graphite-mono-
chromated Mo K radiation § = 0.710 69 A .w—26 scanning mode).
Lattice parameters and orientation matrices were determined by least-
squares analysis of thé@angles of 25 reflections. The structures were
solved by direct methods (SIR¥2)and successive Fourier syntheses
and refined by full (forlo and3) or block (for5) matrix least-squares
refinements owF? with the CRYSTALS program® For 3 and5, the
data were not corrected for absorption, but fay, an absorption
correction was carried out using the DIFAB$rogram. Foi8 and5,
unit weights were used throughout. Flo, in the final stages of the
refinement, to each reflection was assigned a weight calculated from a
Chebyshe¥/ series with three coefficients (5.061.02, and 3.87). Non-
hydrogen atoms were refined with anisotropic displacement factors.
Hydrogen atoms were placed geometricatlfd—H) = 0.98 A, fixed
temperature factors 0.06 A2), their positions being recalculated after
refinement cycle. Neutral atom scattering factors and their anomalous
dispersion corrections were taken from timernational Tables for
X-ray Crystallography*® lllustrations were obtained with the CAM-
ERON packagé? all calculations were performed on an IPC Pentium
100. Crystallographic data and the parameters of structure refinements
are given in Table 1. Selected bond lengths and torsion angles are
given in Table 2.

Molecular Orbital and Vap, Calculations. Molecular orbitals were
calculated at the extended "ekel level for symmetrized planar
geometries using the CACAO prografhwhich allows an easy
visualization of the orbitals. Iron parameters were as follows: exp4s
= 1.58; coulds= —9.1; expdp= 0.98; couldp= —5.32; exp3dl=

(28 mL) in a tightly closed (greased glass cap) Schlenk tube was heatedd-35; coul3d= —11.46; c1= 0.53659; c2= 0.66779; exp3d2- 1.8.

to reflux for 48 h. After cooling, saturated aqueous potassium chloride
(50 mL) and CHC{ (250 mL) were added to the mixture. The organic

From molecular orbital calculation¥a, couplings were determined as
described elsewhetefrom the splitting between orbitals with high

layer was separated, washed twice with saturated aqueous potassiuri/€ights on the metal atoms and opposite symmetries.

chloride, and dried over magnesium sulfate. Solvents were removed,

and the crude product was purified by column chromatogaphy on silica
gel, eluting with petroleum ether/dichloromethane (60/40), and recrys-
tallized in hexane/dichloromethane. Yield: 52%4 NMR (CDCly):
04.07 (10 H, s), 4.40 (4 H, t| = 1.90 Hz), 4.67 (4 H, tJ = 1.90 Hz),
753 (2H,dJ=1.65Hz),7.71 (1 H,t)=1.72 Hz). Mass spectrum
(El): m/z= 471 (100, M). Anal. Calcd for &HFeN: C, 68.79;
H, 4.46; N, 2.97. Found: C, 69.41; H, 4.26; N, 2.93.
3,5-Diferrocenylaniline (2). In a 30-mL glass test tube equipped
with a magnetic stirring bar, 3,5-diferrocenylnitrobenzes)g {00 mg,
0.204 mmol) was dissolved in hot EtOH (6 mL) and 10% Pd/C (4 mg)
was added to the solution. Then a solution of 55% aqueeHs ($7.6
uL, 1.02 mmol) in EtOH (1 mL) was added dropwise aséVolved.
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Appendix. Calculations of |gy(t)|? for Selected Systems

The calculation ofgy(t)|?> can be done analytically by solving

The black suspension was stirred at room temperature for 15 min, heateddirectly the time-dependent Schiinger equation for a limited

under reflux for 10 min, cooled down, and then diluted with C{CI
(25 mL) in order to dissolve any organic product. The catalyst was
removed by filtration through a Celite pad. Solvent removal gave
crystalline 3,5-diferrocenylaniline?, which was used without any
further purification. Yield: 96%.H NMR (CDCl): 6 3.6 (1.6 H,
broad), 4.07 (10 H, s), 4.30 (4 H,d= 1.6 Hz), 463 (4 H,t) = 1.5
Hz), 6.67 (2 H, dJ = 1.25 Hz), 7.06 (1 H, s). Mass spectrum (El):
m/z= 461 (100, M). Anal. Calcd for &H.sFeN: C, 67.68; H, 4.99;
N, 3.04. Found: C, 67.65; H, 4.76; N, 2.86.
(3,5-Diferrocenylphenyl)trimethylammonium Hexafluorophos-
phate (7). A stirred suspension of 3,5-diferrocenylanilirg) (100 mg,
0.217 mmol), powdered sodium carbonate (70 mg, 0.651 mmol), and
methyl iodide (81uL, 13 mmol) in a mixture of CHCN (3 mL) and
CH;OH (3 mL) in a Schlenk tube was heated to reflux for 2 days.
Then, more methyl iodide was added (81, 13 mmol), and heating
was continued for 6 days. After cooling, solvents were removed and

number ofn-state systems. In the case of the three-state system
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Electron Transfer via Quantum Interference
presented in Figure 11, this solution can be written
lgy(D)12 = 28%% (5% + y*) '[1 — cos,t) cos,t) +
A, sin(w,t) sin(,t) — A, sinf(w,t)]

with, for the amplitudes,
A, = AE[AE* + 482+ y%)] 2 and

A, =2(5% + yIAE* + 487+ )]
and, for the frequencies (with = 1),

w,=AE2 and w,= 0.5[AE?+ 4(8 + y9)]*?

One example of the time evolution of a three-state system
using this solution is provided in Figure 12a for a specific

selection of the controlling parameteys, ¢, AE).
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with, for the amplitudes,
A =X,AE? and A,=X,AE?
X = (367 + ) + ((36° + 0% — 45%(B — 0))"”
Xp = —(3°+ ) = (BF° + 07" — 4B°(B — 0))"*
and, for the frequencies (with = 1),
w, = (AE2)(1—2A)" and w,= (AE/2)(1— 2A)"

The time evolution presented in Figure 12b corresponds to a
four-state system with a selection of controlling parameters (

For the four-state system, Figure 11, analytical solutions can v, 6, AE,, AEs) demanding a calculation of the solution via
be obtained in a limited number of cases. For example, for the computed diagonalization of the corresponding Hamiltonian.

AE; = AE3 = AE andy = $, this solution is given by
19:(01% = 208 + BOY (X = X)L+ A1 — 2A) " x

sim(wqt) + A1 — 2A,) " sin(w,t) — cos,t) cos,t) —
(1 —2A) Y41 — 2A) Y sin,t) sin(,t)]

Supporting Information Available: A figure depicting the second
molecule in the asymmetric unit of compoubl page). Three X-ray
crystallographic files, in CIF format, are available on the Internet only.
Ordering and access information is given on any current masthead page.
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