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Utilization of binary information encoded in the charge configuration of quantum-dot cells (the quantum-dot cellular
automata, QCA, paradigm) requires molecule-sized dots for room temperature operation. Molecular QCA cells are
mixed-valence complexes, and the evaluation and functionalization of an unsymmetrical heterobinuclear, two-dot,
Fe—Ru molecular QCA cell is described. The solid state structures of trans-RuCl(dppm),(C=CFc) (1) (dppm =
methylbis(diphenylphosphane), Fc = (7>-CsHs)Fe(°-CsH,)) and mixed-valence [trans-RuCl(dppm)(C=CFc)][BF]
(1a) as well as XPS and spectroscopic data suggest class Il behavior suitable for the intended application. Utilization
of the trans-Cl position of 1 permits functionalization for surface binding. Two “tailed” complexes of 1, trans-Ru-
(dppm)2(C=CFc)(C=CPhOCHj3) (2) and trans-[Ru(dppm),(C=CFc)(N=CCH,CH,NH,)][PF¢] (3), have been prepared
and characterized. The solid state structure of 3 and multinuclear NMR experiments define the structures. In addition,
the spectroscopic properties of all complexes and their mixed-valence species are used to define the effect of the
substituent “tail” on mixed-valence properties. Further, the electrochemistry of these compounds permits assessment
of the extent of perturbation of the substituents on the comproportionation constants and overall electrochemical
stability. The complexes possess properties necessary for candidate QCA molecules.

Introduction shrink, state energy differences and operating temperatures
increase. Molecular scales-2 nm) are required for room
temperature QCA operatiérMolecular-sized QCA cells are
mixed-valence complexes, and the chemical properties of

Quantum-dot cellular automata (QCA), a new architecture
for computation, are based on encoding binary information
in the charge configuration of quantum-dot céfi3An ideal X
QCA cell consists of four quantum dots positioned at the mixed-valence complgxes have been well studfed. )
corners of a square or two double-dot cells arranged side by However, not all mixed-valence compounds are suitable
side. Tunneling of two extra mobile electrons between [OF QCA application. A two-dot QCA molecule must have

neighboring sites of the cell constitutes switching between (1) @ stable mixed-valence state with a comproportionation

the two degenerate states. The interaction between QCA cell£onstant of at least #0(2) strong coupling between the redox

is sufficient to enable general purpose computing. QCA has C€Nters (to permit rapid exchange of the charge between the
now been demonstrated in micron-sized metal cells, wires, WO Sites); (3) capability of functionalization for surface
and majority gate$.Switching of a single electron in a  Pinding in ordered arrays; (4) a good preparative route from
double-dot cell can control the position of a single electron read_lly accessible ;tartlng rr_1ater|als; and (5) klnetlc_stablllty
in another double-dot cellHowever these metal dot tunnel  "€lative to degradation reactions. Although symmetrical cells
junction cells only operate at 80 mK as state energy &€ needed for “wires” and logic elements, an unsymmetrical

differences are very small. As sizes of dots and junctions WO-dot cell with states of unequal stability constitutes a
useful tool for testing whether mixed-valence complexes
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Recently complexes containing ferrocene, especially het-
erobimetallic complexes, have attracted attention for ap-
plications in the area of material scierfc& The Fe(ll) center
in ferrocene is an ideal redox center. Indeed, the Fe(ll)/Fe-
(11 couple serves as a common reference in electrochem-
istry. The introduction of another transition metal in close
proximity to the metallocene via a conjugating linker
provides architectural flexibility and the fine-tuning of
properties required for our applicatiomans RuCl(dppm)-
(C=CFc), 1, dppm= methylbis(diphenylphosphane), Ec
(7°-CsHs)Fe(°-CsHy), is a hetero-bimetallic, unsymmetrical
Ru—Fc complex which was first reported by Colbert ettt
This complex displays two redox couples in its cyclic
voltammogram (CV). However, the facts that the assignment

of the two CV waves changed between the first and second

publications, the solid state structures of neutral complexes,

monocations, and dications are not known, and the molecule,

as is, is not functionalized for surface binding led us to revisit
the system.
In this study, we have reproduced the preparatiori of

Li et al.

samples were prepared as KBr pellets. NMR spectra were measured
on a Varian 300 MHz instrument. Mass spectra (FABvere
recorded on a JEOL JMS-AX505HA mass spectrometer from a
matrix of p-nitrobenzyl alcohol. Elemental analyses were conducted
in the M-H-W Laboratories. Cyclic voltammetric measurements
were performed on a BAS Epsilon-EC using a Pt working electrode,
Pt-plate counter electrode, and Pt-wire pseudo-reference electrode.
Tetrabutylammonium tetrafluoroborate (TBABK0.1 M) was used
as the supporting electrolyte. All measurements are referenced to
ferrocene. X-ray photoelectron spectroscopy (XPS) was carried out
using a Kratos Analytical ESCA system with Mgokadiation at
1253.6 eV. The takeoff angle was fixed at®°9®owder samples
were mounted on sample stubs with conductive carbon tape. The
binding energies for each peak were referenced to the C 1s peak at
284.6 eV.

trans-RuCl(dppm),(C=CFc) (1). Following the literature method,
to a stirred solution of Fc&CH (0.10 g, 0.48 mmol) in CkCl,
(30 mL) were addedis-RuChk(dppm} (0.452 g, 0.48 mmol) and
NaPFk (0.232 g, 0.6 mmol). After 4 h, the resultant red-brown
solution was filtered. DBU (8@L) was added, and the red-brown
solution changed immediately to orange. After it was stirred at room
temperature for another 2 h, the reaction mixture was dried under

and determined the solid state structures of the neutral andvacuum. The resulting red-brown solid was dissolved in a minimum

monocation (mixed-valence) complexes. We have also
synthesizedtrans-Ru(dppm)}(C=CFc)(G=CPhOCH) (2)
and fransRu(dppm)(C=CFc)(N=CCH.CH,NH,)][PFg] (3)
which are suitable for binding to surfaces. The structures,

spectroscopic properties, and electrochemistry of these
n

complexes and their mixed-valence species are reported i
order to evaluate the extent of perturbation of the surface
binding tail of the complex on mixed-valence properties. The
following papef® reports surface attachment and surface
electrochemistry of3 and its chemical conversion into a
surface-bound, mixed-valence complex for ultimate use in
QCA devices.

Experimental Section

General. Syntheses were carried out under dry argon using
standard Schlenk methods. All procedures were carried out in the

dark as much as possible (flasks and NMR tubes were wrapped in

aluminum foil). All solvents were distilled prior to use. F=CH
and cis-RuChL(dppm} were synthesized following the methods
reported in the literatur®:1NaPF, DBU (1,8-diazabicyclo[5.4.0]-
undec-7-ene), and HECPhOCH were purchased from Aldrich
and were used as received. Visible spectra were recorded on

on Thermo Nicolet Nexus 670 FT-IR spectrometer. IR spectra were
recorded on a Perkin-Elmer Paragon 1000 FT-IR spectrometer, an
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Beckman DU-7500 spectrophotometer. NIR spectra were recorded

of CH,CI, and run through a column charged with,@. The
product was eluted with ether. Removal of the solvent yielded an
orange solid. Recrystallization from GEl,/ether gave orange
crystals suitable for X-ray diffraction (0.165 g, 32%). IR (cih
2074 (G=C). 3P (CDCh): —5.03 (s).™H (CDCl): 7.1-7.6 (m,
40 H, Ph), 4.8-5.0 (m, 4H, CHP), 3.76 (t, 2H, GH,), 3.66 (s,
5H, GHs), 3.40 (t, 2H, GHy).

trans-[RuCl(dppm) 2(C=CFc)][BF 4 (1a). [FcH][BF4] (28 mg,
0.1 mmol) was added to RuCl(dppst§=CFc) (0.112 g, 0.1 mmol)
in 20 mL of CH,Cl,, which resulted in an immediate color change
from orange to blue. The reaction mixture was stirred at room
temperature for 2 h, and then the solution was dried under vacuum
to give a purple solid. The purple solid obtained was washed with
10 mL of ether three times and dried in a vacuum. Needle purple
crystals suitable for X-ray analysis were obtained by crystallization
from CH,Cl,/hexane (0.092 g, 78%). IR (KBr): 1998 cin
(C=C). FAB*" (nitrobenzyl alcohol matrixym'z. 1114 (M —
BF4]"), 905 (M — BF4; — (C=CFc)]"), 869 (M — BF, —
(C=CFc)— CII").

trans-Ru(dppm),(C=CFc)(C=CPhOCHj3) (2). [RuCl(dppm}-
(C=CFc)] (0.112 g, 0.1 mmol), H&C(CsH4)OCH; (20uL), NaPFy
(0.017 g, 0.11 mmol), and NE{40 uL) were stirred in CHCI,
(20 mL) for 12 h. The resultant brown solution was filtered, and
BU (20 uL) was added into it. The color changed from brown to
orange immediately. The mixture was stirred for anothd and

as dried under vacuum. The product was purified by running
through a A}Os column using CHCly/ether (2:1) as eluent. Golden
needle crystals were obtained from §Hy/ether (0.019 g, 15%).
Anal. Calcd for RuFefOC;1Heo: C, 70.41; H, 4.96. Found: C,
70.35; H, 5.02. IR (cm?): 2062 (G=C). 3P (CDCE): —2.5 (s)*H
(CDCly): 7.0-7.8 (m, 40 H, Ph), 6.5 (d, 2H, PhO), 6.1 (d, 2H,
PhO), 4.8-5.0 (m, 4H, CHP), 3.8 (t, 2H, GH,), 3.74 (s, 3H,
OCHg), 3.70 (s, 5H, GHs), 3.54 (t, 2H, GH,4). FAB™ (nitrobenzyl
alcohol matrix)m/z. 1201 ([M]*), 1070 ([M— (C=CPhOCH)] "),
869 ([M — (C=CPhOCH) — (C=CFc) — CI]").

[trans-Ru(dppm),(C=CFc)(N=CCH,CH NH)|[PF¢] (3). [RuCl-
(dppm}(C=CFc)] (0.060 g, 0.053 mmol) and TIR{.02 gg, 0.058
mmol) were stirred in CkCl, (10 mL), and N=CCH,CH,NH, (40
uL, excess) was added. The resultant suspension was stirred in room
temperature for 15 h. The resultant orange suspension was filtered,
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Scheme 1. Preparation ofransRu(dppm}(C=CFc)(G=CPhOCH) (2)

NEt;
A
P\/P _ NaPFg  Al,O4
Fc—==—Ru-Cl *HC=C OCH3—— — = Fc
PP CH,Clp

and the orange filtrate was dried under vacuum. The orange powder
obtained was washed with ether and recrystallized fromGIj#
ether to give orange crystals suitable for X-ray diffraction (0.067
g, 95%). Anal. Calcd for RuFePsN,CesHse: C, 60.32; H, 4.56;

N, 2.17. Found: C, 60.16; H, 4.57; N, 2.17. IR (chh 2089 (G=

C), 840 cn! (PRs™). 3P (CDCh): —7.0 (s),—143 ppm (PE). H
(CDCly): 7.1-7.8 (m, 40 H, Ph), 4.85.2(m, 4H, CHP), 4.02 (s,
2H, GsHg), 3.91 (s, 2H, GHy), 3.78 (s, 5H, GHs), 1.91 (t, 2H,
CH,CH.N), 1.53 (t, 2H, CHCH,N). FAB™ (nitrobenzyl alcohol
matrix) m'z. 1149 (IM — PR]*), 1079 (M — PR — (N=CCH,-
CHNH2)]*), 869 (IM — PRy, — (N=CCH,CH,NH,) — (HC=
CFo)[h).

[trans-Ru(dppm)z(C=CFc)(N=CCHCH,NH)|[PF¢][BF 4 (3a).
[FcH][BF,4] (0.01 g, 0.037 mmol) and [Ru(dppaC=CFc)(N=
CCH,CH;NH,)][PF¢] (0.048 g, 0.037 mmol) were stirred in GH =
Cl, (10 mL). The color changed immediately from orange to red. Figure 1. Molecular structure ofransRuCl(dppm)C=CFc) (1) with
After 2 h, the reaction mixture was dried under vacuum and washed 50% thermal ellipsoids (disordered atoms and hydrogen atoms not shown).
with ether to give a red powder. Red needles were obtained by scheme 2. Preparation of
crystallization from CHCl,/hexane solution (0.040 g, 78%). IR  trans[Ru(dppm}(C=CFc)(N=CCH,CHNH2)[PF] (3)

(cm™1): 2048 (G=C), 838 cm! (PRy").

P

—
OT
N

Structure Determinations. Single crystals ofl, 1a, and 3 TPFe  RP co-ch NH_'+
suitable for X-ray single-crystal diffraction were obtained by slow 1+ NCCHCHoNH, — Fc??‘gN' 2 N2
diffusion from CHCI, to ether. Samples were placed in inert oil, P\/

mounted on a glass pin, and transferred to the cold gas stream of . . . )
the diffractometer. Crystal data were collected and integrated using ©f chloride with other ligand types, a potentially more general

a Bruker Apex system, with graphite-monochromated Mo K method using AgP§for CI™ abstraction was employed in
= 0.71073 A) radiation at 100 K. The structures were solved by the preparation oB. Unfortunately, AgPF preferentially
heavy atom methods using SHELXS-97 and refined using SHELXL- oxidizesl. Hence, another Clabstractor, TIP§ was tested.
97 (Sheldrick, G. M., University of Gtingen). Non-hydrogen Reaction ofl and TIPFK followed by addition of NCCH
atoms were found by successive full matrix least squares refinementCH,NH, in situ gave a very complicated set of products from
on F2 and refined with anisotropic thermal parameters. Hydrogen which nothing useful could be isolated. In contrast, a one-
e_ltoms were placed at calculated positions, and a riding mod_el with pot reaction usingdl, TIPFs, and NCCHCH,NH, gave an
fixed thermal parametersif = 1.2U;(eq) for the_atom to which almost quantitative yield o8 (Scheme 2).
they are bonded] was used for subsequent refinements. The IR spectrum o8 shows a single absorption at 2089
cm L. In contrast to2 it appears at higher frequency than
that of 1. In addition to the expected signals frdmthe 'H
Synthesis. The preparation of2 follows the strategy =~ NMR spectrum o3 shows two triplets at 1.91 and 1.53 ppm
reported for the preparation thns-Ru(dppm)(C=CFc).* which can be assigned to the two £groups of NCCH-
The substitution of chloride ith by a second acetylene ligand CH,NH,. Compared to free NCC}@H;NH,, a substantial
to give2 was accomplished in the presence of NiScheme  shift (~1 ppm) to high field is observed for the two GH
1). Although crystals suitable for single-crystal X-ray dif- resonances. This large high-field shift of the two jfoups
fraction could not be obtained, NMR and other spectroscopic is due to shielding by the ring current of the Ph groups in
data confirm its structure. Briefly, the four P atoms are the dppm ligands. These two Ggroups display a second-
equivalent and show only one signal -a2.5 ppm in the  order AABB' spin pattern in théH NMR. No signals are
3P{IH} NMR spectrum. The'H NMR shows three new  observed for the two protons from Nigresumably because
signals. Two doublets at 6.5 and 6.1 ppm (1:1) can be of rapid relaxation caused by an asymmetric electronic
assigned to the four protons of the phenyl ring in the tail environment.
while the single resonance at 3.74 ppm belongs to the DCH  Solid State Structures.The structures of, 1a, and3 are
group. Avc=c band with a weak shoulder is observed in the given in Figures +3, respectively. Some important bond
IR spectrum at lower frequency (12 cfithan forl, which lengths and bond angles &f 1a, and3 are listed in Table
also exhibits a weak shoulder. Asdid not prove suitable 1, and the crystallographic data are summarized in Table 2.
for the intended application, the search for the presumably The structure ofl is similar to its Os analogué.The Ru
weak second band was not pursued. atom lies on the crystallographic center of symmetry with
Since the method used in prepari@gnvolved tedious the Cl and &GC(CsH4)Fe(GHs) units disordered about it,
column separation and was of limited value for replacement each with 50% occupancy. The Ru atom has distorted

Results and Discussion
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Figure 2. Structure of the cation oftfansRuCIl(dppm)(C=CFc)][BF4]
(1a) with 50% thermal ellipsoids (disordered atoms and hydrogen atoms
not shown).

Figure 3. Structure of the cation offans-Ru(dppm)}(C=CFc)(N=CCH,-
CHuNHy)][PFe] (3) with 50% thermal ellipsoids (hydrogens omitted).

octahedral coordination geometry. The R0=C—CsH,
bond angles are nearly linear, and the-FRudistances (av
2.340(1) A) fall in the normal range. The R(37) distance
(2.019(9) A) is comparable to that in complexes where Ru
is o bonded to ethynylic functions (e.g., 2.02(1) A ip(
CsHs)(PPh),Ru(CCC(OCOCECMe,,t” 2.016(3) A in ¢°-
CsHs)(PPh),RUCCPH8 and 2.017(9) A inx5-CsHs)(PPh),-
Ru(CCPRCuUCI)9), but it is a little shorter than the RtC
distance found in a bis(acetylide) ferrocene complex (Ru-
(dppm){ C=C(CsHas)Fe(GHs)} ) (2.072(4) A). The C(36}
C(37) distance (1.194(10) A) falls in the normal range for
C=C bond lengths in metal acetylide complexes (184
A).20 The C(31)-C(36) distance (1.440(9) A) corresponds
to a single bond.

The Cl and GC(CsH,)Fe(GHs) moieties inla are also

Li et al.

Table 1. Selected Bond Lengths and Bond Angles for
transRuCl(dppm)(C=CFc) (1), [transRuCl(dppm)(C=CFc)] [BF4]
(14), and fransRu(dppm)(C=CFc)(N=CCH,CHoNH2)][PF¢] (3)

(1) RuCl(dppm)(C=CFc)(1)

Ru(1)}-C(37) 2.019(9) Ru(3yP(2) 2.335(1)
Ru(1)-P(1) 2.344(1) Ru(1CI(1) 2.485(2)
C(31)-C(36) 1.440(9) C(36yC(37) 1.194(10)
Fe(1}-C(31) 2.073(9) Fe(1)C(41) 2.044(9)
Fe(1-C(34) 2.016(11) Fe(1H)C(33) 2.023(8)
Fe(1)-C(45) 2.030(10) Fe(HC(43) 2.030(12)
Fe(1)-C(32) 2.036(11) Fe(HC(42) 2.040(7)
Fe(1}-C(35) 2.043(7) Fe(1)C(44) 2.052(9)
Fe(1)-Cp(1) 1.6441 Fe(HCp(2) 1.6474
C(37)-Ru(1)-P(2) 94.2(3) C@BWHRu(l)}-P(1)  100.9(3)
C(B7r-Ru(1)-Cl(1) 177.0(4)  P(2rRu(1)-Cl(1) 84.97(7)
P(1)-Ru(1)-Cl(1) 81.56(7) C(37-C(36)-C(31) 175.3(7)
C(36)-C(37)-Ru(l) 172.2(9)
(2) [RuCl(dppm)(C=CFc)][BF4] (1a)
Ru(1)-C(41) 1.876(9) Ru(yP(2) 2.357(1)
Ru(1)}-P(1) 2.365(1) Ru(yCI(1) 2.436(2)
C(43A)-C(42) 1.518(3) C(41yC(42) 1.196(9)
C(43)-C(42) 1.602(7)
Fe(1)-Cp(1) 1.7522 Fe(1)Cp(1A) 1.6948
Fe(1}-Cp(2) 1.6796
C(41)-Ru(1)-P(2) 94.4(3) C(4TyRu(1)-P(1) 94.7(3)
C(41»-Ru(1)}-Cl(1) 176.3(3)  P(2}Ru(1)-CI(1) 82.67(6)
P(1)-Ru(1)>-CI(1) 82.29(5) C(41)yC(42)-C(43) 165.9(5)
C(42)-C(41y-Ru(1) 176.7(8)

(3) [Ru(dppm)(C=CFc)(N=CCH,CHNH,)][PF¢] (3)
Ru(1)-C(1) 2.023(2) Ru(LyN(1) 2.075(2)
[Ru(1)—P] av 2.360(4) C(BCQ) 1.217(2)
C(2)-C(3) 1.433(2) N(1)-C(13) 1.146(2)
N(2)—C(15) 1.453(2) C(13yC(14) 1.466(2)
C(14)-C(15) 1.542(2)

C(1)-Ru(1)-N(2) 174.32(5) C(2rC(1)-Ru(1l) 177.66(14)
C(13-N(1)-Ru(l) 171.69(12) C(HC(2)—C(3) 179.17(18)
N(1)-C(13}-C(14)  178.79(17)

is slightly shorter than that in the neutral(2.485(2) A).
The Ru-C(41) distance (1.876(9) A) is shorter but compa-
rable to some observed R« distances (1.863 A inyf-
CsHs)(PPh),Ru(CCMePh)][PE?3 and 1.884 A in f5-
CsHs)(PMes):Ru(CCCPR)][PFg]).2* Not much change is
observed in the &C distance (C(4BC(42) (1.196(9) A).
The C(43A)-C(42) (1.518(3) A) and C(43)C(42) (1.602-
(7) A) distances are longer than that In(C(31)—C(36),
1.440(9) A); however, the significance of the difference is
guestionable considering the disorder of the Cp ring. While
the observed structural differences do not allow definitive

disordered about the Ru center, each with 50% occupancyassignment of hole location, they might be used to support

as inl. In addition one of the cyclopentadienyl rings was
found to be 2-fold disordered ita. A larger deviation from
linearity for C(41»-C(42)-C(43) (165.9(5)), compared to
1, is observed. The RuP distance (av 2.361(2) A) is slightly
longer than those found in the neutfalav 2.340(1) A).
However, it is known that the RtP bond in cationic Ru
complexes is slightly longer (by 0.6D.04 A) than that in
neutral Ru complexe®:22The Ru-Cl distance (2.436(2) A)

(17) Lomprey, J. R.; Selegue, J. ®Brganometallics1993 12, 616.

(18) Wisner, J. M.; Bartczak, T. J.; Ibers, J. korg. Chim. Actal985
100, 115.

(19) Raghavan, N. V.; Davis, R. B. Cryst. Mol. Struct1976 6, 73.

(20) Nast, R.Coord. Chem. Re 1982 47, 89.

(21) Bruce, M. I.; Wong, F. S.; Skelton, B. W.; White, A. H. Chem.
Soc., Dalton Trans1982 2203.
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Ru(lll) in the solid staté> However, the definitive X-ray
photoelectron spectroscopic (XPS) experiments (see below)
support hole localization at Fe, not Ru. Localization at Fe is
confirmed by the solution electrochemical experiments.

In terms of geometric structure, the substitution of Cl of
1 by a nitrile group in going ta3 results in little change
despite the positive charge. The distances RuCl(1l)
(2.023(2) A), Ru(1y-P (av 2.360(4) A), C(2¥C(3) (1.433-
(2) A), and C(1)-C(2) (1.217(2) A) are comparable to those

(22) Consiglio, G.; Morandini, F.; Sironi, Al. Organomet. Chen1.986
306, C45. Consiglio, G.; Morandini, F.; Ciani, G. F.; Sironi, A.
Organometallics1986 5, 1976.

(23) Bruce, M. I.Pure Appl. Chem1986 58, 553.

(24) Selegue, J. FOrganometallicsl982 1, 217.

(25) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocher967, 10, 247.
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Table 2. Crystallographic Data fotransRuCl(dppm)(C=CFc) (1), [transRuCl(dppm)}(C=CFc)] [BF] (1a), and
[transRu(dppm)(C=CFc)(N=CCH,CH;NH>)][PF¢] (3)

1 la 3
chemical formula GHs3ClIFeRRu Gs2Hs53BCIFsFeRRu Gs7H64Cl1FsFENOp sPsRu
fw 1114.29 1201.10 1374.30
2 (A) 0.71073 0.71073 0.71073
T (K) 100 100 100
space group P1 C2lc P1
a(h) 10.0782(5) 21.8721(10) 11.2685(4)
b (A) 12.2991(7) 18.9451(8) 13.7950(5)
c(A) 12.5576(7) 13.1305(6) 21.1869(8)
o (deg) 118.1750(10) —90 —102.4060(10)
f (deg) 109.1280(10) —90.3350(10) —103.5270(10)
y (deg) 90.8880(10) -90 —91.5190(10)
V (A3) 1268.99(12) 5417.4(4) 3117.1(2)
Z 1 4 2
R12WR2 (I > 20(1)) R1=0.0379, wR2= 0.0909 R1=0.0607, wR2= 0.01430 R1= 0.0344, wR2= 0.0883
R12wR2 (all data) R1= 0.0389, wR2= 0.0913 R1= 0.0633, wR2=0.01439 R1=0.0388, wR2= 0.0914

AR1= 3||Fol = [Fell/ZIFol. "WR2 = {F0|[(Fe* = F&)ToFY% p = [(F20) + 2F3/3.

%

Figure 4. Space-filling model of fransRu(dppm)}(C=CFc)(N=CCH,-
CHzNHy)][PFe] (3) with the NH, tail at the bottom and Fc at the top.

found in 1. The N=C fragment coordinates linearly to the
Ru atom (C(1}Ru(1)}-N(1), 174.32(5), C(13)-N(1)—
Ru(1), 171.69(12) and N(1)-C(13)-C(14), 178.79(17).
The distances RuN(1) (2.075(2) A) and K=C (1.146(2)
A) are comparable to those found Bis-[Ru(dppm}Cl-
(NCCHy)][PFg] (Ru—N 2.082 A; N=C 1.131 A)? At the
level of geometry, then, the substitution of Cby an “
electron-withdrawing RCN ligand involved in attaching the Figure 5. Packing diagram of Ru(dppafC=CFc)(N=CCH,CH,NH)]-

tail has no effect. As discussed below, this substitution does [PFe] (3) showing the location of the anions (octahedra) relative to Fe and
perturb other properties. The two ggroups of the NCCh v

CHzNH; tail lie in the shielding field of the phenyl groups  contrast to the weak, sharp absorption observed at 2074 cm
space-filling diagram (Figure 4) shows the Nidurface  gpserved in some Fe(ll) ferrocenylacetylide complexes [(Cp
binding group protruding just far enough out of the “thicket” o cp*)(PP)Fe@=CFcP’ and some bis(acetylide) ferrocene

of Ph groups ofl to allow it to be used for surface complexes. Recently, it was reported that the conversion of
attachment. This short tail is designed to minimize deviations pc=c—C=CM to its one-electron-oxidized radical cation

of the surface-bound complex from a vertical orientation. yegyits in a shift ofve=c to a value lying between the

Figure 5 shows the aniercation packing in a crystal 8. frequencies of the neutral and the doubly oxidized species
The [PR]™ anions lie considerably closer to the Fe centers qgye to rapid electron transfer (02 s7%) in the systen?82?
Possibly the bulky dppm ligands of the Ru center are the ¢m-1 shift to lower energy observed faris thermal electron
cause. . _ . o _ transfer between the metal centers faster than the IR time
Spectroscopic PropertiesChemical oxidation ofl with scale (162 s™2). This requires that the broad absorption band
[FcH][BF4] led to nearly quantitative formation of the mixed-
valencelaas an air-stable purple powder. The IR spectrum (27) Sato, M.; Hayashi Y.; Kumakura S.; Shimizu, N.; Katada M.; Kawata,

: : S. Organometallics1996 15, 721.
of 1a shows a strong, broad absorptlon at 1998 tim (28) Seyler, J. W.; Weng, W.; Zhou, Y.; Gladysz, J. @rganometallics
1993 12, 3802.

(26) Winter, R. F.; Scheiring, TZ. Anorg. Allg. Chem200Q 626, 1196. (29) Le Narvor, N.; Lapinte, CJ. Am. Chem. S0d.995 117, 7129.
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Table 3. Electronic Absorption Energies and Related Data foar{s-RuCl(dppm)(C=CFc)][BF] (1a)2 and
[transRu(dppm)(C=CFc)(N=CCH,CH;NH>)][PF¢][BF 4] (3a)

uv NIR Avyp €® AEyp; Vo(calc) Avija(calc)
complex (nm) (Vmax CMY) (cm™) (M~tecm™) V) (cm™) (cm™) 10%a?
la 440, 590 6220, 4630 2200 3000 0.70 5600 1197 1.2
438 600 6570 1982 0.70 5600 1496 0.31
3a 405, 513 8480, 4350 2730 850 0.99 7920 1137 0.3

aValues in italics forla are from ref 14° Value for the highest energy IVCT band.

la or dppf)3° Consistent with the literature, the absorption near
3000 /_ 1600 nm is assigned to IVCT involving light-induced
electron transfer between the dissimilar ferrocene and Ru
centers. The assignment of the other absorption near 2200
1000 3a nm is unclear. Comple3aalso shows two peaks but at 1179
- and 2298 nm. Compared withg, the first peak in3a is at

higher energy with a lowet, while the second peak is at
lower energy with an even lower The large difference of
the NIR absorption betweela and3a upon substitution at
the Ru center can be taken as evidence of either hole
localization at the Ru center or a strongly delocalized system.

(M'lcm'l) 2000

0
700 1200 1700 2200
wavelength (nm)

Figure 6. NIR spectrum of frans-RuCl(dppm}(C=CFc)][BF,] (1a) and
[transRu(dppm)}(C=CFc)(N=CCH,CH;NH,)][PF¢][BF 4] (38) in CDCls.

Scheme 3. ' Two Limiting Structures for The stabilization of a mixed-valence complex by solvation
[transRUCI(dppm)(C=CFC)]A[BF4] (13 N is said to be strongly dependent on the extent of electron
> = RR;ECI > = P\R’Etu delocalization in the system. The larger the interaction
Fo* 3 Fo PP between the metals in the mixed-valence complex is, the
o — o smaller the influence of solvent on the IVCT band becomes.
To empirically compare the mixed-valence propertie af
Fe(lIl)Ru(ll) Fe(IRu(IIl)

and3a, the effects on these absorptions of changing solvents
. i from CDCk to CD;COCD; to CD;CN to d-DMSO were
observed be the average of the two limiting species shown g, amined. The NIR band maxima in these two complexes
in Scheme 3 contributing to the structurela The IR of 4, ot shift much as a function of solvent polarity (maximum
the doubly oxidized species df would have provided  ghift of 35 nm forLaand 40 nm fo3a). This indicates that
confirmation; however 't_ could not be !sola_ted. the solvent reorganization associated with the electronic
However, the most likely explanation is that thermal {ransition is small even though the dimetal mixed-valence
electron transfer is slow and, because we deal with an complex is unsymmetrical.
unsymmetrical mixed-valence complex, the equilibrium 14 hrovide a more quantitative comparison, the spectro-
population of the Fe(llh-Ru(ll) species is substantially  scopic data were processed with Hush theory. The parameters
larger than that of the Fe(tRu(lll). This, coupled with g4 generated are often used for intercomparison of mixed-
the low dynam_ic range of the IR technique, leads to a single \,5jence complexes and provide an approximate measure of
band. The shift to lower energy could well result from he nature of the electronic structure of a mixed-valence
accommodation of the net charge on the complex, logically complex. The equationms — vo = (Avi2)%2310 (cnml),4
by back-donation from ruthenium, to generate some alle- \yherey, is the internal energy difference between the two
nylidene character. oxidation state isomers, permife/, to be calculated from
Complex3ais also prepared by reactir®ywith 1 molar ~ , ' provided v, is estimated. An upper limit onvyg is
equiv of [FcH][BR]. Itis a deep red rather than purple color  provided the difference in the redox potentials of the two
that shows that the electronic effects of Gls RCN are metal centersd! The ratio OfAVlIZ(ObS)andAVlIZ(caIC)iS often
significant. Recrystallization from Ci€l,/hexane gave deep  found to be considerably larger than 1 for class IIl systems.
red needle crystals. However attempts to grow crystals The calculated ratichv1/pobsfAviiacaicyis 1.8 and 2.4 fota
suitable for X-ray analysis were not successful. L& a  and3a, respectively. These are marginally higher than those
shift (2048 vs 2089 crit) to lower frequency was observed  gpserved for class II systems.
for vc_c in 3a. However, in contrast taa, it is sharper and The equatiorn? = [(4.2 x 10 4)emaAvi]/vmad? Where
the shift of smaller magnitude. Hence, we sought to compare( js the distance between the metal centers, permits the
the electronic properties of the mixed-valence complex with ca|culation of a delocalization paramete?, which has also
and without a tail. been used in the past to classify mixed-valence systems. The
Electronic absorption energies and related datd &and distance between Fe and Ru is 6.128 Almand 6.190 A
3aare shown in Table 3. Figure 6 shows the near-infrared in 3 (assumed similar iBa) and is taken to represetitUsing
(NIR) spectra ofla and3a. Complexla shows two broad
absorptions at 1608 and 2160 nm in the NIR region. Two (30) Sato, M.; Shintate, H.; Kawata, Y.; Sekino, M.; Katada, M.; Kawata,
absorptions are also observed at similar positions for some 3y S. Organometalics 994 13, 1956.

. Dowling, N.; Henry, P. M.; Lewis, N. A.; Taube, Hnorg. Chem
mixed-valencef>-CsHs)L,Ru(G=C)Fc (L, = 2PPh, dppe, 1981, 20, 2345.
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Table 4. CV Data fortransRuCl(dppm)(C=CFc) (1), transRu(dppm)}(C=CFc)(C=CPhOCH) (2), and

[transRu(dppm)(C=CFc)(N=CCH,CH;NH,)][PF¢] (3)2

complex E12(1) (V) Ep(1) (V) Epd(1) (V) E12(2) (V) Ep(2) (V) Epd(2) (V) AE1° (V) ref
1 —0.40 -0.34 ~0.46 0.30 0.35 0.25 0.70 this work
1 -0.39 0.37 0.76 13
Fc(C=C)(Os(dppmjCl) —0.44 0.21 0.65 13
2 -0.43 -0.38 —0.48 0.06 0.11 0.01 0.49 this work
3 -0.20 -0.15 -0.25 ~0.78 0.86 0.70 ~0.98 this work

aElectrolyte 0.1 M [NBU][BF4] in CH,Cly; Pt electrode, 28C, scan rate 100 mV/&;, values are referenced to ferrocene in the same sy$tEm(2)

= (1/2)[Epd2) + Epc(2)] (irreversible for3). © AEy2 = E12(2) — E1(1).

6,,

-3 f f
0.0

A%

Figure 7. CV of transRu(dppm)}(C=CFc)(G=CPhOCH) (2) in CH.-
Cl; (scan rate 100 mV/s, referenced to FcH/FEH

0.5 1.0

the observedmay, Avip, andvmay, the calculatedy? for 1a
is 1.2 x 1072, which larger than that reported previoudly
as well as larger than typically observed for class Il systems.
However, the calculated? for 3ais 3 x 1073, which is
comparable to some reported for class Il systems. For
exampleo? = 2.4 x 1073 in [FcC=CFc]PFR.*?

The calculated parameters foiand3a provide a measure
of the effect of replacement of Cby RCN on the mixed-
valence character of the complex. The latter ligand is
expected to reduce the electron density on Ruswiaetal

< © +

S 0=

-2.0 0.5

(b)

Figure 8. CV of [transRu(dppm)(C=CFc)(N=CCH,CH;NHy)][PF¢] (3)

to ligand back-donation. One suspects that the strength ofin CHClz: (a) scan from-2.0 to 1.2 V (scan rate 100 mV/s, referenced

the Ru-Fe interaction will decrease as the electron density

to FcH/FcH'); (b) scan from—1.8 to 0.2 V (scan rate 50 mV/s, referenced
to FcH/FcH")

on Ru decreases based on Sato’s conclusion derived from a

study of FCGECPt(PPh),(CsH4-X-p).22 Most importantly,

wave at—0.20 V did not change after several scans if the

although the tailed ligand does change the mixed-valencescanning reversed at 0.20 V. Fortunately, QCA use only
character of the binuclear system, the change is not suf-requires access to the mixed-valence state and the chemical

ficiently large to obviate its use as a molecular QCA cell.
Electrochemistry. The electrochemical data fdr, 2, 3,
and the Os analogue dfare summarized in Table 4. The
cyclic voltammograms (CVs) dt and3 in CH,Cl, contain-
ing 0.1 M [NBw][BF,] are shown in Figures 7 and 8. The
CV of 2 shows two quasi-reversible waves at0.43
[AEN(1) = 0.1 V,ipdipc ~ 1] and 0.06 V PNEK(2) = 0.1V,
ipdipc ~ 0.6] (vs FcH/FcH). The oxidation wave at 0.57 V
is attributed to the oxidation of the ligandC=CPhOCH.
Complex3 shows one quasi-reversible wave -a0.20 V
[AEN1) = 0.1V, ipdipc ~ 1] and one irreversible wave
Epd(2)= 0.86 V andEy(2) = 0.70 V [AEK2) = 0.16 V, ipd
ipc ~ 0.5] (vs FcH/FcH). An additional wave was observed
at Epc = —1.38 V (vs FcH/FcH) (Figure 8a). This wave
did not appear when the scanning turned back-@2 vV
(Figure 8b) and reflects instability of the doubly oxidized
species. The intensity of the reduction wave at 0.70 V
decreased with repetitive cycling. But the intensity of the

(32) Powers, M. J.; Meyer, T. J. Am. Chem. Sod.978 100, 4393.
(33) Sato, M.; Mogi, E.; Katada, MOrganometallics1995 14, 4837.

instability of the tailed, doubly oxidized complex need not
be a problem.

The CV data show that the redox potentials of these
complexes are substantially influenced by ligand substitution
at the Ru center. A comparison of the CVsladnd2 shows
that replacement of chloride thby —C=CPhOCH results
in a cathodic shift by 0.24 V in the second wave. However
the first wave is nearly unaffected by the ligand substitution.
The cathodic shift is attributed to a better electron-donating
ability of —C=CPhOCH compared to chloride. Comparison
of the CVs of1 and 3 shows the 0.2 V anodic shift for the
first redox wave expected for a cationic compBgompared
to neutrall. Comparison of the second redox waves shows
that the substitution of chloride by=RCCH,CH,NH, causes
an anodic shift by 0.48 V. Tha back-donation from the
Ru center to the BCCH,CH,NH, acceptor accounts for the
anodic shift. The CV data df, 2, and 3 indicates that the
substituent on the Ru center adjusts the electron density on
the Ru atom but this substituent effect is not transferred
through the acetylene bond to the ferrocenyl moiety.

Inorganic Chemistry, Vol. 42, No. 18, 2003 5713



Li et al.

Results from the CV experiment suggest the assignmentenergies are the same within experimental error. However,
of the first wave to the oxidation of the Fc center and the the Fe 2k, and Fe 2B, ionizations in the spectrum dfa
second wave to the oxidation of Ru center. This is in shift significantly and equally to higher binding energy
agreement with the conclusion of Colbert et al. based on relative to the corresponding peaks in the spectruni of
some similar heterobimetallic bis(acetylide) ferrocene com- (723.5, 710.7 eV irlavs 721.7, 709.2 eV i) referenced
plexes. Comparison of the CV afand its Os analogueans to C 1s= 284.6 eV. A similar higher binding energy shift
Fc(CG=C)[Os(dppm)CI] shows that the potential of the first  in the Fe core ionizations observedtians-Ru(dppm)(C=
wave is almost the same whereas a small cathodic shift isSCFc) when it was oxidized has been attributed to the
observed for the second wave in the Os analogue. This agairformation of F&' upon oxidatior?® Hole localization on Fe
suggests that the first oxidation in solution takes place atin the solid state (class Il behavior) is suggested fully
the Fc center and that substitution of Ru by Os does not consistent with the electrochemical assignments in solution.
change the redox properties of this system significantly.

The presence of two well-separated one-electron oxidations
indicates significant stabilization of the mixed-valence spe-
cies relative to comproportionation into the-{ll) and (Il —

) species. Although the degree of metahetal interaction
affects the electrochemical behavior of these systefsg,

is caused mainly by an inherent redox dissymmetry and to
a lesser extent by the degree of metaletal interaction.
Hence, in these systemAE;; alone is not a measure of the
degree of metatmetal interaction.

The differences in the oxidation potential between the two
metal centers irl, 2, and3 are 0.70, 0.49, and 0.98 V,
respectively. It is known that the energy of the IVCT band
is correlated to the oxidation potential difference in hetero-
bimetallic complexe&* Comparing theAE of 1 and 3, we
find that the one with the smallexE (0.70 V for 1) also
has the lower energy IVCT band (1608 nm). Com@3das
a higherAE (0.98 V) and a high-energy IVCT band at 1197
nm. This phenomenon has also been reported for Cp(dppe)
FeG=CFc and Cp(dmpe)Fe€CFc. The difference in the Acknowledgment. We thank Dr. Bindu Varughese for
oxidation potentials for the two Fe(ll/lll) couples of Cp- assistance with the XPS experiments and Professors A. G.
(dppe)FeE&CFc (0.59 V) and Cp(dmpe)Fe&CFc (0.80 V) Lappin and M. Lieberman for helpful discussions. The
correlates with the energy of the IVCT band. Mixed-valence constructive comments of the referees are appreciated. A
[Cp(dppe)Fe&CFc]' has an intense, broad IVCT band at grant from ONR/DARPA (N00014-00-1-0746) is gratefully
1590 nm, while [Cp(dmpe)FeECFc]" has a band at 1295 acknowledged.

Conclusions

The structures, spectroscopic properties, and electrochem-
istry of heterobimetallic RaFe complexes provide clear
definition of its properties relative to use for molecular QCA.
Chemically stable mixed-valence states of these complexes
(1a and 38) can be obtained. The combined structural,
spectroscopic, and electrochemical data show that these
complexes exhibit properties associated with biased class Il
mixed-valence. Functionalization df with the surface-
binding OCH and NH, has been achieved without major
change in the mixed-valence properties of the coupleet Ru
Fe centers. Hence, compleX satisfies the fundamental
requirements for a biased two-dot molecular QCA cell. Along
with recent calculational results, the case for utilization of
mixed-valence complexes for molecular QCA is promis-
ing 373 The attachment and characterization of these mol-
ecules on the surface of a solid substrate are described in
the following papef?®

nm. Supporting Information Available: X-ray crystallographic
X-ray Photoelectron Spectroscopy Since the time as- files in CIF format for the structure determinationslofla, and3.
sociated with an XPS measurement is very small@?’ This material is available free of charge via the Internet at

s), the metal ionization energies of powder samplekarid http://pubs.acs.org.
lawere measured and comparf@dBoth samples contained  |co26254y
peaks corresponding to the expected elemental compositions

(36) Jones, N. D.; Wolf, M. O.; Giaquinta, D. MDrganometallics1997,

Referenced to carbon, the Ru3Pand Ru 3R, binding 16, 1352.
(37) Lent, C. S.; Isakaen, B.; Lieberman, 81.Am. Chem. So2003 125
(34) Zhu, Y.; Clot, O.; Wolf, M. O.; Yap, G. P. AJ. Am. Chem. Soc. 1056.
1998 120, 1812. (38) Braun-Sand, S. B.; Wiest, Q. Phys. Chem. 2003 107, 285.
(35) Citrin, P. H.J. Am. Chem. S0d 973 95, 6472. (39) Li, Z.; Fehlner, T. PInorg. Chem.2003 42, 5715-5721.
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