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Eleven different Ru,** and Ru,®* derivatives are characterized by thin-layer FTIR and UV-visible spectroelectro-
chemistry under a CO atmosphere. These compounds, which were in-situ electrogenerated from substituted
anilinopyridine complexes with a Ru,®* core, are represented as Ru(L),Cl where L = 2-CHaap, ap, 2-Fap, 2,3-
F.ap, 2,4-Faap, 2,5-Fap, 3,4-F.ap, 3,5-F.ap, 2,4,6-Fzap, or Fsap. The Ru,®" complexes do not axially bind CO
while mono- and bis-CO axial adducts are formed for the Ru,** and Ru,®* derivatives, respectively. Six of the
eleven investigated compounds exist in a (4,0) isomeric form while five adopt a (3,1) geometric conformation.
These two series of compounds thus provide a large enough number of derivatives to examine trends and differences
in the spectroscopic data of the two types of isomers in their lower Ru,** and Ru,®* oxidation states. UV-visible
spectra of the Ru,** derivatives and IR spectra of the Ru,®* complexes under CO are both isomer dependent, thus
suggesting that these data can be used to reliably predict the isomeric form, i.e., (3,1) or (4,0), of diruthenium
complexes containing four unsymmetrical substituted anilinopyridinate bridging ligands; this was confirmed by X-ray
crystallographic data for seven compounds whose structures were available.
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data in the literature to understand relationships between
spectral properties (UVvisible or infrared) of the low
oxidation state Rit, Rw?", or Rw?" species and electronic
properties of the anionic bridging ligands and/or the isomeric
form of these compounds which are represented as (4,0),
(3,1), (2,2) trans, or (2,2) cis depending upon the substitution
pattern of the donor nitrogens with the Runit.!%1315This

is one goal of the present study which examines the FTIR
and UV~visible spectroelectrochemical properties of eleven
different Ry*t and Ry*" derivatives under a CO atmo-
sphere. This data is then used to predict the type of isomer
for the starting Rp(L)Cl complex which was verified by
single-crystal X-ray diffraction for seven of the eleven
investigated derivatives.

The current work is based on complexes with four identical
unsymmetrical substituted anilinopyridine (ap) bridging
ligands which exist in a (3,1) or (4,0) isomeric form and
builds upon earlier reported electrochemical and spectro-
scopic results for Rudpf)s(CO) which has four identical
symmetrical bridging ligand¥'. The first reduction and first
oxidation of the dpf complex in Ci€l,, 0.1 M tetran-
butylammonium perchlorate (TBAP) undes ldads to stable
[Ru(dpf)4(CO)]" wheren = +1 or —1. This contrasts with
what is observed for the same compound under CO where
the resulting products of oxidation and reduction are
[Ruz(dpfa(CO)I, [Rux(dpf)a(COY]~, and [Ru(dpf)«(COX]*",
respectively:?

The Ry*" and Ry®" derivatives investigated in the present

(F.ap= 2,3-Rap, 2,4-kap, 3,4-kap, or 3,5-kFap) along with
seven previously synthesized Ru),Cl complexes (L=
2-CHgap, ap, 2-Fap, 2,6-8p, 2,4,6-kap, or kap) which are
now examined for the first time as to their electrochemistry,
thin-layer FTIR and UV-visible spectroelectrochemistry
under a CO atmosphere. Five of the eleven investigated
compounds exist in a (4,0) isomeric form while three adopt
a (3,1) geometric conformation as verified by single-crystal
X-ray diffraction. These two series of compounds thus
provide a large enough number of derivatives to examine
trends and differences in the spectroscopic data of the two
types of isomers in their lower Rt and Ru®" oxidation
states in order that predictions as to isomer type may be made
for related nonstructurally characterized compounds. As will
be shown in the present study, the investigated diruthenium
complexes can be divided into two groups on the basis of
either their UV-visible spectra in a RA" oxidation state

or the IR spectra of the R complexes under CO. One
group corresponds to the (4,0) isomers and the other to the
(3,1) isomers.

Experimental Section

Chemicals and ReagentsHigh-purity nitrogen was purchased
from Matheson-Trigas and used as received. High-purity CO gas
(purchased from Matheson-Trigas) was bubbled into the solution
in order to saturate it with CO prior to measurement. GR graded
hexanes, acetones, and absolute dichloromethane (for electrochem-
istry, UV—visible, and FTIR spectroelectrochemistry) were pur-
chased from Fluka and were used without further purification. Tetra-
n-butylammonium perchlorate (TBAP), also purchased from Fluka,
was twice recrystallized from ethyl alcohol and stored in a vacuum
oven at 40°C for at least one week prior to use. 2-Bromopyridine
(CsH4NBT), o-toluidine (GH7NH,), 2-fluoroaniline (GHsFNH,),

2,3-, 2,4-, 3,5-, 3,4-, and 2,5-difluoroaniline (&:F.NH,), 2,4,6-
trifluoroaniline (GH2F:NHy), 2,3,4,5,6-pentafluoroaniline {§&sNH,),
2-anilinopyridine (GiH10Ny), lithium chloride (LiCl), ruthenium
chloride hydrate (RuGi3H,0), silica gel (Merck 236400 mesh
60 A), and CDCI; (99.8% atom in D, for NMR measurements)
were purchased from Aldrich and used as received.

Physical MeasurementsCyclic voltammetry was carried out
using either an EG&G Princeton Applied Research (PAR) model
173 or a model 263 potentiostat/galvanostat. A three-electrode
system was used and consisted of a glassy carbon working electrode,
a platinum wire counter electrode, and a homemade saturated
calomel electrode (SCE) as the reference electrode. The SCE was
separated from the bulk of the solution by a fritted-glass bridge of
low porosity that contained the solvent/supporting electrolyte
mixture. All potentials are referenced to the SCE, and all measure-
ments were carried out at room temperature.

Thin-layer time-dependent UWisible spectral changes were

paper were electrogenerated from substituted anilinopyridinerecorded on a Hewlett-Packard model 8453 diode array spectro-
complexes containing a R0 core and are represented as photometer using a spectroelectrochemical cell whose design has
Ruy(L)4Cl where L is one of the anionic bridging ligands in been reported in the literatutéThin-layer time-dependent infrared
Chart 1. It was anticipated on the basis of our results for SPectroelectrochemical measurements were performed using a FTIR
Ru(dpf)sCl and Ruy(dpf)s(CO) that the Ryft form of each Nicolet 550 Magna-IR spectrophotometer with a gpecially con-
Ruw(L).Cl derivative might react with CO to yield mono- structed light-transparent FT!R spectroelectrochemlpalléﬂle-
and/or bis-CO adducts. both of which could then be mental analyses were carried out by Atlantic microlab, Inc.,

. ’ . Norcross, GA. Mass spectra were recorded on a Finnigan TSQ 700
converted to their Rt and Ry?" forms under the applica-
tion of a reducing potential. This is indeed the case as shownm) Lin, X. Q.: Kadish, K. M.Anal. Chem1985 57, 1498.
for four newly synthesized structural isomers of,dap)Cl (18) Lin, X. Q.; Mu, X. H.; Kadish, K. M.Electroanalysis1989 35.
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instrument at the University of Texas, Austin, or an Applied Table 1. Crystal Data and Data Collection and Processing Parameters
Biosystem Voyager DE-STR MALDI-TOF mass spectrometer for (4,0) Ru(3,4-Rap)Cl (3)

equipped with a nitrogen laser (337 nm) at the University of space group P4/n tetragonal
Houston Mass Spectrometry Laboratory. cell constant
Synthesis of Bridging Ligands.All ligands in this work were a(A) 15.5421 (10)
prepared using a method similar to the one described by Hisano et E((ﬁ‘)) ;Sg.gggl(é)w)
al*® Typically, a mixture of 2-bromopyridine and substituted aniline o (deg) 90.00
in a 1:3 molar ratio was heated at 130 under N for 10 h. After B (deg) 90.00
cooling, the reaction mixture was treated with 10% NaOH aqueous v (deg) 90.00
solution (v/v) and steam-distilled. The mixture was then extracted V(A9 23886 (3)
. . . . mol formula Q4H28N8F8C|RU2'C6H14
with CH,Cl, and the resulting organic layer dried over MgSO fw (g/mol) 114451
After evaporation of solvent, the residue was recrystallized in z 2
CH,Cl,/hexanes (3/7, v/v) to give a pure white crystalline material. Pealcd (gllcm?) (1)52411
H(2,3-Fap). Yield: 82%. Mass spegtral datm{.e, (fragment)]: ;g&’g K)a) @ 071073
207 [HRap]", 187 [HFap}. *H NMR (in CD.Cl,): 8.26 (d, 1H), temp (K) 223
7.97 (m, 1H), 7.57 (t, 1H), 7.08 (m, 1H), 6.34 (t, 4H) ppm (key: R (Fo)? 0.0339
d, doublet; t, triplet; m, multiplet). Ru (Fo)® 0.0897
H(2,4-Fap). Yield: 93%. Mass spectral datenfe, (fragment)]: AR = ¥ |[Fol — [Fel/SIFol. ® Ru = [Su(IFol — [Fel)/SulFol2¥2.

207 [HRap]", 187 [HFapl. 'H NMR (in CD,Cly): 8.21 (s, 1H),

8.07 (m, 1H), 7.54 (d, 1H), 6.93 (t, 2H), 6.81 (d, 1H), 6.72(d, 2H) (3 1) Ru,(2,4-Rap).Cl (8). Yield: 63%. Mass spectral datene,
ppm (key: d, do_ublet; t, triplet; m, multiplet). (fragment)]: 1058 [Ru(2,4-FaphCl]*, 1023 [Ru(2,4-Fap)]*.
H(3,4-Fap). Yield: 89%. Mass spectral datefe, (fragment)]: Anal. Calcd for GsH.gNgFsCIRW: C, 49.86; H, 2.64: N, 10.58.
207 [HRap]", 187 [HFap}. *H NMR (in CD,Cly): 8.23 (d, 1H),  Found: C, 50.28; H, 2.80; N, 10.28. U\is spectrum in ChCl,
7.61(m, 2H), 7.15 (m, 2H), 6.81 (m, 2H), 6.63 (bs, 1H) ppm (key: 7 nm € x 103, M1 cm™Y): 423 (6.2), 471 (5.9), 760 (6.3).
d, doublet; t, triplet; m, multiplet; bs, broad singlet). (3,1) Rw(2,3-Fap),Cl (10). Yield: 60%. Mass spectral data
H(3,5-F,ap). Yield: 81%. Mass spectral datmfe, (fragment)]: [m/e, (fragment)]: 1058 [Ry(2,3-FapkCl]*, 1023 [Ru(2,3-
207 [HRap]'", 187 [HFap}. *H NMR (in CD,Cl,): 8.27 (d, 1H),  E,ap)]*. Anal. Calcd for GiHsNsFsCIRW: C, 49.86; H, 2.64; N,
7.60 (t, 1H), 7.16 (d, 2H), 6.86 (m, 3H), 6.45 (bs, 1H) ppm (key: 1058, Found: C, 50.12; H, 2.78; N, 10.21. BVis spectrum in

d, doublet; t, triplet; m, multiplet; bs, broad singlet). CH,Cly [Amax, NM (€ x 1073, M~Lcmrl): 420 (4.2), 466 (4.2), 760
Synthesis of Diruthenium Complexes(4,0) Ruy(2-CHsap)Cl (4.4).
(1), (4,0) Ru(ap)Cl (2), (4,0) Ru(2,5-Rap)Cl (4), (4,0) Ry- X-ray Crystallography of (4,0) Rux(3,4-Fap),Cl (3). A single-
(Fsap)xCl (6), (3,1) Ru(2-Fap)Cl (7), (3,1) Ru(2,4,6-kap)Cl (9),  crystal X-ray crystallographic study was performed at the University
and (3,1) Ru(Fsap)Cl (11) were all synthesized as described in  of Houston X-ray Crystallographic Center. A dark green crystal
the literature:113152%Four different structural isomers of KB.ap)Cl was placed in a stream of dry nitrogen gas-&0 °C in a random
were synthesized upon heating a mixture 05®4CCHs).Cl and position. The radiation used was MauKmonochromatized by a
substituted H(Eap) in a 1:20 molar ratio under argon at 120 highly ordered graphite crystal. Final cell constants as well as other

for 8 h. The green solid formed upon cooling the solution to room  jnformation pertinent to data collection and structure refinement
temperature was dissoved in gEl; and filtered to remove any  gre listed in Table 1.

unreacted RO,CCHs)4Cl. After evaporation of the solvent, the All measurements were made with a Siemens SMART platform
residue was sublimed under vacuum at *@0to remove excess  (iffractometer equipped with a 1K CCD area detector. A hemi-
H(Fap). The crude product was purified by silica gel column  gphere of data 1271 frames at 5 cm detector distance was collected

chromatography using a mixture of acetonbéxane (3:7, viv) 8 ysing a narrow-frame method with scan widths of 0.80w and
eluent. Attempts were made to structurally characterize the different 3, exposure time of 30 s/frame. The first 50 frames were

Rup(F2ap)Cl isomers, but only Ry3,4-Rap)Cl (3) provided  remeasured at the end of data collection to monitor instrument and
crystals of suitable size for single-crystal X-ray diffraction. The crystal stability and the maximum correction bwas <1%. The
isomeric form of the other three;&p derivatives§, 8, and10) is data were integrated using the Siemens SAINT program, with the

proposed on the basis of the spectral data of the singly and doublyintensities corrected for Lorentz factor, polarization, air absorption,
reduced forms of each compound under CO (see later sections ofyng apsorption due to variation in the path length through the

manuscript). detector faceplate. Ap-scan absorption correction was applied
(4,0) Ry(3,4-Fap)4Cl (3). Yield: 63%. Mass spectral datanfe, based on the entire data set. Redundant reflections were averaged.
(fragment)]: 1058 [Ry(3,4-Rap)Cl]*, 1023 [Ru(3,4-Rap)]*. Final cell constants were refined using 5000 reflections having
Anal. Calcd for GsHagNsFeCIRW,: C, 49.86; H, 2.64; N, 10.58. > 104(1). The Laue symmetry was determined to beind from
Found: C, 50.30; H, 2.85; N, 10.15. UWis spectrum in CkCl, the systematic absences noted the space group was shown unam-
[Amax NM (€ x 1073, M~t cm™): 422 (5.0), 458 (4.6), 782 (5.5).  piguously to beP4/n. The Ry molecule was found to be disordered
(4,0) Rw(3,5-Rap)4Cl (5). Yield: 70%. Mass spectral datanfe, although it is not clear whether this is a true disorder or simply a
(fragment)]: 1058 [Ry(3,5-Rap)Cl]*, 1023 [Ry(3,5-Rap)]*. case of minor twinning. For any given line of molecules along the

Anal. Calcd for GsHzsNsFsCIRW: C, 49.86; H, 2.64; N, 10.58.  ynjque c axis, the crystallographic average shows 80% of the
Found: C, 50.03; H, 2.70; N, 10.29. UWis spectrum in CKLCl, molecules to have one torsionaHRu—Ru—N handedness, while
[Amax NM (€ x 1073, M~* cm™): 417 (4.8), 464 (4.4), 794 (5.5).  the other 20% have the opposite. The two different conformations
are displaced slightly along theaxis such that the axial chloride

(19) g;]seanqob E};rmatéﬂﬁ'fgéf;zgsg%%mi' K.; Muraoka, K.; Ichikawa, M. st one Jies at essentially the same location as thga®em of the

(20) Chakravarty, A. R.; Cotton, F. A.; Tocher, D. lorg. Chem1985 other. SinceP4/n is a centrosymmetric space group, every other
24, 172. line of molecules is the reverse of this. For convenience, the 20%
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Figure 1. Molecular structure of (4,0) R(B,4-RapkClI (3). H atoms have
been omitted for clarity.

-0.63

T T T T T

06 02 02 -06 -L0 -4 -18
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Figure 2. Cyclic voltammograms of (4,0) R(B,4-FapyCl (3) in CH,Cly,
0.1 M TBAP (a) under Mand (b) under a CO atmosphere. Scan rate 1
Vl/s.

E1» values for oxidation of these compounds R and
RwS") are the same under,Mr CO, consistent with a
lack of CO binding to the neutral and/or Rt and Ruy’"
oxidation states. A summary of these oxidation potentials is
given in Table S1 (Supporting Information).

Each Ruy(L)4Cl complex undergoes a single reversible
one-electron reduction in G&l,, 0.1 M TBAP under N,
but three one-electron reductions are seen in the same
solvent/supporting electrolyte mixture under a CO atmo-
sphere (Figure 2b and Table 2). The first reduction of all
eleven compounds is irreversible under CO, and the cathodic
peak potentialk,, is coupled with a reoxidation peak whose
Epa value ranges from 0.13 to 0.58 V for the (4,0) isomers
and from 0.12 to 0.47 V for the (3,1) isomers (see Table 2).
The second reduction under CO is also not reversible as
indicated by the larger than 60 mV potential separation
betweerE,. andEy, (100—230 mV) while the third reduction
of all eleven compounds is reversible.

The reduction of Rg{dpf),Cl under CO leads to R(dpf),-
(CO), which was structurally characteriz€dind this Ryg**
complex is converted to its Rt and Ry?" forms in two
reversible one-electron transfer steps. The*R¥ process
of Ruy(dpf)4(CO) under CO is also accompanied by axial
coordination of a second CO molecule, thus giving a
Rux(dpf)4(CO)/[Ru(dpf)s(CO)]~ couple under CO which is
shifted positively by 100 mV from th&;,, value obtained
for the Ru*™** process assigned to Rdpf),(COY'~* under
a N, atmosphere.

The existence of two additional reduction processes after
formation of Ruy*t for the eleven investigated Rill)4Cl
complexes under CO (see Table 2) and the irreversible
character of the R4t process (see Figure 2b for the case
of (4,0) Ru(3,4-Rap)Cl (3)) suggest a similar mechanism
for all of the Ruy(L)4Cl derivatives as was reported for
Ruy(dpf)4Cl which is electroreduced to give Rdpf),(CO)1*

minor component was modeled as a rigid body having the opposite The second and third reductions of &) ,Cl under CO are

torsional twist of the 80% major component and situated as if they
are mirrored through the pyridine ring. It is sterically impossible
for the two different models to coexist in the same line alang
but it is not clear whether the individual lines of molecules in the

thus assigned to the R* and Ru®™?" redox couples as
indicated in Table 2.

The dependence @, on the electronic effect of the ap
substituents can be quantified by linear least-squares fit of

crystal are randomly disposed (disorder) or if there are two separatethe data to the Hammett relationship shown in €422

uniform zones (twinning). The ORTEP diagram of84-FapyCl
is illustrated in Figure 1, and there is no ambiguity that the
compound exists in a (4,0) isomeric form. All intramolecular bond

AEy, =4 op @)

lengths and angles as well as other structural data of this compoundyhere p is the reactivity constant andy4 is the overall

is given in the Supporting Information.

Results and Discussion

Electrochemistry. Figure 2 illustrates cyclic voltammo-
grams of (4,0) Ry(3,4-RapkCl in CH,CI, containing 0.1
M TBAP under both N and CO atmospheres. The other
investigated Ret" complexes exhibit similar shaped cyclic
voltammograms with values oE;, for each electrode
reaction depending upon the specific number and position
of substituents of the ap ligand. The half-wave or peak
potentials for the R4+, Ru*™3*, and Ryt processes
of Ruy(L)4ClI (L is one of the anionic ligands shown in Chart
1) are summarized in Table 2 under and¥ CO atmosphere.

electronic effect of the four bridging ligands. Plots Bf.

(or Epd vs the sum of substituent constant§ (22 (eq 1)

are shown in Figure 3a for the (4,0) isomers and Figure 3b
for the (3,1) isomers under (i) MNand (i) CO atmospheres.

A linear relationship is observed in all cases, thus suggesting
a similar electron transfer mechanism throughout the series
of compounds for each redox couple, i.e. R, Ru*3,

and Ry®*"2*, Thep value under CO ranges between 54 and
84 mV with the exact value depending upon both the nature

(21) Zuman, PThe Elucidation of Organic Electrode Procegecademic
Press: London, 1967.

(22) Hammett, L. PPhysical Organic ChemistnViley: New York, 1970.

(23) Zuman, P.Substituent Effects in Organic Polarographilenum
Press: New York, 1967.
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Table 2. Half-Wave Potentials (V vs SCE) for Electroreduction of the (4,0) and (3,1) Isomers0f)20l in CH,Cl, Containing 0.1 M TBAP under
a N, or CO Atmosphere

under N under CO
isomer RUSHA+ RuSH4+ Ru#73+ RU3H2+
type ligand,y o ligand, L Eir Epc Epa AE2 Epc Epa AE?2 Ei2
(4,0) -0.17 2-CHap (1) —0.89 —0.80 0.13 0.93 -1.12 —-1.02 0.10 -1.96
0.00 app) —0.86 -0.78 0.17 0.95 —-1.08 —0.94 0.14 —-1.88
+0.40 3,4-kap @) —0.67 —-0.63 0.29 0.92 —-0.93 —-0.79 0.14 -1.73
+0.58 2,5-kap @) —0.63 —0.60 0.39 0.99 —-0.91 —-0.76 0.15 -1.68
+0.68 3,5-kap 6) —0.58 —0.54 0.42 0.96 —0.86 —0.74 0.12 —-1.65
+1.22 Fap 6) —-0.35 —0.42 0.58 1.00 —-0.75 —0.57 0.18 —-1.56
(3.1) +0.24 2-Fap Q) -0.77 -0.73 0.12 0.85 —-1.04 -0.83 0.21 -1.73
+0.30 2,4-kap ©) —-0.70 —0.69 0.18 0.87 —-1.00 -0.77 0.23 -1.72
+0.54 Rap O) —0.65 —0.58 0.23 0.81 —-0.88 —-0.75 0.13 —-1.69
+0.58 2,3-kap (10) —0.62 —0.60 0.26 0.86 —-0.93 —-0.73 0.20 —-1.67
+1.22 Fap (11) —-0.35 —0.39 0.47 0.86 —-0.77 —-0.57 0.20 -1.52
AAE = |Epc — Epd in V.
a) (4,0) isomers Table 3. UV—Vis Spectral Data for Neutral, Singly and Doubly
0.00 Reduced (4,0) and (3,1) Isomers of Ry 4Cl in CH,Cl, Containing 0.2
i) under N, Ru, 5 M TBAP under a CO Atmosphere
-0.50 6 L
/5 0 (R)=99 mV (0.99) isomer oxidation _ Amax, NM (€ x 1073, M1 cm™?) anle
Loo | = 3 4 type state ligand, L band | band Il band llI(Rw*")
g 12 (40) RuySt 2-CHap(l) 424(4.3) 461(4.7) 764(7.3)
175}
0.0 ap @ 421 (5.8) 452(5.7) 778(7.0)
> . P (R)=72 mV (0.99) 34-Rap@) 422(4.2) 458(4.6) 782 (5.5)
2 ii) under CO Ru, 4+ 25-Rap @) 422(4.8) 466(5.3) 774 (5.8)
L& 1050 2 6 e 35-RapB) 417 (4.8) 464 (4.4) 794 (5.5)
5 3 4 ° Ru, Fsap 6) 414 (4.8) 483(5.9) 903 (4.7)
= 1
o 100 3 40 p (R)=68 mV (0.99) Ru# 2-CHsap (1) 464 (7.3) 646 (7.9) 1.08
12 ap @) 459 (6.8) 631 (7.1) 1.04
-1.50 Ru,>*2* 3,4-Rap @) 461(5.4) 635 (5.5) 1.01
2 6 25-Rap @) 466 (5.5) 619 (5.7) 1.04
200 3 4 35-Rap6) 462 (5.4) 633(5.8) 1.07
=T 2 p R)y=73mV (0.98) Fsap 6) 478 (4.9) 595 (5.4) 1.10
2.50 RuBt 2-CHzap (1) 480 (sh)
“S1.00  0.00 1.00 200 3.00 4.00 5.00 ap @) 485 (sh)
3,4-Rap @) 525 (sh)
) 25-FRap @) 470 (sh)
0.00 b) (3,1) isomers 3,5-RapE) 460 (sh)
Fsay 459 (sh
i) under N, Ru, 4+ =ap 6) (sh)
-0.50 11 (31) RuySt 2-Fap{) 428(3.6) 463(3.6) 750 (3.9)
10 p (R) =102 mV (0.99) 24-Fap @) 420 (4.0) 466 (3.8) 761 (4.1)
78 2,4,6-Rap @) 418 (4.5) 476 (4.7) 777 (4.5)
& -1.00 2,3-Rap (10) 422(4.2) 468(4.2) 759 (4.4)
2 Fsap (11) 414 (3.1) 486 (3.0) 791(2.8)
g 000 p (R) =84 mV (0.98)
s Ru*  2-Fap ) 468 (5.0) 579(6.2) 903(1.6) 1.24
~ ii) under CO Ru,™/# 24-Rap @ 472(6.1) 560(8.5) 912(1.5) 1.39
mi -0.50 M 2,4,6-kap @) 474(7.0) 551(10.1) 918(1.8) 1.44
& g 9! Ru, 3 2,3-Rap (10) 473(6.9) 581(8.8) 916(1.4) 1.28
S 100 7 570 11 Fsap (11) 480(3.1) 568(3.8) 957(1.1) 1.23
78 p (R) =65 mV (0.91)
Ru  2-Fap () 422 (11.0) 468 (sh)
-1.50 Ru, "2 2,4-Rap @) 480 (sh)
11 2,4,6-Rap @) 419 (15.3) 474 (sh)
7% o l0 p (R) =54 mV (0.98) 2,3-Rap (10) 473 (sh)
-2.00 Fsap (11) 475 (sh)
-1.00  0.00 1.00 200 3.00 4.00 5.00
436 due to itsz back-bonding ability, thus diminishing the
Figure 3. Linear free energy relationships for reduction of (a) (4,0) isomers influence of the substituents on the bridging ligands.
and (b) (3,1) isomers of R(L)4Cl under (i) N> and (ii) CO atmospheres UV —Visible Spectroelectrochemistry. UV —visible data

for the investigated R«(L),Cl complexes under CO in their
of the redox reaction and the type of geometric isomer. The neutral (Rg®"), singly reduced (Rtt), and doubly reduced
p value of the RuP™** process under CO is smaller in (Ru®") forms are summarized in Table 3. Spectra in the
magnitude than the value of Ry>™* under N for each lower two oxidation states were obtained by thin-layer
series of isomers, and this may be accounted for by a shift spectroelectrochemistry with examples of the time-dependent
of electron density from the Ruore to the axial CO ligand UV —visible spectral changes that occur during the®Rfr
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(4,0) Ru2(3 ,4-F2ap)4C1

a) first reduction under CO

(3,1) Ruy(2,3-Faap),Cl

¢) first reduction under CO

1.0 1.0
0.8 0.8
g 06 g 0.6
'g =
L 041 § 0.4
< <
0.2 0.2
0.0 ' . N ' 0.0 ' ' ' .
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Wavelength (nm) Wavelength (nm)
1.0 b) first reduction under Ny 0.84 d) first reduction under N,
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§ 0.6 g
-§ —,g 0.4
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Figure 4. Time-dependent UV visible spectral changes for first reduction of (4,0).@4-FapxCl (3) in CHxCl,, 0.2 M TBAP (a) under CO and (b)
under N and for first reduction of (3,1) R{R,3-RapyCl (10) in CHxCl, 0.2 M TBAP (c) under CO and (d) under,N

process illustrated in Figures 4a and 4c for the case of (4,0)Figures 4c and 4d for (3,1) R2,3-RapkCl (10) under CO
Ruw(3,4-Rap)Cl and (3,1) Ru(2,3-Rap)Cl, respectively. and under M respectively.
This figure also includes, for comparison purposes, the time-  Another difference between the Rti spectra for com-
dependent UVvisible spectral changes seen for the same pounds1—6 and those for compounds-11 is the ratio of
Ru,>"#* electrode reactions in GBI, 0.2 M TBAP under  molar absorptivities between the bands labeled as | and I
N2 (Figures 4b and 4d). in Table 3. Complexed—6 have aney/e ratio of 1.0+
The UV—visible spectrum of neutral R(8,4-Fap)Cl is 1.10 while compounds—11 have a highee /e ratio of 1.23
the same under Nand CO (as expected because there is no to 1.44 (see Table 3). This difference between the number
CO binding to R¢P™), but significant spectral differences and relative intensity of the absorption bands in the two types
exist between the electrogenerated®Ruspecies under these  of Ru** spectra is attributed to differences in the isomer
two experimental conditions. In both cases, the major type of the compounds which were structurally characterized
absorption band of R(B,4-Rap)Cl at 782 nm in CHCl,, in their Ry®* form as (4,0) in the case df-4 and (3,1) in
0.2 M TBAP decreases in intensity as the reduction proceeds the case o and9. Rw(3,5-Rap)Cl (5) and6 are the only
and this leads either to a spectrum with two intense bandsderivatives with a two-banded Rt spectra and aiy/e
at 461 and 635 nm under CO (Figure 4a) or to one with two ratio of ~~1.0 which was not structurally characterized, and
weak absorption bands at 538 and 700 nm for the same soluthis compound is now assigned as a (4,0) isomer on the basis
tion under N (Figure 4b). Similar types of spectral changes of its spectral similarity to compounds—4 in the Ruy**
(as shown in Figures 4a and 4b) occur upon reduction of oxidation state under CO. Also, K@,4-Rap)Cl (8) and
compoundsl, 2, 4, 5, and6 under CO or N, and the data  Ruy(2,3-Rap)Cl (10) are the only two derivatives with a
under CO is summarized in Table 3, which lists the values three-banded Rt spectrum under CO and af/e, ratio
of Amax @nde for each singly and doubly reduced complex. which is significantly greater than 1.0 which have not been
The above results on RU for compoundsl—6 contrast structurally characterized, and these two compounds are now
with what is observed in the case of compouiigd 1 where assigned as (3,1) isomers on the basis of their spectral
the electrogenerated Rt complex under CO has three similarities to compound% and9 in their Ry*t oxidation
rather than two absorption bands, one at-4680 nm, one state under CO. It should be noted tlieand11 were only
at 551-581 nm, and one at 96357 nm (see Table 3). An indirectly characterized as (4,0) and (3,1) isomers and both
example of the spectral changes which occur upon the first of them also follow the trend of other (3,1) and (4,0) isomers
one-electron reduction of these four complexes is shown inin Table 3.
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Table 4. CO Stretching Frequenciesdo, cm?) for Rw"" Forms of a) (4,0) Ruy(3,4-Frap),Cl b) (3,1) Ruy(2,3-Frap)4Cl
Ru(L)4Cl in CH,CIl, Containing 0.2 M TBAP
1887 1891
isomer Rut
type ligand,yo? ligand, L Ru*" weak strong Raft
(4,0) —-0.17 2-CHap(l) 1872 1872 1798
0.00 ap®) 1876 1876 1805 o
+0.40 3,4-kap @) 1887 1887 1815 Ru,
+0.58 25-Bap @) 1891 1891 1819
+0.68 35-kap6) 1893 1893 1820
+1.22 Rap 6) 1911 1911 1828 1757 3 3
=1 =
(3.2) +0.24  2-Fap?) 1883 1870 1818 2 1825 £
+0.30 24-pap@ 1885 1874 1820 2 2
+0.54  2,4,6-gap @) 1888 1876 1822 1745 < 1815 <
+0.58 2,3-kap 10) 1891 1878 1825
+1.22 Fap (L1) 1900 1885 1834 1757
aTaken from ref 22. 1887 at 1878
Ruz
Additional diagnostic criteria (and identical conclusions)
as to the isomer type can be formulated on the basis of the
IR data for the Rpf™ derivatives under CO (see section —— ——
below), but the UV-visible data alone is self-consistent and 1950 1500 1830 18?10 170 1950°1900 1850 1800 11750
Wavenumber (cm™) Wavenumber (cm™!)

clearly suggests that the UWisible spectrum of the R
Figure 5. Thin-layer FTIR spectra for electrogeneratedtRuand Ry

complex under CO can be used as a simple diagnostic t(8) (4.0) Re(3.4- cl (3
d (b) (3,1) Ry(2,3- Cl (10
criterion to determine the exact isomer type of the initial .E'sz%lz(aé(z M)T§( Rap)Cl (3) and (b) (3.1) R2,3-FapkCl (10

Rw°" species in the absence of structural data.

Infrared Spectroelectrochemistry. The cyclic voltam- None of the neutral R&" species binds CO while the one-
metric data described earlier in the manuscript is consistentelectron reduction product shows a single well-definegd
with the overall mechanism shown by eqgs4 stretch which ranges from 1872 to 1911 ¢rfor compounds

1-6 which are assigned as (4,0) isomers on the basis of UV
Ru(L)Cl+e +CO=RuL),(CO)+CI (2 visible and structural data. Similato values of 1883 to
1900 cmt are seen for compounds-11 which, in this case,
Ru,(L),(CO)+ e + CO=[Ru,(L),(CO)]  (3) are assigned as being (3,1) isomers. Only a single CO band
is seen after the first one-electron reduction of eackflBsCl
[Ruy(L),(CO)] +e = [RuZ(L)4(CO)2]2’ 4) complex under CO, thus suggesting that one and only one
CO molecule is axially coordinated to the dimetal unit of
Thin-layer IR spectroelectrochemistry was used to measurethe eleven Rgf™ compounds, a result consistent with the
the CO stretching frequencies for the electrogeneratetfRu  previous crystal structure of Rpf),CO* Unfortunately,
Rw?3", and in part Ry species in CkCl,, 0.2 M TBAP crystal structures of the currently investigatedRispecies
under a CO atmosphere. Earlier spectroelectrochemicalunder CO could not be obtained to confirm this assignment
studied* on [Ru(dpf)s(CO)]" wheren = 1, 0, or—1 showed and thus determine the exact formulation of the electro-
a shift inveo from 2019 cm? for n = +1 (Rw°") to 1929 generated CO adduct.
cm ! for n =0 (Rw*") to 1842 cm? for n = —1 (Rw®"), The Ry*" species obtained after the one-electron reduction
and it was of interest to see if a similar shift of-889 cm* of Rux(L)4(CO) are characterized by two IR bands of
per unit change of oxidation state might also be observed different intensities (see Figure 5). This suggests the presence
for the currently investigated anilinopyridinate complexes of two interacting CO molecules and is consistent with the
which differ from the dpf derivative both in symmetry (the cyclic voltammetric data under CO which suggests that two
dpf ligand is symmetrical and the substituted ap ligands in CO molecules are axially coordinated to the dimetal unit of
Chart 1 are not) and in basicity of the bridging ligand (ap is the electrogenerated Bt complex. This is also what was
more basic than dpf). seen in the case of the dpf complex in its,Ruoxidation
Results of the IR spectroelectrochemical studies are state. The most intense IR bands of the®Rwomplexes in
summarized in Table 4, which listsco values of the the present study are #B3 cnt! lower than the/co stretch
electrogenerated Rt, Rw®", and Ru?" species, while  of the six (4,0) RulL)4(CO) complexes and 6566 cm?!
examples of the thin-layer difference spectra are illustrated lower than thevco stretch for the five (3,1) RL)4(CO)
in Figure 5 for the Rpf* and Ru®* forms of (4,0) Ry(3,4- derivatives (see Table 4). Thus, these shiftginupon going
F.apyCl (3) and (3,1) Ru2,3-Rap)xCl (10) in CH.Cl,, 0.2 from Rw** to Rw3" are slightly less than the 889 cnt
M TBAP under CO. The infrared spectra of the Ruand shifts in the CO stretching vibrations upon going from
Rw3" species were examined for all eleven compounds in Ruy(dpf)s(CO) to [Ru(dpf)s(CO)]~ or [Rux(dpf)s(CO)]~ in
the region ofvco while those of the Ri#™ products were ~ CH,Cl,, 0.2 M TBAP4
limited only to the (4,0) and (3,1) isomers of Riesap)Cl The weakest band in the infrared spectra of each electro-
(6 and11) and (3,1) R¥2,4,6-Rap)Cl (9). generated R complex is located at exactly the samg
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Table 5. Isomer Type Based on X-ray Structures of,Ry UV—Vis
Data of Ry**, and IR Data of Reft for Ruy(L)4Cl Complexes under a
CO Atmosphere

X-ray UV —vis IR of Ru3*
isomer compd structures of Rwp*" Avco
type ligand no. of RuS* enle IR — Rt
(4,00 2-CHap 1 (4,0) 1.08 0
ap 2 (4,0) 1.04 0
3.4-Fap 3 (4,0) 1.01 0
2,5-Rap 4 (4,0 1.04 0
3,5-Rap 5 1.07 0
Fsap? 6 (4,0) 0
(31) 2-Fap 7 (3,1) 1.24 13
2,4-Rap 8 1.39 11
246-Rap 9 (3.1) 1.44 12
2,3-Rap 10 1.28 13
Fsap? 11 (3,1) 15

aCrystal structures for the (4,0) and (3,1) isomers ofy(Rsapk-
(C=CGsHs), were already reported and are the basis for assigning the isomer
type in compound$ and 11, respectively. See ref 11.

as the single CO band for the (4,0) isomers of(R(CO),

but it is at 1115 cnT? lower than the single CO band of
the (3,1) isomers of R{L)4(CO) having the same bridging
ligands. Thus, this difference in IR spectra between the two
series of compound4.{6 and7—11) might also be used as
an additional spectroscopic criterion to distinguish between
(3,1) and (4,0) isomers when no crystal structure of th&'Ru
complex is available.

a) (4,0) isomers

1940

Ru.SHA+
1920 _ 1 2
p(R) = 6.9 cm! (0.98)
1900
—~ 1880
g
5 1
5 1860
> 4+/3+
1840 p(R) =53 cm! (0.98) Ruy
1820 p 6
2 1 5
1800
1
1780
200 -100 000 1.00 200 300 400 500 6.00
430
1920 b) (3,1) isomers
. Ru, 34
R)=4.2 cm™! (0.
1900 p(R) lzm (0.98)
11
8
9
1880 2
's
Q
. 1860
RS
43+
1840 p(R)=4.0 cm™! (0.98) Ruy
10
1820 : :
. 9
1800
200 -1.00 000 1.00 200 3.00 400 500 6.00
430

The UV-visible and IR spectroscopic data are self- Figure 6. Linear free energy relationships betwees and 4y o for (a)

consistent and agree with the isomer type determined by
X-ray crystallography. These results are summarized in Table
5.

As shown in Table 4, theco values for the Ryi™ (n= 3
or 4) forms of the compounds increase as the electron-
withdrawing ability of the substituent on the bridging ligand
increases, thus suggesting that tFe@ bond is stronger in
compounds which have less basic bridging ligands (i.e.,
Fsap). The electrogenerated CO adducts of*Rand Ry*"
both exhibit linear free energy relationships betweenand
45 ¢.2% This is shown in Figure 6a for the case of the (4,0)
isomers and Figure 6b for the case of the (3,1) isomers. The
data can then be fitted with the Hammett relationship
expressed by ec?5%?with p values ranging from 4.0 to 6.9
cmt

Av = 4Zop (5)

The effect of the substituent’s electronic propertiesesn
was previously measured for a series of,Rhcomplexes
containing four substituted formamidinate bridging ligands
and one CO molecule axially coordinated to the dimetal unit.
The study revealed thato increases linearly as the electron-

(4,0) isomers and (b) (3,1) isomers of the 11 investigated compounds.

Electroreduced (4,0) Ru,(Fsap),Cl (6)

a) under CO

o
—

—

b) after 1 min of
N, gas W
-

¢) after 4 min of
N, gas

—

d) after 6 min of
—» Naogas

1 |
-0.4 -0.8
Potential (V vs. SCE)

Figure 7. Cyclic voltammograms of electroreduced (4,0).FgapqCl
(6) under (a) CO and (bd) N, gas in CHCI,, 0.1 M TBAP. Scan rate=

0.4 0.0

withdrawing effect of the substituent on the bridging ligand 0.1 vis.

increases, and this was accounted for by a decreabadk-
bonding effect between the metal{dand the 2p* of CO,
owing to a decrease in the electron density on the dimetal
unit?* A similar explanation can be proposed to rationalize
the data in Figures 6a and 6b.

(24) Ren, T.Coord. Chem. Re 1998 175 43.

Stability of (4,0) [Rux(Fsap)s(CO)«]" (x =1 or 2 andn
= 0 or —1). The (4,0) isomer of RiFsapl(CO) was in-
situ electrogenerated by controlled-potential electrolysis of
(4,0) Ry(FsapxCl in CH,Cl,, 0.2 M TBAP under CORco
= 0.44 atm) at—0.50 V. As shown in Figure 7a, the
electrogenerated product undergoes two well-defined one-
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electron reductions under CO (labeled as Il and Ill) whose confirms that the CO molecule coordinated to (4,0)
potentials match exactly those for the second and third Ru(Fsapk(CO) does not dissociate from the compound in
reductions of (4,0) RyFsapxCl in CH,Cl;, 0.1 M TBAP CH.ClI, solution containing a small amount of CO or no CO
under CO (see Table 2), thus confirming the formation of a at all.
stable (4,0) Ry(Fsapu(CO) complex after bulk electrolysis.
To evaluate the stability of the CO adduct on the further
reduced forms of (4,0) R(Fsapx(CO) and to determine Eleven diruthenium complexes of the type ,R),Cl
whether the axial CO group remains coordinated upon which exist in (3,1) and/or (4,0) isomeric form were
changing from a CO to andMatmosphere, the concentration examined as to their electrochemistry under CO. Each
of dissolved free CO was progressively decreased bycomplex was converted to its Rt form in three well-
bubbling N\ through the solution, and cyclic voltammograms separated one-electron transfer steps. Th&Rpecies under
were then obtained. Examples of voltammograms after CO are proposed to coordinate a single axial CO molecule
degassing for 1, 4, and 6 min are shown in Figures 7b, 7c, while both Ru®* and Ry?" adducts are proposed to contain
and 7d. two CO axial ligands. Both types of carbonyl diruthenium
The change in number of processes (from two to one) for complexes were in-situ electrogenerated in a thin-layer cell
electroreduced R{FsapuCl upon going from a CO to an  and examined as to their UWisible and FTIR spectroscopic
N, atmosphere clearly demonstrates the change in coordinaproperties. The IR spectra of the Ri—CO adducts and
tion which occurs upon formation of the Rtispecies. Also,  the UV—visible spectra of the Rfi” complex under CO are
there are no significant differences between the cyclic both isomer dependent, and one can therefore use these
voltammograms of the electrogenerated (4,0 Rap)(CO) results to predict the isomeric form, i.e., (3,1) or (4,0), of
under CO and cyclic voltammograms obtained afterig\ diruthenium complexes containing four unsymmetrical ap
bubbled through the solution for 1 min, but changes are or substituted ap ligands, especially when attempts to grow
clearly seen after Nis bubbled for 4 or 6 min. Under the  a crystal of the Rg¥" species suitable for single-crystal X-ray
latter conditions, the compound undergoes only a single diffraction are unsuccessful.
reduction which is characterized by a reversible electrode
process labeled as reaction Il in Figure 7c and 7d. The
difference in voltammograms as a function of the time of
degassing in Figure 7 can be explained by the fact that the
reduction of (4,0) Re(Fsapk(CO), i.e., the Ryf™3" process,
is accompanied by the uptake of one additional CO molecule Supporting Information Available: X-ray crystallographic files
when there is CO dissolved in solution. However,Ruoes in CIF format for the structural determination of (4,0) &&)4-
not bind an additional CO when there is either no CO in FapkCl (3). Table S1 summarizing the oxidation potentials of
solution or a very small amount of dissolved CO in solution, Rt(L)«Cl complexes under a CO atmosphere. This material is
and in these cases a reduction of the®Rwwomplex to its available free of charge via the Internet at http://pubs.acs.org.
Rw?" form is no longer observed. This experiment also 1C035026G

Summary
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