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Abstract

A series of binuclear ruthenium(ll,lll) pentaammine complexes bridged by 4-pyridyl isonicotinaiaaapf) and methyl,4-pyridyl
isonicotinamide i6o-mapy), and their mononuclear congeners, were studied by spectroscopic and kinetic techniques. The amide function-
ality provides asymmetry between the electronic environments of the metal ions bound to the aminopyridine (apy) and pyridine carbonyl
(iso) ends. The resulting difference is observed in the charge transfer spectra and the electrochemical properties of the mononuclear and
binuclear complexes. The mixed-valence binuclear ruthenium(ll,Ill) complexes exhibit bands in the NIR region assigned to intervalence
charge transfer transitions between the metal centers (MMCT). The MMCT band fog)jRiiso-apy-Ru(NH)s]®* hasimax =809 nm and

* Corresponding authors. Tel.: +1 631 344 4327/+1 732 445 3764, fax: +1 631 344 5815/+1 732 445 5312.
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emax=50M~tcmt and [(NHs)sRu-iso-mapy-Ru(NH)s]>* hasi =743 nm andema =20 M~ cm~1. Methylation of the amide nitrogen
increases the energy of the MMCT transition while decreasing the electronic coupling between the two metal centers. The electronic couplin
constantsKyw') for the mixed-valence complexes were evaluated from the metal-to-ligand and metal-to-metal charge transfer spectra using
both Hush’s model and the CNS method. The spectroscopy shows that electronic coupling is more efficient when the bridging ligand can ador
a more planar configuration. The kinetics of the spontaneous (thermal) intramolecular ET reactions in the binuclear ruthenium pentaammin
systems ofso-mapy andso-apy were studied using pulse radiolysis transient absorption spectroscopy. An ET rate constartif 2.7

was obtained for [(NK)sRu-iso-mapy-Ru(NH)s]%*, while only a lower limit for the thermal reaction rate constant could be obtained for
[(NH3)sRu-iso-apy-Ru(NH)s]°*. The estimated ET rate constants calculated by Hush’s model are slightly faster than those directly obtained
through kinetic measurements.

© 2004 Elsevier B.V. All rights reserved.

Keywords:Binuclear ruthenium(ll,111); Hush theory

1. Introduction downhill ET reaction. By placing substituents on the amide
group, one can alter the dihedral angle between the amide
Understanding electron transfer across extended organicgroup and the pyridine ring on the amino side and thus mod-
bridging ligands and mixed valence chemistry is one of the ulate the interaction between the neighboring pyridiigs

main themes of Professor Taube’s resedfc]. Using a H3C\

H
variety of 4,4-bipyridine and similar bridging ligands, the — \/N—@N _ N_CN
interaction between transition metal ions of mixed oxidation N@ Q NO—C' \W/
. . ) ) \ /7 A\

states has been systematically studied using ruthenium and o 0
osmium ammine complexes as donors and acceptors. This iso-apy iso-mapy
led to the development of a rich field of charge transfer spec-  In this paper, the spectroscopic (MLCT and MMCT) and
tra assigned to metal-to-ligand (ML), ligand-to-metal (LM) electrochemical properties of the ruthenium 4-pyridyl ison-
and metal-to-metal (MM) transitions. From such spectral as- icotinamide {so-apy) and methyl,4-pyridyl isonicotinamide
signments, electron transfer (ET) parameters such as elec{iso-mapy) were used to calculate electron transfer rate con-
tronic coupling, reorganization energy and thermal rates of stants. Taking advantage of the difference in electronic struc-
electron transfer can be calculated. Throughout the develop-tures between the two ruthenium centers, direct kinetic exper-
ment of this field it was realized that examples where both iments using electron pulse radiolysis were used to determine
a thermal ET reaction and an intervalence transfer band carthe rate constants for the thermal intramolecular ET reactions
be observed together are highly advantageous because thef(Eg. (4), below). Comparisons of these results show a rea-
allow kinetically and spectroscopically determined electron sonable convergence between the kinetic and spectroscopic
transfer parameters to be directly compared. In this paper,methods for calculating the thermal rates of intramolecular
we report on two such complexes where comparisons of thiselectron transfer. Finally, the bridging amides will be com-
kind are possible. pared to an extensive list of related complexes with dipyridyl-

Binuclear complexes containing bridges having termi- terminated saturated and unsaturated hydrocarbon bridges as
nal pyridyl groups, with similar or different spectator (non- well as with heteroatom bridges separating pyridine rings.
bridging) ligands bound to the metal center, have been ex-
tensively studied8,10-16] By using non-bridging ligands
with differentw back-bonding properties, the driving force 2. Experimental
of the ET reaction in these complexes can be altgréd20]
We report here on dipyridyl-type bridging ligands separated 2.1. Materials
by amide linkages where the asymmetry in the properties of
their metal complexes results from the differences between HPLC grade reagents (Fisher Scientific) were used for
the electron donating (apy) and the electron withdrawism) ( all reactions unless otherwise noted. The solvents, DMF
pyridine rings forming the amide bond. The difference be- (spectrophotometric gradeN-methyl morpholine, diiso-
tween the electronic properties of these two pyridyl groups propyl ethylamine (DIEA), triethylamine (TEA) (redistilled)
provides an opportunity to investigate ET reactions across and deuterated solvents, 99.9% D (all from Aldrich), were
amides with different conformations, such as those presentinused without purification. The argon used was from JWS
peptides and proteins. The small asymmetry in the electronic Technologies Inc. All other inorganic and organic chemi-
properties of these complexes allows one to determine bothcals were reagent grade and were used as supplied. The
the electron transfer parameters of the light induced uphill CH,Cl, (HPLC grade) used in coupling reactions was dis-
ET reaction of the mixed-valence complex and, in a separatetilled from calcium hydride. Column chromatography was
kinetic experiment, the thermal rate for the corresponding carried out using silica gel (Acros Organics 0.035—-0.07 mm),
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Sephadex SP C-25 (Pharmacia Biotech) and CM-32 (What-2.5. Preparation of 4-pyridyl isonicotinamide (iso-apy)
man Biosystems Ltd.). The [Ru(NptCI]Clo, was pre-
pared from the [Ru(NB)s]Cls (Strem Chemicals), and Isonicotinic acid (2.470 g, 0.0201 mol) was added to fresh
[Ru(NH3)4SO,CIICI was prepared according to literature thionyl chloride (10 mL) in a 100 mL round bottom flask.
proceduref?1,22] Europium oxide, 99.99% (Ventron Alfa),  To this, four drops of DMF were added and the mixture
was used to prepare Eusolutions in dilute trifluoroacetic ~ was allowed to reflux for 1h under argon. The solution
(TFA) acid which was reduced with zinc amalgam to generate was concentrated to form a dry white solid using a rotary
solutions of E&*. evaporator. Since isonicotinyl chloride is moisture sensitive,
special precautions were taken to avoid exposure to the at-
mosphere, and the intermediate was used directly for the
next step. The isonicotinyl chloride was taken up in dry
Ultraviolet—visible (UV—vis) spectra of the complexes |HF (20mL); then TEA (3mL) and 4-aminopyridine (apy)
were recorded on a Hewlett-Packard (Model 8452A) diode (1:7959, 0.0191mol) were added to it. The yellow mixture
array spectrophotometer. Visible/near-infrared (visible/NIR) Was allowed to stir for 2h under argon. After that, 10%
spectra were recorded on a computer-interfaced AVIV spec- N@HCOs(aq) was slowly added to the reaction mixture un-
trophotometer constructed around Cary Model 14 optics. Pro-til the pH of the solution was 9. The crude mixture was
ton NMR spectra in CDGlwere recorded on a Varian 200 Purified via solvent extraction (Gi€12/H20), followed by
or 400 MHz spectrometer. All chemical shifts are reported C0lumn chromatography (silica gel, 5% MeOH/&E) to
in ppm downfield from tetramethylsilane. Electrospray mass 91ve @ white crystalline solid, mp 188-19¢. Yield 0.973g
spectrometry (ESMS) analysis was carried out on a Finnigan (34%)- TLC in 5% MeOH/CHCI,: Ry for apy =0.05R; for
LCQ-Duo MS using an ion spray source operating in positive S0:2py =0.35.
ion mode at a voltage of 75eV. Samples were dissolved in

H NMR (CDCl): § 7.615-7.630 ppm (d, 2H of pyri-
methanol or 5% aqueous acetic acid and introduced via flow 4iN€); & 7.712—7.725 ppm (& H of pyridine); § 8.150 ppm
injection. Analyte concentrations ranged from 20 tquA.

2.2. Instrumentation

(s, 1 H ofamide);é 8.587—-8.602 ppm (& H of pyridine); 8
8.837-8.851 ppm (d, 2 H of pyridine). ESMS: obs’d 200.3,
. calc'd 119.2.
2.3. Electrochemical measurements
. 2.6. Preparation of methyl,4-pyridyl isonicotinamide
Cyclic voltammetry (CV) and Osteryoung square wave (iso-mapy)
voltammetry (OSWV) were recorded using a BAS 100A

electrochemical analyzer (Bioanalytical Systems, West Preparation of 4-methylaminopyridine (mapy} mix-
Lafayette, IN). The measurements were carried outin argon-, .o o 4-chloropyridine hydrochloride (5g, 33.33 mmol),
purged solutions using a conventional three-electrode glaSSCuSQ (33.33 mmol) and methylamine (40 wt% ag, 20 mL)
cell consisting of a glassy carbon working electrode, a plat- |, 2« sealed in a glass tube and heated atC5H a,sand
inum wire auxiliary electrode and a saturated sodium chlo- bath for 20 h. The resulting blue solution was slowly mixed
ride calomel reference electrode (SSCE). The cyclic voltam- |, .1+ 1 M NaOH (250 mL) to precipitate Cu(Ob)which was
mogram scan rates were 50-100 mV sBefore each mea-  firareq off and the filtrate extracted with a 1:1 @Fl,/H,0
surement, the working electrode was freshly polished with i1, (3% 100 mL). The organic layer was concentrated to
a0.03mm alumina slurry (Union Carbide) and washed with a5 on a rotary evaporator and the product was precipi-
the appropriate solvent. Redox potentials were determined ini,iad from ether as a white crystalline solid, mp 119122

water with sodium chloride as the electrolyte. Yield 2.3g (65%). TLC in 5% MeOH/ChCl,: R; for 4-
chloropyridine = 0.56% for mapy = 0.081H NMR (CDCl):
2.4. Spectral analysis and band fitting §2.786-2.799 ppm (d, 3H of methy§5.361-6.373 ppm (d,

2 H of pyridine);$ 8.121-8.134 ppm (d, 2 H of pyridine).
Absorption spectra were resolved into multiple bands us- ESMS: obs’d 109.3, calc'd 108.1.

ing the standard peak measurement and fitting macros pro- The mapy prepared above (0.140g, 1.3 mmol) and ison-
vided in Igor Pro software (Wavemetrics, Lake Oswego, OR). icotinyl chloride hydrochloride (1.9 mmol) were placed in
All absorption bands were assumed to have a Gaussian shapa round bottom flask. Dry C¥Cl, (10mL), then DIEA
as a function of energy and their peak positions, widths and (0.7 mL) were added and the yellow solution was stirred for
amplitudes were allowed to float. OSWV scans for binu- 1 h under N. After that, additional isonicotinyl chloride hy-
clear complexes were resolved into two peaks using cus-drochloride (1.3 mmol) and DIEA (0.35mL) were added to
tomized Igor Pro fitting macros as previously descrif2g] the reaction mixture. The solution was allowed to stir for 12 h
and adapted to fit OSWV peak functiof2el]. For the ruthe- and was then concentrated to dryness by rotary evaporation.
nium pentaammine derivatives, the OSWYV peaks were fit as The residue was taken up in 1% NaHg@q) and extracted
Gaussian shaped bands with fixed width at half height of with CH2Cl. The organic layer was purified by column chro-
90 mV. matography (silica gel, 5% MeOH/CGEIl>) to generate a
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yellow oil. Yield 0.164 g (59%) TLC in 5% MeOH/C}Cl5: Ru(NHz)4(SQw)]**. Yield 137 mg (76%). To an aqueous

Rq for mapy =0.08,R; for isonicotinyl chloride =0.04R¢ solution of [(NHg)sRu-iso-apy-Ru(NH)4(SOs)]*" (70 mg)

for iso-mapy =0.38.H NMR (CDCl): 6 3.528ppm (s, 3 and ascorbic acid (1equiv.), methyl imidazole (imMe)

H of methyl); § 6.971-6.986 ppm (s, 2 H of pyridiney;  (0.2mL) was added. The mixture was allowed to stir un-
7.188-7.203 ppm (d, 2 H of pyridiney; 8.490-8.505ppm  der argon for 1.5 h and the resulting red solution was purified
(d, 2 H of pyridine); § 8.558-8.573 ppm (& H of pyridine). by column chromatography as stated above (Sephadex SP C-

ESMS: obs'd 214.2, calc'd 213.2. 25). The desired product was eluted between 0.7 and 1.0 M
NaCl. The product was purified from NaCl by dissolution in

2.7. [((NHg)sRu)-iso-apy](PFs)4 and methanol. The productwas obtained as an impure purple-pink

[((NH3z)sRu)-iso-mapy](PF)4 chloride salt. The solid was dissolved in a minimum amount

of distilled water, reduced over zinc amalgam for 30 min,

To a 0.1 M HTFA solution, [Ru(NH)sCIICI2> (3equiv.to  and precipitated to form a red solid by addition of solid
desired amount of ligand) was added and degassed in an arNH,PFs.

gon atmosphere. The degassed mixture was reduced for 1.5 h

over zinc amalgam. The reduced ruthenium solution was then

added to a degassed buffered solution of the ligand (preparedy - Generation of the mixed-valence species
by adding one drop of HTFA to the desired amount of ligand

and then adjusting the pH to 8 with 1 M NaH@OThe mix- 3.1. Ruthenium derivatives

ture was stirred under argon for 1 h, quenched with DMSO,

and the resulting red solution was purified using columnchro- 3 1 1. Method 1

matography (Sephadex SP C-25). These binuclear species gojytions of bis(pentaammineruthenium(ll)) ligand com-
were purified by column chromatography immediately af- plexes (as PE salts) were prepared by dissolving the
ter preparation, since the ruthenium apy bond in these com-compounds in a 1:3 mixture of D/CHCN (for iso-
pounds aquates over time to form the mononu_clear speciesapy) or DyO/acetone (forisomapy) and diluting to the
Water was used to elute any water soluble organic compoundsjesired concentration with the organic solvent (0.4 mL of
fromthe Sephadex coI'umn. Unreacted ruthenium compoundsy 5 mmM and 4.5 mM, respectively). Stoichiometric amounts
were then removed with 0.1-0.4 M NaCl. The mononuclear (g 1 equiv.) of a 0.1 M solution of ammonium hexanitro cer-

species, orso end, was removed with 0.4-0.5M NaCl and  ate (1v) in acetone were transferred to the ruthenium so-
the binuclear ruthenium complex was eluted with 1M NaCl. | tion via a gas tight syringe and the UV—vis/NIR spec-
The product was concentrated to dryness on a rotary evapra were recorded after each addition using a 0.1 cm quartz

orator, taken up in a minimum amount of distilled water, ce||. The titration was carried out in the 1:3 (v/v) mixtures
re-reduced over zinc amalgam for 30 min and precipitated by ¢ p,0/CH;CN or D,O/acetone in order to dissolve the

the additiqn of solid NHPF; to form a red solid. Yield-75% NH4PFs, since a precipitate formed (assumed to be a cerium
for each ligand. hexafluorophosphate salt) when the titration was carried out
in D,0.

2.8. Preparation of the bis(pentaammineruthenium(lil))
derivatives [((NH)sRu)-L1(BF4)s, whereL =iso-apy,

iso-mapy 3.1.2. Method 2

In a 0.1cm quartz cell, aliquots (0.1 equiv.) of 0.01M
degassed ascorbic acid were added to a 1 mM solution
of [(NH3)sRu-4so-apy-Ru(NH)a(imMe)](PFs)g in CH3CN.

The UV-vis/NIR spectrum was recorded after each addi-
tion. In all cases, the concentration of binuclear ruthenium
species was directly determined and compared to that cal-

The PR~ salt from above was dissolved in a minimum
amount of HBR (48% aqueous) and swirled for 1-2 min.
H,0O, was added drop wise until the mixture turned yellow
and the solution was slowly added to a stirring solution of
acetone. A yellow precipitate formed almost immediately.

Yield > 95%. culated from the amount of the titrant needed to generate
the mixed-valence species (this is a lower limit of the true

2.9. [(NHs)sRu-iso-apy-Ru(NE)a(methyl concentration, especiglly for the mixed-valence species with

imidazole)](PR)a small comproportionation constants, and therefore represents

a small overestimatgg]).

To an aqueous solution of [(NhERu4iso-apy](PF)2
(107mg) and NaHC® (23mg), [(NHs)4Ru(SQ)CI|CI 3.2. Pulse radiolysis experiments
(107 mg) was added and the resultant solution was allowed
to react for 30 min under argon. After that, concentrated Fast transient absorption pulse radiolysis experiments
HCI (three drops) and #D, were added until the reac- were carried out at the Brookhaven National Laboratory
tion mixture turned yellow. Acetone was added to pre- Laser-Electron Accelerator Facility (LEAR)5]. The LEAF
cipitate a yellow crystalline solid of [(Nk)sRu-iso-apy- radio-frequency photocathode electron accelerator was used
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to generate 8.7 MeV electron pulses of <120 ps duration. A Table 1
pulsed Xenon arc Iamp was used as the detection Iight SourC(_:.(.Z)steryoung square wave peak reduction potentials for mononuclear and
Bandpass filters (40 nm) were used to select the an‘,illyzingbinuclear ruthenium(ll,11l) complexes (0.1 M NaCl, volts vs. SSCE)

light wavelength. Transient absorption signals were collected (NH.) M_Ni>_/<o

with a FND-100 silicon photodiode and digitized witha Tek- — °° \_7 N@N_M.(NH3)4L

tronix TDS-680B oscilloscope using custom software run- R —

ning on a DEC VAXstation 4000 computer. The data were Complex number M

. - - i Epeak, MIIIIII M’L Epeak, M/III/II
analyzed with Igor Pro software using routines customized at Reh
BNL. The ruthenium complexes (4—16 mM) were dissolved RU 0136 _ _
in solutions of 0.2M NaHC@, 0.1 M CH;CN at pH 3.5 or - - RU(NH) 0.008
0.4M NaHCQ, 0.1 M CHsCN at pH 6.0, placedina0.1cm 3,94 Ru 0.114 Ru(NH)  —0.007
Suprasil spectrophotometer cell, and saturated with tyas. 10 Ru 0.118 Ru(imMe) @14
The measurements were performed at@1The dose per R=ChHs
pulse was determined by thiocyanate dosimetry and ranged5 Eau 8'093 FEU(NH;) 0._014
from 15 to 25 Gy. 7,11,8 Ru 0.077 Ru(NH)  0.002

4.3. UV-vis and NIR spectra
4. Results
UV-vis data for the binuclear specietaple 2 show a
low energy band that is characteristic of a metal-to-ligand

. ) . charge transfer (MLCT) transition. The higher energy bands
The ligands were prepared by coupling the acyl chloride ¢4 the complexes are consistent with ligand-centeres ="

of isonicotinic acid to apy or mapy. Yields of 40-60% were ansitions. The mononuclear pentaammine ruthenium com-
obtained when freshly distilled thionyl chloride was used. plexes (carbonyl end) undergo a color change upon proto-
The bridging ligands were purified via solvent extraction ation and their MLCT bands shift to lower energy (20 nm
and column chromatography (see experimental) and char-¢,, iso-apy and 40 nm foiso-mapy). Visible/NIR spectra

acterized bYlH NMR and electrospray MS. Both mononu-  ya¢4 show charge transfer bands of the mixed valence ruthe-
clear and binuclear ruthenium complexes were purified by

ion-exchange (Sephadex SP C-25 and/or CM-32 resins). 25
The complexes were characterized by electrochemistry and
UV-vis/NIR spectroscopy. The binuclear species were fur- 20
ther characterized from the different electrochemical proper-
ties of the amino and carbonyl ends, and their behavior on
ion-exchange columns where 0.8—-1.0 M NaCl (or 0.8 M HCI)
was required for their elution. The corresponding mononu-
clear complexes were eluted from the same columns with
0.2-0.5M NaCl (or 0.3—0.5 M HCI).

4.1. Synthesis and characterization

Current(1A)
5
|

T T T 1
200 0 200 400 0 200 0 200

. Potential (mV) Potential (mV) Potential (mV)
4.2. Electrochemistry

Cyclic and Osteryoung square wave voltammetry were
carried out directly on the ion exchange chromatog-
raphy eluents. This was particularly important for the
aminopyridine—ruthenium complexes due to their propensity
to dissociate and release aquopentaammineruthenium(ll).
The mononuclear species show that when the ruthenium ion
is bound to the aminopyridine side of the bridge, the redox -
potential is more negative than when the metal ion is bound to LI N l | |
the isonicotinyl end of the ligand. The CV and OSWV scans P oy Y et vy
of the binuclear complexes show the presence of overlapping
one-electron waves for the two different metal centers. This Fig. 1. Osteryoung square wave voltammograms of KNRu-iso-
is compared with the single bands obtained for the different apy]** (carbonyl end), [((NH)sRu)-iso-apy]**, and [(NHs)sRu-so-apy-
mononuclear complexes. The electrochemical data are sum-:fr:’é'\['('afl):éi)mg'ue)z]:;gc;p r;ﬁ)éb[é’;:gﬁiiixjsggca%{"; Ecar)bg:é"ei”?ﬂ
marized inTable 1and the OSWV scans for the ruthenium mental (—)Sband shapesp{assuming Gaussian waves with half-heigr?t widths
complexes are shown Fig. 1 of 90mV).

Current (LA)
(3]
(=)
Y

[
!
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Table 2
UV-vis spectra for mononuclear and binuclear ruthenium compleéxgs,(nM Emax M~ cm™1))
— 0]
(NH,)sM-N N
R —

M X Complex number R=H Complex number R=¢gH

Ru' - 1 202 (32500), 268 (22000), 5 200 (18000), 258 (9500),
500 (10500) 466 (5200)

Ru' H* 2 188, 279, 520 6 210, 276, 504

Ru! RU' (NH3)s 3 226 (10250), 256 (8140), 322 (sh), 7 206 (7500), 254 (6500),
500 (10130) 464 (7600)

Ru" Ru'"' (NH3)s 4 236 (12700), 292 (9200), 8 212 (4250), 322 (7050),
322 (sh), 422 (1825) 484 (sh)

Table 3

Intervalence spectra for the mixed valence binuclear ruthenium compbaxgs im (Emax, M-1 cm*l) (Amax cm*l))

— 0]
(NH,)sM-N N
R —

M X Complex number R=H Complex number R=¢gH

Ru' RuU'" (NHz)s 9 809 (50) (12300 11 743 (20) (13400

Ru' RU" (NHz)4(imMe) 10 833 (100) (12000)

2 Obtained in BO/CH;CN for R=H and DO/acetone for R = Cklfrom PR~ derivative.

b
=9
x
=
(=1
o -
g <
<
=}
2 <
O
< g | S
S
- o
S =
8 10 12 14 16 10 12 14 16 18 8 10 12 14
(a) Energy (x10°3 cm1) (b) Energy (x10-3 cml) (c) Energy (x103 cm!)

Fig. 2. Calculated (- --) and experimental (—) band shape for the MMCT bands of #hedalis of: (a) [((NH)sRu)-iso-apyP*, (b) [(NH3)sRu-iso-apy-
Ru(NHz)4(imMe)]°* and (c) [((NHs)sRu)-iso-mapyP*, plotted on an energy scale. Fitted absorption bands were assumed to be Gaussian in shape and width
at half height was allowed to float.

nium(IL 1) binuclear complexesTable 3. Forthe mixedva-  with aqueous NO. In 1 M sodium formate saturated with
lence ruthenium complexe8;-11, weak, low energy bands  N»O, the predominartOH species abstracts a hydrogen atom
appear at the tail of MLCT bands. Such bands are not presentfrom formate anion to produce the strongly reducing radical,
in the spectra of the fully oxidized or reduced complexes CO,*~. These reactions are shown in Eff.and (2)

(Fig. 2).
HO — €aq + *OH + H° (1)

o °OH 4+ HCO;,” — H20 + COx*~ (2)
5. Kinetic measurements

The CQ*~ radical can reduce either metal center in the binu-
The kinetics of intramolecular ET in the binuclear clear [(NHs)sRu'"' -L-Ru'"' (NH3)5]®* complex (Eq(3)), re-
[(NH3)sRu)-L](BF4)s complexes, wheré. =iso-apy and sulting in a population of the kinetic intervalence intermediate
iso-mapy were determined using electron pulse radiolysis reduced atthe apy end. Rate constants forintramolecular elec-
transient absorption spectroscopy. Electron-irradiated watertron transfer (Eq(4)) are obtained by monitoring the growth
primarily forms *OH, H* and eq~ species; the latter two  of the absorbance at=500-600 nm from the ruthenium(ll)
can be converted to equivalents ¥H through reaction  complex at théso end of the bridge. The [(NgJsRuU" -L-
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ing to reaction(3) is observed over a concentration range of
4.1-32 mM. Therefore, only a lower limit 0f7 x 10’ s™1

r can be estimated for the intramolecular ET rate constant.
20

6. Discussion

Absorbance x10°
Absorbance x10°*

s ] In the ruthenium complexes reported here, both the mixed-
valence spectroscopic properties and the kinetics of thermal
intramolecular electron transfer of the binuclear complexes
can be studied. By making the amide group part of the bridg-
ing ligand, the effect of the dihedral angle between the amide
group and the pyridine rings on ET rates can be examined.
The differences in chromatographic and electrochemical
Fig. 3. (a) Absorbance vs. time data for the reduction of [§NRU" -L - properties between the mononuclear and binuclear deriva-
Ru'" (NH3)s] with CO,*~ monitored at: (a) 550 nm and (b) 500 nm. Ineach tives formed the basis of their characterizatidat{le 1and
graph, the upper, black trace correspondsk toiso-apy (7.8 mM) and the Fig. 1). Dissimilarity of the ligated pyridine rings causes

lower, gray trace correspondslio=iso-mapy (7.9mM). The traces forthe 5 gma) gifference in the spectroscopic and electrochemi-
iso-mapy complex were scaled by factors of 2.4 and 1.5, respectively, in (a)

and (b) to better compare the kinetic behavior of both complexes. Conditions: cal properties of the mononuclear and binuclear complexes.
0.4 M sodium formate, 0.1 M acetonitrile, pH 6.0,®saturated aqueous ~ When the metal is attached to the more electron-withdrawing,
solution, 2°C, pathlength 0.1 cm, radiolytic dose 25 Gy. carbonyl bearing pyridine, a more positive redox potential is
observed relative to that of the metal coordinated to the more
Ru'" (NH3)s]®* concentrations were varied from 4 to 16 MM electron rich aminopyridine100 mV greater). Protonation
to probe for a bimolecular contribution to the observed rate of the ruthenium(ll) mononuclear speci2sand 6 resulted
constant. The dependence of the reaction on the concentrationn spectral shifts consistent with charge redistribution of the
of the binuclear ruthenium species is then used to determineprotonated specied#ble 2. Upon protonation at the apy

0 PI T T | T N ' 3 0 PENEE Il

0.0 0.5 1.0 0.0 0.5 1.0
(a) Time, jis (b) Time, ns

the intramolecular ET rate constant corresponding td4q. end, a reversible red shift in the MLCT band is observed.
" " 64 Kope The ruthenium pentaammine species undergo a color change
CO*~ + [(NH3)sRU™ -iso-(m)apy-Ru” (NH3)s] - — upon protonation and their MLCT bands shift to lower energy

(770 and 1620 cm! for iso-apy andso-mapy, respectively)

e 1T 5+
[(NHg)sRU!-iso-(m)apy-Ru! (NH3)s] The difference in charge redistribution can be accounted for

+ [(NH3)5Ru”' —iso—(m)apy-Rl'J' (NHa3)s] 5+ 3) using th.e. intermediate structureﬁnheme IWhen R =CH,
the positive charge that develops is expected to be more sta-
n " 5+ Ket bilized than for R=H.
[(NH3)sRu™ -iso-(m)apy-Ru (NHz)s] — The binuclear mixed-valence ruthenium pentaammine
[(NH3)5Ru” -iso-(m)apy-RLlj” (NH3)e] S5+ (4) derivatives show broad bands assigned to intervalence charge

transfer (MMCT) at the lower energy tail of the MLCT bands
Fig. 3a and b show the pulse radiolysis transient absorp- (iso-apy at 12,300cm! and iso-mapy at 13,400 cmt).

tion traces for the reduction of [(NPsRU" -iso-(m)apy- These bands are absent from the spectra of the fully oxi-
RU'(NH3)5]%*. The kinetic behavior of the two complexes dized and fully reduced binuclear species. To ascertain the
is compared at 550 and 500 nm. The ())$Ru'-iso frag- nature of the mixed-valence band, the fully reduced complex

ment absorbs more strongly at both wavelengths than the[(NH3)sRu-so-apy-Ru(NH)4(N-methyl imidazole)](P§)s
(m)apy-RU (NH3)s fragment. In the case of thso-mapy- was synthesized and studied. The presendé-wfethyl im-
bridged complex (gray traces) the initial absorbance increaseidazole in place of the trans ammonia at the apy side is ex-
due to reaction3) is followed by a further increase due pected to increase the potential of this site compared to that
to intramolecular ET (reactiof)) with a rate constant of  of the carbonyl siteT{able 1), thus decreasing the energy gap
2.7+ 0.4x 10°s~1. For theiso-apy-bridged species (black of the intervalence transfer absorption band. As expected, a
traces), only a single pseudo-first-order process correspond+ed shift in the MMCT band for this complex was observed

0 p
LEN g NH)RuZi@—c’ . P
e O T O S
7 — —_— / — PP N NH
R R R/® =
R=H, CH;

Scheme 1.
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Table 4

Spectroscopic parameters and metal-ligand coupling in mononuclear ruthenium complexes

Complex number Amax (NM) vmax MLCT (cm™1) emax (M~ Lcm 1) Avyp (cm 1) HwL Hush (cnml)
1 500 20000 10000 4300 2800

a 418 23900 7000 4200 2500

5 466 21400 7600 5100 2700

(a) The ML values for all mononuclear ruthenium(ll) species (either gltbr (NHs)4 on apy end) are identical and were obtained from the spectroscopic
parameters of (NE)sRU' -aminopyridine-amid&37]. ry. = 6.85A for all mononuclear species.

relative to the corresponding Ru(NJ4 (11,900 cnm? versus Theiso-mapy derivative showed an intramolecular ET rate
12,300 cnvl, respectivelyFig. 2). of 2.7+ 0.4x 10°s~1. This rate was slower than the initial
The electronic coupling elemerttiyy, is important for  reduction of Ru(lll) by the reducing radicat@ x 10’s™).
understanding how efficiently the bridging ligand mediates (Fig. 33). To confirm the intramolecular nature of the slower
MMCT. Itis also related to the thermal rate of ET. The vari- rate constant, the concentration of the binuclear complex
ation in electronic coupling with angular dependence for the was changed from 4 to 8 mM. The kinetics showed that the
ruthenium complexe8andl1was studied by comparing the ~ faster, bimolecular rate constant increased by a factor of 1.8
energy and absorptivity of the two MMCT band&d. 2). By (to ~5.5x 10" s71), while no change was observed for the
replacing the H of the amide with a methyl group, the dihe- Slower intramolecular ET rate constant. The concentration
dral angle between the apy ring and the amide bond changedndependence of the second rate constant supports its assign-
by ~40° [26], thereby changing the MLCT and MMCT band ment to the intramolecular ET reaction from the'Ran the
energiesTable 4. A significant decrease iy accompa- ~ amino end to the th_on the carbonyl end. _
nies this changeTable 5. The MLCT and MMCT bands (as- Experiments on thiso-apy-bridged complex did not show
signed from the spectra) were used to calculate the electronictwo distinguishable rate constantdd. 3). As the concen-
coupling elementsiy. andHyw' (for metal-to-ligand and  trationwas increased from 4.1 to 32 mM, the bimolecular rate
metal-to-metal, respectively) using Hugv,28] and CNS increased but was not separated from the intramolecular ET
methodg29]. The results ifTables 4 and &ndicate that the rate constant. Therefore, the data provides only a lower limit
iso-apy bridge shows more effective coupling thsormapy for ket of > 7 x 10’ s~1. To achieve a clearer separation be-
for all of the complexes studied. However, some discrepancy tween kinetic steps, the reaction would have to be carried out
still exists between the electronic coupling values obtained at & higher concentration of the binuclear species. However
from the two methods. The CNS calculation results in effec- Since the solubility limits have been reached, changing the
tively no difference in coupling between the R=H and4CH  anion to form a more soluble compound may be required.
cases, however there is at least a factor of 10 difference inthe ~ The novelty of these mixed-valence systems lies in the fact
kinetically-determined intramolecular electron transfer rate that electron transfer rate constants can be calculated from

constants. In the CNS formalism, direct metal-to-metal cou- spectroscopic MMCT band4.0] and directly measured by
pling is neglected, and mixing with only one MLCT state fastkinetic methods. Therefore a direct comparison between
is considered. However, in the case of the complexes re-the two methods is possible using E¢S) and (6) [10,28]
ported here, the character of the MLCT and M'LCT states assuming 5 10'2 to be an average frequency that

is mostly localized to the respective pyridine rings bound to

each metal center. This distinction may be responsible for theket = 5 x 10t2g=(A¢"/RT) (5)
larger divergence between the couplittigy calculated by Eo
the Hush and CNS methods compared to the examples givenAG* = —F — Hyy — AG° (6)

in [29], where agreements were within a factor of two. In 4 ) )
addition, refinement of these calculations using results from accounts for metal-to-ligand and solvent frequencies (non-

electroabsorption spectroscopy may further resolve some ofadiabatic reactionskop is the optical energy for MMCT,
the difference$30]. Hmwm- is the electronic coupling element for MMCT, and

AGUY is the driving force of the reaction. Usirtdyy values

Table 5
Comparison of observed and calculated metal-metal coupling parameters ig){{Wk+L]>* and [((imMe)(NHs)sRu4so-apy-Ru(NH)s)]>* mixed-valence
complexes

Complex number Ama@ (NM)  vmax MM/CT (em™)  gmax(M~Lem™)  Avyp® em ™)  AEwL (em™)  Hyw Hush emm)  Hye CNS (cnm?)

9 809 12400 50 5100 11000 90 320
11 743 13500 20 5500 11500 60 290
10 833 12000 100 5000 11400 100 300

ruw’ = 13.7A for all binuclear species.
2 The IT band was obtained from the Gaussian fits.
b The values reported were corrected for symmetry using the eqUadm v/, = (2310 @max— AG® (cm1)))1/2,



A.J. Distefano et al. / Coordination Chemistry Reviews 249 (2005) 507-516 515

obtained [40] by Hush’s method, the calculated values Table6

for ket are 3x 1851 (for iso-apy) and 1Ix 10°s1 (for Comparison ofy, values to related literature values

iso-mapy). The pulse radiolysis experiments obtained a Ligand rum (A) Hyyw (103cnT?) Reference
lower limit for the intramolecular electron transfer rate (solvent)

constantket of 7x 10°s™! in the case ofisc-apy and \ 2 137 0.09 (QO/CHCN)®  This work
ket=2.7£0.4x 10°s! for iso-mapy. The experimentally NQ’CN@N 0.32 (D;O/CHsCN)P
determined rate constant and lower limit are more than three H =

times slower than the estimated ones, but trends are consis-

tent between the two approaches. The mixed-valence com-NC\>_C'9 13.7 5'20: gg;:gggr?g This work
plex [(NHz)sRU' -pyrazine-RU' (edta)l has been used pre- = }V*@N 291
viously for comparing intervalence spectroscopy and thermal H3C
electron transfe{31] although in that case the calculated ET N\/,:\>_</3N 113 0.39(0.1MDCIRO)R [32]
rate constant was over 50 times faster than the observed value \— 0.60 (0.1 M DCI/O)°
CH;
6.1. Comparison to bridging saturated and unsaturated N@—CN 11.3 0.19 (0.1 M DCI/RO)Y  [32]
hydrocarbon bridges and with similar bridging ligands = H,C =

The ruthenium complexes reported here possess simi—ND—CHz@N 105  0.10(0.1MDCIROY [32]
lar electron mediating properties to that of many dipyridyl- 77— /
terminated bridging ligands. Furthermore, the dihedral angle NQNHQN 109
between the amino pyridine ring and the amide group also NC\}S‘CN 11 ~0.15 (D0) [7.10]
influences MMCT coupling. A comparison of the mediating /_\ = /
properties of the amide group (with different dihedral an- Q‘CH%H—QN 138  0.30(0.1MDCIROYy* [32]
gles) can be made to a number of similar functional groups \_=—=c_
already studied. To examine the dependence of the electronic \= ‘QN

0.50 (0.1 M DCI/ROY [32]

14.0  0.29 (0.LM DCI/BOY [32]

coupling on the orientation of the pyridine rings, Taube and N* Y—s_ a
coworkers[7,32] compared mixed-valence binuclear pen- Q SQN 0855 (0) [13:39]
taammineruthenium complexes bridged by’-<hipyridine ND_Q_CN 156  ~0.20 (DMSO(@)*®  [15]
and 3,3-dimethyl-4,4-bipyridine. In the latter compound, = = ~0.50 (DMSO-de)"*
the methyl groups cause the pyridine rings to form a larger 9
dihedral angle in comparison to 4dipyridine. The MMCT NC\>—C\O@ 9.0 0.30 (0.1M KCBSGs)? [33]
band energy anrealseg Withddihedrag_?ngleb(loio nm vfersus . 0 . 052 (0.1M KCESOR)® [29]
860 nm) which resulted in a decreas » by a factor o N ' | ’

) v’ Dy NQ—CNH@ 0.80 (0.1 M KCRSOy)P

2 (Table . In the amide systems reported hefigy,- values

decreased by a factor of 1.5 as the result of one methyl group
placed at the amide nitrogen. RR 172

Earlier studies have explored the properties of deproto- _N—c—n©
nated carboxylic acids and amides in isonicotinato and isoni-
cotinamido ligands and their binuclear ruthenium complexes NC_@_CN 118 0.32(1MDRSO) 9]
[33] (Table §. The isonicotinamido ligand has a deprotonated
amide group directly bound to the Ru(lll) center. Both isoni- _C:,O
cotinamido and isonicotinato ligands showed similar spectral ~~ N—CI,Q
properties, but the electronic coupling in the isonicotinamido
ligand was found to be 1.7 times larger than that of the isoni- all these species are [(NBsRu)-L]5* (except that fof34]). (d) From
cotinato ligand (520 cmt versus 300 cml). Early work by ~ H=(umax AGr)Y2, no corrections fon G were made ak is large.

Liu and Bolton[34] also addressed the mediation properties Z "z:gm g;sgtﬁgz?tion-

of .amld.e t.)onds connected to a me.thylene.group (an amino ¢ Distance was ca?/culated by adding A 2for phenyl group) to 13.6,
acid bridging group). The electronic coupling between the ¢, 1 4_gicyanamidobenzene dianion).

donor porphyrin and an acceptor benzoquinone is signifi- e Estimated from figures ifL5].

cantly decreased in the presence of the additional methylene ' P and Q are porphyrin and benzoquinone.

group (Table 9.

When compared to other dipyridyl-terminated systems and Ch) separating the pyridine ring§,32]. The amine
coupled through two-atom linkages, the amide-coupled spacer, NH, shows the strongest coupling, followed by the S-
metal complexes show less efficient coupling than olefinic, atom bridge, while the amide and single £¢toups are sig-
acetylenic and disulfide groups. The amide systems can alsaificantly weaker {able §. The electron donation of the NH
be compared to complexes with single-atom bridges (S, NH group is reduced upon interaction with the electron withdraw-

0.36 (CHCN)? [35]

140  0.003 (CHCN) [34]f
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ing carbonyl group resulting in the weaker coupling observed [5] P.A. Lay, R.H. Magnuson, H. Taube, Inorg. Chem. 27 (1988) 2364.
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