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An Analytical Study of the Redox Behavior of l,lO-Phenanthroline-5,6-dione, 
Its Transition-Metal Complexes, and Its N-Monomethylated Derivative with 
Regard to Their Efficiency as Mediators of NAD(P)+ Regeneration 
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Abstract: The synthesis as well as the 
chemical and electrochemical properties 
of homoleptic and heteroleptic (trispyridyl- 
methylamine as coligand) transition- 
metal complexes (Ru and Co) of 1,10- 
phenanthroline-S,6-dione (PD) and of its 
N-monomethylated derivative (PDMe') 
are described. In particular, their ability 
to abstract hydride ions was studied. Elec- 
trochemical investigations with cyclic 
voltammetry, rotating disk electrode ex- 
periments, and spectroelectrochemical 
methods at different pH values gave an 

insight into the complex electrochemistry 
of the compounds described, which is 
strongly influenced by a hydration pre- 
equilibrium. The electrochemically active 
quinone form of the transition-metal 
complexes can be reduced to the hy- 
droquinone state in acidic solution and to 
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Introduction 

Enzymatic oxidation reactions can be of great value in organic 
synthesis."] Nature has developed a large number of highly 
selective oxidizing enzymes, among which monooxygenases like 
enzymes dependent on cytochrome P-4S0,r21 dioxygenases like 
the arene dio~ygenases,'~] and oxidases like glycerol 3-phos- 
phate oxidaser4] have found important applications in synthesis. 
The most widely employed class of oxidizing enzymes, however, 
are dehydrogenases like horse-liver alcohol dehydrogenase 
(HLADH) .I5] These dehydrogenases depend on NAD(P)+ as 
the electron-accepting cofactor. Thus, for synthetic application 
of these enzymes an efficient and mild system for cofactor regen- 
eration is necessary.", 61 Apart from enzymatic cofactor re- 
cycling systems, chemical and electrochcmical regeneration pro- 
cedures have attracted great interest because of their greater 
flexibility. Chemical regeneration systems usually consist of 
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their transition-metal-stabilized semi- 
quinone states for neutral and basic solu- 
tions, whereas PDMe' is reduced to the 
hydroquinone state in both acidic and 
neutral solutions. The compounds can al- 
so be reduced chemically, and are efficient 
catalysts for the indirect oxidation of the 
enzymatic cofactor NAD(P)H. For the in- 
direct aerobic NAD(P)H oxidation, up to 
900 turnovers per hour can be observed, 
an achievement yet to be reached by other 
catalyst systems. 

o-quinoid mediators acting as hydride-ion abstracting agents 
and oxygen as the final electron acceptor. Catalase is added to 
destroy the hydrogen peroxide produced. Effective chemical re- 
generation systems must meet the following requirements : 
1) To obtain a high yield in a reasonable time the turnover 
frequencies of the quinoid mediators must be as high as possible. 
2) The mediators must be stable in both redox states within the 
regenerating cycle over a long period of time. 3 )  They should be 
easily soluble in the aqueous buffer systems necessary for enzy- 
matic conversions. 4) They should react selectively only with 
the reduced cofactor. 

Electrochemical regeneration of the oxidized cofactors is pos- 
sible either by direct anodic oxidationr7] or by redox catalysts, 
also mainly applying o-quinoid systems as mediators. Alterna- 
tive chemical systems described thus far are of limited use be- 
cause they either react too slowly (flavine mononucleotide 
(FMN): Is ,  1 .X turnovers h- ; 4,7-phenanthroline-5,6-dione:'"] 
4-6 turnoversh-') or are not chemically stable enough under 
basic conditions," which are usually favorable for the enzy- 
matic oxidations. 

For the direct electrochemical regeneration electrode fouling 
has been observed. Moreover, the anodic potential is too posi- 
tive for selective oxidations[71 because of the electrochemically 
irreversible process. To solve these problems for the efficient 
chemical and electrochemical regeneration of NAD(P)+ , the 
1,l O-phenanthroline-S,6-dione system is a good starting point. 
However, the electron density within the o-quinoid structure 
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should be diminished to accelerate the hydride 
transfer from NAD(P)H and lo lower the oxidation 
potential for thc electrocheinical rcgeneration to  
about 0 V vs. Ag/AgCl in order to exclude side reac- 
tions of the substrates at the electrode surface. At 
the same time, the solubility should be enhanced by 
use of charged species, and the formation of insolu- 
ble precipitates by oligomerization of thc reduced 
forms through hydrogen bonds should be avoided 
by blocking the nitrogcn atoms. It was our strategy 
to solve all these problems by coinplcxation of 1 ,lo- 
phenanthroline-S,6-dione (PD) with a transition- 
metal ion["] or by alkylation of thc nitrogens. We 
have shown previously["' that homoleptic complexes of Co". 
Ni", and Cu" with 1 .lO-phenanthroline-S,6-dione do indeed un- 
dergo fast hydride transfers froin NADH. Howevcr, the reduced 
forms of the complexes still precipitate slowly owing to 
oligomerization. in  the case of Co". we could avoid the precip- 
itation by using heteroleptic coinplexcs in which four of the 
coordination sites were blocked by onc N,N,N-tris(aminocthy1)- 
amine (tren) or N,N,N,-tris(pyridy1methyl)amine (TPA) ligand. 
In addition, the homolcptic tris-PD complex of Ru" showed an 
extremely high stability even in the reduced form. Since these 
complexes are promising mediators for the NAD(P) ' regenera- 
tion, we investigated their role in the cofactor regeneration sys- 
terns, identified the active species involved in the process, and 
determined thc number of active P D  ligands in the above-men- 
tioned tris-PD complexes. The following systems were studied 
(Scheme 1): 1) l,lO-phenanthroline-5,6-dionc (PD) as the un-  
coinplexed and unmodified model; 2) I-methyl-1,lO-phenan- 
throlinium-S,6-dione tctrafluoroborate (PDMe'). an alkylated 

homolepticO heteroleptic 

[RuPDd2+ - complex PDMe+ [M(TpA)(pD)12+ c,omp,exes 

Schrmc 1 .  Structures of the specks mxlied 

chargcd derivative of PD, as an alternative to the transition- 
metal complexes; 3) cobalt(I1) trisphenanthroline [Co"(phen)J2 + 

as a typical reversible one-electron model; 4) the homolepiic 
complexes [Co"(PD)J2 + and [Ru"(PD),J2+ ; 5 )  the heteroleptic 
complexes [Co"(TPA)(PD)I2+ and [Ru"(TPA)(PD)]~+. Wc fo- 
cused our investigations on the dctermination of the reduction 
arid oxidation potentials, their p H  dependence, and thc number 
of transferrcd electrons and protons. 

The electrochemical behavior of P D  has already been studied 
in water and in mixed aqueous media. Recently, Anson et al. 
published a study in which the compound was investigated 
mainly in acidic solutions.['21 Because enzymatic oxidations 
with NAD(P)+-dependent alcohol dehydrogenases require ba- 
sic aqueous phosphate buffer solutions, we mainly investigated 
thLe systems describcd above in the latter medium without any 
cosolvent present. 

Results 

Abstract in German: Die Syntlzese ,sobvie die chernischen und 
elektroclzemischen Eigenschqftelz hornolqtisc.her und Izeterolepti- 
scher ( Pis (pyri&lmethjl) umin 01s Co figund) Ubergangsmetall- 
kornplexe ( R u  und Co) von l,lO-Plic~nantkrolin-5,6-di~n ( P D )  
urid dessen N-monometh),liertes Derivnt ( PDMe' ) werrien 
heschrieben. Inshesondere wuriie deren Fahigkeit zur Ahstraktion 
von Hjdridioniw untrrsuchf. Fur die elektrochprnlvchen Unter- 
suchungen wurden die C~clovoltan~r?ietric., Mcjlverfuhren mit tier 
rolierenden Scheibenelektrode urid die Spektroe1ekfrochenzie)~~henIie un- 
f r r  Varialion cles pH-  Wertt's eingesetzt . Diese Studien gahen Aufi 
schlu/l iiher die komplexe Elektroclzenzie der beschriebenen E r -  
bindungen, die hesonders rlurch ein vorgelagertes Hydratations- 
gl~ich,geir.icht bertimmt wird. fn .suurem Medium lcunn die el&- 
rroak tive Chinonfbrni der UhergungsnietaNkanzple.~e his zur Hy- 
drochinonform reduziert werden ( z w i  Elektronen pro PD-Ein- 
heit) , wiilu.end in neutralem und hasischem Medium die Reduuk- 
tion auf' der Stufe des iibergang.~~netullstrrhilisierten Serni- 
chinons steken bleiht (ein Elektron pro  PD-Einhc.it) . Dagegen 
wird PDMe+ unter allen Bedingungen his zur Stuje des Hytboihi- 
nons reduziert. Die krhindungen kiinnen auch chemisch reduziert 
werden und sind wirksame Katulysatoren f u r  die indirekte Oxidu- 
tion des Enzjirn-Cofaktnrs N A D  ( P )  H .  Fiir die indirekte aerohetr 
N A D  (P J I-I Oxidation konnten his zu 900 C y c h  pro Stunde fest- 
gestellt wvrden, ein Wert, der von anderen Katul?.rators,vstc.n.len 
hisher nicht erreicht w~urrle. 

Cyclic voltammetric studies: The cyclic voltammograms of the 
PD complexes and of PDMe+ in the potential region be- 
tween -0.4 and +0.4 V are comparable to those of frcc PD. 
The homoleptic ruthenium complex (Figure 1) shows only one 
redox pair for the noninteracting ligands, while the respective 
homoleptic cobalt complex shows splitting of the waves, of 
which two are distinguishable. 

in the cyclic voltammograms, the reduction of complexcd or 
free PD occurs in all compounds in the potential region of -0.2 

-8.0 
, , , ,v, , . . . . , , , . , , , , , , , 

500 400 300 200 100 0 -100 -200 300 

potential [my 

Fig. 1.  Cyclic vollamrnogi-arns of'[Ru(PD),](CIO,), at pH 2.5 (A) and pH 7.4 ( B )  
211 a scan rate of 1OOinVs-' vs. AgiAgCI reference electrode (working electrode. 
glassy carbon). 



1 ,IO-Phenanthroline-5,6-Dione Derivatives 79-88 

to f0.3 V vs. the AgiAgCl reference clcctrode in a phosphate 
buffer. The shapes and potentials are strongly dependent on the 
pH value of the solution. The voltammograms in general show 
the behavior of a system with a preceding chemical rcaction 
(C,E,) under total (PDMe') or intermediate (all other com- 
pounds) kinetic control in the more acidic region (Figurc 1,  
curve A) and a more Ncrnstian behavior in the neutral and basic 
region (Figure 1, curve B) with thc exception of PD. Above pH 
3.6, the reduced PD precipitates from the solution, thus prevent- 
ing the observation of a reoxidation peak. The preceding chem- 
ical equilibrium is especially noticeable in the case of PDMe', 
which between pH 2 and pH 6 shows a cyclic voltammograin of 
purely kinetic control (Figure 2, curve A) and a Ncrnstian re- 

6.0 . . . . , . . . , , . . . . I . . . . , . . . . , . . , , , . . . . , . . . . , . , , ,  
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t V 
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potential [my 
Fig. 2 .  Cyclic voltainmograms of PDMe' at pH 2.4 (A) and p H  9 0 (€3) at a scan 
rate of 20 mVs-' vs. Ag/AgCl reference electrode (working clcctrode: glassy car- 
bonl. 

sponse at pH 9.0 (Figure 2B).  As expected for C,E, mecha- 
nisms, starting from a cyclic voltammogram that indicates 
strong kinetic control, the increase of the scan rate leads to a 
more Nernstian (peak-shaped) behavior because the preequi- 
librium becomes "frozen". The forward rate constant of the 
preequilibrium is too small to deliver noticeable amounts of the 
electroactive species within the time limits of the potential scan. 
This is demonstrated for PDMe' in Figure 3. At higher pH 
values in the neutral or basic regions the more Nernstian behav- 
ior of the cyclic voltammograms at lower scan rates can be 

potential [mv 
Fig. 3. Cyclic voltammograms ofPDMe' at pH 2.5 and scan rate$ of 100.400, and 
I000 mVsC' vs. Ag/AgCI reference electrode (working electrode. glassy carbon). 

explained by an increase in the forward rate constant of the 
preequilibrium. In this situation, the preequilibrium is estab- 
lished so fast that it falls into the time domain of the potential 
scan. This is demonstrated in Figure 2 B (see also simulated 
voltammograms in Figurc 9). Becausc Nernstian behavior dom- 
inates in the neutral-to-basic region we report the peak potential 
values for pH 7 (see Table 1). 

'Table 1. Reductive (E,,, and corre?ponding oxidative (E,, ,,,) peak potentials ( V )  
;it pH 7.0 and formal potentials (E'  . V )  i n  pH 2.5 and pH 7.0 or pH 8.0 phosphate 
buffer. 

Coinpound 

PD -0.160/- (7.0) - 

[Ru(PD)J(C1Od, -0.060/+0.020 (7.0) +0.242 (2.2): -0.055 (8.0) 
[Co(TPA)(PD)](BF,), - 0.150!0 (7.0) -0.040 (8.0) 
[Ku(TPA)(PD)](CI), -0.110/-0.040 (7.0) +0.217 (2.5)~-0.015 (7  0) 

ED,,cJ%,, ,x [a1 (PH) E" Ibl (pH) 

PDMe(BF.,) -0.005 [ c ~ ~ + o . o ~ n  (7.0) - 

[a] Peak potentials from cyclic voltammograms at 20 to 101) m V s - '  scan raies. 
[b] Formal potentials taken from spectroelectrochemistry at OTTLE electrodcs 
[c] Half peak potential (for 20 mVsC'). 

The cyclic voltammograms of the homoleptic cobalt complex 
[Co(PD),](BF,), show splitting of the waves, of which two are 
distinguishable. This indicates that the ligands are interacting 
within the complex. The two redox pairs for the ligands could be 
better rcsolved by means of differential pulse voltammetry giv- 
ing redox potentials of E ,  = + 0.009 V and E,  = - 0.086 V at 
pH =7.0. 

Because of the involvement of protons in the redox rcaction, 
all peak potentials are shifted to morc negative potentials with 
increasing pH. The amounts of these shifts were studied between 
pH 2 and pH 9. The reduction of the uncomplexed PD is chcm- 
ically irreversible above pH 3.6. This has been observed bcfore 
by Bruicc ct al."31 and can be explained by the formation of 
precipitates of the reduced form owing to hydrogen-bond for- 
mation between the hydroxy groups of the hydroquinone and 
the nitrogen atoms. Therefore, the pH dependence of the peak 
potentials of PD can only be determined for the reduction pro- 
cess. 

In the transition-metal complexes of PD as well as in the 
N-methylated form PDMc', the nitrogen atoms are blocked so 
that the precipitation of the hydroquinone forms through hy- 
drogen bonding between the hydroxy groups and the nitrogens 
is prevented. Therefore, herc the pH dependence of both reduc- 
tion and oxidation potential can be observed even under neutral 
or basic conditions. We found a linear correlation between the 
anodic peak potential and the pH with slopcs of approximate- 
ly  - 52 mV per pH unit between pH 2 and pH 9 for all observed 
compounds. The pH dependence of the cathodic peak potentials 
of all compounds has three different regions (see Table 2). In the 
first region between pH 2 and pH 4 to pH 4.5, linear correlations 
between the peak potentials and the pH with slopes of around 
90 mV per pH are observed. For [Co(PD)J2+ reliable data 
could not be obtained because the cyclic voltammograms are 
poorly developed. In the second region betweeen pH 4.0 to pH. 
4.5 and about pH 7, linear correlations between the peak poten- 
tials and the pH with slopes of around 30 mV per pH unit are 
obtained. Exceptions are PDMe' and the heteroleptic complex- 

i. 1997 0947-653Y/97/0301-0081 S 15 f>#+ 25'0 81 
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'Table 2. pH dependence ofcyclic voltaminetric peak potentials. Slopes for separate 
regtonsaregiven in inV per pH unit. with theend point ofthe pH region in brackets; 
the slope for the reoxidation is given for the whole region in mV 

- 
- 
- 
- 
- 

I I I I I I I 1 I I 

Reduction Reoxidation 
Coinpound Region 1 Region 2 Region 3 Whole pH region 

PD -96 (4.0) -29 (8.0) decomp. irreversible 
PDMe(BF4) -93 (4.5) -49 (7.4) -72 (9.0) -50 
[ R u ( P D ) J ( ~ 1 o J ,  - 8 5  (4.2) -30 (6.2) -52 (9.0) -51 
[C'o(TPA)(PD)](BFJ, ~~ 84 (4.3) - 62 (9.0) -62 (9.0) - 52 
[Ru(TPA)(PD)](CI), -90 (4.2) - 14 (6.6) -52 (11.0) ---54 

6 0  

9 -  I 

E 4 0 -  a .  
2 0  

es with values of 50 mV. The third basic region between about 
pH 7 to pH 9 shows slopes of around 50 mV per pH unit. A 
typical example is given for [RU(PD)~]'' in Figure 4. Again 
PDMe' is an exception with a slope of 72mV. The cyclic 
voltammogram of the uncomplexed PD is strongly influenccd 
by the decomposition of the substrate at these pH values. Mea- 
surements in buffer systems above pH = 9.0 arc not possible for 
most of the complexes; only the heteroleptic ruthenium complex 
[Ru(TPA)(PD)]'+ was stable up to pH 11. 

- 

- 

mL [Ru(PD)J in phosphate buffer 

reoxldation 

im 

E n  
region1 j 

85mV/pH 
: region2 
j 30mVipH 

-rm 
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PH 

Fig. 4 pH dependence of the reductive and oxidative peak potentials of 
[Ru(PD),](CIO,), measured by cyclic voltammctry at a scan rate of 100 mVsC' \ I S .  

Ag'AgC1 reference electrode (working elcctrode: glassy carbon) 

Rotating disk electrode measurements: Rotating disk electrode 
measurements allow the determination of the number of trans- 
ferred electrons and/or the diffusion coefficients, if the redox 
process is a simple diffusion-controlled electron transfer. This 
results in a linear Levich plot of the plateau current vs. the 
square root of the rotation rate.['41 If, however, the redox pro- 
cess is perturbed by preceding or follow-up chemical and elec- 
trochemical steps, nonlinear Levich plots are obtained. Preced- 
ing chemical equilibria especially can very often easily be 
detected by this experiment. This is of considerable importance 
in the case of the compounds studied here, because Anson et 
al.['21 have shown that protonation or complexation of PD by 
metal ions lcdds to the partial formation of electrochemically 
inactive hydrated PD (PD-H,O). In the case of PD. the hydra- 
tion occurs only when a nitrogen is protonated in the region 
below pH 5, thus lowering the electron density of the dione 
system. Such a prcequilibrium influences the plateau currents. 
The Levich plot therefore deviates from linearity; the slope de- 
creases and finally at high rotation rates the current becomes 

inldependent of the rotation rate.[151 This preequilibrium should 
a h  be expected in the case of the compounds studied here. 

Like the proton in the case of the uncomplexed PD, not only 
the transition-metal ions in the complexes but also the methyl 
group in PDMe' should strongly favor hydrate formation at 
higher pH values as well. We therefore studied all the com- 
pounds by rotating disk measurements at pH 2.2 or pH 2.5 and 
pH 7.0 at rotation rates between 100 and 10000 rpm and com- 
pared them with the stable and reversible system [Co(phen),12 '. 
For the cobalt trisphenanthrolinc model system, the Levich plot 
was a straight line through the origin. At pH 2.2 or pH 2.5, 
linear Levich plots were also observed for all other compounds 
between 100 and 10000 rpm. The extrapolations of the lines, 
however, cut the current axis at  positive current values. At pH 
7, the plots deviated from linearity: the slopes decreased with 
incrcasing rotation rates in accordance with the model discussed 
above. Again, the extrapolation of the curves 10 a rotation rate 
of 0 rpm did not pass through the origin. Typical examples are 
given for [Ru(PD),J2+ and PDMe' in Figures 5 and 6. The 
Levich plots for PDMe ' resembled the Levich plots of the other 
compounds ; however, the cathodic plateau currents were much 
snnaller than for [Ru(PD)J2'. 

The number of transferred electrons could not be determined 
by this experiment because the amount of electroactivc material 
depends on the equilibrium between the hydrated and the non- 
hydrated forms and is therefore unknown. 

8.0 ,-XI" 

-x- pH7 0 

0.01 " " " " " "  8 " " "  I 
0 10 20 30 40 50 60 70 80 90 100 

om [rpm]" 

Fig 6 Levich plots of the cathodic plateau currents of PDMe- (5.02 x 
1 0 ~ J m o l  1, ~ I) at  pH 2.5 and pH 7.0 



Determination of the total number of electrons: From the voltam- 
metric data only the ratio of transferred protons to electrons can 
be obtained. The absolute number of electrons consumed in the 
overall process can very easily be established by exhaustive con- 
trolled potential electrolysis or spectroelectrochemical experi- 
ments within an optically transparent thin-layer electrochemical 
(OTTLE) cell[L91 (see below). 

E.xhaustive controlled potential electrolysis: Using exhaustive 
controlled potential electrolysis at potentials slightly more nega- 
tive than the reduction peak potential, we measured the total 
number of transferred electrons under acidic conditions at pH 
2.2 and under neutral or slightly basic conditions at pH 7 or pH 
8 (see Table 3). At pH 2.2 two electrons per phenanthroline- 

'Fable 3. Number of transferred electrons during exhaustwe controlled potential 
electrolysi\ at different pH values. 

c 
0 1.0 

x g 

0.0 

wawlength [nm] 

2 0 r 1  t 

dione unit were transferred in all cases, giving a total number of 
six electrons for the homoleptic complexes. At pH 7 or pH 8, 
howcvcr, only one electron for each PD unit was transferred, 
with the exception of PDMe*, for which a two-electron transfer 
occurred. During exhaustive electrolysis of PD, precipitates 
formed as mentioned above. Therefore, the values for PD are of 
qucstionable validity. Similarly, small amounts of precipitates 
formed for [Co(PD),]'+ at pH 8.0. 

Spectroelectrucliemical study in an OTTLE cell: As shown by 
Heineman ct al.,[' 91 spectroelectrochemical studies with an opti- 
cally transparent thin-layer electrode can easily be used to deter- 
mine thc rcdox potentials and thc number of transferred elec- 
trons from a Nernst plot of the applied equilibrium potentials 
versus the log [Ox]/[Red] . The ratio of the concentrations of 
oxidized and rcduced forms are obtained from the ratio of the 
absorbance values for the oxidized and reduced forms at any 
UV/vis wavelength other than the isosbestic points. In our case 
absorption maxima at wavelengths around 250 nm (pH 2.2 and 
pH 2.5) or 264 nm (pH 7.0) for the PD ligand were used. At the 
same time, the UV/vis spectra obtained in this way can give 
more information about the nature of the oxidized and reduced 
forms of the compounds. All spectroelectrochemical measure- 
ments show clear isosbestic points, indicating that one species is 
transformed to only one other species. Typical spectroelectro- 
chemical measurements at  pH 2.2 and pH 7.0 are given for 
[ R u ( P D ) ~ ] ~ +  in Figures 7A and 7B. The experiments failed for 
PD and PDMe' because the reduced form of PD precipitated 
during the electrochemical conversion within the thin-laycr cell 
while the reduction of PDME above potcntials of - 80 mV vs. 
Ag/AgCI produced a blue solution from which brownish-yellow 
needles crystallized at thc minigrid electrode, and further trans- 

B 
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wawlength [nm] 
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Fig. 7.  UVlvis spectral changes during the electrochemical reduction of 
[Ru(PD),](CIO,), at an OTTLE at p H  2.2 (A) and at pH 7.0 (B) for 350. 280. 260. 
250,240,23~1.210,150mV(A)and100.50,30,10. - 10.-30.-50, -7O1-100rnV 
(B) vs. Ag:AgCI reference electrode. The arrows in the Figures indicate the direction 
of the change of the spectra during stepwise reduction of the PD complcxes 

formation became impossible. Also for the reduced form of the 
[Co(PD),]'+ complex crystals were formed at pH 7.0 after a 
period of time. All measurements yielded lincar Nernst plots 
(Tablc 4). 

Table 4. Slopes of the plots of the applied potentials versus log[Ox])[Red] from 
spectroelectrochemicdi measurements in the OTTLE cell. 

Compound Slope at pH 2.5 Slope 31 pH 7.0 

At pH 2.5, the metal complexes gave a slope of the Nernst plot 
of around 29 mV, indicating a transfer of two electrons per PD 
unit. At pH 7.0 or 8.0, the slopes were all around 60 mV showing 
a transfer of only one electron per PD unit. The results for the 
mctal complexes therefore agrcc very well with those of the 
exhaustive controlled potcntial electrolyses. 

Study of the chemical reduction of the PD transition-metal com- 
plexes by NADH and NaBH,CN: As it is our aim to use the PD 
transition-metal complexes and PDMe' as effective hydride- 
ion abstracting agents towards thc chemical aerobic or indirect 
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electrochcmical regeneration of NAD(P)+ from NAD(P)H in 
enzymatic syntheses, we studied the rate of the aerobic P D  tran- 
sition-metal complex and PDMe+-catalyzed gencration of 
NAD' from NADH (Scheme 2).  We found that our previously 
reported valucs for some of the complcxcs" could actually be 
incrcascd considerably by changing the p H  from 6.0 to pH 8.0 
(T&blc 5 ) .  This is advantageous because most of the enzymatic 

ones obtained by reaction with NADH. Because N A D H  and 
NAD' thcmsclves absorb in the UV/vis region in which the 
reduced P D  systems can be observed, we used NaBH,CN, as- 
suming that this reagent would also react as a hydride-ion trans- 
fer agent. 

The UV/vis spectra that we obtained during reduction with 
NaBH,CN at  pH 2.2 and at  pH 7.0 (Figurc 8A,B) are indeed 

NADH JL Mediator,, A HZOZ 

Scheme 2. Reaction path for the aeroblc NADH oxidation 

Table 5. Turnover frequencies (TN h I )  for the aerobic generation of NAD ' from 
NADH with PD-based catalysts. 

[a] Turnover number for the PD catalyst per hour 

oxidations catalyzed by alcohol dehydrogenases are favored by 
basic conditions. While a t  pH 6.0 thc rate reaches 55 turnovers 
of the PD-based catalyst per hour, the rate increases to up to 
900 turnovers per hour a t  pH 8.0. The free P D  alone is almost 
totally incffcctivc and in addition the reduced form precipitates 
from the solution. Therefore, we are presenting here the most 
efficient catalysts for the NAD' rcgcncration known up to now. 
All the catalyst systems used here were totally stable during the 
rcaction time. No precipitation occured. 

The electrochemical reoxidation of the reduced mediator was 
also possible, so that for preparative applications of the media- 
tors in enzymatic systems the regeneration system OJcatalase 
can be substituted by an anode. Within thc test system NADH/ 
mediator/anode, smaller turnover numbers compared with the 
aerobic reoxidation are observed (Table 6). This can be ex- 

Xrhle 6. Turnover frequencies (TN hKLj  for the electrochemical generation of 
NAD' from NADH with PD-based catalysts. 

plained by the heterogeneity of the charge transfer, which is 
limited by diffusion and the surface area of the anode. Under 
electrochemical conditions too the mediators were totally 
st able. 

Within the context of this study, we wanted to investigate 
whether the electrochemical reduction studied by spectroelec- 
trochemistry was generating the same reduced species as the 
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Fig 8. UV'vis spectral changes during the chemical reduction of [Ru(PD),]- 
(CIO& by NaBH,CN at pH 2.2 with 0,2,  and 4 min reaction time (A) and pH 7.0 
wi1.h 0. 6, 12. 18. 24, 30. and 36 min reaction time (B). 

identical to those which we obtained at  the same p H  values by 
the spcctroelectrochemical measurements (Figure 7 A,B) . The 
total reduction by NaBH,CN at  p H  2.2 took place at  a consid- 
erably faster rate (4 min) as compared with the reduction at  pH 
7.10 (36 min). Some data for the UV/vis spectra are given in 
Table 7. During the reduction at pH 7.0 one new intensive band 
at  260-280 nm is generated, while a t  pH 2.5 two intensive bands 
are growing between 240-300 nm. 

Discussion 

The interpretation of the Nernst-Clark plots of the cyclic 
voltammetric peak potentials versus solution pH is complicated 
by the fact that the electrochemical processes are governed by a 
preceding equilibrium between the electrochemically active P D  
compound and its electrochemically inactive hydrated form, as 
has recently been described by Anson et al. (see Scheme 3).[16] 

The ratc of the establishment or the equilibrium is obviously 
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Table 7 .  IJV/Vls  maxima of the oxidized and reduced compounds at different pH values (sh = shoulder). 

Compound Oxidized form Reduced form 
pH 7.0 pH 2.5 pH 7.0 pH 2.5 

PD [a] ~ 254/315 254/295!350sh 

[Co(TPA)(PD)I(BPJi 199/222 sh/2X7/340 - 200/222 sh/282/340 - 

200/226/275 - 20Sr’220/272/280 L C o ( ~ h e n ) , l ( B F ~ ~ ~  ~ 

197/253/300/309 19 5:252/302 197/254/290/340 sh 213 260,295,350sh 

200;250sh!296/43 1 195!250sh/294/430 200/21 Osh/265 207,250.’273’2% sh 

“WPD)J(BF,), 

[ R ~ ( ~ D ) J ( ~ l ~ A ~  
300 sh/182{489 352:45.5 

IRuiTPA)(PD)liCI), 200/2451296/350 2nop4s/296mn 200/249 ‘z64/296!352 200,249.’274.292sh:343 

[a] Compare ref. [12]: electrolyses in 0.1 M CF3S0,H. 

influenced by the pH (see below); this results in more Nernstian 
behavior of the cyclic voltammograms at higher pH values. 
Therefore, changes in the pH influence the peak potentials not 
only through the number of protons which are involved in thc 
electrochemical step but also to a certain extent by the pH influ- 
ence on thc rate constants of the preequilibrium. The reoxida- 
tion peaks, however, are less influenced by the preequilibrium. 

The peak potential shift of about 90 mV per pH unit between 
pH 2.2 and pH 4.0-4.5 (region 1, Table 2) can normally be 
explained by an uptake of two electrons and three protons dur- 
ing the electrochemical experiment. For PD, this result is in 
accordance with the recently published results of Anson et 
al.,rl 21 assuming the formation of the N-protonated hy- 
droquinone form under acidic conditions up to pH 4.0. The 
slope of 29 mV per pH unit between pH 4.0 and pH 8.0 (re- 
gion 2, Table 2) for PD can be explained by the uptake of two 
electrons and one proton, thus forming the deprotonated hy- 
droquinone form indicated in Scheme 3 .  

0 
UO!H O w 0  O W 0  

2,-11/ pH 4.0 - 7.0 \ l H +  pH 7.0 - 9.0 

0 OH HO 0-  

Scheme 4. Electrochemical behavior of 1 ,lO-phenanthroline-5,6-dione transition- 
metal complexes in phosphate buffers of different pH. 

voltammetry by exhaustive controlled potential electrolysis and 
by spectroelectrochemical measurements. Both rncasurements 

yielded thc samc total number of elec- 
H9 P H  trons. Under acidic conditions at DH 

2.2 or 2.5, two electrons for each PD 
unit of the complex are transferred, 
while at pH values above about 7.0 
only one electron per PD unit is trans- 
ferred, with the exception of PDMe’. 

~ ~ @ - - & & = y = &  N pH 2.0 - 4.0 .N 
‘.H+’ . I  

pH 4.0 - 8.0 2 e- I 1  H+ I + H20 ’.H+’ . ,  
‘H+’ 

This could best be rationalized by a 
stabilization of the semiquinone com- 
plex by the transition-metal ion, lead- 
ing to an increase of the coordinative 
binding order of the metal under basic 
conditions. In an acidic mcdium the 
protonation of the semiquinone com- 

plex at the carbonyl group would favor the further reduction to 
the hydroquinone complex (Scheme 5). The stabilization of pro- 
tonated semiquinones by metal ions has already been pro- 
posed.[”] Because such a stabilization is impossible in the casc 
of PDMe’ , two-electron processes are found for both acidic 
and basic conditions. 

The UV/vis spectra obtained by spectroelectrochemical re- 
duction in an OTTLE cell and by chemical reduction with 
NaBH,CN (shown in Figure 7 and Figure 8) are identical. 
Howcver, under acidic and basic conditions two different spe- 
cies are formed, as already pointed out in the preceding discus- 
sion. Under acidic conditions, the spectra can be attributed to 
the hydroquinone complexes. However, it is not possible to 
distinguish between hydroquinone/quinone dimers and semi- 
quinone complexes in the spectra under basic conditions. Be- 

85 

Scheme 3. Electrochemical behavior of uncomplexed l.lO-phenanthroline-5,6-dione in phosphate buffers of differ- 
ent pH. 

In the acidic region 1, the behavior of the PD transition-metal 
complexes can be explained quite similarly if one assumes only 
a small influence of the preequilibrium on the peak potential 
shift. Under this condition it can be concluded that the electro- 
chemical reduction leads to a protonated hydroquinone transi- 
tion-metal complex (two electrons, three protons). Because the 
nitrogens are blocked by the transition metal the protonation 
must occur at the oxygens, as indicated in  Scheme 4. The slope 
of about 52 mV per pH unit in region 3 for most of the PD 
transition-metal complexes can either be explained by a two- 
electron/two-proton or a one-electron/one-proton proccss. The 
change from a two-electron/one-proton process at pH values up 
to about 7.0 to a two-electron/two-proton process at more basic 
pH does not seem to be logical. Therefore, we investigated the 
number of transferred electrons independently from cyclic 
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e-1 H+ - 
basic conditions I 

1 H+ acidic conditions 

- .  
HO" "OH HO OH HO' OH 

Scheme 5 .  Possible one-electron/one-proton process under basic conditions and 
two-electron/three-proton process under acidic conditions. 

sides being hydride transfer agents, borohydrides can act as 
effective single-electron reducing agents leading to semiquinone 
metal complexes (Bock"71). Thus, our first assumption that the 
borohydride would only react as a hydride-ion transfer agent 
might not hold for basic conditions. The formation of the 
semiquinone complexes can also be rationalized easily by the 
comproportionation of the hydroquinones initially formed by 
hydride-ion transfer and the starting quinone systems to gencr- 
ate the semiquinone complexes (Scheme 6). 

The rotating disk electrode measurements together with the 
cyclic voltammetric measurements clearly indicated the hydra- 
tion preequilibrium of the P D  complexes and of PDMe+.  The 
cyclic voltammograms became more Nernstian with increasing 
scan rate and also with increasing pH. The Levich plots were 
curved under basic conditions and gave straight lines that inter- 
sected the current axis at positive values for acidic conditions. 
These observations can only be brought into agreement under 
the following assumptions. The equilibrium constants k,/k, 
(Scheme 4) must be between 1 and 0.005 and the forward rate 
constant for the formation of the nonhydrated electroactive PD 
complex must be very small under acidic conditions. A digital 
simulation of the cyclic voltammograms (Figure 9) with 
DIGISIM software (DigiSim:" 2.0, Bioanalytical Systems) for 
PDMe' a t  p H  2.5 gave as optimum values O . l f O . l  for the 
equilibrium constant between the hydrated and the nonhydrat- 
ed forms and 0.1 5 f 0.05 s- for the forward rate constant k ,  for 
the dehydration step. The reduction takes place in one step 
at  +0.25 V. With increasing p H  the forward rate constant is 
increased; thus the preequilibrium is established faster and 
therefore a more Nernstian (peak-shaped) behavior is observed. 
Digital simulation of the reduction of PDMe+ at  p H  9.0 result- 
ed in the same equilibrium constant of 0.1 * 0.1 but a more than 
hundredfold higher forward rate constant of about 25 f 5 s-  '. 
The reduction of the nonhydrated form takes place in two steps, 
which are separated by 100 mV ( E ,  = 0.0 V, E, = - 0.1 V ) .  
The simulatcd voltammograms in Figure 9 compare extremely 

well with the measured cyclic voltammograms in 
Figure 2. The results from the rotating disk elec- 

HO OH 0 OH trode may be interpreted in a similar way. At acidic 
p H  the very slow equilibrium is "frozen" by the & + & ~ 

&) rotation rate and leads to a straight line of the 
N\ ,N N;- Levich plot above 100 rpm. At neutral or slightly 

basic p H  the equilibrium is reached faster and there- 

0 0  

, ,  N ,N 

Mn+ $+ \M 6; , I  < ,  

Scheme 6. Comproportionation ofquinonc and hydroquinone complexes to give the protonated fore a deviation from the straight line can be 
semiquinone complex 

current [pA] 

I I I 1 I 1 
4 1  

I I I I I I 

600 400 200 0 - 2w - 4oC 
potential [mV] 

Fig. 9. Digital simulation of the cyclic voltammograms of PDMe' at pH 2.5 (A) 
a n d  pH 9.0 (B) Applied mechanism: A f e  = B,  B + e  = C ;  D = A with 
A = PDMe ' ; B = PDMe' semiquinone; C = PDMe' hydroquinone: D = elec- 
troinactive PDMe' hydrate. For pH 2.4. E, = E, = 250mV and h, = 0.15 sC1, 
K,, = 0.1; for pH 9.0, El = 0 and E, = -100 mV and k, = 25 s - ' ,  K,, = 0 . 1 .  The 

v h e s  were set to 0.5, the heterogeneous standard electron-transfer rate comtant 
was 1 x 102ciiis-i and all diffusion coefficients I x 10- 'ern's- I 

86 VC I 1  Wrlugajicsellschufr mhH 0-69451 Wernhrnn 

served. 
Higher turnover frequencies of the P D  catalyst systems dur- 

ing the aerobic generation of NAD+ from NADH at  pH 8.0 as 
compared with p H  6.0 can be effected in two ways. First, the 
faster preequilibrium between the hydrated and nonhydrated 
PI) complexes under basic conditions increases the turnover 
frequency. Secondly, because of the lower formal redox poten- 
tials of the catalysts under basic conditions the reoxidation of 
the hydroquinone or semiquinone system by oxygen should pro- 
cel:d faster. It seems, however, to be contradictory that the re- 
duction by NaBH,CN is slower under basic conditions. This 
can be explained by the fact that the rcdox potentials under 
basic conditions are strongly shifted to more negative values, 
thus making the one-electron reduction by NaBH,CN less fa- 
vorable. This, however, would only be effective if NaBH,CN 
rcacts as a single-electron-transfer reducing agent and not as a 
hydride transfer agent. 

Taking a11 our results into account, the efficient aerobic cata- 
lyiic generation of NAD' from NADH under basic conditions 
cniploying the newly developed transition-metal complexes as 
redox catalysts may be rationalized as shown in Scheme 7.  
H:ydride transfer from N A D H  to the PD transition-metal 
complex leads to the hydroquinone stage. Comproportion 
with the quinone results in the rormation of two semiquinone 
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ent thin-layer electrode (OTTLE) system with a gold 
minigrid working electrode (500 wires/inch) as described 
by Heineman ct al. [19]. UV/vis spectra were recorded 
with a Cary 1 UV/visible spectrophotometer (Varian, 
Palo Alto. California, U. S. A.) and 1R spectra were 
recorded on an FT-IR 1600 spectrometer (Perktn- 
Elmer, Uberlingen, Germany). The NMR spectra were 
obtained on Bruker AC 200 or WH 250 spectrometers. 
FAB-MS spectra were obtained on Concept 1H (Krotos, 
Manchester. UK) with m-nitrobenzylic alcohol as ma- 
trix, whereas the ES-MS spectra wcrc obtained on a HP- 
59987A (Hewlett Packard) with acetonitrile as matrix. 

Chemicals: The buffcr solutions were prepared by titra- 
tion of O.l KH,PO, with Scheme 7. Thraerobiccatalytic generation ofNAD' from NADH under hasicconditions employing the K,HPO, or o,l 

newly developed transition-metal complexes as redox caralysts 

species, which are subsequently oxidized by oxygen, forming 
hydrogen peroxide. Similarly, the oxidation can take place at 
the anode. 

Conclusion 

The three phenanthrolinedione transition-metal complexes, 
[Ru(PD)J2+, Ru(TPA)(PD)I2', and CO(TPA)(PD)]~+, and the 
N-methylated PD derivative PDMe+, which have been synthe- 
sized and characterized, are very effective catalysts for the chem- 
ical aerobic and indirect electrochemical anaerobic generation 
and regeneration of NAD' from NADH. Thus, we have been 
successful in fulfilling the four requirements for an effective 
NAD + regeneration system : the turnover frequencies of up to 
900 cycles per hour for the catalysts, especially for the rutheni- 
um systems, are by far the highest ever reached. All systems are 
stable over the long term, especially the heteroleptic ruthenium 
complex, which is even stable at pH 11. Because of their charge, 
all systems are highly soluble in aqueous buffer solution. Their 
redox potentials are around 0 V and therefore the systems are 
very selective oxidizing reagents towards NADH. By careful 
study of the electrochemical properties it could be demonstrated 
that the redox behavior of the systems is quite different in acidic 
and basic buffer solutions. While in acidic solution two electrons 
are transferred to each PD ligand, under basic conditions only 
one electron per PD unit is exchanged. As shown by spec- 
troscopy and spectroelectrochemistry, chemical and electro- 
chemical reductions lead to the same reduced species. In addi- 
tion, the hydration preequilibrium of the PD systems, which 
influences the reduction process, is also dependent on the pH of 
the buffer solution. Thus, at higher pH the equilibrium is faster 
than at lower pH. We are currcntly employing the mediators 
very successfully as catalysts for the cofactor regeneration in 
enzymatic syntheses that use alcohol dehydrogenases.['*I 

Experimental Section 

Instrumentation: The voltammetric investigations were carried out on BAS- 
100 B/W Electrochemical Analyzer and RDE-1 systems, Bioanalytical Sys- 
tems (West Lafayette, Indiana, U .  S. A.). Potcntials were measured against 
the Ag/AgCl reference electrode BAS RE-5 (301 NaC1); glassy carbon work- 
ing electrodes (3 mm diameter) as well as Sigraflex* carbon foil electrodes (6 
or 25 cm2) were used for exhaustive controlled potential electrolysis experi- 
ments. For spectroelectrochemical experiments we uscd an optically transpar- 

H,PO, solutions and the pH was adjusted with the aid of 
a pH537 pH meter with glass electrode E56 (WTW). 
l,lO-Phenanthroline-S,h-dione (PD) [20], trispyridyl- 

methylamine (TPA) [21], and the complexes [Ru(CI),(DMSO),] [22], 

were synthesized according to described methods. 

The pH-dependent studies of the redox potentials were carried out by dissolv- 
ing the substrate in acidic phosphate buffer (0.1 M) and titration under pH 
control with 0.1 M NaOH. 

[Co(phen),l(BF,), [231, [Co(PD),I(BF,), P I ,  and [RL~(PD),I(CIO,), (251 

PDMe(BF,): l,lO-Phenanthroline-5,6-dione (200 mg, 0.95 mmol) was dis- 
solved in dry dichloromethane (50 mL), and this solution was added drop- 
wise to a suspension of (CH,),OBF, (1.5 mmol, 215 mg) in dry 
dichlorornethane (100 mL). The solution was stirred for 2 h, and the ppt was 
filtered off and recrystallized from acetonitrile/dichloromethane, yielding 
77 % (228 mg, 0.73 mmol) of the desired compound. 'H NMR (250 MHz, 
CD,CN): S = 9.15 (dd, l H , J =  4.3: 2.3 Hz), 9.10(dd, 1 H. J = 7 . 6 ;  1.1 Hz), 
9.02 (dd, 1 H, .I = 6.6: 1.1 Hz). 8.59 (dd, 1 H, J =7.0: 2.3 Hz). 8.18 (dd, 1 H, 
J = 7 . 6 ;  6.6Hz), 7.87 (dd, I H ,  J = 7 . 0 ;  4.3Hz), 4.92 (s, 3H): 13C NMR 
(62.9 MHz, CD,CN): 6 =177.2, 176.1, 155.0, 154.4, 148.0. 145.3, 142.2, 
138.2, 132.8, 131 .O, 128.5, 128.2, 54.2; FAB-MS (nr-NBA), m/: (%) [assign- 
ment]: 277.1 (44) [M+2U - BF,)]', 243.0 (2) [M+H,O - BF,]+, 378.1 (16) 
[M+m-NBA ~ BFJ', 531.1 (1) [M+2m-NBA - BF,]'. The [MI+ peak 
was not detected; only the molecular ion in combination with thc matrix 
could be found; IR (KBr): 1727, 1708, 1571, 1060, 726cm-'; 
C,,H,N,O,BF, (312.03): calcd C 50.04, H 2.91, N 8.98: found C 49.89, H 
3.16, N, 8.84. 

ICo(TPA)(PD)](BF,),: CoCI,-6 H,O (476 mg, 2 mmol) was dissolved in 
deaerated water (10 mL) and TPA (580 mg, 2 mmol) was added. Thc blue 
solution was stirred for 1 h. To this solution of a paramagnetic trigonal 
bipyramidal complex PD (420 mg, 2 mmol) was added. The dark green solu- 
tion was stirred for 1 h and the complex was precipitated by adding aqueous 
sodium tetrafluoroborate. The crude material was recrystallized from ace- 
toneiether to give 89% (1.33 g, 1.78mmol) of the desired compound. 
'HNMR: (CD,CN, 200 MHz) for [Co(TPA)CI]CI: 6 = 132.8 (s, 3H).  108.9 

(751.12): calcd C 47.97, H 3.49, N 11.19, found C 47.81, H 3.31, N 10.91. 

IRu(TPA)(PD)I(CI),: [Ru(CI),(DMSO),] (100 mg, 0.22 mmol) and TPA 
(66 mg, 0.22 mmol) were stirred for 1 h in methanol (5 mL). After the solu- 
tion became reddish brown (quantitative transformation detected by 'H and 
13C: NMR), PD (1.5 equiv, 72 mg, 0.34 mmol) was added. The solution was 
refluxed for 6 h, then the solvent was removed and the residue was dissolved 
in water. This solution was then washed with dichloromethane to remove the 
uncomplexed ligand. The water was distilled off and the ppt was recrystallized 
twice from acetone/ether to yield the complex in 66% yield (101 mg. 
0.1 5 mmol). The substance is very hygroscopic and has to be stored in vacuo. 
1R (KBr): 1698, 1605, 1560, 1425. 1293. 1015,942, 813,770,722, 563 cm '; 
ES-MS (CH,CN): nz/z = 637.1 [Ru(TPA)(PD)Cl]+ ; C,,H,,N,O,RuCI,. 
10H,O (852.69): calcd C 42.26. H 5.20, N ,  9.86, found: C 42.58. H 4.45, N 
9.91. 

(s, 6H) ,  57.5 (s. 3H), 47.8 ( s ,  3H) ,  -2.0 (s, 3H); C,,H,,N,O,CoB,F,~H,O 
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