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spectra are well simulated within the fast-relaxation limit. The
fine structure and hyperfine structure parameters derived for 1
and 3 (Table V) agree reasonably well with those found for
reduced P450,% with no significant preference for 1 or 3, besides
AEqQ(T) for model compound 3 (as mentioned above), which
represents the situation in the reduced enzyme closer than 1 does.

Conclusion

The (ethanethiolato)- and (tetrafluorobenzenethiolato)iron(II)
picket-fence porphyrin complexes that we have synthesized and
characterized are useful models for the reduced ferrous state of
cytochrome P450. The Fe—S bond distance of 2.324 (2) A in the
ethanethiolato derivative, which is in complete agreement with
the Fe—S bond length found by EXAFS spectroscopy in the re-
duced ferrous state of P450, shows together with the Mdssbauer
results obtained for the derivatives studied here that the cysteinate
axial ligand remains bound to iron in the ferrous state of cyto-
chrome P450 and is not protonated when reduction of the ferric
to the ferrous state of P450 takes place. Oxygenation of some
of these complexes led to models for the oxygenated state of
cytochrome P450.133437  The comparison of these structures and

Madssbauer properties with the properties of the oxygenated state
of P450 led to the conclusion that the cysteinate axial ligand is
also bound to iron in the oxy state of the enzyme.3%3"38
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"Chelate compiexes between O(4),N(5)-coordinating 1,3-dimethyllumazine and the metal fragments (Ph,P),Cu*, (bpy),Ru** (bpy
= 2,2’-bipyridine), and (OC);CIRe have metal-to-ligand charge-transfer absorption bands in the visible region. Cyclic voltammetry
illustrates the thermodynamic and kinetic stabilization of the reduced state in these complexes.

Flavins, lumazines, and pterins (Chart I) are biochemically
important molecules that can function as coenzymes by undergoing
le- or 2e-transfer reactions coupled with (de)protonation.>= All
three heterocycles (Chart I) contain a potentially metal-chelating
a-carbonylpyrazine coordination site.® In the oxidized form,
flavins were found to bind only “soft”, electron-rich metal centers’
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whereas the singly reduced species, the flavosemiquinones, form
stable complexes with rather normal metal ions.¥ Complexes of
lumazine (2,4(1H,3H)-pteridinedione) with divalent metal ions
were described earlier,” and the coordination chemistry of pterins'®
has been discussed recently in the light of the discovery of a
“molybdopterin” cofactor,!! which apparently contains coordi-
natively linked pterin and molybdenum fragments.

Since the a-carbonylpyrazine moiety represents a strongly
w-accepting chelate arrangement, 'S the ligands (Chart I) are likely
to form compounds with electron-rich metal fragments. Com-
plexes of flavins with Ru(II),” Re(I),* Ag(I),” and Cu(I)"s4
were shown to exhibit structural and spectroscopic effects of
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Table I. Cyclic Voltammetric Data for 1,3-Dimethyllumazine and
Its Complexes in 1,2-Dichloroethane?

E .(ox) -
compd Ep(red)  En(ox)°  Enlred)
1 -1.43
[(1)Cu(PPhy),(BF,) 097 +1.28 225
[()Ru(bpy)J(PFg), ~ —0.58¢  +1.467 2.04
[(1)Re(CO),C1) -060°  +L51 211

¢Potentials in V vs SCE; 100 mV/s scan rate, 0.1 M solution of
Bu,N*ClO,~. Cathodic peak potential for reduction; irreversible pro-
cesses unless noted otherwise. ¢Anodic peak potential for oxidation;
irreversible processes unless noted otherwise. 4Quasi-reversible; AE,,
=75 mV, i, /i, = 0.4. Other reduction processes at ~1.45 and -1.77 V.
¢Quasi-reversible; AE,, = 80 mV, /i, = 0.92. /Electrode adsorption;
AE,, =120 mV.

metal-to-ligand charge transfer (MLCT). We now wish to report
that the related 1,3-dimethyllumazine (1), a “debenzo” derivative
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1

of the isoalloxazine ring system of flavins, forms strongly colored
complexes with the differently charged d'° and d® metal fragments
(Ph3),Cut, (bpy),Ru?*, and (OC),CIRe under aprotic conditions
(bpy = 2,2’-bipyridine).

Aprotic conditions allow the reactions of electron-rich or-
ganometallic compounds with this heterocyclic ligand “of biclogical
origin”!2 and thus help to avoid complicating acid—base or hy-
drogen-bond interactions. Organometal coordination can facilitate
reduction of =-acceptor ligands and even bring about metal-to-
ligand electron transfer in the ground state.* We therefore
studied the complementary®'*!5 processes (eq 1, 2) of the com-
plexes by absorption spectroscopy and cyclic voltammetry in order
to understand the thermodynamic and kinetic stabilization of
reduced intermediates by metal coordination to such coenzyme
models.!®

(1)(ML,) — == *[(1")(*ML,)] (1)
(1)(ML,) == (1)(ML,) )

Experimental Section

Instrumentation. The following instruments were used: ESR, Bruker
ESP 300; IR, Jasco A100; UV /vis/near-IR absorption, Shimadzu UV
160; UV /vis emission, Perkin-Elmer LS-3B; cyclic voltammetry, PAR
potentiostat 363, Bank ramp generator VSG 72, glassy-carbon working
electrode, saturated calomel reference electrode (SCE), 0.1 M solutions
of tetrabutylammonium perchlorate in acetonitrile as electrolyte. All
measurements were done in an argon atmosphere; rapid dissociation of
many complexes in polar solvents required dissolution of solid materials
in dry solvents immediately before the measurements.

1,3-Dimethyllumazine (1) and its fac-Re(CO),Cl complex were ob-
tained according to published procedures.%!?

[(1)Cu(PPh,),](BF,). A 1.0-g (0.83 mmol) sample of tetrakis(tri-
phenylphosphane)copper(I) tetrafluoroborate and 160 mg (0.83 mmol)
of 1 were reacted in 20 mL of dichloromethane for 1 h at room tem-
perature. The orange solution was concentrated, and the product was
precipitated in 380-mg yield (53%) by addition of n-hexane. IR (1,2-
dichloroethane solution): #(2-CO) = 1640 cm™.
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Figure 1. Cyclic voltammograms (separate scans for oxidation and re-
duction) of complexes [(1)Re(CO),Cl], [(1)Ru(bpy),](PF),, and [(1)-
Cu(PPh,),](BF,) and of the free ligand 1 in 1,2-dichloroethane/0.1 M
Bu,N*ClO, (potential in volts vs SCE). -
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Figure 2. Long-wavelength absorption spectra of complexes in 1,2-di-
chloroethane (absorbance scale different for each spectrum).

Anal. Caled for C4H3BCuF,;N,O,P, (M, 867.1): C, 60.99; H, 4.42;
N, 6.47. Found: C, 59.84; H, 4.42; N, 6.24.

[(1)Ru(bpy),](PF¢),2H,0. A 184-mg (0.95 mmol) sample of 1 and
180 mg (0.95 mmol) of bis(2,2’-bipyridine)ruthenium(II) chloride di-
hydrate were heated to reflux for 30 min in 30 mL of ethylene glycol.
Addition of a saturated aqueous solution of KPF to the cooled reaction
mixture gave a red precipitate, which was redissolved in acetone and
precipitated again by addition of diethyl ether. Yield: 60 mg (20%). IR
(1,2-dichloroethane solution): #(2-CO) = 1610 cm™.

Anal. Caled for C;sH;F3NgO4P;,RuU (M, 931.6): C, 36.10; H, 3.03;
N, 12.03. Found: C, 36.92; H, 3.21; N, 11.79.

Results

The chelate complexes of 1 are formed readily via standard
procedures.2!5!¥ Lumazines and pterins are moderately basic
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Table II. Charge-Transfer Absorption Maxima of
1,3-Dimethyllumazine Complexes in 1,2-Dichloroethane

Amaxs M [Epa(0x) — Ec(red)] -
complex (loge)  Epap €V E .
[(1)Cu(PPh,),](BF,) 421 (3.38)  2.94 0.69
[(1)Ru(bpy),(PFs), 511 (3.97)  2.43 0.39
4329 (3.94) 2.87¢
[(1)Re(CO),CI] 4592 (3.51)  2.70 0.59

9 Transition d(Ru) — =*(bpy). °In acetone, 430 nm = 2.88 eV.

ligands,'® and the complexes with electrophilic metal fragments
employed here are rather inert in less coordinating solvents. Both
the fac-rhenium? and the tris chelate ruthenium centers!®2 are
chiral, and it is assumed that pairs of enantiomers are formed.
Cyclic voltammograms of the complexes in the nonnucleophilic
solvent 1,2-dichloroethane are shown in Figure 1; Table I sum-
marizes the data.

All complexes between w-accepting 1 and the electron-rich metal
fragments are highly colored, as illustrated by the absorption
spectra in the visible region (Figure 2); wavelengths, extinction
coefficients, and energies at the absorption maxima are given in
Table I.  Although many a-diimine complexes of the three metal
fragments employed show strong luminescence,!>!® it is only
complex [(1)Cu(PPh,),](BF,) that emits weakly in the solid state
at 605 nm.

Discussion

The presence of just one carbonyl stretching band from the
2-CO group in the 1600-1750-cm™ region of the infrared spectra
indicates that the 4-CO group has experienced a low-field shift
because it participates in the coordination of back-donating metal
centers.22l  Mono and bis chelate complexes of the three Cu(I),
Ru(II), and Re(I) metal fragments with a-diimine and o-di-
carbonyl ligands and their reduced forms have been de-
scribed.!381518.20.22-24  The g-iminoketo combination as shown
in the general chelate redox system (eq 3) has been employed less

) G o QU =

_N/ \0 ———_e_ -N@O ——>_e_ _g_ Cf) (3)

frequently?® although the §-azaenolate arrangement is known to
form very stable chelate complexes (cf. oxinato complexes).® In
order to ensure the full chelate effect, the metal centers should
bind equally well to imino nitrogen and carbonyl oxygen atoms;
slow dissociation in coordinating solvents suggests that the bonds
of Cu(I) and Ru(II) to carbonyl oxygen atoms are not as inert
as those to imine nitrogen centers.

In contrast to the parent heterocycle, pteridine,?’ the 1,3-di-
methyllumazine ligand 1 is reduced irreversibly at a potential that
lies roughly between that of pteridine?’ and that of the monocyclic
pyrazine.®®  Coordination of the Cu(I), Ru(Il), and Re(I)
fragments does not only facilitate reduction thermodynamically,

(18) Cf.:. Kirchhoff, J. R.; McMillin, D. R.; Robinson, W. R.; Powell, D.
R.; McKenzie, A. T.; Chen, S. Inorg. Chem. 1985, 24, 3928.
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as indicated by a positive shift in the potential; the reduction also
becomes increasingly reversible in the order given above. While
the rhenium complex shows an almost Nernstian wave (Figure
1, Table I), it still does not form an ESR-detectable anion-radical
complex?61322% at room temperature. This series of complexes
thus illustrates nicely the 2-fold stabilizing effect of coordinated
metal centers for the singly reduced form in a less resonance-
stabilized “debenzo” derivative of the isoalloxazine ring of flavins
where similar effects had been noted before.’

Additional redox processes are evident from Figure 1: The
(bpy),Ru complex shows reduction waves for coordinated bpy
ligands from 1.4 to -1.7 V vs SCE;!*>2 metal-centered oxidation
processes in the expected range between +1.0 and +1.6 V vs SCE
are irreversible for rhenium carbonyl® and distorted tetrahedral
copper(I) fragments.?®3° The Ru(II) — Ru(III) transition oc-
curring at ca. 1.4 V would correspond to a fairly high pKgy+ of
3.8 according to an established correlation (eq 4);'*® the anodic
return wave is somewhat distorted (Figure 1) due to electrode

" adsorption.

pKgy+(ligand) = 11.73 - 5.64E,,(Ru(bpy), complex) (4)

Whereas the cathodic peak potentials for reduction may be
associated with the LUMO energy (#* of 1) and follow the
sequence Cu(I) < Re(I) < Ru(II) complex, the anodic peak
potentials for irreversible metal-centered oxidation (d* — d™')
increase from the copper to the ruthenium to the rhenium system.
If the difference of peak potentials (Table II) is used as a
guideline,'*!% it may be anticipated that MLCT absorption en-
ergies should decrease in the order Cu(I) > Re(I) > Ru(Il)
complex.

In fact, Figure 2 illustrates that all three complexes show intense
(e> 2000 M cm™) charge-transfer absorption bands in the visible
region, the energies of the maxima decreasing as outlined above.
Whereas the Cu(I) and Re(I) complexes show only one such band,
the (bpy),Ru-containing complex clearly exhibits two allowed
transitions, viz., from corresponding d orbitals of the filled t,, set
to the #*(1) and to the 7#*(bpy) orbitals.'® The former is assigned
to the low-energy band because 1 is far easier to reduce (Table
I) than bpy (£, = 2.1 V).I** In addition, the shift of that second
MLCT absorption maximum from 452 nm for Ru(bpy),2* to 432
nm is in agreement!*>!6 with the lower basicity of 1 in relation
to bpy (pKgy+ = 4.4).

A comparison (Table II) between peak potential differences
(in volts) and absorption energies (in electronvolts) shows the
largest discrepancy for the copper system with its considerable
geometry change between tetrahedral Cu(l) and preferably
square-planar Cu(II),® while the ruthenium system expectedly
shows a small such difference because of relatively little geometry
change between Ru(II) and Ru(III) as formed by oxidation. 151631

While the positions (340-360 nm) and intensities (log ¢ =
3.5-3.7) of low-energy intraligand (IL) absorptions!® are virtually
unchanged for the three complexes, the band intensities of the
MLCT bands vary (Table II) as do the absorption maxima. In
agreement with earlier observations,!% the ruthenium(II) system
exhibits rather large extinction coefficients for both MLCT bands,
indicating the better overlap of 1 relative to bpy with the metal
center.!'® This result supports the notion that the “chromophore”
of 1 comprises essentially the a-carbonylpyrazine « system.®
Overlap between 1 and the rhenium(I) and particularly the
copper(I) fragment is apparently smaller, as indicated by sig-
nificantly lower MLCT band intensities (Table II).

The rhenium tricarbonyl chloride complex shows the negative
solvatochromism typical for most MLCT absorption features:*
The use of a more “polar” solvent such as acetone causes a distinct
hypsochromic shift (Table II). Such effects were also observed

(29) Kohlmann, S. Ph.D. Thesis, University of Frankfurt, 1988.

(30) Datta, D.; Chakravorty, A. Inorg. Chem. 1983, 22, 1085.

(31) Dodsworth, E. S.; Lever, A. B. P. Chem. Phys. Lett. 19858, 119, 61;
1986, 124, 152.

(32) (a) Kaim, W.; Kohlmann, S. Inorg. Chem. 1986, 25, 3306. (b) Kaim,
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Schulz, A. J. Organomet. Chem. 1987, 321, 215.
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for carbonylmetal (0) complexes of the parent heterocycle of
lumazines and pterines, viz., pteridine;?’® however, attempts to
isolate tetracarbonylmolybdenum and -tungsten chelate complexes
of 1 were unsuccessful because of the high lability of M%—O bonds.
In summary, organometallic complexes from alkylated deriv-
atives of biochemically relevant molecules can be studied in aprotic
media and may serve as starting systems for subsequent studies
that involve real coenzymes under physiological conditions.
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Preparation and Properties of the Nitrido-Bridged Osmium(IV) Binuclear Complexes

[Oslva(NH3)10—nCln]Cls~n (II = 29 3)
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The nitrido-bridged osmium(IV) binuclear complexes {Os,N(NH3);Cl,]Cl;2H,0 (I) and [Os,N(NH,),Cl;]Cl;-H,0 (II) have
been shown to be products of the ammonolysis of sodium hexachloroosmate(IV) (Na,[OsClg]) in aqueous ammonia at elevated
temperatures. Spectral (infrared and UV-vis) and electrochemical properties of the complexes have been explored. In aqueous
solution, I and II undergo aquation reactions involving the chloro ligands, and the resulting aqua complexes of I and II exhibit
respectively two and three ionizable protons with pK, values in the range 3.6-7.3. In purified form, the complexes I and II plus
their aquated derivatives were found to be ineffective as DNA-selective, electron—dense stains for electron microscopy, whereas

effective staining was observed with unpurified mixtures.

Although polynuclear nitrido-bridged complexes of osmium
were first encountered over a century ago, the study of their
syntheses and properties has primarily been limited to a small
number of bi- and trinuclear compounds.>!!  Most of the bi-
nuclear examples belong to the series [Os!Y,N(NH3) 10-»X,] Ys-n
when n = 0 and n = 2; a variety of ligands X and counterions
Y are possible. Our interest in the nitrido-bridged polynuclear
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complexes of osmium has arisen from the need for an electron-
microscopy stain having DN A-staining properties improved over
those of the ill-defined “osmium ammine” complex®!!-15 currently
in use. Because of similarities in the preparations of the binuclear
complexes® and “osmium ammine”,!* we have been led to a closer
examination of [Os,N(NH,);Cl,])Cl;-2H,0 (I).1¢

Experimental Section

Chemicals and General Procedures. All chemicals were of reagent
quality and were used without further purification. Water was doubly
distilled.

IR and UV-visible spectra were recorded on Digilab FTS-60 FTIR
and Cary 219 spectrophotometers, respectively. Cyclic voltammograms
were obtained at a carbon-paste working electrode!” vs a saturated so-
dium chloride calomel (NaSCE) reference electrode with use of a PAR
Model 173 potentiostat and a PAR Model 175 universal programmer;
solutions were purged with argon and scanned at 50-500 mV s™! at
ambient temperature (23 £ 2 °C). Solution conductivities (ambient
temperature) were determined by using a Type CDM 2d conductivity
bridge (The London Co.). Molar conductivities at infinite dilution (Ay)
were determined by extrapolation of plots of Ay vs C'/2 to zero. Ele-
mental analyses were performed by Galbraith Laboratories, Inc., Knox-
ville, TN.
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