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The coordination of alloxazine and pterins to molybdenum(1V) is demonstrated in this study. The synthesis of
MoOClIs(pteridineH), where pteridineH is the protonated form of 1,3,7,8-tetramethylalloxazine (tmaz), 2-pivaloyl-
6,7-dimethylpterin (piv-dmp), and 6,7-dimethylpterin (dmp), proceeds readily starting from Mof(&¢€lonitrile)

and the pteridine ligand in chloroform or methanol. X-ray crystal structures of Mg@@izH) () and MoOC}-
(piv-dmpH) @) show that Mo chelates each pteridine at the carbonyl oxygen and pyrazine nitrogen and that the
pteridine ligand is protonated at the other nitrogen in the pyrazine ring. A third X-ray structure for Méia:Cl

dmp) @) is included in this work since its determination permits the comparison of metrical parameters for the
oxidized and reduced forms of a pterin in identical molybdenum coordination environments. The major difference

observed in the structures @fas compared td is the Mo—N5 bond length which is significantly shorter in
compound4 containing the reduced form of the pterin. Pteridine protonation is facilitated by molybdenum(1V)
coordination due to partial reduction of the pteridine ring through electronic delocalization from Mo to the pteridine
ligand. Electronic spectroscopy monitoring the solution reactivity; @ and MoOC}(dmpH) @) provides evidence

to support this idea. Solution conditions favoring deprotonation of the complex@promote pteridine dissociation

and complex decomposition.

Introduction The molecularity of the product, Mo(1V)OgtflavinH), was
) ) o determined from spectroscopic and microanalytical data. Infrared

Two decades ago, discoveries of several distinct molybdenum-gpectra revealed characteristic absorptions for the oxo ligand
dependent enzymeforeshadowed our contemporary knowledge o molybdenum and for flavin coordination through the N5 and
about the ubiquitous nature of oxo-molybdoenzyrhés.that 04 positions. This research was called into question shortly after
time the meager information on the molybdenum environment jts hyplicatior An argument was presented for an alternative
in these enzymes included thlo_late_ coordination and molybde- interpretation of eq 1 where the product was formulated as
num redox cyclmg_ between oxidation states, +5, and+4.  [flavinH][M0,05Cl¢], a salt containing a protonated flavin
It was also recognized that several enzymes were flavoproteins..stion anda dinuclear Mo(V) anion.
On this basis Selbin and co-workers initiated an investigation o interest in eq 1 relates to an ongoing project to
directed at determining if molybdenum coordination by the gystematize the compatibility of oxidation states in molybdenum
flavin cofactor would be possible in these enzym@&beir 1974 ~ complexes of pteridines. For example, it is observed that Mo-
report concluded that a mono-oxo molybdenum(lV) flavin |y "hut not Mo(1V), readily reacts with fully reduced tetrahy-
complex was produced by reactions such as the exampledropteriné’ﬁ whereas Mo(G)and Mo(1V) yield complexes of

illustrated in eq 1. oxidized pterins. In contrast, Mo(VI) reacts only sluggishly, if
at all, with oxidized pterin§.We and others have also observed
1 N R cl that molybdenum(VI) coordination to reduced pterins may lead
MaCls (NCMe} F‘;"‘\J:[’ m O C'/;..JA;O M to internal redox reactions producing reduced Mo(lV) and
o NTIND R8 -HCI e L‘CI o oxidized pterirf2?In all of these systems the molybdenam
RINT m pterin unit is highly delocalized and tends toward acquiring a
O)\(ﬁ/ N RS molybdenum charge consistent with a Mo(V) oxidation state

MollV)OCl(flavink) (4) Sawyer, D. T.; Doub, W. H., Jinorg. Chem 1975 14, 1736.

(5) (a) Burgmayer, S. J. N.; Baruch, A.; Kerr, K.; Yoon, K.Am. Chem.
So0c.1989 111, 4982. (b) Burgmayer, S. J. N.; Arkin, M. R.; Bostick,

T Bryn Mawr College. L.; Dempster, S.; Everett, K M.; Layton, H. L.; Paul, K. E.; Rogge,
* University of Pennsylvania. C.; Rheingold, A. LJ. Am. Chem. S0d.995 117, 5812.

(1) (a) Stiefel, E. I. INMolybdenum and Molybdenum-Containing Enzymes  (6) (a) Fischer, B.; Schmalle, H.; Dubler, E.; St#raA.; Viscontini, M.
Coughlan, M. P., Ed.; Pergamon Press: New York, 1980; p 43 and Inorg. Chem.1995 34, 5726. (b) Fischer, B.; Sthde, J.; Viscontini,
other chapters therein. (b) Stiefel, E. |.; Newton, W. E.; Watt, G. D.; M. Helv. Chim. Actal99], 74, 1544. (c) Fischer, B.; Schmalle, H.;
Hadfield, K. L.; Bulen, W. A. In Raymond, K. N., Ed.; Advances in Baumgartner, M.; Viscontini, MHelv. Chim. Actal997 80, 103.
Chemistry Series 162; American Chemical Society: Washington, DC, (7) Burgmayer, S. J. N.; Kaufmann, H. L.; Fischer, B.; Fortunato, G.;
1977; p 353. (c) Swedo, K. B.; Enemark, J. HChem. Educl979 Hug, P.Inorg. Chem.1999 38, 2592.

56, 70. (8) Burgmayer, S. J. N.; Stiefel, E.J. Am. Chem. S04986 108 8310.
(2) Hille, R. Chem. Re. 1996 96, 2757. (9) Kaufmann, H. L.; Burgmayer, S. J. N.; Liable-Sands, L.; Rheingold,
(3) Selbin, J.; Sherrill, J.; Bigger, C. Hnorg. Chem 1974 13, 2544. A. Inorg. Chem.1999 38, 2607.
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as deduced from XPS measureméntswas in this context MoOCl(piv-dmpH) (2). A clear yellow solution of piv-dmp (0.108
that the disputed claim of Mo(IV) complexation by flavin piqued 9. 0.500 mmol) in chloroform (10 mL) was added slowly dropwise to
our curiosity. a stirred brown-purple slurry of MogMeCN), (0.1597 g, 0.500 mmol)

din chloroform (25 mL) with no change in color. After stirring overnight,

) I L - i a dark blue solution had formed and a dark blue/purple solid had
by Selbin and have verified its original interpretation. In addition precipitated on the bottom of the flask. The solid was collected by

to reproducing the synthesis and the spectroscopic data froMgjyation, washed with ether, and dried under vacuum (0.25 g, 90%
the 1974 report, an X-ray crystal structure of Mog(@hazH) yield). Recrystallization of the complex from acetonitrile by slow
(2) confirms the original formulation. The synthetic method for  diffusion of ether produced crystals suitable for X-ray diffraction. Anal.
1 has been extended to reactions of oxidized pterins with MoCl Calcd for MoG3sH18Ns0sCls MoOCls(Hpiv-dmp): C, 31.58; H, 3.67;
(NCMe),. Descriptions of these reactions and product charac- N, 14.16; Cl, 19.05; Mo, 17.18. Found: C, 26.81; H, 3.47; N, 11.03;
terization including X-ray structural determination and elec- Cl, 20.75; Mo, 16.72.

tronic, infrared, and NMR spectroscopy is also presented in this  MOOCIs(dmpH) (3). A pale yellow slurry of dmg’ (0.096 g, 0.5
paper. Finally the X-ray structure of MoOfHsdmp) @), is mmol) in methanol (12 mL) was added dropwise to a stirred brown

included in this report because it provides the opportunity to féiﬁﬁigg“ﬂ?%hg?;ﬁ)é(gfg:a?égégeﬁfn;rg?gég ?Oelgﬁgotlh(;?’smr"&’ A
compare structural _dl_fferenges betWeeT‘ molybdenum Complexesclear very dark green solution was observed after the solution was stirred
of reduced and oxidized dimethylpterin. overnight, indicating that all of the pterin had dissolved. The solution
was evaporated until a thick tar remained. Acetonitrile was added to
the tar, forming a deep blue solution with a white insoluble precipitate
which was allowed to settle. The pale solid was filtered, and the dark
blue filtrate was evaporated to dryness. The solid was collected by
All chemicals were purchased from Aldrich unless otherwise noted washing with ether and filtering(0.074 g, 30% yield).
and used without further purification except as noted below. Solvents  X-ray Crystal Determinations. X-ray intensity data were collected
of the highest purity available were dried ove A molecular sieves on an Rigaku R-AXIS llc area detector employing graphite-monochro-
except methanol, which was dried ov@& A molecular sieves, stored  mated Mo Ko radiation ¢ = 0.710 69 A). Indexing was performed
under N, and used without further purification. All molybdenum  from a series of 1 oscillation images with exposures of 30 min per
reactions were performed in standard laboratory glassware under aframe. A hemisphere of data was collected usif@scillation angles
nitrogen atmosphere in a Vacuum Atmospheres drybox. NMR spectra with exposures of 30 min per frame and a crystal-to-detector distance
were obtained using an IBM 300 MHz FT-NMR, and chemical shifts of 82 mm. Oscillation images were processed using bidtgXpducing
are reported in parts per million referenced to internal TMS or solvent. a listing of unaverageB? ando(F?) values which were then passed to
Infrared spectra of samples of KBr disks were recorded on a Perkin- the teXsai program package for further processing and structure
Elmer FT-IR Model 2000 instrument and are referenced to the 1601.4 solution on a Silicon Graphics Indigo R4000 computer. The intensity
cm* absorption of polystyrene. Electronic spectra were recorded using data were corrected for Lorentz and polarization effects but not for
a Hewlett-Packard 8452A spectrophotometer. Solution conductivities absorption. The structure was solved by direct methods (SIR92).
were measured using a Barnstead PM-70CB conductivity bridge Refinement was by full-matrix least squares based F8nusing
equipped with a Yellow Springs Instruments 3403 dip cell. Microanaly- SHELXL-931* All reflections were used during refinemer(s that
ses were performed by Robertson Microanalytical Labs, Madison, NJ. were experimentally negative were replaced™®By= 0). The weighting
1,3,7,8-Tetramethylalloxazine (tmaz).The synthesis is based on  scheme used wag = 1/[0%(F¢?) + 0.0754% + 5.115P), whereP =
the procedure of Selbin et &lLumichrome (3.08 g, 0.0127 mol),  (Fs?+ 2F2)/3. Non-hydrogen atoms were refined anisotropically, and
potassium carbonate (10.87 g, mol), methyl iodide (4.47 mL), and hydrogen atoms were included as constant contributions to the structure
acetone (60 mL) were placed in a round-bottom flask and refluxed factors and were not refined. Table 2 is an abbreviated list of
overnight. The reaction solution was filtered and the solid was washed
with acetone. This solid was treated with chloroform to extract (11) bioteX: A suite of Programs for the Collection, Reduction and
additional product. The majority of product was in the filtrate which Interpretation of Imaging Plate Data, Molecular Structure Corporation,
was evaporated to dryness to yield a yellow solid. This solid was 1995. teXsan: Crystal Structure Analysis Package, Molecular Structure

recrystallized from chloroform (1.31 g, 38% combined yield). Product ggmglrl?tll\(/)l.r]'cla?s%grggg ﬁgé‘iaigii:zo/\gmg&gé{gr’d?%a‘jmaga

We have recently reinvestigated one of the reactions reporte

Experimental Section

purity was determined bjH NMR in (CDCly) 6: 7.78 (1H, s,H6), G. J. Appl. Crystallogr 1994 27, 435. SHELXL-93: Program for

7.23 (1H, sH9), 3.79 (3H, s,~CHj3), 3.57 (3H, s,—CH3), 2.51 (3H, the Refinement of Crystal Structures, Sheldrick, G. M. University of

s, —CHz), 2.48 (3H, s,—CHa). Anal. Calcd for GJH14N4Os: C, 62.21; Giitingen, Germany, 199%; = | |Fo| — |Fe||/3 |Fol; WR: = { Y W(Fo?

H, 5.22; N, 20.73. Found: C, 62.07; H, 5.26; N, 20.61. — FPIZW(F?)?} V2 GOF = { 3w(Fo” — FH)F(n — p)} % wheren
2-N-Pivoloylamido-6,7-dimethylpterin (piv-dmp). 6,7-Dimethylp- 12) (—a;hgémrtlimt;ggofjr?f:;ggrels gr_'_ﬂ?égﬁ nEr-ﬁbﬁgggsaﬁm(ggrrrsoﬁﬁgfe%-_

terin'® (3.82 g, 20 mmol) and 20 mL of trimethylacetic (pivalic) Burgmayer, S. J. Ninorg. Chem 1991, 30, 719. (b) Bessenmacher,

anhydride were placed in a 100 mL round-bottom flask equipped with C.; Vogler, C.; Kaim, Winorg. Chem1989 28, 4645. (c) Heilmann,

a reflux condensor and refluxed in an oil bath for 2 h. The formation O.; Hornung, F. M.; Kaim, W.; Fiedler, . Chem. Soc., Faraday

of a brownish solid resulted as the flask cooled to room temperature. Trans.1996 92, 4233. (d) Kohzuma, T.; Masuda, H.; Yamauchi, O.

J. Am. Chem. Sod989 111, 3431. (e) Kohzuma, T.; Odani, A;

Ether was added to break up the solid, and the slurry was vacuum . - -

- . S Morita, Y.; Takani, M.; Yamauchi, Olnorg. Chem.1988 27, 3854.
fl!tered. The yellow _SOI'd was dried In vacuo oves® (4.1 g, 730/_0 (f) Funahashi, Y.; Hara, H.; Masuda, H.; Yamauchi,I@rg. Chem.
yield) and recrystallized from ethanol if necessary (1.9 g, 31% yield). 1997 36, 3869. (g) Mitsumi, M.; Toyoda, J.; Nakasuiji, Kiorg. Chem.

IH NMR (CDCb): 6 1.34 (9H, s,—~C(CH3)3); 2.69, 2.71 (3H, s7CH3z- 1995 34, 3367. (h) Hueso-Urena, F.; Jimenez-Pulido, S. B.; Moreno
(6), —CH3(7)). Carretero, M. N.; Quiros-Olozabal, M.; Salas-Peregrin, J.Pdly-

hedron1997, 16, 607.
(13) Hemmerich, P.; Muller, F.; Ehrenberg, A. @xidases and Related
Redox System«ing, T. E., Mason, H. S., Morrison, M., Eds;

MoOCI(tmazH) (1). This synthesis is based on the procedure of
Selbin et af A bright yellow solution of tmaz (0.104 g, 0.385 mmol)

in chloroform (25 mL) was added dropwise to a stirred purple slurry Wiley: New York, 1965; Vol. 1, pp 157178.

of MoCl,(MeCN), (0.154 g, 0.482 mmol) in chloroform (25 mL), (14) Abelleira, A.; Galang, R. D.; Clarke, M. lhorg. Chem 199Q 29,
resulting in an orange brown solution. After stirring overnight, a dark 633.

purple solid formed and was isolated, washed with chloroform, (15) Clarke, M. J.; Dowling, M. G.; Garafalo, A. R.; Brennan, T.F.
methylene chloride, diethyl ether, and dried (0.038 g, 20% vyield). Biol. Chem 198Q 255 3472.

(16) Burgmayer, S. J. N. In Clarke, M. J., Ed.; Structure and Bonding 92;
Springer: Heidelberg; 1998; p 67.

(10) Mager, H. I. X.; Addink, R.; Berendo, WRecl. Tra. Chem.1967, (17) (a) Pierpont, CProg. Inorg. Chem1994 41, 331. (b) Attia, A.;
86, 833. Pierpont, C.Inorg. Chem.1998 37, 3051.
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Table 1. Electronic and Infrared Spectral Data fbr2, and3

1 2 3
UVis, nm (g, mol L=*cm™?)
MeCN 320 (8310) 330 (6400) 314
388 (7130) 394 (5000) 394
530 (2740) 564 (4300) 570
acetone 334 (7080) 332
392 (6770) 398 (4200) 398
524 (3880) 544 (3700) 570
DMF 318 (8000) 330 (5970) 312
384 (7100) 406 (2190)
626 (1600) 630 (3480) 616
754 (2200) 768 (sh) 774
DMSO 328 338 a
386 416 a
626 638 a
758 762
IR, et
v(Mo=0) 982 992 982
) . v(CO,CN) 1730 1638 1643
Figure 1. ORTEP drawing of the molecular structure of Mo@CI 1609 1609 1599
(tmazH) @) with thermal ellipsoids at 30% probability. 1561 1561

crystallographic information fot, 2, and4. Crystals ofl or 2 suitable ¢ Complex3 rapidly decomposes in DMSO.

for X-ray diffraction were crystallized from slow diffusion of ether
into an acetonitrile solution. Refinementbtonverged tdx;, = 0.0712
andwR, = 0.1805 for 2688 reflections for whidh > 4¢(F) andR, =
0.0833,wR, = 0.1895, and GOF 1.175 for all 3122 unique, nonzero
reflections and 231 variables. The maximuify in the final cycle of
least squares was0.001, and the two most prominent peaks in the
final difference Fourier werg-0.611 and—1.090 e/&. The unit cell

of 2 was found to contain diethyl ether as solvent of crystallization.
Refinement o2 converged td?; = 0.0363 and=, = 0.0949 for 3938
reflections for whichF >4¢(F) andR; = 0.0429,wR, = 0.0997, and
GOF=1.082 for all 4382 unique, nonzero reflections and 279 variables.
The maximumA/o in the final cycle of least squares was 0.001, and
the two most prominent peaks in the final difference Fourier were
+0.413 and—0.508 e/&.

Crystals of4 suitable for X-ray diffraction were crystallized from
slow diffusion of a mixture of diethyl ether and cyclohexane into a
DMF solution. It was found that the unit cell dfcontains a molecule
of DMF solvent, which refined well, and a second molecule of solvent
disordered by the crystallographic center of symmetry, which could
not be reliably identified. Three carbon atoms (C21, C22, and C23)
were refined isotropically. The weighting scheme used during refine- Figure 2. ORTEP diagram of the molecular structure of Mog{@iv-

ment wasw =1/[04(F.?) + 0.0458?2 + 2.021P] whereP = (F? + dmpH)EtOEt ) with thermal ellipsoids at 30% probability.
2FA)/3. Refinement o# converged tdR; = 0.0535 and=; = 0.1139 . . .
for 3268 reflections for whictF > 40(F) and R, = 0.0621,wR, = The preparative method for the synthesid efas applied to

0.1185, and GOF= 1.146 for all 3682 unique, nonzero reflections and  reactions of MoG(NCMe), with other oxidized pterins (piv-
233 variables. The maximumy/c in the final cycle of least squares  dmp and dmp) (eq 3). The Mepterin products are spectro-
was 0.000, and the two most prominent peaks in the final difference

Fourier were+0.494 and—0.673 e/&. Gy HHO ‘ o
MoCly(MeCN)p  + HNJ?[ I L )
Results Hg 2:CHCls
3:MeOH
SynthesesMoOCls(tmazH) (1) was prepared following the )ir I

reported procedufgeq 2). The isolated produdtreproduced
2: MoQCl(piv-dmpH); R = -C(O)t-Bu
3: MoOCH(dmpH); R = H

e}
N r? Cl
MoCI4(MeCN)2*Rj\JjE ]ij . %— gl/hlllo/\ ° ® scopically similar to1 where they exhibit strong MLCT
o7y R ‘ c absorptions in the UV/vis spectrum and a familiar pattern of
R' =R® =R7 = R® = CH \@]\A;[ pterin absorptions in the infrared spectrum (Table 1). One of
these, MoOCG)(piv-dmpH) ), was also structurally character-
etrametnylalioxazine, tmaz SS— ized by X-ray diffraction, and its ORTEP is shown in Figure 2.

Complex3 is especially interesting since it represents the
some of the spectral characterizations made in the original report.oxidized pterin analogue of the reduced pterin complex
However, a more extensive investigation of the reactivitg of ~ MoOCIg(Hzdmp) @) previously reporte@® The X-ray structure
in a variety of solvents shows complicated behavior. Mo©Cl  of 4 is included here to permit bond distance comparisons
(tmazH) @) was structurally characterized by X-ray diffraction between this redox-related pair of molybdenupterin com-
and its ORTEP is shown in Figure 1. plexes2 and 4.
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Table 2. Crystallographic Data for MOOGIHTMAZ) (1), MoOCk(Hpiv-dmp)EtOEt @), and MoOC(H,dmp)DMF (4)

1 2 4
formula MOQ4H15N403C|3 MOC17H23N504C|3 MOC11H19N503C|3
formular weight 489.59 568.73 485.61
space group P2,/n (#14) P2,/c (#14) P1 (#2)

a A 8.6460(12) 13.4210(5) 10.0921(4)
b,A 10.247(2) 16.3960(10) 13.0079(7)
c A 21.518(3) 12.4180(4) 8.9545(4)
a, deg 94.312(2)

B, deg 100.880(10) 117.420(3) 104.518(3)
y, deg 75.261(3)

Vv, A3 1872.1(5) 2425.6(2) 1100.46(9)
VA 4 4 2

p(calcd), g cm® 1.737 1.557 1.466
u(Mo Ka), cmt 11.50 9.03 9.79

temp, K 295 233 295
radiation Mo Ko (1 = 0.71069 A)

R(F), % 8.33 4.29 6.21
RWF?), % 18.95 9.97 11.85

In eqs 2 and 3 the incorporation of an oxo group into the purple solutions{ = 540 nm) ofl and2 in acetonitrile and
coordination sphere of the molybdenum is dependent upon tracetetrahydrofuran resulted in a change to green (750 nm) and blue
water in the solvent. This requirement is supported by the (616 nm) solutions, respectively. Subsequent addition of acid
observation that the reaction does not proceed to completionreturned the color of the solutions to a purple hue (596 nm),
when the solvent is dried with molecular sieves. Purification but also caused a decrease in the intensity of the absorbance

of 1, 2, and 3 can be difficult due to the coprecipitation of

corresponding to decomposition of the complex. Addition of

unreacted pteridine ligand, and the removal of unreacted NEt; to an acetone solution df or 2 causes decomposition

pteridine from the product is complicated by hydrogen bonding

within seconds.

interactions between the free pteridine and the complex. Use X-ray Structure Determination of MoOCI 3(tmazH) (1),

of excess molybdenum reagent in the reaction partially circum-

vents this problem. Chromatography of imp&en silica gel

MoOCI 3(piv-dmpH)-EtOEt (2), and MoOCI3(Hsdmp)-DMF
(4). Crystal structures of MoOg@ltmazH) (), MoOCl(piv-

successfully removes unreacted dimethylpterin but unfortunately dmpH)YEtOEt ), and MoOC}(Hzdmp)yDMF (4) were deter-

causes product decomposition.

Spectroscopy and Solution Behaviorlnfrared spectroscopy
onl, 2, and3 (Table 1) shows that(Mo=OQ) appears between
980 and 990 cmt, a range commonly observed for oxo-Mo-
(IV) complexes (986-1000 cntl). The characteristic absorp-

mined to verify the coordination mode of the alloxazine and

oxidized and reduced dimethylpterin ligands, respectively.

Crystallographic parameters far 2, and4 are listed in Table

2. Bond distances and angles for the three compléx&sand

4 have been collected together in Tables 3 and 4 to facilitate a

tions for the pterin and tmaz carbonyl and amide groups shift detailed comparison of bond distances and angles for a MpOCI

as a demonstrated in many previous stuéffes.
Compoundsl, 2, and3 in common organic solvents (Table

1) display a range of stabilities that deserve a brief description.

Dissolution ofl and2 in acetonitrile, acetone, or tetrahydrofuran

group coordinated by oxidized pterin and reduced pterin ligands.
ORTEP drawings of the molecular unit in the three structures
are shown in Figures-13 while hydrogen bonding interactions
in MoOClIz(HsdmpyDMF (4) are illustrated in Figure 4. The

forms a purple solution accompanied by a broad absorption nearasymmetric unit in each of the three structures consists of one

540 nm.1 and2 show no decomposition in acetonitrile for at

unigue molecule. The asymmetric unit @f includes one

least 10 days whereas they dissociate in acetone up to 25% ofmolecule of diethyl ether, and that fdrincludes one molecule

the pteridine ligand after 6 days (UV/vidd NMR). 1 and 2

of dimethylformamide.

are nonelectrolytes in both acetonitrile and acetone according The alloxazine and both the oxidized and reduced dimeth-

to conductivity measurements. Compl&xissolves in aceto-
nitrile or acetone forming a blue solution and displays stability
similar to that observed fat and2 in this solvent All of the
complexesl, 2, and3 are considerably more reactive in DMF
solution. For example? produces a blue solution in DMF which

ylpterin ligands coordinate to the molybdenum through the N5
and O4 atoms as previously observed in most transition metal
complexes of ligands in the pteridine fami&The geometry
around the molybdenum in all three complexes is distorted
octahedral, a result of the small bite angle (ca?)7&f the

changes to green and then bleaches to colorless within an houralloxazine or pterin ligand. Perhaps the most obvious feature
The loss of color suggests dissociation of the pterin, and this of this distortion from octahedral geometry is the angle between

speculation is supported byd NMR studies.1 dissolved in
DMF immediately yields a green solution where 60% of the
flavin has dissociated'fl NMR), and3 in DMF immediately
forms a green solution which fades to colorless within 10 min.
All complexes decompose rapidly in DMSO and methanol. In
DMSO, the initial green color of complel fades to yellow
within seconds whereak and 2 require 1 h todegrade from
their purple or blue colors, respectively, to green then yellow.
The yellow solution ultimately formed in each case indicates
oxidation of the molybdenum to th&6 oxidation state.

The molybdenum complexes of oxidized pterin respond to
changes in solution acidity or basicity in a manner similar to
their reduced pterin counterpaPtsThe addition of NEj to

the nominally trans O1 and O4 atoms: ©%o—04 ranges
from 166 to 173 where the smallest GIMo—04 angle is
observed ind. While the Mo-O distances to the oxo ligand
01 are consistent in the three complexes, significant differences
in the Mo—N5 bond lengths are observed. The M¥5 bond

is shorter than expected for a simple dative bond and indicates
some double bond character in the three compléx2sand4.

It is significant that the Me-N5 bonds in the oxidized pteridine
complexedl and2 are longer (2.08 A) than in the reduced pterin
complex4 (2.01 A) since this distance reports on the amount
of electronic delocalization between the molybdenum and
pteridine. The shorter MeN5 bond length i correlates to a
more extensive delocalization as previously observed for a high
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Table 3. Selected Bond Distances (A) in MoQGHTMAZ) (1),
MoOCI(Hpiv-dmp)}EtOEt ), and MoOC(H,dmp)yDMF (4)

1 2 4
Mo—-01 1.658(6) 1.650(2) 1.657(3)
Mo—04 2.235(5) 2.284(2) 2.238(3)
Mo—N5 2.080(6) 2.082(2) 2.013(4)
Mo—Cl1 2.361(2) 2.4244(8) 2.381(2)
Mo—CI2 2.362(2) 2.3838(8) 2.3672(14)
Mo—CI3 2.450(2) 2.3790(8) 2.4434(14)
02-C2 1.202(10)
04-C4 1.250(9) 1.243(3) 1.260(6)
0O5-Cl11 1.222(4) 1.233(7)
N1-C1 1.478(9)
N1-C2 1.383(11) 1.311(4) 1.330(6)
N1-C8a 1.360(3) 1.346(6)
N1-C1l0a 1.383(9)
N2—C2 1.371(4) 1.332(6)
N2—-C11 1.393(4)
N3—C2 1.392(11) 1.364(4) 1.372(6)
N3—-C3 1.473(10)
N3—-C4 1.352(10) 1.361(3) 1.353(6)
N5—C4a 1.384(9) 1.382(4) 1.356(6)
N5—-Cba 1.401(9)
N5—-C6 1.388(4) 1.499(6)
N8—-C7 1.378(4) 1.475(6)
N8—C8a 1.354(4) 1.329(6)
N10-C9a 1.385(9)
N10—C10a 1.317(9)
C4—-Cda 1.409(11) 1.418(4) 1.401(6)
C4a—C8a 1.380(4) 1.420(7)
C4a-Cl0a 1.395(10)
C6—Cbha 1.402(10)
C6-C7 1.376(10) 1.375(4) 1.527(7)
C6—C9 1.497(4) 1.533(8)
C7-C8 1.412(10)
C7-C10 1.494(4) 1.521(7)
C8-C9 1.381(11)
C8-C11 1.503(11)
C9a-Cb5a 1.397(9)
C9a-C9 1.391(11)
Hydrogen Bonding Distances between Pterins in Modmp) @)
C1-H8 2.623
C1-H2b 2.597
N1-H2A 2.211
O5—-H3 2.693

Table 4. Selected Bond Angles (deg) in MOQGHTMAZ) (1),
MoOClI(Hpiv-dmp)}EtOEt ), and MoOC(H,dmp)yDMF (4)

1 2 4
01-Mo—N5 97.5(2) 98.17(10) 91.8(2)
01-Mo—04 169.2(3) 173.45(9) 166.2(2)
01-Mo—Cl1 98.6(2) 96.30(8) 97.45(14)
N5—Mo—Cl1 88.0(2) 87.16(7) 89.44(12)
01-Mo—CI2 103.9(2) 103.71(8) 107.55(13)
N5—Mo—CI2 158.5(2) 157.92(7) 160.60(11)
C11-Mo—CI2 87.43(8) 87.55(3) 86.77(6)
01-Mo—CI3 92.1(2) 97.54(8) 94.87(14)
04—Mo—CI3 80.2(2) 85.02(6) 82.93(10)
C11-Mo—CI3 169.13(9) 166.15(3) 167.32(5)
Cd4a-N5—Mo 115.3(5) 114.7(2) 119.0(3)
C5a-N5—Mo 129.5(5)

C6-N5—Mo 130.1(2) 126.2(3)
N5—Mo—04 75.4(2) 75.70(8) 74.76(3)
04—-Mo—Cl1 89.3(2) 81.26(6) 85.81(10)
04—Mo—CI2 83.6(2) 82.32(5) 85.98(9)
N5—Mo—CI3 92.3(2) 91.25(7) 82.93(10)
C12-Mo—CI3 88.38(7) 88.80(3) 86.65(5)
C4a-N5-C5a 115.1(6)

C4a-N5—C6 115.2(2) 114.9(4)
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Figure 3. ORTEP diagram of the molecular structure of Mog{8k-
dmp)}DMF (4) with thermal ellipsoids at 30% probability.

Figure 4. ORTEP diagram illustrating the hydrogen bonding interac-
tions between two molecular units of MoQCHsdmp)}DMF (4).

neutral, as opposed to deprotonated, form of the amide carbonyl
C4—04 (1.2 A) which limits electron donation. The bond
lengths and angles within the pteridine nucleus of the alloxazine
in 1 and the pterin iR indicate pseudoaromatic delocalization
as previously noted in X-ray structures of oxidized pteridines
and their metal complexé3 All ring atoms of the heterocycle
have trigonal planar geometry consistent with an oxidized form
of the pteridine. However, in the alloxazine ligandldhere is

a slight but distinct deviation from ideal planarity. The tmazH
ligand is bent approximately’@long the N5/N10 axis (Figure
5). Dihedral angles between three planes defined by the six
atoms in each of the phenyl, pyrazine, and pyrimidine rings
are 5.8 between the phenyl and pyrazine rings,°@2tween

the phenyl and pyrimidine rings, and 08etween the pyrazine
and pyrimidine rings, respectively. The nonplanarity of the
tmazH ligand is attributed to its partial reduction. Inthe
carbonyl of the pivaloyl substituent at N2 is oriented forming
a third ring held in place by a hydrogen bond between O5 and
N3. In contrast to the planar pterin geometrydnthe half-

oxidation state molybdenum binding a reduced pterin. The oxo chair (or envelope) conformation of thesdinp pyrazine ring
group appears to lengthen the trans-M®4 bond (2.23-2.28
A) as is commonly observed in mono-oxo metal complexes. C7 and indicates the reduced nature of thdrhp ligand. Other

The weaker Me-O4 interaction is also certainly due to the

in 4 is due to the tetrahedral geometry of carbon atoms C6 and

indicators of the reduced pterin #hare the longer distances
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Figure 5. ORTEP diagram illustrating the alloxazine ring bending in
MoOClk(tmazH) ().
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Figure 6. Redox resonance structures illustrating how the formal

oxidation state of molybdenum is linked to that of a coordinated,
reduced pterin.

N5—C6, C6-C7, and N8-C7 in4 as compared t8. The bond
C4a—CB8a is considerably lengthened in the reduced pteréh in
as compared to the oxidized pterin 20 This has previously
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Figure 7. Redox resonance structures for limiting forms of molyb-
denum coordinated to flavin.

assignment supported by experimental and theoretical®8ata.
Recent XPS results also support this view.

In the structure proposed by Selbin for MoQ@havinH)
complexes, the pteridine ligand is specifically protonated at the
amide nitrogen N1 (Figure 7, structu@. We saw a parallel
between the two resonance structufeandB (Figure 6) and
the possibility of a second resonance structure for MgOCI
(flavinH) (Figure 7, structureD). StructureC represents the
oxidized, protonated flavin bound to Mo(l1V) as described by
Selbin where structur® offers the alternative formulation of a
deprotonated dihydroflavin chelated to an oxidized Mo(VI)
atom. The two-electron redox relationship between the two
flavin ligands inC andD suggested that pterin analogues should
be accessible. The analogous pair of species would be Mo(1V)
complexed by protonated, oxidized pterin and Mo(VI) coordi-
nated to deprotonated 5,8-dihydropterin. This line of thought
initiated our investigations into the reactions of Mo(IV) with

been discussed in the context of partial tetrahydropterin oxida- the asily synthesized alloxazine tmaz and oxidized pterins dmp

tion to quinonoid tautomer of the dihydropterin stéfteNo

and piv-dmp.

hydrogen bonding interactions were observed between molecules An X-ray structure determination of MoOgimazH) (Figure

in the lattices ofl and 2. In complex4, however, hydrogen

1) provides the ultimate proof of its formulation as first described

bonding interactions occur between the hydrogens at the N2over 20 years ago. Beyond providing confirmation of molyb-
and N1 positions on neighboring pterins (Table 2). These denum coordination by flavin (and pterin), the X-ray crystal

interactions are depicted in Figure 4.

Discussion

The most extensive work on metal coordination by flavins
was conducted by Hemmerich over 30 years &ddis studies

structures ofl. and MoOCk(piv-dmpH) 2 highlight several key
features of transition metals complexed by oxidized pteridine
ligands. The first striking feature of these systems is that metal
coordination by pteridine is coupled to pteridine protonation.
This protonation is additional evidence that electron density has

demonstrated that flavin coordination to most divalent metals been increased in the pteridine system so that the pteridine is
was not highly favored. This was somewhat surprising consider- effectively reduced by partial oxidation of the metal. The idea
ing the structural similarity of flavins and oxine, but Hemmerich that protonation is coupled to electron delocalization from

attributed the apparent inconsistency to the relatively high p
for the amide proton. The claim of flavin coordination to Mo-
(IV) by Selbin et al. was intriguing in this context.

OH

&o ﬁ:@

flavin pterin

(isoalloxazine)

alloxazine oxine

(8-hydroxyquinofine)}

We had a second reason to reinvestigate this—fvin

system stemming from our study of redox reactions between
molybdenum and pterins. In our previous studies of tetrahy-

dropterin reactions with Mo(VI) complexes, a pair of redox-
related resonance structures (Figure 6, structirasdB) were
used to approximate the delocalized nature of the-lerin
interaction?? StructureA depicts one limiting structure where

Mo(IV) coordinates a dihydropterin that is protonated at the

amide nitrogen N3. Structuiin Figure 6 shows the alternative
limiting structure where Mo(VI) coordinates a tetrahydropterin

deprotonated at N5. The most accurate view of the molybdenum

and pterin oxidation states is a Mo(Virihydropterin, an

molybdenum onto the pterin is supported by the solution
behavior of the molybdenusrflavin and molybdenurm pterin
complexes. While the molybdenum complexes produce rela-
tively stable purple solutions in acetonitrile or acetone, dissolu-
tion in a more basic solvent like DMF causes an immediate
color change to green followed by rapid bleaching. Similar color
changes are observed when triethylamine is addedaiod 2.

This series of reactions is interpreted as pterin or alloxazine
deprotonation at site N8 and N10, respectively, to produce an
anionic green species, presumably [Mog{pleridine)], fol-
lowed by the dissociation of the neutral pteridine, detected by
IH NMR, as signaled by complete bleaching of the solution

(eq 4).

Cl -
O/T -0 0//’\‘\,10:0 (;MTOCIQ] (4)
RHN” N ﬂ/ CHq RHN” N7 N7 CH, RHN" N7 N7 CH,
B:\)

2 in acetonitrile,
purple

2 deprotonated,
green

dissociated pterin,
colorless
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This hypothesis leads to the prediction that pteridine coor-
dination will be favored under acidic conditions. These observa-
tions dovetail nicely with work reported by Clarke ef4ivhere
they determined thelfy’s for pterin protons at various positions
in several rutheniumpterin complexes. From these data it was
concluded that the site of greatest basicity shifted from N1 to
N8 upon coordination of the pterin to the ruthenium. A general

Kaufmann et al.

(pterin, quinone, dithione) reacts with lower valent metals. The
complexes formed in either of these two extreme cases are
characterized by substantial electron delocation over the redox-
active ligand/metal framework as they seek to attain electro-
neutrality. As a result, they present difficulties for chemists
attempting to fit the complexes into specific oxidation state
assignments. Although these systems seem to defy those

conclusion can be made that metal-mediated pterin reductionattempts by virtue of their highly covalent interactions, applica-

enables the initial formation of a 5,8-dihydropterin.

The partial pteridine reduction favoring pteridine protonation
is further suggested by a structural feature of Mog@lazH)
(2). A distinct bending of the flavin along the NIN10 axis is
observed in MoOG(tmazH) (Figure 5). Flavin bending was
also observed in a rutheniunflavin complex and used as one
of the criteria to support the notion that coordinated flavin was
partially reduced and that the rutheniuffitavin complex was

tion of X-ray photoelectron spectroscopy is a useful tool for
estimating the oxidation level the metal, as will be presented in
the following article in this issue.

Conclusion

This work demonstrates that oxidized pterin complexes of
molybdenum can be successfully synthesized. It further provides

best described as a delocalized system of flavinsemiquinoneexamples in support of electronic delocalization between the

coordinated to ruthenium(Ilf2 Applying the same argument
to explain the nonplanarity of tmaz Inleads to assigned formal
oxidation states of Mo(V) and (tmazHradical. Interestingly,
the Mo(V) oxidation state is consistent with XPS déata.

The structures of MoOG(piv-dmpH) @) and MoOCk(Hs-
dmp) @) offer a unique opportunity to examine the effect of
metal coordination on oxidized and reduced tetrahydropterin
geometries. The major difference betw&esand4 is the length
of the Mo—N5 bonds. The shorter MeN5 bond in4 corre-
sponds to a greater electron transfer frogaidp to Mo(VI) as
compared to the electron transfer from Mo(lV) to piv-dmp in
2. Also significant is the longer C4aC8a bond ir4, a result
of electron density migrating from the pterin to Mo and the
redistribution ofrz-electron density toward a structure charac-
teristic of thep-quinonoid tautomer of dihydropterha.s°

The results reported here for molybdenupteridine com-

transition metal and the pteridine ring system. In the case of
the oxidized pteridine system the delocalization is from the metal
to the pteridine ligand, an electronic flow opposite in direction
to that documented for reduced pterins coordinated to highly
oxidized molybdenum. The resultant increased electron density
in the pteridine ring is balanced by addition of a proton at one
nitrogen atom of the pyrazine ring. The net result is a partial
reduction of the oxized pteridine to a 5,8-dihydropterin mediated
by a transition metal. It is clear that the assignment of formal
oxidation states in these systems conveys a restricted notion of
the electronic distribution and it is unsuccessful in describing
the true nature of the complex.

Supporting Information Available: A complete list of data
collection parameters, refinement data and other crystallographic data,
final refined atomic coordinates with esd’s, calculated hydrogen

plexes should be put into a larger context. Pteridines join several positions, anisotropic thermal parameters, bond distances and angles,

other redox-active ligands that are well-known for their “nonin-
nocent” behavior in coordination chemistry. All of the ligands

exhibit the same preferences with respect to matching ligand

atomic deviations from calculated least squares planes and views of
the unit cell for each compound, and an expanded table of electronic
spectral data. This material is available free of charge via the Internet
at http://pubs.acs.org.

and metal oxidation states. In general the reduced and electron-

rich form of the ligand (tetrahydropteri, catechol’ dithi-
olené?®) reacts most readily with metals in a high oxidation state
whereas the oxidized and electron-deficient form of the ligand
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