Inorg. Chem.1999, 38, 2753-2755 2753

First Experimental Structure of a 1:1 Metal Chart 1
Complex with a PQQ Cofactor Derivative outside o)
Dehydrogenase Enzymes

Matthias Wanner, Torsten Sixt,
Karl-Wilhelm Klinkhammer, and Wolfgang Kaim*

Institut fur Anorganische Chemie der Univergitatuttgart,
Pfaffenwaldring 55, D-70550 Stuttgart, Germany ROOC

Receied December 4, 1998

Introduction

ROOC
Quinoproteins are a relatively new class of flavin- and
NADPH-independent oxidoreductase enzymes that contain R=H :PQQ
single electron transfer-actiwetho-quinonoid cofactor$2 The R=CH;:1
interaction of these cofactors with metal ions is now well- i )
established both functionally and structurally for amine oxidases trimethyl ester of PQQ:"%the question remained whether free
(topaquinone/Ct+)3 and for bacterial dehydrogenases (pyr- PQQ derivatives would undgrgo the same type of poordmanon
rologuinoline quinone (PQQ)/@4).4 The dissociable prosthetic N the absence of the protein support. Structuredmﬂclear_
group “PQQ™2 is of microbiological, pharmaceutical, and complexe_s have been repo_rted (Table™a spectroscopic
nutritional relevancé?it is a heterocycle with several possible  Study, usingr electron donating [(bpyRul** as a metal com-
coordination sites for metal ions, such as two quinone O, two Plex fragment (bpy= 2,2-bipyridine), indicated metal coordina-
heterocyclic N, and three carboxylate O centers (ChaftZ).  tion to the quinone oxygen atoms O(4) and O(%),binding
The coordination arrangement found in crystallographically Mode which was found less favorable for’Caoordinatiort
characterized dehydrogenase enzyhiremlves tridentate PQQ In th_e fo_IIowmg, we report the first ex_perlmental structure
with O(5), N(6), and O(7 as donors; the Ca coordination is dete_rmlnatlon qf a 1:_1 metal complex WIFh a PQQ_ derivative
complemented byy?-glutamate andyl-asparagine from the outsidethe protein environment. As |soamb|alterderﬁagands,
protein backboné Although the O(5)/N(6)/0( coordination ~ PQQ and its derivates tend to form oligonuclear metal com-
is supported by recent calculations and spectroscopic studie?ounds with complicated coordination pattetwhile a direct

of model systems, such asl]Ca(HO)]?" (1 = 2,7,9- Cu—PQQ interaction and triarylphosphine coordination have no

immediate relevance for biochemistry, the formation of a five-
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Table 1. Summary of Crystal Data for
[(1)Cu(PPh)z](BF4)-0.5CHC(0)OCGHs

empirical G3H4oBCuRNoOgP,-0.5CGHgO, V (AS) 4979(2)
formula 4 4
formulawt 1091.23 T(°C) —100
(g mol?) 2 (A) 0.71069
space group P2;/n (No. 14) pcalcd(grcm™3)  1.456
a(A) 19.565(4) w (mm1) 0.579
b (A) 13.807(3) R% 0.0537
c(A) 20.528(4) wR2 0.1319
S (deg) 116.11(3)

aR1= ¥|F, — Fol/S|Fo and WR2= [SW(Fe2 — FAZTW(F2)F Y2

(0.4 x 0.3 x 0.3 mn¥) was immersed in Nujol, transferred into a
capillary, and mounted on a Siemens P4 diffractometesqan): 9349
collected data, 7792 unique and 7790 observed reflections; 697
parameters and 5 restraints. The structure was solved by direct methods
using the SHELXTL-PLUS packadehased on 3506 reflections with

Fo > 40(Fo) (full matrix, least-squares methods ¢R?|). Largest
difference peak/hole:0.451/-0.910 e A3, Non-hydrogen atoms were
refined anisotropically; hydrogen atoms were introduced at ideal
positions and refined using riding models except H(1) which was refined
without geometrical constraints. Ethyl acetate solvent molecules were
found disordered close to an inversion center.

Results and Discussion

Compound [1)Cu(PPh),](BF4) was prepared from, [Cu-
(CH3CN)4](BF4), and triphenylphosphine in dichloromethane.
Whereas the free ligand exhibits complications in cyclic
voltammetry experiments, either because of electrode adsorption
phenomen®¥ or because of acid/base and disproportionation
equilibria involving the pyrrolic proton, the N-methylated PQQ

—
2mT

triester exhibits reversible reduction behavidihe complex
[(1)Cu(PPh)2](BF,) is reduced quasireversiblyyic = 0.75,
AEp, = 160 mV) at—0.48 V vs [Fe(GHs)2] 0 in CH,Cl»/0.1

M Bus;NPFs at 298 K and at-0.43 V (iJ/ic = 0.80,AE, = 90

mV) at 195 K to an EPR-detectable copper(l) semiquinone
radical complex (see Figure 1). The less complicated cyclic
voltammetric response of the copper complex in comparison
to the free ligandl is attributed to the steric shielding by the
triphenylphosphine groups, which should prevent intermolecular

association phenomena or electrode adsorption. In any case, the

copper(l) coordination results in a positive shift of the one-
electron reduction potential dfsimilar to the one reported after
addition of C&" in acetonitrile>?

In the infrared spectrum, the coordination of a cationic metal
complex fragment at O(5) and N(6) results in a very slight high-
energy shift of the broad(C=0este) band from 1721 (ligand)
to 1723 cm! (complex; three slightly different ester carbonyl
functions) and to a splitting of quinone carbonyl bands from
1684 cn! (1675, sh) forl to 1700 and 1668 cmt in the

complex. This spectroscopic observation already indicates the

use of only one quinone carbonyl oxygen atom for copper(l)
coordination (see Figure 2).
In the UV—vis spectrum, the main difference betweleand

its bis(triphenylphosphine)copper(l) complex is the appearance

of the expecte® metal-to-ligand charge transfer (MLCT)

Figure 1. Experimental EPR spectrum (top) oflJCu(PPh);]* as
obtained by electrolysis of the precursor at 300 K (top, very dilute
solution) and at 280 K (center) in GAI,/0.1 M BwNPF. For
parameters of simulated spectrum (bottom) see text.

Ci7) C8)

absorption as a broad long-wavelength shoulder at 660 nm. TheFigure 2. Molecular structure of the complex cation in the crystal of

intraligand absorption bands {n 7* at 488 nm andr — z* at
378 nm) are hypsochromically shifted relative to those of the
free ligand in the same solvent (434 and 364 nm in,Cly).

(9) Sheldrick, G. MSHELXTL-PLUS An Integrated System for:8d,
Refining and Displaying Structures from Diffraction DaRelat. 5.03,
Siemens Analytical X-ray Instruments Inc., 1989.

(10) Eckert, T. S.; Bruice, T. C.; Gainor, J. A.; Weinreb, S.moc. Natl.
Acad. Sci. U.S.A1982 79, 2533.
(11) Kaim, W.; Kohlmann, Slnorg. Chem.1987, 26, 1469.

[(1)Cu(PPh),](BF4)+-0.5CHC(O)OGHSs (hydrogen atoms and phenyl
rings at the P atoms are omitted for clarity).

The EPR spectrum of electrogeneratetl) Qu(PPR)2]* is
much broader at 7.0 mT total spectral width than the spectrum

(12) (a) Vogler, C.; Hausen, H.-D.; Kaim, W.; Kohlmann, S.; Kramer, H.
E. A.; Rieker, JAngew. Chem1989 101, 1734;Angew. Chem., Int.
Ed. Engl.1989 28, 1659. (b) Vogler, C.; Kaim, W.; Hausen, H.-D.
Z. Naturforsch.1993 48h, 1470.
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Chart 2 Table 2. Selected Distances (A) and Angles (deg)
. Cu—P(1) 2.250(2) CcuP(2) 2.264(2)
(Ph3P)2Cu H Cu—N(2) 2.118(4) CtO(5) 2.254(4)
\ Cu—0(6) 2.579(4) C(4y0(a) 1.212(6)
C(5)-0(5) 1.222(6) N(13-0(9) 2.615(5)

P(1-Cu-P(2)  123.39(7) P(BCu-N(2)  135.16(14)
P(2-Cu-N(2)  100.00(14) P(HCu-O(5)  105.74(11)
P(1)-Cu-O(6)  90.47(10) P(2}Cu-O()  99.76(12)
Cu(PPhs); P(2)-Cu-0O(6)  100.21(11) N(2YCu—-O(5)  74.30(20)
N(2)-Cu-O(6)  69.44(14) O(5yCu—O(6)  140.98(14)

aFor atom numbering see Figure 2.

Table 3. Bond Lengths (A) in Metal Complexes of PQQ

Derivatives
distances from M to
g a1 2.0058 0-5 N-6 o-7 ref
aC"' P) 0.835mT enzymé = 2.50 2.47 2'38 4b, 6d
1)]Ca(H0)?" © 2.43 2.46 2.3 6d
a®**Cu) 0.643 mT (POONaGho]  26i2 553 a5

[Cu'(terpy)b(u-PQQY 2.47(1) 2.03(2) 2.23(3) 5¢
, , , [(HCU(PPh)I(BF,)? 2.254(4) 2.118(4) 2.579(4) this work
of free 1°~ (2.2 mT9), which reflects considerable spin transfer

— — ; aNumbering of positions according to heterocyclic nomenclature
to the 63’6FCU_(I = °72) angl3lp_(| = ') nuclei.® T6he EP_R (Chart 1).b Ca%/PQpQ-semiquinone in?eraction in r?lwethanol dehydro-
parameterg = 2.0049,a(*P) = 0.90 mT (2 P),a(°**Cu) = genase fromMethylobacterium extorquen$Calculated using the
0.71 mT,a(®3Cu) = 0.64 mT (1 Cu), an@(**N) = 0.79 mT (1 Spartan program (version 4.Eterpy = 2,2:6',2"-terpyridine.® Car-

N) as obtained from the simulation of a partially resolved boxylate oxygent Ester carbonyl oxyger.Ethyl acetate solvate.
spectrum (Figure 1) are comparable to those of a related

dinuclear system (Chart 2 reflecting coordination-dependent  nation” as observed similarly in copper(l) complexes with
spin distributio® and increased*N hyperfine splitting after  weakly basic anion ligand4a?

copper(l) binding? For instance, tha(*/N) value of the 2,2 The bonding of Cuto the PPh groups is typically unsym-
blpyrlmldlne radical anion increases from 0.141 to 0.218 mT metrica”-zwith P(Z) occupying a somewhat more apica| position
on bis(triphenylphosphine)copper(l) coordinaténWe thus  than P(1). Considering the angles at the Cu center, the overall
attribute the largé“N coupling constant to N-6, in agreement  coordination geometry is close to a square pyramid with P(2)
with the sizable copper and phosphorus hyperfine splitting; Itoh at the apex that, however, implies essentially identicat-Bu
and co-workers have observed a laf@d hyperfine value of  honds to the axial and equatorial RRigands. Another view
about 0.5 mT forl*~ (in CHxCl> but not CHCN solution) and  pased more on bond distances involves a very distorted trigonal
assigned this to N-%2In very dilute dichloromethane solution, bipyramid with an N(2)/P(1)/P(2) equatorial plane and a skewed
the EPR spectrum of jCu(PPh)]" is better resolved (Figure  O(5)-Cu—0(6) axis (Figure 2) from the restricted “bite” of
1), hOWEVGr, the presence of additional Coupling from one tridentatel. In any case, Copper(]) centers are ra}felﬁl\/e-
copper and twe*'P nuclei causes a 12-fold increase in the coordinate in contrast to ¢tand the arrangement with a-P
number of the[](2Nil+1) =2 x 2 x 2 x 3 x 3 x 4 = 288 NO, donor set is unprecedent&d.The planarity ofl and the
hyperfine lines expected for the free ligart ;52 the total N(1)—H(1)---O(9) hydrogen bond are as expected.

number of 3456 theoretical lines from eight individual coupling  opyiously, the PQQ nucleus still prefers itéminoketo (O/
constants of [)Cu(PPR)J", therefore, precluded complete  N).coordination to the moderately donating copper(l) center

analysis by conventional EPR. Attempts to deternitder *N in a similar fashion as pterin, lumazine, and flavin ligaf&ik.
coupling constants through ENDOR experiments failed becauseremains to be studied whether reduced forms of PQQ derivatives
of insufficient EPR signal saturation in fluid solution. and/or morex basic metal centers opt for the O(4)/O(5)

Single crystals of [)Cu(PPh)2](BF4)-0.5CHC(O)OGHs for alternative or whether even dynamic fluctuation between these
X-ray diffraction were obtained via diffusion of ethyl acetate sjtes can be observed.
into a dichloromethane solution of the complex. The structure
analysis (Tables 1 and 2) revealed (Figure 2) a qualitatively ~Acknowledgment. This work was supported by the Deutsche
similar coordination of [Cu(PPJp]* to 1 as that of C&" to Forschungsgemeinschaft (DFG).

PQQ in the enzymes (Table 3). o . Supporting Information Available: A cyclic voltammogram, an
Apparently, the relatively large ionic radius of C(0.91 A; infrared spectrum, and a UWis spectrum of the title compound. An
1.14 A for C&")® still allows for the binding via three donor  x-ray crystallographic file in CIF format is also available. This material

centers O(5), N(6), and O(7 However, the “softer” charac- is available free of charge via the Internet at http//:pubs.acs.org.

teristics of copper(l) are evident from much shorter bonds to
. S . .~ 1C981390H

the quinone oxygen and the quinoline nitrogen center; in

.ComraSt’ the bond to the ester carbonyl atorYI¢Aar longer (14) (a) Ferrara, J. D.; Tessler-Youngs, C.; Youngs, V@rganometallics

in the copper(l) complex than the bond between the carboxylate ™ * 1987 6, 676. (b) Masuda, H.; Machida, K.; Munakata, M.; Kitagawa,

O(7) and C&" in the enzymes (Figure 24 Nevertheless, the S.; Shimono, HJ. Chem. Soc., Dalton Tran988 1907.

Cu—(O(7)) distance of 2.579(4) A still indicates “semicoordi- (15) (&) Holloway, C. E.; Melnik, MRev. Inorg. Chem.1995 15, 147.

(b) Ainscough, E. W.; Brodie, A. M.; Ingham, S. L.; Waters, J. M.

Chem. Soc., Dalton Tran§994 215. (c) Ainscough, E. W.; Brodie,

(13) Values for coordination number @norganic Chemistry 4th ed.; A. M.; Ingham, S. L.; Waters, J. Mnorg. Chim. Actal996 249, 47.
Huheey, J., Keiter, E. A., Keiter, R. L., Eds.; Harper Collins: New (16) Kaim, W.; Schwederski, B.; Heilmann, O.; HornungJeord. Chem.
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