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Abstract: The complexes of copper with histidine exhibit a wide variety of coordination modes in aqueous
solution. This stems from the three potential coordination sites of the histidine molecule and the existence
of mono- and bis-complexes. The present work concentrates on the determination of the carboxylate binding
mode, via the *2C hyperfine coupling of the carboxyl, in a number of copper complexes in frozen solutions.
These are then used as references for the determination of the coordination mode of two zeolite
encapsulated complexes. The 13C hyperfine coupling (sign and magnitude) was determined by a variety of
advanced pulsed EPR and electron—nuclear double resonance (ENDOR) techniques carried out at
conventional and high magnetic fields. These showed that while the carboxyl 13C isotropic hyperfine coupling
of an equatorially coordinated carboxylate is negative with a magnitude of 3—4 MHz, that of a free carboxylate
is small (~1 MHz) and positive. To rationalize the experimentally determined ligand hyperfine couplings
(*H and 3C) and further understand their dependence on the coordination mode and degree of protonation,
density functional theory (DFT) calculations were carried out on a number of model complexes, representing
the different Cu-histidine complexes studied experimentally. The exchange-correlation functional used for
the calculation of the EPR parameters was B3LYP with triple-C plus polarization (TZP) quality basis sets.
While the polarization agreement between the magnitudes of the calculated and experimental values varied
among the various nuclei, sometimes exhibiting deviations of up to 40%, an excellent agreement was
found for the sign prediction. This shows the unique advantage of combining high field ENDOR, by which
the sign of the hyperfine can often be determined, with DFT predictions for structure determination.

Introduction

Through the years coppehistidine complexes (CuHis) have
attracted interest due to the rich coordination geometries they
exhibit and the difficulties and controversies encountered in the
determination of their exact structure in solutiohis stems
from the three potential binding sites of the histidine molecule,
the amino (N) and imidazole (N or Ns) nitrogen atoms and
the carboxylate oxygen (P(see Figure 1a), the possibility to (@)
form mono- and bis-complexes, and the dependence of the mode
of coordination on the solution pH. Cu(ll) binding to histidine 2
residues is highly abundant in biological systems; histidine 1 _ 2
residues serve as ligands in most of the copper enzymes anc
proteins and play a role in the process of copper transport in
biological system3.In proteins, however, the histidine car-

() N,N;N_O,

T The Weizmann Institute of Science. |
* Max-Planck Institute for Medical Research. -
§ Max-Planck Institute for Bioinorganic Chemistry. (b) N,N;N,N,(C,) (d) NaNe Oc:0,
Il Utrecht University. o et

(1) SzabePlanka, T.; Rockenbauer, A.; Korecz, L.; Nagy, Polyhedror2001,

19, 1123-1131 and references therein. Figure 1. The Histidine molecule (a) and a few DFT optimized Cu(klis)
(2) Gray, H. B.; Solomon, E. I. i€opper ProteinsSpiro, T. G., Ed.; Metal structures with the coordination mode noted on the figuredb The
lons in Biology 3; Wiley: New York, 1981. numbers refer to the two histidine molecules.
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boxylate and amino groups are not available for coordination, point-dipole approximation, the extraction of the structural
although Cu(ll) was found to coordinate to peptides through parameters from the experimentally determined values is
the backbone amide nitrogen and carbonyl group as reportedstraightforward. However, when the interaction is primarily
for example in the prion proteihin an attempt to mimic the  isotropic and/or when the point-dipole approximation is not
catalytic activity of type 2 Cu(ll) centers igalactose oxidase valid, the extraction of the structural parameters must rely on
CuHis complexes encapsulated the pores of zeolite Y showedgquantum chemical computations. Recent developments in this
catalytic activity in the oxidation of alcohols and alkenes in field, particularly the formulation of DF1 have promoted
the presence of hydrogen peroxide at ambient temperatures. the calculations of hyperfine interactions at a relatively low
At least two types of CuHis complexes, each having a different computational cost with respect to traditional ab initio tech-
coordination environment, were found, raising the question niquest213This has proved particularly relevant for transition
whether different coordination geometry leads to a different metal containing catalysts, where the complexity of the active
catalytic activity. This question can be addressed, however, only site almost precludes the application of high-level post Hartree
after determining the structures of the different complexes.  Fock theorie%16,

In earlier studies we have used a combinatioAtbfand2H The calculation of EPR parameters from DFT is a relatively
W-band (95 GHz) pulsed electremuclear double resonance recent development, in particular in the caseaénsors.’~2*
(ENDOR) and X-band (9 GHz) electron-spiecho envelope  Hyperfine couplings have been more frequently considered for
modulation (ESEEM) spectroscopies to determine the structure©rganic molecules where only the Fermi contact and spin-dipolar
of the two different complexes in zeolite Y and of the CuHis terms need to be taken into account (for reviews, see refs 25

complex in a frozen aqueous solution at neutral pH (¥73p 27). The metal hyperfine coupling is considerably more difficult_
the latter complex, the Cu ion is coordinated to two histidine t0 calculate by DFT due to the complex nature of the Fermi
molecules, both of which are bound through thg ahd N contact term in this cas@;?® the large spir-orbit coupling

nitrogen atoms (histamine_"ke Coordinaﬂon)_ Hence’ the Cu- Contributiongg_ﬂ and the known difficulties of DFT to describe

(I1) coordination was denoted asNL;NaN.7 (Figure 1b), where the ionicity of the metatligand bonds 'correcﬂ?*“' (for
the semicolon separates coordinated atoms belonging to differenf€cent reviews see refs 387). Accordingly, despite the
histidine molecules. The same approach applied to the Cu(ll) 9rowing interest in the field of computational chemistry, the
complexes encapsulated in zeolité léd to the assignment of ~ humber of transition metal containing systems to which DFT
one of the complexes, termed A, to a me@oHis complex, (8) Bennebroek, M. T.; Schmidt, J. Magn. Resonl997 128 199-206.
having the NN.;O;0, coordination mode, where (Ostands (9) Epel, B.; Popl, A.; Manikandan, P.; Vega S.; Goldfarb, ID.Magn. Reson.

; ; ; ; 2001, 148 388-397.
for a water Ilg_ar_ld and Ofor a zeolite oxygen ligand. In this (10) Kohn, W.- Becke. A. D.: Parr, R. G. Phys. Chem1996 100 12974
case the proximity to the zeolite framework was deduced from an 1295};10. " oA Chemists Guid . ol

. . . . 11) Koch, W.; Holthausen, M. CA emist’'s Guide to Density Functional
the observation of an inten$éAl modulation in the ESEEM Theory Wiley-VCH: Weinheim, 2000,
traces. The Cu(ll) in complex B was found to be a bis-complex (g) gurlwzgr%v_ai |}/| KSauLp_pLIVU. Ph)ésbcgﬁm. éﬁga 122308961%—93223_
with the NiN,;N, O, coordination mode(Figure 1c), where @ % S P.J.isley, S. L. Larsen, S. £.Phys. Chem. 2001, 105
stands for the carboxylate oxygen. In these investigations, (14) gi%rlo;ﬁ, K.;(l:DheIabi%éAg;aRliBtz)'inlgd7%.§;)_\/1%;)§gckmoes, A. A.; Schoonheyadt,

. . A . J. Phys. Chem. .
however, there was no direct evidence for carboxylate binding. (15) pierioot, K.; Delabie, A.; Groothaert, M. H.: SchoonheydtPRys. Chem.
i Chem. Phys2001, 11, 2174-2183.
In _the_ present work, we conceptrate epr|C|tIy on the (16) Cheng, H Y. Yang, E.; Lai. C. J.: Chao, K. J.: Wei, A. C.: Lee, F.

coordination of the carboxylate group in the zeolite encapsulated Phys. Chem. R00Q 104, 4195-4203.

H H ; (17) Schreckenbach, G.; Ziegler, J..Phys. Chem. AL997, 101, 3388-3399.
CuHis comple>.<es and in froze.n aq“eo‘ﬂs solutions of model (18) Malkina, O. L.; Vaara, J.; Schimmelpfennig, B.; Munzarova, M.; Malkin,
complexes, using th&C hyperfine coupling of the carboxyl

)

V.; Kaupp, M.J. Am. Chem. So200Q 122 9206-9218.
(Co) as a probe. The coupling was determined by X-band two- (1

9) Patchkovskii, S.; Ziegler, T. Phys. Chem2001, 105 5490-5497.
(20) Kaupp, M.; Reviakine, R.; Malkina, O. L.; Arbuznikov, A.; Schimmelpfen-

dimensional (2D) HYSCORE (hyperfine sublevel correlation) nig, B.; Malkin, V. J. Comput. Chen001, 23, 794-803.
; 21) N FJ. Chem. Phys2001, 115 11080-11096.
spectroscopy and W-band pU|Sed ENDOR technlques and theerZ% vaerfi(;nthe, E.?r\T;Vorm)ér, P.]I1E. S5 van der Avoird JAChem. Physl997,

analyzed using theoretical density functional theory (DFT) ) )107, 2488-2498. ) |

. : . . 23) Neyman, K. M.; Ganyushin, D. |.; Matveev, A. V.; Nasluzov, V. A.
calcul_at|o_ns. The aim of the latter was f|rs_t to substantlz_ate the Phys. Chem. A2002 106, 5022-5030.
coordination mode determined on the basis of the experimental(24) gi}nkevzigg:s%, z.é Teéyastg_ykb Lé;esalek, P.; Vahtras, O.; AgrenJHPhys.
1 1 ; ; ; : em. 119 10489-10496.
°C and *H hyperfine interactions and second to design (s Engels, B.; Eriksson, L. A.: Lunell, Sidv. Quantum Chem1996 27,
appropriate experiments that will enhance the comparison 291—396. ooed e o
between theory and experiments. An example is the use of the'® E&'_f;;’%iggé_"'zncyc opedia Quantum Chemistrgchleyer P. V. R.,

)
absolute sign of the hyperfine splitting, which can often be ggg {/r\?ptrota, S.;gar'gne. \:Ch%nh Re.R 20% 61841'21323512_11255236
H H : atson, R. E.; Freeman, &nys. Re. — .
determined by high field ENDOR at low temperatu?&@&\hen (29) van Lenthe, E.: van der Avoitd, A Wormer. E.B.Chem. Phys1998

the anisotropic hyperfine interaction can be described by the 108 4783-4796.
(30) Neese, FJ. Chem. Phys2003 118 3939-3948.
(31) Arbuznikov, A. V.; Vaara, J.; Kaupp, M. Chem. Phy2004 120, 2127—

(3) Burns, C. S.; Aronoff-Spencer, E.; Dunham, C. M.; Lario, P.; Avdievich, 2139.
N. I.; Antholine, W. E.; Olmstead M. M.; Vrielink, A.; Gerfen, G. J; (32) Solomon E. I.; Szilagyi, R. K.; George S. D.; BasumallickGhem. Re.
Peisach, J.; Scott, W. G.; Millhauser, G.Riochemistry2002 41, 3991~ 2004 104, 419-458.
4001. (33) Szilagyi, R. K.; Metz, M.; Solomon, E. . Phys. Chem. R002 106,

(4) Lontie, R. InCopper Proteins and Copper Enzym&RC Press: Boca 2994-3007.
Raton, FL, 1984; Vol. 3. (34) Neese, FJ. Phys. Chem. 2001, 105 4290-4299.

(5) Weckhuysen, B. M.; Verberckmoes, A. A.; Vannijvel, I. P.; Pelgrims, J. (35) Neese, F. InThe Quantum Chemical Calculation of NMR and EPR
A.; Buskens, P. L.; Jacobs, P. A.; Schoonheydt, RAAgew. Chem., Int. Properties. Theory and Application&aupp, M., Bihl, M., Malkin, V.,
Ed. Engl.1995 34, 2652-2654. Eds.; Wiley-VCH: 2004; and other chapters in the same volume.

(6) Grommen, R.; Manikandan, P.; Gao, Y.; Shane, T.; Shane, J. J.; (36) Neese, FCurr. Opin. Chem. Biol2003 7, 125-135.
Schoonheydt, R. A.; Weckhuysen, B. M.; Goldfarb,DAm. Chem. Soc (37) Neese, F.; Solomon, E. I. IWiley series: Magnetoscience From
200Q 122 11488-11496. Molecules to MaterialsMiller, J. S., Drillon, M., Eds.; 2003; Vol. IV, pp
(7) Manikandan, P.; Epel, B.; Goldfarb, horg. Chem2001, 40, 781—-787. 345-466.

11734 J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004



Carboxylate Binding in Cu Histidine Complexes

ARTICLES

methods have been applied for calculating hyperfine interactionsused and modified fop,L-1-°C-histidine, which was obtained in
is still limited; hence, the validity and applicability of these approximately 20% yield from 13C-acetic acid. The purity of the
methods for the interpretation of experimental hyperfine cou- recrystallized (EtOHp,L-1-°C-histidine was tested by TLC as well
plings in terms of structure are far from being well estab- as'H and*C NMR. In the following, the labeled compounds will be

lished34.38

Munzarova and Kaugp found that, for the best cases, the

referred to as®C-His. We have not observed any difference in the
EPR or ENDOR spectra upon usinghistidine orp,L-histidine.
B. Solutions The copper histidine solutions were prepared by mixing

isotropic hyperfine coupling constants could be determined t0 4q,60us solutions of Cu(NR-3H:0 (p.a., Merck) and -histidine

within a 10-15% margin. Significant deviations from experi-

(98%, Janssen Chimica) in a molar ratio of 1:3. The pH adjustments

mental values were observed in the calculations of ligand were made with NaOH (0.01N, p.a., Merck) or HCI (0.01N, p.a., Merck)
superhyperfine interactions, and the authors attributed these largeo obtain complexes at p 7.3 and pH/pD= 3.8/3.4. The pH was

deviations to spin polarization and spin contamination effétts.

adjusted by titration, followed by low temperature EPR measurements,

Reasonable results for a range of Cu(ll) complexes for ligand such that the spectrum showed the presence of only one CuHis complex
superhyperfine couplings were found, but a tendency to besides the Cu@#D)s*" complex. The copper glycine solutions (CuGly)

overestimate the dipolar and isotropic parts due to excessive

spin transfer to the ligand was not&dThe latter deficiency of

DFT has been well-known due to the work of Solomon and

were prepared by mixing aqueous solutions of CufN3H.O and
glycine (143C) (Cambridge Isotope Laboratories, Inc.) in a molar ratio
of 1:3. All solutions were prepared in deionized water osOD
(Cambridge Isotope Laboratories, Inc.) and were mixed with equal

co-workers® Nonetheless, this and other studies have shown amounts of glycerol (BDH Chemicals Ltd.) or deuterated glycerol
that the error in DFT predicted values is systematic for a given (Cambridge Isotope Laboratories, Inc.) to produce a glass upon freezing.
set (i.e., the selected basis set and functional). Hence, DFT carThe final concentration of Cu(ll) in the CuHis solutions was 1.5 mM
be used to predict trends in the hyperfine parameters amongfor the HYSCORE measurements and 2 mM for the ENDOR measure-

groups of related compourdg*and help in the assignment of

ments. The Cu(ll) concentration in the CuGly solutions was 1 mM. In

g_tensors and ENDOR Slgnalsy as demonstrated by Larsen andhe f0||OWIng, the CUH|S Comp|exes at pH 7.3 and 3.8 are referred

co-workers on various V& complexes33842We also note a

few recent applications of DFT based EPR parameter predictions
in the case of bioinorganic model chemistry which in many cases

to as CuHis(7.3) and CuHis(3.8), respectively. Deuterated histidine-
ds-a, and glycine(1*C) were purchased from Cambridge Isotope
Laboratories, Inc. and are referred to as Hjsand'3C-Gly.

C. Zeolite Y. A sample with a majority of complex A was prepared

allowed for a successful interpretation of the experimental as follows® 200 mg of zeolite Y (TSZ) with a Si/Al ratio of 2.71 were

data®>~47
The availability of a range of experimentally determiriet]

stirred in 200 mL of deionized waterif@ h at pH7.3. The adjustments
were made with HCI. A 1:3 molar ratio of a Cu(ll)/histidine solution,

and 13C hyperfine tensors for a number of related CuHis 4 mM in Cu, was added to give a final concentration equivalent to 0.1
complexes therefore provides a unique opportunity for further Cu per unit cell (UC). The pH was kept at 7.3 throughout the ion

testing the validity and limitations of DFT in predicting ligand

exchange and the solution was stirred for 24 h, afterwards the product

hyperfine tensors and their dependence on the specific coordinavas collected by suction filtration and dried at8D. When necessary,

tion mode. This will, in turn, motivate further improvement of

the calculations.

Experimental Section

Sample Preparation. A. Synthesis of3C-Histidine. Histidine(1-

remnants of complex B were removed by stirring the samples in 0.0125
N NaCl (Frutarom Laboratory Chemicals) for 10 min (the lower the
loading of CuHis, the more complex A prevd)lsThe same procedure
was applied for the preparation of a zeolite sample with complex B
with the exception that the amount of CuHis solution was 15 times
larger to obtain a loading of 1.5 Cu/UC. The preparation of samples

3C) was synthesized as follows: the labeled key-intermediate ethyl- \yith |abeled histidine was identical to that described above.

acetamidocyanoacetaté“G (I) reacted with 4-(chloromethyl)-imidazole-

hydrochloride to produchl-acetyla-cyano-133C-histidine-ethylester,

which was hydrolyzed top,L-1-1°C-histidine. Intermediate | was

prepared by a reaction sequence starting witfCtacetic acid followed

by 2-bromo-1*C-acetic acid, 2-cyano-£C-acetic acid, ethylcyano-

1-13C-acetate, and finally ethylacetamidocyan&@-acetate. The

Spectroscopic MeasurementLContinuous wave (CW) X-band (9.2
GHz) EPR measurements were performed on a Varian E12 spectrometer
at 150 K. The HYSCORE experiments were carried out on an X-band
home-built pulse spectrometéb?at 8.5 GHz and 4.5 K with the pulse
sequencert/2-t-/2-t;-n-t,-m/2-t-echo and a four step phase cytle.

The microwave pulse lengthuw, of both thes/2 and ther pulse was

experimental details for the preparation of these intermediates are(.03ys, the dwell time irt; andt, was 0.04us, and 150 150 points

described in the literatuf&>° for various isotopomers and have been

(38) Larsen, S. CJ. Phys. Chem. 2001, 105 8333-8338.

(39) Munzarova, M.; Kubacek, P.; Kaupp, M. Am. Chem. SoQ000,122,
11900-11913.

(40) Munzarova, M.; Kaupp, MJ. Phys. Chem. BR001, 105 12644-12652.

(41) Arieli, D.; Delabie, A.; Groothaert, M.; Pierloot, K.; Goldfarb, D.Phys.
Chem. B2002 106, 9086-9097.

(42) Saladino, A. C.; Larsen, S. @. Phys. Chem. BR003 107, 1872-1878.

(43) Jaszewski, A. R.; Jezierska,Ghem. Phys. Let2001, 343 571-580.

(44) Garcia Serres, R.; Grapperhaus, C. A.; Bothe, E.; Bill, E.; WeyH&mu
T.; Neese, F.; Wieghardt, Kl. Am. Chem. So2004

(45) Sinnecker, S.; Noodleman, L.; Neese, F.; Lubitz, JWAm. Chem. Soc.
2004 126, 2613-2622.

(46) Sinnecker, S.; Neese, F.; Lubitz, W.Am. Chem. So2004 126, 3280—

(47) Van Gastel, M.; Lassman, G.; Lubitz, W.; NeeseJFAm. Chem. Soc.
2004 126, 2237-2246.

(48) SooHoo, C.; Lawson, J. A.; DeGraw. JJI.Labeled Compddl977 13,
97—-102.

(49) Ott, D. G.Synthesis with stable isotop&¥iley-Interscience & Sons: New
York, 1981; pp 33, 35, 161.

(50) Murray, A.; Williams, D. L. Organic synthesis with Isotopes$nter-
science: New York, 1958; pp 29496, 442-443.

were collected (128x 128 points for the CuGly spectrum). The
treatment of the HYSCORE data was as follows: baseline correction
in botht; andt, dimensions, followed by apodization with a Hamming
window and zero filling to 512 points in each dimension. Then, Fourier
transformation in both dimensions was carried out, and the 2D
magnitude spectrum was calculated. The HYSCORE spectra are
presented as contour plots with linear scaling of the contour intervals.
All these manipulations were carried out with Matlab (The MathWorks,
Inc.).

W-band pulsed EPR and ENDOR experiments were carried out at
94.9 GHz at~10 K on a home-built spectrometérSome of the**C

(51) Goldfarb, D.; Fauth, J. M.; Tor, Y.; Shanzer, A.Am. Chem. S0d.991,
113 1941-1948.

(52) Shane, J. J.; Gromov |.; Vega, S.; Goldfarb,R&v. Sci. Instrum.1998
69, 3357-3364.

(53) Fauth, J. M.; Schweiger, A.; Braunschweiler, L.; Forrer J.; Ernst, R. R.
Magn. Reson1986 66, 74—85.

(54) Gromov, |.; Krymov, V.; Manikandan, P.; Arieli, D.; Goldfarb, D.Magn.
Reson1999,139, 8—17.
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and all?H ENDOR spectra were recorded using the Mims ENDOR
pulse sequencer(2-t-7t/2-T-w/2-t-echo where a RF pulse is applied
during timeT). For Mims ENDOR, aww of 0.1 us was used and the
RF pulse lengthtge, was 32us for 13C and 35us for 2H. The intensity
scale of the Mims spectra and the frequency scale ofithepectra
were multiplied by—1 andyu/yp = 6.5144, respectively, to allow
comparison with théH ENDOR spectra. ThéH Davies ENDOR?
spectra g-T-n/2-t-7-t-echo with a RF pulse during tim&) were
acquired withtre = 15 us andz = 0.5 us. The'3C Davies ENDOR
spectra were recorded wittxs = 35 us, and all*®C spectra were
recorded using random acquisitidfirhe sign of the hyperfine coupling
was determined using the variable mixing time (VMT) ENDOR
experiment, where an additional time intervialy, is introduced after
the RF pulsé?® The orientation selectiv€C Davies ENDOR spectra
were recorded with the Special TRIPLE sequetié&This experiment
is similar to the Davies sequence, but instead of onetRRilse, two

field sweep echo detected EPR spectrum, taking into account the line
width and the MW pulse bandwid:59.61

Computational Methods. A. Geometries and Relative Stabilities.
Gas-phase full geometry optimizations were carried out with BT,
using the Turbomole code version 523The three parameter Becke
exchange functiongdand the Lee-Yang—Parf* correlation functional,
i.e., the combination commonly denoted as B3LYP, were employed in
all cases. Basis sets from Sttraet al®> were employed: For Cu, a
double€ basis set was chosen and enhanced with andf functions
(with exponents 0.174, 0.132, and 0.390, respectively, according to
Pierloot et al®. The coordinating nitrogen/oxygen atoms were
described by a doublé-basis set which was enhanced by one
polarization function (DZP), while for all other atoms douljidasis
sets (DZ) were selected. The convergence criteria used were 10
Hartree for the energy change and i6lartree/Bohr for the gradients.
Starting geometries for the bis-complexes (no water included) were

RF 7 pulses are applied and their frequencies are scanned symmetricallygenerated by Cerius (using thehistidine configuration). All other

with respect to the nuclear Larmor frequeney such that the ENDOR

transitions of the twaVls = +%, manifolds are on resonance. This

experiment gives an enhancement of a factor of 2 in the ENDOR effect.

This set of spectra was acquired with = 32 us andr = 0.40us. In

all Davies VMT ENDOR and Special TRIPLE experimentigy of

0.2 and 0.1us were used for the andz/2 pulses, respectively.
Simulations. Spectral simulations were carried out with a program

developed in house using Matlab. The ENDOR frequencies of the

simple case of an electron spi®= /5, coupled to arl = /, nuclear

spin are determined from the following Hamiltonian:

Wi+ s

N —BE.g5—
H={Bg5 (1)

starting geometries were manually adjusted from the latter according
to the relevant coordination mode. In cases of complexes differing only
by the degree of protonation, the optimization was usually carried out
in steps, in which the nonprotonated complex was optimized first and
then modified to generate the starting model of the protonated structure.
All gas-phase optimizations were done under no symmetry con-
straints, except for the following: thesN.;N.N. type was optimized
both in its trans €, and G) and cis Cs) configurations, the four
coordinated [MNNoN.J]™" and six-coordinated M.;Ow;NaN.;Ow
complexes were optimized und€s symmetry, and the six-coordinated
NaNO¢;NaN.O: complex was optimized under €ymmetry. Optimiza-
tion of the trans MNNaN. complex in solution and all single-point
calculations of the energy in solution were done with no symmetry
constraints using the conductor-like screening solvation model,

where the first and second terms describe the electron spin and nucleagognoss67 a5 implemented in the Turbomole code, with a dielectric
spin Zeeman interactions, respectively, and the third term representSeonstante = 80.

the hyperfine interaction. It is convenient to expr&andA in the
principal axis system of theg-tensor (X,Y,Z). Accordingly,A is
characterized by its principal componems,, Ay, A, (or Aj and A

for an axially symmetric tensor), and the Euler angles3, andy,
which relate theA principal axes system (x,y,z) to that of therincipal
axes system. Wheg is axially symmetrico. can be set to zero. The
anisotropic part oA is represented by, and the isotropic part, by
aiso. The first-order expressions for the ENDOR frequencies for a weak
coupling case, which usually holds for protons at high fields, are

)

wherev, = gifin/h By is the nuclear Larmor frequency ardis the
hyperfine coupling. The latter is a function gfy, and the orientation
of B with respect to (X,Y,Z) is given byo and ¢.5°

For electror-nuclear distances, greater than 2.5 A, and when the
spin delocalization over the ligand is negligible,= —0.5T,, = Ty =
Tyy and it can be described by the point-dipole approximation:

Vop = ¥ TO.5A

_ ﬂopuiﬂ 9s8e95n

== 3

Ty ®)

where p®# is the spin density. When pulsed EPR experiments are
carried out on a sample exhibiting a powder pattern, as in the case of
g-anisotropy, only a selected rangefiglande, orientations, determined

by the field position within the spectrum, contribute to the spectrum.
These selected orientations can be obtained from simulations of the

(55) Mims, W. B.Proc. R. Soc. Londoh965 283 452-457.

(56) Davies, E. RPhys. Lett. AL974 47, 1—2.

(57) Epel, B.; Arieli, D.; Baute, D.; Goldfarb, DI. Magn. Reson2003 164,
78-83

(58) Kurreck, H.; Kirste, B.; Lubitz, WElectron Nuclear Double Resonance
Spectroscopy of Radicals in Solutjio'CH Publishers: New York, 1988;
Chapter 3.

(59) Jeschke, G.; Spiess, H. Whem. Phys. Lettl998 293 9-19.
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The stability of the hydrated complexes was calculated using the
following scheme:

Cu(His), + xH,O — Cu(His)*xH,0 4)
wherex = 1 or 2. All components in eq 4 were optimized, and the
relative stability of the product was calculated by subtracting the
energies of the reactants. As explained above, these calculations were
done both for the gas-phase energies as well as for the COSMO
energies, obtained in aqueous solution.

B. Hyperfine Coupling Constants and Spin DensitiesAll-electron
DFT calculations of hyperfine coupling agetensors were done using
the recently developed methodologies that are implemented in the
ORCA code version 2.2 The calculations for the M.;NaN. (Cy)
complex were done at several theory levels to test the effect of
increasing the size of the basis set and changing the type of the
functional (see Supporting Information). Based on this test, the
functional B3LYP and the basis set, referred to as TZP, which includes
the CP(PPP) ba$ifor the copper and triplé-enhanced with one
polarization function for all other atoms were chosen. The criterion
was the agreement with the experimental hyperfine couplings available

(6
6

Rist, G. H.; Hyde, J. Sl. Chem. Phys197Q 52, 4633-4643.

Hurst, G. C.; Henderson, T. A.; Kreilick, R. W. Am. Chem. S0d.985
107, 7299-7303.

(62) Ahlrichs, R.; Ba, M.; Hasner, M.; Horn

0)
1)
)
Lett. 1989 162, 165-169.
(63)
)
)
)

, H.; Kémel, C. Chem. Phys.

Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(64) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(65) Schier, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl992 97, 2571-2577.

(66) Klamt, A.; Schiumann, G. JJ. Chem. So¢Perkin Trans.1993 2, 799-
805.

(67) Barone, V.; Cossi, MJ. Phys. Chem. A998 102, 1995-2001.

(68) Neese, FORCA- an ab initio, DFT and semiempirical porogram package
version 2.2-74; Max Planck Institute for Bioinorganic Chemistry: [iiim
an der Ruhr, Germany, unpublished.

(69) Neese, Flnorg. Chim. Acta2002 337G 181-192.
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Table 1. Summary of the g-Values and A(Cu) Values of the 10+
Species Investigated R
species o oo Ay (MHz) 8
Cu(H:0)6?" 2.40 2.06 402
CuHis (3.8) 2.31 2.06 507 6
CuHis(7.3) 2.23 2.06 555
CuGly 231 2.07 484 4
CuHis A—Y?2 2.31 2.05 510
CuHis B—Yab 2.25 2.07 576 2
2Values taken from Grommen et &l.°> Sample contains about 30% T
complex A. T 0
for this complex (CuHis(7.3)) as well as computational convergence ="
with respect to basis set size. The calculations were carried out on gils W)
structures optimized in the gas phase because the solvent effects wert
found to be insignificant for the purpose of our study (see Supporting 6
Information). Spin density surface plots were calculated at x 7%
x 75 resolution and generated using the gOpenMol prodfafime 4
expressions used to calculate the hyperfine gridnsors are sum-
marized in the Supporting Information. 2

Results and Discussion

Model Complexes in Solution.Since one of the major goals v, (MHz)
of this work was to establish the carboxylate coordination in !
CuHis complexes, models for equatorial and axial coordination
and free COO were required. As a model for equatorial
coordination, we used a solution of th&—CuGly complex,
at neutral pH, which has the f8:;NzOc2H,O coordination

Figure 2. HYSCORE spectra of (@fC—CuGly at 0.3037 Tqp) andr =
0.21us, and (b)!3C—CuHis(3.8) at 0.2960 Tg()), T = 0.19us.

3.8 MHz is estimated, which is somewhat larger than that of
- . L 13C—CuGly. The similar'3*C coupling and the appearance of
mOd?' The second model compoun(_j was tm_‘]NNaNé - the Ns peaks provide evidence for an equatorial coordination
CuHis(7.3) complex in a frozen solutidnthe third model was of both Q. and N in the CuHis(3.8) complex. It was impossible
the complex _which prevails, together_ with the aqua-compleX, i, gptain X-band HYSCORE spectra of the second md@ek-
Cu(H0)e*", in solutions of *C—CuHis(3.8), and the EPR  c,ig(7.3), because echoes could not be observed, most likely

parameters of this complex are the same as those of they,e (o deep nuclear modulations, which cause a complete echo
encapsulated zeolite complex A. At higher pH values, other suppression, even for shortvalues. We therefore turned to

CuHis species appear. Table 1 summarizes the EPR parameterﬁmse ENDOR measurements at W-band, where the nuclear
of all samples studied in this work as determined from the X- . oqulation effect is usually eliminated.

and W-b;\gglow-temperature EPE spe(;t?(.) ) B. 13C W-Band ENDOR Measurements Orientation selec-
A. HY RE Measurements.The HY RE experiment 4,0 Mims ENDOR spectra of thEC—CuHis(7.3), recorded at

generates 2D spectra with cros_s-peaks that represen_t correl_ationgarious fields within the EPR powder pattern, show a doublet
between the ENDOR frequencies of one electron spin manifold | .. o splitting of 1 MHz centered atc = 35.2 MHz (Figure

¥Vith tﬂolfe oit?/e o;her electronkspin manifdfc-or Zxample, 3a). Measurements carried out at differeralues did not show
orS= ; : _h 2t gérooss-pea Sappleéall‘:raé(/gland W.'V“)d any significant changes. The spectra exhibit a rather weak
(see eq 2). The HY RE spectrum-dL—CuGly, depicte orientation dependence, and best fit simulations yield'#ie

ilr;CFiE;ure Zaf, shows a clear ;,et of_grﬁsi-p(;agsMcsnter%d at thehyperfine parameters listed in Table 2. The blind sffotsre
armor frequencyyc, with a width of ~2. zand a taken into account in the simulations by multiplying the

splitéing of 3.6 MHZ (the peaks on thg diagonal ,Of thez{-) calculated ENDOR spectrum by 3{Az/2), whereA is the
quia ra;t are ,no'?e)' Spectrakmea}s#re alt (),'282:?'@'0”’ q hyperfine coupling, as shown in Figure 3a. Motivated by the
S oy(;/eh afl pa;r 0 cross-pez;\] s W('jth a S(E’ |tt|n.g. 0 ];7hMHZ and peT calculations (see next section), we have also determined
a widt 0 1.3 MHz. From the width an posmc_)n ofthe CrOSS™ the sign of the hyperfine coupling of CuHis(7.3) by the VMT
peaks in the two spectra and the low orientation selectivity at Mims ENDOR experimeritas shown in Figure 4a. The reduc-
gD’l Biso 7 3 l\|/IHz andT_ZZ ~ ]?_3 hﬂHz_werle _estlme;tid (exact tion in the intensity of the low-frequency line with increasing
\s/aeucirsaw?\:gnattglro(\)/vb)ta'll'r;widH:?;nCt O%Z'r:ueitt'&ﬁ%_tciﬁgPOR tmix @ssigns it to thex manifold. Then, using eq 2, a positive

P 9 ’ P value is obtained. This further leadsdg, > 0, becaus@is, is

(3.8), recqrded & and shown in F'gl.”e. 2b, exhibits in ao_ld|t|on the predominant contribution to the hyperfine interaction. Here
to the typical*N cross-peaks of the imidazole remote nitrogen Mims VMT ENDOR was employed because it is more

. . 1. _ . ) A i
(N‘g a; (g.'z’j'olzﬂ?_'nd (é'4'4'?r)] MHSZiC cros%stﬁeaks ata(;Af.Z) appropriate for small couplings than the Davies VMT ENDOR.
and (5.2,1.4) £ From fhe position ot INese peaks, ~ For comparison, the top trace of Figure 4a shows @&

(70) Relevant documentation can be downloaded from http://laaksonen.csc.fi/ Mims ENDOR spectrum of*C (?UHIS(3.8) recorded ajo,
gopenmol. _ _ along with the pattern of the blind spots. Two doublets are

(71) de Bruin, T. J. M.; Marcelis, A. N. T.; Zuilhof, H.; Sudholter, E. J. R.
Phys. Chem. Chem. Phyk999 1, 4157-4163.

(72) Hder, P.; Grupp, A.; Neberifu, H.; Mehring, M.Chem. Phys. Letl986 (73) Schweiger, A.; Jeschke, ®rinciples of Pulse Electron Paramagnetic
132, 279-282. ResonanceOxford University Press: Oxford, 2001.
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a0 4 3 2 1 0

Figure 3. (&) Orientation selective Mims ENDOR spectra of CuHis(7.3) recorded=ai0.40us. The observer fields are noted on the figure. Simulated
traces obtained with the parameters listed in Table 2 are shown as solid lines, and the funt{#a2}iis shown as dotted lines (see text). The selected
6o ranges used in the simulations are (top to bottom} 9%, 56—69°, and 36-43°. (b) W-band Special TRIPLE spectra of a solution'#—CuGly at
three different magnetic fields,= 0.4 us. The solid line represents simulations (parameters are given in Table 2), and the selected régéresnofop

to bottom are 7582°, 50-58°, and 2G6-38°. (c) Same conditions as those for part b except$a—CuHis(3.8).

Table 2. Summary of All the Experimental Hyperfine Couplings
[MHz] of the CuHis(Gly) Complexes

hyperfine, MHz (degrees)

coupling® The asymmetry at the shotix value is a conse-
quence of partial saturation of the NMR transitions, and the
low intensity line corresponds to th# manifold? consistent

puckl Sa_mple coordination 0 T Ty T (57) re with the negative sign. The same behavior was observed for

:2; gﬂ::gggg ﬁ“f“iﬁ‘ :26,321,2&—54((()62,3233?03 ! the 13C—CuHis(3.8) solution (not shown). Using a negative
« CUHis(7.3) NN:N.N. 10.9,-1.3,—1.3,2.6 (0,60,0) 7 hyperfine coupling, the orientation selective spectra3af—

:u 232:23—3\){ N@Nef“eﬁc 836”;‘3}1553@591 470708 7 6 CuGly and'3C—CuHis(3.8) (Figure 3b,c) were simulated with

C. CuHis(7.3) NNON:N. 1.0,-0.1,-01,02(0,0,0)  thiswork  the best fit parameters listed in Table 2, and the simulated

C; CuHis(3.8) NN;O:;Ow —3.7,—2.0,0.2,1.8(0,90,50) thiswork  spectra are depicted as dotted traces in Figure 3b,c.

gz gﬂg'@ B-Y %Z&Hagi i%rﬁffslg?%\.’; 1.7 (0,90, 70) ttrf]]IISS\\IIVV(()J:’IE From the13C HYSCORE and ENDOR measurements, we

conclude that for an equatorial carboxylate coordinatioraghe

~@The signs were determined according to ref 9 from the spectra and (C.) is relatively large and negative, whereas for an axially
simulations appearing in the noted reference.

observed with splittings of 1.3 and 3.3 MHz, yet comparison

coordinated or free carboxylate it is small and positive.
C. H, ?H wW-Band ENDOR Measurements H and ?H

with the Special TRIPLE spectra (Figure 3c) and the pattern of W-band ENDOR measurements were carried out in order to
the blind spots show that the two doublet appearance is acomplete the determination of the coordination mode of CuHis-
consequence of a blind spot in the center of a single doublet. (3.8), specifically searching for evidence for thg nding to
This comparison also shows that the Davies ENDOR spectra Cu(ll). The spectra of natural abundance CuHis(3.8) and CuHis-
may lack some intensity in the center, due to the insensitivity ds(3.8) in H,O and DO are depicted in Figure 5. The bottom
of the Davies ENDOR sequence to very small couplings. This spectrum is théH spectrum of CuHisk(3.8) in H0, and it

suggests the presence of an additional weakly couptedn
CuHis(3.8).

Orientation selective W-band ENDOR measurements were The correspondingH spectrum shows a clear doublet with a
carried out on both3C—CuHis(3.8) and3C—CuGly to deter-
mine more accurately the isotropic and anisotropic componentsHq.”"* The *H spectrum of CuHis(3.8) in D again reveals
of the 13C hyperfine couplings. Here, the Special TRIPLE the signals of i and H;, the large intensity at is absent and

sequence was used to improve 8.5 The spectra are shown

in Figure 3b,c (examples of a regular Davies ENDORS3af—
CuGly can be seen in Figure 4b for comparison). The spectrapattern, which covers the range of both the exchangeable H
of 13C—CuHis(3.8) show a singl¥C line, the position of which
shows a hyperfine splitting that increases from 3 to 5 MHz as H spectrum of Cu(0)e2* (not shown). The appearance of a
the field changes frorgy towardg, whereas fot3C—CuGly it
varies from 2.4 to 4.4 MHz (consistent with the HYSCORE complex, which is present in the solution as well.

results). DFT calculations (see next section) predicted a negative D. Coordination Mode of CuHis(3.8).The HYSCORE and

sign for theaiso(Ce) of an equatorially bound carboxylate as

clearly shows the signals of thnd H, which are similar to
those of CuHis(7.3) with the Ml.;N.N. coordination modé.

splitting of 10.5 MHz (in the'H frequency scale) assigned to
new features at1.6 MHz, not observed in CuHis(3.8hecome
evident. The?H spectrum of this sample shows a broad powder
and water ligands, as deduced from the comparison with the

water signal is expected from the contribution of the aqua-

the W-band ENDOR spectra of CuHis(3.8) identified unam-

opposed to a positive one for a free carboxylate. VMT Davies biguously equatorial i N, and Q ligands, thus concluding
ENDOR spectra of3C—CuGly recorded at are shown in

Figure 4b. The top spectrum shows an asymmetric doublet, of

which the line at—1.3 MHz is weaker. Adnix increases, the

relative intensity of this line increases, while that of the high-
frequency component decreases, thus yielding a negative

11738 J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004

that this complex is a bis-complex. In this case, theprbtons

(74) The similar line shape of the tbsignal in the?H and'H spectra (in the
frequency scale of the latter) shows that the quadrupolar splittings are not
resolved. This indicates that the inhomogeneous line width is larger than
the maximun?H quadrupole splitting, which is around 0.3 MHz.
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(b)
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Vgr - Ve (MHz)

Figure 4. (a) (Bottom three traces) VMT Mims ENDOR spectra of CuHis(7.3) and Mims ENDOR (topiCef CuHis(3.8) superimposed on the function
sink(Ar/2), T = 0.3 us. (b) VMT Davies ENDOR spectra 88C—CuGly. All spectra were recorded gt. Thetmix values are marked on each trace.

’H, CuHis(3.8)

'H, CuHis(3.8)
inD,0

i

*H, CuHis-d,(3.8)
inH,0

'H, CuHis-d,(3.8)
inH,0

Vg - Vg (MHz)

Figure 5. W-band'H (Davies) andH (Mims) ENDOR spectra of CuHis-
(3.8) recorded at thgg field position. The lines mark the positions of
the H, doublet. The frequency scale of tAd spectra was multiplied by

7Hlyo.

of the two histidine molecules should have different couplings,
and consequently, we assign the doublettdt6 MHz to a
second H proton. The question that remains is which ligand
atoms originate from the same molecule. We exclude the
possibility of any NNNQ configuration on the basis of th&
and g-values according to the PeisaeBlumbergen correla-
tions’> A large aiso value of H, (~10 MHz) was suggested
earlier to be a signature for a histaming\\ binding mode,
which was supported by comparative measurements carried ou
on a Cu(ll) 1methythistidine compleX. There, the I cannot
coordinate to the Cu(ll), and the coupling of Mas found to
be significantly smaller. Additional support is obtained from
the smaller coupling of the Hin CuGly’® Therefore, the
preferred coordination mode is:N,;O¢;Oy, (see Figure 1d). In
this case, each of the histidine ligands should give rise to a
different 13C coupling. The presence of ‘&C with a small
hyperfine coupling, arising from the free carboxylate, was
observed in the Mims ENDOR spectrum as shown in Figure
4a (top trace). The dependence of #R€. and H, hyperfine
coupling on the chelating mode was explored in detail throug
DFT calculations described below.

Zeolite Complexes.The HYSCORE spectrum of th8C—
CuHis zeolite complex A, shown in Figure 6a, is similar to that
of thel3C—CuHis(3.8) (see Figure 2), except for the appearance

h

(75) Peisach, J.; Blumbergen, W. Arch. Biochem. Biophy4974 165 691—
708.

10:

]

1o

v, (MHz)

@

6 !
4

2 |

%0
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Figure 6. HYSCORE spectra of the zeolite ¥¥C—CuHis complexes A
(a) and B (b) at they field position (0.3007 T for complex A, 0.2900 T
for complex B),7 = 0.19us. The assignments of the peaks are noted on
the figure.

of an additional strong peak on the diagonal at (3.4;3.4) MHz,

gorresponding to th&/Al Larmor frequency. This is consistent

with the proximity of complex A to the zeolite framewofk.
The cross-peaks at (1.6;5.2) and (5.2;1.6) MHz are attributed
to 13C and, as expected, they were absent in the HYSCORE
spectrum of the corresponding sample prepared with natural
abundance histidine (not shown). Other cross-peaks are due to
the remote Iy. The HYSCORE spectrum #C—CuHis zeolite
complex B (see Figure 6b) is similar to that of complex A with
the exception that thEN peaks are relatively stronger and the
27Al peak is hardly detected. The diagonal peak at 4.0 MHz is
due to double quantum frequencies ofNesulting from
incomplete inversion induced by the MW pulse. Again, the

13C cross-peaks were absent in the natural abundance sample.
The HYSCORE spectra of the two complexes and @
coupling similarity to!3C—CuHis(3.8) provide direct evidence
that in both complexes an equatorial ligand is present’ The

IH and?H W-band ENDOR spectra of the two complexes were

(76) Baute, D.; Goldfarb, D. Unpublished results.

J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004 11739



ARTICLES

Baute et al.

Table 3. Calculated Principal Components of the Copper Hyperfine and g-Tensors for Different Complexes?

Cu hyperfine, MHz
Axx; Ayyy Azz

g-tensor
Yo Yy, 92

complex model for
NaNe;NaNe (C2)* CuHis (7.3)
NaNe;NaN. (Ci)? CuHis (7.3)
NaNe;NaN, (Co)*# CuHis (7.3)
NaNeNaN, —2W+ CuHis (7.3)
NaNE;NaNe-ﬁX CuHis (73)
NaNe;NaOc
NaNe;NeOC CuHis B-Y
NaNe;N O™ CuHis B-Y
NeNg Og;Ouf CuHis (3.8), CuHis A-Y
NeNg Oc;Ow CuHis (3.8), CuHis A-Y
Ne;Ow;NOc
N Ow;NOc*
NaNe;NaNe;Ow CuHis (73)
NaNe;Ow;NaN;Ow CuHis (7.3)

104.9, 191.1369.2
—12.6,87.1,-519.3
158.4,170.9;207.9
—45.1, 394.4, 533.9
33.4,48.5;454.3
13.9,—33.3,-570.0
—33.5, 34.0-553.0
—101.1, 233.8, 287.8
3.7,—20.1,-569.8
—30.4-34.8,-532.8
12.8,128.9;-438.5
—126.3, 350.1, 459.0
73.0, 155./#412.7
120.3, 212.3;7387.4

2.034, 2.045, 2.129
2.030, 2.046, 2.126
2.033, 2.036, 2.115
2.033, 2.064, 2.154
2.049, 2.051, 2.167
2.034,2.044,2.131
2.035, 2.049, 2.151
2.039, 2.051, 2.143
2.043, 2.047, 2.156
2.043, 2.046, 2.154
2.038, 2.066, 2.188
2.039, 2.060, 2.175
2.040, 2.056, 2.151
2.040, 2.057, 2.153

aThe structures marked with * gave unreasonable calculated Cu hyperfine values. These are marked with open triangles in Figure 7b. Those marked with
# gave badg,rvalues and were also marked with open triangles in Figure 7a.

studied in detail in an earlier publicati§mhese, together with  atic. The deviations of the values calculated for some of our
the present HYSCORE data and the results of the solution structures from the ideal line are comparable to those of the
models, confirm the structure suggested earlier for complex B reference compounds, and therefore these were considered as
(see Figure 1c). In contrast, complex A is not a mono-complex accepted. In contrast, some of our calculated values are outside
as suggested earlier but a bis-complex with a structure similarthe accepted error limi€ These are marked in Table 3 as #
to that of the CuHis(3.8), shown in Figure 1d with the zeolite and as open triangles in Figure 7a. Similarly, #/gCu), there
oxygen replacing the water ligand. The simit&€ coupling of are several structures with values which are well outside the
complexes A and B indicate that th& hyperfine coupling is acceptable error range or have the wrong sign. These are noted
not sensitive to whether the binding mode of the histidine ligands by * in Table 3 and marked by triangles in Figure 7b (here we
is N.O. or O.. Table 2 summarizes the experimentally deter- allow a larger deviation;v30%, than that of the spread of the
mined hyperfine tensors of the various nuclei in the CuHis reference points). These structures, therefore, are not good
complexes investigated. models for the CuHis complexes discussed in this work. After
DFT Calculations. A. Copper Hyperfine and g-Tensor this preliminary selection of possible structures, several candi-
Calculations. A critical factor in the prediction of the hyperfine  dates remain, which could represent the experimentally observed
couplings is the quality of the optimized structures, namely, CuHis complexes. Since thgetensor andA(Cu) values cannot
how well do they represent the real structure. When an X-ray be used to distinguish between these possibilities, additional
structure is available, it can be used as a reliable starting criteria must be invoked. Below, we will further narrow down
geometry. Otherwise, as in our case, molecular mechanicsthe possible structures by studying their relative energies and,
methods or simply “chemical intuition” should be invoked in  more importantly, their predicted ligand hyperfine couplings
order to set the starting geometry. Since only local, rather than which are better reporters of the specific geometric structure
global, minima are calculated, the initial coordinates (as well than theg-tensor or the central metal hyperfine tensor.
as the symmetry and other parameters such as basis sets and B. Possible Configurations of the NN.;NaN. Bis-Histamine
functional) might have a considerable effect on the final Complex Analyzing the differences in the hyperfine couplings
structure. Here we have used the agreement between the calef the various structures, we chose to concentrate grarhdl
culated and experimental copper hyperfine grdnsor param- 13C, because they have the lowest experimental uncertainties
eters as an indication for the quality of the optimized structure, and theira, values are relatively large. High quality data are
under consideration of the known system deficiencies of the also available for the remote nitrogens dMnd H, and the
employed methods. For this purpose we used as a referenceagreement between the experiment and calculation is good.
two recent studied3%in which the performance of the coupled These couplings are relatively small and straightforward to
perturbed Koha-Sham (CP-KS) formalism on various para-  interpret, since they are unique for equatorialddordination,
magnetic compounds with known structures was tested. Thebut they are rather insensitive to the specific coordination mode.
results for the copper compounds were selected and plottedAlthough the N coordination is easily identified by the large
together with our calculations in Figure 7a,b. These calculations coupling of H, the accurate determination of the complete
were done including spinorbit coupling term&t20 and the hyperfine tensor of b and Hy,is somewhat ambiguous due to
results are given in Table 3. We chose to plg, (the deviation the overlap of their powder patterhslonetheless, the calculated
from ge, in parts per thousand (ppt)) a#g{Cu), which are values are generally in the order of the experimental values.
most sensitive to the structure and their experimental values The NiN¢;NaN. mode can, in principle, assume either a trans
can be determined with high accuracy. Figure 7a shows that(C, or C; point group symmetries) or cis configuratio@y,
the values calculated with B3LYP for the reference compounds therefore all three conformations were initially considered, and
are well underestimated, but the deviation seems to be systemtheir relative stabilities in a water solution were compared. The

(77) Although there is a 30% contribution of complex A in this sample, the (78) The rejection was done by finding a best fit linear relationship for the
relative intensity of the!3C peaks compared to that of teéAl signal reference samples and labeling as bad points the ones that deviate from
indicates that the majority of tHéC peak intensity originates from complex this line by more than 30%, which approximately represent the span of the
B and the contribution of complex A is minor. references compounds.
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Figure 7. Comparisons of the calculatexh,{a) andA,{Cu) (b) values of various Cu(ll)-containing molecules and complexes. The reference dats.for

were taken from ref 21 and f@k{Cu) from ref 30. The solid line represents the idealXit y. All our calculations are listed in Table 3. The open triangles
represent structures with values that are not within the accepted error range. The open triangle in part b which is near the solid line was rejéisted due t
wrong sign.

Table 4. Calculated Hyperfine Coupling Tensors for Alternative
Complexes with a Bis-Histamine Coordination (C, Symmetry) & 54 a1
type of ligands NaNGNaN NaNeiNaN,-fix <
energies? 0 -6.2 _8_ 44
hyperfine, MHz aisor Txo Tyys T2z isos Txo Tyys Tz e
£
Ha1 —6.07,—8.05,—2.34,10.4 —4.35,—7.95,—-1.23,9.18 £ 3
Ha2 2.62,—7.41,—2.07,9.49 1.58;-8.73,—0.74, 9.46 ~
Ha 5.99,—2.55,-1.80, 4.35 6.71;-1.48,—1.43,2.91 T
H. 1.11,-2.41,-1.41,3.82 1.32,-2.36,—1.31, 3.67 £ 2
Na 26.7,—5.08,-5.02, 10.1 24.1174.99,—4.82,9.81 N
Ne 49.7,—4.22,—-3.21,7.43 36.34-3.80,—3.13, 6.92 0
Ns 2.35,—0.34,—0.07, 0.40 2.14-0.33,-0.12, 0.44 © 14
Cec 3.76,—1.52,—0.76, 2.29 0.15;-0.42,—-0.27, 0.69
O T T T T T T T T T

2 COSMO relative energies in kcal/mol. o T 7 3 i i T

Cs symmetry has already been excluded based on its calculated 0.5T,, (MHz) B3LYP-TZP

A;{Cu) values (see above). Moreover, its relative stability in Figure 8. T, calculated using the point-dipole approximation and the
solution, obtained using the COSMO model showed that the distances determined fromlthe optimized structpre in comparisonTyith
cis isomer is less stable than both trans isomers by 6 kcal/mol.?bt"’“n&d by DFT for the BN<NaN. complex. The linear curve corresponds
This is expected, considering the higher proximity of the two
negatively charged carboxyl groups. The solution energies of carboxylate groups, referring to it asM;N.N. —2W. The spin
the C, andC; trans configuration, however, were found to have densities on the carboxyl oxygen with the large spin density
the same values (within 0.001 kcal/mol). A comparison of the indeed become smaller (decreased from 2.7% to 0.47%), and
ligand hyperfine values with the available experimental param- the calculatedyso(Cc) and T.{C.) values of the new structure
eters, in particularaiso(Hy) andaiso(Ce), also favored the two are in better agreement with the experimental data, but a
trans configurations. Selecting between the two latter conformersdecrease iraiso(H,) deteriorates the overall agreement. More
(C; and C)) is not straightforward, as both showed a similar importantly, the Cu hyperfine values are far from the experi-
degree of agreement with the experiments. Moreover, the mental values and therefore it has been rejected (see Table 3
differences between the two symmetries are rather small with and Figure 7). A more satisfactory model of these effects would
respect to the changes induced by variation of the coordinationrequire the use of a large solvent cage in combination with
mode. Therefore, both structures are as likely to represent themolecular dynamics techniques which is outside the scope of
CuHis(7.3) solution model. For the rest of the manuscript, we this paper.
selected (arbitrarily) th€, isomer, which will be denoted as The deviations of the predictéld,values for all ligand nuclei
NaNc;NaNe without any further reference to its symmetry. of the NiN;NaN, structure from those computed using the point-
The most significant deviation between experiment and theory dipole approximation (eq 3), wheras taken from the optimized
in the NiN;NaN. complex is the largeyso(Cc) (see Table 4), structures, are presented in Figure 8. The correspondence is good
which may be attributed to artifacts in the DFT calculations for distant nuclei, such asgiand generally deteriorates as the
introduced by free charges on the oxygen atoms. These coulddistance becomes smaller. Fast@ere is a large deviation from
be significantly diminished by reoptimizing the structure with the ideal curve, and we attribute it to the overestimated spin
two additional water molecules that are placed near the chargeddensity on the carboxyl (see above). Finally, the deviation from

oy=x
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axiality for H, is relatively small, as compared to that of;H
and Hy,, which is in agreement with the experimental results.
Therefore, the deviations from the calculafgd values from

the experimental ones indicate that the optimized structure does
not represent well the real structure. To improve the agreement

with the experimental hyperfine couplings of theN\;NaN.

structure, we have modified the structure by the addition of axial
water ligands, tested the effect of protonation of the carboxylate
and finally optimized the structure under geometrical constraints

obtained from the experimental results. These are presented next.

C. Effect of Axial Ligation. So far the structures studied by
DFT were limited to four equatorial ligands, yet Cu(ll) is known
to form also five- and six-coordinated complexe3herefore,
we have also explored the effect of axial ligation on the stability
and ligand hyperfine coupling by adding one or two water
ligands at axial positions to produceM;N:N¢;O, and
NaNc;Ow;NaNe;On. The possibility of axial coordination of the
two histidine carboxyl groups to form a six-coordinated complex
of the form NN.O:NiN.O. was tested as well. Such a
coordination mode was suggested by SzaBtanka and co-
workers?!

The addition of axial water ligands to theN{;NaN. results
in complexes which are thermodynamically more stable in
solution; each water coordination in solution releases about 10
kcal/mol. This is obviously an effect of doing the calculations
in a vacuum. In the real solvent, the solvation energy of the

water molecules should be taken into account to estimate real-
istic energetics for such a reaction. This is, however, not neces-
sary in the present context, since we are focusing on spectro-

scopic parameters. The water axial ligation affected mostly the
hyperfine couplings of K, the magnitude of which has

significantly decreased (see Table S1). This seems to correlate

with the deviation in the M-Cu—Nx (x = a or ¢€) angle from
18C°, namely the Cu(ll) and the four equatorial ligands do
not lie in one plane any longer. For example,XCu—N, and
N.—Cu—N, are 172 and 178, respectively, for BN.;N.N. and

are reduced to 1686and 159 for NaN¢;Ow;NaN¢;Ow. Interest-
ingly, the effect of one water ligand is greater than that of two,
which is attributed to the reduced symmetry of thiNNNaN;Oy
complex C;) as compared to the other two complex€s)(
The effect on other hyperfine values is smaller. Comparison of
the aiso Values with the experimental ones shows that calculated
aiso(Ha) values are too small. Whether this implies that the
CuHis(7.3) complex does not have axial water ligand(s) is still
an open issue.

Attempts to optimize the W.O¢;NaN.O. complex unde(C;
symmetry constraints resulted in a very weak coordination of
the two carboxyl ligands; the final GtO, distance was 4.12 A
while in the starting geometry the distance was set to 2.80 A.

The structure and the hyperfine parameters were practically the

same as those calculated for thgNNNaN.(Ci) structure; hence

we conclude that the histidine ligand is more stable as a bidentate

rather than a tridentate ligand.

D. Protonation Effects. The three binding sites in the
histidine ligand are basic and can be protondfeugnce, the
effective charge of the complex is strongly pH dependent. In

(79) Hathaway, B. J.; Billing, D. ECoord. Chem. Re 197Q 5, 143—207.

(80) In fact the two imidazole nitrogens undergo rapid tautomeric exchange.
The pyridine rather than the pyrrole nitrogen is, however, more likely to
coordinate to copper. (See Sundberg, R. J.; Martin, RCH&m. Re. 1974
74 (4), 471.)
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Figure 9. Comparison between the optimizediNN;NzN. (gray) and
NaN¢;NaNe-fix (black) structures. The copper sites)(overlap, and the
spheres represent the iprotons.

solution, the availablek, values can be used to determine the
protonation state of each groupkgdO.) = 3.1, Ka(N.) = 6.5,
pKa(N3z) = 8.0). But since K, values depend on the ionic
strength and the microenvironment of the ionizable group, the
final state of each basic group, particularly when encapsulated
in zeolites, cannot be predicted. Therefore, the effect of
protonation on several types of complexes, independent of the
prediction based solely on the experimental solution pH, was
tested.

The NiN¢;NaN, structure was reoptimized with two protons
on the carboxylic groups, thereby creating a doubly charged
complex (NN¢;NzNo)™t. The latter was selected, despite the
low pK, value of the carboxylic groups to avoid dangling anions
(COO™ groups), which tend to produce artifacts in DFT
calculations. While protonation causes only subtle structural
changes, for example, the maximum bond length variation is
0.12 A, the changes in the spin distribution are significant (see
Figure S3). The major change occurs at the carboxylate oxygen,
where the proton causes a considerable decrease in the spin
density on the adjacent oxygen atom. The changes are mani-
fested in theajs, values of most nuclei (see Table S1); for
example, in the case of it decreases by as much as 50%,
deteriorating the agreement with the experimental results.

E. Optimization under Experimental Constraints. In a final
attempt to improve the agreement with the experimental
hyperfine couplings, the MN;NaN, structure was reoptimized
by fixing the Cu-H, distance atcy-rq) = 3.87 A, which was
derived from the experimentdl,{H,) = 2.6 MHz using the
point-dipole approximation (eq 3), while all other structural
parameters were kept free. The hyperfine couplings are listed
in Table 4. Surprisingly, despite the 0.85 A increase in the
Cu—H , distance relative to MN¢;NaN., the newaiso(H ) value
increased from 6 to 6.7 MHz, thereby improving the agreement
with the experiment. Similarlyaiso(Cc) is much closer to the
experimental value. In terms of relative solution energies, the
new structure is also more stable (in solution) than the
NaNe;NaNe (Cp) structure by 5 kcal/mol. Figure 9 shows an
overlay of the original WN; NN, (Cy) and the newly optimized
structure (NN(;NaN.-fix). The difference between the structures
is mainly in the angle between the,€H, bond and the ¢
Cu vector, implying that the orientation of the,€H, bond
has a strong effect oaso(Hq), as expected from the hypercon-
jugation mechanisr#t Figure 8 shows that, for a structure for



Carboxylate Binding in Cu Histidine Complexes ARTICLES

aiso(Hoc) v
..10 4 - aiso(Ha)
N T,(Ho)
I A
3 8 aiso(Cc)
»n
g n
‘© 6 n ° n
>
e - [ J
% 4 ° ° "
5 A 4
o 4 °
© ®
O 2 T(Ho)- A
TR (o
0 ISO(l C) T T T 4
NaN,jNaNE NaNz;NaNsH NaNs;NaNzow NaNeOw;NaNsz NaNz;NaNa_ﬁx
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Figure 11. Comparison of the calculategko(H,) (a) andaiso(Cc) (b) of the various CuHis complexes along with some experimental values. Filled squares
and circles correspond to calculated values for ligands 1 and 2, respectively, while empty symbols correspond to experimental values.

which DFT producesl;{H,) = 4.35 MHz, the point-dipole of ligand hyperfine coupling, is M¢;NaN.-fix. While its g,,
approximation introduces a deviation-el.3 MHz, amounting value also shows better agreement compared to L, NaN.

to a significant distance error 6£0.3 A. In contrast, fofT,, structures, thé,{Cu) value is better than some but not as close
similar to the experimental,{H,) value, Figure 8 shows a to the experimental value as that ofNN;N:N. (Ci) (see Table
smaller deviation of about0.3 MHz, which amounts to only  3).

a 0.1 A error in the distance, thus justifying this approach. This . Hyperfine Couplings of Other Cu(His), ComplexesThe

is verified by the calculated which is indeed very close to  calculated hyperfine components of all ligand nuclei of Cu-

having axial symmetry witfz{H.) = 2.91 MHz. In principle, (His), complexes with equatorial carboxylate coordination
if a better structure is still desired, several optimizations can be N,N_;N.Oc, NaN.;N.O, where both histidine ligands are biden-
carried out withrcy-+e) in the range of 3.8 0.1 A. tate, and of complexes of the form Cu(H#),0: N.;Ow;N.O,

To summarize this part, Figure 10 compares the calculated N,N.;O.;0,, where one ligand is monodentate, are given in
hyperfine couplings of & and C of the various Cu(His) Tables S2 and S3. TheaDy;N.O; structure produced unac-
complexes involving the AN.;NaN. coordination mode with the  ceptable Cu hyperfine values and therefore will not be consid-
experimental values of CuHis(7.3). While the hyperfine cou- ered. Figure 11 shows the dependencagfH,) and ¢3C,) on
plings of these nuclei are very sensitive to subtle changes inthe coordination mode and compares them to the experimental
the geometry, those of Hand N, are insensitive and in very  value, when available. A comparison of the calculated hyperfine

good agreement with the experimental results. The structureyalues of these various complexes along witftNNNzN,-fix
which yields the best agreement with the experiment, in terms reveals the following:

(81) Wertz, J. E.; Bolton, J. RElectron Spin Resonance: Elementary Theory ) aiSO(H_a‘lv?)_IS large O_nly when B!IS coordinated. For the
and Practical ApplicationsMcGraw-Hill: USA, 1972; pp 168170. NaN, coordination, there is a large difference betwegs{Ha1)
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andajso(Haz), while the anisotropic part is similar. In contrast, Table 5. Summary of All the Experimental 5 Angles and the
for NaOg and NyOu, the twoais, values are closer. The range Calculated Values for Selected Optimized Models

spanned byso(Ha) is relatively small,—6.2 + 1.8 MHz (30%), ligand experimental DFT DFT, range
whereas that ofiso(Hao) is very large,—4.35 to 2.39 MHz. The Hq in CuHis(7.3) 60 50° a 25-89° b
anisotropic components are fairly constant and vary within less ~ Hcin CuHis(7.3) 70 e 64-92°°

Ccin CuHis(7.3) 0 68° 48—-80° b

than 10% and are considerably larger than the experimental

values. This suggests that the orientation of; s such

that small changes strongly affect g, value. The sign of aObtained from the MN;NaN-fix structure.? The range of all BN¢;NaN.

aiso(Ha1) is in good agreement with the experiment but that of structures calculated in this work (see Tables 4 and Slf)e number is

h ; ; : This h Id be d h the average of the MNl.;O; O, complex and a similar structure including a

the anisotropic part is not. This however could be due to the ,;ionated free amine groupN;Og Oy ™.

uncertainly of the simulations of theshbrotons as mentioned

earlier. atoms and that the freedom in the position of these nuclei is
(2) aiso(Ho) is large and positive as long as N coordinated rather limited once Nis coordinated.

to the Cu(ll) and it is sensitive to the coordination mode of the  (5) aiso(N3) ranges around 324 8.5 MHz (26%). Although

C.in CuHis(3.8) 90 e 7579

second histidine (see Figure 11). Its range 15 Z MHz (28%), we have not measured the hyperfine couplings of the coordinated
and although the large positive values agree with the experiment,nitrogen atoms, comparison with literature values of similar
there are some significant differences: the calculagefH,) compounds shows that these are within the expected f&nge.
is underestimated for theN.;N.N. complexes and it is closer This comparison shows that the hyperfine couplings of some
to the experimental value for N¢;N.Oc and N\N¢;Oc;Oy. In nuclei are more sensitive to structural variations and that the

fact, the experimental value is not sensitive to the coordination isotropic hyperfine coupling is more sensitive than the aniso-
mode of the second histidine molecule. Moreover, the experi- tropic part.
mental results point to a largg, and smallT for a histamine G. Orientation of the Hyperfine Tensors. So far we have
NaN. coordinatior, rather than a single Ncoordination as considered only the magnitude of the hyperfine components,
suggested by the calculation. The anisotropic part shows a largetbut the orientation of the tensor should be considered as well.
range of variation, which reflects the flexibility of the, @gion. Table 5 compares the available experimefitahgles with those
In all optimized structures with a J\coordination, except for  predicted by DFT. We have compared only thengle (the
NaNe;NaNe-fix and NaN¢;N-Oc (second ligand), the anisotropic  angle between the direction ®f, of the relevant ligand nucleus
part is significantly larger than in the experiment, indicating and g,;) because its experimental determination is the most
that the Cu(ll)-H, distance is too short in these optimized reliable one. The agreement is reasonable, considering an
structures. This is attributed again to some conformational uncertainty of +10° in the experimental value. The large
freedom at the ¢ which leads to a number of possible deviation for G in CuHis(7.3) is attributed to a much larger
conformations and thereby to different hyperfine couplings.  experimental uncertainty arising from the very small anisotropy.
(3) aiso(Cc) for an equatorially coordinated carboxylate is  Correlation betweenis, and bond orientations are often very
negative and varies in the range €8.9 &+ 1.6 MHz (41%), useful. For example, the correlatiop.a] co ¢, whereg is
depending on the coordination mode (Figure 11). This is the OVOH dihedral angle, was recently found for the protons
consistent with the experimental results in terms of both of equatorial water ligands of VO(IBf Other examples are the
magnitude and sign (Table 2). Furthermore, the size of the g of the cysteings-protons of type | (blue) and Gucopper
anisotropic components and the large deviation from axial centers in protein& 84 Accordingly, we looked for a similar
symmetry are also in good agreement with the experiment. The correlation betweemiss(Ho) and the dihedral (torsion) angle
large positiveaiso(Cc) for the free Q (4-5 MHz) in some  petween the planes containing,&Na and GN,Cu in the
structures is, however, unexpected. Indeed, this prediction agrees zrious complexes with histamine coordination. No
only in term of the sign but not with the magnitude of the ¢orrelation was found, indicating that there are additional factors,
experimental value of*C—CuHis(7.3) (NN&NaNo), which is — \yhich vary among the structures and should be considered.
significantly smaller (1 MHz). We attribute some of this Hence, such a correlation should be explored first on a single
inconsistency to the sensitivity of the spin density on the free gicture which is subjected to a controlled systematic rotation

COO™ to the charge, which suggests a calculation artifact. of the pond This is beyond the scope of this work.
Interestingly, the BN;NaN-fix structure, which includes the

negative charges on the oxygen atoms, yieldg;a(C.) value Conclusions
which is in a rgasonabl_e agreement with the experiment. The carboxyl*3C isotropic hyperfine coupling of an equa-
(4) When N is coordinatedaiso(He) ranges between 1.8 torially coordinated carboxylate in Cu(ll) glycine and histidine

0.45 MHz (47%). This range is small, considering the small complexes is characterized by a negative hyperfine coupling
hyperfine values. The range of the anisotropic components is jth a magnitude of 34 MHz, as opposed to a smatt{ MHz)

even smaller and all values are close to the experimental onesgng positive value for a free carboxylate in copper histidine.
The behavior of N is very similar to that of H and the This can be used as a signature for carboxylate coordination to
calculated values are close to the experimental veitre¥: Cu(ll) as was shown for the Cu(ll) histidine complex in solution
aiso(Ne) is usually larger thamiso(Na), and its variation range is 5t pH = 3.8 and for zeolite Y encapsulated Cu(ll) histidine
relatively small, 4+ 5 MHz (12%), similar to the other nuclei
of the imidazole group. This shows that the hyperfine interac- (83) Werst M. M.; Davoust, C. E.; Hoffman, B. M. Am. Chem. S0d.991,
tions of H, N, and N are not sensitive to the other coordinated g, ﬁ,ﬁgﬁ?jfggm R., Hierman, J.. Zumft, W. G.: Kroneck, P. M. K.

Bioinorg. Chem1998 3, 53—67.
(82) Kofman, V.; Farver, O.; Pecht, I.; Goldfarb, D. Am. Chem. S0d.996 (85) Arieli, D.; Strohmaier, K. G.; Vaughan, D. E. W.; Goldfarb, D.Phys.
118 1201-1206. Chem. B2002 106, 7509-7519.
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complexes. In the former, the coordination mode was found to experimental information on the hyperfine coupling gpehlues
be N\N.;O¢;Oy and, in the latter, depending on the degree of of various ligand nuclei in different Cu(ll) histidine complexes
Cu(ll) loading, NIN;N.O¢ or NgN.;O;0,. The determination can serve in the future as critical constraints for a better
of H hyperfine couplings of the different ligand protons in the adaptation of exchange-correlation functionals used in DFT for
complex are not sufficient to determine the structure unambigu- ligand hyperfine calculations. Alternatively, there is also hope
ously, since the carboxylate binding remains inconclusive. that correlated ab initio methods will become efficient enough
The combination of various ENDOR techniques, particularly to study molecules of the size considered here and that such
at a high magnetic field where the sign of the hyperfine coupling methods represent real improvements of the currently available
can be determined experimentally, with DFT generates a usefulDFT procedures.
toolbox for interpreting the spectroscopic parameters in terms
of structure. In this particular example, the DFT calculations
provided the motivation for the experimental sign determination
of the 13C hyperfine coupling. However, while the agreement
between the DFT sign prediction and the experimental sign was
excellent for the'H and °C nuclei, the magnitude of the
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couplings often exhibited significant deviations (in the range for Surface Chemistry and Catalysis of KULeuven (D.B. and

of 20—50%). Moreover, the dependence of the calculated valuesB'M'W')'
on the coordination mode did not always agree with the  Note Added after ASAP Posting. After this paper was
experimental trends. posted ASAP on August 26, 2004, an error in eq 2 was
Several factors were found to be responsible for these corrected. The corrected version was posted August 31, 2004.
disagreements: (i) The quality of the optimized structure, which
seems to play a major role. This particularly depends on the
starting geometry, the symmetry, and potential constraints
imposed on the structure. Thus, whenever possible, geometrical
constraints based on experimental results should be incorporate
into the optimization procedure. (ii) Global and local charge
effects; free carboxylate or charged amine groups tend to bias
the spin density distribution. Finally, (iii) the relatively strong
dependence of the hyperfine coupling constants on the functional
used. Other parameters such as solvent inclusion in the
optimization and axial ligation were found to be only of minor
importance. However, since solvent effects were considered only
in the optimization procedure and not on the hyperfine coupling
calculation, this issue remains open. Finally, the detailed JA047761C
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