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Quantum chemical model calculations using density functional theory (DFT) were used to assign iron
catecholate and irenoxalate vibrations and to get quantitative predictions of the isotopic shifts. Full geometry
optimizations and vibrational analyses were performed for catechol, Fe(catecholdej4-methyl-
catecholatéy, [Fe(oxalate)®~, and Fe(oxalaté). The advantages of Fe(0) versus Fe(lll) models are discussed.

For selected systent&1€), #>TFe, and?H isotopic substitution shifts are reported. They were successfully
matched to experimental patterns from recent resonance Raman studies of tyrosine hydroxylase and allowed

more precise assignments of the observed bands. The nature of the cateckdalatn@ Fe-O vibrations
were clarified, and the existence of a chelate vibration mode was confirmed. A band predie@&2Datnt*
was assigned to a newFe—O vibration with a large*>Fe isotope effect, and no significatft>*Fe shifts

were observed for the other F© vibrations.

oscillator model one can only make a rough estimation of these shifts. DFT model calculations are suggested

We note that with the commonly used diatomic harmonic

as a more precise tool when interpreting isotopic substitution shifts in vibrational spectra.

Introduction

In the studies of metal complexes, a very wide selection of
experimental techniques is normally available for any chosen
molecule. IR spectra can, for example, routinely be supported
by X-ray diffraction and multinuclear NMR spectroscopy.
However, this is not the case for metalloproteins, where the
choice of method is more limited and the signal-to-noise ratio
generally is lower. In this field, it is therefore essential to extract
maximum information from the technique applied in each case.

Vibrational spectroscopiés® and especially the resonance
Raman techniqde® are important tools in the studies of
metalloproteins. Often isotopic labeling is used to help assign

spectra and, consequently, to interpret the metal environment.

In this context, it is clear that a precise prediction of the isotopic
shifts for competing metal site models may be useful. Although

preliminary data of our DFT calculations on catechol and
Fe(catecholaté) 16 and showed how these model calculations
matched experimental isotopic shifts from a study of catecholate
complexes to the Fe(lll) site in tyrosine hydroxylaséthin a

few wavenumbers, thereby confirming the proposed coordina-
tion mode of the catecholate derivatives.

The particular interest in these calculations stems from the
use of catecholate-type ligands as spectroscopic probes for
nonheme iron proteirfs!”~26 Derivatives of catechol also play
an important biological role; an example is the above-mentioned
enzyme tyrosine hydroxylase that catalyzes the rate-limiting step
in the biosynthesis of catecholamines such as 3,4-dihydroxy-
phenyl ethylamine, dopamine. Our purpose is to predict isotopic
substitution shifts from vibrational spectra of irenatecholate
complexes by the use of calculations on simple model com-

these shifts can be calculated after a complete normal coordinatePounds. In this article, we report the full geometry optimizations
analysis of the spectrum, such an analysis is not always possibleand vibrational analyses by DFT for catechol, Fe(catechétate)

Then, one has to rely on the diatomic harmonic oscillator for a
rough estimation of the shifts, but this model has obvious

Fe(4-methyl-catecholatE), [Fe(oxalatey]®~, and Fe(oxalaté)y
as well as the'®18) and 5457Fe isotopic substitution shifts

shortcomings since it cannot take into account the true nature(Scheme 1). The smaller Fe(0) models are compared to larger,

of the vibrations'

An alternative would be to calculate the isotopic shifts with
some theoretical method. Density functional theory is now
becoming increasingly popular for the calculation of vibrational
frequencies, especially for organic molectié$DFT!! has the
advantage of being as fast or faster than conventional Hartree
Fock methods but at the same time including correlation effects.
Also, several studies with vibrational analysis of transition metal
complexes have been publish€d!® We have recently reported
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more realistic Fe(lll) molecules, and the scope and limitations
of the Fe(0) models are discussed.

Computational Details. Full geometry optimizations and
vibrational analyses were performed for catechol, Fe(cate-
cholate§~, Fe(4-methyl-catecholafe), [Fe(oxalatey®~, Lis[Fe-
(oxalate)] (no vibrational analysis), and Fe(oxal&teysing the
DGauss 2.3 and 3.0 DFT progr&hincluded in the UniChem
package’® Fixed geometry calculations were carried out for
[Fe(catecholate)(oxalatg~ using the optimized geometry for
[Fe(oxalatey]3~ with one oxalate replaced by catecholate using
the Fe(catecholat&) geometry. At the local spin density level
(referred to as LSD calculations), the VWN functional was
used?®aFor the nonlocal corrections to the exchange-correlation
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energy, the BeckePerdew functional, including a gradient
corrected exchange, was applied self-consistently (referred to
as BP calculations®~¢ BP calculations were used on the
catechol and the Fe(0) complexes since this method, although
somewhat more costly, should in principle give better results. Figure 1. Optimized geometries [A] for catechol, Fe(catechofate)
However, for the larger [Fe(oxalat$d~ models, the LSD level and Fe(4-methyl-catecholate) Experimental values [A] are from ref
was used in order to minimize the computational effrt, 3% (catechol) and ref 4246 (average values for Fe(lll)catecholate
Reference calculations on Fe(oxalatehowed that in this case ﬁ??ﬂ:ﬁ&i&g tr,]_?y\é?gggg r;?:nﬁge:rgdémei{tirg f;nl?;?i)t(fs addetd as
the methods gave essentially the same vibrational modes. ' '

A double< split-valence plus polarization basis set opti-
mized for DFT calculations, DZVP, was us&dlhe contracted

basis sets had the following composition: H [2s], C, N, O gata from microwave spectroscopy. A major difference
[3s,2p,1d], Li [3s,1p,1d], Fe [5s,3p,2d]. between the calculated structure and the X-ray structure is the

The geometry optimizations and the vibrational analyses were hyqrogen bond network present in the solid state. This causes
made by analytical determinations of the first and second deriv- the OH groups to adopt different conformations so that the solid-
atives of the total energy. No symmetry constraints were used. siate catechol geometry is no long&, symmetric and,

The calculations on the Fe(0) complexes were made on thefyrthermore, the molecule is not perfectly planar. Also, in the
S= 0 state in a spin-restricted manner. We note that this closed- gas phase the moleculeGs symmetric3*? but in polar solvents
shell singlet may not be the ground state for these molecules. g ch as water, it adopts ti@, structure’®® Usually, the idealized
Calculations on Fe(oxalafe)show theS= 1 state to be lower ¢, structure is used in the vibrational analy&isut detailed
in energy by about 1 kcal/mol and tl$e= 2 state to be lower  syydies of theCs to C,, conversion and its effect on the
by another 9 kcal/mol. The effects on the vibrational frequencies yiprational spectra have recently been perforrifed.
are small, except for FeO modes; for example, thivFe—O
mode at 548 cm' is lowered to 503 cm* and then further to  \ipration modes in the experimental spec#a and our

467 cnmt.%2 ) frequencies and assignments based oiCthstructure are found

For the Fe(lll) complexes, we used te= 5/2 spin state, i Taple 1. For the @H and G-H stretching vibrations, the
which is the experimentally verified spin state for .[F.e(o>.<a- error is around 50 cri#, but between 1600 and 700 chawhere
late}] "> For the Fe(0) models, the geometry Optimization - there are vapor data available, the error improves to an average
gradient convergence threshold was<810* bohr/A (‘me- of 11 cntt. The discrepancy of the symmetry assignments of
dium”) and the numerical grid for the exchange-correlation was ¢ome modes in ref 37a,b may be due to the two possible

set at the “medium” level. To obtain the correct symmetry for rangements of the coordinate axes in substituted benzenes with
the Fe(lll) complexes, for example all F© bonds equal, it Ca, Symmetry.

was necessary to set the gradient convergence threshold to 5 One should note. thou : :
4 X . , gh, that the assignment of experimental
4 (0 7 _ ) N i A
10~ bohr/A (‘tight") and the numerical grid for the exchange signals based on calculated frequencies only is not advisable

correlation to “fine”. when the vibrations are of the same type and fall withird0
cmL. However, when data for deuterated samples are available,
as in ref 37b, we can make more reliable assignments based on
We will present our results in the following way. First, we the calculated frequencies and isotopic shifts. For example, the
discuss the geometry and frequencies for catechol, Fe(cate-difference between the 8a and 8b vibrations (Table 1) is only
cholate~, and Fe(4-methyl-catecholate) Then, we show that 16 cn! (exptl 9 cm?), but these vibrations have close
the Fe(0) models give results in line with Fe(lll) complexes by calculated and experimental frequency shifts on deuteration (33
comparing our results for [Fe(oxalagF) and Fe(oxalaté). and 21 cm? calculated versus the observed 31 and 17%¢m
Finally, we discuss the isotopic substitution shifts, the experi- thus confirming the assignment. For many of teH vibra-
mental quantity of most interest to us. We note here that we tions, the modes are different for the catectiphnd we cannot
will then comparedifferencesbetween calculated values with ~ say that one particular line has moved to a new position, so the
experiment, a procedure more likely to be successful than theshifts in Table 1 are somewhat arbitrary for these vibrations.
comparison ofabsolutecalculated values with experiment. The largest discrepancies come for the symmetric ring stretch.
Catechol. BP DFT calculations on free catechol gave a The observed frequencies agree within 17 “&¢mbut the
geometry (Figure 1) and frequencies in reasonable agreemenmeasured deuteration shift in the vapor phase is only 39¢cm
with experimental daté 38 as expected in view of recent results compared to the calculated 68 chin the solid state, however,
on related phenoxy syster#s*°The C-C bond lengths are too  the same shift is 57 cm.372

long by in average 0.02 A compared to the X-ray crystal
structure of catech#i? but agree better with the vapor-phase

There is no complete consensus in the literature on the

Results and Discussion
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TABLE 1: Experimental and Calculated Vibrational Frequencies for Catechol and the Catecholels Isotopic Substitution Shifts

experimert calculation, DFT-BP
vicm™t Avy_plcm™? assignmenitt vicm™t Avy_plcm™? assignmerit
3663 1041 vOH, A 3659 986 vOH
3605 1039 vOH, B, 3653 985 vOH
3069 673 vCH, A, 20a 3145 808 vCH, A, 2
3063 744 vCH, A, 2 3130 810 vCH, By, 20a
3060 760 vCH, By, 7b 3106 806 vCH, 7b+ 20b
3051 747 vCH, B,, 20b 3103 806 vCH, 7b+ 20b
1616 31 vCC, Ay, 8a 1618 33 vCC, A, 8a
1607 17 vCC+ vCO, B, 8b 1602 21 vCC+vCO, B, 8b
1504 71 vCC+ OCH, By, 14 1504 62 vCC+ 0CH, By, 19b
1479 75 vCC+ vCO, B, 19b 1459 92 vCC+ vCO, B, 19a
1369 na vCC, A, 14 1374 30 vCC, A, 14
1324 414 OOH, A 1332 283 OOH, B,
1275 64 vCO, A, 7a 1267 gt vCO+ O0CH, Ay, 7a
1251 100 vCO, B, 7b 1248 56 vCO+ 0CH, By, 3
1195 2960 O0OH, B, 1182 260 O0OH, Ay
1151 221 OCH, A, 9a 1142 258 0CH + 0OH, By, 18a
1151 na O0OH, B, 1129 260 OCH + 0OH, A1, 9a
1092 214 OCH, B, 9b 1073 236 OCH + 6OH, By, 13
1035 168 OCH, A, 18a 1020 219 OCH, A, 18b
916 163 yCH, B, 10b 900 166 yCH, A, 5
860 110 yCH, B,, 10b 841 74 0CCC, B, 12
859 na yCH, By, 17b 800 132 yCH, By, 17b
768 39 ring, A, 1 751 68 ring, A, 1
741 na yCH, By, 11 741 39 OCCC, A, 17a
708 108 0CCC, A, 12 676 128 0CCC+ yCH, Az, 4
58Z% -4 OCCC, A, 16a 656 121 yCH, By, 11
564 —4 0CCC, A, 10 572 21 OCCC, A, 6a
544 —-12 yCO, By, 20 549 68 0CCC, A, 16a
524 18 ring, B, 6b
430 40 vCC,B,, 9b
408 65 0CCC, B, 16b
445 95 yOH, By 378 87 yOH, By
348 na yOH, B, 322 61 yOH, A,
287 15 0CCC, A, 11 302 15 0CO+ 00OH, A, 15
219 na 0CCC, B, 16b 268 45 0CCC, B, 10a
204 na OCCC, A, 16 166 12 OCCC, A, 10b

aVapor datd” except when otherwise notetiSolution dat&’ © Solid state’” 9 Description, symmetry assignment, Wilson numiséncludes
reassignments of ref 37a in ref 37lhe DFT vibrations have assignments according to Wais&3¢ 9 Raman solution® The normal modes for
the deuterated molecules are somewhat different.

TABLE 2: Mulliken Population Analysis for LSD Calculations on Fe(catecholate¥~, [Fe(cat)(oxalate)]®~, Fe(oxalate¥-,
[Fe(oxalate)]®~, Lis[Fe(ox)], and Catechol

population analysis Fe(cét) [Fe(cat)(ox)]®2 Fe(oxf~ [Fe(ox)y]®~ Lis[Fe(ox)] Hcat

atomic charges Fe —-0.74 0.60 —0.63 0.66 0.82

o1 —0.54 —0.44 —0.44 —0.33 —0.35 —0.47

o2 —0.44 —0.39 —0.50

C1l 0.31 0.29 0.23
C3 —0.40 —0.44 —0.36

C4 —0.28 —0.28 0.20 0.12 0.34 —0.25

overlap Fe-O 0.25 0.39 0.23 0.37 0.34

ligand total charge -1.26 —-1.08 -1.37 -1.20 —-1.01 —-0.8%#

2 Charges for catecholateNoncoordinated oxygeri.Excluding hydroxyl protons.

Fe(catecholate)~ and Fe(4-methylcatecholate)™. To model a model complex to a whole class of compounds. For example,
the iron—catecholate bonding we used Fe(catechdlate)nd different trans ligands and distortions from ideal octahedral
as a model for the biologically relevant 4-substituted catecho- coordination may have relatively large effects on the-Be
lates, i.e., dopamine, we used Fe(4-methylcatechéfat&he distances, as indicated by the span of the experimental data,

results from the geometry optimizations are shown in Fig- 1.92—2.04 A

ure 1, and some results from the population analysis are given We can compare the population analysis for the Fe(0) models

in Table 2. with those of the Fe(lll) compounds, Table 2. We note that the
These Fe(0) modefsmay seem very electron rich compared  total charge of the catecholate ligand is higher (more negative)

to an Fe(lll) system. However, one could argue that things are for Fe(catecholaté) than for [Fe(cat)(ox)3~ but that this

not this straightforward. If we do an electron count according difference is relatively small (17%). The same observation can

to the 18-electron rule, an ordinary Fe(ll)tomplex contains be made for the difference between [Fe(oxakte) and

5+ 2 x 6 = 17 electrons and the Fe(catecholéateinodel Fe(oxalate)™ (14%). The total charge of the complex and also

compound has & 2 x 2 = 12 electrons. the nature of the auxiliary ligands may be decisive; calculations
The geometries are in reasonable agreement with experimentabn the positively charged model compound [Fe(catecholate)-

datd?46 (see Figure 1) if we consider that we are comparing (NH3)2(H2O),]* gave considerably lower charge on the cat-
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TABLE 3: Fe(catecholatef~ and Fe(4-methylcatecholaté)” Frequencies Calculated by DFF

calculation, DFT-BP experimental, DFT-BP, experimental,
Fe(catj~ (v/cm™) assignment,Fe(catj~ TH-cat (vicm™) Fe(4mecafy (v/cm™?) TH-dopaminé (v/cm™?)
1540 vCC+vCO, B,, 8b 1553
1537 vCC, Ay, 8a 1566 1534
1494 vCC+ OCH, A, 19b 1466 1497 1475
1419 vCC+ vCO, By, 19a 1398 1425
1351 vCC, Ay, 14 1314 1347 1316
1292 O0CH+vCO, A, 7a 1257 1293 1275
1280 O0CH+vCO, B, 3 1275
1207 OCH, B, 1209
1116 OCH, A, 9a 1150 1140
1065 OCH, B, 18a 1091
1005 OCH, A, 18b 930
862 0CCC, B, 12
761 ring, A 784
599 vFe-0, By, 9b 625 631
583 vFe-0, Ay, 15 619 552 592
502 ring, B, 6b
489 o,v chelate, A 528 500 528
283 vFe—cat, A 282
273 oFe-0, B2 230

a Description, symmetry assignment, Wilson numBeéreference 6¢ In the tablesy indicates stretching antlin-plane bending vibration modes.
Only frequencies under 1600 cfmand in plane A, B; (cat), or & (4mecat) vibrations are reported. The calculations are compared to experimental
data for tyrosine hydroxylase Fe(lll) complexes with catecholate and dopamine. See Figure 2 for a more detailed description of some of the
vibrations.
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Figure 3. Upper and lower limits for experimental frequencies from
six Fe(lll)catecholate complexe®6172 and three different Fe(lll)
complexes with 4-substitutionO(,?> plotted as a function of the
489 283 calculated values for Fe(catecholdteand Fe(4-methylcatecholate)

The dashed lines correspond to a perfect agreement between theory
and experiment. (The compounds in question are listed in notes 17a
and 25.)

Calculated frequencies for the +eatecholate unit are reported
in Table 3 together with experimental data from tyrosine
hydroxylase Fe(lll) catecholate compleXemd some important
normal modes are illustrated in Figure 2. In Figure 3, upper
. and lower limits for experimental frequencies from six Fe(lll)-
Figure 2. Atomic displacements of selected normal modes for catecholate c_omplex‘ég"_"an_d three different Fe(lll)catecholgte
Fe(catecholaté) calculated by DFT. The scale of the displacements Complexes with 4-substituti@hhave been plotted as a function
is arbitrary but common to all the modes. of the calculated values.

A frequency unique to chelating catechol complexes, observed
echolate ligand;-0.3516 In this respect, one should remember around 530 cmt, has been assigned to a mode intrinsic to the
that the biologically relevant ligands in this case are, for five-membered ring in analogy with ireroxalate complexe¥2
example, histidines, neutral N donors, and carboxylates, hy- A notable result of our calculations is the confirmation of this
droxyls, and tyrosines, negative O donors. An important con- “chelate™type vibrational mode, calculated at 489 ¢épsee
clusion is that the catecholate has not been oxidized to a qui-Figure 2. It consists of a mixture of F&® stretching and
none or semiquinone. bending modes, and we have consequently labeled,it “

The main advantage is that these models let us do some verychelate”. Note the close resemblance between this vibration and
rapid and inexpensive evaluations of vibrational frequencies. the 510 cm? [Fe(oxalate)]®~ vibration in Figure 4.
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TABLE 4: LSD Optimized Geometries for Fe(oxalate}™,
1387 g [Fe(oxalate)]®~, and Lis[Fe(oxalate}] Compared to Some
Y Experimental Data

LSD?[A] LSD[A] LSDI[A] ExptP [A]
Fe(oxf~ Fe(ox}®~ LigFe(oxy] Mz[Fe(ox)]

C1-01 1.303 1.289 1.279 1.262.282
C1-C2 1.536 1.559 1571 1.529.556
C1-02 1.248 1.244 1.267 1.234.250
Fe-0O1 1.860 2.024 2.058 1.972.024
Li—02 1911 2.1932.127
Ol-Fe-0O1 855 78.7 80.5 80.5

2 The BP calculations gave somewhat longer bond lengths, signifi-
cantly so for the FeO bond (1.932 A)P From ref 48, LifFe(ox}]LiCl -
9H;0, and ref 49, (NH)3[Fe(ox)y]-3H.O. These are representative
examples, several other structures have been determined.

modes close to the vibrations in Fe(lll)catecholate complexes.
However, it will also be of interest to compare the calculated
[Fe(oxalate)]3~ vibrations to experimental data.

The [Fe(oxalate]®~ unit is highly charged. In solution, charge
compensating cations may be close by, although not necessarily
forming well-defined ion pairs, and in the solid state, a cation
may be coordinated to the oxalate oxygens or the counterions
may be packed in some other way in the crystal. We therefore
did calculations for both the [Fe(oxaladf) ion and the neutral
model compound L[Fe(oxalatey]. Somewhat surprisingly, the
geometry of the [Fe(oxalatg§¥~ ion comes closer to the
experimental values than thes[fre(oxalatej] model (Table 4).

The neutral model clearly overestimates the tkalate interac-
tion, and consequently, the Fexalate bonds become too long.
Our conclusion is thus that the [Fe(oxala}l&) ion will serve
as a good approximation.

A number of IR and Raman studies of the [Fe(oxakjte)
ion have been publishéd;>* with the most elaborate of these
being the study by Fuijita et al. whose assignments were based
on normal coordinate analysis of a Cr(lll)oxalate maodal.

The Fe(catecholat) vibrations deviate in average by 25 1hese studies all concern the[Re(oxalatej]-3H,O compound,
cm-1 from the closest measured frequencies, and with a max- and in the comparison, we have to be aware of solid-state effects
ium deviation of 32 cm?, the latter figure not surprisingly sgch as different symmetries of the molecule and c_rystal and
being associated with the F© bond. For the catecholates v!bratlons of crystal water. For example, the calculations only
substituted in the 4-position, the mean deviation is of the same 91V€ one IR frequency in the 1600 cthrange, whereas there
order. The assignments for the Fe(4-methylcatechélatira- are _tyvo observed ones. Some authors assign t_hIS band to an
tions correspond approximately to the modes given for additional G=0 stretchBla54whereas othef$assign it to crystal

Fe(catecholaté), but because of the methyl group, they are water vibrations. For the 12 vibrations between 300 and 1700
not exactly equi;/alent ' cm! where the assignments seem clear, the mean deviation is
S ’ . 1
These deviations are small enough for us to believe that the 24 crrr : ) . .
normal modes are correctly reproduced, and a recent resonance Fuijita and co-workers also did a normal coordinate analysis
Raman study supports these assignm&rihis assumption was  ©of the [Cr(oxalatej]®~ ion.>*° The potassium salt if this ion has

Figure 4. Atomic displacements of selected normal modes for
[Fe(oxalatey]®~ calculated by DFT. The scale of the displacements is
arbitrary but common to all the modes.

further checked by model calculations on [Fe(oxaldte) Lis- an IR spectrum that very closely resembles the spectrum of

[Fe(oxalate)], and Fe(oxalat@) as we report in the following  Ks[Fe(oxalatej]-3H,0O down to 450 cm*.>12An important issue

section. was the coupling of vibrations between ligands. While the model
[Fe(oxalate}]®~, Lis[Fe(oxalate)}], and Fe(oxalate¥ . In with one chromium and one oxalate ion was shown to well

Table 2, the population analysis is shown, and in Table 4, we represent a [Cr(NE)s(oxalate)] ion, that is, the coupling
report geometries obtained at the LSD level and some relevantbetween the Nkiligands and the oxalate ligand was negligible,
experimental dat44° Vibrations are reported in Table 5 Some interaction was found for the [Cr(oxala}#) ion. Our
together with experimentally determined frequencies. Some results essentially support their conclusions; the coupling

important normal modes are illustrated in Figure 4. between €O, C-C, and C-O stretchings produces near-
When we compare [Fe(oxalagf) and Fe(oxalatéy vibra- degenerate frequencies, a splitting of the @=0 bending by

tions on the LSD level, we see that from 400 énand upward 10 cntlis observed, and there is also a larger effect on one of

the vibrational modes are the same; each Fe(oxataiération the low-frequency FeO stretchings.

normally corresponds to three [Fe(oxalgk€) vibrations, and An experimental spectrum and a simulated spectrum are

they come in the same order. If we take the average values ofshown in Figure 5, where a line broadening of 20 érhas

the [Fe(oxalate]®~ frequencies, then the mean deviation been applied to the frequencies from the DFT calculations. The
between the two models is 27 cfn This supports our intensity of the carbonyl stretching is clearly overestimated,
assumption that Fe(0)catecholate models should give vibrationalotherwise the same features appear in both spectra.
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TABLE 5: Experimental Vibrations for K s[Fe(oxalate}]-3H,O Compared to Frequencies £210 cnt?) Calculated by DFT for
[Fe(oxalate}]®>~ and Fe(oxalatej—¢

Fe(oxf~ (vicm™) Fe(ox)® (v/lem™1) IR v/em™ assignmenit
LSDS=0 LSDS=2 BPS=0 LSDS=5/2 expth exptP exptf based on DFT
1704 1697 1641 (1734) 1698, 1696 1712 1712 1723 vC=0 sym
1673 1664 1617 1682 (1678, 1677) 1682 1677 1692 vC=0O asym
1647 1649 1659 OH,0°
1331 1310 1320 (1386) 1382, 1382 1390 1390 1404 vC—C
1267 1260 1227 1297 (1292, 1291) 1270 1270 1280 vC—0 asym
1255 1255 1262 vC—0abe
891 864 852 (865) 861, 860 892 885 906 00—C=0 symvC—C
795 810 797 (834, 831, 831) 855 out-of-plane asym
803 797 812 00—C=032bc
759 737 738 751 (742, 741) 790 785 793 00—C=0 asymwFe-O
664 00—C=0¢
555 546 543 (553, 552, 551) 580 580 593 o0C—C-0
(523) o0,vFe—0
548 467 494 510, 508 532 528 538 JdFe-O
405 438 426 479, 474, 470 500 498 508 out-of-plane, sym
352 281 310 335, 333, 332 365 366 358 vFe-o0x
309 306 315 330, 330 346 340 vFe=0
328 0Fe—0 + dring?
364 245 287 279 217 253 vFe=0
(211) 190 223 vFe—0 breathing

2 Reference 54° Reference 51& Reference 53! Sym or asym refers to the oxalate ligand orfiffor Fe(oxalate§-, signals with relatively
weak IR intensities are indicated in parenthesis. Vibrational modes are assigned based on the DFT results. Experimental values in italics indicate
that this reference gives an alternative assignment. Note that all descriptions are approximate, especially for lower frequencies. See &igure 4 for
more detailed description of some of the vibrations.

1800 1200 600 600 400

Figure 5. (a) Experimental IR spectrum forsfe(oxalatej]-3H,0 from ref 51a, compared to (b) a simulated spectrum based on the DFT frequencies
and intensities for the [Fe(oxalag) ion, Lorenzian peak shape and a 20 ¢ime broadening. The intensities of the theoretical carbonyl strechings
have been reduced for clarity. The experimental spectrum reprinted (abstracted) with permission from Fujita, J.; Martell, A. E.; Nakdmoto, K.
Chem. Phys1962 36, 324. Copyright 1962 American Institute of Physics.

The assembled experimental data lend credibility to the frequencies come closer to experimental values than those
calculations on the [Fe(oxalagy~ ion, however, only within calculated by the BP functional.
a rather large margin of error, especially when it comes to the  Finally, we have to consider the different possible spin states
assignments. These experimental data need to be complementefbr the iron atom. Additional LSD calculations were made for
with isotopic substitution experiments, and measurements shouldthe S= 1 andS= 2 states. As expected, the-F® bond lengths
also be made on samples with different counterions. Only then increase with increasing spin, and tBe- 2 state has an FeO
would it be meaningful to enter into a detailed discussion of distance of 1.96 A. Th& = 2 state is also the ground state of
each vibrational mode and its assignment. this hypothetical molecule, lower by 10 kcal/mol. However, the

We also have to see that the LSD level, used for the oxalates,vibrational modes do not change, and the main difference is
gives comparable results to the BP level of calculation, used the expected lowering of all the frequencies involvirige—O
for the catecholates. For Fe(oxaldte)LSD and BP levels of  vibrations. The frequencies are reported in Table 5, and it can
theory give identical vibrational modes above 400-énfFor be noted that the FeO vibrations in many cases come closer
the low-frequency vibrations, some frequencies are (acciden-to those of theS= 0 BP calculation on Fe(oxalafe) which
tally) very close in energy. This may result in some mixing gave similar Fe-O bond lengths, than to th& = 0 LSD
that makes the three vibrations in the 300émange somewhat  calculation. There is, nevertheless, nothing to suggest that the
different. Since the low-energy vibrations normally are much more expensiv&= 2 calculations should be a superior model.
more closely spaced than the high-frequency vibrations, thisis We can now, by analogy, conclude that the calculations for
always a risk and these values have to be treated with caution.the Fe(0) model compounds should reproduce the experimental
The two last vibrations are again identical. The mean deviation vibrational modes for “real” Fe(Ill)catecholate complexes with
between the BP and LSD vibrations is 32 @mand in most a good accuracy, and thus, the prediction of substitution shifts
cases, the BP frequencies are lower; see Table 5. This isshould be possible. The agreement with observed frequencies
consistent with the “BP bond lengths” being somewhat longer, will be only qualitative, but as we want to compare to a whole
although there seems to be no general trend when differenceslass of compounds where the experimental values will differ
in bond lengths and differences in frequencies are compared. Itbetween complexes anyway (see Figure 3), this is not an
is interesting to note that, for the model compound, the LSD obstacle.
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TABLE 6: Isotopic Shifts Calculated by DFT for Fe(catecholate¥~ and by the Diatomic Harmonic Oscillator (DHO),
Compared to Experimental Data for Tyrosine Hydroxylase Fe(lll) Complexes with Catecholate and Catecholate Derivativés

Av(>*5TFe)lcnr?t Av(*918)/cnrt Av(H—-D)/cm™
vibration mode all A vicm 1DFT DFT DHCO? exptp DFT DHO exptP DFT exptF
vCC 1537 27 30
vC—0/7a 1292 15 32 5-9 88 57
vFe-O 583 0.3 4 <1 10 27 12 14 10
10
o,v chelate 489 0.1 3 <1 20 23 18-19 6 6,4
vFe—cat 283 5 2 na 1 =7 na 3 3

aFe—0 vibration.? From ref 6, average values for noradrenaline and dopamine boun8QHO vibration.d From ref 6, catecholate bound to
TH. ¢ From ref 17b [Fe(PDA)catecholate] Isotopic substitutions have been performed WO, 5#5Fe, and H/D.

TABLE 7: Isotopic Shifts Calculated by DFT and by the Diatomic Harmonic Oscillator (DHO) for Mono- and
Di-180-substituted Fe(4-methylcatecholaté) Compared to Experimental Data for Dopamine Bound to Tyrosine Hydroxylase
and 3,4-Dihydroxyphenylacetate Bound to Protocatechuate 3,4-Dioxygenase

Av(*180)/cnmt
(2—1%0,1-1%0) (2—-%0,1-1%0) (2—1%0,1-1%0)
vibration DFTv/icm™? DFT DHCO? exptP DFT exptpe° DFT exptf
vC—0l7a 1293 13 32 9 5 4
vFe-0O 625 14 29 12 3 2,0 11 10
vFe-0 552 16 29 14 16 12,10 0 0
o,v-chelate 500 21 24 19 9 6,6 13 8

vFe-cat 282 1 13

2 C—0 or Fe-0 vibrations.” Dopamine bound to TH, ref 6.3,4-Dihydroxyphenylacetate bound to protocatechuate 3,4-dioxygenase, ref 55b.

Isotopic Shifts. Isotopic shifts are important for the analysis band predicted at 365330 cnt! in an experimental spectrum
of complex spectra from, for example, metalloproteins. These (calculated at 283 cm), thus outside the spectral window used
shifts are very dependent on the mixing of different components in ref 6. As may be seen in Figure 2, this vibration corresponds
in the vibrational mode, for exampleCC with vCO, and there to a movement of the entire (rigid) catecholate ligand, and there
is obviously molecular information imbedded in these values. are also corresponding [Fe(oxala}é) vibrations; see Figure

To extract these values by normal coordinate analysis may 4. Consequently,we would like to label these vibratiohge—
prove very difficult for complicated systems. An alternative cat andvFe—ox.
approach is therefore to calculate the vibrational frequencies Although the calculations are less reliable for lower frequen-
and shifts with some quantum chemistry method. This has, cies, we also note the good agreement of the calculated H/D
furthermore, a certain appeal since the method is completelyisotope effect for the 283 cm mode, 3 cm?, with the
independent from the experimental data, in contrast to normal experimental shift of the 310 crh peak in the spectra of
coordinate analysis. [Fe(PDA)catecholate] 3 cnm 170 The >4FeP’Fe shift of 0.3

In our preliminary communicatiotf, we showed how the  cm™ for the 583 cm?! vibration of Fe(catecholat®) is
161180 5457, and2H isotopic substitution shifts obtained for ~ furthermore in good agreement with the shift of 0.7 ém
the model compound Fe(catecholate)sing DFT matched the  observed for the [Fe(salep)tresolate)] frequency at 570 ciy
experimental pattern for the resonance Raman study of tyrosinegiven the experimental difficulties when measuring such small
hydroxylase with catecholate derivative$he calculated and  shifts56
experimental isotopic substitution shifts for Fe(catechotate) Correspondingly, for [Fe(oxalat$y~, no >*FeP’Fe isotopic
and Fe(4-methylcatecholate)can be found in Tables 6 and 7. shifts larger than 0.5 cnt were found for frequencies over 400
It is clear that extensive mixing with the aromatic ring occurs cm. (The Fe-oxalate isotopic shifts are only reported here
for the vibrations involving oxygen and that this leads to and are not included in the tables.) For thiee—O vibrations
discrepancies of up to 60% when the diatomic harmonic around 350 cm!, shifts of 24 cm! were found. For a
oscillator model is used to interpret the isotopic shifts for completely!®O-substituted species, t€=0O vibrations have
oxygen-18 substitution. For iron isotopes, the discrepancies areisotopic shifts of 30 and 26 cm, considerably lower than those
even worse, up to 90%; see Table 6. predicted by the diatomic harmonic oscillator model (DHO),

For the 4-substituted catecholate complex, our calculations 41 and 40 cm®. The vC—O vibrations have higher shifts, 38
correctly predict the difference in isotope effect between the cm, than that predicted by DHO, 31 cth and there is notably
different Fe-O vibrations for thé#0-mono- and di-substituted  a significant effect on theC—C vibrations, 28 cm?, as well.
dopamine-TH complex and thel®O-monosubstituted 3,4- ThedO=C—O vibrations also show significant isotope effects
dihydroxyphenylacetate(HPCA) bound to protocatechuate 3,4-in the DFT calculations, 3234 cnt!. The vFe—0O 180 shifts
dioxygenase(3,4-PCD¥Psee Table 7. Since one weakerf fall very close to those predicted by DHO, 26 thversus 23
bond is implicated in the subsequent reaction of the catecholate24 cnt? for the vibrations around 500 and 17 chwversus 15
with dioxygen catalyzed by dioxygenas€ghe identification cm~1 for the 300 cm?! vibrations.
of such a bond by vibrational spectroscopy may be a significant We note that, in line with intuition, the DHO model is
help in mechanistic studies. significantly better suited to interpret the isotopic shifts for the

The calculations also provided an explanation for the puzzling simpler oxalato complex. Here, for the vibrations assigned to
absence of any“FefP’Fe effect in the tyrosine hydroxylase pure stretching modes, the difference between DFT and the
study® It appeared that there should indeed be such an effectDHO model is normally less than 30%, often better. However,
of the order of 5 cm? but only for the newly assigned-e—O the large differences for*Fef’Fe effects remain.
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Concluding Remarks

DFT calculations on the model compounds Fe(catechéfate)
and Fe(4-methylcatecholate)give reasonable vibrational fre-
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(13) Casteel, W. J. J.; Dixon, D. A.; Mercier, H. P. A.; Schrobilgen, G.
J.Inorg. Chem.1996 35, 4310.

(14) Bridgeman, A. JJ. Chem. Soc., Dalton Tran&996 2601.

(15) Jacobsen, H.; Ziegler, 7. Am. Chem. S0d.996 118 4631.

quencies and predict isotope shifts that are in good agreement_(16) Ohrstram, L.; Michaud-Soret, 1.J. Am. Chem. Socl996 118

with experimental data. Clear assignments of the vibration
modes are also obtained that allow us to confirm previous
hypotheses of, for example, a “chelate” vibration mode.
Comparison between [Fe(oxalaf€) and Fe(oxalat@)y
vibrations validates further the use of a simple Fe(0) model

(17) (a) Cox, D. D.; Benkovic, S. J.; Bloom, L.; Bradley, F. C.; Nelson,
M. J.; Que, L., Jr.; Wallick, D. EJ. Am. Chem. S0d.988 110, 2026. The
complexes referred to in Figure 3 are Re(is(2-benzimidazolylmethyl)-
amine)(caty, Fe(bisN-(2-pyridylmethyl)glycinate)(cat), FeN-(2-pyri-
dylmethyl)N-(carboxymethyl)glycinate)(cat) Fe(nitrilotriacetate)(cat),
Fe(bis(salicylidene)ethylenediamino)(catand Fe(catf~. (b) Cox, D. D.

compound. For these two complexes, the vibration modes arePh.D. Thesis, University of Minnesota, Minneapolis, 1988.

identical down to 400 cm'. Clearly low-frequency modes
demand additional attention; for example, it is only in this

regime that we encounter near degeneracy between differen

vibration modes, and that may be a complication.
The utility of the resonance Raman isotopic labeling spec-

troscopy may be enhanced by this method since we will have

a more precise tool when interpreting the data. Especially
interesting are the possibilities to model different possible struc-

tures, for example, reaction intermediates in metallobiochem-

istry, and then match the experimental isotopic shift pattern to
the different calculated alternatives.
While we are satisfied with the qualitative agreement of the

(18) Tyson, C. AJ. Biol. Chem.1975 250, 1765.
(19) Kemal, C.; Louis-Flamberg, P.; Krupinski-Olsen, R.; Shorter, A.
L. Biochemistryl987, 26, 7064.

t (20) Nelson, M. JBiochemistryl988 27, 4273.

(21) Que, L., Jr.; Lauffer, R. B.; Heistand, R. H., Il.Tine coordination
chemistry of metalloenzymeBertini, I., Drago, R. S., Luchinat, C., Eds.;
D. Riedel Publishing Company: Dordrecht, 1983; p 265.

(22) Siu, D. C.-T.; Orville, A. M.; Lipscomb, J. D.; Ohlendorf, D. H.;
Que, L., Jr.Biochemistry1l992 31, 10443.

(23) Andersson, K. K.; Cox, D. D.; Que, L., Jr.; Flatmark, T.; Haavik,
J.J. Biol. Chem1988 263 18621.

(24) Andersson, K. K.; Vassort, C.; Brennan, B.; Que, L., Jr.; Haavik,
J.; Flatmark, T.; Gros, F.; Thibault, Biochem. J1992 284 687.

(25) Nelson, M. J.; Brennan, B. A.; Chase, D. B.; Cowling, R. A.; Grove,
G. N.; Scarrow, R. CBiochemistryl995 34, 15219. The three complexes

calculated frequencies and the quantitative prediction of isotopic referred to in Figure 3 are Réftris(2-benzimidazolylmethyl)amine)(4-R-

substitution shifts in this study, we finally have to add that to
take this a step further and quantitatively predict vibrational
frequencies for coordination complexes, in solution or imbedded
in a protein, will be more demanding.
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