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[F€"(BBA)DBC]ClO4as a new functional model for catechol dioxygenases has been synthesized, where BBA
is a bis(benzimidazolyl-2-methyl)amine and DBC is a 3,&edibutylcatecholate dianion. The BBA complex

has a structural feature that iron center has a five-coordinate geometry similar to that of catechol dioxygenase-
substrate complex. The BBA complex exhibits strong absorption bands at 560 and 820 ry@Nhv@iith

are assigned to catecholate to Fe(lll) charge transfer transitions. It also exhibits EPR signals at g = 9.3 and 4.3
which are typical values for the high-spin"FS = 5/2) complex with rhombic symmetry. Interestingly, the

BBA complex reacts with ©within an hour to afford intradiol cleavage (35%) and extradiol cleavage (60%)
products. Surprisingly, a green color intermediate is observed during the oxygenation process of the BBA com-
plex in CHCN. This green intermediate shows a broad isotropic EPR signal at g = 2.0. Based on the variable
temperature EPR study, this isotropic signal might be originated from the [Fe(lll)-peroxo-catecholate] species
having low-spin F& center, not from the simple organic radical. Consequently, it allewstnd to iron cen-

ter forming the Fe(lll)-superoxide species that converts to the Fe(lll)-peroxide intermediate. These present data
can lead us to suggest that the oxygen activation mechanism take place for the oxidative cleaving catechols of
the five-coordinate model systems for catechol dioxygenases.

Introduction by the crystal structure of native protocatechuate 3,4-dioxy-
genase (3,4-PCD) showing that the Fe(lll) center of the 3,4-
The catechol dioxygenases are non-heme iron-containingCD enzyme has five-coordinate geometRurthermore,
enzymes that play key roles in the metabolism of variousecent crystallographic studies prove that the Fe(lll) center
aromatic compounds, converting aromatic pollutants to alitemains as a five-coordinate geometry even after binding the
phatic products by the oxidative ring cleavage in the envicatechol substrat€!! Model systems that mimic enzymatic
ronment: They are found in soil bacteria and subdividedreactions are important mechanistic tools, because the flexi-
into two different classesThe first one is the intradiol- bility in ligand design allows a systematic investigation of
cleaving enzymes containing Fe(lll) center that catalyze dhe important factors affecting reactivity as well as reaction
C:-C; bond cleavage giving muconic acids and the secondhechanisn?” However, most of the previous Fe(lll)-cate-
one is the extradiol-cleaving enzymes containing Fe(ll) thatholato complexes have six-coordinated metal center with
catalyze either a £C; or G-Cs bond cleavage giving tetradentate ligands. Even though they suggest some aspects
muconic semialdehyde (Scheme 1). of the intradiol-cleaving mechanism, they do not provide
There has been a significant progfdswoward under- any direct evidence for the real entity of the active species in
standing the structure of the active site and reaction mech#he oxygenation and reaction mechanism. Recently, five-
nism of the intradiol-cleaving enzymes. It was highlightedcoordinate Fe(lll)-catecholato complexes with the TACN
and Tg® ligand are the only known examples of complexes
with a facial-capping tridentate ligatf°[F€"' (TACN)DBC]

Proximal extradiol R~ ~CHO that was prepared by treating with [REACN)DBC(CI)]
» U with AQNOs; and base gave only extradiol cleavage products
’ 4 near quantitativel}¥ However, [F&(Tp"")DBC] gives a
mixture of intradiol and extradiol cleavage products, which
R OH o hiol N coon is quite different pattern from the TACN compféx.
\©i - S COOH In this paper, we report the synthesis and spectroscopic
OH properties of the five-coordinate [IBBA)DBC]CIO,

complex as a structural and functional model for catechol
l R XM dioxygenases. One vacant coordination site of the metal cen-

> | COOH ter in the BBA complex give a profound influence on the

Distal extradiol CHO selectivity of dioxygen attack and the stability of the possi-

Scheme 1 ble Fe(lll)-peroxo intermediate during the oxygenation pro-
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cess. We discuss the possible intermediate and propose tfied by using GC, GC-Mass, HPLC, IR, and NMR spectros-
new oxygenation mechanism of the five-coordinate modetopy. Spectroscopic data are as follows:

systems for the catechol dioxygenases. 3,5-ditert-butyl-5-(carboxymethyl)-2-furanon&)( IR (KBr)
Vco 1755, 1723 ¢, ve=c 1644 cm*; 'H NMR (CDCh):
Experimental Section 0.96 (s, 9H), 1.21 (s, 9H), [2.74, 2.81, 2.91, 2.98 (ABxg,

= 14 Hz, 2H)], 6.93 (s, 1H), 9.70 (SYC NMR (CDC}):

All reagents and solvents were purchased from commer24.9 (q), 27.6 (), 31.2 (s), 37.1 (t), 37.4 (s), 87.8 (s), 143.6
cial sources and used as received, unless noted otherwigs), 145.2 (d), 170.9 (s), 174.7 (s).

CHsCN was distilled from Caplunder nitrogen before use.  3,5-ditert-butyl-1-oxacyclohepta-3,5-diene-2,7-dior&: (
DBCH, was purified by the recrystallization from hexdhe. IR (KBr) vco 1783, 1741 ci, ve=c 1636, 1600 cnt; *H
DBCH,-4,6-& was prepared by deuterium exchangei®D NMR (CDCk): 1.16 (s, 9H), 1.28 (s, 9H), 6.14 (= 2 Hz,

in the presence of a substoichiometric amount of base at 14H), 6.45 (d,J = 2 Hz, 1H);**C NMR (CDC}): 28.4 (q),

°C in a sealed tube for ~4 hodtsMicroanalysis was per- 28.9 (q), 36.2 (s), 36.5 (s), 115.5 (d), 123.9 (d), 148.0 (s),
formed by Korean Basic Science Research Institute, Seoul.160.0 (s), 162 (s).

Synthesis of Bis(benzimidazolyl-2-methyl)amineBBA. 3,5-ditert-butyl-2-pyrone 8): IR (KBr) veo 1710 cnt,
Iminodiacetic acid (13.3 g, 0.1 mol) and 1,2-diaminoben-vc=c 1635, 1560 cnt; *H NMR (CDCk): 1.20 (s, 9H), 1.32
zene (20.2 g, 0.2 mol) were mixed and heated t¢@80 (s, 9H), 7.04 (d, 1H), 7.14 (d, 1HFC NMR (CDC}): 28.4
°C until no further steam was evolved. It was allowed to coolq), 29.5 (q), 31.9 (s), 34.8 (s), 127.4 (s), 136.2 (s), 136.3 (s),
to room temperature. The dark glassy solid was taken up i143.8 (d), 160.9 (s).
hot hydrochloric acid (4 M, 200 mL) and filtered. After  4,6-ditert-butyl-2-pyrone 4): IR (KBr) vco 1710 cnt,
cooling the trihydrochloride salt of BBA, a pale blue feath- vc=c 1630, 1550 cit; *H NMR (CDCk): 1.19 (s, 9H), 1.26
ery solid was obtained. This was taken up in warm wate(s, 9H), 6.01 (d, 2H)}**C NMR (CDCEk): 28.1 (q), 29.0 (q),
(200 mL) with KOH (28.0 g, 0.5 mol), and the solution was 35.5 (s), 36.2 (s), 98.7 (s), 107.2 (s), 163.4 (d), 167.7 (d),
refluxed for 30 minMethanol was added until the precipi- 171.4 (s).
tate redissolved. After refluxing with charcoal as a decol- Oxygenation Studies Reactivity studies were performed
orizing agent (15 min), the solution was filtered andin organic solvents in an oxygen atmosphere under ambient
obtained the crude free amine product upon cooling. Twaonditions. After the reaction was complete, as indicated by
times of recrystallization from methanol-water gave BBA - the loss of color, the solution was concentrated under reduced
H.O as white needles. (25% vyield) mp.: 2@ (decomp.), pressure. The organic products were extracted with ether,
'H NMR (300 MHz,ds-DMS0) §7.52 (m, 4H, aryl H), 7.19 dried over anhydrous M8Q;, and then concentrated. The
(m, 4H, aryl H), and 4.09 (s, 4H, GH remaining residue was dissolved in LMl and acidified

Synthesis of [F& (BBA)DBC]CIO 4. [F€" (BBA)DBC]CIO,  with HCI to pH 3 to decompose the-xo-diiron(lll)(BBA)]
was synthesized by mixing 448 mg (1.52 mmol) BBA®H complex. The furanone acid was extracted with ether, dried,
and 783 mg (1.52 mmol) Fe(CJ@- 910 in 10 mL metha- and concentrated. The extracts were then subjected to GC or
nol under argon. After 30 minute reaction time, 337 mgreverse-phase isocractic HPLC separation (conditions are
(2.52 mmol) DBCH and EtN 0.528 mL (3.8 mmol) was same as previously reported in reference 14).
added slowly under argon. After 1 hr, the purple solution Oxygenation studies were performed on a HP-8453 diode
was filtered and dried under vacuum. The crude purple-bluarray spectrometer with temperature control by an Endocal
powder was obtained and stored in the glove box. The puBTE-5 refrigerated circulation bath. Oxygen was bubbled
complex was obtained by the recrystallization from thethrough the solution (0.5-0.8 mM in complex) and then
methanol solution of the crude product. FABass m/z:  maintained at 1 atm of pressure above the reacting solution.
553. Anal. Calcd. for [Fe(BBA)DBC]CIE) CsoHssFeNsO.Cl:

C, 55.19; H, 5.40; N, 10.73. Found: C, 55.36; H, 5.53; N, Results and Discussion
10.87.

Caution! While the present perchlorate complex is not Spectroscopic and Electrochemical Properties[Fe" -
explosive, care is recommended. (BBA)DBCI]CIO4 is an air-sensitive puple-blue complex that

Physical Methods UV-visible spectra were obtained on a exhibits two intense absorption bands at 560 and 820 nm
Hewlett-Packard 8453 biochemical analysis spectrophotote = 1670, 2050 Mcm™, respectively) in CECN (Figure
meter. IR spectra were obtained Bomem 102 FT-IR spectrat). These bands are assigned to the catecholate to Fe(lll)
meter. Standard organic product analyses were performezharge transfer bands based on the extinction coefficient,
using a Hewlett-Packard 6890 Series plus Gas Chromatespectral shifts with various substituted catechols, and the
graph equipped with a flame ionization detector or a reversezomparison with known [FgL)DBC] complexes?'” These
phase isocractic HPLC (Wate69OE with tunable absor- values are quite red-shifted than'[FEACN)(DBC)]* com-
bance detector and C18 columfl NMR spectra were plex (444 and 695 nm), but blue-shifted than"[fg"")
obtained on a Varian VXR 300 spectrometer. DBC] complex (574 and 1046 nrif)*® The redox wave for

Characterization of Oxygenation Products The four  BBA complex in DMF shows®value (432 m\Ws SCE ) for
major organic products of the [Fe(BBA)DBGjere identi-  the Fe(ll)DBSQ/Fe(ll)DBC couple. This is considerably
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the solution. This presumably arises from the rigidity of the
[Fe**(BBA)DBC]CIO, complex, which enforced by the
DBC. The peak assignments are based on the integration, the
comparison with the selective deuterated complexes, and T
measurement. The meta and para protons of benzimidazolyl
moiety dominate the NMR spectrum of BBA complex. Four
meta protons appear as relatively sharp features at 30 and
-9.5 ppm, and -8.5 and -30 ppm withvialues of 11 and 12
ms, and 6.3 and 6.9 ms, respectively. Two para protons
appear at 3.5 and 2.9 ppm with vialues of 67 and 76 ms,
respectively. These peaks were confirmed by the connectiv-
0.00 l . ity observed in COSY spectrum as shown in Figure 3. While
400 600 800 1000 two ortho protons are observed at 48 and 52 ppm with T
Wavelength (nm) . - .
values of 2.1 and 1.9 ms, respectively. Additional peaks arise
Figure 1. Oxygenation process of the reaction of [Fe(BBA)- from the methylene protons {HH.) that appear as broad
DBCICIOs in CDCN with O, as monitored by disappearande 0 s 4t 75 and 48 ppm with Falue of 0.3 ms. Proton of
catecholate to Pecharge transfer bands at ZD. The dotted lines .
represent the formation and decay of the green intermediate. the secondary amine (NaHwas observgd as a very broad
peak at 93 ppm due to the close proximity from the metal
center. Protons of the imidazole ring (N}ldppear at 35 and
more positive than the free DBC/DBSQ couple vafiEnis  -18 ppm that are confirmed by the comparison with the
large positive shift indicates that the DBC oxidation state ismethyl substituent one. Furthermore, the DBEbbHryl and
stabilized upon the interaction with the"FeFurthermore,  3-t-butyl proton resonances are quite downfield shifted at
this redox potential is more positive than that of'fFe 7.6 and 4.6 ppm due to their coordination to the Fe(lll) cen-
(TACN)(DBC)]" (310 mV) and [F&(Tp™")DBC] (100 mV), ter. To assign the other catecholate protdAsNMR spec-
reflecting that the BBA complex has more Lewis acidi¢ Fe trum of [F€"(BBA)DBC-4,6-0;JClIO, complex reveals that
center. the 4-H of the catecholate appears at quite upfield region
NMR Properties. The [Fé'(L)DBC] complexes exhibit (-47 ppm). The variable temperature NMR study was per-
large NMR contact shifts, which provide some informationformed to investigate the possible semiquinone character of
regarding the electronic structure of the paramagnetic conthe didentate catecholate. Whénis plottedvs 1/T, the
plexes®The NMR spectrum of BBA complex suggests thatpeaks from the benzimidazolyl moiety converge to the dia-
this complex has a high-spin Fe(lll) center due to the broadhagnetic region at very high temperature according to the
line-width and large chemical shifts (Figure 2). Very surpris-Curie law?* However, the 4-H proton of the DBC does not
ingly, the total numbers of peaks are well matched with the&onverge to the diamagnetic region, but stays at -47 ppm
asymmetric ligand environment around the metal center. lifFigure 4). Thus, we can suggest that there is a strong para-
other words, the BBA ligand loses the 2-fold symmetry inmagnetic property in the catechol ring. This result is proba-
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Figure 2. 'H NMR spectrum of [Fe(BBA)DBC]CI®in CD:CN under argon with ambient conditions. (a) The right inset is an exparision o
diamagnetic region of the main spectrum. (b) The left inset is the spectrum of [Fe(BBA)DB{cA®:d
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Figure 3. COSY spectrum of [Fe(BBA)DBC]CIDin CD:CN
under argon.
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Figure 4. Plot of chemical shiftd vs. 1/Temperature (1/K)fo
[Fe(BBA)DBC]CIO, in CDsCN under argon.

bly due to the [Fe(ll)-DBSQ] character in [Fe(lll)-DBC]
complex due to the enhanced covalency of the metal-catt
cholate interactiof?. Also, this [Fe(Il)-DBSQ] character makes

it possible to observe the relative sharp signalliNMR

spectrum compared with other high-spin Fe(lll) complékes.
After the complete oxygenation, NMR spectrum of the com- I _
plex shows very broad and almost diamagnetic pattern th: ) e— T
is typical for the formation gfi-oxo-diiron(l1l) complex due
to the stron@ntiferromagneticoupling interaction between

the high-spin iron(lll) centers (refer to EPR section).

Oxygenation Process and EPR PropertieEEPR spec-
trum of the BBA complex exhibits signals at g =9.3 and 4.3

Sungho Yoon et al.
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Figure 5. X-band EPR spectra: a) [Fe(BBA)DBC]CIOin
CHsCN under argon. b) green intermediate after the exposurg
for a few minutes. ¢) [Fe(BBA)DBC]CIOin CH;CN after thi
complete oxygenation. Spectra were obtained at 9.22 GH:
100 kHz modulation at 4 K.

from the low-spin F& species. When the GEN solution

of BBA complex was exposed to,Qts characteristic pur-
ple-blue color § =560 nm) immediately changes to green
color intermediate = 660 nm) and gradually turns to yel-
low oxygenated compound as shown in Figure 1. Even though
we have not succeed to stabilize and isolate the green inter-
mediate at low temperature due to its intrinsic instability, we
can get an EPR spectrum of the green intermediate showing
a broad isotropic signal at g = 2.0 with 60 G line-width. This
signal may come from either organic radical or low-splh Fe
center. In order to investigate the origin of this signal, we
performed the variable temperatures EPR study (Figure 6).
If the signal were originated from the low-spin'Feenter, it

will decrease dramatically as the temperature increase due to
the Boltzman population of the spin state. In fact, the signal
at g = 2.0 decrease sharply as the temperature increase. Thus,

60000 . . . .

40000

20000

-20000

-40000 |-

at 4 K corresponding to the ground and middle Kramers ' 2000 4000 ' 6000

doublets of the typical high-spin'E¢S = 5/2) with rhombic

H (gauss)

symmetry (Figu_re 5§§_A weak signal at g = 2.0 arises fro_m Figure 6. Variable temperature X-band EPR spectra of the |
the minor species with S =1/2 system, presumably arisinintermediate.
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we can suggest that BBA complex undergoes oxygenatiothe [Fé¢'(TACN)DBC]" system which only yield extradiol
processvia low-spin Fé' intermediate (probably [Fe(lll)- cleavage producté.This superoxide then couples with the
peroxide species). After the complete oxygenation, the EPRBSQ radical forming the [peroxide-féDBSQ] interme-
spectrum at 4K does not show any significant EPR signaldiate that is analog to the recently isolated and characterized
except very weak signals at g = 4.3 and 2.0. In other wordss a [Ir-peroxo-(PRsDBC] by Bianchiniet al?® Therefore,

the BBA complex makeg-oxo diiron(lll) complex which is  the extradiol cleavage products might be originated from the
EPR silent due to thantiferromagneticcoupling between  direct attack of @to Fe(ll)center that makes the Fe(lI}O

the iron(lll) centers (S = 0) which is quite well matched with species and converted to peroxy intermediate during the
NMR data. oxygenation proces$?’

Reactivity and Reaction MechanismThe [Fé' (L)DBC] Unfortunately, it is impossible at this point to determine
complexes react with dioxygen to yield products due to thevhether all starting complex reacts with dioxygée only
oxidative cleavage of the catechol rifg® Kinetic studies  green color intermediate or not. Thus, we cannot exclude the
of the reaction of the BBA complex with 1 atm, @ substrate activation mechanrthat might be involved in
CHsCN under pseudo-first order conditions show that thethe intradiol cleavage of catechol, in which &tack on the
BBA complex reacts very fast with,OHowever, the mea- coordinated catecholate. A peroxide complex is proposed to
surement of the reaction rate is meaningless since the greéarm subsequently to {binding and then decompose to the
intermediate was growing during the oxygenation processntradiol cleavage products. Therefore, we can suggest that
The BBA complex reacts with Qwithin an hour to afford the BBA complex can undergo two different oxygenation
intradiol and extradiol cleavage products as shown irpathways (Scheme 3). The major pathway involves the
Scheme 2. The oxygenated products are intradiol cleavagiirect attack of @to Fe(ll) center, forming the Hesuper-
product (3,5-di-tert-butyl-oxacyclohepta-3,5-diene-2,7-dioneoxide species that presumably gives the extradiol cleavage
(2), 35%) and extradiol cleavage products (3,%edi-butyl- product and the minor pathway might take the substrate acti-
2-pyrone B8), 28% and 4,6-di-tert-butyl-2-pyrond)( 32%).  vation mechanism during the oxygenation process giving
This is probably due to the availability of a vacant coordinadintradiol cleavage products.
tion site on the Fe(lll) center that allows &nd to iron cen- In summary, a five-coordinate [Fe(BBA)DBC] complex
ter and facilitate its attack on the catecholate to afforchas been prepared as a new functional model for catechol
intradiol and extradiol cleavage products. This result is quitelioxygenases. Importantly, we can observe the green color
different from those of five-coordinate complexes'[Fe intermediate with EPR and UV/visible spectroscopy during
(TACN)(DBC)]* (only extradiol cleavage product, 35%) the oxygenation process. In addition, it is very important to
and [Fé'(TpB“"PY)DBC] (no oxygenated producfBut, it  emphasize that the intradiol and extradiol cleavage products
is quite similar to the result of the pseudo six-coordinated
[FE"(TpPADBC - (CNCN)] giving intradiol (, 33%) and

extradiol cleavage product3, 8% and, 39%)° o 2’ O
LFE3< o == Fe'{m,,,,o

(o] -,
i O N
Intradiol 5 ol > o 02 02
o COOH Ta
1
6[@' 0, 2 LFe: 0‘5574 *0—0
e [ > o
OH (r\:) gl
L]

Y
e Z°]
- + !
Extradiol ﬁ ><2iko l \ :
3 4

Scheme 2 o 0—0
- - LRerinng? b0

Together with oxygenation pattern and oxygenated prod 0—0o ey
uct, we can suggest a possible reaction mechanism for tt .
the oxygenation of the BBA complex as shown in Scheme &
First of all, the semiquinone character in the BBA complex j e
has been suggested by the low energy charge transfer ba e
as well as variable temperature NMR study. The Fe(ll) char
acter of the Fe(Il)-DBSQ facilitates the attack of @ the Extradiol cleavage Intradiol cleavage
vacant coordination site of Fe(ll)-DBSQ, generating a products (3, 4) pro@ucts ,2)
[superoxide-F&-DBSQ] complex. This is in good agree- (Major pathway) (Minor pathway)

ment with the suggested oxygen activation mechanism c Scheme 3
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are observed for the oxygenation of five-coordinate BBA10.

complex. This is probably due to the fact that the benzyl sub-
stituent of the BBA ligand does interfere and control the

oxygenation pathway similar to the effect of the hydropho-

bic pocket around the metal center in the real enzyme-sub-
strate system. This result can provide an important idea ho
to control the selectivity between intradiol and extradiol
cleavage products. Consequently, the steric effect around t
metal center can be more crucial than the simple electronic

effect of the metal center in the five-coordinate model sys43.

tems. In order to isolate and identify the intermediate and
elucidate the exact oxygenation mechanism of the CTD-sub-

strate complex, five coordinate model complexes with bulkyl4.

and hydrophobic ligand are needed.
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