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[Fe™(BBA)DBC]ClO4as a new functional model for catechol dioxy genases has been synthesized. where BBA
1s a bis(benzimidazolyl-2-methyhamine and DBC is a 3.3-di-ters-butylcatecholate dianion. The BBA complex
has a structural [cature that iron cenier has a five-coordinate gcometry similar to that of catechol dioxygenasc-
substratc complex. The BBA complex exhibils sirong absorption bands at 560 and 820 nm in CH:CN which
arc assigned 1o calccholale 1o Fe(IMT) charge transfer transitions. Tt also ¢xhibits EPR signals at g = 9.3 and 4.3
which arc typical values for the high-spin Fe™ (S = 5/2) complex with rhombic symmetry. Interestingly. the
BBA complex reacts with O- within an hour (o afford intradiol cleavage (35%) and extradiol cleavage (60%)
producis. Surprisingly. a green color intermediale is obseryed during the oxygenation process of the BBA com-
plex in CH3CN, This green inlermediate shows a broad isotropic EPR signal at g = 2.0. Bascd on the variable
temperature EPR study. this isotropic signal might be originated lrom the [Fe(IIT)-peroxo-catecholate] specics
having low-spin Fe™ center. not from (he simple organic radical. Conscquently. it allows O to bind to iron cen-
ter forming the Fe(IIT)-superoxide species that converts to the Fe(IMI)-peroxide intermediate. These present data
can Icad us 10 suggest (hat the oxygen activation mechanism (ake place for the oxidative cleaving catechols of
the five-coordinale modcel systems for calcchol dioxygenascs.
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Introduction

The catechol dioxygenases arc non-heme iron-conlaining
enzvmes that play key roles in the metabolism of various
aromatic compounds. converting aromaltic pollutants to ali-
phatic products by the oxidative ring clcavage in the cnvi-
ronment.! They are found in soil bacteria and subdivided
into two diffcrent classcs.” The first onc is the intradiol-
cleaving cnzymes contaming Fe(IIl) center that catalyzc a
C-C: bond cleavage giving muconic acids and the sccond
onc is the extradiol-cleaving cnzymes containing Fe(11) that
calalvze cither a Cx-Cy or C)-Cs bond cleavage giving
muconic semialdchyde (Scheme 1),

There has been a significant progress™ toward under-
standing (he structurc of the active site and reaclion mecha-
nism ol the ntradiol-clcaving ¢cnzymes, It was highlighted
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by the cryvstal structure of native protocatechuate 3.4-dioxy-
genasc (3.4-PCD) showing that the Fe(lIl) center of the 3.4-
PCD cnzyme has five-coordinate gcometry.” Furthermore.
recent crystallographic studics prove that the Fe(l1l) center
remains as a fivecoordinate gcometry even after binding the
catcchol substrate.™!! Model systems that mimic cnzymatic
rcactions arc important mechanistic tools. because the flexi-
bility in ligand design allows a systematic investipation of
the important lactors affecting reactivity as well as reaction
mechanism.’>'7 However. most of the previous Fe(1TT)-cale-
cholato complexcs have six-coordinated metal center with
tetradentate ligands. Even though they suggest some aspects
of the intradiol-clcaving mechanism. they do nol provide
any dircet evidence for the real entity of the aclive specics in
the oxygenation and rcaction mechanism. Recently. five-
coordinate Fe(Ill)-catecholato complexes with the TACN
and Tp® ligand arc the only known cxamples of complexcs
with a facial-capping tridentatc ligand. "' [Fc™(TACN)DBC]
that was preparcd by treating with |[F¢™(TACNYDBC(Cl)|
with AgNOs and basc gave only cxiradiol clcavage products
near quantitatively.'® However., [Fe(TpP-)DBC] gives a
mixture of mtradiol and ¢xtradiol clcavage products. which
is quite different pattern from the TACN complex.'”

In this paper. we report the synthesis and spectroscopic
propertics of the five-coordinate  |Fe™(BBA)DBC|CIO,
complex as a structural and functional model for catechol
dioxy genases. One vacant coordination siic of the metal ¢cen-
ter in the BBA complex give a profound influence on the
sclectivity of dioxygen atlack and the stability of the possi-
ble Fe(lll)-peroxo ntermediate during the oxygenation pro-
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cess. We discuss the possible intermediate and proposc the
new oxygenation mechanism of the fisc-coordinatc model
svstems for the catechol dioxygenases.

Experimental Section

All rcagents and sohents were purchased from commer-
cial sources and uscd as reoeived. unless noted otherwise.
CH:CN was distilled rom CaH:z under nitrogen before use.
DBCH: was purificd by the recrystallization from hexanc.~!
DBCH:-4.6-d: was preparced by deuterium exchange in D:O
in the presence of a substoichiometric amount of basc at 144
°C in a scalcd tube for ~4 hours.*! Microanalysis was per-
formed by Korcan Basic Science Rescarch Institute. Scoul.

Synthesis of Bis(benzimidazolyl-2-methyl)amine. BBA,
Iminediacetic acid (13.3 g. 0.1 mol) and 1.2-diaminoben-
zene (20.2 g. 0.2 mol) were mixed and heated to 180 °C-200
°C until no further sicam was evolved. It was allowed Lo cool
1o room temperature. The dark glassy solid was taken up in
hot hvdrochloric acid (4 M. 200 mL) and filicred. Alier
cooling the trihvdrochloride salt of BBA. a palc bluc [cath-
cry solid was oblamed. This was taken up in warm water
(200 mL) with KOH (28.0 g. 0.5 mol). and the solution was
refluxed for 30 nun. Mcthanol was added until the precipi-
tatc redissolved. Afler refluxing with charcoal as a decol-
orizing agent (153 nun). the solution was [ilicred and
obtained the crude (ree amine product upon cooling. Two
times of reervstallization from methanol-waler gave BBA -
H-0 as while ncedles. (23% yicld) mp.: 270 °C (decomp.).
'H NMR (300 MHv. d-DMSQ) §7.52 (m. 4H. arv] H). 7.19
(m. 4H. arv1 H). and 4.09 (s. 4H. CH-).

Synthesis of [Fe™(BBA)DBC|CIO,. [Fc™(BBA)DBC|CIO;
was synthesized by mixing 448 mg (1,52 mmol) BBA - H-O
and 783 mg (1.32 mmol) Fe(ClO3)3 - 9H-0O in 10 mL mctha-
nol under argon. Aller 30 minule rcaction time. 337 mg
(1.52 mmel) DBCH- and Et;N 0,528 mL (3.8 mmol) was
added slowly under argon. Afler 1 hr. the purple solution
was filtered and dried under vacuum, The crude purple-bluc
powder was obtaincd and stored in the glove box. The pure
complex was oblained by the reervslallization from the
mcthanol solution of the crude product. FAB*-Mass m/z:
353. Anal. Caled. for [Fe(BBAYDBC|CIQy. CyHi:FeN<O-Cl:
C. 33.19: H. 5.40: N. 10.73. Found: C. 3336: H. 3.33: N.
10.87.

Caution | While the present perchlorale complex is not
explosive. care is rccommended.

Physical Mcthods. UV-visible spectra were obtamed on a
Hewleut-Packard 8433 biochemical analvsis spectrophoto-
meler. IR spectra were obfained Bomem 102 FT-IR spectro-
meler. Standard organic product analyscs were performed
using a Hewlett-Packard 6890 Scrics plus Gas Chromato-
graph cquipped with a flame iomzation detector or a reverse-
phasc 1socractic HPLC (Waters 600E with tunable absor-
bance detector and C18 column). 'H NMR spectra were
obtaincd on a Varian VXR 300 spectrometer.

Characterization of Oxygenation Products. The four
major organic products of the [Fe(BBAYDBC]* were identi-
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ficd by using GC. GC-Mass. HPLC. IR. and NMR spcctros-
copy. Spectroscopic data are as follows:

3. 53«i-zert-buty 1-3-(carboxymethy 1)-2-furanonc (1): IR (KBr)
Voo 1755, 1723 em™. veee 1644 em™: 'H NMR (CDCls):
0.96 (s. 9H). 1.21 (5. 9H). |2.74. 2.81. 2.91. 2.98 (AB ¢. a5
= 14 Hz. 2H)|. 6.93 (5. 1H). 9.70 (s): C NMR (CDCl;):
24.9 (). 27.6 (q). 31.2 (5). 37.1 (1). 37.4 (). 87.8 (). 143.6
(s). 1452 (d). 1709 (s). 174.7 (s).

3.5-di-rert-butyl-1-oxacy clohepta-3.3-dicnc-2. 7-dione (2):
IR (KBr) vieo 1783, 1741 cm™. ve—e 1636, 1600 cm™: 'H
NMR (CDCLy): 1.16 (5. 9H). 1.28 (5. 9H). 6.14 (d. ./ =2 Hz.
1H). 645 (d. J = 2 Hz. 1H): “C NMR (CDCl3): 284 (q).
289 (q). 36.2 (s). 36.5 (5). 115.5 (d). 123.9 (d). 148.0 ().
160.0 (s). 162 (s).

3.5-di-zert-butyl-2-pyrone (3): IR (KBr) veo 1710 em™,
Vo= 1633, 1560 cm™: "H NMR (CDCly): 1.20 (s. 9H). 1.32
(s. 9H). 7.04 (d. TH). 7.14 (d. IH): *C NMR (CDCl;): 28 4
(). 29.5 (). 31.9 (5). 348 (8). 1274 (8). 136.2 (). 136.3 (s).
143.8 (d). 160.9 (s).

4.6-di-rert-butyl-2-pyrone (4): IR (KBr) vee, 1710 em™.
Vee 1630, 1550 ¢cm™: "H NMR (CDCl3): 1.19 (5. 9H). .26
(s. 9H). 6.01 (d. 2H): °C NMR (CDCl3): 28.1 (g). 29.0 (q)).
35.5 (s). 36.2 (5). 98.7 (s). 107.2 (s). 163.4 (d). 167.7 (d).
1714 (s).

Oxygenation Studies. Reactivity studics were performed
in organic solvents in an oxygen atmosphere under ambient
conditions. Alicr the rcaction was complete. as indicated by
the loss of color. the solution was concentrated under reduced
pressure. The organic products were extracted with cther.
dricd over anhydrous Na-SO,. and then concentrated. The
remaining residuc was dissolved in CH;CN and acidificd
with HCl to pH 3 to decompose the [p-oxo-diiron([I[)(BBA)-|
complex. The furanone acid was cxtracted with cther. dried.
and concentrated. The extracts were then subjected to GC or
reverse-phase isocractic HPLC separation (conditions are
samc as previously reported in reference 14).

Oxygenation studics were performed on a HP-8453 diode
array spectrometer with temperature control by an Endocal
RTE-3 relrigerated circulation bath, Oxygen was bubbled
through the solution (0.5-0.8 mM in complex) and then
maintained at 1 atm of pressurc above the reacling solution.

Results and Discussion

Spectroscopic and Electrochemical Properties. |Fe'''-
(BBA)YDBC]C10O; is an air-sensitive puple-blue complex that
exlubits two mtense absorption bands at 360 and 820 nm
(£= 1670. 2050 M~'em™. respectively) in CHiCN (Figure
1). These bands arc assigned to the catecholate to Fe(Ill)
charge transfer bands bascd on (he extinction coctTicient.
spectral shifts with various substituted catechols. and the
comparison with known |Fe(L)DBC| complexes.'~'" These
values arce quite red-shified than [Fe"'(TACN)DBC)[* com-
plex (444 and 695 nm). but bluc-shificd than |Fe"'(Tp=")
DBC] complex (374 and 1046 nm)."™'® The redox wave lor
BBA complex in DMF shows £'value (432 mV s SCE ) lor
the Fe(IIHDBSQ/Fe(IIMDBC couple. Tlus is considerably
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Figure 1. Oxyvgenation precess ol the reaction ol ['g(BBA)-
DBCICIO; in CDCN with O: as monitored by disappearance of
catecholate to Fe' charge transter bands at 20 “C. The dotted lines
represent the fennation and decay of the green intermediate.

more positive than the frec DBC/DBSQ couplc value.™ This
large positive shill indicates that the DBC oxidation state is
stabilized upon (he interaction with the Fe'™. Furthermore,
this redox potential is more positive than that of |Fe™-
(TACN)DBC)] (310 mV) and |F™ (Tp™™)DBC] (100 mV).
reflecting that the BBA complex has more Lewis acidic Fel'
center.

NMR Properties. The |Fe!"'(L)DBC| complexcs exhibit
large NMR contact shifts. which provide some information
regarding the clectronic structure of the paramagnetic com-
plexes.™ The NMR spectrum of BBA complex suggests (hat
this complex has a high-spin Fe(I[) center duc to the broad
linc-width and large chemical shifls (Figurc 2). Very surpris-
inglv. the total numbers of peaks arc well matched with the
asymmetric higand cnvironment around the metal cenler, In
other words. the BBA ligand loscs the 2-fold symmclry in
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the solution. This presumably ariscs from the rigidity of the
|Fe* (BBA)DBCCIOs complex. which cnforced by the
DBC. The peak assignments arc bascd on the integration. the
comparison with the sclective deuterated complexces. and T
measurcment. The meta and para protons of benzimidazolyl
moicty dominate the NMR spectrum of BBA complex. Four
meta protons appear as relatively sharp [eaturcs at 30 and
-9.3 ppm. and -8.5 and -30 ppm with T valucs of 11 and 12
ms. and 6.3 and 6.9 ms. respectively. Two para protons
appear at 3.3 and 2.9 ppm with T| valucs of 67 and 76 ms.
respectively. These peaks were conlirmed by the connectiv-
ity observed in COSY spectrum as shown in Figure 3. While
two ortho protons arc obscrved at 48 and 32 ppm with T,
valucs of 2.1 and 1.9 ms. respectively. Additional peaks arisc
from the mcthylene protons (Hy,. Hc) that appear as broad
bands at 75 and 48 ppm with T| valuc ol 0.3 ms. Proton of
the sccondary amince (N-H,) was obscrved as a very broad
peak at 93 ppm duc 1o the close proximity [rom the metal
center. Protons of the imidavole ring (N-Hy) appear at 35 and
-18 ppm that arc confirmed by the comparison with the
mcthy] substitucnt one. Furthermore. the DBC-5-7-butyl and
3-r-buty] proton resonances arc quitc downficld shified at
7.6 and 4.6 ppm duc to their coordination to the Fe(lll) cen-
ter. To assign the other catecholate protons. 'H NMR spec-
trum ol |Fe*' (BBA)DBC-4.6-d>|CIOy complex reveals that
the 4-H of the catecholate appears at quite upficld region
(-47 ppm). The variable temperature NMR study was per-
formed to investigate the possible scmiquinone character of
the didentate catecholate. When & is plotied v, 1/T. the
peaks [rom the benzimidazolvl moicty converge to the dia-
magnclic region at very high temperature according to the
Curic law.”* However. the 4-H proton of the DBC docs not
converge 1o the diamagnetic region. but stays at -47 ppm
(Figurc 4). Thus. we can suggest that there is a strong para-
magnctic property in the catechol ring. This result is proba-
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Figure 2. 'TINMR spectrum of [Fe(BBADBCCIO; in CD:CN under argon with ambient conditions. (a) The right inset is an expansion of
diamagnetic region of the mam spectru. (b) The left mset 1s the spectrum of [Fe(BBA YDBC-4.6-d2|CIO),.
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Figure 3. COSY spectum of [Fe(BBA)DBCICIO, in CD:CN
under argon.
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Figure 4. Plot of chemical shift (§) vs. 1/Temperature (1/K) of

[Le(BBADBC|CIO; in CDACN under argon.

bly duc to the [Fe(IN-DBSQ]| character m [Fe(ll)-DBC]|
complex duc to the cnhanced covalency of the metal-cate-
cholate intcraction.'” Also. this |Fe(I1)-DBSQ)] character makes
it possiblc 1o obscrve the relative sharp signals in '"H NMR
spectrum compared with other high-spin Fe(111) complexcs. ™
Aftcr the complete oxygenation. NMR spectrum of the com-
plex shows very broad and almost diamagnetic pattern that
is typical for the formation of g-oxo-diiron(I1T) complex duc
10 the strong aniiferromagnetic coupling mtcraction between
the high-spin iron{11T) centers (refer to EPR scction).
Oxygenation Process and EPR Propertics. EPR spec-
trum of th¢ BBA complex exhibits signals at g = 9.3 and 4.3
at 4 K corresponding 1o the ground and nuddle Kramers
doublets of the typical high-spin Fe'"' (S = 5/2) with rhombic
symmetry (Figure 3).-° A weak signal at ¢ = 2.0 ariscs from
the minor specics with S = 1/2 system. presumably arising
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Figure 5. X-band EPR spectra: a) [Fe(BBADBCICIO, in
ClICN under argon. b) green intenmediate alter the exposure (o Oz
for a few minutes. ¢) [I'e(BBADBC|CIO ) in CHACN after the
complete oxygenation. Spectra were obtained at 9.22 GHz with
100 kHz modulation at 4 K.

from the low-spin Fe'! specics. When the CH3CN solution

ol BBA complex was exposed to Ox. its characteristic pur-
ple-bluc color (A= 360 nm) immediatcly changes to green
color intcrmediate (A =660 nm) and gradually turns to ycl-
low oxyvgenated compound as shown in Figure 1. Even though
we have not succeed to stabilize and isolate the green inter-
mcdiale at low temperature duc 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 ling-width. This
signal may come from cither organic radical or low-spin Fe!
center. [n order to investigate the origin of this signal. we
performed the variable temperaturcs EPR study (Figure 6).
[I"the signal were originated from the low-spin Fe' center. it
will decrease dramatically as the temperature increase duc to
the Boltzman population of the spin state. In fact. the signal
at g = 2.0 decreasce sharply as the tempcerature increase. Thus.

T T T
I T A 80K
40000 [
........... 25K
_ 4K
L
-40000 |-
50000 . 1 A 1 s
2000 4000 6000

H (gauss)

Figure 6. Vanable temperature X-bhand FPR spectra of' the green
intermediate.
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we can suggest that BBA complex undergoes oxygenation
process vie low-spin Fe!! intermediate (probably |Fe(lll)-
peroxide species). Afier the complete oxy genation. the EPR
spectrum at 4K does not show any significant EPR signals
except very weak signals at g =4.3 and 2.0. In other words.
the BBA complex makes g-oxo diiron(111) complex which is
EPR silent duc to the antiferromagnetic coupling between
the iron(111) centers (S = 0) which is quite well matched with
NMR data.

Reactivity and Reaction Mechanism. The [Fc™(L)DBC|
complexcs react with dioxygen to vield products due to the
oxidative cleavage of the catechol ring.™*'® Kinctic studics
of the rcaction of the BBA complex with 1 atm O: in
CH:CN under pscudo-first order conditions show that the
BBA complex reacts very last with Q.. However. the mea-
surcment of the reaction rate is meaningless since the green
intermediate was growing during the oxygenation process,
The BBA complex reacts with O- within an hour (o allord
intradiol and cxtradiol clcavage products as shown in
Scheme 2. The oxygenated products are intradiol clcavage
product (3.3-di-teri-butyl-oxacyclohepta-3.5-dicne-2. 7-dionc
(1). 33%) and cxtrachol cleavage products (3.3-di-rerr-bulyl-
2-pyrong (3). 28% and 4.6-di-tert-buly1-2-pyronc (4). 32%).
This is probably duc to the availability of a vacant coordina-
tion sit¢ on the Fe(IID) center that allows O bind to iron cen-
ter and facilitatc its atlack on the catecholale o allord
intradiol and cxtradiol clcavage products. This result is quite
different from (hosc of five-coordinate complexes |Fell-
(TACNYDBC)| (only cxiradiol clcavage product. 33%)'*
and |Fe(Tp'®*"YDBC| (no oxygenalted product).'” But. it
is quite similar (o the result of the pscudo six-coordinated
|Fe™(Tp®DBC - (CN:CN)] giving intradiol (1. 33%) and
cxtradiol cleavage products (3. 28% and 4. 39%)."

0
Intradiol ° ol
—————— 5 —> o}
o COOH
oH o, 1 2
OH
2 Z 0
I +
Extradiol X N0
3 4

Scheme 2

Together with oxygenation pattern and oxygenated prod-
ucl. we can sugecst a possible rcaction mechamism for the
the oxvgenation of the BBA complex as shown in Scheme 3.
First of all. the scmiguinone character in the BBA complex
has been suggesicd by the low energy charge transter band
as wcll as variable tecmperature NMR study. The Fe(IT) char-
acter of the Fe(IN-DBSQ facilitates the attack of O- at the
vacanl coordmation site of Fe(ID-DBSQ. gencrating a
[supcroxidc-Fe'"-DBSQ| complex. This is in good agree-
ment with the suggested oxvgen activation mechamsm of

Bull. Koreawr Chem. Soc. 2000, Vol. 21, No. 9 927

the [F"™(TACN)DBC]|™ system which only yicld cxtradiol
cleavage products.!” This superoxide then couples with the
DBSQ radical forming the |peroxide-Fe™-DBSQ) interme-
diate that is analog to the recently isolated and characterized
as a | Ir-peroxo-(PPh3);DBC| by Bianchini ef o/~ Therefore.
the extradiol cleavage products might be originated [rom the
dircct attack of O: 1o Fe(ll) center that makes the Fe(l1)-O-
specics and converted to peroxy intermediate during the
oxy genation process.’

Unfortunately. it is impossible at this point to determing
whether all starting complex rcacts with dioxygen vie only
green color intermediate or not. Thus. we cannot exclude the
substratc activation mechanism™ that might be involved in
the intradiol clcavage of catechol. in which O- attack on the
coordinated catecholate. A peroxide complex is proposcd to
form subscquently to O- binding and then decompose to the
intradiol clcavage products. Therelore. we can suggest that
thc BBA complex can undergo two different oxygenation
pathways (Scheme 3). The major pathway involses the
dircct attack of O: to Fe(Il) center. forming the Fe'-super-
oxide specics that presumably gives the extradiol ¢lcavage
product and the minor pathway might take the substrate acti-
vation mcchanism during the oxygenation process giving
ntradiol cleavage products.

[n summary. a five-coordinate [Fe(BBA)DBC| complex
has been prepared as a new functional model for catechol
dioxy genascs. Importantly. we can observe the green color
itermediale with EPR and UV/visible spectroscopy during
the oxygenation process. [n addition. it is very important to
cmphasizc that the intradiol and extradiol cleavage products

3+ Oﬁ = 220
LFe <0 Fetfuu,g

02 02
Tra
wf 03574 ©0—0
""" 0~ 2:/0
\0 Fe lummmuo
L]

l \ Y
0—-0. 5
o]
LFeaj. # éyo
Feummnmulo

lmuO
O0—p
j ‘/“
Extradiol cleavage Intradiol cleavage
products (3, 4) products (1, 2)
{Major pathway) (Minor pathway)

Scheme 3



028 Bull Korean Chem. Soc. 2000, Vol. 21, No. 9

arc obscrved for the oxygenation of fisve-coordinaic BBA
complex. This is probably duc to the fact that the benzyl sub-
stituent of the BBA ligand docs interfere and control the
oxy genation pathway similar 1o the effect of the hydropho-
bic pocket around the mectal center in the real enzyme-sub-
stratc system. This result can provide an important idea how
1o control the selectivity between intradiol and cxtradiol
cleavage products. Conscquently. the steric cffect around the
mctal center can be more crucial than the simple clectronic
clfect of the metal center in the [ive-coordinate model sys-
tems. In order to isolate and identify the intermediate and
clucidate the exact oxy genation mechanism of the CTD-sub-
stratc complex. [ive coordinate model complexces with bulky
and hy drophobic ligand arc nceded.
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