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[Fe'{BLPA)DBCH|BPIy (1), a new functional model for the extradiol-cleaving catechol dioxy genases. has
been synthesized. where BLPA is bis(6-methyl-2-pyvridyImethy1)(2-py ridy Imethyl)amine and DBCH is 3.5-di-
fert-butylcatecholate monoanion. 'H NMR and EPR studies confirm that 1 has a high-spin Fe(11) (S = 2) center.
The electronic spectrum of 1 exhibits one absorption band at 386 mm., showing the yellow color of the typical
[Fe'(BLPA)] complex. Upon exposure to O-. 1 is converted to an intense blue species within a minute. This
blue species exhibits two intense bands at 386 and 960 nm and EPR signals at g = 5.5 and 8.0 comresponding
to the high-spin Fe(I11) complex (S = 5/2. E/D = 0.11). This blue complex further reacts with O- to be converted
to (¢-oxo)Fe's complex within a few hours. Interestingly. 1 affords intradiol cleavage (63%) and extradiol
cleavage (20%) products after the oxygenation. It can be snggested that 1 undergoes two different oxy genation
pathways. The one takes the substrate activation mechanism proposed for the intradiol cleavage products after
the oxidation of the Fe! to Fe'Y. The other involves the direct attack of O- to Fe" center. forming the Fe'''-su-
peroxo intenmediate which can give rise to the extradiol cleavage products. 1 is the first functional Fe(Il) com-
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plex for extradiol-cleaving dioxygenases giving extradiol cleavage products.

Introduction

The catechol dioxvgenascs are non-heme iron cnzymcs
that catalyc the oxidative cleavage of catechols and play a
kev role m detoxifving the aromatic pollutants in the cnvi-
ronment.” They are found i soil bacteria with two dillerent
tvpes: onc 18 miradiol-cleaving cnzyme utilizing Fe(111). and
the other is cxtradiol-cleaving enzyme utilizving Fe(ll) or
Mn(11).>* There has been a significant progress toward
understanding the structure ol active site and mechanism ol
the intradiol-clcaving cnzymes. It was highlighied by (he
crvstal structures of native prolocatcchuale 3.4-dioxygenasc
(3.4-PCDY** and 3 4-PCD-substratc complex’ showing that
the Fe(II[) center of the active site has kept as a five-coordi-
nate geometry. However. little is known for the extradiol-
cleaving catechol dioxygenases. Spectroscopic studies™"" of
catechol 2.3-dioxygenase (2.3-CTD) indicated the presence
of square pyramidal high-spin Fe(II) center and EPR studies''
of the 2.3-CTD-substrate-NO complex showed the binding
site for NO (presumably O-). Recentls. the first crystal struc-
ture of the extradiol-cleaving dioxygenase. 2.3-dihvdroxybi-
pheny| 1.2-dioxygenase (BphC). was reported that native
enzyme has a Fe(II) center with a square pyvramidal geome-
trv with three endogenous protein ligands (two histidines
and one glutamic acid) and two ligands from solvent
(H-0)."*™ While the crvstal structure of the enzyme-sub-
strate complex shows Fe(Ill) instead of Fe(Il) center. it has
five-coordinate enviromment with an asvmmetric didentate cat-
echolate (DBCH). one glutamic acid. and two histidines."

Model systems that mimic enzyme reactions are important
mechanistic tools because the flexibilitv in ligand design
allows a systematic investigation of the important factors
affecting reactivity as well as reaction mechanism. In the

previous biomimctic cfforts. many scicntists have focused
on obtaining structurally characterized complexes capable of
oxidative clcavage activity mimicking the intradiol dioxyge-
nascs.'™ Up 1o date. only two Fe(ll) complexces. [Fe'(TLA)
DBCH|BPh; and [Fe"(Tp™*™)DBCH| - have been reported
as a structural mimic for cxtradiol-cleaving dioxygenasc.
where TLA is a tris(0-mcthy Ipyridylmethy amine, Tp™'™
is a hydrotris(3-rerr-butyl-3-isopropy1-1-pyrazolyDboratc.
and DBCH is 3.3-di-fert-butylcatecholate monoanion. How-
cver. neither complex showed any extradiol-cleaved prod-
ucts. instcad obtained only intradiol-clcaved products lor
[Fe"(TLAYDBCH [BPh; or no oxy genation product at all for
|F¢"'(Tp"™™) DBCH].

In this paper. we report the synthesis. spectroscopic prop-
erties, and reactivity of [Fe"(BLPA)DBCH]BPh; (1) which
is the first Fe(I[) complex giving the extradiol cleavage
products. We also discuss the role of the metal center and the
reaction mechanism in the oxygenation process of the extra-
diol<cleaving dioxygenases.

Materials and Methods

All reagents and solvents were purchased from commer-
cial sources and used as received. unless noted otherwise.
Acetonitrile was distilled from CaH- under nitrogen before
use. DBCH- was purified by recrvstallization from hexane.
DBCH--4.6-d-~ was prepared by deuteriumn exchange in D-O
in the presence of a substoichiometric aniount of base at 140
°C in a sealed tube for about 4 hours.”” Microanalysis was
performed by Korean Basic Science Research Institute,
Seoul.

Synthesis of Bis((6-methyl-2-pyridyl)methyl)(2-pyrid-
ylmethyl)amine. BLPA.  1.28 g (10 mumol) 2-pyridyline-
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thyl chloride was added slowly to 2.27 g {10 mmol) bis(6-
methyl-2-pyridylmethyl}amine in 100 mL ethanol which was
prepared according to the published procedure.®® The reac-
tion mixture was refluxed for 8 hours and concentrated
under reduced pressure. The residue was dissolved in 30 mL
CH>Cl> and washed with water three times and then dried
over anhydrous MgSQy. The product was purified by silica
gel column chromatography employing the eluent (ethyl-
acetate : ethanol — 2: 1) to afford a colorless solid (80%
yield).

mp 84-85 °C, '"H NMR (CDCl3): §2.52 (s. Lu-CHs). 3.85
(s. Lu-CH>-), 3.88 {s. Py-CH>-). 7.0 (d. Lu-f3), 7.1 (t, Py-3)".
7.45 (d. Lu-§), 7.57 (t, Lu-p. 7.65 (m, Py-f, ). 8.5 (d. Py-
o))’

Synthesis of |Fe(BLPA)DBCH|BPh,. [Fe(BLPA)
DBCH]BPh, was synthesized by reacting 76.1 mg (0.60
mmol) FeCly and 191.0 mg (0.60 mmol) BLPA in 15 mL
ethanol under argon and adding 133.7 mg (0.60 mmol)
DBCH; in 4 mL ethanol under argon followed by the slow
addition of 1 equivalent triethylamine after 30 min. The
resulting vellow solution was treated with 205.3 mg (0.60
mmol) NaBPh,, causing the immediate precipitation of yel-
low powder, which was dried under vacuum (72% yield).
Complex was purified by vapor ditfusion of ether into an
acetonitrile solution of crude product.

FAB -Mass m/z 595. Anal. Calcd. for [Fe(BLPA)DBCH]
BPh,, CssHg:BFeNsO3: C. 75.08; H. 6.74; N. 7.55. Found:
C.75.28; H,6.83: N, 7.51.

Characterization of Oxygenation Products. The four
major and one minor organic products of the [Fe(BLPA)
DBCH] oxygenation reaction were identified by using GC.
GC-Mass, HPLC, [R, and NMR spectroscopy. Spectroscopic
data are as follows:

3.5-di-tert-butyl-5-(carboxymethy|)-2-furanone: [R {KBr)
Voo 1755, 1723 em™, ve—e 1644 cm™; '"H NMR (CDCls): &
0.96 (s. YH), 1.21 {s,9H). [2.74, 2.81,2.91. 298 (AB q. /a8
— 14 Hz, 2H)]. 6.93 (s, 1H), 9.70 (s): “C NMR (CDCl;): &
24.9(q), 27.6 (q). 31.2 (s), 37.1 {1). 37.4 (s). 87.8 (s), 143.6
(s). 145.2 (d), 170.9 (5). 174.7 (8).

3.5-di-tert-butyl-1-oxacyclohepta-3.5-diene-2,7-dione: [R
(KBr) veo 1783, 1741 em ' vie=¢ 1636, 1600 em '; 'TI NMR
(CDCl3): 61.16 (5. 9HD)., 1.28 (5. 9H0). 6.14 (d. J - 2 Hz. 1),
6.45 (d. J - 2 Hz. 111); "C NMR (CDCL:): 8284 (q), 28.9
(q), 36.2 (s), 36.5 (s), 115.5 (d). 123.9 (d). 148.0 {s). 160.0
(s). 162 (s}.

3.5-di-tert-butyl-2-pyronc: IR (KBr) v 1710 cm ' vee
1635, 1560 ecm '; "1l NMR (CDCls): 6 1.20 (s. 911), 1.32 (s.
911). 7.04 (d, 1H), 7.14 (d. 1H): "C NMR (CDClz): § 28.4
(). 29.5 (q). 31.9 (). 34.8 (s). 127.4 (3), 136.2 {s). 136.3 (s),
143.8 (d). 160.9 (s).

4.6-di-tert-butyl-2-pyronc: IR (KBr) veo 1710 em . vee
1630, 1550 cm '; "1l NMR (CDCls): 6 1.19 (s. 911), 1.26 (s.
911). 6.01 (d. 211); “C NMR (CDCl:): §28.1 (q), 29.0 (q).
35.5 (s} 36.2 (s). 98.7 (s). 107.2 (s). 163.4 (d). 167.7 (d).
171.4 (s).

3.5-di-tert-butyl-5-(formy1)-2-furanone: IR {KBr) veo
1756, 1744, 1725 cm "; 'H NMR (CDClz): § 1.05 (s, 9110).
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1.25 (s, 9H). 6.90 (s, 1H), 9.60 (s. 1H); ""C NMR (CDCl;): &
24.8(q). 28.1(q). 32.2 (5). 38.5 (5). 94.5 (s). 141.3 (d). 146.1
(). 170.5 (s). 197.3 (d).

Physical Methods. UV-visible spectra were obtained on
a Hewlett-Packard 8453 biochemical analysis spectropho-
tometer. IR spectra were obtained by Bomem 102 FT-IR
spectrometer. Standard organic product analyses were per-
formed using a Hewlett-Packard 5890 Series Il plus Gas
Chromatograph equipped with a flame ionization detector or
a reverse-phase isocractic HPLC (Orom Vintage 2000 high
performance liquid chromatography; with a variable wave-
length detector). Reaction mixtures were separated by using
the C18 column. 'H NMR spectra were obtained on a Varian
VXR 300 and VXR 600 spectrometer. An inversion-recov-
ery pulse sequence (180°-1-90°-ACQ) was used to obtain
non-selective proton longitudinal relaxation times (T ) with
carrier frequency set at several different positions to ensure
the validity of the measurements.

Oxygenation Studies. Reactivity studies were performed
in organic solvents in an oxygen atmosphere under ambient
conditions. After the reaction was complete, as indicated by
the loss of color, the solution was concentrated under
reduced pressure. The organic products were extracted with
ether, dried over anhydrous Na>SQy, and then concentrated.
The remaining residue was dissolved in CH;Cl, and acidi-
fied with HCI to pH 3 to decompose the (u-oxo)Fe'"'s com-
plex. The furanonic acid was extracted with CH»Cls, dried,
and concentrated. The extracts were then subjected to GC or
reverse-phase isocractic HPLC separation.

Results and Discussion

[Fe'(BLPA)DBCH]BPh, (1) is a very air-sensitive yellow
complex. The electronic spectrum of BLPA complex is dom-
inated by an intense band at 386 nm (¢~ 1700 M~'em™) in
CH:CN under argon (Figure 1). It has a slightly weaker
intensities than that of [Fe"(TLAYDBCH] complex (Ama —
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Figure 1. Llcctronic spectra showing the formation of |Ie!™
(BLPA)DBC]' (solid linc) upon exposure of [Fe'(BLPAYDBCH]'
(thick line) to O in CH:CN. The decay of catecholate-1o-Fe(I11)
charge ransier bands ways recorded as the oxygenation proceeded
(dotted lines).



1430 Bull. Korean Chem. Soc. 1999, Vol. 20, No. 12

Y1 By

Bi \ (a) ()
L *1SN
s B, N S-FB‘T ‘ 3-t-}3;1 L
NI ‘ | I |
B~ ’e\ _ D | L;L\_/ Q\ML Sl
QU FI T s e T o
3-t-Bu
6H
4H
5-¢-Bu BT
B2
By’ B ~CHj
~CHy~ |
6H JJ 4H ‘ i
1 /
AU N -
120 100 ) 0 20 20 o o ppm

Figure 2. 'H NMR spectrum of [Fe(BL.PAYDBCH]BPh, in CD:CN
under argon with ambient conditions, The lelt inset (a4) is a
speetrum of [ FeBLPA)DBCT-4.6-d>|BPha. The right insct (b) is
an expansion of diamagnctic region of the main spectrum. The two
peaks at 7.3 and 6.9 ppm correspond 1o the protons of BPh, counter
amon,

395 nm. £~ 2200 M~'em™).** This band can be assigned to
the Fe'" to pyridine charge transfer band based on the extinc-
tion coefficient and the comparison with known [Fe'(L)]
complexes.”” Upon exposure to O, [Fe"(BLPA)DBCH] is
converted within a minute to intense blue species (Amax ~
586 and 960 nm). These bands are very similar to those of
[Fe"(BLPA)DBC] complex (Ama — 584 and 962 nm) which
were assigned to catecholate-to-Fe'" charge transfer transi-
tions."” We also observed the [Fe'{BLPA)DBCH]' and
[Fe"(BLPA)DBC] ' species during the mass spectrum run
(FAB -Mass m/iz: 595 and 594, respectively).

NMR Properties. The 'H NMR spectrum of 1 displays
relatively sharp well-resolved resonances due to the very
tavorable electronic relaxation time of the high-spin Fe(ll)
center (Figure 2)."' The peaks were spread over a 150 ppm
range. Most of protons can be assigned by comparison of
integration, T, values, and COSY connectivity; the COSY
information was particularly useful for identifying the ring
protons of pendant picolyl and lutidyl ligands. The NMR
spectrum of 1 is dominated by the beta protons of picolyl
and lutidy! rings. which appear as relatively shaep features at
58. 43 and 49, 42 ppm with T, values ol 9.5, 8.7 and 1.9,
7.2 ms. respectively. The picoly]l alpha proton was quite
broadened due to its proximity to the metal center and
shifted further downlicld at 140 ppm. whereas the lutidyl
methyl protons appeared at -32 ppm with T value ol 1.3 ms.
The gamma protons of picolyl and lutidy] rings resonate in
the diamagnetic region at 7.7 ppm and 4.7 ppm, which were
conlirmed by COSY spectrum (Figure 3). Additional peaks
arise [rom the methylene protons. which appear as a broad
band at 68 ppm for picolyl and lutidyl with Ty value of ~1.0
ms. The DBC 5-£-buty] and 3-#-butyl proton peaks are found
at 7.7 and 4.7 ppm with T, values of 28.5 and 10.3 ms.
respectively. The obscure peaks are confirmed by using the
various delay times (d;) ol inversion-recovery (Ti) pulse in
order to remove the diamagnetic signals. The DBC 6-11 and
4-11 protons of 1 exhibit shifis at 52 and 40 ppm with T, val-
ucs of 6.4 and 6.7 ms. respectively. which were confirmed
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Figure 3. COSY spectrum of [I'e!(B1L.PAYDBCH]BPh, in CICN,

by the '"H NMR spectrum of the selectively deuterated
[Fe"(BLPA)(DBCH-4.6-ch)]BPh, complex (Figure 2).

EPR Properties. EPR spectroscopy is a very useful
technique to study electronic state of the metal complex with
half-integer electronic spin (Kramers system). It has been
well established that one can also observe the EPR transi-
tions even in the integer-spin systems (non-Kramers sys-
tem).*> Moreover, the intensities of these EPR transitions can
be enhanced by changing the cavity in parallel mode which
makes the microwave tield parallel to the applied field (B,
B). However we can observe the EPR transitions of the inte-
ger-spin systems both in parallel and perpendicular mode.
EPR spectrum of 1 in CH:CN at 4 K exhibits a broad signal
at g — 9. which is a typical value of high-spin Fe([l) integer-
spin system (S — 2). without any indication of semiquinone
radical signals (Figure 4a).*' Upon exposure to Os, 1 is con-
verted within a minute 1o intense blue species. This blue spe-
cics exhibits EPR signals at g—5.5 and 8.0 which are
characteristic of the high-spin Fe(II) complex with almost
axial symmetry (S —5/2. E/D - 0.11). indicating that 1 is
converted 1o the high-spin Fe!"' complex (Figure 4b). Fur-
thermore, aller the complete oxygenation, it shows a very
weak EPR signal at g —4.3 corresponding to the typical
high-spin Fe'" species with rhombic symmetry (S — 5:2, E/
D - 0.33).% But. most Fe(Il) centers are EPR silent due to
the antiferromagnetic coupling (S — Q) between high-spin
Fe(Il) centers (Figure 4¢). This conversion resulted from
the assembly of an (u-oxo)Fe!"'s(BLPA)> complex with the
furanonic acid bridging the two Fe(I11) centers, whose NMR
spectral  property s very similar to  that ol the
|[Fe"sO(BLPAYX(02CCHz}| (Cl04): complex. Thus, 1 is con-
verted to (p-oxo)Fe"'s complex via |Fe''(BLPA)DBC| dur-
ing the oxygenation.

Reactivity and Mechanism. Alier 1 is converted to
|[Fe"(BLPAYDBC| upon exposure to Qs it further reacts
with O under pscudo-first order conditions and shows the
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Figure 4. X-band LPR spectra: (a) |Fe"(BLPADBCII|BPh, in
CH;CN under argon. (b) [Fe"(BLPA)DBCH|BPh, in CH;CN after
the exposure o Q- tor 1 min. (¢} [Fe'{BLLPAIDBCH]BPhy in
CH:CN alier complele oxygenation, Spectra were obtained al 9.22
Gz with 100 kI [z modulation at 4 K.

disappearance of catecholate-to-Fe(11[) charge transfer bands
(Figure ). Interestingly, 1 reacts with O within a few hours
to afford intradiol and extradiol cleavage products resulting
trom C-C oxidative cleavage of the catechol ring. The intra-
diol cleavage products are 3,5-di-tert-butyl-1-oxacyclohepta-
3.5-diene-2,7-dione (40%) and 3,5-di-fert-butyl-5-(carboxy-
methyl)-2-furanone (25%). The extradiol cleavage products
are 3.5-di-feri-butyl-2-pyrone (8%0). 4.6-di-tert-butyl-2-pyrone
(12%). and 3.5-di-ters-butyl-5-(lormyl)-2-furanone (trace
amount). Our previous study showed that |Fe"(BLPA)DBC|'
gave intradiol (75%) and extradiol (15%) cleavage prod-
ucts.” and we further find that 1 gives more extradiol cleav-
age products. There have been only two model Fe(I)
complexcs for the extradiol-cleaving dioxygenases. The first
one is |Fe''(TLA)DBCH| complex as a structural model ol
the extradiol-cleaving dioxygenase.™ 1lowever, it gave only
intradiol cleavage products (89%) alter converting to Fe'"
complex. Another model complex |Fe'(Tp**)DBCII| did
not give any oxidative cleavage product at all.?* Thus.
|F¢"(BLPA)DBCII| is the first complex to give the extradiol
cleavage products among the Fe(Il) model complexcs.
There has been a proposed oxygenation mechanism for
the extradiol-cleaving dioxygenases.” In this mechanism
(Scheme ). the first step appears to involve the activation ol
the substrate catecholate followed by the binding of O> to the
Fe(Il) center. Some clectron transfer [rom metal 1o O> in the
Fe([)-0: species results in a superoxide-like moiety. which
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gives the bound O; nucleophilic character. This bound O:
attacks the carbon adjacent to the enediol unit in a Michacl-
type addition, to form a peroxy intermediate that decom-
posces by a Cricgree-lype reatrangement to the extradiol-
cleavage products.

However, our experimental results show that the oxygen-
ation process includes the oxidation of Fe(Il) center to
Fe(I1) center and gives the intradiol cleavage products as
major products and some extradiol cleavage products as
minor products. Thus. we can proposce that the substrate acti-
vation mechanism™ is involved in the intradiol cleavage of
catechol. in which Oz attack on the coordinated catecholate
is lacilitated by the enhanced radical character of the sub-
strate. A peroxide complex is proposed to form subsequently
1o O; binding and then decompose to the intradiol cleavage
products.’®** In addtion. the extradiol cleavage products
might be originated [rom the direct attack of O» to Fe(II)
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center that makes the Fe(11)-O: species and comserting 10 the
peroxy intermediate during the oxy genation process.

Of course. we can not ignore the possibility that the extra-
diol clcavage products might come from the oxygenation of
|Fe™(BLPA)DBC|' as by -products. Conscquenily. we can
suggest that 1 can undergo two different oxygenation path-
ways (Scheme 2). The [irst onc takes the substrate activation
mcchanism afier the oxidation ol Fe(Il) to Fe(ll). and the
sccond onc might inyolve the direct atiack of O to the Fe(Il)
center. forming the Fe'-superoxide intermediate which pre-
sumablv gives the extradiol products.

The methyl substituent does interlere and control the oxy-
genation pathway similar to the cffect of the hydrophobic
pocket around the metal cenier in the real enzyme-substrate
svstem, Thus. the gecomeiry around the metal cenier can
affect the specificity of the oxidative cleavage products.
Therefore. we need to consider the sieric ¢ilect as well as the
clectronic clieet toward understanding the oxygenation pro-
cess of catechol dioxyvgenases. Nevertheless. |Fel'(BLPA)
DBCH]| is the first functional Fe(Il) complex for extradiol
dioxygenases giving extradiol products. These resulls can
provide the svnthetic approach for Fe(ll)-catecholalc com-
plexes preventing the exidation of Fe([1) to Fe(I11) and cluci-
date the oxygenation mechanism ol extradiol-cleaving catechol
dioxygenascs.
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