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Nature has evolved many oxygen-activating enzymes that
catalyze a variety of metabolically important oxidations."! In
the subset containing mononuclear non-heme iron active
sites, the 2-His-1-carboxylate facial triad has emerged as a
common coordinative motif in which two His residues and
either an Asp or Glu residue occupy one face of the iron
octahedron.”” The remaining coordination sites can then be
utilized for binding and activating the substrate and/or O,.
Although the available crystallographic data for enzymes
with this motif shows the carboxylate ligand to be mono-
dentate in most cases, bidentate carboxylate binding has been
demonstrated for naphthalene dioxygenase (NDO)®! and
nitrobenzene dioxygenase (NBDO)® in their substrate-
bound forms. NDO and NBDO are classified as Rieske
dioxygenases, enzymes that initiate the biodegradation of
aromatic molecules in soil bacteria by carrying out a novel cis-
dihydroxylation of the aromatic ring.”’ Based on crystallo-
graphic data of their ESO, adducts, O, activation is thought to
proceed through a side-on bound dioxygen moiety that
delivers two oxygen atoms stereospecifically to the aromatic
substrate.’>*! Thus, two cis-oriented labile sites on the iron
center are important for dioxygen activation.

The recent emergence of the 2-His-1-carboxylate facial
triad as a recurring motif for many non-heme iron enzymes?®’!
has spurred efforts to obtain synthetic models for this class of
enzymes. Some success has been achieved in obtaining
structural models by using N,N,O ligand sets (Scheme 1);*
however, only one of these, 3, serves as a functional model
and its O ligand is not a carboxylate, but an amide carbonyl
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Scheme 1. The structures of HL1 and other ligands used to model 2-
His-1-carboxylate non-heme iron enzymes (see Ref. [6]).

instead.! Herein, we report the synthesis of a new polyden-
tate ligand HL1 (Scheme 1) that provides two pyridines and
one bidentate carboxylate. Iron(IT) complexes of this ligand
activate H,O, to carry out olefin epoxidation and cis-
dihydroxylation, thereby serving as both structural and
functional models for the active site of the Rieske dioxyge-
nases.

The ligand 3-(dipyridin-2-yl-methyl)-1,5,7-trimethyl-2,4-
dioxo-3-azabicyclo[3.3.1]nonane-7-carboxylic acid (HLI,
Scheme 1) was synthesized from the reaction of Kemp’s
acid chloroanhydride!”! with di(2-pyridyl)methylamine®® by
using 4-dimethylaminopyridine (DMAP) as a catalyst. Com-
bination of deprotonated HL1 and Fe"Cl, in CH;CN afforded
the complex [Fe™(L1)Cl] (1-Cl), which was purified by
recrystallization from CH;OH/Et,0. Single crystals of 1-Cl
that were suitable for crystallographic analysis were obtained
from CH,CN at —20°C."

The crystal structure of 1-Cl (Figure 1) reveals a square-
pyramidal (z =0.03) iron center with an apical chloride ligand
and the tetradentate L1 occupying the basal plane with
metal-ligand distances that are typical of a high-spin iron(II)
center.”l The dioxoazabicyclic moiety, which serves as the
framework to tether the pyridines and the bidentate carbox-
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Figure 1. The ORTEP plot for [Fe"(L1)(Cl)] (1-Cl) showing 50% proba-
bility ellipsoids (left) and the mono-iron site of the substrate-bound
form of naphthalene 1,2-dioxygenase (right, PDB 107G). Hydrogen
atoms and noncoordinated solvent molecules have been omitted for
clarity. Selected bond lengths are listed in Table 1.
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ylate, wraps underneath the iron center and prevents the
coordination of another ligand trans to the chloride. This
ligand conformation appears energetically stable with the
cyclohexyl ring in the chair conformation and the three
methyl groups situated equatorially. This conformation posi-
tions the carboxylate to bind in a bidentate fashion to the iron
center.

Complex 1-Cl differs in some respects from other iron(IT)
complexes that model the 2-His-1-carboxylate triad (24,
Table 1).) Complexes 2°* and 3% feature facial N,N,O
ligand sets in which the carboxylate (or carboxamide) moiety

Table 1: Bond lengths [A] and 7 values observed for the iron centers in
1-4 and the substrate-bound forms of NDO and NBDO.

1-Cl 2 and 3 4 NDOR  NBDOW
Fe-N1! 2.124(2)  2.15-235 2226 2.0 2.1
Fe-N2! 2137(2)  2.15-235 2221 21 22
Fe-O1 2.145(1)  2.00-2.08  2.058 2.4 2.3
Fe-02 2.150(1) - 2360 23 2.4
Fe-CI/OH,  2.250(1) 2258 2.1 2.2
T 0.03 0.49 0.51 0.20

[a] PDB 107G. [b] PDB 2BMQ. [c] For NDO, N1=His213 and N2=
His208; for NBDO, N1=His211 and N2 = His 206.

is bound in a monodentate fashion, with Fe—O bond lengths
(2.00-2.08 A) that are shorter than for the bidentate carbox-
ylate in 1-Cl (2.15 A). Furthermore, these are isolated as six-
coordinate ML, complexes. On the other hand, 1-Cl and 4/
are both five-coordinate complexes with N,O,Cl ligand sets
and resemble the iron centers found in the substrate-bound
complexes of two Rieske dioxygenases (Figure1 and
Table 1). The metal-ligand distances found for 1-Cl, however,
more closely approximate those in the enzymes, particularly
the more symmetric binding of the bidentate carboxylate. The
main difference between 1-Cl and the enzyme complexes lies
in the arrangement of the ligands. For 1-Cl, the chloride is the
apical ligand, but for the enzymes, the water ligand that
corresponds to the chloride occupies a nonapical position.
Nevertheless, in either arrangement, there appears to be
sufficient coordination flexibility to allow coordination of a
bidentate oxidant in place of the chloride or water.

To investigate whether 1-Cl may serve also as a functional
model of Rieske dioxygenases, reactions with H,O, as the
oxidant were carried out in the presence of olefin substrates.
The results listed in Table 2 reveal that 1-Cl can activate H,O,
to epoxidize electron-rich olefins. Epoxidation occurred with
some loss of configuration for cis-2-heptene, with 47%
retention of configuration (% RC; see also the footnote in
Table 2) for cis-epoxide formation. However, only about a
30% yield of epoxide was obtained relative to iron complex.

The oxidation of electron-poor olefins, such as acrylate
and fumarate, by 1-CI/H,0O, was even less effective, with only
trace amounts of product observed in the reactions; instead,
these oxidations afforded diols, the cis-diol in the case of
fumarate. Our previous studies of other bio-inspired non-
heme iron oxidation catalysts have demonstrated a require-
ment for cis-labile sites on the metal center to effect cis-
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Table 2: Epoxidation (E) and cis-dihydroxylation (D) of olefins promoted by 1-Cl and 1-OTf with H,0,
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H,O,, demonstrating that 1-OTf

oxidant.” serves as an exemplary dioxyge-
1-Cl 1-OTf nase model. Interestingly, the com-

Substrate E D E D plementary H,"®O labeling experi-

cis-2-heptene 0.32(4) [47] <0.05 0.37(1) [51] 0.47(5) 05 Mmentrevealed 7-8 % singly labeled

T-octene 0.26(6) <0.05 0.11(1) 0.67(2) cis-diol products.

tert-butyl acrylate <0.05 0.08(1) 0.58(4) The reactivities of 1-Cl and 1-

dimethyl fumarate <0.05 <0.05 [99] 0.42(4) [99] OTf suggest the formation of dis-

[a] Reaction conditions: H,O, (10 equiv per iron) was added by a syringe pump over a 25-min period to a
solution of 1-X (0.7 mm) and substrate (0.35Mm) in CH;CN under argon. Product yields were analyzed
following 120 min of additional stirring. Yields are expressed as pmol product per umol iron complex
with standard deviation values shown in parentheses. Numbers in square brackets represent % RC
values; %RC=100x (A—B)/(A + B), where A is the yield of cis-diol or epoxide with retention of

configuration and B is the yield of epimer.

dihydroxylation."” Thus, the small yields of diol may be due
to partial loss of the chloride ligand during the reaction.

To test this hypothesis, pale yellow 1-Cl was treated with a
single equivalent of AgOTf (OTf = trifluoromethanesulfo-
nate) in CH;CN to precipitate AgCl and form a greenish-
brown complex formulated as [Fe"(L1)OTf] (1-OTf). Reac-
tion of 1-OTf with H,O, in the presence of olefin substrates
yielded epoxide and cis-diol products (Table2). With 1-
octene, the epoxide-to-diol ratio dramatically changed from
> 50:1 for 1-Cl in favor of epoxide to 1:6 for 1-OTf in favor of
diol; even electron-poor olefins could be oxidized to diols in
comparable yield. Dihydroxylation occurs in a highly stereo-
selective fashion, with the diols from cis-2-heptene and
dimethyl fumarate with % RC values of 96% and 99 %,
respectively. Like 1-Cl, 1-OTf affords less than one turnover
of product, suggesting that the active oxidant cannot be
regenerated, even in the presence of more H,O, (see the
Supporting Information). In support, the mass spectra of
reaction solutions at the end of the reaction show evidence
only for the free ligand, indicating the decomposition of the
complex during the course of the reaction (see the Supporting
Information).

'80-labeling experiments have proven instructive in
deducing mechanisms by establishing the source of the
oxygen atoms incorporated into the products.*!*"! For 1-
Cl, the required addition of 200 equivalents of H,O (present
in the 10 wt % H,'"®0, solution) significantly inhibited epoxide
formation. As a result, labeling experiments were carried out
with a 1:3 mixture of H,'30,/H,'°0, to decrease the amount of
added water (75 equiv H,0). A 20 % incorporation of %O was
observed for the cis-2-heptene oxide product (80 % normal-
ized), whereas the corresponding experiment with 75 equiv-
alents of added H,"*O afforded only 3% label incorporation
(Table 3). Thus, the cis-epoxide oxygen atom is derived
mainly from H,O,. On the other hand, no label incorporation
from either H,'3O or H,'®0, was observed for the minor trans-
epoxide product, suggesting that this product derives from
autoxidation.

For 1-OTf, '*0O-labeling studies of the epoxidation of cis-2-
heptene showed nearly identical results as those for 1-Cl. On
the other hand, dihydroxylation of cis-2-heptene and 1-octene
yielded diols with 85 % and 81 % double label incorporation,
respectively. Furthermore with 50:50 H,'°0,/H,'®0,, the two
diol oxygens incorporated were derived from one molecule of
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tinct oxidants for epoxidation and
dihydroxylation (Scheme 2). Given
the comparable epoxide yields and
8O-labeling results, both 1-Cl/
H,0, and 1-OT{/H,0, likely pro-
duce a common oxidant that epox-

Table 3: Results of '®O-labeling experiments.?!

Substrate Product(s) H,'%0," H,'3o!
1-Cl cis-2-heptene cis-oxide 20/80 97/3
trans-oxide 100/0 100/0
1-OTf cis-2-heptene cis-oxide 23/77 99/1
trans-oxide 98/2 100/0
cis-diol 1/14/85  93/7
1-octene cis-diol 1/18/81 92/8
NDOM naphthalene cis-dihydrodiol 1/10/89 96/3

[a] For reaction conditions, see footnote [a] of Table 2. [b] Values are
reported as the percentage of 0/1 O label that is incorporated into
epoxide products and 0/1/2 O labels incorporated into diol products.
[c] Results reported in Ref. [13].

\ 0
iy, /./\\OH
Fe

4 | W (OH,)

N
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v | ‘X

epoxidizing agent
(X=Cl, OTf)

cis-dihydroxylating agent

Scheme 2. Proposed active oxidants derived from 1-X with H,0,.

idizes cis-2-heptene by oxygen-atom transfer from bound
H,0,. A plausible epoxidizing agent, the n">-O0H species
shown in Scheme 2 is analogous to that observed for the ESO,
adduct of NDO and is proposed for non-water-assisted
epoxidation by Fe(bpmen) (bpmen= N,N'-dimethyl-N,N'-
bis(2-pyridylmethyl)-1,2-diaminoethane).’?  More impor-
tantly, a dihydroxylating agent must be generated that
incorporates both oxygen atoms of H,O, into the cis-diol
product and is capable of some label exchange with H,O. We
propose that this oxidant is formed upon dissociation of X
(much more favored for OTf than for Cl) that promotes the
isomerization of the Fe-n>>OOH unit to a higher-valent iron-
oxo/hydroxo species. Binding of H,O to the iron center during
oxidation provides a mechanism for label exchange, like that
shown previously for 3.°! We note that NDO also exhibits
label exchange with solvent water in the dihydroxylation of
naphthalene by H,O, (Table 3),**! implicating involvement of
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an analogous dihydroxylating agent in the enzyme mecha-
nism.

We have thus designed a ligand that gives rise to iron
complexes that approximate the 2-His-1-carboxylate environ-
ment of the Rieske dioxygenases. Even though less than one
turnover of olefin oxidation is achieved, the activation of
H,0, by the triflate complex leads to the cis-dihydroxylation
of double bonds. Label incorporation from H,"®O implicates a
high-valent iron-oxo species as the oxidant for this novel
reaction.

Experimental Section
HL1: A mixture of Kemp’s acid chloroanhydride (970 mg,
3.75 mmol), di-(2-pyridyl)methylamine!® (842.8 mg, 2.86 mmol), and
DMAP (4-dimethylaminopyridine, 37 mg) in freshly distilled pyridine
(12 mL) was heated under argon to 90°C and stirred for 2 days. Upon
cooling to room temperature, the solvent was removed in vacuo,
leaving a dark solid. Water (10 mL) was added to this solid, and the
product was extracted into ethyl acetate (3x25mL). This crude
yellow product obtained from the extraction was purified with
chromatography on asilica gel column with an ethyl acetate/methanol
gradient to obtain a white solid (1.35g, 89% yield), which was
characterized by 'H and *C NMR spectroscopy (see the Supporting
Information). Minor impurities included monoacylated and acyclic
diacylated products. ESIMS (CH;CN): m/z 408 ([HL1+H]").

1-Cl: A solution of HL1 (168.9 mg, 0.44 mmol) and Et;N
(41.9 mg, 0.44 mmol) in CH;CN (2mL) was added dropwise to a
stirred solution of FeCl, (52.6 mg, 0.44 mmol) in CH;CN (2 mL) in an
anaerobic glove box. Overnight stirring at room temperature afforded
a yellow solid, which was recrystallized from MeOH/Et,O (112 mg,
51% yield). Further recrystallization in CH;CN at —20°C resulted in
the overnight formation of yellow blocks suitable for X-ray crystallo-
graphic studies. UV/Vis (CH;CN), 4.« (¢ [M~'em™']): 264 (5800), 310
(1600), 450 nm onset. ESIMS (CH;OH): m/z 869 ([Fe(L1),+H]"), 498
([Fe(L1)(C)+H]"), 462 ([Fe(L1)]"), 408 ([HL14+H]"). Elemental
analysis (%) calcd for C,3H,,CIFeN;0,: C 55.50, H 4.86, N 8.44, Cl
7.12; found: C 55.68, H 5.14, N 8.76, C1 6.87.

1-OTf: Ag(OTY) (67.8 mg, 0.264 mmol) in CH,CN (1.5 mL) was
added to a yellow suspension of 1-Cl (131.2 mg, 0.264 mmol) in
CH;CN (2.5 mL) in an anaerobic glove box. After stirring at room
temperature overnight, the reaction suspension was concentrated to
produce a brown-green dark solid. UV/Vis (CH3;CN), A,
(e [Mm~tem™]): 260 (9100), 356 nm (sh, 3000). ESIMS (CH;OH; see
Figure S4 in the Supporting Information): m/z 869 ([Fe(L1),+H]"),
612 ([Fe(L1)(OTf)+H]"), 462 ([Fe(L1)]"), 408 ([HL1+H]").
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