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Iron-Catalyzed Halogenation of Alkanes: Modeling of Nonheme
Halogenases by Experiment and DFT Calculations

Peter Comba* and Steffen Wunderlich'®!

Abstract: When the dichloroiron(II)
complex of the tetradentate bispidine
ligand L =3,7-dimethyl-9-oxo0-2,4-bis(2-
pyridyl)-3,7-diazabicyclo[3.3.1]nonane-
1,5-dicarboxylate methyl ester is oxi-
dized with H,O,, tBuOOH, or iodosyl-
benzene, the high-valent Fe=O com-
plex efficiently oxidizes and halogen-
ates cyclohexane. Kinetic D isotope ef-

straction of tertiary over secondary
carbon-bound hydrogen atoms (quanti-
fied in the halogenation of adaman-
tane) indicate that C—H activation is
the rate-determining step. The efficien-
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cies (yields in stoichiometric and turn-
over numbers in catalytic reactions),
product ratios (alcohol vs. bromo- vs.
chloroalkane), and kinetic isotope ef-
fects depend on the oxidant. These re-
sults suggest different pathways with
different oxidants, and these may in-
clude iron(IV)- and iron(V)-oxo com-
plexes as well as oxygen-based radicals.

fects and the preference for the ab-

Introduction

Iron-catalyzed biological halogenation occurs with heme
haloperoxidases and the recently discovered and character-
ized o-ketoglutarate-dependent nonheme halogenases
(«KGH).'"*l While chloroperoxidases generate a metal-
bound hypochlorite ion which is capable of halogenating
electron-rich organic substrates, the aKG-dependent non-
heme Fe" halogenases can also halogenate the less reactive
electron-poor alkanes. The enzyme SyrB2 catalyzes the
chlorination of L-threonine, a key step in the synthesis of
the fungicide syringomycin E,”! and recent studies on halo-
genases revealed the existence of high-spin Fe'Y=0O centers
as reactive intermediates.’"°! These are proposed to be gen-
erated from Fe" and molecular dioxygen, and believed to
abstract a hydrogen atom from the substrate. In a “rebound
step”, similar to that known from heme- and non-heme-cat-
alyzed hydroxylation reactions, a halogen atom is then
thought to be transferred from the Fe™ center to the sub-
strate radical. The structurally related aKG-dependent oxy-
genases, for example, the thoroughly studied taurine dioxy-
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genase (TauD), lead in an analogous reaction sequence to
hydroxylated products.”®! Given the similarity of the active
sites and relevant intermediates, it is conceivable that the
radical intermediate competes in the “rebound” step with
the Fe™OH and Fe''Cl sites. However, until recently all
attempts to detect alcohol products in halogenases failed.”!
A number of alternative explanations for the observed halo-
genation chemoselectivity have been discussed: 1) The rela-
tive reactivities may be related to the redox potentials of
the “rebound sites”, which increase in the order Br'< Cl'<
OH" (Br'+e —Br~, 1.07V vs. SHE; CI'+e”—Cl, 1.36 V;
OH'+e”—OH", 2.02 V). 2) The selectivity is a result of
the hydrogen-bonding pattern at the active site.'!! 3) The
enzyme selectivity is due to the positioning of the sub-
strate.’! 4) The selectivity may be influenced by differing dy-
namics in the “rebound intermediate”.’! 5)In two recent
computational studies the halogenation selectivity was pro-
posed to be due to deactivation of the “OH rebound site”
by either CO,, formed in the halogenation cycle (decarboxy-
lation of the a-ketoglutarate cofactor),!'’”l or by protonation
of the hydroxyl group.” A thorough experimental study on
SyrB2 indicates that substrate positioning is a major reason
for enzyme selectivity.”)

Biotic!!! and abiotic™ iron-catalyzed halogenation reac-
tions of alkanes attract increasing attention in environmen-
tal sciences because, among others, volatile alkyl halides are
known to lead to the depletion of the stratospheric ozone
layer."! We assume that abiotic natural production of halo-
genated hydrocarbon compounds may involve high-valent
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iron compounds, and it is of interest to fully understand
these processes. So far there are no low-molecular weight
biomimetic complexes which have been shown to catalyti-
cally halogenate alkanes, and which would allow a thorough
study of possible mechanistic pathways for enzymatic and
environmentally important reactions. Also, most of the rea-
sons for the chemoselectivity given above are not relevant
for simple coordination compounds, and any observed selec-
tivity in model systems may help to resolve the still-disputed
selectivity issue. Moreover, biomimetic halogenation cata-
lysts could instigate the development of promising new cata-
lysts for selective halogenation of substrates of industrial in-
terest.[!

Stoichiometric halogen atom transfer from [Fe™(tpa)(X),]
(tpa=tris[(2-pyridyl)methyl]amine) to cyclohexane with
tert-butyl hydroperoxide (TBHP) as oxidant has been re-
ported.'”l Based on product distribution and selectivity a
Gif-type process!' was excluded, and this was supported by
a recent computational study, which proposes, similar to the
related hydroxylation, an [FeY=O(tpa)(Cl)]** species (OH
replaced by Cl) as the key reactive intermediate.'!l That is,
similar to the enzymatic reactions, alkane hydroxylation and
halogenation are proposed to follow analogous pathways
but, in contrast to the enzymes, the tpa-based biomimetic
systems are proposed to involve FeY=O instead of Fe''=
active sites.

Here, we report an experimental and DFT computational
study on the catalytic halogenation (Cl or Br) of cyclohex-
ane with the highly active iron(II) complex of the tetraden-
tate bispidine ligand L (L =3,7-dimethyl-9-oxo0-2,4-bis(2-pyr-
idyl)-3,7-diazabicyclo[3.3.1]nonane-1,5-dicarboxylate methyl
ester)'"2! and H,0,, TBHP or iodosylbenzene (PhIO) as
external oxidant. Questions addressed and discussed in this
study are 1) how efficient and selective is iron/bispidine-
based halogenation of alkanes?, 2) which types of high-
valent intermediates are of importance, that is, 3) what are
the mechanistic pathways? (that generally assumed is shown
in Scheme 1); specifically, whether a substrate radical inter-
mediate is formed, how stable it is, and how selective the
halogenation is compared to hydroxylation (studied previ-
ously with our iron-bispidine systems!'®??), whether the bis-
pidine-based model reaction is mechanistically related to
biotic and/or abiotic natural processes, and whether an effi-
cient and selective catalytic process can be developed with
this type of catalyst.

Results and Discussion

The iron(II) bispidine complex [Fe"™(L)Cl,] transforms cyclo-
hexane with a stoichiometric amount of TBHP as oxidant
quantitatively to an approximately 1:1 mixture of chloro- or
bromocyclohexane and cyclohexanol (see Table 1). With sto-
ichiometric amounts of H,O, or PhIO as oxidant, the overall
yields are much lower (22 and 7%, respectively) but the
chlorination reactions are selective. The yield of chlorocy-
clohexane increases to 40% when an excess of PhIO (ten-
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Scheme 1. Proposed mechanism for the chlorination of cyclohexane by
[Fe™=O(L)CI]* (R=CO,CHj;; only the more stable of the two possible
isomers is shown, Fe'Y=0 trans to N3).

Table 1. Results of the stoichiometric (% yield) and catalytic (TON) oxi-
dation reactions of cyclohexane (standard deviations in parentheses).

X Oxidant CH, X C¢H,,0OH CeH,,0
Cl TBHPW 443(13)%  52.9(15)% 2.4(1)%
Br TBHPW 43.4(38)%  54.924)% 0.3(1)%
Cl TBHP" 5.1(1) TON 55.4(32) TON 0.1(1) TON
Br TBHP 1.6(1) TON 56.1(2) TON  0.4(1) TON
Cl H,0,1 192(32)%  1.9(4)% 0.5(2) %
Cl H,0," 0.3(1) TON 0.5(1) TON  0.5(1) TON
Cl PhIOW 6.914)%  02(1)% 0.2(1)%
Cl PhIO (10 equiv, 35 min)®) 17.011)%  0.1(1)% 0.1(1)%
Cl PhIO (10 equiv, 24 h)  39.9(12)%  0.1(1)% 0.1(1)%
Cl PhIO (24 h)® 3.7(3) TON 0.0(0) TON  0.2(1) TON

[a] Stoichiometric reaction : 700 mm substrate (C4H;, + Bu,NX)/7 mm oxi-
dant/7 mM iron complex; 35 min, CH;CN (abs), 298 K, argon (unless oth-
erwise specified). [b] Catalytic reaction: 700 mm substrate (C.H,+
Bu,NX)/70 mm oxidant/0.7 mm catalyst, otherwise identical conditions as
above.

fold) is used and the reaction time is increased to 24 h. Cata-
Iytic reactions with an excess of a chloride salt in the reac-
tion mixtures yield up to five turnovers (TON) of the chlori-
nated product, with PhIO chlorocyclohexane is produced se-
lectively, while TBHP and H,0O, produce mixtures with
different amounts of halocyclohexane and cyclohexanol (see
Table 1). Interestingly and not unexpectedly, this system,
which has been shown before to be an efficient biomimetic
catalyst for the epoxidation/cis-dihydroxylation of alkenes!"!
and for the hydroxylation of alkanes,'”! and which is known
to form high-valent iron species of various constitution and
electronic configuration,'*1! with a ferryl complex of unpre-
cedented oxidation power,”! unambiguously catalyzes the
halogenation of alkanes and, given that a high-valent oxi-
dant is formed (see below), is the first functional halogenase
model system, albeit not an efficient one.
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Whereas [Fe'V=O(L)(NCCH,)]** shows, as expected for
an S=1 ferryl complex, an absorption in the electronic spec-
trum at 760 nm with ¢=130 Lmol™'cm™, this disappears
when Cl™ is added to the solution (formation of a chloro
complex; a similar effect is observed when H,O is added to
a solution of the ferryl complex in MeCN). However, the so-
lution of the chloro complex is shown to oxidize substrates
like ferrocene to the ferrocenium cation nearly quantitative
yield (80%, see the Supporting Information). This is a
strong indication for a reactive ferryl complex, and high-
spin (§=2) electronic configuration is expected for the hy-
droxo and chloro complexes on the basis of the spectro-
chemical series. Indeed, a high-spin configuration was pre-
dicted by DFT for electronic reasons (peudo-Jahn-Teller
distortion),?"! and the oxo hydroxo complex was shown by
DFT (in agreement with the corresponding experimental
data) to be the catalytically active oxidant in the oxidation
of alkenes"® and alkanes."

Interestingly, in the hydroxylation of cyclohexane with the
[Fe™V=O(L)(NCCH;)]** catalyst, significant differences in
product distributions were observed in dependence on the
oxidant (PhIO vs. H,0,), and this was attributed to the pos-
sibility of two parallel reaction channels, involving Fe'V=
and Fe¥=0."! This interpretation was supported by DFT,
and it was also shown computationally that [Fe'=
O(L)(OH)J** is accessible (albeit less easily)®! and highly
reactive.'” Thus, for the halogenation reactions discussed
here (see Table 1), pathways based on high-spin Fe™=0 and
Fe¥=0O may need to be taken into account (note that the
SyrB2 biosystem involves a high-spin Fe'Y=0 intermedi-
ate, and an Fe'=0-based mechanism has been proposed
for the stoichiometric reaction with the tpa-based com-
plex!""") While a high-spin Fe'Y=0 complex (five-coordi-
nate, not very reactive)®! and an Fe'=0 complex™ have
been fully characterized, so far we have not been able to
trap and spectroscopically unambiguously characterize our
putative high-spin iron(IV) and iron(V) complexes. Howev-
er, the significant differences in the halogenation reactions
in terms of yield and chemoselectivity (see Table 1) suggest
that different reaction channels might operate. It is known
that the reaction of the iron(II) complexes with PhIO exclu-
sively yields reactive ferryl intermediates, and these have
been thoroughly characterized for iron bispidine complexes
with pentadentate derivatives of L,?*3% which have low-spin
(§=1) electronic configuration, and this also is observed for
[Fe™=O(L)(NCCH,)]**+.

The reaction of the iron(II) bispidine complex of L with
TBHP was studied in detail.”"! The end-on rert-butylperoxo
complex [Fe™(OOMBu)(L)(X)]"t (X=NCMe, BF,"), gener-
ated from the Fe™" precursor and TBHP in MeCN, has an
electronic transition at 605 nm. When the analogous iron(II)
chloro complex is treated with TBHP, a similar absorption is
observed (580 nm; see the Supporting Information). As a
consequence of homolytic cleavage of the peroxide bond,
alkoxy radicals are produced from Fe™-OOrBu systems to-
gether with the ferryl complexes. In our system, this there-
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[Fe'(L)(CNI* + tBuOOH —> [Fell(L)(CI)(OH)]*

- "OtBu
+ {(BuOOH

-H,0
-"otBu
[Fev(L)ClOo]* ~«—— [Fe"(L)(CI)(00tBu)I*

Scheme 2. Proposed mechanism for the formation of [Fe'Y=O(L)(Cl)]*
from the iron(II) precursor and TBHP as oxidant.

fore might lead to radical side reactions with a loss of selec-
tivity in the oxidation reactions (Scheme 2).*!

Oxidation of the iron(II) bispidine complex of L with
H,0, was thoroughly analyzed by DFT calculations.™ The
preferred pathway is direct oxidation to [Fe™(OH),(L)]**, a
precursor of [Fe'Y=0O(OH,)(L)]**. However, other channels
to [Fe™=O(OH,)(L)]** and [Fe"=O(OH,)(L)]’* are also
feasible,™ and this may result in a variety of oxidants and
reaction channels for the reaction with cyclohexane. Since
radical-based processes reduce the selectivity, it appears that
Fe™=0O (as in the reaction with PhIO) and possibly also
FeV=O0 lead to selective halogenation.

Kinetic deuterium isotope effects (KIEs) were determined
for the three stoichiometric chlorination reactions with
PhIO, TBHP, and H,0, as oxidants by using 1:3 mixtures of
cyclohexane and [Dj,|cyclohexane as substrate, followed by
analysis of the ratio of the halogenated products (C¢H,;X vs.
C¢D;X). The observed primary KIEs of 14, 9, and 3 for
PhIO, TBHP and H,0,, respectively, are significant and
reveal that hydrogen abstraction is the rate-determining step
of the halogenation reaction. The differences in the KIE
values are a further indication for different reaction chan-
nels for each oxidant (see above), that is, depending on the
oxidant, there are various possible reactive species (oxo
Fe', oxo FeY, O-based radicals), and the formation of each
of those may also depend on the oxidant used. A very large
primary KIE has been reported for the halogenases,>? and
the largest (but significantly smaller) KIE in our systems is
observed with PhIO. The significantly lower KIE with H,O,
could be due to OH radicals (KIE between 1 and 2)F*34
and/or an FeY=0-based pathway (support for the latter sug-
gestion comes from the DFT-based analysis, see below).

The preferential abstraction of tertiary over secondary hy-
drogen atoms from adamantane as substrate ({[C*]/[C*]}x3)
was investigated to qualitatively analyze the presence and
stability (lifetime) of alkyl radicals. The values of 33, 8.6, 2.1
for PhIO, TBHP and H,O,, respectively, are as expected in
the same order as the KIEs and indicate a significant life-
time of the alkyl radical intermediate. This is also supported
by an experiment in which bromocyclohexane is formed
from [Fe"V=O(L)(CI)]** in the presence of CH,Br,.[*”)

The chemoselectivity was also studied with PhIO as oxi-
dant in a mixed Br/Cl system, specifically also to analyze
the influence of the oxidation potentials of the coordinated
hydroxide/chloride/bromide (see Introduction).'” When a
1:1 mixture of [Fe(L)(Br),] and [Fe(L)(Cl),] is treated with
one equivalent of PhIO, selective formation of bromocyclo-
hexane is observed. This may be due to relative differences
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in the first or second transition-state energies (formation or
decay of the radical intermediate). If the first transition
state were responsible for the selectivity, significantly differ-
ent KIEs for chlorination and bromination would be expect-
ed. These were therefore measured, and are 14 and 9 for
chlorination and bromination, respectively. These are values
which we consider to be too similar to each other to explain
the observed selectivity. Moreover, similar energies were ob-
tained by DFT for the first transition states of the chlorina-
tion and bromination reactions (AG*=51.9kJmol™! for
[Fe™=O(L)(C)]*, AG*=584kJmol™" for [Fe'=
O(L)(Br)]*, see below). We therefore attribute the selectivi-
ty to the differing reactivity of the radical intermediate. This
is also supported by the fact that the corresponding fluorina-
tion reaction of cyclohexane is not observed.*!

Density functional calculations were performed to investi-
gate the two probable reaction channels with the bispidine
complexes of XFe™V=0 and XFe'=0 (X=Cl, Br) as reactive
intermediates for the halogenation and hydroxylation of cy-
clohexane. There are two possible isomers each, with the
oxo group trans to N3 or N7 (Scheme 1 shows the more
stable isomer with Fe™Y=0 trans to N3). All possible spin
surfaces were considered, and selected structural parameters
as well as energies of the relevant species are assembled in
Table 2. Figure 1 shows the computed free-energy diagram
for cyclohexane chlorination and hydroxylation by [FeV=
O(L)(CD)]* with the more stable isomer (Fe-O trans to N3);
the energy diagrams for the other isomer and for the corre-
sponding bromination reactions are given as Supporting In-
formation. As expected,'”?2¥ the two isomers of the ferryl
oxidant and the corresponding transition states are similar
in energy (see Table 2). However, consistent with all other
experimental and computational data available for this
system, the isomer with O frans to N3 is slightly more stable
and more reactive than that with O trans to N7;[1821.2437
also, the high-spin electronic configuration is more stabilized

Table 2. Calculated geometric parameters for the two isomers of [Fe'Y=O(L)(X)]" and their energetic param-

eters in cyclohexane halogenation.!

AG/kJ x mol™!

S=3[0OH) 1528
—
S=1 1223 _;‘szg(c\j_. 1189
=0 71.8 :
s=2 519 °
$=115.0 S=1 838
—. g— !
S=20.0 S=2 .71 i 8=0,1 -39.9 cl
S=3-6.2 §=2 N7
B NB\I!'B/” .
- B R
N7 NT o /// Py r!lco?’;
Na\ié\, M3 | . i8=2 -15856
v Fé —_—
p” | 0 py’ | TOH .
c cl .8=2 -216.6 on
—
H
/. N Py
Na\_ge/“ .
Ty
F'V/(lzl NCCH;

reaction coordinate

Figure 1. Free energy diagram for cyclohexane chlorination and hydroxyl-
ation by [Fe"V=O(L)(Cl)]* (FeO trans to N3).

with respect to the triplet state in the geometry with O trans
to N3, and this has some impact on the reactivity.?!

The chloro ferryl complex [Fe™=O(L)(Cl)]* has a high-
spin electronic configuration (§=2; the S=1 excited state is
at 15.0 kJmol™"), an Fe—O distance of 1.64 A and a rather
long Fe—Cl bond of 2.39 A.*** An §=2 ground state was
also reported for the non-heme iron halogenases™® and, in
fact, is the generally observed electronic configuration for
enzymatic non-heme iron ferryl species.”” For the model
system discussed here, it is in agreement with earlier predic-
tions!"®?1 and with the expected relatively small ligand field
due to the preference of the bispidine ligands for relatively
large metal ions,*"*?! and expectations based on the small
in-plane ligand field exerted by CI-, and this results alto-
gether in a relatively low lying d,._.-type orbital.

Hydrogen abstraction has an
activation barrier of
51.9kImol™" and is the rate-

limiting step; this is in agree-

[Fe"=O(L)(CD]* [Fe"=O(L)(Br)]* ment with the experimental
O trans to N3 N7 N3 N7
spin § | 5 ’ ) ’ ) . ) d?.t?l (KIEs, see above). The op-

timized structures of the first

Fe—N3 212 2.15 2.05 2.24 2.13 2.16 2.05 224 sition states for the halo-
Fe—N7 2.23 2.39 2.39 2.32 2.25 2.39 2.40 2.33 X i
Fe—pyl 1.97 2.09 1.99 213 1.98 2.09 2.00 215  genation and hydroxylation re-
Fe—py2 1.97 2.09 1.99 2.13 1.98 2.09 2.00 2.15 actions on the quintet poten-
Fe—O 1.65 1.64 1.64 1.64 1.65 1.64 1.64 1.65  tial-energy surface (PES) with
Fe—X 2.34 2.39 2.32 2.33 2.50 2.57 2.48 250 Fe_O frans to N3 and trans to
N3-Fe-N7 85.9 82.6 83.8 82.3 85.6 82.4 83.5 82.1 N7 h o Fi )
pyl-Fepy2 1624 159.1 167.6 154.6 162.8 158.8 166.8 153.9 are shown in - Tigure z.
O-Fe-X 90.5 91.9 91.9 91.9 88.9 89.7 90.5 90.0 These transition state structures
N7-Fe-X 179.8 1789 91.1 93.1 178.5 179.4 92.4 94.7 (high-spin [(L)(CDFe=
(8% 2.029 6.069 2.024 6.075 2.038 6.078 2.029 6.083  QuuHeweCypurae]’*)  correspond
AGgvo™ 15.0 0.0 17.6 5.9 14.0 0.0 26.4 9.7 to earlv transition states with a
AG* 1223 51.9 128.5 63.5 119.1 58.4 40.4 722 y ;
AGhalngenalinn ~156.6 —128.9 —144.1 ~1163 C--H distance of 1.21 z? and an
AGygrosyiation —216.6 —~195.6 O---H distance of 1.39 A for the

[a] Distances in A, angles in degrees, energies in kJ mol . [b] All energies quoted refer to the lowest lying
isomer of the reactant, which was set as the origin.
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trans-to-N3 structure. In the
course of the reaction, the spin
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Figure 2. Structure of the transition state [Fe'=O(L)CIl]*--C4H,, along the quintet potential-energy surface

(left: FeO trans to N3; right: FeO trans to N7).

density on C increases from —0.32 (transition state) to
—0.89 for the high-spin Fe™ radical intermediate. The nega-
tive spin density on iron, which already develops at the tran-
sition state, suggests antiferromagnetic coupling and a pref-
erence for the S=2 over the S§=3 spin state of the radical
intermediate. Formation of chlorocyclohexane and cyclohex-
anol from the radical intermediate in its S=2 ground state
is computed to be a barrierless process; this was carefully
checked by relaxed scans on the PES for all reactions (O
trans to N3 or N7, rebound to OH, Cl, or Br). Importantly,
at a rather long distance between the carbon-based radical
and the Fe™X site in the radical intermediate (the Support-
ing Information shows a plot of a PES scan of Fe™OH trans
to N7 reacting with the cyclohexyl radical), there is good
separation of the spin density (—1.0 at the carbon atom),
that is, there is no self-interaction problem.’! At smaller
distances, electron transfer takes place to a radical cation,
and this decays in a barrierless reaction. The same profile
was obtained when solvation (MeCN) was taken into ac-
count.™ A barrierless decay of the radical intermediate is
in disagreement with the clear definition of this structure as
a minimum on the PES and, more importantly, disagrees
with the experimental data, whereby the {[C’]/[C’]}x3
values suggest a significant lifetime of the radical intermedi-
ate, and this is also supported by the selectivity for the halo-
genation pathway. A second transition state was localized
on the §=3 spin surface (see Figure 1), but ferromagnetic
coupling does not seem to be realistic (see above), and the
computed energy barrier is too large to accommodate the
observed experimental KIE values. The optimized structures
of the second transition states on the S=3 surface were
taken to analyze the influence of the entropy (TAS) along
the reaction coordinate shown in Figure 1, because this con-
tribution is not included in a relaxed scan on the PES. Start-
ing from the oxo Fe reactant, TAS increases to
37.8kImol™! for the first transition state, decreases to
33.7 kJmol™! for the radical intermediate, and then rises to
48.0 and 46.6 kJmol™' for the hydroxylation and chlorina-
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tion rebound states, respective-
ly. The small differences in the
contribution of TAS (48 vs.
47 kJmol™') can therefore not
explain the chemoselectivity. It
is conceivable that the radical
intermediate decays with a bar-
rier for electron transfer from
coordinated OH™, CI, or Br,
respectively, to iron(IIT) on the
S=2 spin surface, which is
lower than that for hydrogen
abstraction. This is in agree-
ment with the observation that
C—H activation is the rate-de-
termining step, with the ob-
served selectivity, and with the
fact that we were able to opti-
mize the structure of the radical
intermediate in its =2 ground state.

Cyclohexane oxidation catalyzed by [Fe'=O(L)(Cl)]**
was also analyzed by DFT. The formation of the Fe'=0
complex is a consequence of heterolytic cleavage of the O—
O bond of the Fe™OOH precursor (when using H,0,; there
is a corresponding process with TBHP), and this is known
to be less favorable than formation of Fe™Y=0O but an alter-
native.”” The [Fe'=O(L)(C)]** intermediate has a high-
spin electronic configuration (S=3/2) with the low-spin (S=
1/2) excited state at 44.5 kJmol™' (see Supporting Informa-
tion, Table S1).1 Once the Fe'=O species is formed, the
halogenation reaction (AG=—-386.9 kJmol™') is a barrier-
less process (relaxed scans on the PES), that is, hydrogen
abstraction is barrierless and a radical intermediate was not
found to be a minimum on the PES. Such a reaction would
lead to a selectivity for halogenation, because after hydro-
gen abstraction the lone pair of the coordinated halide and
not that of the hydroxo oxygen atom is pointing toward the
singly occupied molecular orbital of the cyclohexyl radical,
and the PES therefore directly leads to the halogenated
alkane."! The experimentally observed KIEs suggest in gen-
eral that the hydrogen abstraction step is rate-determining.
This together with other experimental data discussed in
detail above is at variance with a pure Fe'=0O-based path-
way. However, the significantly lower KIEs and the lower
{[C*)/[C?]} x3 values for adamantane with H,O, as oxidant
are consistent with two (or more) reaction channels, where
one might be the nearly barrierless reaction due to an Fe¥=
O active site. Moreover, an Fe'-based reaction has been dis-
cussed as a reasonable alternative in the Fe/L/cyclohexane
system.!"”

Conclusion
The non-heme iron bispidine complex [Fe"(L)ClL,], with

H,0O,, TBHP, or PhIO as external oxidant, is able to catalyti-
cally oxidize and halogenate cyclohexane and therefore is a
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functional halogenase model, the first reported so far. The
yield and selectivity strongly depend on the oxidant and re-
action conditions. Generally, the selectivity for halogenation
over hydroxylation is high, and OR radicals (R=Bu in
TBHP, H in H,0,) probably are responsible for the reduced
selectivity in the TBHP-based reactions and the catalytic
(but not the stoichiometric) reaction with H,O,. The stoi-
chiometric reactions afford up to quantitative yield; there-
fore, pathways for catalyst deactivation must exist. The fact
that the systems presented here are so far rather poor cata-
lyst systems probably is largely due to the fact that ligand
exchange to reproduce the halogeno iron(II) precatalysts is
too inefficient. Thus, there are possibilities to optimize and
considerably improve these systems. Interestingly, it appears
that the least efficient process, that is, that with PhIO as oxi-
dant, is the simplest reaction, probably involving only an
XFe™V=0-based pathway, and it selectively produces halo-
genated products. The yield with H,0O, is considerably
higher, and the experimentally determined KIEs and com-
putational data suggest that pathways based on XFe™V=0
and XFeY=0 may be involved. The high selectivity in the
stoichiometric reaction was expected on the basis of the pro-
posed direct oxidation of [Fe"(L)X,]"* with H,0, to Fe'V=
O, which does not involve Fe™ intermediates and OH radi-
cals.'®>! The yield with TBHP as oxidant is nearly quantita-
tive in stoichiometric reactions but this process is OR-radi-
cal-based and unselective.

A variety of proposals were made for the chemoselectivity
of the enzyme-catalyzed reaction. From our results present-
ed here it appears that both XFe'V=0- and XFe"=0O-based
processes should generally have high halogenation selectivi-
ty, and it emerges that decreasing selectivities are generally
indicative of radical-based side reactions. The total selectivi-
ty required by biological reactions seems to be accomplished
by enzyme-based substrate positioning,”! an approach which
is not available for simple low molecular weight compounds.
The design of more efficient catalyst systems needs to pre-
vent oxygen-based radicals and requires efficient ligand-ex-
change processes to produce high enough concentrations of
the iron(IT) halogenide precatalyst, and these are require-
ments which might be possible to meet.

Experimental Section

General: Chemicals (Aldrich, Fluka) and solvents were of highest possi-
ble grade and used as purchased. Mass spectra: Bruker ApexQe hybrid
9.4 FT-ICR or Finnigan TSW 700. Elemental analyses were performed
by the analytical laboratories of the chemical institutes of the University
of Heidelberg. Products were analyzed by GC on a Varian 3900 instru-
ment with a ZB-1701 column.

Synthesis of the ligand and Fe bispidine complexes. Bispidine ligand L
was synthesized as reported.”! For the synthesis of the Fe'' chloro and
bromo complexes, a suspension of 8.77 g (20.0 mmol) ligand L in acetoni-
trile (60 mL) was mixed with an equimolar amount of FeCl, or FeBr,
under argon and strictly H,O free conditions. The product started to pre-
cipitate after few minutes and, after stirring for 30 min at ambient tem-
perature, was isolated in good yields by filtration, washed with cold
MeCN (10 mL), and dried.?!! [Fe(L)(Cl),]-CH;CN: 85% yield, orange
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solid. ESI-MS (MeCN): m/z: 529.09438 [Fe(L)(Cl)]*; elemental analysis
(%) found: C 49.45, H 4.83, N 11.48; calcd for C,sH,,CL,FeN;O5 (M,
600.28): C 49.53, H 4.82, N 11.55. [Fe(L)Br,]-CH;CN: 82 % yield, orange
solid. ESI-MS (MeCN): m/z: 575.04158 [Fe(L)(Br)]*; elemental analysis
(%) found: C 43.12, H 4.22, N 10.04; calcd for C,sH,Br,FeNsOs (M,
695.18): C 43.19, H 420, N 10.07. [Fe(L)F,]-2.5H,0: (Bu,N)F
(0.54 g2.07 mmol) was added to [Fe(L)(NCCH;)](OTf), in acetonitrile
(0.60 g, 0.72 mmol). A red solid was obtained by filtration after 10 min at
ambient temperature, washed with cold MeCN, and dried (yield of 93 % ).
ESI-MS (MeCN): m/z: 513.1235 [Fe(L)(F)]*; elemental analysis (%)
found: C 47.96, H 5.46, N 9.66; calcd for C,sHF,Fe,NgOys (M, 1154.71):
C 47.85, H 5.41, N 9.77.121

Stoichiometric oxidation of cyclohexane: In a typical reaction, 0.7M cy-
clohexane was treated with 7 mM complex and 7 mM oxidant in MeCN
(25°C, Ar, H,0O-free). For the reactions with H,0, and TBHP the oxi-
dant was diluted to 0.3 mL and added by syringe pump over 30 min at
25°C to a solution of the substrate and catalyst. The solution was stirred
for a further 5 min after addition of the oxidant was completed. For the
reaction with PhIO, the oxidant was added as a solid, and the reaction
time was increased to 24 h (see Table 1). The product solution was ab-
sorbed onto a silica gel column and washed with MeCN (5 mL). Naph-
thalene was added as internal standard and the mixture was analyzed by
GC. The retention times for the product peaks were compared with
those of standard compounds and their identity was confirmed by GC-
MS. All reactions were done in triplicate; the reported data is the aver-
age of these reactions.

Catalytic oxidation of cyclohexane: These reactions were conducted with
concentrations of 0.7 mm catalyst, 70 mm oxidant, and 0.7 M substrate (cy-
clohexane and Bu,NCI or Bu,NBr) under the same conditions as for the
stoichiometric experiments. The reaction was quenched by the addition
of an equal volume of water, and the products were isolated by extrac-
tion with 3x2 mL Et,O. The ether layers were combined, dried over an-
hydrous Na,SO,, and analyzed by GC.

Oxidation of adamantane: Identical conditions to those for stoichiometric
cyclohexane oxidation were used but with final concentrations of 0.7 mm
catalyst, 7 mM oxidant, and 7 mm substrate.

Determination of the KIEs: Identical conditions to those for stoichiomet-
ric cyclohexane oxidation were used but with a 1:3 mixture of cyclohex-
ane (175 mm) and [D,]cyclohexane (525 mm) followed by analysis of the
product distribution of the halogenated alkane.

Computational studies: All DFT calculations were performed with the
Jaguar 6.5 program package, unless otherwise specified*®® The B3LYP
functional®! and LACVP basis set (double T with a Los Alamos effec-
tive core potential for the Fe center and 6-31G for the other atoms) were
used.?**! All intermediates were confirmed by frequency calculations
with Gaussian 03.5 Single-point calculations were performed on the
B3LYP/LACVP optimized geometries by using the LACV3P + + ** basis
set (LanL2DZ on the Fe center and 6-311++ G** on the other atoms).
The energies reported are those calculated at the BALYP/LACV3P + + **
level and include zero point and free energy corrections, derived from
the B3LYP/LACVP calculations. A simplified model system was used in
all calculations, in which the ester groups on the ligand backbone were
replaced by hydrogen atoms.
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