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Alkane functionalization stands as the bottleneck for the
chemical elaboration of hydrocarbon feedstocks, and meth-
odologies for stereospecific C—H bond oxidation can also
open novel and more direct synthetic strategies towards
complex organic molecules.'! However, the inert nature of
non-activated C—H bonds poses incomparable difficulties
related to selectivity, and most common methodologies
require the use of large excesses of substrate relative to
oxidant to minimize overoxidation reactions. Not surprisingly,
only a few systems affording synthetically useful yields have
been described.?**! Selected bioinspired nonheme iron
complexes such as [Fe(CH;CN),(mep)]*" (1; mep=N,N'-
dimethyl-N,N'-bis(2-pyridylmethyl)ethylene-1,2-diamine;

Scheme 1) are particularly attractive oxidation catalysts
because they use H,0O, as oxidant and operate under mild
conditions, although they commonly afford very modest
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Scheme 1. Schematic representation of the ligands used in this study.
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product yields.”! Chen and White recently reported a novel
catalyst [Fe(CHiCN),((5.5)-bpbp)** (2; (S,5)-bpbp = 2-[{(S)-
2-[((S)-1-pyridin-2-ylmethyl)pyrrolidin-2-yl]pyrrolidin-1-yl}-
methyl]pyridine) that in the presence of acetic acid catalyzes
the hydroxylation of complex organic molecules in a predict-
able manner and with synthetically useful yields.*! Their
landmark system uses 15 % catalyst loadings, and even though
it affords very modest turnover numbers (2-6), efficiencies
were substantially better than in any previously reported
nonheme catalyst. The strong dependence between catalytic
efficiency and small changes in the architecture of related
catalysts is currently a challenge,*! and strategies for improve-
ment remain to be developed. To this end, we report herein
the rational design of a very active iron catalyst for the
stereospecific and site-predictable hydroxylation of alkanes
with H,0O, to afford oxidized products in synthetically useful
yields.

Our strategy was based on well-established principles in
oxidation catalysis with heme complexes.”” The introduction
of aryl groups at the porphyrin meso positions isolates the
metal site, which in turn limits bimolecular self-decomposi-
tion pathways and enhances the catalytic activity of the
complexes by precluding formation of noncatalytic oxo
dimers. We reasoned that analogous principles may apply to
nonheme iron complexes. Although apparently simple, this
strategy is made challenging by the known counterproductive
modifications on the 6-position of the pyridine rings of
polypyridyl iron complexes.*¥! Consequently, we targeted
modification at a more remote position of the pyridine ring
with a bulky hydrocarbon as a general strategy towards the
design of a catalyst in which the iron site will be embedded in
an oxidatively robust cavity. On the basis of this premise,
(S,S,R)-mcpp, (R,R,R)-mcpp, and (R)-mepp ligands
(Scheme 1) were targeted because they are structurally
related to 1 and 2 and contain bulky pinene groups that
help to isolate the iron site without perturbing its stability. In
addition, for (S,S,R)-mcpp and (R,R,R)-mcpp, the chiral trans-
1,2-cyclohexane diamine backbone imparts rigidity at the
ligand, which allows predetermination of the topological
chirality and determines the relative orientation of the
robust pinene CHj; groups with respect to the metal site. To
this end, C,-symmetric complexes [Fe(CF;SO;),(L)], [L=
(8,S,R)-mepp (3); (R,R,R)-mepp (4); (R)-mepp (5)] were
prepared by treatment of the corresponding tetradentate
ligand with iron(II) chloride and subsequent reaction with
2 equivalents of AgOTf (see the Supporting Information).”

Figure 1 shows an ellipsoid diagram of the solid-state
molecular structure of 3, which reveals that the coordination
geometry of the Fe center is distorted octahedral with the
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Figure 1. ORTEP (50% probability) diagram® (left), and chemical
diagram (right) of [Fe(CF;SOs),((S,S,R)-mcpp)] (3). Hydrogen atoms
are omitted for clarity.

ligand adopting a cis-o topology.l®! The nitrogen atoms of the
two pyridine rings are disposed trans to each other, and the
two aliphatic nitrogen atoms are situated cis relative to each
other.

The complexes were tested as catalysts (1 mol %) for the
hydroxylation of cis-1,2-dimethylcyclohexane (cis-DMCH)
using H,O, (1.2 equiv) as oxidant (Scheme 2, Table 1). Con-

cat (1 mol%)
C( H,0, (1.2 equiv) C@H
AcOH (50 mol%)
CH,CN

Scheme 2. Stereospecific hydroxylation of cis-DMCH.

Table 1: Oxidation of cis-DMCH by various catalysts.!

Entry Catalyst Yield [%]"!
1 [Fe(CF3S0s),(mep)] (1) 38
2 [Fe(CF3S0;),((S,S)-bpbp)] (2) 45
3 [Fe(CF3S03),((S,S,R)-mcpp)] (3) 57
4 [Fe(CF3S03),((R,R,R)-mcpp)] (4) 17
5 [Fe(CF3S0;3),((R)-mepp)] (5) 49
6 [Fe(CF3S03),((S,S)-mcp)] (6) 36
7 [Fe(CF,S0s),("MePytacn)] (7) 2
8 [Fe(CF;SOs),(“*MPytacn)] (8) 45
9 [Mn(CF;S0;),((S,S)-mcp)] (9) 1

10 [Mn(CF;SO5),("MPytacn)] (10) 8

[a] Cat/H,O,/substrate/AcOH 1:120:100:50. [b] Yields from GC based
on product formed.

firming our expectations, 3 (Table 1, entry 3) and 5 (Table 1,
entry 5) proved to be the most efficient catalysts, and the
former affords the corresponding tertiary alcohol in 57 %
yield (79 % substrate conversion) with excellent stereoreten-
tion (99% cis). This yield is significantly better than those
obtained with structurally related complexes 1 and 6, which
lack the pinene arms (Table 1, entries 1 and 6). The tacn-
based iron complex 7 afforded a very low yield (Table 1,
entry 7), but 8 and dipyrrolidine-based 2, which have been
reported as exceptionally active catalysts,*™ provided the
corresponding alcohol in 45 % yield (Table 1, entries 8 and 2).
Finally, since selective C—H hydroxylation reactions have
been reported for manganese-based complexes,’*¥ 9 and
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10°*°1 were also tested, but proved not to be efficient
(Table 1, entries 9 and 10).

The high catalytic activity exhibited by 3 was further
explored. Oxidation of cyclohexane under analogous condi-
tions afforded cyclohexanol (A) and cyclohexanone (K) in
42% product yield (A/K=0.15)."" A second addition of
catalyst (1 mol%), acetic acid (50mol%), and H,O,
(1.2 equiv) afforded 70% yield of cyclohexanone (Table 2,

Table 2: Alkane oxidation reactions catalyzed by 3.1

Entry Substrate Products Yield [%]
1 ¢-CeHy, ¢-CoHiyeO 701
2 ¢-CiDy, ¢-C¢D;0 630
3l “OH 691 (5 7[d]) (51 [El)
PivO PivO’
Se e T
PivO PivO
+
191 (16M)
PivO ¢}

[a] Cat/H,0O,/substrate/AcOH 1:120:100:50 followed by a second addi-
tion of cat/H,0,/AcOH 1:120:50. [b] Third addition of cat/H,O,/AcOH
1:120:50. [c] Yield from GC. [d] Yield of isolated product. [e] Yield for 2
from GC under the same conditions (analogous yield was obtained when
[Fe(CH,CN),((S,S)-bpbp)](SbFy), (2-SbF) was used as catalyst).

entry 1)."1 Overall, these efficiencies compare well with
reported copper and iron based systems that work via free-
radical type intermediates,"” although the stereospecificity
and regioselectivity (see below) observed in the hydroxyl-
ation reactions mediated by 3 rather suggest the involvement
of highly selective high-valent iron-oxo species. &1

The stereospecific hydroxylation of tertiary C—H bonds
was also explored, since it opens an entry to trisubstituted
chiral alcohols, which is not amenable for free diffusing
radical-type reactions. A series of substrates (Table 2 and
Schemes 3 and 4) were oxidized to the corresponding alcohols

QAC 1.0, (1.2 equiv)

AcOH (50 mol%)
CH,CN

s1 Yield

62%

cat 3 (1 mol%) }

0
01/02 o1 02
171

Scheme 3. Regiospecific oxidation of (—)-acetoxy-p-menthane S1.

in 35-69% yields. In general, the catalyst exhibits a good
selectivity for tertiary C—H bonds, even in the presence of
statistically more important secondary C—H sites. This
preference for tertiary positions indicates that the strength
of the C—H bond is a major factor in dictating site selectivity,
and it is consistent with an oxidant that operates by hydrogen
atom abstraction. More significantly, as observed for cis-
DMCH, the oxidations are stereospecific (Table 2, entries 3
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and 4), indicating that long-lived carbocationic or radical-type
intermediates are not involved. Electronic and steric factors
play a role in discriminating between different C—H bonds,
thus making site-selective oxidation predictable. The role of
steric factors was established by performing the oxidation of
(—)-acetoxy-p-menthane (S1; Scheme 3). Hydroxylation pref-
erentially occurs (17:1, 62% yield by GC and 50 % yield of
isolated product) in the more accessible (C1)—H bond to give
product O1. In contrast, hydroxylation of S1 by 6, 2-SbF, 1, 5,
and 8 under analogous low catalyst loading conditions affords
O1 in only 6% (up to 37% if a ratio (cat/H,0,/AcOH
5:120:50) x 3 is used), 31%, 6%, 26%, and 34% yields,
respectively.* Electronic effects are clearly evidenced when
the oxidation of substrates containing multiple C—H bonds is
attempted (Scheme 4). Oxidation of 2,6-dimethyloctane

cat 3 (1 mol %) OH
)\/\/k/\ H,O, (1.2 equiv)  x 2
X ACOH (50 mol%) X

s2X CH,CN 03X on
Yield(isol.)  Yield(GC) O3X/04X )\/W
X=H 35% 111 X
Br 48% 51% 7:1 04X
OAc  46% 49% 51

Scheme 4. Electronic discrimination in the oxidation of substrates with
multiple tertiary C—H bonds.

(S2H) affords a 1:1 mixture of tertiary alcohol products
(O3H and O4H), whereas functionalization of S2Br and
S20Ac occurs selectively at the distal C—H bond.

The profound effect that the bulky pinene groups have in
the efficiency and stability of the catalysts is evidenced by
performing a time-profile analysis of the oxidation of S1
catalyzed by 3 and 6 (Figure 2), which indicates that the H,O,
oxidant is more rapidly and efficiently consumed by 3, and
that unlike 6, 3 is not substantially deactivated during the
reaction. A second addition of H,O, and S1 resumes the
catalytic activity of 3, but not of 6. Effectively, ESI-MS
analyses (Figures S6 and S7 in the Supporting Information)
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Figure 2. O1 formation (turnover number; TN) versus time in the
catalytic oxidation of S1 by 6 and 3. Note that the y scales for the data
for each catalyst are different. Inset: Space-filling XRD diagrams of 3
(left), and the (R,R)-isomer of 6" (right). CF;SO; groups (except for
the O atom, in black, directly bound to Fe) have been removed for
clarity.

www.angewandte.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

show that monomeric [LFe™(OR)(CF;SO;)]" (OR=OH,
OACc) species, which are presumed to be the precursors of the
high-valent iron—-oxo species responsible for catalytic activi-
ty,“>¢&13 stil] remain in final reaction solutions of 3, whereas
they rapidly disappear during H,0O, addition when 6 is used.

Analysis of the molecular structures of 3® and 6
(Figure 1 and insets in Figure 2) reveals key aspects that
help to explain the remarkable catalytic activity exhibited by
3. The iron site in 3 is embedded in a well-defined chiral
hydrophobic pocket, but is fully exposed in 6. In addition, the
predetermined chirality imposed by the trans-(1S,25)-diami-
nocyclohexane backbone positions the very robust (—)-
pinene CHj; groups of 3 pointing towards the metal site. We
conclude that this steric bulk most likely helps to prevent
formation of noncatalytic oxo dimers and oligomeric spe-
cies,"! and can also limit bimolecular decomposition path-
ways, thus explaining its enhanced catalytic activity.

In conclusion, 3 constitutes the most active and efficient
nonheme iron hydroxylation catalyst reported so far. It
compares with state-of-the-art C—H hydroxylation systems
in terms of product yields, selectivity, and predictability; it
requires low catalyst loadings and makes efficient use of
H,0,. We envision that further use of the principle of steric
isolation, combined with an oxidatively robust site, may led to
the design of even more active catalysts that could open the
door to environmentally benign synthetic strategies based on
C—H hydroxylation.

Experimental Section

Full experimental details for the preparation of the complexes, and
for catalytic oxidation reactions are included in the Supporting
Information.
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