JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Iron-Catalyzed Olefin cis-Dihydroxylation Using a Bio-Inspired N,N,O-Ligand
Paul D. Oldenburg, Albert A. Shteinman, and Lawrence Que
J. Am. Chem. Soc., 2005, 127 (45), 15672-15673+ DOI: 10.1021/ja054947i « Publication Date (Web): 25 October 2005
Downloaded from http://pubs.acs.org on March 25, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 14 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja054947i

JIAIC[S

COMMUNICATIONS

Published on Web 10/25/2005

Iron-Catalyzed Olefin cis-Dihydroxylation Using a Bio-Inspired N,N,O-Ligand

Paul D. Oldenburg,t Albert A. Shteinman,* and Lawrence Que, Jr.*T
Department of Chemistry and Center for Metals in Biocatalysispehsity of Minnesota, Minneapolis, Minnesota
55455, and Institute of Problems of Chemical Physics, Russian Academy of Sciences, Chetapddscow
Region 142432, Russia

Received July 22, 2005; E-mail: que@chem.umn.edu

OH,

s
Aspzer—< O/F|e\N4\NH

Nature has evolved enzymes that carry out ¢feedihydroxy-
lation of G=C bonds in the biodegradation of arenes in the
environment These enzymes, called Rieske dioxygendses/e (/N/ i
mononuclear iron centers coordinated to a 2-His-1-carboxylate facial
triad motif that has emerged as a common structural element among
many nonheme iron enzymeésn contrast, olefincis-dihydroxy-
lation is conveniently carried out by Os@nd related species in
synthetic procedures. The toxicity and cost of these heavy metal
reagents have prompted us to explore more environmentally benign
and less expensive strategies for carrying out these transformations
and led us to design bio-inspired nonheme iron catalysts for olefin g_igure L Stﬂ:CtUIreff Oglghe gﬁogggw(llzhaclﬁve 3it§holl;gi?_|htga|§ne Ilf2t
cis-dihydroxylation. Indeed, the first examples of such iron a'r?é(yt%ingssT(é’g [:?IO,t ﬂor ([:SQF?h-DPA&Y)Z](gFI?Sa&)Z o showi(ng SO(SEA)Q ),
complexes have been reportealong with manganese complexes,  ,onapility ellipsoids (right). Hydrogen atoms and counterions have been
that use HO, as oxidant. The best iron catalysts thus far utilize omitted for clarity. Selected bond lengths (A): F@1, 2.0431(17); Fe
tetradentate N4 ligands, and much has been learned about how thé&2, 2.171(2); FeN3, 2.181(2).
metal center activates the®; to effectcis-dihydroxylation. In an
effort to obtain a ligand environment that more closely mimics the

Table 1. Olefin Oxidation Products of 12

facial N,N,O site of the mononuclear iron center in the Rieske substrate diol” [%RCJ* epoxide’ [%RC"  diol:epoxide
dioxygenases, we have designed the potentially tridentate ligand styrené-e 8.0(5) 0.1(1) 80:1
Ph-DPAH [(di-(2-pyridyl)methyl)benzamide, Figure 1]. Reported ‘iyg'cct’gg;e“e 7.0(6) 0.5(1) 14:1
herein are its _synthe3|s, the charact_erlzatlon of its iron(ll) complex, 5 equiv of HO, 3.6(3) 0.04(1) 901
and the reactivity of the most effective iron catalyst for olefis: 10 equiv of BO» 7.6(3) 0.1(1) 76:1
dihydroxylation to date. 20 equiv of HO; 10.3(7) 0.2(1) 52:1
Ph-DPAH, readily obtained from the benzoylation of di-(2-  cyclohexengf 6.2(2) 0.7(1) 9:1
pyridyl)methylamine (for details, see Supporting Information), can ~ CiS2-heptene 4.9(4) [99] 0.71) [57] 71
. g T trans-2-heptene 4.9(3)199] 0.5(1) P99] 10:1
provide a facial array qf two pyridine Ilgandg and_ a carbonyl OXYGeN  ethyltrans.crotonate 7.4(4) ~100:1
analogous to the 2-His-1-carboxylate facial triad. The suitability  tert-butyl acrylate 5.5(2) >100:1
of this design is evidenced by the crystal structure of!(Pa- dimethyl fumarate 5.3(4) >100:1

DPAH),](OTf); (1), shown in Figure 1. At the iron(ll) center lies & Reac it 40, (10 equi t where indicated) dded
. . . . . H eaction conditions: 7) equiv exceptwnere inaicateda) was aade
a center of inversion with the coordination of two face capping by syringe pump ovea 5 min period (to minimize bO, disproportionation)

ligands in a nearly octahedral geometry. This structure is similar g a solution of catalyst (0.35 mM) and substrate (0.35 M) in,CN. See

to those of iron(ll) complexes of a heteroscorpionate ligand Supporting Information for further detail3Yields expressed as turnover
isti numbers, TON, gmol productkmol catalyst).c %RC = 100 x (A — B)/

consisting of wo pyrazoles and one carboxylate developed by (A+B), whereAA: yierl)d of cigdiol with rgte)ntion of configuragion an)B

Burzlaff and co-worker8.The Fe-N distances ofl are 2.171and = yje|d of epimer.¢ Results were obtained under an Ar atmosphere with

2.181 A, typical of high-spin iron(ll) complex€sThe Fe-O degassed solutions prior to oxidant introducti®A. minor amount of

distance of 2.043 A inl is appreciably shorter than those of benzaldehyde product was observed, T&N0.4(1).f Allylic oxidation

) - - products, alcohol (A) and ketone (K), were detected with TONEA).1(2)
Burzlaff's complexes (FeO, 2.076 and 2.080 A) with sterically and TON(K)= 0.3(1). In a similar experiment under air, epoxide, diol,

less bulky pyrazoles, suggesting that the amide carbonyl oxygenand allylic alcohol yields remained constant, while the allylic ketone yield
of Ph-DPAH can bind to the metal center more strongly than these increased, TON(K)= 2.5(2).
carboxylate ligands.

Table 1 shows thatl is an excellent catalyst for olefin  amine) and [Fe(6-MgTPA)(O:CCsH4-3-NOy)]* (3), 1 is superior
cis-dihydroxylation with HO, as the oxidant. With various olefins  in its high selectivity for producingis-diol for a variety of olefins,
ranging from electron donating to electron withdrawing, the three of which are compared in Figure 2.
diol was the dominant product, representing the conversion-ef 50 In addition tocis-diol, other oxygenated species were produced,
80% of the HO, introduced. For botltis- and trans-2-heptene, but only to a limited extent. For the more electron-rich olefins,
99% of the diol products were observed with retention of config- some epoxide was formed, corresponding to the conversion of at
uration, characterizing this oxidation as a taiedihydroxylation. most 7% of the oxidant or less than 13% of the total product yield.
When compared with the best Fe(N4) catalysts reported thus far, For styrene, 0.4 TON benzaldehyde5% of total yield) was
such as [Fe(TPA)(NCMgJ (2, TPA = tris(2-pyridylmethyl)- formed under Ar, which is a 4- to 5-fold lower yield than that found

t University of Minnesota. for_ either2 or 3. Even for easily autoxidizable cyclqhexene, allylic

#Russian Academy of Sciences. oxidation products representedl7% of the total yield.
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Figure 2. Comparison ofl with the cis-dihydroxylation catalyst and3

in the oxidation of selected substrates. Note the higher selectivities (and
conversion efficiencies) df for cis-diol: 93% (75%) for cyclooctene, 99%
(77%) for 1-octene, and 94% (85%) for styrene.
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Figure 3. Proposed dihydroxylation mechanisms foand3 (A) and for
1 (B) (S= CH3CN). See Supporting Information for details of the isotope
labeling experiments for 1-octene.

The longevity of catalystl was investigated by varying the
amount of oxidant introduced. As shown in Table 1 for the oxidation
of 1-octene, significant deterioration of catalyst efficacy was
observed with the addition of more than 10 equiv ofO4 The
ESI-MS spectrum of the catalyst solution at the end of an oxidation
experiment showed the formation of a large amount of free ligand,
together with a small amount of an oxo-bridged diiron(lll)
byproduct, suggesting catalyst decomposition (see Figure S2 in
Supporting Information).

Previous studies 02 and 3 have led to the postulation ais-
dihydroxylation mechanisms that require metal catalysts with at
least twocis-labile sites for the activation of D, to form an F&-
(O)(OH) oxidant**8 Such an oxidant can be formed by a water-
assisted pathway on tf&= 1/, H,O—Fe"—OOH reaction surface
or by a non-water-assisted pathway on & 5, Fé"' —(#?>-OO0H)
reaction surface (Figure 3A). Extending this mechanistic framework
to coordinatively saturated requires some extent of ligand
dissociation. Although it can be imagined that each Ph-DPAH ligand
becomes bidentate during catalysis, we favor the complete dis-
sociation of one Ph-DPAH ligand to make three sites available for
exogenous ligand binding (Figure 3B). This notion is supported
by ESI-MS data showing the presence of free ligand and the 1:1
[Fe'(Ph-DPAH)E+ complex ion in solution prior to the start of
catalysis, indicative of a ligand dissociation equilibrium (see Figure
S1 in Supporting Information).

Because of its high selectivity for diol formatiohresembles
more closely in its catalytic behaviét;? both of which would be

expected to exert a weaker ligand field than TPA and thus favor
the non-water-assisted pathw®y.Indeed!®O labeling studies for

the oxidation of 1-octene show that the predominant diol product
(64%) is doubly labeled by ¥D., as found for3*2(see Table S2

in Supporting Information). Interestingly, unlike f8 there is also

a significant fraction of diol with an oxygen atom from®I (33%),
suggesting possible involvement of the water-assisted pathway.
Alternatively, water incorporation via the non-water-assisted path-
way can be rationalized if the active catalyst were considered to
be the 1:1 Fe(Ph-DPAH) complex. Since this complex would have
three labile sites, it would then be possible to accommodate both
a side-on hydroperoxo and a water ligand (Figure 3B). Prior
cleavage of the peroxo-©0 bond would form a transient Fe
(O)(OH)(OHy) oxidant in equilibrium with an F§OH)z isomer that
then transfers two of the three oxygen atoms to the olefin.

In summary,l is the first iron catalyst for olefiris-dihydroxy-
lation with a facialN,N,O4igand arrangement mimicking that found
for the Rieske dioxygenases. It can oxidize a wide range of olefins
efficiently and has proven to be the most selective thus far for
dihydroxylation.’®0 labeling experiments suggest the participation
of an F¢ oxidant for this bio-inspired catalyst, which carries
implications for the action of the Rieske dioxygenaSes.
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