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Olefin Cis-Dihydroxylation versus Epoxidation by Non-Heme
Iron Catalysts: Two Faces of an Fe'"-OOH Coin
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~— See Experimental Section for reaction conditions.  Yields expressed
in moles of product per mole of iron. < Percent conversion of H,0; into
epoxide and cis-diol products. “0.2(1) TN of trans-diol also observed.
¢ Values scaled w 10 equiv of H0; for comparison; cyclam = 1,4,8,11-
tetraazacyclotetradecane; TMP = tetramesitylporphinato dianion; F2TPP
= tetrakis(pentafluorophenyl)porphinate dianion.
% Reaction Conditions for Catalytic Oxidations. In a typical reaction,
0.3 mL of a 70 mM H;0; solution (diluted from a 35 or 50% H,0;
solution) in CH3CN was delivered by syringe pump over 30 min at 25
°C in air to a vigorously stirred CH:CN solution (2.7 mL) containing
iron catalyst and olefin substrate. The final concentrations were (.7
mM mononuclear iron catalyst (or 0.35 mM dinuclear iron catalyst

Table 2. Oxidation of Cyclooctene by H;0, Catalyzed by Iron oxide g ~die |
Complexes? (@‘b;{‘.‘]e)
cis- convé

calalyst csdiol®  oxide! diokoxide (%)
1 [Fe(BPMEN)(CH;CN),]** 0.92) 7.5(6) 18 84
2 [Fe{5-Me;-BPMENKOT)3] 1.3(4) 78(3) 16 91
3 [Fe(6-Me,-BPMEN)YOTH),) 6.2(1¢ 15(1) 41 79 =
4 [Fa(TPAYCHCNRLPT = — ~—ad2) " 340) 12T 74 (] epoxige B cis-diol
4a  [Fe;O(TPA)(H0), 1% 41(1) 40(1) 12 g1
5 [Fe(5-Me;-TPA)CH;CN),J2* 39(4) 281) 141 67 ﬁ?
6 [Fe(6-Me-TPA)CH3CN).J** 281 2.12) 131 49
7 [Fe(6-Me-TPA)CH;CN), 2 551 11(2) 501 66 =
8a [Fe(6-Mes-TPAYCH:CN), 2+ 496) 07(2) 7:1 56. -g
8b [Fe(6-Mey-TPANOCCeHa-4-Me)]™  5.0(6) 0.5(1) 10:1 55 s
Bc [Fe(6-Mes-TPAXO,CCsHs)]* 6.1{(4y 05(1) 121 66 >
8d [Fe(6-Mes-TPANO,CCsHa-3-NOD™ 6.7(3)  0.4(1)  17:1 71 &
"9 [Fe(N4Py}CH;CN)|™F 0 0.6 6 -
10 [Fe(cyclam)(OTf),] 0 4 40 -
11 [Fe(TMP)CI} 0 0.2 2
12 [Fe(FyTPP)CI) 0 8.6 86 )
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for Corresponding Iron Complexes

ﬂ"’”"d@
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8¢, Ar = CgHg
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Figure 2. Percent conversion of H,0; into epoxide and cis-diol products
derived from cyclooctene oxidation catalyzed by complexes 1—12 based
on data listed in Table 2. See Chart 1 for structures of cumple)ges 1-9; 10
= [Fe(cyclam}OTf),]; 11 = [Fe(TPP)CL]; 12 = [Fe(FapTPP)CI].
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Figure 38. Crystal structures of [Fe'™(BPMEN)CH;CN).]2*, [Fel TPAXCH,CN)oJ?+, and [Fell(6-Mes-TPAX CH3CN)gl2t.
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Table 6. |solope Labeling Results from the Oxidation of 90 Y"—*?L\"ﬁm
Cyclooctene by HzO; Catalyzed by Iron Complexes? & e
80
cis-cycloogtane-1,2-diol 2 e’P\“W\eﬁmc‘\
L=]
cycloactene oxide- 0% H,"*0 H;'®0; g 70 4 6(6-Me-TPA)
Iigand H;“’O Hg"Ug 'B(Jg" BOBO  1BOBO BORQ 180)180) % =
5 .
4 TPA AL 90E) 1 86(5) ) 9B 3(D >3
5 5-Mes-TPA  2(1) 93(6) 5 839 un 973  2(2) & |
2 50
6 6-Me-TPA )y  T19) 22 80(D) 2l 94(@) 6(1) R
7 6-MeTPA  3(1) 61(B) 36 3(1) 1)  T(1) 93(3) o 7 (6-Me.-TPA
8a 6:Me:TPA (1) S42) 43 1(1) 0 4(1) 96(1) S 4 G TRRL »
8a (6-Me, -TPA)
@ See Experimental Section for reaction conditions. ? Calculated consider- o 0 10 20 20 ! 40 _.:)0
ing mass balance of the oxygen atom.
%cyclooctene oxide-'%0 from %0,
é@ C&J(Q ra.: 'y\J A\ (ﬁ { 2 L’) : Figure 5. Linear correlation between the RC value for cis-2-heptene
| epoxidation and the amount of O; incorporation into cyclooctene oxide for
EP \bLe Df-"kcl 0:-4 d\!\? \ PV [,\_s the TPA series of catalysts (> = 0.94). Data obtained from Tables § and
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Minneapolis, Minnesota 55455

Tabie 1. Olefin Oxidation Products?
1 2
diol/epoxide” duolepoxide”
eniry olefin [%RC) [%RC]
l acrylonitrile 8.5(4)/ :'“\(mj_ =
2 methacrylomtrile 7.0012)— 6.9(12)/—
3 tert-butyl acrylate 5.8(8)/— 6.2(0) (—
4 ethyl trans-crotonate  6.9(5)/— [>99] 4501y [=99]
5 dimethyl fumarate 9.5(3)/— [=99] 5.2(4)/— [=99]
6 dimethyl maleate 7.8(4)/— [79] 4203y [10]
7 cis-2-heptene'® 3030191 {961 4.1(4)/0.4(1) [93]
S cis-cyclooctene'? 4.2(2)/3.4(1) 4.9(6)70.7(2)
9 1-octenc 6.1(3)/1.1(2) 4.7(90.1( )

“ Reaction conditions: An %Qz_swsmﬁl,ﬂmal.ﬂr 0.30 mL of'a 70
mM solution in CH;CN with 2245 mM H;0) was added via syringe pump
over 22 min to a solution of olefin (1050 pmol) and the catalyst (2.1 gmol)
in CHyCN (2.7 mL) at 22—25 °C under air. * Yield expressed as turnover
numbers (g#mol product/zemol catalyst) determined by GC analysis: average
of 23 runs. “%RC: 100 x (4 — BY(A + B) where 4 = yield of cis-diol
with retention of configuration and 8 = yield ol epimer. .

—L : (TPA) Fe (¢Tf) 2 [hffﬁ«‘\‘z«éw\) A]
2 > (6-MeyTPAVFe (o), [(cﬁe,gw‘y R]

_blue

<

021}

its Ll f « S
C/O C/IA CF O/A OF C/A OA CF OF AF
Figure 1. Competition experiments for the oxidation of olefin pairs by
catalysts 1 (left) and 2 (right): C = cyclooctene (red). O = l-octene
(orange). A = rert-butyl acrylate (green), I = dimethyl fumarate (bluc)
Conditions as described under Table 1 except that 1050 gmol cach of two
olefins was used. Solid blocks represent the fraction of diol formed, while
patterned blocks represent the fraction of epoxide formed.

0.0

Scheme 2. Proposed Mechanisms of cis-Dihydroxylation by a
Nucleophilic Oxidant Generated from 2/H.0;

i O*OH
O-OH
I /| ren) N o e O}\-T‘Rf
Lo N i LFeV—GH ' W-OH

B LFe™- /
Nio 1/
LFe' (-OH
Tighet by

430l .:,\Jt Erl {J:":i Vv
7

Received December 20, 2002, E-mail: que@chem.umn.edu

The yate c‘{ OK\]‘?'[{H Yeb{:w&[ '

Iron-Catalyzed Olefin cis-Dihydroxylation by H,0,: Electrophilic versus
Nucleophilic Mechanisms

Megumi Fujita, Miquel Costas, and Lawrence Que, Jr.*
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Modeling Rieske Dioxygenases: The First Example

of Iron-Catalyzed Asymmetric cis-Dih droxylatio
gl YZ b ¥ n
O efins i S NN N Jx, o

of
U

Miquel Costas, Adrianne K. Tipton, Kui Chen,
Du-Hwan Jo, and Lawrence Que, Ir.*

Table 1. Oxidation of Olefins with H,0, Catalyzed by 1—47

cat substrate/eq H,0, epox(de)®  diol(de)® ec’
1 cyclooctene/10 7.5(100) 0.9(100)
2 cyclooctene/10 1.5(100) 6.4(94)
1R,2R-3 cyclooctene/10 5.8(100) 0.7(100)
trans-2-heptene/10 5.4(100) 0.3(100)  2%(2)
15,25-4  cyclooctene/10 3.5(100) 5.8(79)

T cyclooctene/20 5.4(100)  11.2(89)
cis-2-heptene/20 4.5(56) 7.8(82) 9(2)
cis-3-heptene/20 4.8(26) 5.5(85) 3(2)
1-octene/20 13 8.1 60(2)
vinylcyclohexane/20 2.5 9.0 48(2)
tert-butyl 0.5 10.1 23(2)
acrylate/20
trans-2-heptene/20 2.4(100) 7.5(100)  79(2)
trans-2-octene/20 2.3(100) 7.5(100)  82(5)

1R.2R-4  trans-2-heptene/20 2.1(100) 8.2(100) —73%2)

“ Reaction conditions: 0.7 mM catalyst and 700 mM olefin in 3
mL of CHyCN at 30 °C under air to which 10—20 equiv of H;0; (from
50% aqueous H307) in MeCN is added via syringe pump over 30 min.
Results are given as mmol product/mmol of catalyst and are the average
of 2=3 runs. * de = diastereomeric excess. © ee of the predominant diol
isomer. Determined by GC with a Hewlett-Packard Chiral-Permethy-
lated #-Cyclodextrin column.

—

3 (ca-a)

-

1

_ T (cia-p)
Figure 2. ORTEP plots for 3 (top) and 4 (bottom) showing 50% thermal
ellipsoids, Hydrogen atoms are omitted for clarity. Selected bond distances
(A) for 3: Fe—NI = 2.237(2). Fe—=N2 = 2.220(2), Fe—N3 = 2.151(2),
Fe—N4 = 2.162(2), Fe—01 = 2.131(2), Fe—04 = 2.159(2). For 4: Fe—
NI = 2.203(4). Fe—N2 = 2.239(3), Fe—N3 = 2.274(3), Fe—N4 = 2.191-
(4), Fe—Ol = 2.084(3), Fe—04 = 2.190(3).
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Figure 1. Tetradentate ligands used in this study.
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Ligand Topology Tuning of Iron-Catalyzed
Hydrocarbon Oxidations**

Miquel Costas and Lawrence Que, Jr.*

frans cis-a cis-f
Scheme 1. Three different topologies that can be adopted by tetradentate
ligands such as Mh"-bis(}pyridy[melhy!)-N,N’—dimelhylf!rans-l,2-diami-

nocyclohexane (bpmen).

Amgjev\/ ,Chew, Tt Bl 2002 | 4 , 2

} SPE’C{MW‘ ‘SP“MS owl\/ ll]’f’“" “i"l'ﬁad
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-——— 4/ ppm
Figure 1. '"H NMR spectra of a-[Fe"(bpmen)(CDLCN),J* (a) and §-
[Fe"(bpmen)(CD,CN), 1+ (b) in CD,CN solution at ambient lemperature.
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Table 2. Olefin oxidation reactivities of nonheme iron catalysts."

—_— - o

Fe(tpa)® a-1 A1 Fe(6-Me,-tpa)l]
cyclooctene
diol + epoxide (TN)¥! 7.4 6.5 7.7 5.6
[diol}/]epoxide] 1.2:1 0.1 18:1 7.0:1
epoxide % '*0 90/9 20/11  66/1 54/3
[Hzlsoz"'Hszl(% )ld]
diol %'*0 from 4
H,"*0; [noO/1020])(% ) 09713 3/89/7 24493 7-1,‘()6
H,"O [noO/10/20](%)  13/86/1 11/88/1 97/3/0 99/1/0
cis-2-heptene
diol + epoxide (TN)M 49 7.0 6.8 4.5
[diol[f{epoxide] 16:1 o011 081 10:1
% RCE epoxide 80 =99 67 35
% RCEl diol 96 =99 85 93
trans-2-heptene
diol + epoxide (TN)k 48 5.7 5.6 4.1
[diot)/[epoxide] 2.2:1 0.05:1 21_1 FEil
% RClEl epoxide >99 >99 86 =>99
% RCE diol 96 > 99 81 96
l-octene
diol 4 epoxide (TN)k 75 6.4 4.7 5.8
[diol)/[epoxide) 2.0:1 0.2:1 ;2__1__1 18: li_
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[a] Reaction conditions: 0.7 mu catalyst, 7 mm H;O,, and 0.7 m substrate in
CH,CN at room temperature in air. H,0, solution added by syringe pump
over a 30-min period. [b] Data from references [5) and [6). [¢] TN = Turn-
over number [d] '*0O incorporated into cyclooctene epoxide when H,"®0,
was used as a oxidant/when reaction was carried out in presence of
1000 equiv of H,"0. Other conditions as stated in [a]. [e] Percentage of cis-
cyclooctane-1,2-diol that contains no HO/M1 B0 atom/2 *O atom when
H;"0, was used as a oxidant, Other conditions as stated in [a].
[f] Percentage of cis-cyclooctane-1.2-diol that contains no B0/ B0 atony
2 0 atom when reaction was carried out in presence of 1000 equiv of

H,™0. Other conditions as stated in [a]. [g] %RC =100 (cis-trans)/(cis +
Irans).
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A Synthetically Useful, Self-Assembling MMO Mimic
System for Catalytic Alkene Epoxidation with
Aqueous H;0;

) o s o Scheme 1. Epoxidation of 1-Decene by the 1rAcetic Acid
M. Christing White, Abigail G. Doyle, and Eric N. Jacobsen®

System
Department of Chemistry and Chemical Biology ”’Nﬁwl—d\a . i N
Harvard University, € ‘ambridge, Massachuserts (02138 r[N N7 SHCHOENY) e
SN
T " 2 1 30

7 ‘Ruerz,c.d March .ffﬁ. 2001 CaHyr B0 mok) nCattr
Revised Manuscript Received May 31, 2001 CHyCN, CH;C0,H (30 mol%) 0
1.4 g (10 mmol) H0; (1.5 equiv) 1.3 g (85%)

4°C, 5 min

Table 1. Epoxidations Catalyzed by the 1/Acetic Acid System (2)

C
s Ty Tsolated Yields®
Ent Substrate ;
(L Te ) o N (GC yield)®
[ . l 1 nNCaHyy” 85%
2 a-CygHy 90%*?
A 3 eyelo-CaHei™ S5 76%"
4 El0,C7 "% 63%°
5 TBSO™ T 61%*
6 T7%
7 cyclooctene 86%
8 NN 87%
80% (902
s e
10 PPN 85% (90%)

“ Reaction conditions (see ref 12 and Supporting Information): olefin
(2.0 mmol, 0.16 M in CH;CN), 1 (3.0 mol %), CH,CO,H (10 equiv
relative to 1), H;O; (aqueous 50 wt %, 3.0 mmol, 1.5 M in CH;CN,
added dropwise over 2 min), 4 °C, 5 min. * Isolated yields based on
an average of 3 runs. < GC yields were determined using nitrobenzene
as an internal standard for especially volatile substrates. ¢ Reaction
carried out at [olefin]y = 0.13 M due to poor solubility in CH;CN-* §
mol % 1.71.5 mol % 1/1.5 mol % CICO.H. £ 6 mol % CH;CO;H.
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Table 2 Oxidation of oct-1-cne with different iron catalysts®

Epoxide yield
Catalyst Diol yield (%) (%)
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footnote a of Table 1. & H;0; (0.18 mmol) diluted in CH;CN (0.3 mL) was w s el i e Y
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containing the iron catalyst (3.5 pmol) and the olefin (0.12 mmol) at 4 °C. = l
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