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Abstract: Density functional theory is used to explore the mechanisms of alkane hydroxylation for four
synthetic non-heme iron(IV)—oxo complexes with three target substrates (Kaizer, J.; Klinker, E. J.; Oh, N.
Y.; Rohde; J.-U.; Song, W. J.; Stubna, A.; Kim, J.; Mlinck, E.; Nam, W.; Que, L., Jr. J. Am. Chem. Soc.
2004, 126, 472—473; Rohde, J.-U.; Que, L., Jr. Angew. Chem. Int. Ed. 2005, 44, 2255—2258.). The iron—
0X0 reagents possess triplet ground states and low-lying quintet excited states. The set of experimental
and theoretical reactivity trends can be understood if the reactions proceed on the two spin states, namely
two-state reactivity (TSR); an appropriate new model is presented. The TSR model makes testable
predictions: (a) If crossing to the quintet state occurs, the hydroxylation will be effectively concerted; however,
if the process transpires only on the triplet surface, stepwise hydroxylation will occur, and side products
derived from radical intermediates would be observed (e.g., loss of stereochemistry). (b) In cases of crossing
en route to the quintet transition state, one expects kinetic isotope effects (KIEs) typical of tunneling. (c) In
situations where the two surfaces contribute to the rate, one expects intermediate KIEs and radical
scrambling patterns that reflect the two processes. (d) Solvent effects on these reactions are expected to

be very large.

1. Introduction

The role of high-valent iroroxo complexes in oxidative
transformations of EH bonds is now commonly recognizéd
Cytochrome P450 (P450) enzymes that are thought to make
use of such a species are powerful oxidants capable of
hydroxylating alkanes with €H bond strengths ranging from
very strong to very weak® While still not fully characterized;”

the reactive species in P450 (see Scheme 1), is considered to

possess an ireroxo moiety embedded in a porphyrin ring in

a radical cationic state ([(PopFevYQ]); hence, the effective
oxidation state is Pé The species is known as compound |
(Cpd I, Scheme 1) Many synthetic Cpd | iron-porphyrin species
have been made by now and perform a great variety of oxidation
processed.The one-electron reduced form of Cpd I is called
Cpd Il (in Scheme 1) and is generally a sluggish reagent for
C—H bond activation compared with Cpd&?
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Scheme 1. (a) Heme Species, Compound | (Cpd I) and Cpd Il of
P450, and Non-Heme LsFe'VO Complexes; (b) Some Ligands
Used for Making Synthetic Non-Heme LsFe'VO, and Their Name
Abbreviations; (c) Hydroxylation Processes Studied between
Non-Heme LsFeO? Reagents and Organic Molecules
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(LsFeO? = N4PyFeO?*, Bn-TPENFeO?, TMC(AN)FeO2*, TMC(TF)Fe0*)
«N4PyFeO?* + C4HsCHy —m= N4PyFe?* + CgHsCH,OH
«N4PyFeO? + CH;CN — N4PyFe2* + NC-CH,OH

In contrast to heme systems, there exists a class of non-heme
[LsFeVO]? (Z = ionic charge) complexes (Scheme 1) where
the species that are analogous to Cpd Il are nevertheless very
powerful oxidants capable of activating even strorgHCbonds,
much like Cpd | of P453%18 Such non-heme PO species

10.1021/ja0616090 CCC: $33.50 © 2006 American Chemical Society
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have been proposed as intermediates for iron(ll) enzymes andonly 9,10-dihydroanthracene to anthracéhen contrast, a

characterized forTauD1~13 a prototypical a-ketoglutarate-

dependentq-KG) enzyme. Along with these enzymatic entities,

there is a growing gallery of synthetigEeY O¢ complexes that

change of the axial ligand of TMC(E)FeCG*+ from AN to TF
(TMC(TF)—FeQ") enhanced the reactivity toward the conver-
sion of 9,10-dihydroanthracene to anthrac&iand so did the

have been actually characterized by spectroscopic as well asTMCS—FeO" complex that possesses a thiolate fifth ligd?.
crystallographic techniqué4.1® Some of the ligands that were  In most cases, the complexes were stable in acetonitrile, which
used by one of us (L.Q.) to make these species are depicted ins also the reaction medium. Since the-B bond strength of
Scheme 1b. The first isolablefEeY O specie¥* was made with acetonitrile (93 kcal/mof} is smaller than that of 1y, it is

the tetradentate ligand TMC, with acetonitrile (AN) as a fifth puzzling why the reagents do not react with £l at the rate
ligand; the TMC(AN)Fe@" complex was crystallized and in which they react with gHz,.

characterized by means of X-ray diffraction. This fifth ligand Theory can be helpful in pinpointing the factors that give
can undergo facile replacement and affords a variety of relatedrise to these intriguing trends. The importance of theory for
complexes, including the recently synthesized TMC(TF)FeO elucidating mechanisms of oxidation by ireaxo species was
complex (TF= CRCO,").1820ther complexes were made with  amply demonstrated in the field of P450 reactivity, where it
the pentadentate ligands, N4Py and Bn-TPEN in Scheme 1,has been shown that a dominant feature of these reactions is
which by wrapping around the iron provide the needed the two-state reactivity (TSR) that transpires due to the close

pentacoordination about the F© unit. Unlike the enzymatic

species that are neutra & 0) and have high-spin (HS) ground

states with a quantum numbe& = 21713 the synthetic
complexe&*18 are cationic Z = 2+, 14+) and have intermedi-

ate-spin (IS) ground states with= 1. Recently, an aqueous

ferryl water complex has been characterized to have an2

proximity of the two spin states in the ground state of Cpd | of
P450%2-25 The usefulness of DFT in non-heme systems was
already demonstrated by the studies ofridk, Neese, Thiel,
Solomon and co-worke¥s2026.24yho combined spectroscopic
investigations and DFT studies of these ir@mxo complexes

in the two possible spin stateS= 1 andS= 2. These studies

ground stat@? led to good agreement between theory and experiment regarding
The reactivity patterns of these synthetic complexes are the identity of the ground state as tBe= 1 species as well as
fascinating and form the focus for the present paper. The mostthe corresponding molecular geometries, electronic structures,
reactive species appear to be the N4PgCG*™ and Bn-TPEN- and the Masbauer parameters of these complexes. Our own
FeCG** complexes, which hydroxylate even cyclohexah&he recent DFT investigation of the-€H hydroxylation of cyclo-
relative reactivity of the different molecules with the two hexane with N4PyFeG*™ showed that the three different spin
complexes showed dependence on the bond dissociation energgtates $§ = 1, 2, and 0) of the oxidant may participate in the
(Dc-n) of the CG-H bonds undergoing activation and exhibited hydroxylation process, anthe quintet state(S = 2) may
very large kinetic isotope effects (KIEs) when the organic possibly provide a low-energy route for-& hydroxylation if
molecule was deuteraté®!” For all the organic molecules tried  spin flip is sufficiently efficient to allow the crossover from
so far, the Bn-TPENFeCG** complex was found to be more the triplet § = 1) ground staté® As such, it is reasonably
reactive than N4PyFeG'™. By comparison to these two reactive  expected that theory could be a powerful tool for tackling the

complexes, the TMC(ANyFe(*" complex turned out to be
inefficient for C—H activation, and al = 25 °C could oxidize

(8) Groves, J. T.; Gross, Z.; Stern, M. Kiorg. Chem1994 33, 5065-5072.
(9) Nam, W.; Park, S.-E.; Lim, I. K.; Lim, M. H.; Hong, J.; Kim, J. Am.
Chem. Soc2003 125 14674-14675.
(10) Costas, M.: Mehn, M. P.; Jensen, M. P.; Que, L..Chiem. Re. 2004
104, 939-986.
(11) Price, J. C.; Barr, E. W.; Glass, T. E.; Krebs, C.; Bollinger, J. M.]JJr.
Am. Chem. So003 125 13008-13009.

(12) Price, J. C.; Barr, E. W.; Tirupati, B.; Bollinger, J. M., Jr.; Krebs, C.

Biochemistry2003 42, 7497-7508.

(13) Proshlyakov, D. A.; Henshaw, T. F.; Monterosso, G. R.; Ryle, M. J.;

Hausinger, R. PJ. Am. Chem. So2004 126, 1022-1023.

(14) Rohde, J.-U; In, J.-H.; Lim, M. H.; Brennessel, W. W.; Bukowski, M. R.;

Stubna, A.; Munck, E.; Nam, W.; Que, L., JScience2003 299, 1037—
1039.

(15) Rohde, J.-U.; Torelli, S.; Shan, X.; Lim, M. H..; Klinker, E. J.; Kaizer, J.;

Chen, K.; Nam, W.; Que, L., Jd. Am. Chem. SoQ004 126, 16750
16761.

(16) Kaizer, J.; Klinker, E. J.; Oh, N. Y.; Rohde; J.-U.; Song, W. J.; Stubna,

A.; Kim, J.; Minck, E.; Nam, W.; Que, L., Jd. Am. Chem. SoQ004
126, 472—-473.

(17) Oh, N. Y,; Suh, Y.; Park, M. J.; Seo, M. S.; Kim, J.; Nam, Ahgew.
Chem., Int. Ed2005 44, 4235-4239.

(18) (a) Rohde, J.-U.; Que, L., JAngew. Chem., Int. EQRR005 44, 2255-

2258. (b) Bukowski, M. R.; Koehntop, K. D.; Stubna, A.; Bominaar, E.

L.; Halfen, J. A.; Minck, E.; Nam, W.; Que, L., JiScience2005 310,
1000-1002.

(19) Other lsFeO complexes: (a) MacBeth, C. E.; Golombek, A. P.; Young, V.

G., Jr.; Yang, C.; Kuczera, K.; Hendrich, M. P.; Borovik, A. Science
200Q 289, 938-941. (b) MacBeth, C. E.; Gupta, R.; Mitchell-Koch, K.

R.; Young, V. G., Jr.; Lushington, G. H.; Thompson, W. H.; Hendrich, M.

P.; Borovik, A. S.J. Am. Chem. Soc2004 126 2556-2567. (c)
Grapperhaus, C. A.; Mienert, B.; Bill, E.; Weyhethau, T.; Wieghardt,
K. Inorg. Chem.200Q 39, 5306-5317. (d) Berry, J. F.; Bill, E.; Bothe,
E.; Weyherniller, T.; Wieghardt, KJ. Am. Chem. So2005 127, 11550~
11551.

(20) Pestovsky, O.; Stoian, S.; Bominaar, E. L.; Shan, X:nby E.; Que, L.,
Jr.; Bakac, AAAngew. Chem., Int. EQR005 44, 6871-6874.

reactivity problems of non-heme oxidants and, possibly, for
enhancing the synergy between theory and experiment.

To apply our study of the reactivity of synthetic non-heme
FeV=0 species and attempt to pattern the above reactivity
puzzles, we examined here the reactivity patterns of the systems
depicted in Scheme 1c. Thus, to obtain information on the
relative efficacies of the oxidants, we compared the reactions
of four iron—oxo complexes with cyclohexane. The persistence
of the complexes in acetonitrile was probed by looking at the
reaction of N4Py-FeG™ with CH3;CN, while the relative
reactivity of organic molecules was interrogated by looking at
the reactions of N4PyFe(*™ with cyclohexane and toluene.

In addition, to assess the effect of the multidentate ligand on
properties of the ironoxo species, we calculated also the

(21) (a) McMillen, D. F.; Golden, D. MAnnu. Re. Phys. Chem1982 33,
483—-532. (b) Bordwell, F. G.; Harrelson, J. A., Jr.; Zhang, X.Org.
Chem.1991], 56, 4448-4450.

(22) Ogliaro, F.; Harris, N.; Cohen, S.; Filatov, M.; de Visser, S. P.; Shaik, S.
J. Am. Chem. So@00Q 122, 8977-8989.

(23) de Visser, S. P.; Ogliaro, F.; Sharma, P. K.; Shaik].3Am. Chem. Soc.
2002 124, 11809-11826.

(24) Kumar, D.; de Visser, S. P.; Sharma, P. K.; Cohen, S.; Shaik, Sm.
Chem. Soc2004 126, 1907-1920.

(25) Hirao, H.; Kumar, D.; Thiel, W.; Shaik, S. Am. Chem. So@005 127,
13007-13018.

(26) (a) Decker, A.; Rohde, J.-U.; Que, L., Jr.; Solomon, El.IAm. Chem.
Soc.2004 126, 5378-5379. (b) Decker, A.; Solomon, E.Angew. Chem.,
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pristine (NH)sFe*™ complex and the TMEFe*" complex Scheme 2. Electronic Configurations in the d-Block Orbitals of the

devoid of the fifth ligand. As simple notations for the iren k/lo""eSt Spin-States of 251K, * Complexes; Orbital Drawings Were
ade with MOLEKEL

oxo reagents, we shall use throughout the syRS$SIHK, 2, ) ) .

where the L indicates the ligand, % N4Py, Bn-TPEN, TMC, (a) triplet (b) quintet (c) singlet

TMC(AN), or TMC(TF), where TMC is the tetracoordinate H

macrocyclic ligand devoid of a fifth axial ligand, while AN and

TF signify the fifth ligand, CHCN and CRCO,~. The left- )

hand superscript 2+1 indicates the spin state; the study

involved S = 1, 2, and 0. The superscript, Z indicates the Z

— 0*22 — —

) \ — 1;‘)""”"’.I + —
molecular charge. ' _1_ ‘G _1_ + +
2. Computational Details % Ry T ng&

The study generated many computational results that are collected '
in the Supporting Information (SI). The key data are discussed in the %E{} 'H,_ ® -1_ +I,'
text.

Standard Methods.All the geometries were optimized with Jaguar \
5.5° at the UB3LYP/LACVP level (UB3LYP/B1j3! Reaction
pathways were verified by scan calculations along a given internuclear of triplet—quintet crossing along the hydroxylation pathways, using
distance, while optimizing freely the positions of all other atoms. The the program of Harvey and Aschi that is adaptable to DFT calcula-
geometry at the top of the energy scan was used for subsequenttions38 Since these calculations are time-consuming, they were limited
optimization of a transition state. Frequency calculations were performedto the B1 basis set and hence only to the reactions where the state
for all species using Gaussian &3Single-point calculations on the  crossing occurs at the UB3LYP/B1 level.
LACVP-optimized geometry were subsequently carried out with the
larger LACV3P+-+** basis set (B2f! The solvent effect was also 3. Results and Discussion

calculated with B2 using acetonitrile as a solvent(37.5, probe radius ) i1y 7
= 2.183 A). To evaluate the effect of zero-point energy (zPE)  3.1. Properties of the Iron—Oxo Complexes ="K . The

correction, the frequencies were scaled by the factor, 0.3888ice electron occupancies in the d-block orbitals of the three lowest
the scaling did not affect relative energies muei9(1 kcal/mol), we spin states of théS*1K 2 species are depicted in Scheme 2.
report unscaled ZPE values throughout. The scheme shows a triplet state witld%r* . 'zr*y! configu-

Tests of the OPBE Functional. UB3LYP gives generally good ration, a corresponding open-shell singiét*,.z* ./ state, and
results for these non-heme systems and predicts properly the identityg quintetalﬂ*len*yzlg*xyl state. This section summarizes some
of the grOUnd state as the trlplet State, wigh=1.18.20,26a,27,.34,35 Computed proper“es Of these Spec|es
Nevertheless, to ascertain the choice of UB3LYP, we used also the Spin-State Ordering of the Iron—Oxo Complexes2S1K  Z.

OPBE pure (GGA) exchange functiorfthat was tested successfully . . -
on spin-state ordering of iron complex&sThe results on the various Figure 1 shows key bond lengths in the UB3LYP/B1 optimized

spin states oK rucan andK e (See Table S11 in the SI) showed geometries of the thre(? spin stgtes for QII ke reag.ents, as
that the triplet-quintet gaps are smaller than those predicted by WeI_I as the corresponding energies relative to the triplet state at
UB3LYP. For Kmcgre), the UOPBE/B2//UB3LYP/B1 calculations ~ various levels. In part (a) of the figure we show the lowest two
predicted a quintet ground state, whereas experiment assigns this speciestates, triplet and quintet, while in part (b) of the figure we show
as atripletS= 1 ground staté% An additional test with UOPBE was  the data for the singlet state. The relative enefgy)(data are
performed on the relative energy of the transition states for the reaction grranged in two lines; in the first line we display B1//B1 values
of the N4Py with cyclohexanedH) (see Scheme 1c). The results (see  followed by ZPE corrected values in parentheses, and in the
Table S12 for UOPBE/B2//UB3LYP/B1 data) predicted spin-state second line we show B2//B1 values, followed by ZPE corrected

crossing much like UB3LYP. Since the UBSLYP calculations led to 65 in parentheses and with solvation correction added in
the correct spin ordering for all tH€"1K ? reagents, and for others as
the square bracket.

well,2° we selected UB3LYP as the choice method. The accuracy of ) ]
UB3LYP for this kind of systems is documented in the SI. Inspection of Figure 1 shows that, at the UB3LYP/B1//B1

Locating the Seam of Spin-State CrossingTo get some informa-  1€Vel, the triplet state is the ground state and is favored by
tion on the mechanism of spin-state crossing, we calculated the seamkcal/mol over the quintet state. Adding ZPE correction shrinks
this gap, and a single-point calculation at the UB3LYP/B2//B1

(29) Jaguar 5.5 Schralinger, Inc.: Portland, Oregon, 2004. i i i
(30) (a) Becke. A, DJ. Chem. Phys1992 96, 2155 2160, (b) Becke, A. D. level further reduces it. At the highest level, B2//B1 with ZPE

J. Chem. Phys1992 97, 9173-9177. (c) Becke, A. DJ. Chem. Phys. and solvation corrections, all the species possess triplet ground
iggg 35 5848 2652. (d) Lee, C.. Yang, W.; Parr, R. @hys. Re. B states in accord with experime¥{il5 Another good feature of

(31) The LACVP series is derived from LANL2DZ, see: (a) Hay, J. P.; Wadt, the results is that, despite the quantitative changes, the trends
W. R.J. Chem. Physl985 82, 299-310. (b) Friesner, R. A.; Murphy, R. ; ; B
B.; Beachy, M. D.; Ringnalda, M. N.; Pollard, W. T.; Dunietz, B. D.; Cao, remain approxmately the same, namely the gaps decrease in
Y. J. Phys. Chem. A999 103 1913-1928. the order of L= TMC > N4Py~ 5(NHs) > Bn-TPEN~ TMC-

(32) f';?gcréTMz\(])éft alGaussian 03Revision C.02. Gaussian, Inc.: Walling- (AN) > TMC(TF) The UB3LYP energy gap results for the

(33) Scott, A. P.; Radom, LJ. Phys. Cheml996 100, 16502-16513. seried82.27.4041gre in accord with experiment, and in the case
(34) Bassan, A.; Blomberg, M. R. A.; Siegbahn, P. E.Ghem. Eur. J2003
9, 4055-4067.
(35) Quitpnero, D.; Morokuma, K.; Musaev, D. G.; Mas-Balles®e; Que, L., (38) Harvey, J. N.; Aschi, M.; Schwarz, H.; Koch, Wheor. Chem. Accd.998
Jr.J. Am. Chem. So®005 127, 6548-6549. 99, 95-99.
(36) (a) Handy, N. C.; Cohen, AVlol. Phys.2001, 99, 403-412. (b) Perdew, (39) (a) Flikiger, P.; Lihi, H. P.; Portmann, S.; Weber, MOLEKEL 4.2 Swiss
J. P.; Burke, K.; Ernzerhof, MPhys. Re. Lett. 1996 77, 3865-3868. Center for Scientific Computing: Manno, Switzerland, 26@D02. (b)
(37) (a) Swart, M.; Ehlers, A. W.; Lammertsma, Mol. Phys.2004 102, 2467 Portmann, S.; Lthi, H. P. CHIMIA 200Q 54, 766-770.
2474. (b) Groenhof, A. R.; Swart, M.; Ehlers, A. W.; Lammertsma,JK. (40) For a comparison of UB3LYP and SORCI and DCCI calculations of Cpd
Phys. Chem. 2005 109, 3411-3417. I and Kruceany, see ref 27 above.
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(@) 35K5nma)

Erel B1 6.5(4.1)
B2 4.8(24)[9.0]

nFe-0) =1.651/1.646
n(Fe-N) =2.062/2.207
n(Fe-Ny)=2.137/2.115

5K mc(r)

Erel B1 5.0(3.0)
B2 0.5(-1.5)[0.6]
rFe-0) =1.648/1.651
rFe-N) =2.130/2.229
r(Fe-0,) = 1.969 / 1.934

(b)
i1
KsNH3)
Erel B1 17.4(16.7)
B2 21.0(20.2) [18.6]
1(Fe-0) =1.659

1Fe-N) =2.062
r(Fe-N,) =2.132

Krme(r)

Frel Bl 9.6 (9.6)
B2 9.7(9.8) [10.2]

rFe-0) =1.654
(Fe-N) =2.128
1(Fe-0y) = 1.967

Erel B1 12.2(10.5)
B2 10.2(8.5)[8.9]

r(Fe-0) =1.619/1.660
r(Fe-N) =2.077/2.152

3,5
Knapy

Erel B1 133 (11.9)
B2 6.0 (4.6) [64]

1(Fe-0) =1.651/1.643
r(Fe-N) =1.990/2.111
r(Fe-Ny) = 2.068/ 2.091

1
Krme

Erel Bl 9.5(9.3)
B2 9.7 (9.6) [9.6]

1(Fe-0) = 1.622
r(Fe-N) =2.075

"

Knapy

Erel Bl 9.4(9.3)
B2 8.0(7.9) [8.4]

1(Fe-0) =1.653
r(Fe-N) =1.989
r(Fe-N,) = 2.067

S'SKTMC(A’N)\

Erel Bl 69 (48)
B2 23(0.2)[0.4]

r(Fe-O) =1.638/1.638
n(Fe-N) =2.132/2229
r(Fe-Ny)=2.118/2.091

35
~“Kgn-TPEN
)

Erel Bl 7.6(6.1)
B2 29(1.5)[1.9]

1(Fe-0) =1.654/1.646
(Fe-N) =2.029/2.156
(Fe-N,)=2.120/2.131

TKrmcan

Erel Bl 9.3 (88)
B2 7.9(7.5)[6.4]
r(Fe-0) =1.640
r(Fe-N) =2.132
r(Fe-Ny) = 2.110

"
Kgn-TPEN

Erel Bl 87 (8.1)
B2 11.6(11.1)[11.5]

1(Fe-0) =1.682
rFe-N) =2.026
1(Fe-N,)=2.113

Figure 1. (a) B1 optimized structures and relative energies (in kcal/motPkif 2 species. The triplet state is defined as the zero of the energy. The relative
energy values correspond to: energy (enetg¢PE correction) [energy- ZPE + solvation corrections]. Key bond lengths are shown for triplet/quintet
states, respectively. (b) Corresponding data forlfae? state.

of TMC(AN) it is also in accord with high level ab initio  bonds as well as on the electreelectron repulsion between

calculationsg’ the electrons of axial ligand and the electron pair indlabital
Discussion of the Trends in Spin-State Ordering ofK* in the triplet state and the extent of long-range antibonding

(Z = 1, 2) Complexes.The state ordering, in Figure 1, is  Fe—N interaction in the orbital (See Scheme 2). The stronger

determined by a combination of a few factors: (i) $1€0*xy  the Fe-N,, binding, the higher the correspondintiy, orbital

orbital energy gap (Scheme 2), (i) the exchange interactions;g - 5y the larger the gaps are. The stronger the eleetron

ig]aonnge;hgljjg?slreedoemk;;tirsg?f;grrfc(;;bl?rﬂz ir;(iéglgtf;e;ﬁn;rgy electron repulsion of the axial ligand with the electron pair in
g g : g 9y o orbital of Fe, the easier it would be to excite an electron to

would prefer the quintet state, while the orbital energy gap and ) . o )
the geometric variations favor the triplet state. The orbital energy (€ "y Orbital and stabilize the quintet state. Thus, among the

gap depends on the binding strength of the equatoriaiNFe hexacoordinated experimental complexes, the ligand N4Py
makes the shortest F&Neq bonds and possesses the largest
(41) Krebs, C.; Price, J. C.; Baldwin, J.; Saleh, L.; Green, M. T.; Bollinger, J. energy gap. The electrerelectron repulsion with the axial

M., Jr.Inorg. Chem.2005 44, 742-757. . . .
(42) Carter, E. A.; Goddard, W. A., 1. Phys. Chenl988 92, 5679-5683. ligand is apparent from the series TMC, TMC(AN) and TMC-
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Table 1. Comparison of UB3LYP/B1 Optimized Geometrical Table 2. UB3LYP/B1 Calculated Electron Affinities2 of 3K
Values with Experimental Data (in Parentheses) for Triplet Complexes (in kcal/mol)
Iron—Oxo Species, * (in A) gas phase solution (¢=37.5)
Fe-0) rFe—-N) @ r(Fe=Ny) or (Fe—0,) species EAD ALY ) EAL®
3K s(nH3) 1.651 (NA) 2.062 (NA) 2.137 (NA) 3
3K napy? 1.651(1.65)  1.990 (1.97) 2.068 (2.12) 3EZTPH3> fég-g iggg ;gg 3‘3‘-2
HKrue 1.619 (NA) 2077 (NA) -0) Ke 195.2 207.7 87.0 98.3
3K tmean)© 1.638 (1.646) 2.132(2.091) 2.118 (2.058) 3K1m2 - 1874 1978 86.7 95 1
3K TMC(TR) 1.648 (NA) 2.130 (NA) 1.969 (NA) Ko <TF) 1175 1291 296 905
3K gn-TPeN’ 1.654 (1.67) 2.029 (2.00) 2.120 (2.18) Kp CT(PE)N 173'2 188.1 84.9 100'4
n— . . . .
a Averaged value of four FeN distancesP Reference 15¢ Reference Pt P.o Pt P.o
14.9 From the 10th fitting (see ref 15). i « i «
dihydroanthracene 183.5 179.5 142.8 138.2

(TF); the first case being devoid of an axial ligand has the largest

gap, while the last case, where the axial ligand possesses a_".Calculated as the ionization energies of the aniti; # % — K, +

€. The excess electron fiK . Z~ occupies the*,y orbital. ® The subscript

negative charge, has the smallest gap. This is likey also the«, means vertical, i.e., both species share the same geometry as that for
reason N4Py has a smaller gap compared with the pentacoor®K 2. The subscript “ad” means “adiabatic” and refers to a process where

dinate Ktme complex. Thus, the relative energy of the two both species have relaxed geometries in the gas phase.
lowest electronic states is a fine balance between a few factors, rapie 3. UB3LYP/B1 Calculated Bond Dissociation Energies
and this balance may be very sensitive to the level and type of (Dre-Lax) in *Krmcray Complexes (in keal/mol)?

calculations. It is gratifying, though, that the trends are similar Dre o quantity Dre-ax Dre_rr

at the various levels, which shows that the quinteiplet-state AE 29.9 193.4
gaps decrease in the order oLt TMC > N4Py~ 5(NHs) > A(E+Eson) 13.2 25.1
Bn-TPEN~ TMC(AN) > TMC(TF). A(E+ZPE+Eson) 10.8 220

Geometric Features of the Iron—Oxo Complexes2St1K 2.

. - . aThese quantities refer to the proce¥$imcaxy — Ktmc + Lax.
The geometric data of the species in Figure 1 reveal, in accord a P 29 ax

with previous conclusion;260.27.43 fairly constant FeO bond and in solution. As can be seen from the data in Table 2, an
length. By contrast, the FeNeq bonds undergo lengthening in  electron transfer would be highly endothermic. As such, a
the quintet state, in accord with the occupation ofdhg orbital mechanism with an initial electron-transfer step is ruled out as

in this state (Scheme 2). TheFEq distances to the axial ligand  the source of reactivity o, tmcan) and®Kvcar) toward 9,-
undergo very slight changes, and for the TMC(AN) and TMC- 10-dihydroanthracene.
(TF) ligands, the bonds are even slightly shortened; this Bond Energies of the Axial Ligands in the®K tycean) and
shortening may reflect reduced steric repulsion with the TMC *Ktucere) . Since the axial ligand plays a role in the reactivity
ligand or reduced electron repulsion with the iron due to the of the TMC(Ly)—FeO complexe& it was deemed essential
excitation of the electron from thé& orbital that is located on  to ascertain that the axial ligand remains intact during the
the iron to the more diffuse*yy, orbital. Table 1 collects the  reactions. Table 3 shows the bond dissociation energies for the
critical bond lengths for all the ironoxo species in the triplet  axial ligand (Lay), Dre-Lax, Calculated at the UB3LYP/BL1 level.
ground state and wherever possible compares them to experidt is seen that in the gas-phase tbe.- ax values are large,
ment. It is seen that the computed data is in reasonable accorcespecially for the CECO,~ ligand (TF); this is understandable
with experiment. since the latter ligand maintains large electrostatic stabilization
Electron Affinities of the 3K % (Z = 1, 2) ComplexesSince with the di-positive TMC-FeG*™ moiety. However, in solution
oxidation may occur by initial single-electron transfer from the the bond energy decreases since the solvent screens the
organic molecule to the ironoxo complex, we calculated the electrostatic interactions in the complex and further stabilizes
corresponding electron affinities (ionization energies of the the dissociated TM& (and TF-) ion(s). ZPE correction
4K %71 species with an excess electron in ttg, orbital) in reduces thd®re—ax Values. Entropy may contribute to further
the gas phase and in solution. The data are summarized in Tabldowering of these values, but since the entropic effects due to
2. It is seen that the ionization energies of g 2~ species enhanced solvation are not properly accounted for by the
with the excess electron are very large in the gas phase; it issolvation calculations, we do not report these quantities.
largest for the!K snn3)'™ complex, reflecting the lesser electron  Nevertheless, it is apparent that the TMC(AN)Pé@omplex
repulsion, with the excess electron, exerted by the smaller should undergo facile ligand exchange as is indeed found
ligands compared with the larger ones. For the experimental experimentallyt8Furthermore, since thBre-an value is small,
complexes the ionization energy is the largestfofuc ™ and one may consider that ligand exchange is initiated by loss of
smallest for*Krmcrr) ©, reflecting in the latter the electron  the CHCN ligand.
repulsion with the negatively charged ligand. The solvent exerts  3.2. C—H Hydroxylation Mechanisms by 25t1K| Species.
a great leveling effect and makeé&g,—tpen the strongest In view of the multiple spin-state crossings in the previous study
electron acceptor, whiléK tycrr remains the weakest. This  of Kyspywith cyclohexané® we followed the energy profiles

leveling effect is expected since the solvent stabilizegithé 1 for all three of the spin states. The energy profile for the reaction
species less than tiK 2 complexes, due to the higher positive  of 25K yspywith cyclohexane is displayed in Figure 2 as a
charge of the latter species. reference for the other processes discussed below.

To test the possibility of an electron-transfer reaction during  Generally, in all the mechanisms the reactants form a reactant
oxidation of 9,10-dihydroanthracene, we calculated also the cluster £1RC) followed by a transition state for H-abstraction
ionization potential of the organic molecule in the gas phase (371TSy) that leads subsequently to an intermedigteX().
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2+ \4py + CH

18.2 (14.0) [17.1]

TSy

14.1 (9.6} [11.9]

9.5 3.7] 'RC

5 (9.4) 3. O —

IK + CH 9.4(9.3) [9.6]

5K+ CH 10.9(7.3) [11.0]

7.50(6.1)[1.6] 73 (53.8)[5.1] 5,-[-q
[ -
SRC H 3] 7.0 (3.0 [12.0]
2.4(0.1)[2.4)

3RC

0.0 (0.0) [0.0]

T2.812/3.246/2.944

3K +CH

220,09 [2.6]

I

1.5 (1.5) [4.8]
isolated 2,298 / 2.096 1 2.086

M 408510

~, 2071/ 1.877/2.104

X

26,1 (-26.1) [-20.1]

-39.6 (-38.6) [-32.61 |

45.1(-46.1) [-38.8]

energy: B2//B1 (B2//B1+ZPE) [B2//B1+ZPE+Esolv]
geometry: triplet / quintet / singlet

Figure 2. Energy profile for the reaction df"Kspy (S= 0, 1, 2 with cyclohexane CH). Relative energies are indicated in the order: B2//B1 (B2//B1
+ ZPE) [B2//B1+ ZPE + Esq). Key bond lengths (in A) are noted for the spin-state species, in the order: triplet/quintet/singlet.

Table 4. Barriers (AEfy) and Reaction Energies (AEr — ) for the H-Abstraction Step 3°K_ + RH — 35]2

AFy Knspy + CH Krmcan) + CH K + CH Kgn—tpen+ CH Knapy + TE Knapy + AN
Bl: T/Q 13.1/15.8 19.3/12.0 26.9/17.7 12.1/11.2 12.8/14.5 28.5/30.9
B1+ZPE: T/IQ 8.6/12.1 15.3/6.1 22.5/11.5 7.8/6.2 9.1/11.8 24.4/25.8
B2: T/Q 14.1/10.9 21.0/10.1 27.3/14.9 13.2/6.3 11.3/9.8 28.1/27.8
B2+ZPE: T/Q 9.6/7.3 17.0/4.3 22.8/8.6 8.9/1.4 7.6/7.1 24.0/22.6
B2+ZPE+solv T/Q 16.7/15.8 24.8/13.9 25.8/13.1 17.8/12.8 16.2/15.9 21.7/24.1
AEg— Knapy + CH Krmean) + CH Krwerr + CH Kgn—tpen+ CH Knapy + TE Knapy + AN
B1l: T/Q 5.3/5.2 11.2/4.8 15.6/11.0 4.0/2.6 1.1/2.6 1.3/2.1
B1+ZPE: T/IQ 3.0/0.8 9.140.4 13.5/5.4 1.6/2.1 —-0.4/-1.1 —-0.6/-1.6
B2: T/Q 2.4+4.0 7.62.0 10.7/3.2 0.947.2 —5.7~7.5 —0.5~6.6
B2+ZPE: T/Q 0.1+8.5 5.5+7.3 8.62.3 -1.5~11.9 —-7.211.2 —2.4/~-10.4
B2+ZPE+solv T/IQ 7.1/3.8 11.0/2.7 12.1/2.6 6.2/0.1 0.0/0.4 5.3/2.4

a1n kcal/mol. The gas-phase energies are relativéR©. Barriers in solution are relative °K, + RH.

The intermediate undergoes rebo#@iffdsometimes, but not
always, via a rebound TSX1TS.e,), and forms the €0 bond
of the alcohol complex?¢™1P). The entire data set can be found

attains the lowest energy. We can exclude a reaction via the
ITS, species, which is highest in energy and does not cross
the triplet surface. Focusing on the triplet surfaces in Figures 2

in the SI document (Tables S6, S7), while the B1/B1 and B2// and 3, we can see that the gas-phase barriers ZBE relative
B1 barrier data are collected in Tables 4 and 5. Below we to °RC) for the Knapy with toluene vs cyclohexane are 7.6 vs
describe the energy profiles, using only the corresponding B2// 9.6 kcal/mol, respectively, while with solvation energy correc-
B1 data. Note that the reference state for gauging the gas-phas¢ion, these barriers (now relative #, + RH) become 16.2
barriers is’RC, whereas for the barrier in solution, we use the vs 16.7 kcal/mol. The experimental d&taeveal a free energy
energy of the solvated separate reactants as reference (note: thiearrier difference of 1.5 kcal/mol, favoring the reaction with

SRC minimum lies above the separate reactafitsk + RH,
in a solvent).

Energy Profiles for the Reaction betweer?S*1K yspy and
Toluene (TE). Figure 3 summarizes the relative energies and
key structures along the hydroxylation reactionkafspy with
toluene TE).

Much as is found in Figure 2 abov&here too the reaction
starts on the triplet ground state. Subsequently, the q&iRSt

toluene with the weaker €H bond. As such, the triplet-state
data that prefer the reaction with toluene are in accord with
experiment.

Following H-abstraction, the intermediaté&s!l (Figure 3)
undergo rebound to form the alcohol complexes. Much as in
Figure 228the C-0O bond-forming process has a rebound barrier
only on the triplet surface. Due to the collinear#&-:-H---C
arrangement in the quintet intermediate, a forward scan, using
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2007 (17.3) [21.3]

ZS+IKN4P}' +TE

TS,

TSy

11.9(11.4) [3.7] il
IK + TE SRC 113 (760 [11.4]
SK +TE 7.8(6.5)[7.5]

9.8(8.1)[1.6] N — 98 (T.111.2]

T1(7.3)[7.5]

IRC TSy

1.4 (-1.0) [33]
3K +TE 3RC :

3.8(3.5) [.7]
Iy

-3.8(-5.3) [-2.8]

0.0 (0.0) [0.0]

isolated
|
|

5.7(-7.2) |4.7)
7.5 (-11.2) [-4.3]

2,190/ 2.095 £ 2.091

. o
3", o
S 27627027201 2.758 ﬁ 1.135 /7 1.226 \:J i ]
e Bl % 1302/ 1,770/ 1426 ; ‘E.EW- 1.938 /2,292
] I 3P
t -24.9 (-24.6) [-19.0]
-33.5(-322) [-26.8] 1
P

energy: B2//B1 (B2//B1+ZPE) [B2//B1+ZPE+Esolv] -37.8(-38.2)[-31.0]
geometry: triplet / quintet / singlet

Figure 3. Energy profile for the reaction 6f"K napy (S= 0, 1, 2) with tolueneTE). Relative energies are indicated in the order: B2//B1 (B2HBAPE)
[B2//B1 + ZPE + Eso]. Key bond lengths (in A) are noted for the spin-state species, in the order: triplet/quintet/singlet.

Table 5. Barriers (AEfp) and Reaction Energies (AE; — p) for the Rebound Step 35 — 35P (in kcal/mol)

A Knapy + CH Krmeean) + CH Krmeqr + CH Ken—tpen+ CH Knapy + TE Knapy + AN
B1l: T/Q 7.9+ none 10.5+ 4.6/— 7.4~ 26.3/22.9
B1+ZPE: T/Q 6.2+ 8.9/— 3.51— 6.6/— 26.2/22.8
B2: T/Q 4.6 none 11.6+ 1.9~ 7.1~ 26.4/22.8
B2+ZPE: T/Q 2.9+ 10.0~ 0.8~ 6.3 26.4/22.7
B2+ZPE+solv T/Q 9.7+ 9.2/ 4.2]— 8.1~ 15.3/10.5
AE Knapy + CH Krmcan) + CH Krmeqr + CH Kegn-tpen+ CH Knapy + TE Knapy + AN
Bl: T/Q —25.342.4 —47.1/-48.7 —36.1+46.5 —34.8~-47.6 —20.1~31.9 0.0~11.3
B1+ZPE: T/Q —23.0~39.0 —45.9/~-46.2 —35.1+43.8 —32.743.8 —18.3(285 2.0+8.1
B2: T/Q —28.541.0 —49.2/-50.8 —38.349.7 —37.045.5 —19.2-30.4 —3.7-10.1
B2+ZPE: T/Q —26.2-37.6 —48.048.3 —37.247.0 —34.9/-41.8 —-17.4-26.9 —-1.7/-6.9
B2+ZPE+solv T/Q —22.4-37.8 —42.4/-46.9 —39.5-48.3 —30.2~40.6 —14.2/-26.7 —10.5~20.7

the C-0 distance as a reaction coordinate, produces an unna-Dc—y (CH3CN) = 99.6 kcal/mol andDc—y (CgHi2) = 101.7
tural energy spike. To avoid this technical problem, we perform- kcal/mol. Why then do the ironoxo reagents actually survive
ed a backward scan starting from the product comiefigure in acetonitrile? The energy profile for the reaction between
S6). These scans led to intermediate species with a bent Fe 25t1Ky4py and acetonitrile is displayed in Figure 4. Similar to
O—H angle, almost identical energies to thosélafexcept the a recent study of the reactivity of an Fe(V)O reagent toward
case foPK tmc(rr) ; see below), and the electronic states typical CHsCN,* here too, the barriers for the triplet as well as quintet
to 5P. Therefore, we used a dotted line to conmécind®P in states are significantly higher than those in the reactions of the
Figure 3. Interestingly, the rebound barrier on the triplet state same reagent with cyclohexane and with toluene (Figures 2 and
is smaller than that calculated above for cyclohexane (Figure 3). Thus, the UB3LYP calculations reproduce the experimental
2).% in accord with a recent theoretical model for the rebound finding that acetonitrile will be oxidized very sluggishly by these
process? In addition, here’TS,y, is significantly lower than iron—oxo reagent$*-18 An unusual feature in Figure 4 com-

STSy, whereas the opposite was true for the reactio?Kefapy pared with, for example, Figure 2, is the presence of large

with cyclohexané8 Thus, with two “rate-determining states”, rebound barriers for all spin states.

the latter reaction will be further slowed by a factor of 2. Energy Profiles for the Reaction betweer?S™K g,_tpen
Energy Profiles for the Reaction betweer?S*K y4py and and Cyclohexane (CH).Experimentally,Kgn—tpen iS more

Acetonitrile. The UB3LYP/BL1 calculated bond energies gave reactive thanKnapy (by a factor of 10) toward all organic

(43) Shaik, S.; Cohen, S.; de Visser, S. P.; Sharma, P. K.; Kumar, D.; Kozuch, (44) Bassan, A.; Blomberg, M. R. A.; Siegbahn, P. E. M.; Que, L.Chem.
S.; Ogliaro, F.; Danovich, DEur. J. Inorg. Chem2004 35, 207—226. Eur. J.2005 11, 692-705.
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ZSHKN‘W}, + AN 1366/ 1.243 /1,329

Wy, 1226713217123 OO, 26232612226
2 .0/ P I

31.3(27.1)22.9]

28.1(24.0) [18.7) 4 °
3TSy
26,0240 [17.7
27.8 (22.6) @401 l
121.0]

22.8(21.2) [16.0]

16.5(15.9)[5.4] 16,2 (12.3) [9.9]

145 (12.6) [3.4]

2337/ 2186/ 2148

8.5(8.1) [-3.0]

isolated

0.1 200 [2.9] ff

0.0 (0.0) [0.0] | 0.5 (24 [2.3]
p
i 4.2 (4.1) [-82]
o |
6.6 (-10.4) [-0.6]
Ip
117 (-10.4) [-16.0]
1.893/ 1.746 / 1.942
5

energy: B2//B1 (B2//B1+ZPE) [B2//B1+ZPE+Esolv] 167613 [213]

geometry: triplet / quintet / singlet

Figure 4. Energy profiles for the reaction 8FKnspy (S= 0, 1, 2) with acetonitrile AN). Relative energies are indicated in the order: B2//B1 (B2//B1
+ ZPE) [B2//B1+ ZPE + Esu). Key bond lengths (in A) are noted for the spin-state species, in the order: triplet/quintet/singlet.

molecules tried by Kaizer et &f.To test the ability of theory barriers for H-abstraction, with the corresponding ones in
to predict this trend, we studied in Figure 5 the reaction of Figures 2 and 5, shows that, on the triplet surface, the reagent
25t1K ph—1pen With cyclohexane. It is seen that the general Krtmcany has by far the highest barriers among the thifge
features of the energy profile are all similar to the corresponding reagents. By contrast, the quintet-state surfaceaiucan)
profile with 251K napy (Figure 2), with some obvious quantita-  has a small barrier compared with thatSfy.py reagent (13.8

tive differences® On the gas-phase triplet surface (B2ZPE, vs 15.8 kcal/mol with solvation energy correction). Obviously,
and relative téRC) the barriers are lower fdf Bn—TPEN, while since thd(TMC(AN) reagent is a Sluggish oxidant under experi_
with solvent correction, the barrier order was inverted in favor mental conditions, this suggests the hypothesis that a spin flip
of Knapy. Using a less polar solvent & 5.7 andr = 2.72 A), from triplet to quintet does not take place fifrmcean) and

we¢s§ill found the sarge3 trend, 16.2 vs 15_.3 kcal/mol, namely: inat the relative reactivities oK rvcqany and Kyapy toward
AE(Ken-Tren) > AET(*Knapy). The experimental data show .y cjohexane reflect their reactivities on the triplet surfaces. A
that the free-energy barrier féten—rren V\,"th cyclohgxane IS puzzling feature in Figure 6 is the lack of barriers for the
~1 keal/mol lower than the corresponding one withapy.® rebound processes compared with Figures 2 and 5.

Thus, the relative reactivity of the two oxdron reagents on . i
Energy Profiles for the Reaction betweer?stK rycrr and

the triplet surface is opposite to that from experimental i
observation. This might reflect the missing entropic factors in CYclohexane (CH).ExperimentallyKrwc(rr) was found to be

the calculations (e.g., solvation entropy) or simply computational MOre reactive thamcan) toward 9,10-dihydroanthraceﬁ@.
inaccuracy. However, this mismatch might reflect that the actual Since we already ruled out an electron-transfer mechanism, we
reaction occurs by spin-state crossing to the quintet-state surfacdested the relative reactivity in H-abstraction toward cyclohex-

where the barriers are significantly lower fign_tpen. Note ane. The corresponding profile f8%*!Kucerr) is shown in

also that gn—tpen has a smaller rebound barrier compared with Figure 7. Clearly, on the triplet surface the barrier for H-

that of Knapy (Figure 2). abstraction is larger than that i rucan) in Figure 6 above.
Energy Profiles for the Reaction betweertS* 1K tycany and As such K rvc(rr) is expected to be a sluggish reagent, unless

Cyclohexane (CH).We recall thaK tmc(any exhibits a sluggish  the spin flip to the quintet surface is enabled for this reagent,
H-abstraction reactivity*'8Figure 6 displays the corresponding but less so foPKtumcan) . A similar hypothesis was made by
reaction profile of Krmcany with CH. Comparison of the one of us (L.Q.):8
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Figure 5. Energy profile along the reaction betwe®h'K g,—tpen (S= 0, 1, 2) and cyclohexan€d). Relative energies are indicated in the order: B2//B1
(B2//B1 + ZPE) [B2//B1+ ZPE + Eson). Key bond lengths (in A) are noted for the spin-state species, in the order: triplet/quintet/singlet.
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energy: B2//B1 (B2//B1+ZPE) [B2//B1+ZPE+Esolv]
geometry: triplet / quintet / singlet

Figure 6. Energy profile along the reaction betwe®n'K tmcany (S= 0, 1, 2) and cyclohexan€(). Relative energies are indicated in the order: B2//B1
(B2//B1 + ZPE) [B2//B1+ ZPE + Esqn. Key bond lengths (in A) are noted for the spin-state species, in the order: triplet/quintet/singlet.

Studies of the Lowest-Energy Spin-State Crossing Paths.  5TSy structures in the reactions 8F"Kmcaxy With CH,
We probed the spin-state crossing starting from3h®y and where crossing occurs at the UB3LYP/B1 level. With either
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Figure 7. Energy profile along the reaction betwe®K rucre) (S= 0, 1, 2) and cyclohexan€H). Relative energies are indicated in the order: B2//B1
(B2//B1 + ZPE) [B2//B1+ ZPE + Es]. Key bond lengths (in A) are indicated for the spin-state species, in the order: triplet/quintet/singlet.
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Figure 8. Spin density §) development during the oxidation of RH ByK .

starting point, the minimum-energy crossing point was near 4. General Reactivity Patterns in the Data Set

the geometry of the free reagent, and the seams of crossing - Although the singlet state approaches the other two spin-state
ranged over the entire H-abstraction profile (Figure S3 in surfaces at the intermediate stag&{l), until that point the

the SI). Thus, spin-state crossover may occur either at thesinglet lies well above the other two states; hence, our foregoing

geometry of the starting reagent or en rout&T8y. This will discussion will focus on the triplet and quintet states. To render
depend on the probabilities of crossover as will be discussedthis discussion manageable, we collected the data in a few
later. figures and tables, as follows: Figure 8 shows the spin density
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Kngpy + TE Knapy + AN Kmvcan + CH

—03710.31 Qg =0.24 [0.24] Qr =032
Q 03t [0.36]
%msa [1.243]
3 1.226 [1.321]
1.282 [1.135] /

1.302 [1.770] %,

r(Fe-0) =1.754 [1.689] r(Fe-0) =1.767[1.717]
r(Fe-N) =1.991 [2.140] r(Fe-N} =1.995 [2.136]
r(Fe-N,) = 2.060 [2.206] w(Fe-N,) =2.051 [2.206] i(Fe-0) = 1.751 [1.735]
£ Fe-O-H = 127.2[170.8] £Fe-0-H=129.8 [169.2] r(Fe-N) =2.136 [2.233]
£ Fe-0-C = 133.1 [169.9] ZFe-0-C=1324[161.8] N = =
: r(Fe-N,) = 2.141 [2.249]
£0-H-C =167.2[177.5] £0-H-C =174.9 [164.0] /Fe-O-H = 148.1 [173.4]
£LFe-O-C = 147.6 [168.9]
£0-H-C = 179.0 [170.2]
Krmerr) + CH Kgn.tpen + CH
g = 0.36
Qg=0.35 Qr
[0.32] [0.31]

1.314 [1.181]
g

r(Fe-0) = 1.809 [1.770] r(Fe-0) =1.771[1.715]
t(Fe-N) =2.135[2.241] r(Fe-N) =2.037 [2.186]
1(Fe-0,) = 1.993 [2.004] r(Fe-N,) = 2.128 [2.262]
£Fe-0-H =143.2 [173.8] /Fe-0-H = 133.6 [175.6]
£Fe-0-C = 1489 [169.4] £Fe-0-C=139.1[172.1]
£0-H-C=1678[171.2] £0-H-C = 167.3 [169.0]

Figure 9. Geometric details and charges developed on the organic molecgllén(@e H-abstraction transition states. Each datum is given two numbers
corresponding to triplet [quintet], respectively.

variation along the reaction pathway for the two spin states. made. At the same time the spin on the iron ion climbs from 1
Detailed geometric features of the transition states ferHC to 2, while the spin on the oxo atom diminishes from 1 to O.
cleavage and charge development on the organic molecules inOn the quintet surface, there are similarities and differences with
theseTSy species are collected in Figure 9. Figure 10 shows the triplet surface. The first difference is the negative spin
the corresponding rebouriB,ep structures. Table 4 assembles density that develops on the organic molecule, reachifigat

all the data for the barriers for H-abstraction on the two spin- the intermediate stage; the second difference is the jump in the
state surfaces, while Table 5 shows the corresponding reboundron spin density from 3 to 4, and the third, the spin density on

barriers. the multidentate ligands is now more pronounced compared with
4.1. The Mechanism of Activation in the Reactions of%K that in the triplet process.
with RH. The mechanism of activation in Figures-2 is These changes can be represented by a corresponding orbital

uniform (other triplet and quintet species were tried and found occupancy evolution in Scheme 3 using the oxidation state
to be higher in energy than the ones in Figureg2see Table formalism#® Thus, initially on the triplet surface, the occupancy
S6(f)), and the key features can be understood by inspectingof 3K, involves two electrons int* orbitals that are both
the spin density development along the reaction paths, asantibonding FeO orbitals and hence distribute the two spins
depicted in Figure 8. The triplet state reveals that the organic
molecule (RH) develops a radical character that peaks at the(@5) Shaik, S.; de Visser, S. P. Bytochrome P450: Structure, Mechanism,

. . . . and Biochemistry,3d ed; Ortiz de Montellano, P. R., Ed.; Plenum
intermediate stage and then vanishes as th€@OR bond is Publishing: New York, 2004; pp 4585.
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Kngpy + TE Knapy + AN

' 2,126 [2.326 ]

r(Fe-0) =1.910 nFe-0) =1.918 [1.883]

r(Fe-N) =2.008 r(Fe-N) =2.006[2.178]

r(Fe-Ny)=2.144 r{Fe-N,) =2.104 [2.262]

ZFe-0O-C=171.1 £ Fe-0-C=158.2[139.1]
Krmeerr + CH Kgp-rpeny + CH

r(Fe-0) =2.029 r(Fe-0) = 1.887
r(Fe-N) =2.149 r(Fe-N) =2.055
r(Fe-0,) = 2.010 r(Fe-N,) = 2.187
LFe-0-C=1529 LFe-0O-C=173.5

Figure 10. Geometric details of the rebound transition states in this study. Wherever available, each datum is given two numbers corresponding to triplet/
[quintet], respectively.

equally: one on Fe and the other on O. As H-abstraction occurs, On the quintet surface, the electron that shifts initially from
one electron (with spin-down) shifts from tlwey orbital of och IS a spin-up electron, and hence the spin density that
the substrate to a* orbital of the iron—oxo reagent; as aresult, develops on the organic molecule is negative, reachitgat

the spin on the oxo is depleted due to thel®bond formation the intermediate stage. The electron shifts intodhg orbital

(and appearance oby ando* oy orbitals) while spin develops  of iron—oxo, and hence the spin density on Fe jumps from 3 to
on the organic molecule that now possesses a singly occupied4 at the intermediate stage. In fact, there are now five unpaired
orbital (pc). At the same time, the spin density on iron remains electrons irPl; however, since the corresponding d orbitals are
almost constant since the singly occupigdorbital acquires a delocalized (see e.g., Scheme 2), the total spin is only 4. Since
dominant iron d-character. In the end, the orbital of the organic all the d orbitals are occupied and since both, and o* 2
moiety (pc) combines with the oxygen orbital of the remaining orbitals involve ligand contribution, the spin density on the
7Treo, @and they evolve together to become the and o*co multidentate ligand increases and then drops at the product stage
orbitals of the alcohol. when thed orbital gets filled.
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Scheme 3. Orbital Diagrams Showing the Evolution in d-Orbital Occupancy along the Oxidation Pathway; Both & and z* Orbitals Involve
Initially the Fe=0O Moiety*6

ZS+1K +R-H ZS+II ZS+1P

— 0FoH

o%,2 — O o*,2 + — O¥OH O%xy + w— O70H

This orbital picture accounts also for special structural the barriers relative to the gas-phase values. The solvent effect
characteristics of theSTSy species in Figure 9. Thus, when an  arises due to the stronger solvation of the doubly postiye"
electron shifts from thercy orbital of the organic molecule to  reagent compared with the correspondif§Sy species where

some orbital of the iroroxo reagentthe two reactants will the charge is diffused over the reagent and the organic molecule.
assume a transition structure that optimizes the interaction Second, considering that the barrier for the quintet-state reaction
between the two orbitals, as much as posstbf§Accordingly is gauged from the lowest point on the triplet ground-state

the FeOH (FeOC) angles arel2(Q for the triplet transition surface fRC in the gas phaséK_ + RH in solution phase),
state, since on the triplet surface the electron shift is totthe  the net barrier on the quintet surface is extremely small (consult
orbital (the deviation from J0reflects the optimization of the  Figures 2-7), and the correspondiff Sy species are also very
overlap by avoiding the node in the rec Orbital). By contrast,  early (inspect theon andrcy distances in Figure 9). In fact,
these angles for the quintet species a£7C, since on this  much of the quintet barrier is due to the solvation effect. The
surface the shift occurs to tlé 2 orbital that lies on the FeO orbital evolution diagram in Scheme 3 shows that the quintet-
axis, thus requiring the H-abstraction to occur along the FeO state barrier is due to the fact that in Sy species a spin-
bond axis. Further support for the simple orbital picture comes yp electron initially in the organic molecule shifts to thie2

from the rebound transition states in Figure 10. It is seen that grpijtal. As a result, the exchange stabilization in the d-block
the trends in the FeOC angles3ATSrep, are opposite to those  grpjtals is enhanced by five exchange interactions, and since

discussed fofSTSy. Thus, in the tripleBT Sy, the angle is 153 d—d exchange interaction for iron is significét®2 the TSy
174, reflecting that the second electron shift (Scheme 3) occurs gpecies attains low energies.

from the orbital of the organic radical to tla# 2 orbital and is
dictated by maximum overlap requirement betweengthand
o* 2 orbitals. By contrast, in theT Sy, the electron shift is to
the ¢ orbital, and the FeOC angle is accordingly smaller.

4.2. Trends in the Activation Barriers. Table 4 shows the
corresponding data for the H-abstraction step, while Table 5
collects the data for the rebound step.

Trends in the H-Abstraction Barriers. The barriers in Table
4 exhibit a few trends. First, in most reactions, solvation raises

Considering the triplet surface, in the gas phase the relative
reactivity of the®K | reagents, with respect to a given organic
molecule CH), is the following: L= Bn-TPEN > N4Py>
TMC(AN) > TMC(TF), irrespective of the basis set. The solvent
changes this trend to: £ N4Py > Bn-TPEN> TMC(TF) >
TMC(AN). As we already noted, the solvent effect is large, and
hence, the gas-phase order, Bn-TPENN4PYy, is reversed in
solution, reflecting the stronger solvation of tRign—Tpen
reagent, in which the FeO unit is more exposed to the solvent

(46) In the case of TMC(AN) the rebound involves electron shiftrto compared with other cases. We note that the gas-phase trends

(47) Shaik, S.; Shurki, AAngew. Chem., Int. EA.999 38, 586-625. P ; H PR

(48) Kumar D.: de Visser. S. p.- Sharma. P. k.. Hirao, .. ShaiBi@hemistry are in better agreement with experimental data than the sqlutlon
2005 44, 8148-8158. phase trends. Nevertheless, both gas-phase and solution data
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Scheme 4. UB3LYP/B1 Computed Adiabatic and in-Situ C—H
Bond Dissociation Energies (Dr—n's) and Radical lonization
Potentials (IPre, Given as Gas-Phase [Solution-Phase] Values);
Data in kcal/mol; Radical Structures Were Taken from 3|

H-CH,CN H-C¢H,, H-CH,Ph
Dry 99.6 101.7 94.5
Dy ™ sitv 112.0 109.9 107.6
1P, 236.5[165.9] 166.2 [107.7] 161,5[110.2]

show that the TMC(Ly) ligands are the least reactive, in accord
with experiment. Inspection of the barriers visda the H-
abstraction energie\Er ), shows that there is a correlation
between the two quantities, as expected from the-Helans-
Polanyi principle?® Interestingly, as recently shovéf, the

Scheme 5. UB3LYP/B1 Computed Electron Affinities (EAgeon) of
Ferric—Hydroxo Complexes; Structures Were Taken from 3l

TMC(AN)FeOH2* N4PyFeOH2*  TMC(TF)FeOH2*
174 (70) 164 (69) 99 (62)

Bn-TPENFeOH?*
EAreon 161 (68)
contrast, on the triplet surface, the electron is shifted to the
highest-lyingo* 2 orbital (which then relaxes at the product
stage). Consequently, the triplet rebound is less exothermic and
has a significant barrier, while the quintet reaction is generally
effectvely concerted

Another trend concerns the dependence of the triplet-rebound
barrier on the nature of the radical R Thus, the barrier
behaves in the following orderAE¥e, (PhCH?) < AEf e
(CeH1r) < AEFep (NCCHy?). At the same time, the respective
reaction becomes less exothermic as the radical varies from

H-abstraction energies do not reflect only variation in the relative PhCH* to NCCH,". Following the orbital evolution diagram

strengths of the formed -©H bond for the different reagents

(Scheme 3), it is seen that the rebound involves a shift of an

but also the significant electrostatic interaction between the electron from the radical orbitak¢) to the ferric-hydroxo
cyclohexyl radical and the positively charged reagent; some of complex. Therefore, it is expected that the rebound barrier will

this stabilization carries over to tH&Sy species and thereby

follow the ionization potential of the radical, gP*344The IRk,

affects the barrier. The solvent screens these interactions andlata in Scheme 4 provides a clear explanation for the variation
stabilizes the reactant state, making all the reactions thermo-of the rebound barrier in these three radicals. Finally, for a given

neutral/endothermid\Eg—; = 0.0—12.1 kcal/mol, and changing

radical one can see thAE* e, (TMC(AN)) < AE¥ e, (Bn-TPEN)

the stability trends and hence also the barrier trends. It is still < AE¥e, (N4APY) < AEf e, (TMC(TF)). The data in Scheme 5
puzzling, however, that the trends of the triplet-state solution show that, with one exception (the barriers of Bn-TPEN vs
barriers do not fully conform to experimental trends; possible N4Py), the electron affinities of the irefhydroxo species

causes for the deviations are addressed later.

predict the trend: the better acceptor is the ferric hydroxo

For a giver?K | reagent (N4Py), the organic molecules exhibit complex, the smaller is the rebound barrier.

the following reactivity trend: toluen&g) > cyclohexaneCH)
> acetonitrileAN), in both the gas phase and solution. While

4.3. The Question of Two-State Reactivity (TSR) in the
Reactions of Non-Heme Iron(IV)-Oxo Reagents.As we

this trend accords with experimental findings, still it is puzzling already noted, some trends cannot be accounted for in terms of

why should acetonitrile, which possesses-aHCbond dissocia-

a reaction on the triplet-state surface. For example, the relative

tion energy even smaller than that in cyclohexane, have a muchreactivity of 3Kgn—tren and 3Knapy, Which in solution is

higher barrier? As we argued receritlythe adiabatic bond

calculated to be opposite to the experimental data, and relative

dissociation energy involves the reorganization energy of the reactivities ofK tmcany and®Kmcere), which are also reversed

corresponding radicdf, and a more appropriate predictor of

compared with those from experiment. These reversals may be

reactivity*” is the “in situ” bond dissociation energy that leaves the results of inaccuracies in the calculations or due to
the radical in its geometry as in the molecule. In addition, as in unaccountable entropic effects of solvation. However, they can
every H-abstraction transition state, part of the stabilization of be understood if one invokes TSR via crossover to the quintet-

the species comes from the mixing in of the polar R:0~
resonance structufé.This stabilization by the “polar effect”
will depend critically on the ability of Rto donate an electron

state surfacé The likelihood of such a crossover seems
significant in view of the fact that the spin-state surfaces are so
close and cross throughout the H-abstraction pathway (Figure

and, hence, on the ionization potential (IP) of the radical. S3). As such, it is essential to consider this possibility and to
Scheme 4 shows these quantities for the three substrates studiethake some predictions for distinguishing a single-state reactivity

here. It is seen that, while the adiabatie-B bond energy of

(SSR) on the triplet surface from cases where TSR takes Place.

acetonitrile is smaller than that of cyclohexane, the in situ value The calculations of the minimum-energy crossing point showed

is larger. In addition, judging from the g2 quantities, the

that the region of minimum energy is the freé& reagents,

NCCH,* moiety will exert the smallest polar effect and smallest but there are low-energy crossing points also en routé $p.

stabilization of the correspondintSy.

As such, one may think about two mechanistic scenarios that

Turning now to the rebound barriers in Table 5, we can see are depicted in Scheme 6. In the first mechanism, in Scheme
a general trend, namely in most cases the quintet surface ha$a, a change in the geometry of the triplet compléx in the

no rebound barrier, and when the barrier is present it is smaller direction of the quintet-complex geometry, causes crossing

than the barrier on the triplet surface. It is seen that generally, between the two states. Thereafter, the reaction can proceed on
the quintet-rebound process is more exothermic than thethe quintet surface or bifurcate again to the triplet surface as

corresponding triplet process. The reasons for both featuresshown schematically by the arrows. Scheme 6b describes
become clear from the orbital evolution diagram in Scheme 3. scenarios where the crossing occurs en route 8.

Thus, the quintet surface involves an electron shift from the A situation belonging to Scheme 8agse A will occur when

radical orbital ¢c) to the lowest orbital in the d-blockj. By

the 3K — 5K energy gap is very small so that there is spin-

(49) Mayer, J. MAAcc. Chem. Red998 31, 441-450.
(50) de Visser, S. P.; Kumar, D.; Cohen, S.; Shacham, R.; Shaik, 8m.
Chem. Soc2004 126, 8362-8363.

(51) (a) Shaik, S.; Danovich, D.; Fiedler, A.; S¢tes, D.; Schwarz, HHelv.
Chem. Actal995 78, 1393-1407. (b) Schider, D.; Shaik, S.; Schwarz,
H. Acc. Chem. Re00Q 33, 139-145.
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Scheme 6. Mechanistic Scenarios for Spin-State Crossing: (a) A Case of Spin-State Preequilibrium (Case A); (b) Crossing in the

Tunneling Region en Route to 5TSy (Cases B and C)

3K, +RH

3K + RH ==5K; + RH—> TSy ...
Case A

state preequilibrium followed by activation on the quintet
surface. In this case, the effective barrier of the reaction will
simply be given by the energy difference between the quintet

transition state and the triplet ground state of the reagent, eq 1:

AE" = E(TS,) — ECK_ +RH) 1)

SK; + RH

3K, +RH

3Ky, + RH nn- 5TSy ...

?

3TSy -
Cases B, C

the probabilityprg is not too small, the rate constant will be
dominated by the first term, and the mechanism will occur by
spin-state crossover followed by a quintet-state reaction. Since
the crossover here is en route®iBy, thenthe spin flip occurs

in synchronicity with H-atom tunneling through the triplet
barrier. One may expect then to find a kinetic isotope effect
(KIEwp) typical of tunneling. In addition, this scenario on the

Since the spin forbiddenness affects the forward and reversequintet surface will involve effectively concerted hydroxylation

transitions of theK . — 5K preequilibrium, there will be no
special effects due to spin-state transiti®h® unless the
probabilities of spin crossover will be so low that spin
equilibrium will be established slowly. Such a crossover will
lower the barrier for bond activation, and since most of the
quintet-state reactions have no rebound barrier sghie-state
will also induce an effectely concerted hydroxylation mech-
anism.

In the cases described in Scheme 6D, the triplet species cros
over to the quintet surface en route ¥6Sy in the tunneling
regime® Here, the crossover will be determined by the
probability of transition from the triplet to the quint&t.56 One

can then express the TSR rate constant in terms of the individual

rate constants on the two surfaces multiplied by their prob-
abilities:

k- = Proko + (1 — Prolks 2

and will reveal radicals that possess ultrashort lifetimes.
According to the LandaduZener theory, spin transitions would
slow as temperature increasés® As such, Case B situations
may exhibit invers&@-dependence of rate and Kl values; a
drop of KIEqp to normal values is an interesting possibility.
Case C.When the quintet transition state is close in energy
to the triplet species and/or the probabilfyg is very small,
then spin crossover will be ineffective, and the reactivity will

be dominated by the triplet surface. On the triplet surface we

expect normal Klg,p and stepwise mechanisms with radicals
that can rearrange and lose stereochemical labels originally
encoded into the RH molecule, as amply demonstrated in P450
chemistry!:243:45,57

Intermediate Cases.Of course, some cases may involve
similar contributions from the two processes in eq 2. These
processes will take characteristics of the two cases.

In Case A spin preequilibrium requires a small triptet

Thus, the reaction rate constant is a sum of the rate on thequintet energy gap at the origins. On the basis of the B2//B1

quintet surface kg) times the probability of tripletquintet

crossover(gro), and the rate on the triplet surfade)multiplied

by its own probability (1— prg). There are two possible cases.
Case B.Whenever the quintet transition state is much lower

than that of the triplet species (i.e., whkg> k) and when

(52) Danovich, D.; Shaik, SI. Am. Chem. S0d.997, 119, 1773-1786.

(53) For some applications and generalizations in organometallic chemistry
see: (a) Harvey, J. N.; Aschi, Mraraday Discuss2003 124, 129-143.
(b) Poli, R.; Harvey, J. NChem. Soc. Re 2003 32, 1-8. (c) Harvey, J.
N.; Poli, R.; Smith, K. M.Coord. Chem. Re 2003 238 347/-361.

(54) Harvey, J. N.; Grimme, S.; Woeller, M.; Peyerimhoff, S. D.; Danovich,
D.; Shaik, S.Chem. Phys. LetR00Q 322, 358—362.

(55) Schidler, D.; Schwarz, H.; Clemmer, D. E.; Chen, Y.; Armentrout, P. B.;
Baranov, V.; Bohme, D. Kint. J. Mass. Spectrom. lon Processk397,
161, 175-191.

(56) For arecent comprehensive review, see: SchwaintHl. Mass. Spectrom.
2004 237, 15-105.
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energy gaps (Figure 1) the facility of the spin equilibrium would
obey the following order:Ktucerry & Kan-tren > Krmcan)

> Knapy > Krmc; that is, it would be hardest for the complex
with the TMC ligand and the vacant axial position and easiest
for the TMC(TF) ligand. If theKtmcany complex can lose the
AN ligand easily (Table 3), the state crossover in this complex
will be the least likely. As we already noted, the recent finding
(that Ktmcerry is more reactive tharKtvceany toward H-
abstraction from 9,10-dihydroanthracéffeis not reproduced
by the triplet-state barrier data (Table 4). If the trends of the
calculations are correct, then a possible explanation for the

(57) Shaik, S.; Kumar, D.; de Visser, S. P.; Altun, A.; Thiel, Ghem. Re.
2005 105 2279-2328.
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Krmcan) Krme(rr Kapy Ken-TPEN
WEe = 0.18 WEe = 0.18 WEe = 0.27 Wge = 0.21

Figure 11. o*yy orbitals and the weights of the iron d-AOs in the orbitals %¢; complexes.

experimental finding is that some of the process proceeds viaexhibit TSR in the scenario dtase B Indeed, the reaction of

the quintet surface with spin preequilibrium for tKemc(rr
reagent.

Cases Band C require consideration of the relative energy
for the 3TSy and>5TSy species as well as the probabilities of
spin crossoverpro. It is seen (Table 4) thanspy has3TSy
and>®TSy species of almost equal height (for the reactions with
CH, TE, and AN), so that TSR will not greatly affect the
reaction rate. As such, we may expect that the reactioks gy
will proceed as inCase G namely mostly on the triplet-state
surface, especially if therg is small. On the other hand,
Ken—tpen has a significantTSy and>TSy gap even with the
less reactive substrat€H, and is likely to have a gap similar
to that for the reaction witiTE. Therefore,Kgn—tpen may
benefit from TSR and will belong t&€Case B provided the
crossover probabilityprg, is not extremely small. Similarly,
the reactions oK tucrr andKrucany with CH have signifi-
cant3TSy and®TSy gaps, and may qualify fo€ase B under
the same conditions. Let us then discuss fihg quantity.

Among the factors that affect the magnitudept is the
spin—orbit coupling (SOC) interaction between the st&fes.
Thus, since during spin flip, the electron in therbital in the
triplet state shifts to the*,y orbital, the SOC between the states
would be maximized when both orbitals are localized on fon.
While the 6 orbital is fairly localized, theo*,, orbital is

K en—Tren With ethylbenzene exhibits Kl values of 50, while

the same reaction witKnspy had KiByp of 301 The large
KIEs indicate tunneling as may be envisioned @ase B and

the variability of the Klgyp may reflect the interplay of the
KIEs for the two reacting states. We note that the analogous
iron—oxo species of the enzynf@auDalso exhibits large Klfp
values!! since here the ground stateSs= 2, the large Klgp

may reflect tunneling through the quintet barrier, but the
involvement of another a spin state should also be considered.

5. Conclusion

The six synthetic non-heme iretoxo reagents2f™K, in
Scheme 1) addressed in this study possess a trilet ()
ground state and a low-lying quinte$ € 2) excited state. The
UB3LYP calculations show that the energy gaps between the
two states are rather smalk-10 kcal/mol, and depend on the
ligand. A simple orbital scheme (Scheme 2) is used to rationalize
trends in terms of the energy gap between the two d orbitals;
(which is doubly filled in the triplet state) and*,y (which
becomes singly occupied in the quintet state), and the exchange
interactions between the unpaired d-electrons.

The hydroxylation mechanisms promoted by these non-heme
reagents follow the normal rebound mechanism with an H-
abstraction phase followed by radical rebodAéiHowever, due

delocalized toward the adjacent nitrogen atoms of the ligand to the proximity of the two spin states, the hydroxylation can
(see also Table S8). As shown in Figure 11 the weight of the proceed on the two surface and thereby exhibits two-state
iron character of this orbital is rather small and is the smallest reactivity (TSR)?22851The triplet surface exhibita stepwise

for the Ktmcax) ligands and largest fak napy and K gn—tpen.
The decreased iron weight of tla#,, orbital will decrease the
initial SOC. Further decrease of SOC will occur along the

mechanism where the initially formed organic radical possesses
a significant barrier for reboundBy contrast, in most cases,
the mechanism on the quintet surfaceefectively concerted

reaction path. Thus, as can be seen from the orbital evolutionsince the rebound process is barrier free. The trends in the
diagram in Scheme 3, en route to the H-abstraction transition H-abstraction and rebound barriers, the structures of the

states, the RH molecule shifts an electron to #Afieorbital in
the case ofTSy and to theo* 2 orbital in the case ofTSh.
Consequently, the triplet and quintet wave functions will differ

corresponding transition states, and other features, can all be
well understood using a simple orbital evolution scheme
(Scheme 3) that shows the patterns of electronic reorganization

now by more than a single electron occupancy, and the valuein the various steps on the two surfaces.

of SOC will drop%? Thus, the earlier the triplet-to-quintet
crossover, the larger will be the SOC and the largerghge
probability. This depends on the height of &5y species and

Since the two spin-state surfaces are very close, the entire
seam of crossing is in principle accessible for spin-state
transitions, thereby suggesting that the observed reactivity

its geometry. Inspection of Figure 9 shows that for the common patterns will reflect the interplay of tripletquintet states. The

RH molecule CH), the earliesTSy species occurs for the

possible TSR scenarios are suggested depending on the initial

Ken—tPEn reagent. This analysis leads to the conclusion that triplet—quintet gap (Scheme 6); when the gap is very small,

the reactions oKg,—tpen Will be more prone than others to

one may anticipate an initial spin-state equilibrium followed
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by reaction on the quintet surfacédqse A, and when the gap  intermediate situations, where the two surfaces contribute to
is larger, spin-state transition will occur en route®I&y, the the rate, one expects to see intermediate KIEs and radical
H-abstraction quintet transition statégse B. In the latter case,  scrambling patterns that arise from two processes. (d) Solvent
the spin crossover and H-abstraction occur together, and botheffects in these non-heme reagents are expected to be very large.
processes tunnel through the triplet barrier. An attempt is made Acknowledgment. S.S. acknowledges support by the German
to rationalize the experimental data along these lines. Federal Ministry of Education and Research (BMBF) within

The TSR model makes a few testable predictions: (a) If the framework of the German-Israeli Project Cooperation (DIP).
crossing to the quintet stat€gses Aand B) occurs with @ Thjs paper is dedicated to the memory of Prof. F. Bernardi.

r ility, the hydroxylation will ffectivel n )

good probability, the hydroxylatio be effectively concerted, Supporting Information Available: Eleven tables, 18 figures,

whereas if it transpires only on the triplet surface, one will expect . I .

. P! yon 1P ! P and complete ref 32. This material is available free of charge
side products similar to radical intermediates (e.g., loss of via the Internet at htto://oubs.acs.or

stereochemistry, scrambling, etc.). (b) @ase Bone expects P-/pubs.acs.org.
kinetic isotope effects (KIEs) typical of tunneling. (c) In  JA0616090
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