PNAS

CHEMISTRY

L)

Check for
updates

A tale of two topological isomers: Uptuning [Fe'V(0)(Me, cyclam)]*

for olefin epoxidation

Bittu Chandra®(®, Faiza Ahsan®(, Yuan Sheng?, Marcel Swart®>“" (2 and Lawrence Que Jr.%"

Contributed by Lawrence Que; received November 15, 2023; accepted January 30, 2024; reviewed by Andrew S. Borovik, David P. Goldberg, and

JohnT. Groves

TMC-anti and TMC-syn, the two topological isomers of [Fe"(0)(TMC) (CH3CN)]2+
(TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane, or Me,cyclam), dif-
fer in the orientations of their Fe''=O units relative to the four methyl groups of the
TMC ligand framework. The Fe''=O unit of TMC-anti points away from the four
methyl groups, while that of TMC-syn is surrounded by the methyl groups, resulting
in differences in their oxidative reactivities. TMC-syn reacts with HAT (hydrogen atom
transfer) substrates at 1.3- to 3-fold faster rates than TMC-anti, but the reactivity
difference increases dramatically in oxygen-atom transfer reactions. R,S substrates are
oxidized into R,S=0 products at rates 2-to-3 orders of magnitude faster by TMC-syn
than TMC-anti. Even more remarkably, TMC-syn epoxidizes all the olefin substrates
in this study, while TMC-anti reacts only with cis-cyclooctene but at a 100-fold slower
rate. Comprehensive quantum chemical calculations have uncovered the key factors
governing such reactivity differences found between these two topological isomers.

nonheme iron(IV)-oxo complexes | topological isomers | olefin epoxidation | tetramethylcyclam

Oxoiron(IV) species are key intermediates in biological and abiological oxidations like C-H
hydroxylation and halogenation, as well as olefin epoxidation (1-4). A significant effort by
various groups has led to the characterization of synthetic nonheme oxoiron(IV) complexes
that serve as spectroscopic and functional mimics of nonheme iron oxygenases to enhance
our understanding of these natural processes (4). Thus far, over a hundred such synthetic
nonheme oxoiron(IV) complexes have been documented since the report of the crystal
structure of anti-[Fe" (O)(TMC)(CH,CN)]** (TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane, or Me,cyclam), the first example for an oxoiron(IV) complex in a
nonheme ligand environment (5). Much effort has since been invested in increasing our
understanding of HAT (hydrogen-atom transfer) reactions that result in the hydroxylation
of C—H bonds (6). However, much less attention has thus far been paid to OAT (oxygen-atom
transfer) reactions, although some examples of olefin epoxidation have been reported for a
handful of nonheme iron enzymes (7-9). Similarly, only a few examples of synthetic non-
heme oxoiron(IV)-mediated epoxidation reactions have thus far been reported (10-14). In
this article, we have explored the HAT and OAT reactivity of the anti- and syn-isomers of
[FeIV(O)(TMC)(CHaCN)]2+ (Fig. 1) and find significantly faster OAT rates for R,S oxida-
tion and olefin epoxidation by the syz complex relative to its anti-counterpart. Ligand
topology would thus appear to be a critical factor in enhancing such oxidative reactivity,
and our insights are reported in this paper.

Results and Discussion

Oxoiron(IV) complexes supported by the TMC macrocycle can be generated as two
discrete forms in CH;CN, namely anzi-, and syn-isomers, as determined by the orientation
of the Fe'Y=0 moiety relative to the four methyl groups on the macrocycle. TMC-anti
or ﬂntz’—[FeW(O)(TMC)(CH3CN)]2+, reported in 2003, represents the first nonheme
oxoiron(IV) complex to have been crystallographically characterized (5). It is formed by
the reaction of [Fe (TMC)(OTf)](OTf) with PhIO in CH,CN. Its Fe=O unit points in
the direction opposite to that of the four methyl groups of the TMC ligand, which sur-
round the sixth ligand, namely CH;CN. Twelve years later the corresponding TMC-syn
isomer was obtained by using the sterically bulkier 2-"BuSO,-C;H,IO (s-ArIO) oxidant,
resulting in the Fe'V=O unit pointing in the opposite direction and surrounded by the
four methyl groups (15).While it is not yet fully understood why different topological
isomers TMC-anti and TMC-syn are generated with PhIO and s-ArlO, respectively, it is
clear that they are formed using these two distinct oxidants. When the Fe' (TMC)(OTY),
precursor is reacted with PhIO, the only product isolated is the TMC-ant#i isomer, which
is shown by XRD to adopt the zrans-1 (R,S,R,S) configuration with all four methyl groups
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The distinct oxidative reactivities
reported here for the TMC-anti
and TMC-syn isomers are
surprising and require the
examination of what factors can
give rise to such differences for
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the oxygen atom transfer
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unit can be so significantly
enhanced by a simple flip in its
orientation relative to its
macrocyclic tetraamine host is
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that there is much more that can
be learned for catalyst design by
paying attention to the effect of
ligand topology on the iron active
site.
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Fig. 1. Top: Generation of anti and syn-isomers of [Fe"(O)TMC)(CH;CN)I*
complexes in CH,CN by respective treatment of the Fe' precursor with oxo-
transfer agents PhlO and the sterically bulkier s-ArlO at 25 °C. Bottom: van
der Waals radii space-filling models for the anti (Left) and syn (Right) isomers
showing greater substrate accessibility to the oxo atom in the syn isomer.

arrayed on one side of the macrocycle and the oxo atom bound
to the anti-face of the TMC ligand (5). On the other hand, when
FeH(TMC)(OTf)2 is reacted with s-ArIO, an attack occurs at the
less hindered syn-face to give TMC-syn (15). These observations
show that the two isomers are formed by clearly distinct pathways
with very little cross-contamination of the other isomer if at all.
[Note: A complex we originally reported to be the TMC-sy iso-
mer in 2008 (16) was later deduced to be the fluoride derivative
of TMC-anti (15)].

A triflate anion has been found to be bound #7ans to the oxo atom
in the crystal structure of TMC-syn (SI Appendix, Fig. S2). However,
it is displaced by CH;CN upon dissolution into the solvent, as
confirmed by its "’F-NMR spectrum showing a free triflate peak at
~79 ppm (SI Appendix, Fig. S3). Despite their structural differences,
the two isomers exhibit quite similar UV-Vis and Raman features
(Table 1) but give rise to distinct "H-NMR spectra with paramag-
netically shifted ligand resonances that are opposite in sign for the

corresponding ligand protons in the two isomers (S/ Appendix,
Fig. S2), reflecting the opposite orientations of the paramagnetic
Fe=0 unit relative to the TMC macrocycle (15).

H-Atom Transfer Reactivity Differences between TMC-anti and
TMC-syn Isomers.

in CHCN

H H
PO i {Fe(O)(TMC)(CHLCN)R
[¢]

Fe'(TMC)
H H

syn-{Fe(O)TMC)(CH,CN)* R R,

—_—
s-ArlO Ri™ "Ry

k2,syn/k2,anti =~1.3-3

Perhaps not too surprisingly, the structural differences between the
TMC-anti and TMC-syn isomers give rise to distinct HAT (H-atom
transfer) and OAT (O-atom transfer) reactivity. As C-H bond
cleavage is the reaction most commonly catalyzed blz nonheme iron
enzymes, earlier studies on synthetic nonheme Fe "'=O complexes
have focused mostly on HAT and the related concerted proton-
coupled electron transfer (cPCET) reactions (17). Distinguishing
between these two mechanisms can be done by inspection of the
change in orbitals along the reaction path (18) or by computing
the charge displacement function at the transition state (19). Here
we used the latter approach to show (87 Appendix, Fig. S1) that the
reactions studied here involve an HAT mechanism, and not cPCET.
These studies compared TMC-anti with related complexes to assess
relative rates of hydrocarbon oxidation that reveal a systematic
decline in oxidation rates with an increase in C-H bond dissociation
energy (3, 20). Parallel studies show that TMC-syn also exhibits a
similar pattern of decreasing rates with substrates having stronger
C-H bonds but at rates 1.3- to 3-fold higher than TMC-anti
(Table 2 and S/ Appendix, Fig. S5). Prior to doing these experi-
ments, we had expected the methyl groups surrounding the Fe=O
unit in TMC-syn to impose a greater steric barrier around the Fe=O
unit and thus hinder the approach of the target substrate C-H bond
to decrease its HAT reactivity. However, TMC-syn actually has an
Fe-O bond 0.02 A shorter than that of TMC-anti based on X-ray
crystallography as well as a Raman Fe=O stretch that is 17 cm™
higher in frequency as observed in CH;CN solution (15) (Table 1).
Both effects are corroborated by our DFT calculations at the B97-
D3/TZ2P (21, 22) [COSMO (23-25), ZORA (26)] level, which
show a 0.012 A shorter Fe=O bond with a 28 cm™ higher Fe=O
frequency (Table 1).

The higher rates for TMC-syn can be rationalized in part by the
greater access of the substrate to the oxo atom on its Fe=O moiety

Table 1. Experimental (and DFT-derived) properties of TMC-anti and TMC-syn complexes

TMC-anti TMC-anti TMC-syn TMC-syn
Properties S=1 S=2(DFT) S=1 S=2(DFT)
r(Fe-0) (A) 1.646 (1.636) 1.633 1.625 (1.624) 1.623
r(Fe-N,,.) (A) 2.091 (2.137) 2.220 2.068 (2.123) 2.217
r(Fe-L) (A) 2.058 (2.026) 2.012 2.146 (2.093) 2.076
r(Fe-oop)” (A) -0.033 (-0.027) -0.026 +0.063 (+0.706) +0.155
Amax (NM) 825 (706) 608 815 (697) 604
v (Fe=0) (cm™) 839 (864) 877 856 (892) 903
§(mms™ 0.17(0.152) 0.143 0.16 (0.749) 0.149
AEq (mm s 1.24(0.962) -0.948 1.55(1.274) -0.599

“Fe-oop = out-of-plane distance between the Fe and the plane defined by the four TMC-N atoms (see S/ Appendix, Computational Details, for information on how these values were

obtained). Note that all the italicized texts in this table represent results from DFT calculations.
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Table 2. Comparison of TMC-anti/TMC-syn HAT and OAT rates [k, (M~'s™") at 25 °C]

Substate TMC-anti TMC-syn syn/anti Products (yield)
HAT

Xanthene 0.67 0.92 1.4 Xanthone (1.0)
9,10-DHA 0.23 0.33 1.5 Anthracene (0.56)
1,4-CHD 0.22 0.29 1.3 Benzene (0.52)
Fluorene 0.01 0.02 2 Fluorenone (0.60)
Cyclohexene 0.002 0.006 3 Cyclohexenol (0.70)
OAT (R,S)

c-C,HsS 0.14 19 135 1-C,HgS(0) (0.33)
Me,S 0.097 13 135 Me,S(0) (0.45)
PhSMe 0.0096 8.2 855 PhS(O)Me (0.50)
Ph,S N. R. 0.96 extreme Ph,S(O) (0.63)

Reaction conditions: 1.0 mM [Fe"(TMC)(OTHJ(OTf) in CH5CN, 1.5 mM PhIO/s-ArlO, and >100 mM substrate reacted under Ar at 25 °C. N. R. denotes no reaction under these conditions.

relative to that of the corresponding TMC-anti due to its larger
out-of-plane distance (Fe-oop) relative to the plane spanned by
the equatorial nitrogen atoms of the TMC macrocycle (Table 1).

For TMC-anti, the iron center is found to be below the N4 plane
(-0.03 A, as shown by X-ray crystallography), moving closer to
the axial acetonitrile ligand. In contrast for TMC-syn, the iron is
found to be above the N4 plane (+0.06 A, observed by X-ray
crystallography), moving away from the acetonitrile, thereby
increasing the exposure of the oxo atom (Fig. 1, Bottomn) and
enhancing its oxidative reactivity. In fact, the van der Waals radii
space-filling model in Fig. 1 (S Appendix, Fig. S14) shows the
oxo atom of TMC-syz to be actually more accessible to the sub-
strate, as the CHj groups are in fact more spread out in space. In
contrast, the oxo atom of TMC-anti is surrounded by well-packed
H-atoms that make it less accessible (Fig. 1, Bottom, and
SI Appendix, Fig. S14). We have estimated the exposed surface
area with the Connolly surface area approach (27) and indeed
observed a slightly larger area of the oxo atom that is exposed in
TMC-syn (33.44 A%) than in TMC-anri (31.33 A?).

We have investigated the HAT reactions with 9,10-
dihydroanthracene (DHA) and cyclohexene (¢-C¢H, ) using DFT
calculations at the B97-D3/TZ2P level to shed light on the higher
reactivity observed experimentally for TMC-syn relative to
TMC-anti. Note that we have designated the corresponding bar-
riers with respect to the § = 1 reactant complex, which is the spin
ground state of the reactants. Subsequently, we observe the usual
involvement of the o-reaction channel (28-30) and two-state
reactivity (31-33) (Scheme 1) whereby the reaction starts on the

"o HS minimun
LS minimum

Scheme 1. Switching between two spin states in the two-state reactivity
model (LS is low spin, and HS is high spin), with the switching region shown
in red; the energy of the minimum-energy crossing point (MECP) is indicated
by the horizontal line.
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S = 1 surface and then switches over to the § = 2 surface further
along on the reaction coordinate, as the latter has a lower barrier
(SI Appendix, Fig. S17).

Apart from the structural changes surrounding the Fe(IV)=0O
reactant leading to its larger exposure during the reaction pathway
(vide supra), we find yet another aspect of the TMC-syn complex
that contributes to its increased reactivity. At the transition state
of the HAT reactions of TMC-syn, the Fe=O unit moves further
out of the plane with respective Fe-oop distances of +0.22 A and
+0.25 A (Fig. 2 and ST Appendix, Table S1). Interestingly, these
differences already exist at the reactants stage in the S = 2 state,
where the metal center is found to be 0.16 A above the TMC-syn
plane. So, this is clearly an effect of switching to the higher spin
state at the transition state. At the same time, the axial acetonitrile
moves away ca. 0.15 A from the plane spanned by the TMC-syn
ligand (Fig. 2), in the direction opposite from the Fe=O unit,
resulting in the generation of a 5-coordinate Fe=O center.

In great contrast, the metal center in TMC-an#i remains in the
same position below the TMC-ani plane (ca. -0.03 A) for both
S=1and § =2 species. Furthermore, the Fe=O unit for the HAT
transition states with TMC-anti are found to move only slightly,
by ca. +0.04 A as s compared to the syz counterpart (where it moved
by 0.11 to 0.14 A; see Fig. 2 and SI Appendix, Table S1). Similarly,
the movement of acetonitrile at the TS (ca. 0.06 to 0.07 A) in
TMC-anti is smaller than observed in TMC-syn (0.07 to 0.10 A,
see SI Appendix, Table S1). Consequently, the slightly altered
structures lead us to a relatively small reactivity difference (1.3- to
3-fold) between TMC-syn and TMC-anti for HAT reactions. To
our great surprise, the difference in OAT rates observed for
TMC-anti and TMC-syn are significantly larger, emphasizing
distinctions in the mechanisms of these two transformations.

A compelling rationale for the out-of-plane movement of the
axial CH;CN ligand and the consequent weakening of the axial
ligand field for TMC-syz can be found by inspection of the frontier
molecular orbitals (Fig. 3, Top). As previously noted (30, 34, 35),
the d, (B) acceptor orbital of the high-spin §'= 2 complex is found
to be at a lower energy than in its S = 1 analog, bringing it closer to
the highest-occupied MO of the substrate. As a result, electron
transfer from the substrate to the metal is facilitated, leading to a
lower barrier. In the case of the TMC-syn reactant, this acceptor
orbital is found to be 0.03 ¢V lower in energy than for TMC-ani,
consistent with its higher HAT reactivity. Dissociation of the bound
CH;CN would lower the energy of this orbital even further, but
this would be accompanied by the loss of favorable metal-ligand
bonding interactions. Hence, there is a subtle balance between

https://doi.org/10.1073/pnas.2319799121

30f9


http://www.pnas.org/lookup/doi/10.1073/pnas.2319799121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319799121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319799121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319799121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319799121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319799121#supplementary-materials

TMC-anti

1282080"

-0,03 | 0.00 {+0.03 §+001 10,07 | +011 +028‘+030
002 140031 10,03 | L4001 +0.04 L +0.09 ¢ 034

TMC-syn

gﬁ% 10 @

N4 plane

+022 +0§1
+016 +02< +l}27

209 227 327 22733703
[2.05 | 3.59 2,07 2.33 | 2.39

iy
R

202 218 221 %212 221
§2013227I 201§213 215

TTrrT

ﬁ““““‘

§<IS§§
sisze
s S0 h
S=1 S=2 S=1 S=2
=@ MeCN OC—@ Fe=0

Fig. 2. Out-of-plane distances of the Fe=0 and the CH;CN units relative to the
N4 plane (B97-D3/TZ2P) for $=1 and S = 2 states of TMC-anti and TMC-syn, for
Fe=0 reactants, and transition states of HAT (DHA, ¢-C4H,,) and OAT (PhSMe,
styrene) substrates. Shown with dotted lines are the distances between iron
and the axial CH;CN. Also indicated (in red, next to the Fe=0 unit) are the
Fe-oop distances.

lowering the acceptor orbital for enhanced electron transfer and the
energetic penalty associated with it. Our results show that for HAT,
the metal-ligand interactions are strong enough that only a mild

dissociation of CH;CN takes place.

OAT Reactivity Differences between TMC-anti and TMC-syn
Isomers.

PhIO
—— anti-[Fe!V(O)(TMC)(CH3CN)]>* -Seg 0
Fe'(TMC) in CHyCN ! 5 RS R,
—— syn-[Fe!V(O)(TMC)(CH3CN)]2*
s-ArlO

k2,syn/k2,anti =~10%-103

OAT to sulfides. More dramatic reactivity differences are observed
between the anti and syn isomers in OAT transformations (Table 2).
At 298 K, TMC-syn oxidizes dialkyl sulfides at rates ~130-fold
faster than TMC-anti, a difference which grows to ~850-fold for
alkyl aryl sulfides (Table 2 and SI Appendix, Fig. S6). This trend
suggests that electronic factors play a much bigger role than steric
considerations in controlling OAT reactivity (vide supra).

H H

=
PhIO

Ri Ry )
— anti-[Fe"V(0)(TMC)(CH3CN)]?** ——— No epoxide
2,anti

Fe!l(TMC)

in CHsCN

——— syn-[Fe'V(O)(TMC)(CH4CN)]2*
o OTMONCHONE" — A

k2,syn o]
—_—

Ri R

k3, syn/K2 anti = extreme

Olefin epoxidation. Extension of our reactivity explorations
to olefin epoxidation reveals even further surprises. Quite
intriguingly, we have observed the epoxidation of a series of olefins,
but enly by the TMC-syn isomer (Table 3). Indeed TMC-anti is
essentially unreactive with the olefins we have tested, except for
cis-cyclooctene, the most electron-rich olefin in our list, which is

40f9 https://doi.org/10.1073/pnas.2319799121

epoxidized by TMC-anti but at a rate 100-fold slower than the
corresponding TMC-syn isomer. This comparison emphasizes the
effectiveness of TMC-sy7 as an olefin epoxidation agent. As shown
in Fig. 4, Inset, epox1dat10n rates span a range of two orders of
magnitude, from 1.5 x 10° M™'s™" for 1-octene to 0.13 M™'s™
for trans-stilbene, and 1n between is styrene with an 1ntermed1ate
rate of 1.6 x 10> M™'s™" that is further modulated by introducing
substituents on the phenyl ring (Table 3 and S/ Appendix, Fig. S7).
Clearly, conjugation to the double bond lowers the barrier for
epoxidation to enhance the reaction rate. Intriguingly, a linear
correlation is obtained between the second-order rate constants
(log £,) vs. their 1-¢ oxidation potentials (E,) with a slope of
-1.1 (Fig. 4, Inser), suggesting that epoxidation likely occurs in
two steps: initial inner-sphere electron transfer from olefin to the
Fe=0 unit, followed by a radical rebound step. This hypothesis
is supported by the partial cis-to-rans isomerization observed for
the two open-chain cis-disubstituted olefins cis-2-heptene (cis:trans
= 2.8:1) and cis-stilbene (cis:trans = 1:2), with the fraction of
trans epoxide formed enhanced by the introduction of aromatic
substituents that increase the lifetime of the 1-e-oxidized substrate.
The correlation of the epoxidation rates to oxidation potentials
of the olefin substrates is reminiscent of the observation of such a
complex in olefin epoxidation by oxo-iron porphyrins (36).

Indeed, in our DFT study, we do find that the reaction proceeds
through a two-step mechanism, following the 6-reaction channel
(28-30) in which the oxo moiety binds to one of the carbons
of the double bond in the first (inner-sphere electron transfer)
step and then subsequently in the second step makes the bond
to the second carbon to form the epoxide product. This result
is in line with previous computational studies (40, 41) on OAT

-4|TMC-syn (S=2)
5 0*22 P— __TT*XZ, ”
v —_
s :
9,-6 dxz_y2+
NN]
-7 | Txz, yz++/

-8 a B
TMC-anti TMC-syn

Fig. 3. Top: Energies of the frontier MOs for the S = 2 configuration of TMC-
syn. Indicated in red is the decrease in the energy of the ¢* and d,, orbitals
upon lengthening of the Fe-NCCH; bond to 2.5 A. Corresponding flgures for
S=1and S =2 of TMC-anti can be found in S/ Appendix, Fig. S16. Bottom:
Transition state structures calculated for TMC-anti (Left) and TMC-syn (Right)
in their reactions with PhSMe (H-atoms omitted for clarity) where the CH;CN
ligand becomes detached from the Fe center upon reaction of TMC-syn with
substrate, but NOT in the case of TMC-anti.
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Table 3. Olefin epoxidation rates and yields for
nonheme Fe''=0 complexes, at 25 °C unless otherwise
noted

Fe=0 Complex ky (M7's™T Epoxide yield
TMC-syn (this work)

1-octene 0.0015 0.32
trans-4-octene 0.005 0.36
trans-2-heptene 0.009 0.29
cis-2-heptene 0.013 0.38 (cis:trans 2.8:1)
cis-cyclooctene 0.014 0.70
styrene 0.016 0.38
4-Me-styrene 0.03 0.45
4-MeO-styrene 0.08 0.50
4-Cl-styrene 0.007 0.21
cis-stilbene 0.011 0.41 (cis:trans 1:2)
trans-stilbene 0.13 0.45
[Fe"(0)(PyMAC)I*"

Cyclooctene 0.45 0.81
[Fe"(0)(N352))*"

Styrene 0.026 0.60
[Fe"(0)(N2Py2Q)I**

4-X-styrenes 0.186 to 2.53

cis-stilbene 0.139

trans-stilbene 1.12

[Fe"(0)(cyclam)]**® at-20°C

1-octene 0.013 0.33
cyclohexene 0.015 0.60
cis-stilbene 0.023 0.30
[Fe"(0)(Me;NTB)]**" at -40 °C

4-X-styrenes 5.8to0 29 0.89 (for styrene)
[Fe"(O)TQA)** at-40°C

Cyclooctene 33 0.55
1-octene 53 0.35
4-X-styrenes 1.4t012 0.92 (for styrene)

Ligand abbreviations: PyMAC = 2,7,12-trimethyl-3,7,11,17-tetraaza-bicyclo[11.3.1]-heptad
eca-1(1 7),13,15-triene, N3S2 = 2,6-bis(2-methylthiophenylimino-methyl)pyridine, N2Py2Q
= bis(pyridyl)methyl bls(qumolylmethyl)amme Me;NTB = tris((1-methyl-1H-benzo[d]imi
dazol 2yl)methyl)-amine, TQA = tris(quinolin-2-yl-methyl)amine.

“From ref. 12.

"From ref. 11.

*From ref. 14.

SFrom ref. 37.

“From ref. 13.

#From refs. 13 and 38. X = para substituents of styrene (-OCH,, -CHs, -H, -Cl, -NO,).

mechanisms that showed such a two-step mechanism for olefin
epoxidation.

Interestingly, cis-stilbene is an order of magnitude less reactive
than its z7ans counterpart, despite having an E,_ value just higher
by 0.2 V. Its significantly lower reactivity may result from the cis
disposition of the two phenyl substituents on the double bond that
may hinder the approach of the Fe=O moiety. Our DFT studies
suggest this to be the case. The Ph—C=C-Ph dihedral angle for
trans-stilbene (180° in substrate) changes relatively little at the
TS (167.9° with TMC-syn, 155.5° with TMC-anti). Instead, for
cis-stilbene (8° in substrate), it changes to 33.4° (TMC-syn) and
39.0° (TMC-anti) at the TS. Furthermore, our DFT calculations
indicate that the first barrier in the mechanism is indeed lower for
trans- stllbene with TMC-syn (AG 9.43 trans-stilbene vs. 10.52
keal-mol™! cis-stilbene) (S/ Appendix, Figs. 28 and 529). Moreover,
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cis-stilbene affords a mixture of cis- and zrans-epoxide products
with a ratio of 1:2 in favor of the #rans-epoxide, suggesting that
the proposed rebound step occurs more slowly in the case of this
substrate. The only other cis-di-substituted-olefin in this study,
namely cis-2-heptene, also yields a mixture of epoxide products,
but with the cis-epoxide favored 2.8:1 over its frans counterpart.
The difference in the two epoxidation results is likely correlated
with the lifetime of the putative 1-e-oxidized olefin derivative,
which should be longer for cis-stilbene due to the presence of
phenyl groups that can conjugate with the le-oxidized olefin to
extend the lifetime of the 1-e-oxidized radical cation intermediate.

Indeed, according to our DFT calculations, the 1-e-oxidized
intermediate is 10.8 kcal-mol ™" more stable than the corresponding
§=2TS with cis-stilbene (with TMC-syn); in contrast, for trans-
stilbene, the intermediate is located only 5.7 kcal-mol™ below
the § = 2 TS. At this intermediate, the Ph—~C=C-Ph dihedral
angle for #rans-stilbene has lowered to 144.5° (i.e., a change of 36°
compared to reactants), while for cis-stilbene it has increased to
53.4° (a change of 45° compared to reactants) In the latter case,
a small rotational barrier (ca. 3.8 kcal-mol™ at electronic energy)
might then easily move it over to the #ans-stilbene orientation,
leading to the #rans-epoxide product. The second step in the process
to epoxide has smaller barrlers than the first step (7.6 kcal-mol ™ for
cis-stilbene, 5.9 kcal-mol™ for #uns-stilbene), in which the bond
between oxygen and the distal carbon is already partially formed
(O—C trans-stilbene: 1.785 A for TMC- -syn, 1.895 A for TMC-anti)
(SI Appendix, Fig. S22).

Hammett parameters. The OAT reactivity of the TMC-syn isomer
has been further studied with a series of para-substituted thioanisoles
and styrenes, showing that electron-donating substituents display
enhanced second-order rate constants (k,) compared to thelr
electron-withdrawing counterparts (Tables 3 and 4). The (4, X/ k, )
value was used for linear free energy correlation analysis (S/. Appendzx,
Fig. $8) where log(k,"//,") values vs. o, values of para-substituted
thioanisoles and styrenes were plotted and Hammett p value of
-1.3 for para-substituted thioanisoles and -2.0 for para-substituted
styrenes were obtained. The relatively higher value of p indicated the
buildup of a positive charge on the olefinic carbon in the transition
state. Although we have not explicitly studied the para-substituted
styrenes computationally, we did explore the buildup of charge on
the olefinic carbons of styrene in going from the reaction complex

0.25
TMC-syn + PhSMe
k, = 8.2 M-1s-! _
0.5 Epoxidation by TMC-syn
0.20 4
1.0
‘TU)
< -1.5
~ 0.154 =
'n X201
~ 8
» °
<50.10- 28
-3.04
15 18 21 24 27 30
0.054 E,(V vs SCE)
TMC-anti + PhSMe
0.00 4 N K, = 9.6 x 103 M-1s-t

00 02 04 06 08 10 12 14
[PhSMe] (M)

Fig. 4. PhSMe reaction rates with TMC-syn and TMC-anti observed at 25 °C.
(Inset) Plot of log k, obtained at 25 °C vs. E,, of olefins with 1-e oxidation
potentials from ref. 39.
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Table 4. Oxidative reactivity of oxoiron(IV) complex pairs with different topologies

Isomer pairs Reactivity differences between isomers Ref.
[Fe"(O)(BQCN)(CH,CN)J** HAT (cumene): 20x (43)
cis-o > cis-p (AE=0.11V) OAT (p-CN-C¢H,SMe): 100x

[Fe"(O)(BP)I** HAT: 10 to 20x (44)
BP1> BP2 (AE=0.25V) OAT: sulfoxidation 100x

Fe"(0)(Me,EBC)(CH;CN)J** HAT: ~30 to 100x (20)

> TMC-anti (AE = 0.06 V) OAT: sulfoxidation ~400x

[FeM(O)TMC)(CH5CN)I** HAT: 1.5-3x This work

TMC-syn > TMC-anti
(Ereq = 0.36 & 0.39 V vs. SCE @ 25 °C)

OAT: sulfoxidation 100-850x

cyclooctene epoxidation 100x

Epoxidation only by TMC-syn: 1-octene, 4-R-styrene (R = H, Me,
MeO, Cl) trans-stilbene (no cis epoxide product) cis-stilbene
(1:2 cis:trans epoxide)

ChembDraw pictures for these complexes can be found in Fig. 5.

to the transition state. These data showed that for the proximal
carbon (making a bond to oxo in the first step of the reaction) the
MDC-d (42) charge increases along the pathway, from 0.07 ¢ at the
RC(§=1and §=2)t00.23 eat the TS (§ = 2). It is accompanied
by creation of radical character on the substrate (S Appendix,
Fig. §20), which is located primarily on the distal olefin carbon
atom of styrene (ca. 0.27 e), cis/trans-stilbene (ca. 0.27/0.31 ¢) and
cis-cyclooctene (ca. 0.27 e). Moreover, for styrene and stilbene, a
significant radical character is observed at the para-position of the
phenyl group (ca. 0.09/0.10 ¢) that is bound to this distal carbon
(81 Appendix, Fig. S20).

Comparing with other topological isomeric pairs. Previously
published work provides hints that ligand topology can play a
role in modulating reactivity, as observed for two pairs of isomers
among the nonheme oxoiron(IV) complexes (Table 4). In the
first two pairs of isomers compared by Nam and Comba, the
cis-o isomers are found [Fe' (O)(BQCN)(CH CN)J* (BQCN
= N,N’-dimethyl-N,N’-bis(8-quinolyl)-cyclohexanediamine)
(with the quinoline rings-oriented #ranms to each other) to be
more reactive than the c¢is-f counterparts (with the quinoline
rings oriented ¢is to each other) by 10- to 20-fold with respect to
HAT and 100-fold with respect to OAT (43). Similarly, Comba
and coworkers have compared the reactivities of a second pair of
complexes consisting of [Fe"(O)(BP1)]* and [Fe'Y(O)(BP2)]*,

[Fe'V(0)(a-BQCN)(X)]2*

II/

[Fe"(O)(B-BQCN)(X)1*

[Fe'V(0)(BP1)]?*

[Fe'V(0)(BP2)]?*

(BP = 3,7-diazabicyclo[3.3.3]nonane), which also differ in the
relative orientations of the two pyridine rings; the BP2 isomer
with the two pyridine rings perpendicular to the Fe=O bond is
more reactive by 20- to 40-fold (HAT) and 100-fold (OAT) than
the BP1 isomer (44).

The reactivity differences within each pair of com\g)lexes can be
qualitatively rationalized by differences in the Fe™ reduction
potentials between the two members of each pair, 0.11 V for the
BQCN pair and 0.25 V for the BP pair. In both cases, the isomer
with the more positive reduction potential is the more reactive
com\Plex On the other hand, two structurally related complexes
[Fe"' (O)(Me,EBC)(CH, CN) > (Me;,EBC = 4,11-dimethyl-
1,4,8,11- tetraazablcyclo [6.6.2]hexadecane) and  anti-[Fe'¥(O)
(TMC)(CH;,4 CN)J** exhibit large differences in reactivity (~50-fold
for HAT and ~400-fold for OAT) despite having a small difference
in Fe"""™ potentials (0.06 V) We also carried out cyclic voltammetry
experiments to obtain Fe""""" reduction potentials for TMC-syn and
TMC-anti in CH;CN at 25 °C. Unfortunately, the resulted cyclic
voltammograms are irreversible having one prominent cathodic
peak with a small difference in £, values (33 mV) between them
(SI Appendix, Fig. S9). When we performed spectral redox titrations
using ferrocene the same difference was obtained (S Appendix,
Fig. S10). The E,,, value of TMC-syn was determined to be E,,, =
0.36 V vs. SCE at 25 °C. A value 0f 0.39 V vs. SCE was reported for

[Fe'V(O)('\/lezEBC)(X)]2+

/_H_\ ::>>

NCCH3
anti-[FeV(O)(TMC)(CH3CN))J2*

\ fﬁ\N/
T
NCCH3

syn-[Fe!V(O)(TMC)(CH3CN))]>*

Fig. 5. Oxoiron(IV) complexes with different ligand topologies showing HAT and OAT reactivity differences.
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TMC-anti at 25 °C (45). So, the difference in reduction potential
is only 30 mV, a factor of 4-8-fold smaller than found the BQCN
and BP pairs of complexes. So, it is difficult to apply the reduction
potential argument to rationalize the observed reactivity difference.

What Factors, Then, Are responsible for Extreme OAT Differences
in Reactivity between TMC-syn and TMC-anti? Our DFT
calculations at B97-D3/TZ2P indicate that the higher reactivity
of TMC-syn could partially be explained by the higher accessibility
of its Fe=O unit. However, further examination of the transition
states for the OAT reactions shows that more factors are involved in
the higher reactivity of TMC-gyz. In the case of OAT to thioanisole
with TMC-gyn, the Fe=O unit moves further out of the plane
defined by the equatorial nitrogen atoms of TMC (Fig. 2). More
importantly, the axial CH;CN dissociates from the Fe=O unit
of TMC-syn in the transition state during OAT reactions, while
it stays bound within TMC-anzi (Fig. 2). We have explored this
effect in more detail and performed constrained transition-state
searches and geometry optimizations, in which we kept the Fe-
N(CH,CN) distance fixed at 2.20 A. These constrained TS searches
increase the barrier for OAT with TMC-syn by ca. 6.3 kcal- mol™!,

which recovers part of the dlfference in barrier between TMC-syn
and TMC-anti (11.0 keal-mol ™), but not completely. Apart from
thioanisole oxidation, we also computed the reaction pathways
with diphenyl sulfide and dimethyl sulfide. Our DFT results
(SI Appendix, Table S2) corroborate the experimental values from
Table 2 that show a decrease in reaction rates in the order Me,S >
PhSMe > Ph,S, reflecting an increase of the reactlon barrier along
this series. For PhSMe, the transition barrier (AG") for TMC-anti
is 15.7 keal-mol™ at the § = 2 spin state and is even higher for
the S = 1 spin state at 27.1 kcal-mol™" (in both cases with respect
to the reactant complex in the § = 1 state). On the other hand,
the transmon barriers for TMC-syn are 4.6 kcal-mol™ and 15.6
keal-mol™ for the S =2 and S = 1 spin states, respectively. However,
for both TMC-syn and TMC-anti, a spin-state switching needs to
go from the § = 1 state at the reactant complex to the S = 2 state at
the TS. Therefore, we also located the minimum energy crossing
points (MECP) (46—48), which are those points in space where the
S=1and S = 2 states have the same electronic energy. In the case of
TMC-gyn, this MECP is found at +8.2 keal-mol ™" above the S = 1
RC (and 1.7 keal-mol™" below the corresponding S=2TS). Hence, a

major part of the barrier involves the spin barrier for switching over

to § = 2, and subsequently, only a small chemical barrier remains.
Note that the chemical barrier for TMC-anti is considerably higher
(vide supra), and the MECP to go from S'=1 to §=2 is located well
below it (+7.2 kcal-mol™ above the § = 1 RC, and 13.7 kcal-mol™
below the corresponding S = 2 TS) (S Appendix, Fig. S19).

In the case of OAT for olefin substrates, the transition barrier is
smallest (ca. 9.4 kcal-mol™) for the reaction of TMC-syn (S =2) with
trans-stilbene, corresponding to the highest epoxidation rate observed.
On the other hand, TMC- am‘z has a significantly higher transition
barrier of 17.4 kcal-mol™. The experimental results show that
TMC-anti is only reactive to cis-cyclooctene but at a much slower
rate, which is corroborated by our DFT calculatrons that show the
smallest barrier for this olefin (14.4 kcal-mol ) (81 Appendix,
Fig. S21C). Nevertheless, it is still 2 to 5 keal- mol™ larger than the
corresponding barriers with TMC-syn. Our DFT study shows that
the epoxidation of styrene is a two-step process involving two transi-
tion states. In the first step, the oxo attacks the proximal carbon,
leading to a le-oxidized intermediate, which in the second step of the
mechanism closes the epoxide ring (81 Appendix, Fig. S21D). The
rate-determining step in all cases is the making of the C-O bond in
the first step (9.4 kcal-mol™" for zrans-stilbene), with the second step
typically involving a barrier that is half as large (5.7 kcal- mol™ for
trans-stilbene). An important aspect in this enhanced reactivity picture
of TMC-gyn is the axial acetonitrile, which detaches from iron during
the reaction (Fig. 2).

A Rationale For The Relationship Between The Axial Acetonitrile
And Oxidative Reactivity. The detachment of the acetonitrile takes
place during OAT in the case of TMC-syn, but not with TMC-
anti. We have estimated the effect of acetonitrile dissociation by
performing constrained optimizations of TMC-ant#i and TMC-gyn,
where we increase the Fe-N(CH;CN) distance from 2.0 t0 2.5 A in
steps of 0.1 A. Interestingly, the dx},(ﬁ) orbital decreases in energy by
only a small amount (from -5.52 €V to -5.66 ¢V for TMC-syn) as
the axial acetonitrile distance increases from ca. 2.0 to 2.5 A. More
affected however is the 6*(ax) orbital, which drops by ca. 0.5 eV (from
-4.9 eV to -5.4 eV). The combination of these two effects now
allows us to propose a rationale for the effect of the orientation of the
Fe=0O unit within the TMC ligand (a7 or syn) on reactivity. HAT
reactions are one-electron processes, which involve the lower-lying
d, (B) orbital, so acetonitrile dissociation has only a limited effect on
lowering of the orbital energy (and with it, increased overlap with

OAT

(o}
x
<
&

Fig. 6. Rationalizing the different outcomes found for the axial CH;CN of TMC-syn following the 1-e HAT reaction with DHA (Left) and the 2-e OAT reaction with
trans-stilbene (Right), where CH; CN dissociation occurs only in the latter case. Shown in gray are the electron transfers from the substrate MOs to the Fe-complex
MOs. A red arrow indicates the lowering of the o* orbital, which facilitates the enhanced OAT reactivity for TMC-syn.
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the substrate occupied orbital for more efficient electron transfer).
‘Therefore, there is a limited amount of dissociation observed and
relatively small effects on reaction rates (Fig. 6).

On the other hand, OAT reactions are two-electron processes that
require involvement of the 6*(a) orbital, which is highly sensitive to
the positioning of the CH;CN axial ligand, due to the occupation
of the anti-bonding d,” orbital on the metal center. The further the
acetonitrile moves away from the Fe=O center, the lower the orbital
energy of 6*(at), leading to the corresponding favorable effect on the
reactivity in the S = 2 state. Indeed, we do see enhanced reactivity for
OAT with TMC-syn that is accompanied by the gradual dissociation
of the acetonitrile ligand. Although the lowering of the 6*(x) orbital
is also seen for TMC-anti, the energetic cost for CH;CN dissociation
is substantial, much more than for TMC-syn. This partial dissociation
of the acetonitrile to a Fe-N(NCCH,) distance of 2.5 A costs ca. 8.5
kcal-mol ™ for TMC-anti, but only ca. 4 kcal-mol ™ for TMC-syn. This
energetic penalty might be related to the weak interactions between
the bound CH;CN and the N-bound methyl groups in the TMC-
anti ligand (in syn fashion with respect to CH;CN). In the case of
TMC-syn, these methyl groups are located on the opposite side of the
ligand and hence have no such stabilizing interaction with CH;CN.
Therefore, the favorable HAT/OAT reactions with TMC-syz, and not
TMC-anti, can be traced back to a combination of weak (dispersion)
interactions that lower the energy of the 6* orbital as well as the
dissociation of the axial CH;CN ligand.

‘These results reinforce the balance between stability and reactivity:
The thermodynamically more stable Fe(IV)-oxo complex (TMC-
anti) shows more favorable weak interactions with the axial ligand
(CH;CN), which disfavor HAT and OAT reactions compared to
the kinetic Fe(IV)-oxo (TMC-syn) isomer. In the latter case, the
axial ligand detaches from the metal center during the course of
the OAT reaction, considerably enhancing the OAT reactivity of
TMC-syn. This comparison of the two isomers suggests that the
design of ligands for biomimetic oxidation chemistry may require
a rethink when OAT reactions are targeted. Preferentially, the
axial coordination site should be labile, allowing the metal-based
oxidant to switch between pseudo-octahedral and square pyramidal
symmetry for enhanced reactivity.

Conclusions

Herein, we have described two topological isomers of [Fe'V(O)

(TMC)(CH,CN)]*, TMC-anti and TMC-syn, that differ in
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the orientation of the Fe''=O moiety relative to the four
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strates at 1.5- to 3-fold faster rates than TMC-anti. More
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remarkably, TMC-syn epoxidizes all the olefin substrates exam-
ined in this study, while TMC-anti reacts only with cis-
cyclooctene, the most electron-rich of the olefins studied here,
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Materials and Methods

A detailed Experimental and Theoretical Methods can be found in S/ Appendix.
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tial energy surfaces.
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