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According to the analysis discussed in the main text, the reactivities of the considered com-
pounds order in a sequence: °1 > 31 ~ 32 > 32. In order to investigate the energy contributions,
an energy decomposition analysis has been carried out. To this end we used the scheme, ! imple-

mented in ADF,>* in which the total bonding energy is given by

AE = AESlrain +AEPauli+AEElSlal +AE0rb, (1)

where AE" ‘”‘”, AEEstat and AEO™ are the Pauli repulsion, electrostatic and orbital attraction com-
ponents. AES"%" is the deformation energy required to bring the reactants together to form a
complex. To determine the strain energy, we calculated the energies of the reactants (oxidant and
methane) in their distorted geometries corresponding to the structures along the intrinsic reaction
coordinate (IRC). The energies of the distorted structures relative to the free reactant energies
represent the strain contributions.

For the decomposition of electronic energy we used the fragment analysis where the system
has been separated into two fragments: the oxidant and the substrate. The orbitals that are used
in the analysis come from spin-restricted calculations on the fragments. This has little effect on
e.g. the orbital populations, since the orbitals do not change significantly by spin polarization (and
the populations are a qualitative measure anyway). As for the energy decomposition, this is not
done with spin-restricted densities, but the ADF allows to use as the reference fragment densities
fully spin-polarized densities that arise from spin-unrestricted population (different o and 8 popu-
lations) of the restricted orbitals. This is the largest effect of the open-shell nature of the fragments,
only the effect of further change in the orbitals if fully self-consistent calculations with different
orbitals for different spin would be done is neglected here.

The total bonding energy is divided into the strain and the electronic energy. The strain contribu-
tions along the reaction path (projected on the C-H coordinate for clarity) are shown in Figures S1-

S2. The electronic energy is composed of the Pauli repulsion, electrostatic and orbital attraction.



The full decomposition of the transition state energy is listed in Table S1.

It is seen from the table that in the triplet state 31 compound the main contribution is from the
strain of the oxidant, whereas the methane strain is smaller than in the respective quintet system.
The latter is due to an earlier transition state: CH=1.316A (see Table S2). A weaker Pauli repulsion
is compensated by a smaller orbital and electrostatic attraction.

When comparing systems >1 and 32, it is apparent that the net rise of the barrier is due to
the total strain which outweighs the stronger electronic attraction in 32. The stronger electronic
interaction originates from the shorter OH distance: 1.124 A versus 1.206 A in 51.

A spin change in compound 2 from quintet to triplet leads to a ca. 15 kcal/mol higher barrier
which is a steric effect mainly due to the much stronger Pauli repulsion.

It is not straightforward to compare the systems based on the decomposition at the transition
state, since each transition state has a different O-H distance (see Table S2). For example, the or-
bital interaction is almost linearly dependent on the O-H distance: the shorter this distance (towards
32), the greater the orbital attraction. Similarly, the strain becomes dominated by the methane strain
after C-H ~ 1.2-1.3 A. The different O-H bondlengths are achieved when the electron donor or-
bital (EDO) attempts to interact with the electron acceptor orbital EAO in an optimal manner that
will increase the overlap. It can be seen from Table S2 that at the transition state the overlap is in
all cases practically the same.

Therefore it might be more useful to analyse the energy components at equal O-H and C-H
distances. To render the detailed analysis of the energy contributions tractable we consider model
transition states at which the O-H and C-H bondlengths are fixed at 1.2 and 1.3 A respectively.
Furthermore, to isolate the effect of the orbital destabilization we constrain the substrate to ap-
proach axially along the Fe-O bond of the oxidant. Thereby we only consider the 6—channel of
the reaction. We first optimize the reactant complex with the constraint /FeOH = /OHC = 180°.
Then we optimize the intermediate (near-transition state) structure with OH=1.2 A, CH=1.3 A and
/FeOH = /OHC = 180°. The so obtained reactant complex and "transition state" structures are

dubbed RC’ and TS’, correspondingly. The main geometric parameters and energy components are



given in Table S2. The FMOs of the oxidants 1 and 2 and methane in the RC’ and TS’ complexes
are listed in Table S1.

From Table S1 it is seen that the EAOs are all 6*(a) and their energy differences with the
methane HOMO at the TS’ are ordered in the sequence Ag(°1) < Ag(31) > Ae(52) < Ag(32). Since
at the TS’ the overlaps are similar one should expect the intermediate energy barriers E(TS") —
E(RC') to order correspondingly,’ unless the steric effects are different. However, the Pauli repul-
sion should be similar in the quintet and triplet states, because we chose an axial approach in all
cases. This is indeed so, as seen from Table S2. In contrast to the relaxed transition state (TS), in
the axially constrained TS’ the Pauli repulsion components differ much less (within 5.9 kcal/mol).
Also the electrostatic and strain contributions are comparable (within 3.8 and 3.0 kcal/mol, respec-
tively). It is readily seen that the main contribution to the energy difference is the orbital energy.
This component reflects the donor-acceptor bond strength and repeats the order of the EAO/EDO
energy differences. The model, thus, qualitatively shows a relation between the acceptor-donor
energy differences, the orbital interaction and the total energy barrier.

At the TS’ geometry the MO energy difference €5— (0" (o)) — €5—2(0*()) is 1.2 and 1.0 eV
in 1 and 2, respectively. The ligand alternation has a similar effect: &;(c*(&)) — &(c*()) is 1.2
and 1.0 eV and & (n*(a)) — &2(n*()) is 1.1 and 1.4 eV for S=2 and S=1 states, correspondingly.

Importantly, the considered model demonstrates the effect of the ligand field and spin state on

the energy barrier in terms of the relative acceptor-donor orbital energy.
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Figure S1: Strain energy contribution from the substrate (methane), and the oxidant
[FeO(H20)5]2+ (1) in quintet (a) and triplet (b) states. The total potential energy that includes
the electronic contribution (steric repulsion and orbital attraction) is given with the black solid
line. The shown results have been obtained along the intrinsic reaction coordinate and projected
on the C-H distance.
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Figure S2: Strain energy contribution from the substrate (methane), and the oxidant
[FeO(H,0)(NH3)4]*" (2) in quintet (a) and triplet (b) states. The total potential energy that in-
cludes the electronic contribution (steric repulsion and orbital attraction) is given with the black
solid line. The shown results have been obtained along the intrinsic reaction coordinate and pro-
jected on the C-H distance.



cro €T  SvI- Q291TI- 9I7TI- 06¢l- 0¢¢l- 099[- ATTII- 06€l- 20T~ OGyl- 089]- OTLI- 1

cro LT 6vl- 9611- 26Tl *2%¢€l- 09¢I- O0QLI- 9TEIl- 08%I- 0¢8I~ 069I- 09L]- OCLI- T (4

cro 0C TSI- 9LTl- 2¢¢l- OoF¢Gl- 0TI9I~ OLLI- dTE- O0¢¢l- 2¢yl- 009[- 0¢Q[- OI8[- [

cro 01  ¥¢l- 26T~ 29¢€l- 2¢vl- Oy9l- 008~ d¥yI- 06€I- om.o_- OL8I- 068I- O0y8l- T I
oazovig 3y o  T.0¢  1,x T T tor  lwoe L &dp |9 lu loz s pdd

AnowoeS (,S1,) 9)e1s uonisuen-reau yoroidde resur| paurensuo)

S10°0 €C  Sel- 290I- 98TII- OoL¢l- 0¢¢G[- 069[- AT~ 09¢[- O8I~ OFyl- 0L9[- OQLI- I

1000 91T 6€¢l- 2011~ 21T~ 2¢¢l- 09¢l- 069[- dPTI- Oypl- OI8I- 089~ OFLI- OFLI- T (4

00 €l 6¢l- 2ITI- Q2T¢l- OI¢l- 0¢9[- OLLI- 997TI- O00¢CI- 96¢l- OLG[- O0G8[- 0¢8I~ [

S¥0°0 80 OvI- 9¥TI- QgEl- 2FPl- 0G9[- 008~ IgEr- OLCI- 009~ 098]~ OT6I- 0GB~ T !
oazovdg 3y o = T.0¢  T,x T<p T tor  lwoe L LETp |9 lx loz s pdd

Anowoad (,0Y) xo[dwod jueyoear yoeordde reaur] paurensuo))

€10 ¥1IoL€l- 9IMI- ¢TI~ OoL¢l- O08yl- OI9[- 997([- O0Q0¥I- 9fTl- O0F9]- 0T7T9[- 099[- |

€r'o 0Ol  S¥I- 207CI- 29TI- 2%¢l- O0¢G¢CI- OQLI- 3dpel- O08¥yl- 0¢8I~ O0Q0LI- O9LI- OFLI- T (4

0ro ¥0 6'SI- 9287CI- 29¢l- O08¢[- O0F9[- OfLI- 9¢¢€l- Opel- 2Ypyl- 0¢9[- O0LB[- 0¢8I~ |

cro 80 TSI- Q0¢€l- 2LEI- PS¥I- 0€91- 008l dPPI- 06'SI- 0¢8I~ OLB]- 068~ O¥8I- T !
oarovig 3y N  T,0¢  T.x Top T tor l.oe L [Tp o 9 lx logz s pdd

A12WwOn) 9JBIS UONISURI],

8100 LT  v¥l- 290I- AYII- OoL¢l- 0TG- 069]- 9[- 09%¢I- 98I~ 0o¢yl- 0L9]- OQLI- 1

£€00 ¢1 8¢l- Q0TI- 9I7TI- 9¢e¢l- 09¢I- 069[- A€TI- OFPyl- OT8[- O0L9[- OFLI- OP¥LI- T (4

9200 L0 LSI- 917TI- *TECl- OIS~ O0%9]- OLL]I- 99TI- O00€I- 98¢~ O0oLG[- 098]- 078~ |

LY0'0 Lo 9vl- 2¥TI- °yEl- 2gyl- 099[- O8I~ IgEr- OLGI- 009I- 088~ 0¢6l- 098I~ T !
oaaovig 3y 9N 1.0e  T.u T Tu A ol S A N Sy N R ) L log s pdd

Anowoan xo[dwo)) juejoeay

*..9,, Pue ,,0,, A[9ANI3dSAI pafaqe] 1k s[e)Iqao Ajduwd pue pardnddo YT, *3IBJP[0q YIM UMOYS dIB SASIUd OVH UL (OdA)
81110 Jouop pue (QV7H) [€NqI0 J103dadde U0I}IIA ) UAAIM)IQ 0T OVIG dR[19A0 PUR 3y IIUIJIP ASI9UI Y], ‘A2 UI ‘SILIJOWO
-33 x9[dwod 3And3dsax 3y) 3¢ QOJNOH dUeY)dUW pue 7. pue ‘7. ‘. ‘T SYUEBPIXO0 3 JO SOJAl JANUOIJ ) JO SASIAUY IS J[qEL



1'ce 6L 0'6¢- el T8l L 081/081 0€'1/0T'1 081/081 ortoLe 1
811 026~ ¥'8¢- Iecet 10T 7’8 081/081 0€'1/0T'1 081/081 60'1/vv'C T (4
L9l ¥'68- ¥'8¢- 474! I'LT [ 081/081 0¢'1/0T'1 081/081 orrese 1
'S 8176~ 8°6¢- SLII 981 L9 081/081 0€'1/0T'1 081/081 crimoe ¢ ]
aV &kemq NE,Q,ME .:Efmﬂ :.Eﬁ%mq :.Et%.@q DEDM\EQNRB H-D/H-O btcw\tbuk\h H-D/H-O S UQU
SL Od
.S.L e uonisodwodop A31ouyg s1o1owered oLowoan)
sarnjonys yoeoidde zeaur] paurensuo))
€L 9¢el- 8°¢9- 081 [424 9 L09 L91/8C1 8C°1/60°1 eI/l orrese 1
9Tl I'¥el- L6y 1961 oy 9Tl 60Y 6L1/S91 LY 1/C1'T 9LI/9LT or'rece ¢ (4
I'G1 918~ 8Ce- I'101 ¥'8¢C 91 S69 IL1/8C1 ce1/9T1 YS1/L01 or'1/sec 1
Y L66~ 0°LE SLTT 8YC 8L 8 LLT/S9T SE/ITT CLI/LLT crrore ¢ !
qV &._Q,NQ :ZEMMQ :::&,@4 :3&%,@4 ENIM,NQ _\Eo 1o UQQ@\EON&A H-D/H-O UEOU\N&QN..S H-D/H-O S —UQU
SL o). |
S.L 1e uonisodwodop A31oug s1o1owered dLjoWOAD)

sononns paxe[ar Ae3e(dwo)

*A[PARI3dSax
‘suonNqLIuod uoNdEINE [E)IQI0 AY) Puk dEIS0N)II? ‘uoisindax [ned Ay) e ,\FV pue gV ‘., AV Uled)s dueyow pue
JUBPIXO Y} JO [810) YD ST ;1 -V IIYM (0 TV + 11517V + 1ying AV + w6V = AV S€ pasodwiodap st £319u9 urpuoq [810) dA1E[RI
YL [owr/[edy ul ‘. DY pue DY sax3[duod juededx IANIAIASII 3Y) 0) dANe[AI e QI pue ST, Yl e suonisodwoddp A3rduy
*S93139p Ul SJ[Sue pue Y Ul Ik SY)Sud[puoy °Sixe (-3, Y} suofe Apreaur] yoreoadde o) pamojye sI djeaysqns 3y} saxadwod S,
JjJe)s uonisuer) pue .me JUB)OIBAI PAUTRIISUO0D Y} IV *(SL.) de)s uonisuer) pue (DY) x3(dwod jueideas ay) ur sdjels (1=S) 9idin
pue (z=S) 193umb ay) u1 YyH + 7 pue Yg) + 1 saxa[duwod 3y) Jo uonisodwoddp A319ud pue sidjouwered d11)owod3 A3y 7S dqel,



References

(1) Bickelhaupt, F. M.; Baerends, E. J. Rev. Comp. Chem. 2000, 15, 1-86.

(2) ADF 2010.01, SCM, Theoretical Chemistry, Vrije Universiteit Amsterdam, The Netherlands;.

2010; http://www.scm.com.

(3) Baerends, E.; Ellis, D.; Ros, P. Chem. Phys. 1973, 2, 41-51.

(4) Fonseca Guerra, C.; Snijders, J.; Te Velde, G.; Baerends, E. Theor. Chem. Acc. 1998, 99,
391-403.

(5) Louwerse, M. J.; Baerends, E. J. Phys. Chem. Chem. Phys. 2007, 9, 156—66.



