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Chapter 1 General Introduction

Open-shell systems in the main group chemistry, which posses one or more unpaired
electrons (e.g. radicals) are generally assumed to be chemically reactive towards
other chemical compounds. This is partially supported by the observation of spon-
taneous dimerization or polymerization, which indicates that such open-shell inter-
mediates are possibly thermodynamically or/and kinetically unstable. Consequently
most radicals occur only in very low concentration. At cellular level several radicals
are proven to react with macromolecules such as nucleic acids, lipids and proteins
causing damages, which can further lead to single strand breaks and cross-linking.
Just to name a prominent example, the oxidative stress of the DNA base guanine
by reactive oxygen species (ROS), such as superoxide radical anion «O3, O3~, nitric
oxide NO+, hydroxyl radical HO«, which leads to oxo-guanine derivatives. (2. Free
radicals are suspected to be associated with the development of Parkinson’s disease
and Alzheimer. Bl

o)
NfLNH Ho_ N
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Scheme 1.1: Oxidative stress of guanine by two hydroxyl radicals leading to 8-oxo-
guanine.[4]
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Scheme 1.2: Peroxidation of lipid by ROS.

In contrast to the general assumption, scientific studies on enzymatic catalysis also
evidenced that the apparently reactive open-shell intermediates are applied as tools,
which opens the question of the stability of radicals and how the natural architec-
tures manage to control the radicals. One of the most intensively studied enzymes
of this class is ribonucleotide reductase (RNR class I) in anaerobic organisms, which
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Chapter 1 General Introduction

uses a variety of protein-bound radicals in its catalysis converting ribonucleic acid
(RNA) into 2’-desoxyribonucleic acid (DNA) (Scheme 1.3).15-9

RT B RT B
o ase RNR | o ase
OHOH “H0 OH
RNA DNA

Scheme 1.3: Reduction of ribonucleic acid to 2'-desoxyribonucleic acid catalyzed by the
enzyme ribonucleotide reducatase in anaerobes.

The important role of radicals is not only found in enzymology, but also in the
field of synthetic and polymer chemistry. As an example, the "persistent" radi-
cal (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) is used in organic synthesis as
catalyst in the oxidation of primary alcohols to aldehydes, or as a radical trap in
biochemistry (Scheme 1.4). The terms persistent and transient radical are in the
literature connected to kinetic properties rather than thermodynamic stability. In
fact, TEMPO, owing to the steric features near to the radical center, is even dull
enough to be stored in a bottle. However, O-H bond strength of hydroxylamine is
known to be one of the weakest, which indicates a high thermodynamic stability of

the respective radicals.
/ N N
0.

Scheme 1.4: TEMPO and triphenylmethyl radical are examples of the persistent oxygen
centered radicals.




Chapter 1 General Introduction

1.1 Theoretical calculation of the thermodynamic
stability of radicals

Particularly for biological systems, measuring thermodynamic stabilities and ob-
taining structural information for open-shell systems experimentally is extremely
tedious and therefore often not feasible. Since the advent of quantum mechanics,
the computational chemistry has developed in an exponential speed, and has been
proven to be a powerful instrument for predicting, supporting, and comprehending
the experimental outcomes. Furthermore the establishment of density functional
theory (DFT) for small molecular systems by Kohn and Sham set the milestone in
the computational chemistry being able to predict the chemical reaction in a quite
accurate manner. ') Whenever experimental investigations on biological systems are
very limited, quantum chemical studies may thus serve as a good alternative.

1.1.1 Choice of theoretical methods

However, it should be mentioned, that the theory has a major problem to calculate
accurate energies of electronic structures. The Hartree-Fock theory (HF), being the
most central method, covers about 99 % of the exact electronic energies. Unfor-
tunately the 1 % ( 0.01 a.u. = 26.255 kJ mol™!) is yet so necessary, since it may
determine all of chemistry. Very highly correlated methods such as coupled clusters
or configuration interactions (Table 1.1) using multi-determinant expansions of elec-
tronic wavefunction with huge basis sets do fill the missing correlation energy very
well, yet they are restricted to small, or at best medium sized systems.

Table 1.1: Overview of cost scaling of common theoretical methods.

Methods Scaling Determinant Variational of Size-extensivity

with number of number methods

basis functions
Hartree-Fock n*  single determinant variational size-extensive
Hybrid DFT n* single determinant functional dependent functional dependent
MP2 n®  multi determinant non-variational size-extensive
MP4(SDQ) n®  multi determinant non-variational size-extensive
CISD n®  multi determinant variational non-size-extensive
CCSD n®  multi determinant non-variational size-extensive
MP4(SDTQ) n”  multi determinant non-variational size-extensive
CISD(T) n”  multi determinant non-variational non-size-extensive
CCSD(T) n”  multi determinant non-variational size-extensive
CISDT n®  multi determinant variational non-size-extensive
CCSDT n®  multi determinant non-variational size-extensive
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cCsD(T)

Number of Integrals

Dimension of systems

Scheme 1.5: Conventional Hartree-Fock (HF) calculation scales to the power of 4 (n%)
with the basis set number. The first correction to HF, Mgller-Plesset second order (MP2),
scales to the power of 5 (n°) due to the AO to MO integral transformation. With the power
of 7 (n7), coupled cluster single double with perturbative triples (CCSD(T)) is therefore
very computational demanding. Full-CI is not affordable for systems with more than 3-4
atoms.

Fortunately computations of chemical reaction energies are indeed pretty accurate
even for relatively low-level theories owing to the error compensation mechanism.
Therefore, the construction of elegant schemes of reactions using appropriate elec-
tronic models, and the choice of methods are very crucial in the theory. Careless
choice of reaction schemes and poorly chosen methods can yield numerical garbage
and lead to misinterpretation. The biggest part in this dissertation will deal with the
calculation of the thermodynamic stability of radicals and its application to assess
the thermochemical effort, which is one of the important criterion in the enzymatic
catalysis. The computation methods applied in the whole projects are tailor-made
for predicting thermochemical properties. For radicals G3(MP2)-RAD from the
Gaussian theories family is frequently used, whenever accurate reaction energies
with 1 kecal mol=! statistical error from the experimental values are desired (Scheme
1.6).[11:121 The G3(MP2)-RAD is a composite extrapolation procedure, which ap-
proximates coupled cluster energies at huge basis set by an addition of a basis set
correction, which is performed at ROMP2-level of theory (Scheme 1.6).

The definition of total electronic energy in G3(MP2)-RAD is thus given by,

Eior(G3(MP2)-RAD) = Eyo(U(R)CCSD(T)/6-31G(d)) + B.C. (1.1)

With basis set correction term (B.C.) performed at ROMP2 level of theory,
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Chapter 1 General Introduction

B.C. = Eiot(ROMP2(FC)/G3MP2Large) — Ero(ROMP2(FC)/6-31G(d))  (1.2)

FUI-Gl [ om o mm o mm e e e e e X

U(R)CCSD(T) — A ~D

additive term to CC

Hierachy of methods
according to
correlation energy

ROMP2 — B C
Basis set correction
DFT
HF _|
| |
6-31G(d) G3MP2Large \
Number of basis sets Complete basis set

Scheme 1.6: Schematic figure of G3(MP2)-RAD.

Nevertheless, while G3(MP2)-RAD is able to give results sophisticately for most of
the cases, the studies of oxygen centered radicals revealed that such systems are
inadequately treated at G3(MP2)-RAD. Higher theoretical methods such as G4 is
available and are shown to predict thermochemical properties of a large test set
including oxygen-centered radicals better.!!3l The twist on these variants is that
they are more costly than G3(MP2)-RAD, hence reducing the choice of the systems
to a smaller window. Application of such methods for peptide based radicals is not
affordable given the limited current computational power. A small chapter about
minor revisions of G3(MP2)-RAD is hence dedicated to give better results for the
sensitive case of oxygen centered radicals.

1.1.2 Concept of radical stabilization energy (RSE)

The stability of C-centered radicals can conveniently be expressed using the isodesmic
H-transfer reaction shown in eqn. (1).[14718] The reaction enthalpy of this process is
commonly referred to as the radical stabilization energy (RSE) of the newly formed
radical *CR;RyRj3 relative to the unsubstituted methyl radical «CHjg (1). For iso-
propyl radical 4, for example, a RSE value of —26.8 kJ mol~! is derived in this way
and interpreted as the result of stabilizing (hyperconjugative) interactions between
the two methyl groups and the radical center. It should be noted here that this
reaction energy is, of course, exactly identical to the difference in the C-H bond
dissociation energy in methane (2) of BDE(CH3-H) = +439.3 + 0.4 kJ mol-!, and

6



Chapter 1 General Introduction

that of the central C-H bond in propane (3) with BDE (CHj3),CH-H = +412.5 1.7
kJ mol-1.[19-21]

Ri AHxn

“CHy  + H-Cp, ——— CH,  + R3’)(.3—R1 (1)
R3 R2
1 2
-26.8 kd/mol
CHs + NG —_— CH4 + N 2)
1 3 2 4

While it is convenient to interpret the RSE values derived from eqn. (1) as the
result of stabilizing/destabilizing interactions between the unpaired spin and sub-
stituents R;-Rg, this analysis ignores possible substituent effects in the closed-shell
reference system H-C(R;RyR3).[1722-24 An alternative approach therefore defines
radical stabilization energies with reference to a C-C bond cleavage (instead of C-H
cleavage) process, as expressed by isodesmic eqn. (3). In this particular example
methyl radical (1) formally abstracts a methyl group from isobutane (5), forming
isopropyl radical (4) and ethane (6). Comparison of the defining eqns. (2) and (3)
shows that only the closed shell reference compounds, not the open shell systems
have been modified. The reaction energy for the example in eqn. (3) (and thus
the RSE of radical 4) now amounts to —6.5 kJ mol-!, significantly less than that
obtained from eqn. (2). Thus, while both approaches find the isopropyl radical (4)
to be more stable than methyl radical (1), the actual degree of stabilization differs
quite significantly.

)\ -6.5 kJ/mol .
+CHs + ——— HsC-CH;z + P (3)
1 5 6 4
-23.9 kd/mol .
2 «CHj + H3C—-CHj + 2 N 4)
1 7 6 4

A third way of quantifying the stability of isopropyl radical (4) is based on symmetric
reference compound 7. Cleavage of the fully apolar central C-C bond in 7 (due to
symmetry) yields two isopropyl radicals (4). Comparison of this cleavage reaction
with that of the central C-C bond in ethane (6) as expressed in eqn. (4) yields
a reaction energy of -23.9 kJ mol-!. Due to the fact that eqn. (4) involves two
methyl radicals (1) and two isopropyl radicals (4), the corresponding RSE value for
radical 4 now equates to —=23.9/2 = —11.9 kJ mol~!. This is quite similar to the result
obtained from eqns. (3), but may also reflect some repulsive interactions between the
two isopropyl fragments in the formal dimer 7. While eqns. (3) and (4) are certainly
more appropriate for the quantification of substituent effects on radical centers, the

7



Chapter 1 General Introduction

approach described by eqns. (1) and (2) has the advantage of relating directly to an
important elementary process in radical chemistry, the hydrogen transfer reaction
between two radicals. These processes are of outstanding importance in synthetic
as well as biological radical reactions and often involve hydrogen exchange between
carbon- and heteroatom-centered radicals. The stabilities of these latter species can,
of course, be defined in a completely analogous way as expressed for carbon-centered
radicals in eqn. (1), and defining equations for oxygen- and sulfur-centered radicals
are given in eqns. (5) and (6).

*OH +  R;—OH —_— H,0 + R;—O- (5)
8 9
*SH +  Ry;—SH —_— H, + Ry—S- (6)
10 11

The radical stabilization energies of C-, O- and S-centered radicals are connected
by the absolute X-H (X = C, O, S) bond dissociation energies. Using the experi-
mental data for BDE(CH3-H) = +439.3 + 0.4 kJ mol~!, BDE(HO-H) = +497.1 +
0.3 kJ mol~!, and BDE(HS-H) = +381.2 + 0.1 kJ mol~!, we thus are able to com-
pare the stability of radicals with different centers in a pictorial manner for better
understanding.

Application of radical stabilization energies in the example of RNR

In the case of RNR (Scheme 1.7), the reaction energies for the hydrogen transfer in
the step A to B, B to C, D to E and F to G can be quantified easily using the data
recollected from published work.[51718] The hydrogen transfer between tyrosyl radi-
cal and cysteine (A /B) can be modeled by p-me-phenoxy radical 12 and a dipeptide
model for cysteinyl radical 13. According to the RSE data (Figure 9.1)!, the O-H
and S-H bond strengths in 12 (+367.7 kJ mol™!) and 13 (+366.8 kJ mol~!) are very
similar. Therefore the hydrogen transfer step between cysteinyl and tyrosyl radical
is thermoneutral. Taking the fragment radical 14 and the cysteinyl radical 13 again
for the step B/C, a relatively huge endothermicity (+31.7 kJ mol-!) is observed,
which is unusual for a reaction sequence that works under "normal" experimental
condition.? The next hydrogen transfer step (D/E) occurs from cysteine to radical
center at C2’ of the ribose fragment. Taking 2-butanone-3-yl radical 15 as a model
together with radical 13, we obtain a reaction energy of —20.3 kJ mol~! for this step.
Finally for the step F/G, the reaction energy can be assessed again with the same
model as used for the step B/C. In contrast to the latter, the reaction energy is now
inverted being exothermic by -31.7 kJ mol-!.

'RSE(12) = -129.4 kJ mol™!, RSE(13)= -14.4 kJ mol~!.
2For the discussion see ref. 17;25-28.
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Scheme 1.7: Reduction of ribonucleic acid to 2’-desoxyribonucleic acid catalyzed by the

enzyme ribonucleotide reducatase in anaerobes. [6]
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RSE (RO-) [kJ/mol]

CHy N ( 15
1
I T T T T T T T T T T T 1
+20 0 -20 -40 -60 -80 -100
RSE (R3C 9 [kJ/mol]
~
T
H 0
10 / 7 13
I T T T T 1
+20 0 -20 -40
RSE (RS-) [kJ/mol]
I T T T T T T T T T T T T T T T 1
500 480 460 440 420 400 380 360 340

BDE(X-H) [kJ/mol]

Figure 1.1: RSE data for radicals related to the RNR I substrate reaction in Scheme 1.1.

Application of radical stabilization energies in the example of polarity
reversal catalysis (PRC)

DTBRIHSPh H ¢ )
o__N +  _O_N
/\M/ PhH, 140°C /T\/\(\% /\[(T(J5
CO.Me

16 17 18 19

Scheme 1.8: PRC as applied to the hydroamination of 1-octene (16).12]

Homolytic hydrogen transfer reactions can be accelerated considerably by tuning
the polarity of the hydrogen atom donors and acceptors in an appropriate fashion.
It is, for example, well known that electrophilic alkoxy radicals will abstract hy-
drogen from electron-rich C-H bonds faster than from electron-deficient substrates
with comparable C-H bond energies. This insight has been developed into a general
design concept for radical chain reactions commonly referred to as "polarity rever-
sal catalysis (PRC)".130] While it is important to acknowledge that PRC builds on
the concept of barrier reduction through lowering the intrinsic barriers for hydrogen
transfer reactions, thermochemical criteria such as RSE data for the participating
open shell species are nevertheless useful in defining the limits of this type of cataly-
sis. A recent example for PRC catalysis involving combinations of different H-atom

10



Chapter 1 General Introduction

donors is shown in Scheme 1.8.[2931 This involves the reaction of cyclohexadiene
17 acting not only as an organic H-atom donor, but also as a source of aminyl
radicals. Both functions taken together allow for the hydroamination of unfunction-
alized alkenes such as l-octene (16), in this case yielding 50% of a 7 : 1 mixture
of regioisomeric amides 18 and 19. The reaction is initiated by 0.5 equiv. of di-t-
butylperoxide (DTBP) in benzene solution, but proceeds significantly better in the
presence of 0.2 equiv. thiophenol (HSPh, 20). A reaction mechanism accounting

for this finding is shown in Scheme 1.9.
H
N o l
COzMe

Q

TS NG
Q /OYQH
SN
Q

I

COgMe

fwf

18

Scheme 1.9: Radical chain reaction for the PRC example shown in Scheme 1.8.[2

Initial H-atom abstraction from cyclohexadiene 17 through peroxy radicals gen-
erated from DTBP yields radical 21 as one of the chain-carrying radicals in this
system. Cyclohexadienyl radical 21 will eliminate aminyl radical 22 together with
benzene derivative 23 through unimolecular C-N bond cleavage. Addition of aminyl
radical 22 to l-octene (16) can, in principle, proceed in anti-Markovnikov fash-
ion to yield adduct radical 24 or in Markovnikov fashion yielding the regioisomeric
adduct radical (not shown). Adduct radical 24 is converted to closed-shell product
18 through (fast) H-atom abstraction from thiophenol 20, yielding thiyl radical 25
as the fourth chain-carrying radical in this system. Reaction of 25 with cyclohexa-
diene 17 then closes the catalytic cycle and regenerates the catalytic thiol 20. The
catalytic function of thiol 20 thus boils down to replacing one hydrogen transfer
reaction between two carbon centers by two separate H-atom transfer steps between
carbon and sulfur. The criteria for this type of catalysis can readily be visualized
using radical stability scales for C- and S-centered radicals (Fig. 1.2). The H-S
BDE in thiophenol (20) has recently been redetermined by Ashfold et al. through
gas phase measurements at 0 K and a value of BDE(S-H, 20, 0 K) = +335.3 + 1.2
kJ mol~! has been derived. 32l Combination of this value with that for the reference
system HyS (11) of BDE(S-H, 11, 0 K) = +376.2 + 0.1 kJ mol~* 33l yields RSE(25)
= -40.9 kJ mol! at 0 K.['8! Using the (rather small) thermochemical corrections
to 298.15 K used in the G3B3 scheme one can also predict a value of RSE(25) =

11



Chapter 1 General Introduction

-40.8 kJ mol~! at 298.15 K. This implies that radical 25 is significantly more stable
than aliphatic thiyl radicals such as methylthiyl radical (26) or cysteinyl radical
13. Turning to the catalytic cycle shown in Scheme 1.9, the stability of radical 25
is relevant in two of the four steps. In the first of these, thiophenol (20) reacts
with secondary radical 24, whose stability may be assumed to be similar to that of
isopropyl radical 4 or but-2-yl radical (27). Adopting the RSE data available for
the latter of these systems at the G3 level of RSE(27) = —21.2 kJ mol~! implies
a (highly favorable!) reaction energy of —77.7 kJ mol~! for the hydrogen transfer
between radical 24 and thiophenol 20. The properties of cyclohexadiene 17 can be
approximated with those of the parent cyclohexa-1,4-diene (28). The stability of the
corresponding radical 29 of RSE(29) = -119.5 kJ mol~! at the G3 level is quite close
to previous/2’l and more recent experimental and high-level theoretical studies. 34
Assuming this value also to be valid for the more highly substituted cyclohexadiene
radical 21 in Scheme 1.9 implies that the reaction of thiophenyl radical 25 with
cyclohexadiene 17 is indeed exothermic by 20.6 kJ mol~'. The art in designing and
optimizing PRC reactions is thus connected to finding a thiol whose BDE(S-H) is
located in-between that of the breaking C-H bond and that of the new C-H bond
being made.

e g

4 27 29
-CHs \ / |
1
[ T T T T T T T T T T T T T 1
+20 0 20 -40 -60 -80 -100 1120
RSE (RsC?) [kJ/mol]
-S—CHsy Q
o 26 25
10 / /
[ T T T T T T
+20 0 20 -40

RSE (RS") [kd/mol]

T T T T T T T T T T T T
460 440 420 400 380 360 340

BDE(X-H) [kJ/mol]

Figure 1.2: RSE data for radicals related to the reaction mechanism shown in Scheme
1.9.
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Chapter 2 Radicals in Enzymatic Catalysis

2.1 Introduction

The use of open-shell intermediates represents one of the most daring and intrigu-
ing tools in enzymatic catalysis. A significant amount of structural data has been
accumulated for these systems in the recent past, providing a detailed picture of the
respective active sites and thus allowing for the reconstruction of the most likely
reaction pathways under in vivo conditions. The most well known functional ele-
ments of radical enzymes are those in which open shell intermediates are generated
directly at the protein backbone or at one of the side chain residues. In pyruvate
formate lyase (PFL) and class I ribonucleotide reductase (RNR I), as two of the best-
characterized radical enzymes, 110 these include glycyl radicals A, tyrosyl radicals
B and cysteinyl radicals C (Scheme 2.1). Radicals A also occur in other members of
the "glycyl radical enzyme" (GRE) family such as benzylsuccinate synthase (Bss),
4-hydroxyphenylacetate decarboxylase (Hpd), or class III ribonucleotide reductase
(RNR III).[" In addition to these protein-derived radicals, nature also employs a
number of cofactor-derived radicals, C5'-desoxyadenosyl radical (1) being the most
important representative of this class. Two completely independent pathways for the
formation of 1 have evolved, the first one being the generation through thermally
driven Co-C bond homolysis in vitamin By (adenosylcobalamine, AdoCbl) and the
second one being the redox-mediated generation from S-adenosylmethionine (SAM,
AdoMet). Recent analyses of sequence databases have revealed that this latter class
may be significantly larger than previously anticipated.™7 Irrespective of its mode
of generation, it is currently believed that the reaction of radical 1 with substrate
molecules is an essentially homolytic hydrogen transfer process with favourable ther-
mochemical driving force, yielding C5-desoxyadenosine 1H and a new substrate
radical as the product. The substrates on which 1 acts vary widely and include
proteins (as in the activating enzymes for pyruvate formate lyase (PFL) and class
I1T ribonucleotide reductase),'%13] small molecules in biosynthetic pathways (as in
biotin synthase (BioB)), ™l intermediates of anaerobic fermentation pathways (as in
the multitude of Bis-dependent carbon skeleton mutases), 'l and damaged biopoly-
mers (as in spore photoproduct lyase (SPL)).[16-191 Tt is also noteworthy that the
precursors to radical 1 act as catalytic cofactors with multiple turnovers in some
of these transformations, while they are substrates (with single turnover) in others.
Theoretical studies of the energy profiles of these processes have shown that the
two steps of formation of 1 and of reaction with substrate molecules can be tightly
coupled, thus avoiding unwanted side reactions of this highly reactive species. [20-24
What led to the evolutionary selection of A-C and radical 1 as entries in the "rad-
ical toolbox" of enzymology is not immediately obvious on a structural basis alone,
and we analyze here whether the thermodynamic stabilities of the protein- and the
cofactor-derived radicals shown in Scheme 2.1 provide at least part of a rationaliza-
tion.
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1) NH,
% N N/)
H 0 (0] H (0]
A B C OHOH 1

Scheme 2.1: Structures of protein-derived glycyl, tyrosyl, and cysteinyl radicals, and of
cofactor derived C5-adenosyl radical 1.

2.2 Computational Details

For the larger closed-shell systems the conformational space has been searched using
the MM3 force field and the systematic search routine implemented in the TINKER
program suite.[?’l The structures for radicals were then built from those of the
respective closed-shell parents. All structures have then been reoptimized at the
(U)B3LYP/6-31G(d) level of theory. Thermal corrections to enthalpies at 298.15 K
have been calculated at this same level of theory using the rigid rotor / harmonic
oscillator model and a scale factor of 0.9806. Refined energies have subsequently
been obtained by single point calculations at the ROMP2/6-311+G(3df,2p) level of
theory. Combination of these total energies with thermal corrections obtained at
(U)B3LYP/6-31G(d) level yield the "ROMP2" enthalpies reported in Table 2.1. A
second set of refined enthalpies was obtained using the G3(MP2)-RAD model devel-
oped by Radom et al.[26:27] For selected systems enthalpies have also been calculated
using the G3B3 compound method by Curtiss et al.[?8l A quantitative assessment
of the predictive quality of these methods for thermochemical data by Radom et
al. has documented a small advantage of G3B3 over the G3(MP2)-RAD proce-
dure. 26271 The URCCSD(T) calculations required in the G3(MP2)-RAD method
have been performed with the MOLPRO 2006.1 program package, 29! and all other
calculations have been performed using Gaussian 03, Revision D.01.13% All calcula-
tions have been performed in the gas phase.

2.3 Results

Radical stabilization energies (RSEs) have been calculated for C-, O-, and S-centred
radicals as the reaction enthalpies at 298.15 K for isodesmic equations (1)-(3). These
RSE values can be understood as the influence of the substitution pattern on the
homolytic bond dissociation energies of the respective reference molecules CHy, H5O,
and HyS. When defined as given in eqns. (1)-(3), negative values imply a stabilizing
effect of the substituents.[31:321 Results for model systems for glycyl, tyrosyl, and
cysteinyl radicals have been collected in Table 2.1 together with those of closely
related systems. In the following we restrict ourselves to the discussion of the best
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data only (G3(MP2)-RAD or G3B3, if available). A graphical representation of
these results is given in Scheme 2.2.

‘CH; + H-R —— CHy + 'R
2 2H (1)

‘OH + H-OR —— H0 + °‘OR
3 3H 2)

RSE (RO-) [kJ/mol]

0
- Bu -CH
SN NH, A N CHs
) H *SH 115 17
N N>y 9 4 e
o ¢
N /) [ T T I T T 1
o N +20 0 20 40
OHOH RSE (RS-) [kd/mol] )K
5 OHOH o o
1 NH, ~N N
HZNJj/ N e
o)
14 16
[ T T T T T T T T T T T I T T T 1
500 480 460 440 420 400 380 360 340

BDE(X-H) [kJ/mol]

Scheme 2.2: Radical stabilization energies (RSE) of selected O-, C-, and S-centred radi-
cals and bond dissociation energies (BDE) of the corresponding O-H, C-H, and S-H bonds.

The stability of C5-adenosyl radical 1 (RSE= -6.8 kJ mol~!) is closely similar to
that of other primary alkyl radicals such as 2-hydroxyethyl radical (7) (RSE= -13.3
kJ mol~t) or n-propyl radical (8) (RSE= -15.3 kJ mol~!). Interaction of the adenine
base located at the C1’ position with the radical centre appears to play a limited
role only in that the result obtained for the base-free model system 6 (RSE= -4.2
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Table 2.1: Radical stabilization enthalpies (RSE, in kJ mol™!) at 298.15 K of the systems
shown in Scheme 2.2 and X-H bond dissociation energies of the respective closed shell
compounds

System ROMP2¢ G3(MP2)-RAD G3B3 RSE exp.® BDE(X-H) exp.’
«CH;3 (2) 0.0 0.0 0.0 0.0 +439.3 + 0.4
5 -0.7 -1.6  n.d’
6 -2.5 -3.9 4.2
1 -6.0 -6.8 n.d.
«CH,CH,OH (7) -9.6¢ -10.3¢ -13.3¢ -15.5 +423.8
«CH,CH,CH3 (8) -11.5¢ -12.2¢ -15.3¢ -17.1 +422.2+ 2.1
«CH,C(O)NHCH; (9) n.d. -23.0¢ n.d.
«CH,NHC(O)CH;3 (10) n.d. -43.0¢ n.d.
18 -42.8 459  -47.3
19 -56.1 -61.6  -60.2
20 -78.8¢ -72.0¢  -70.5¢ -67.8 371.5+1.7
11 -75.0 -74.1 =755
«OH(3) 0.0 0.0 0.0 0.0 +497.1 + 0.3
12 -149.2 -155.7 -121.6 -134.3¢ +362.8 +2.9¢
(-125.6)¢ (+371.5 £ 2.5)°
[-120} [+377 + 13
13 -154.7 -148.9 -129.4
*SH(4) 0.0 0.0 0.0 0.0 +381.2+0.1
14 -10.8 -11.9  -12.0
+SC(CH3)3 (15) -11.3 -12.1 -12.3 -18.9 +362.3+9.2
16 -11.7 -13.7 -144
«SCH3(17) -17.9 -18.1  -18.2 -15.5 +365.7 + 2.1

“Data obtained at ROMP2/6-311+G(3df,2p)//UB3LYP/6-31G(d) level of theory.
All BDE data at 298.15 K taken from ref. 33, if no specified otherwise.

“Taken from ref. 32

4Taken from ref. 34

®Taken from ref. 35

ITaken from ref. 36

9n.d. = no data

kJ mol-!) differs from that of 1 by only 2.6 kJ mol~!. The magnitude of such an
interaction can also be estimated by inversion of configuration at the C4’ position
as in 5, positioning the adenine base and the radical centre on opposite sides of the
connecting 5-membered ring system. The stability value for 5 is RSE = -1.6 kJ
mol~!, a 5.2 kJ mol~! difference to adenosyl radical 1. Several cases are known in
which radicals form tight complexes with 7-systems and thus modify their reactivity
in hydrogen abstraction reactions. 37381 However, the C5’-adenosyl radical 1 seems
not to belong to this class of systems. Its rather moderate stability and its structure
(Fig. 2.1) indicate that 1 can best be viewed as a primary alkyl radical with a large
"handle" attached to it, facilitating the control of this species in an enzymatic catal-
ysis context. The stability value calculated for 1 does, of course, not exclude that its
generation from By or SAM precursors bound to enzymes is aided by electrostatic
interactions between the adenosine fragment and protein side chains.[23:39 The gly-
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13 16

Figure 2.1: Structures of the preferred conformations of radicals 1, 11, 13, and 16 as
optimized at UB3LYP/6-31G(d) level of theory.

cyl radical 11 is significantly more stable than 1 with RSE = -75.5 kJ mol~!. This
high stability arises due to the simultaneous presence of donor and acceptor sub-
stituents at the radical centre. The effect of the donor substituent alone as present
in acetylaminomethyl radical 10 amounts to RSE = -43.0 kJ mol-!, while a single
acceptor as in acetamide radical 9 leads to RSE = -23.0 kJ mol~'. If these two
effects were additive, a combined RSE = —66.0 kJ mol~! has to be expected. The
actual value calculated for 11 is more negative by —9.5 kJ mol~!, indicating a syn-
ergistic "push-pull" or "captodative" stabilization of this system.[%042l This value
is somewhat smaller than calculated in previous studies of glycyl radical models, in
which the C-terminal side of the glycyl systems were modelled by stronger acceptor
substituents such as esters, acids or ketones. 4347l Previous studies of the stability of
11 at 0 K using a modified version of CBS-QB3 theory arrived at a value of —13.3 kJ
mol~! for the captodative stabilization of this system.[48] Also, a recent theoretical
study of glycine and glycine radical in aqueous solution indicates that solvent ef-
fects will have only a small effect on the captodative stabilization of this system. [49]
The effects of geometric distortion on radical stability may, in contrast, be quite
substantial.[? The resonance interaction of donor and acceptor motifs described
above is only fully effective in the extended conformation shown in Fig. 2.1, and
any deviation from this planar structure will thus reduce the stability of the radical.
The closed-shell parent system 11H, in contrast, is characterized by two close-lying
conformations, the (energetically most favourable) folded C; conformation and the
extended C; conformation. 352 This latter conformation of 11H is located 4.2 kJ
mol~! higher in energy than the C; conformation at G3(MP2)-RAD level and is
structurally quite similar to the extended conformation shown in Fig. 2.1 for radi-
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cal 11. A preference for this conformation in a fixed protein environment will thus
change the stabilization energy of glycyl radical 11 from -75.5 to —=79.7 kJ mol~1.
The stability of phenoxy radical 12 and 4-methylphenoxy radical 13 (Scheme 2.2)
has been referenced to that of «OH radical (3) as expressed in isodesmic equation
(2). The results obtained for phenoxy radical 12 depend significantly more on the
level of theory than those for C- or S-centred radicals. A comparison to experi-
mental results is made difficult due to an ongoing debate on the correct gas-phase
value for the O-H BDE in phenol (12H) itself. Earlier gas-phase measurements by
DeTuri et al. predict BDE(O-H) = 377 + 13 kJ mol~!, which, in combination with
BDE(O-H) = 497.1 + 0.3 kJ mol~! for water, leads to RSE(12) = -120 kJ mol~! with
a significant error bar.[36l Measurements by Kass et al. predict a somewhat lower
O-H BDE value of 371.5 + 2.5 kJ mol~! and thus RSE(12) = -125.6 kJ mol .13
A comparison of available gas- and solution-phase data, in combination with the-
oretical estimates, prompts Mulder et al. to propose an even lower O-H BDE of
+362.8 = 2.9 kJ mol~!, leading to RSE(12) = -134.3 kJ mol~'.134 The G3B3 value
of RSE(12) = -121.6 kJ mol™! obtained here is certainly more in support of the
former two values than the latter. A slightly larger value of —124.7 + 4.0 kJ mol!
has been derived from a combination of results obtained at G3, G3B3, and CBS-
APNO level. 53] Extrapolating CCSD energies to the basis set limit yields a value of
-124.3 kJ mol1.154-561 Gas phase O-H BDE values for 4-methylphenol appear not to
be available in the literature, but the stabilization of the phenoxy radical through
introduction of the 4-CHj group as in 13 of 7.8 kJ mol-! (G3B3 value) is very close
to that of 8.8 kJ mol~! derived from measurements in benzene solution for these
two phenols. 57l A slightly smaller value of 5.9 + 4.5 kJ mol~! has been estimated
by Richard et al. using a combination of experimental and theoretical data.!5¥ The
stability of the sulfur-centred radicals shown in Scheme 2.2 has been referenced to
that of «SH radical (4) as expressed in isodesmic equation (3). The two models 14
and 16 used here for cysteinyl radicals have rather similar RSE values of —12.0 and
—-14.4 kJ mol™!, respectively. These stabilities are rather similar to those of simple
alkylthiyl radicals such as methylthiyl (17) or ¢-butylthiyl (15). It thus appears
that the peptide functionality present in cysteinyl model systems 14 and 16 has
only a limited effect on the properties of the radical centre itself.

2.4 Discussion

The RSE values calculated for all C-, O- and S-centred radicals have been combined
with the experimentally determined homolytic X-H bond dissociation energy (BDE)
in the reference systems CHy (439.3 kJ mol-!), HyO (497.1 kJ mol!) and H,S (381.2
kJ mol~!) in order to allow for a comparison of the stabilities of all systems in Scheme
2.2. The zero point of the stability scale of O-centred radicals is located to the far
left due to the high O-H BDE in water. The zero points of the scales for C-centred
and S-centred radicals are shifted relative to the scale of O-centred radicals by 57.8
kJ mol~! and 115.9 kJ mol~!, respectively, due to the much lower C-H and S-H BDE
values in the reference compounds CH, and H5S. One major result of this comparison
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is that the stabilities of radicals 13, 11, and 16 mimicking protein-derived tyrosyl,
glycyl, and cysteinyl radicals are rather similar relative to each other. This implies
that homolytic cleavage of the bonds leading to these radicals requires rather similar
thermochemical effort with O-H BDE(13H) = +367.7 kJ mol~!, C-H BDE(11H) =
+363.8 kJ mol~!, and S-H BDE(16H)= +366.8 kJ mol™! (indicated by the vertical
grey bar in Scheme 2.2). The high stability of all three systems contrasts markedly
with that of the cofactor-derived radical 1, being 68.7 kJ mol-! less stable than
glycyl radical 11. This stability difference can also be expressed through the C-H
BDE 432.5 kJ mol~! required to generate 1 from its closed shell parent 1H. Despite
the fact that the values derived here for small model systems will be modified in
the full enzymatic system through interactions with adjacent functional groups, a
general design criterion for radical enzymes thus emerges in that protein-bound
radicals are of rather high stability from a thermochemical perspective, with only
small differences between tyrosyl, glycyl, and cysteinyl radicals, while more reactive
radicals are introduced through cofactors such as 1. This large stability difference
may also be the reason why protein-bound radicals, such as the glycyl radical in
PFL, can be monitored for extended times (even hours) by EPR spectroscopy, !
while radical 1 is usually not detected under the conditions of enzymatic turnover.
The thermodynamic data collected in Table 2.1 can be used in a straightforward
manner for the validation of all enzyme-mediated reaction steps involving hydrogen
atom transfer. This will in the following be illustrated for the proposed reaction
mechanism of pyruvate formate lyase (PFL) and its activation through PFL activase
(PFL-AE), and for the repair of thymidine dimers by spore photoproduct lyase
(SPL).

2.4.1 Enzymatic reaction mechanisms I: pyruvate formate
lyase (PFL)

The essential steps for the PFL activation reaction are outlined in Scheme 2.3, start-
ing from the complex of PFL and PFL-AE. Recent results from protein structure
analyses suggest that the Gly734 residue in PFL is located close to the SAM co-
factor in PFL-AE in this case.[!2l The first step of the activation process involves
one-electron reduction of the Fe S,2* cluster in PFL-AE through flavodoxin and sub-
sequent single electron transfer from the (reduced) Fe,S4'* cluster into the cationic
C-S bond. This last step regenerates the oxidized Fe,S42+ cluster and creates radical
1 in the enzyme binding pocket (Scheme 2.3). The lifetime of 1 generated under
these conditions is expected to be quite limited due to its proximity to glycine
residue Gly734. Hydrogen atom transfer between these two species is thus expected
to be rapid, generating the glycyl radical in PFL and reduced radical 1H as the final
products of the activating step. The stability data for radicals 1 and 11 in Table
2.1 indicates that the last of these steps is exothermic by 68.7 kJ mol~!. This rather
favourable value will undoubtedly be modified by the differences in interactions
between the radicals and their closed-shell parent systems with the protein environ-
ment, but it is hard to see how these changes can alter the intrinsically favourable
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PFL PFL PFL
Cys418 H Cys418 H Cys418 H
Cys419 H Cys419 H Cys419 H
Ho Ha H
Gly734 c - Gly734 c - Gly734 c—
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HO HO _ HO H
+5— 1 — 1H —
HoN HoN HoN
2+ | o 2+ | O 2+ | o
FesS4—0 FesS4—0 FesS4—0
PFL-AE PFL-AE PFL-AE

Scheme 2.3: Generation of the glycyl radical in PFL at residue Gly734 through a: one-
electron reduction of the FesS42* cluster in PFL-AE and subsequent electron transfer into
the C-S bond; and b: hydrogen atom transfer between Cbh/-adenosyl radical 1 and the
glycine residue Gly734.

energetics of the hydrogen transfer step in a significant way. We may thus conclude
that the energetics of the hydrogen transfer step leading to PFL activation will be
quite favourable. The proposed substrate mechanism of PFL involves initial (and
reversible) homolytic hydrogen atom transfer between glycine residue Gly734, and
cysteine residues Cys418 and Cys419 (Scheme 2.4).159-651 Attack of the thiyl radical
located at Cys418 on pyruvate bound in the active site then initiates cleavage of
the substrate to yield formate radical anion and acetylated cysteine residue Cys418.
The transient formate radical anion abstracts hydrogen from Cys419 in order to gen-
erate formate as the first product of the catalytic cycle. Binding of coenzyme A and
hydrogen transfer to the cysteinyl radical at Cys419 then yields an open-shell CoA
intermediate capable of abstracting the acetyl group from Cys418. This last step,
together with removal of CoA-SAc from the binding pocket, completes the catalytic
cycle of PFL. The thermochemical data in Table 2.1 can be used to assess the reac-
tion enthalpy of the hydrogen transfer steps c, d, f, and g in this mechanism. Com-
parison of the stability of glycyl radical 11 with that of cysteinyl radical 16 arrives,
after consideration of the experimental X-H BDE differences in CHy4 and H,S, at a
reaction enthalpy for step ¢ of the substrate mechanism of +3.0 kJ mol~t. Homolytic
hydrogen transfer between two cysteinyl residues as in step d of the reaction mecha-
nism will, of course, be thermoneutral. As long as the open and closed shell forms of
the glycine and cysteine residues involved in these bond breaking/bond making pro-
cesses interact with the surrounding protein in a comparable fashion, we may thus
conclude that steps ¢ and d in the PFL substrate mechanism are thermoneutral or,
at most, weakly endothermic. Stability data for formate radical anion and thus the
assessment of the thermochemistry of step f of the substrate mechanism are currently
not available at G3 level. However, a recent compilation of radical stability data of
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Scheme 2.4: The proposed substrate mechanism for PFL.

neutral radicals at G3(MP2)-RAD level lists the stability of the neutral formic acid
radical +CO.H as 14.2 kJ mol~! relative to methyl radical 2.3 Combination with
the data for thiyl radical (16) in Table 2.1 yields a reaction exothermicity of 58.3
kJ mol-! for the hydrogen transfer between formic acid radical and cysteine model
16H. Similarly, using the reaction of methylthiol (17H) with «CO.H as a model
for step f, Himo and Eriksson predict this hydrogen transfer step to be exothermic
by 73.2 kJ mol~! at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311G(d,p) level.[61:62]
Using a much larger model for the enzyme binding site and formate radical anion
coordinated to two guanidinium cations as the substrate model, Himo and Guo more
recently estimate step f to be exothermic by 14.2 kJ mol~!. These studies have been
performed at the B3LYP /6-3114+G(2d,2p)//B3LYP/6-31G(d,p) level including sol-
vent effects through the COSMO continuum solvation model. 64 Taken together all
three theoretical approaches describe step f to be exothermic in nature, but also
document how strongly the results for reactions of charge-separate substrates de-
pend on details of the actual model systems. Finally, hydrogen transfer between the
thiol terminus of coenzyme A and the cysteinyl radical at Cys419 as in step g can
again be assumed to be intrinsically thermoneutral. For the substrate mechanism of
PFL as well as the activation step involving PFL-AE we may thus conclude that all
hydrogen transfer steps look good from a thermochemical perspective, being mostly
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exothermic in nature or, at worst, mildly endothermic.

2.4.2 Enzymatic reaction mechanisms II: spore photoproduct
lyase (SPL)

The essential steps for the SPL repair reaction of the thymidine photodimer as orig-
inally proposed by Mehl and Begley®! are shown in Scheme 2.5. These include
redox-mediated generation of adenosyl radical 1 from the SAM cofactor and subse-
quent hydrogen abstraction from the C6 position of the spore photoproduct (step i).
Cleavage of the C-C bond adjacent to the radical centre regenerates the first thymi-
dine base together with a new allylic substrate radical (step j). Hydrogen transfer
from the reduced cofactor 1H to this product radical yields the second repaired
thymidine base and regenerates adenosyl radical 1 (step k). Despite some recent

JO O Jo 0
HN™ 5 NH SPL HN NH
P SO
o N N0 SAM 0”N N
R R
R R
(1) Ado-CHy- Ado-CHpe (1)
i k
(1H) Ado-CH3 Ado-CHg (1H)
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N )Y %NH
Ao I P
R R R

Scheme 2.5: The proposed substrate mechanism for SPL.

controversy over the stereochemistry of the photoproducts repaired by SPL at the
C5 centre, [16-19:66:67 this mechanism still stands as originally proposed. However,
theoretical studies of this mechanism at the B3LYP/6-311+G(2d,2p)//B3LYP/6-
31G(d) level by Himo et al. have shown that the last step k of this sequence is
plagued by an unfavourable relative orientation of the reduced cofactor Ado-CHjy
and the product radical, and also by a rather unfavourable reaction energy.[68 Us-
ing the thermochemical data in Table 2.1 we can assess the thermochemical viability
of steps i and k of this mechanism with high accuracy. A graphical representation
of the relevant data has also been compiled in Scheme 2.6. The stability of the
first substrate radical shown in the mechanism in Scheme 2.5 can satisfactorily be
modelled by that of radical 18 with RSE(18) = -47.3 kJ mol~!. This value is only
slightly larger than that obtained for radical 10 and thus quite typical for a-amide
substituted radicals. Generation of 18 by hydrogen transfer from 18H to adenosyl
radical 1 is exothermic by 40.5 kJ mol~! and thus perfectly feasible from a ther-
mochemical point of view. The last step k in the repair mechanism in Scheme 2.5
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Scheme 2.6: Radical stabilization energies (RSE) of O-, C-, and S-centred radicals rele-
vant for the SPL-mediated repair of the thymidine photoproduct.

involves hydrogen transfer from reduced cofactor 1H to the allylic product radical
formed in the central repair step j. This allylic product radical can be represented
satisfactorily by radical 19, whose stability value amounts to RSE(19) = -60.2 kJ
mol-!. This value is somewhat lower than that of allyl radical 20 with RSE(20)
= -70.5 kJ mol~!, most likely due to the competition between allylic radical and
vinylic amide resonance stabilization, but still significantly higher than that of the
initial substrate radical 18. This implies that step k of the catalytic cycle is signif-
icantly endothermic by 53.4 kJ mol-!, a value closely similar to the 51.0 kJ mol~!
(12.2 kcal mol~!) obtained by Himo et al. on the basis of more economical DFT
calculations. 68 These results, if taken together with the data available for step i
and j, make step k most certainly the slowest and thus the rate-limiting step of the
catalytic cycle shown in Scheme 2.5. The endothermicity of this step may be re-
duced if formation of radical 1 is coupled to a second, thermochemically favourable
process such as readdition of 1 to the methionine-Fe,S,2+ cluster complex (the re-
verse of the initial generation process). However, the stability values for radicals
11, 13, and 16 in Scheme 2.6 show that the endothermic hydrogen abstraction from
reduced cofactor 1H competes with exothermic hydrogen abstraction from any close
lying tyrosyl-OH-, cysteinyl-SH-, and backbone C(a)-H group. In case one of these
thermochemically favourable processes wins over the endothermic regeneration of co-
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factor radical 1, the SAM cofactor will not act catalytically in substrate turnover as
described in Scheme 2.5. The final product derived from SAM under these conditions
is 5'-desoxyadenosine (1H), whose detection has been reported in some, [19:6:69 hut
not alll*617 of the experimental studies on the SPL reaction mechanism. That allylic
product radicals may be too stable to abstract hydrogen from 5’-desoxyadenosine
in an efficient manner is actually not unique to the SPL mechanism in Scheme 2.5,
but has been proposed earlier as an explanation for the suicide inhibition of lysine
2,3-aminomutase (2,3-LAM) by trans-4,5-dehydrolysine.[™ Taken together, all ar-
guments described above are not sufficient to unequivocally decide, whether SPL
belongs into the class of radical enzymes using SAM as a cofactor (with multiple
substrate turnovers per SAM and regeneration of radical 1 in the catalytic cycle)
or whether SPL should be grouped with those enzymes using SAM as a cosubstrate
(with single substrate turnover per SAM and no regeneration of radical 1 in the
catalytic cycle). The radical stability data in Scheme 2.6 illustrate that a third al-
ternative with multiple substrate turnovers per SAM, but no regeneration of radical
1 in the catalytic cycle, exists under the condition that glycyl-, tyrosyl-, or thiyl-
radicals are also involved in substrate turnover. This could, for example, be realized
by combining initial substrate activation by radical 1, trapping of product radical by
an active site residue, and subsequent multiple substrate turnovers by an active site
radical. This is closely related to what is achieved in the PFL-AE /PFL combination,
with the only difference that SAM-derived radical 1 directly activates the glycine-
cysteine-cysteine triad and not the actual pyruvate substrate. The data presented
in Scheme 2.6 are sufficient to make such a sequence plausible on thermochemical
grounds. Whether such a sequence applies to SPL will, of course, ultimately be
decided by the functional groups available in the active site.

2.5 Conclusion

On a generally applicable stability scale for open-shell intermediates, the protein-
bound radicals derived from tyrosyl, cysteinyl, and glycyl residues are of comparable
(and high) stability. The cofactor-derived 5-desoxyadenosyl radical 1 is significantly
less stable (by ca. 70 kJ mol~!) and thus closely similar to other primary alkyl rad-
icals. The stability data can be used to assess the thermochemical effort connected
to hydrogen transfer steps in enzymatic reaction mechanisms. Application of this
concept to the currently proposed reaction mechanisms of PFL-AE/PFL and SPL
have identified the regeneration of C5-adenosyl radicals in the latter case as ther-
mochemically stressful.
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Chapter 3 The Stability of C,-Peptide Radicals

3.1 Introduction

It is firmly established today that a large number of enzymes employ radicals and
radical ions at some stage in their respective substrate reactions. The open-shell
intermediates generated in this context may be grouped into three categories:[! 1)
Substrate radicals such as the radical-ion intermediates in photolyases,? 2) cofactor
radicals such as the 5-deoxy-5'-adenosyl radical 1 generated from coenzyme By or
S-adenosylmethionine (SAM),[>7l and 3) protein radicals generated either at the
backbone or one of the side chain residues. 34l Despite the multitude of possibilities
for generating radicals at backbone and side-chain positions, there appear to be
only three protein-derived radicals that are used in enzymatic catalysis. The most
prominent of these is the glycyl radical (A), the key residue in the "glycyl radical
enzyme" (GRE) family (Scheme 3.1).34 Known reaction mechanisms in this class of
enzymes also involve a second open-shell residue, the cysteinyl radical (B). Finally,
the tyrosyl radical (C) is also known to play a role in a number of systems. A recent
comparison of the respective C-H, S-H, and O-H bond dissociation energies (BDE)
leading to radicals A-C found these to be remarkably similar at around +365+5 kJ
mol~!, whereas the C-H BDE leading to radical 1 is significantly higher at +433 kJ
mol~1.18] This finding implies that radicals A-C are all of similar (high) stability
and that hydrogen transfer reactions between these residues will have practically
no thermochemical driving force. This latter aspect touches on the fundamental
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Scheme 3.1: Structures of 5’-deoxy-5"-adenosyl (1), glycyl (A), cysteinyl (B), and tyrosyl
(C) radicals.

question of how to design active sites for enzymes handling thermochemically (and
kinetically) "hot" species such as radicals. A thermochemical design criterion may
be formulated such that, on the protein side, only those species that are (due to their
stability) not able to abstract hydrogen atoms from other residues in the active site
in an exergonic fashion will be involved. That this criterion is fulfilled by glycyl
radical (A) is not immediately obvious as this system is the least substituted of all
Cq-peptide radicals. In view of the known stabilizing influence of alkyl substituents
on radical centers®1! we may, for example, ask why there are no "alanyl radical
enzymes" or why the C, variants of radicals B and C are not more stable than A?
To address this question we have studied the thermodynamic stability of dipeptide
radicals derived from glycine, alanine, phenylalanine, tyrosine, cysteine, and proline.
The term "dipeptide" refers in this context to systems composed of single amino
acids with N- and C-terminal amide groups.
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3.2 Results

The thermodynamic stabilities of C-, S-, and O-centered radicals have in recent
studies been quantified by isodesmic reactions (1)-(3).18! By using these reactions
the thermodynamic stabilities of C-,; S-, and O-centered radicals can be expressed
relative to that of the unsubstituted parent systems «CHj (2), «SH (4), and -OH
(6). These relative stabilities are often referred to as "radical stabilization energies"
(RSE) and interpreted as the effects of substituents on the radical center. In com-
bination with the experimentally determined!'?l bond dissociation energies (BDEs)
of CHy (BDE(C-H)= +439.3 kJ mol™!), H,S (BDE(S-H)= +381.2 kJ mol-!), and
H,O (BDE(O-H)= +497.1 kJ mol-!), RSE values can be directly converted into the
corresponding BDE values. The reaction energies for reactions (1)-(3) were calcu-
lated by using the G3B3!'3l method for smaller systems and the IMOMO(G3B3,
G3(MP2)-RAD) [10:14-16] ;ethod for larger systems. The accuracy of the G3B3 and
G3(MP2)-RADI7%18] methods feeding into the IMOMO scheme in predicting rad-
ical stability has recently been compared for a larger set of radicals by Radom
and co-workers and the accuracy was found to be slightly better for the G3B3
scheme (mean absolute deviation (MAD)= 3.2 kJ mol™!) than for the G3(MP2)-
RAD scheme (MAD = 5.1 kJ mol-1).[17:18] As illustrated for the thiyl radical 15 in
Table 3.1, predictions made with the IMOMO(G3B3, G3(MP2)-RAD) approach are
similar to those made at the G3B3 level. The following discussion is therefore based
on G3B3 values for all small systems and IMOMO(G3B3, G3(MP2)-RAD) values
for all larger systems. The glycyl radical A is described here by using the N-acetyl-
glycine-methylamide dipeptide model 8 (Scheme 3.2), the stability of which relative
to the methyl radical (2) is RSE(8)= -75.5 kJ mol~! at the G3B3 level.l8l This is
a highly stabilized species due to push-pull (captodative)9-21l interactions between
the donor and acceptor substituents connected to the formal radical center. [9:22-24]
In view of the highly stabilized nature of the glycyl radical 8 the effects of additional

‘CH; + H-R CH; + R 1)
2 3
*SH + H-SR —— HyS + ‘SR )
4 5

‘OH + H-OR H,O + °‘OR (3)

6 7

alkyl substituents, as in the alanyl dipeptide radical 9, may be quite small, as is
also found in other stabilized systems. The difference between a typical secondary
radical such as the isopropyl radical (16) with RSE(16)= -23.7 kJ mol! and a
tertiary radical such as the tert-butyl radical (17) with RSE(17) = -29.8 kJ mol!,
for example, amounts to only —6.1 kJ mol-! at the G3B3 level.['% By using exper-
imentally measured thermochemical data the stability difference between 16 and
17 is slightly larger at (-10.1+2.9) kJ mol-! (Table 3.1). In more highly stabilized
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systems the effects are significantly smaller. The stability of the a-methylbenzyl
radical 18 with RSE(18) = —66.6 kJ mol~!, for example, hardly differs from that of
the a,a-dimethylbenzyl radical (19) with RSE(19) = —-64.2 kJ mol~! at the G3B3
level. Determination of the stability of the alanyl radical 9 yields RSE(9) = —67.0
kJ mol~!, 8.5 kJ mol~! less than found for the glycyl radical 8. This finding is in line
with earlier results by Radom and co-workers for slightly smaller glycyl and alanyl
peptide ester systems. 222325 Through comparison of model systems of different size,
this earlier study concluded that the lower stability of the alanyl system is due to
repulsive interactions between the added methyl group at the C, position and the
adjacent peptide bond.

H\)Ci o @ o9 Ho?
N . N_. N
YW YTY Yty vy
8 9 10 :
o 11

0 H 0 0 <
13 14 \Q 15

12 O-

Scheme 3.2: Structures of radicals 8-15 derived from glycine, alanine, tyrosine, cysteine,
phenylalanine, and proline dipeptides.
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Figure 3.1: RSE and BDE data (in kJ mol™, from Table 3.1) for selected O-, C-, and
S-centered radicals as obtained at the G3B3 (small systems) and IMOMO(G3B3,G3(MP2)-

RAD) (large systems) levels of theory.
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Chapter 3 The Stability of C,-Peptide Radicals

The stabilities of the other C, dipeptide radicals 10, 11, and 12 shown in Scheme
are quite similar to that of the alanyl system 9 (Table 3.1, Figure 3.1). It is only the
C, dipeptide radical 13 derived from proline that is significantly less stable than the
acyclic peptide radicals with RSE(13) = -47.8 kJ mol~!. This implies that of all the
C, dipeptide radicals studied here, it is indeed the least-substituted glycyl radical
8 that is most stable! Together with stability data for tyrosyl and cysteinyl radicals
14 and 15, respectively, this confirms the previously formulated design criterion for
the active sites of radical enzymes: Open-shell intermediates located at the protein
cannot abstract hydrogen from other residues in an exergonic fashion.

Conformational space of C,-peptide radicals:

The radical stability data collected in Table 3.1 are based on Boltzmann-averaged
enthalpies for dipeptide radicals and their corresponding closed shell parent systems.
The full conformational freedom implicated in this type of averaging procedure may
not be available in the context of enzymatic catalysis when the open-shell peptide
residues are part of a protein chain. The effects induced by conformational restric-
tions through the protein secondary and tertiary structures on the radical stabi-
lization energy can be analyzed by the calculation of RSE values for radicals and
closed-shell parent systems belonging to the same conformational subpopulation. [26]
Taking glycine as a first example, we note that glycine dipeptide radical 8 has dis-
tinctly different conformational preferences compared with its closed-shell parent
system 8H (Figure 3.2). The conformations of open- and closed-shell systems will
be described in the following by using the ¢ (C-N-C-C) and ¥ (N-C-C-N) backbone
angles together with the established terminology for closed-shell peptide systems
and the N- and C-terminal peptide bonds being either trans (t) or cis (c).[2%28 All
conformations within an energy window of 50 kJ mol~! were characterized at the
G3(MP2)-RAD level of theory (see appendix B), but only those located within 30
kJ mol~! of the best conformer are discussed here.
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Chapter 3 The Stability of C,-Peptide Radicals

The glycine dipeptide system 8H has been studied repeatedly before and is known
to adopt the C; conformation preferentially (Figure 3.2a).129734 In practically quan-
titative agreement with other recent high-level studies, 3233 the C5 conformation is
located 4.2 kJ mol~! higher, as determined at the G3(MP2)-RAD level, followed by
the 35 conformation at +11.5 kJ mol~'. The cis peptide conformers are generally not
considered to be competitive and thus are often excluded in conformational studies
of peptides. We find here, however, that the most favorable of these conformations
(Cs, tc) is energetically more stable than the Sy conformation at +10.7 kJ mol-! and
that the best conformation with two cis peptide bonds (32, cc, not shown) is located
+30.3 kJ mol~! above the global minimum C; structure. Other cis peptide confor-
mations are significantly less stable, but still fall within the 50 kJ mol~! window
considered in this study. For the radical 8 the most stable structure corresponds to
the Cs conformation with all the peptide bonds in the trans orientation. The C;
and [y conformations of radical 8 are much less favorable at +31.4 (not shown) and
+26.7 kJ mol~t, respectively, due to less efficient orbital overlap between the radi-
cal center and the attached donor and acceptor units. Conformations with peptide
bonds in the cis orientation are surprisingly stable at the radical stage and the most
favorable of these structures (Cs, tc) is thus located only +6.0 kJ mol~! above the
global minimum (Figure 3.2b). The conformational preferences noted for glycine
dipeptide 8H (the C; conformation being the most stable) and its radical 8 (the Cs
conformation being the most stable) also recur in a similar way in the other dipep-
tide systems studied here. The additional substituents present at the C, position
do, however, lead to steric effects in the C5 conformation at the radical stage. This
is exemplified by the alanine dipeptide 9H, the smallest of the substituted systems,
the conformational energies of which are displayed in Figure 3.3.
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Chapter 3 The Stability of C,-Peptide Radicals

Table 3.2: Conformational enthalpies (AHaggre1) of dipeptide radicals and their corre-
sponding closed-shell parent systems (G3(MP2)-RAD).

Systems Backbone geometry O[°] U[°] Peptide bond  AHagg rel
conformations  [kJ mol™?]

Cr -82.2 68.6 trans-trans +0.0

Cs 180.0 180.0 trans-trans +4.2

Ho9 Cs ~179.9 -179.8 trans-cis +10.7
\[(N\)kN/ Bs -122.7 21.8 trans-trans +11.5
o) H QR -94.5  -1.7 cis-trans +16.5
8H Cy -93.9 117.4 trans-cis +19.6

Cs 180.0 180.0 cis-trans +23.7

15} -74.9 -151.7 cis-trans +27.0

H 0) Cs 180.0 180.0 trans-trans +0.0
N Cs 179.9  179.5 trans-cis +6.0
YN Cs 180.0  180.0 cis-trans +10.3
o Cs 180.0  180.0 cis-cis +13.6
8 Bs 1764 149  trans-trans 126.7

B -173.9 13.6 trans-cis +27.4

Creq. -82.9 72.9 trans-trans +0.0

Cs -158.1 164.1 trans-trans +6.1

Cras. 72.8 -56.3 trans-trans +9.8

e B2 -126.7 20.9 trans-trans +14.3

N P Cs -157.1 158.7 trans-cis +15.8
N j)kﬁ aR 941  -4.0 cis-trans +18.8
o oy, 68.2 26.8 trans-trans +19.5
9H Creq. -96.5 111.6 trans-cis +20.4

o -169.1  -39.3 trans-trans +26.8

Cs -151.1 150.6 cis-trans +27.8

oy, 74.5 26.1 cis-trans +29.0

Cs 180.0 180.0 trans-trans +0.0

H 0 Cr -31.9 6.5 trans-trans +17.4
N P Bo -167.7 15.2 trans-trans +17.7
e %H Cs ~1706 1771 cis-trans +18.6
0 Cs -175.1  172.8 trans-cis +19.3
9 R -62.5 -10.9 cis-trans +26.2

15} -37.2 168.4 cis-trans +28.7
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Cs -158.7 170.8 trans-trans +0.0
Creq. -82.8 78.2 trans-trans +2.8
Ba -122.4 19.5 trans-trans +5.7
H 0 Craz. 72.3 -54.9 trans-trans +6.3
YN N~ Creq -108.0 7.4 cis-trans +14.7
0 H Cs -155.5 162.0 trans-cis +16.3
o -174.6  -32.1 trans-trans +18.0
Bo -133.2 15.1 cis-trans +17.5
OH Cs -133.5 142.7 cis-trans +22.1
10H Bo -125.2 58.5 trans-cis +22.8
Creq. -99.2 109.9 trans-cis +24.2
ag, 49.4 43.4 trans-trans +25.6
ag, 69.9 35.6 cis-trans +28.3
H o) Cs -170.3 177.2 trans-trans +0.0
N P Cr 40.6 -19.3 trans-trans +14.6
Y H Bo -165.0 17.7 trans-trans +18.1
o Cs 1711 -178.4 cis-trans +21.0
Cs -171.6 172.4 trans-cis +25.6
oH R -61.8 -14.6 cis-trans +26.9

10
Creq. -82.5 66.0 trans-trans +0.0
0 Cs -160.4 173.0 trans-trans +8.7
H P Cras. 75.6 -54.9 trans-trans +18.6
\H/ H Ba -131.9 25.8 trans-trans +19.2
0 H Ba -125.5 624 trans-cis +23.4
oy, 68.0 26.3 trans-trans +23.7
11H Ba ~126.3 194 cis-trans +24.0
Cs -155.5 133.4 trans-cis +27.0
H 0) Cs -168.3 172.2 trans-trans +0.0
N P Cr -38.7 16.6 trans-trans +16.4
g %H Cs 178.0  173.2 trans-cis 21,0
o H Bo -172.1 16.6 trans-trans +23.4
11 Cs -177.0 171.6 cis-trans +26.8
Cs -159.0 170.8 trans-trans +0.0
Creq. -82.8 78.8 trans-trans +3.0
Bo -120.6 17.6 trans-trans +5.7
H O Craz. 76.2 -54.9 trans-trans +5.8
\H/N N Cs -158.7 140.4 trans-cis +11.0
o) H Creq. -102.4 6.9 cis-trans +14.5
Bo -132.3 15.2 cis-trans +17.8
Creq. -99.7 110.1 trans-cis +23.3
B2 -125.2 57.2 trans-cis +23.7

12H
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o -172.6 =335 trans-trans +17.7
ag, 49.0 44.1 trans-trans +24.5
aj, 69.5 35.4 cis-trans +28.2
aR -81.4 -27.6 cis-trans +29.9
H o) Cs -171.7 177.3 trans-trans +0.0
N P Cr 40.0 -18.2 trans-trans +15.0
OY N Bs ~164.5  17.6 trans-trans +18.3
© Cs 170.8 -178.2 cis-trans +21.0
QR -62.5 -14.3 cis-trans +26.9
Cs 175.0 177.4 trans-cis +28.4

12
o) Creq. -84.0 71.0 trans-trans +0.0
Y O R -93.0 -1.8 cis-trans +11.9
N N 3 740 1445 cis-trans +23.9
H 8 -76.9 1239 trans-cis +24.6

13H
0] Cr -26.4 2.2 trans-trans +0.0
Yo 3 ~40.9 1719 cis-trans +4.3
MN/ ar 548  -9.8 cis-trans +8.4
H B 415  167.3 cis-cis +16.3

13

As already found for glycine dipeptide 8H, the C; conformation is the most favorable
for the alanine dipeptide 9H. This is in line with the results obtained in a number
of previous studies. [28:31:33:35:36] The relative conformational energies calculated here
at the G3(MP2)-RAD level are quite similar to those found previously at the MP2
level. 28] We note again, however, that cis peptide conformations are energetically
competitive with some of the a and [ conformations. The energetically best cis
peptide conformation (Cs, tc) is located 15.8 kJ mol~! above the global minimum.
For radical 9 the C5 conformation is again by far the most stable structure (Table
3.2). The cis peptide conformations derived from the Cj conformer are now much
less favorable than in the case of the glycine dipeptide radical 8 due to steric hin-
drance between the peptide substituents and the methyl substituent at C,. This
leaves us with the C; conformation as the second best conformer in radical 9 at
+17.4 kJ mol~! closely followed by the (5 conformer at +17.7 kJ mol~'. The only
dipeptide radical with systematically different conformational preferences is the pro-
line dipeptide radical 13 for which the Cj5 conformation cannot be formed due to
the presence of the pyrrolidine ring system. In this case the C; conformation is the
most favorable for the proline dipeptide radical 13 as well as the parent dipeptide

45



Chapter 3 The Stability of C,-Peptide Radicals

13. The distinctly different conformational preferences of the dipeptide radicals and
their corresponding closed-shell parent systems have dramatic consequences for the
stability of peptide radicals of restricted conformational flexibility. The isodesmic
reactions (1)-(3) used before for the calculation of RSE values can also be employed
for systems of reduced conformational mobility under the condition that comparable
conformations are selected on the radical and the non-radical side. The stability of
radical 8 in its most stable conformation (Cs, tt), for example, can be calculated
according to reaction (4). The RSE value obtained for the Cj, tt conformation
(RSE(8, Cs, tt)= -78.2 kJ mol!) is quite similar to the Boltzmann-averaged value
of RSE(8)= -74.1 kJ mol™! (G3(MP2)-RAD level) because the Cs, tt conformer is
similarly favorable for radical 8 and its closed-shell parent 8H. However, RSE cal-
culations on other conformations of radical 8 yield rather different stability values
(Table 3.3). On the low side this includes the C; conformation with RSE(8, C7, tt)
= -42.6 kJ mol~! whereas the largest RSE value is calculated for the Cs conforma-
tion with both peptide bonds in the cis conformation with RSE(8, Cs, cc) = -90.7
kJ mol-! (Table 3.3).126]

... g
N -~ N
CH; + CH; + -
SR G A G
2 0 H 3 @) H

8H (Cs, 1t) 8 (Cs, tt)

Table 3.3: RSE values of conformationally restricted dipeptide radicals (G3(MP2)-RAD).

Systems Backbone geometry  Peptide bond RSE
conformations  |[kJ mol™|

e) Cr trans-trans -42.6
H\)k P aR cis-trans -46.0
\[( : H B2 trans-trans -58.8
0 B cis-trans -62.1
8 B2 cis-cis -72.2

Cs trans-trans -78.2

Cs trans-cis -79.6

Cs cis-trans -87.4

Cs cis-cis -90.7

Cy trans-trans -47.4

aR cis-trans -57.4

o, trans-cis -59.4

QR trans-cis -59.7

H O Cs trans-cis -61.3
\[( N W)k N~ Ba trans-trans -61.4
o} H B2 cis-cis -63.7
9 Cs cis-cis -64.9

aR cis-cis -65.1

ar, cis-trans -67.5

ar, cis-cis -68.7

Cs trans-trans -70.9
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o' trans-trans -73.9

Cs cis-trans -73.9

! trans-cis -77.8

Ba trans-trans -55.7

Cy trans-trans -56.3

Bo trans-cis -57.9

Cs trans-cis -59.3

0 ar trans-cis -59.4

H _ Bo cis-cis -63.5
OF N Cs cis-cis -66.1
0] o trans-trans -68.0
Cs trans-trans -68.1

ar cis-cis -69.4

10 OH ar, cis-trans -69.5
Cs cis-trans -70.4

QR cis-cis -70.6

aR cis-trans -71.4

QR trans-cis -72.5

o' trans-cis -84.2

Cr trans-trans -48.3

Bo cis-trans -56.4

Cs cis-cis -57.0

Bo trans-trans -60.5

Bo cis-cis -62.5

ar, trans-cis -66.0

H Q Qar, cis-trans -69.2
\ﬂ/kaN/ Cs trans-cis -70.7
0 H o trans-trans -714
H Cs cis-trans -72.9

11 Cs trans-trans -734

arg, cis-cis -73.6

QR trans-cis -75.2

QR cis-trans -77.0

QR cis-cis -77.2

B2 trans-cis -81.4

o trans-cis -83.5

o cis-trans -86.2

Cs trans-cis -50.9

Bo trans-trans -55.8

Cr trans-trans -56.3

H O ar, trans-cis -57.3
\H/N SN Cs cis-cis -58.5
o H Bo trans-cis —-58.5
Bo cis-cis -64.3

o trans-trans -67.7

Cs trans-trans -68.3

12 ar, cis-trans -69.6

ar, cis-cis -70.2

QR cis-cis -71.0

QR cis-trans -71.3
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QR trans-cis -71.4

Cs cis-trans -77.5

o' trans-cis -82.9

0 B8 trans-cis -39.1
Y Q Cy trans-trans -46.3
M N~ aR cis-trans -49.8
H B8 cis-cis -63.8

13 B8 cis-trans -65.9

RSE values for conformationally restricted dipeptide radicals can be calculated in
an analogous fashion for all other systems shown in Scheme 3.2. In all cases it is
found that the RSE values vary significantly with the selected peptide conformation
(Table 3.3). The C; conformations are typically of low stability (strong C,-H bonds)
whereas higher stabilities (weak C,-H bonds) are found for the Cs conformation. In
practice this means that the stability values of peptide radicals cover a certain range
and are a function of the accessible conformational space, as graphically displayed in
Figure 3.4. The large dependence of radical stability on the selected conformations
may be seen as a technical complication in RSE calculations because accurate values
can only be obtained after covering the complete conformational space of radicals
and non-radicals. However, the more important implication of the conformational
dependence of RSE values is that radical enzymes can tune the stability of radicals
located at the protein backbone (and thus the strength of the corresponding C-H
bonds) through conformational control at the spin-carrying site. Of all the dipeptide
radicals shown in Figure 3.4 it is the glycine dipeptide radical 8 that shows the largest
dispersion of RSE values (ranging from —42.6 to —90.7 kJ mol-!). This is similar
to the range of 44.7 kJ mol~! for C-H BDE values estimated for selected glycine
dipeptides in a recent study on the potential for oxidative damage to peptides. 37l Use
of the glycine residue as one of the spin-carrying sites in radical enzymes may thus be
motivated by both the high absolute stability of the corresponding dipeptide radical
as well as the ability to tune this stability over a wide range of energies. 8 Structural
effects of C, substituents: The influence of C, substituents on radical stability
was in the previous paragraph attributed to steric effects. These steric effects are
also responsible for characteristic changes in the three-dimensional structures of the
dipeptide radicals. This will be exemplified again by using the glycine dipeptide 8H
and its radical 8 as unstrained reference systems. The energetically most favorable
conformations of these two systems are shown in Figure 3.5 together with those
for alanine dipeptide 9H and the alanyl radical 9. The two closed-shell dipeptide
systems 8H and 9H both prefer a C; conformation with both peptide bonds in a
trans orientation. As can be inferred from the length of the internal hydrogen bond
(204 pm) as well as the largely similar OCN and CNC angles on the N-terminal side
it is clear that introduction of the methyl group into 9H does not lead to significant
distortions in the dipeptide structure. This is quite different to the corresponding
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Figure 3.4: Radical stabilization energies (RSE) of selected O-, C-, and S-centred radicals
and bond dissociation energies (BDE) of the corresponding O-H, C-H, and S-H bonds.

radicals 8 and 9 in which the extended Cs conformation is preferred in both systems.
Introduction of the methyl substituent in 9 now leads to an increase in the OCN
and CNC bond angles as a consequence of repulsive interactions between the methyl
substituent at the C,, position and the N-terminal peptide group. Structural changes
on the C-terminal side are, in comparison, rather minor. These results are in full
agreement with previous observations made by Radom and co-workers on smaller
peptide ester models. [22:23]

3.3 Conclusion

Calculations performed at the G3B3, G3(MP2)-RAD, and IMOMO(G3B3,G3(MP2)-
RAD) levels of theory have firmly established that substituents at the C, position
of dipeptide radicals have a destabilizing effect. Electronic stabilization effects of
the attached substituent are overridden by repulsive interactions between the sub-
stituents and the amide groups of the protein backbone making C, radicals derived
from alanyl, cysteinyl, tyrosyl, phenylalanyl, or prolyl residues less stable than the
nonsubstituted glycyl radical. Conformational analysis of the dipeptide radicals and
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8H (C7,tt) 8(Cs,tt)

9H (C7,tt) 9 (Cs,tt)
Figure 3.5: Structures of the energetically most favorable conformations of glycine dipep-

tide 8H, glycyl dipeptide radical 8, alanine dipeptide 9H, and alanyl dipeptide radical 9.

their respective closed-shell parents also indicates that radical stability varies quite
significantly as a function of the selected conformation. The glycine residue is found
to provide the largest variation of radical stability with changes in peptide conforma-
tion. Aside from the large intrinsic stability of the glycyl radical, this offers a second
argument for the existence of the large glycyl radical enzyme (GRE) family of en-
zymes. These arguments are based on thermodynamic quantities exclusively and do
not exclude the involvement of kinetic factors in hydrogen transfer processes. 3740l
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Chapter 4 Dissociation Energies of C,-H Bonds in Amino Acids

4.1 Introduction

The abstraction of hydrogen atoms from amino acids, peptides and proteins is of
outstanding relevance for processes as diverse as the oxidative damage to proteins
and the catalysis of unusual substrate rearrangements through radical enzymes. The
bond dissociation energies of the C-H bonds (BDE(C-H)) involved in these hydrogen
transfer reactions thus represent important parameters in assessing the likelihood of
these processes. Experimental data for individual C,-H bonds in amino acids and
peptides is still rather limited and the bulk of BDE data has thus been obtained
from quantum chemical studies. As is described in Scheme 4.1 for the question of
C,-H bond energies, theoretical studies are typically not performed on complete
proteins or peptides 1H, but on smaller dipeptide or amino acid models instead.
Using theoretical methods designed for the description of open shell systems such as
G3(MP2)-RAD, we have recently found the BDE(C-H) values in glycine dipeptide
(BDE(C,-H, 2H a) = +365.2 kJ mol™!) to be significantly smaller than those in
alanine dipeptide (BDE(C,-H, 2H b) = +373.8 kJ mol™!).[*4

@

- H O BDE(C-H) - S o
\H/N%N/‘HL \”/N\-HJ\N/ +  He

O HrR H O R H
1H 1
(b)
H O oo
|
HaC N%J\ _CH, HsC N _CHs
N
hil 20N T
O H'H H O H cHgH
2H_a 2H_b
BDE(Cq-H) = +365.2 kJ mol ! BDE(Cq4-H) = +373.8 kJ molt
(c)
H O H O
|
H N H H N%J\ _H
‘ N
Ty Ty
O HH H O H cHsH
3H_a 3H_b
BDE(Cq-H) = +349.6 kJ molt BDE(Cq-H) = +344.3 kJ molt

Scheme 4.1: (a) Definition of C,-H bond dissociation energies (BDE(C,-H)) in pep-
tides; (b) BDE(C,-H) values obtained for glycine and alanine dipeptide models 2H a
and 2H b (ref. 1-4); (¢) BDE(C,-H) values obtained for glycine and alanine dipeptide
models 3H a and 3H_ b (ref. 5;6).

Together with BDE data for other dipeptide radicals this was taken to reflect steric
interactions between the C, substituents and the amide groups present on the N-
and C-terminal side of the central amino acid radicals. Combining results obtained
from B3LYP/6-31G(d) calculations for peptide model 3H and earlier work by Rauk
et al.,I™8 Julian et al. predict BDE(C,-H, 3H a) = +349.6 kJ mol™! for glycine
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peptide 3H _a and BDE(C,-H, 3H b) = +344.3 kJ mol™! for alanine peptide
3H_ b.bl These values are practically identical to those reported earlier by Rauk et
al..18l These BDE values are not only significantly smaller than those obtained for
dipeptide model 2H at G3(MP2)-RAD level, but also imply lower BDE values for
alanine residues as compared to glycine. This apparent contradiction may be due to
various factors such as the choice of model system, the choice of theoretical method,
and the strategy for calculating reaction energies. Using the examples of glycine
and alanine we show in the following how these factors impact BDE(C-H) values for
the C, position in peptide models. Furthermore, we show that a carefully chosen
combination of the said factors is sufficient to allay any apparent inconsistency
related to the relative stabilities of glycine and alanine peptide radicals.

4.2 Results

The calculation of C-H bond dissociation energies is most easily approached using
hydrogen transfer reactions between the system of interest and a (thermochemically)
well characterized reference system. For carbon-centered radicals the most often
used reference system is methane (CHy), whose C-H bond energy is accurately know
as BDE(C-H) = +439.4 + 0.4 kJ mol~'. % The reaction energy for isodesmic hydrogen
transfer reaction with this reference system as shown, for example, for peptide radical
2 ain Scheme 4.2, is often referred to as the radical stabilization energy (RSE) of
radical 2 a relative to methyl radical +CHjz. Summation of the RSE value for a
particular radical with the (experimental) BDE(C-H) value of the reference system
then yields the BDE(C-H) value for the system under investigation. The BDE(C-H)
value in model peptide 2H _a, for example, can thus be calculated using equation
4.1. The reaction energy calculated for hydrogen transfer between methyl radical
(+CHj) and peptide model 2H a amounts to RSE(2 a) = -74.1 kJ mol™! at the
G3(MP3)-RAD level of theory, and combination of this value with the BDE(C-H)
value in methane according to eq. 4.1 then yields a C,-H bond dissociation energy
of BDE(C,-H, 2H a) = 4365.2 kJ mol™ for peptide model 2H a. Following this
procedure BDE(C,-H) values have been computed for all amino acid and peptide
models in Scheme 4.2 and compiled in Table 4.1.

BDE(C-H, 2H_a) = BDE(C-H, CH,) + RSE(2_ a) (4.1)

Choice of electronic structure method: The BDE(C,-H) value obtained for
glycine dipetide 2H a at G3(MP2)-RAD level is in good agreement with that
obtained with the even more elaborate G3B3 scheme, '] BDE(C,-H, 2H a) =
+363.8 kJ mol~!. Both values are significantly larger than the value of BDE(C,-H,
2H a) = +337.7 kJ mol™! obtained with the more economical B3LYP /6-31G(d)
approach.
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H O RSE(1) HoO
CHy H3C\H/N>2J\N,CH3 HSCTN%N,CHa v oH, @
O HR H (6] R H
2H 2
H O RSE@) z 0 |
.CH3 + H\H/N%'I\I'H _— \ﬂ/ ﬁ)l\,l\‘/ + CH4 (3)
O HR H O R H
3H 3
H O RSE(3) oo
CHy  + H,N))KN/H S H’N%N'H + CcH, @
. I
HR 4 R H
4H 4
H O RSE(4) oo
*CHs + H'N),_)J\O'H _— H'N\.HJ\O/H + CHq4 (5)
H R R
5H 5

T
+

0
R RSE(5) ?k
*CH3 + H NH —_ H N
HN\H/{--'H HN
R

(6]
6H

CH, 6)

mo:gi
)

a:R=H;b:R=CHs

Scheme 4.2: Isodesmic reactions (2) - (6) for the calculation of radical stabilization
energies of amino acid, peptide radicals 2 - 5 derived from glycine (5H _a, R = H) and
alanine (5H b, R = CH3) and peptide anhydrides 6H.

This is also found for all other amino acids, peptide models and peptide anhydrides
2H-6H studied here. Previous studies!®l indicate that G3B3 and G3(MP2)-RAD
methods predict BDE values with an accuracy of 3 - 5 kJ mol='. This implies
that the BDE(C,-H) data obtained at B3LYP/6-31G(d) level are too low by 20 -
30 kJ mol~*. BDE(C,-H) data for glycine 5H a have also been evaluated with
the G3X(MP2)-RAD and the more elaborate G4-5H and W1RO schemes (Table
4.1).11-13 G3X(MP2)-RAD theory 13l differs from G3(MP2)-RAD in that geometry
optimizations are performed at B3LYP /6-31G(2df,p) (instead of B3LYP/6-31G(d))
level, and in adding a basis set correction term at the (restricted open shell) Hartree-
Fock level. Results obtained for 5H _a with both methods are practically identical,
which implies that the basis set used in geometry optimizations is not critical for
obtaining accurate BDE data. G4-5H theory is a variant of G4 theory[*4 whose per-
formance in the description of hydrogen transfer reactions is particularly good, while
the even more expensive W1RO theory 1516l is expected to deliver sub-kcal /mol ac-
curacy in predicting the thermochemistry of a wide variety of systems. Both ap-
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proaches yield effectively the same BDE data as obtained at the G3B3 level, thus
confirming the quality of these predictions. The subsequent discussion will thus fo-
cus on the G3B3 results exclusively.

Table 4.1: RSE and BDE(Ca-H) values of amino acid/peptide models at various levels

of theory using the isodesmic reactions (2) - (5) in Scheme 2

System RSE BDE RSE BDE RSE Other BDE Other
B3LYP® B3LYP® G3(MP2)-RAD G3(MP2)-RAD

2a -101.6  +337.7 -74.1 +365.2 —75.5° +363.8°
2b -98.9 +340.5 -65.5 +373.8 -67.0¢ +372.3¢
3a -100.4  +3389 -759 +363.4 -77.6° +361.7°
—-78.4¢ +360.9¢

3b -101.0  +338.3 -69.6 +369.7 —71.2° +368.1°
4a -108.1  +331.2 -85.6 +353.7 -87.7° +351.6°
-88.9¢ +350.4¢

4b -113.8 43255 -87.1 +352.1 -89.9° +349.4°
5a -118.8  +320.5 -95.8 +343.5 -96.0¢ +343.3¢
-97.8f +341.57

-99.0° +340.3°

-99.1¢ +340.2¢

-101.49 +337.99

5b ~130.8  +308.5 -102.5 +336.8 -106.4° +332.9°
6a -98.3 +341.0 =779 +361.4 -80.1° +359.2°
-82.8h +359.1" _

+340 + 15

6b -114.6  +324.7 -87.7 +351.6 -90.1° +349.9°
-93.7" +348.1"

+323 + 15¢

“UB3LYP/6-31G(d)

*G3B3

“IMOMO(G3B3,G3(MP2)-RAD)

4G4-H
°G3X(MP2)-RAD

fGamP2
IW1RO
hPCM/G3B3

‘Experimental values in aqueous solution (ref. 17)

Choice of model system: The value of BDE(C,-H, 2H a) = 4363.8 kJ mol™!
for glycine dipeptide model 2H _a is significantly smaller as compared to that cal-
culated for the alanine-based dipeptide model 2H b with BDE(C,-H, 2H b) =
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+372.3 kJ mol~t. This implies that glycyl radical 2 a is more stable than alanine
radical 2 b by +8.5 kJ mol~!. On moving from dipeptide 2H to the smaller peptide
models, this difference is found to diminish to +6.4 kJ mol~! in dipeptide model 3H
and reverse to —2.2 kJ mol~! in peptide model 4H. Finally, in the bare amino acids
the BDE(C,-H) in alanine (5H _b) amounts to BDE(C,-H, 5H_b) = +332.9 kJ
mol~!, which is 7.4 kJ mol™! less than in glycine with BDE(C,-H, 5H _a) = +340.3
kJ mol~!. We note in passing that the BDE(C,-H) value obtained here for glycine
5H a at G3B3 level is slightly higher than the value of BDE(C,-H, 5H a) =
+331 kJ mol~! based on G2(MP2) theory reported by Rauk.["8 As is shown in a
pictorial manner in Figure 4.1, the move to smaller and smaller peptide models and,
eventually, to amino acids is accompanied by a cross-over in the relative stabilities
of glycyl and alanyl radicals, the larger model systems predicting lower BDE(C,-H)
values for glycine as compared to alanine. This trend is due to two opposing effects
of the C, substituents at the radical stage: (a) an inductively stabilizing effect onto
the C, radical center; and (b) steric repulsion with the amide substituents at the
N- and C-terminal side. The alanyl radical 5 b is more stable than glycyl radical
5 a due to the electron-donating effect of the methyl group attached to the radical
center. Extension of the peptide models on the N- and C-terminal side as in 3H and
2H now adds steric effects large enough to overcompensate the beneficial electronic
effect and thus leads to higher stability of the glycyl peptide radicals. This is also
fully in line with earlier conclusions by Radom et al. on the stability of peptide ester
radicals.*8] The conformational consequences of these interactions will be discussed
below.

AHrel "
[kJ/mol] %NH H o
HN H N
1A 0o e
O H™ H
1 o) H,Nz)ko/H
6H_a H oy z O | 2H_b
H .
+10 — +10.0 5H a bl 7)%\1 +8.5
7.4 v °n w -
— - F ‘
H,N))kN,H 3H_b
- |
- HHH —_ +6.4
4H a
— 2.2
0.0 — — +0.0 —_ +0.0 — +0.0 — +0.0 = +0.0
X i3 "9 P
B ’ . H fo) N
g T A WL P o
H™~ H
o}
5H_b 3H_a 2H_a
6H_b 4H_b

Figure 4.1: Relative Co-H BDE between glycine and alanine at G3B3 level of theory.

Choice of reference system: The stabilization energies reported in Table 4.1
and Figure 4.1 are based on Boltzmann-averaged enthalpies for all species and the
reference system CH,/+CHjs. In order to test whether different reference systems lead
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to substantially different results, BDE(C,-H) values in glycine and alanine dipeptide
models and anhydrides 2H-6H were recalculated using the CH3NH, /«CH;NH, and
the propene/allyl radical reference systems. Experimental BDE(C-H) values are
known for both of these systems and these bond energies are closely similar to those
in the peptide models studied here. We note in passing that the experimental bond
energy in CH3NH,/«CHyNH, of BDE(C,-H, exp.) = +392.9 + 9.4 kJ mol™! can
be closely matched at G3B3 level with BDE(C-H, G3B3) = +392.4 kJ mol~! using
the isodesmic equation approach with the CH,/+CHjs reference system. This is also
found for the bond strength of the allylic C-H bond in propene with BDE(C-H,
exp.) = +368.6 + 2.9 kJ mol™! and BDE(C-H, G3B3)= +368.8 kJ mol™!. As
shown schematically in Figure 4.2 the BDE(C,-H) values obtained at G3B3 level
for dipeptide models 3H _a and 3H b are closely similar for all three reference
systems, the BDE(C,-H) in 3H b being larger by ca. 6 kJ mol™! than that in
3H a. This is distinctly different for the B3LYP level, where the BDE(C,-H)
values are found to vary by more than 10 kJ mol! in absolute terms as a function
of the reference system and where glycine and alanine dipeptides 3H aand 3H b
are predicted to have essentially the same BDE(C,-H) values. Similar observations

can also be made for all other dipeptide models and amino acids in Table 4.1/Figure
4.1 (see SI for full details).

reference B3LYP G3B3
systems

@ 3H_b

- CHg/CH, m

3H_b

-0

« CHoNHy/
CH3NH

+ CH,CHCH,/
CH3CHCH

BDE(C,-H)
kJ/mol

I I [ I
+335 +345 +355 +365

Figure 4.2: Influence of reference system and theoretical method on the BDE(C,-H)
values for glycine and alanine dipeptide models 3H _a and 3H _b.

Conformational selection: The reaction enthalpies obtained for isodesmic reac-
tions (2) - (6) (and thus the BDE(C,-H) values) depend significantly on the con-
formers chosen for reactants and products. The BDE values listed in Table 4.1 have
been obtained using Boltzmann-averaged enthalpies over all relevant conformers. It
is important to note at this point that conformational preferences are rather differ-
ent for closed-shell dipeptides and their respective C, radicals. For peptide models
3H a/b and radicals 3_a/b the required information on conformational energies
has been compiled in Table 4.2. For both radicals 3 a and 3 b the extended Cj
conformation is found to be most stable, while the ‘closed shell parent dipeptides
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3H aand 3H b prefer the folded C; conformation. For these latter systems, the
Cs conformation represents the second best conformer, located +1.9 kJ mol=! (in
3H a)and +4.2kJ mol™! (in 3H_b) higher in energy. That the C5/Cy; energy dif-
ference is not identical in these dipeptide models is due to the steric effects induced
by the C, methyl substituent present in 3H _b. These results are consistent with
previous studies of C,-peptide radicals.3 Table 4.3 compiles BDE(C,-H) values of
peptide models 3H _a/b using a restricted conformational space with CH,/+CHj as
the reference system. For glycine model 3H a the BDE(C,-H) value of +360.0 kJ
mol~! obtained through locking the system in a Cs conformation is almost identical
to that obtained with full Boltzmann averaging (+361.7 kJ mol~!, G3B3 data from
Table 4.1). Differences are somewhat larger for the alanine system 3H b, where
the system in its C; conformation has a clearly lower BDE(C,-H) value of +364.1
kJ mol~! as compared to that obtained with Boltzmann averaging of +368.1 kJ
mol~!. Significantly larger variations in BDE(C,-H) values are observed when lock-
ing the dipeptide systems in the C; conformation, which is particularly unfavorable
for dipeptide radicals. Similar trends can also be observed at the B3LYP level of
theory (Table 4.3). This implies that relative glycine/alanine dipeptide BDE(C,-H)
values also depend on the conformational selection made for radicals as well as for
closed shell parents.
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Table 4.2: Relative energies of dominant conformers for peptide 3H a/b and peptide
radical 3 _a/b.

Systems Backbone Peptide bond  AHagg el BBLYP  AHjgg 1. G3B3
geometry conformations [kJ mol™?] [kJ mol~]
H O Cr trans +0.0 +0.0
H N))J\ H Cs trans +0.1 +1.9
LSS E Cr cis 4124 +14.4
Cs cis +15.4 +20.0

3H_a
H O Cs trans +0.0 +0.0
H ;'\H_)k H Cs cis +7.6 +9.2
g N Bs trans 197.3 126.2
© H H oy, trans +29.0 +30.8
3_a QR cis +40.9 +40.5
Crax. trans +0.0 +0.0
Cs trans +4.3 +4.2
H O Creq. trans 110.2 9.4
HTN%N’H o cis 1152 +17.3
O H " H Cs cis +18.9 +21.5
3H b apR cis +24.3 +24.3
Ba trans +26.4 +25.3
Creq. cis +27.3 +26.8
H O Cs trans +0.0 +0.0
Ho N, H Cs cis +6.9 +5.2
g N Bs cis 117.8 115.7
© H Creq. trans +20.0 +19.4
3b o trans +20.5 +17.8
ag, cis +28.5 +25.5
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Table 4.3: C,-H BDE of conformational restricted peptide model 3H a/b

Systems Backbone Peptide bond BDE B3LYP BDE G3B3

geometry  conformations [kJ mol™!]  [kJ mol™}]

H O Cs trans +338.5 +360.0

Ho N W Cs cis +330.8 +351.2

O HH

3H_a

H o Cs trans +334.4 +364.1

Ho N %L H Cs cis +326.6 +352.1

m 7N C; trans 1358.7 1387.8

© H Ba trans +332.7 +360.9
3H_b

Comparison to experimental studies: The BDE(C,-H) values obtained for
glycine- and alanine anhydride (6H a and 6H_b) at G3(MP2)-RAD and G3B3
level in the gas phase are significantly larger than the experimental values obtained
with photoacoustic calorimetry in aqueous solution (BDE¢y, (Co-H, 6H _a) = 340 +
15 kJ mol™!; BDEy,.(Co-H, 6H __b) = 325 + 15 kJ mol~!).[7l This might only par-
tially be due to aqueous solvation effects. The application of a continuum solvation
model (PCM) for water, at the B3LYP /6-31G(d) level, lowers the BDE(C,-H) value
of 6H a by only 0.13 kJ mol™! and that of 6H b by 1.10 kJ mol™!, respectively.
The deviations between experiment and theory may, in part, also be due to the
large uncertainties of the measurements in water.['”l Kinetic studies by Schéneich
et al. measuring C,-H-abstraction rate constants from peptides N-Ac-Gly/Ala-NH,
by thiyl radicals have established that the abstraction from glycine N-Ac-Gly-NH,
is approximately three times faster than from alanine N-Ac-Ala-NH,, which may be
rationalized by lower BDE(C,-H) values in glycine as compared to alanine. 1]

Table 4.4: Rate constants for hydrogen abstraction by thiyl radicals!'! and BDE(C,-H)
values for selected peptide models.

System Rate [M~T s C-H BDE?® [kJ mol™ ']

6H a 8.0 x 107 +359.2%
N-Ac-Gly-NH, 3.2 x 104 +363.8" (2H _a)
N-Ac-Ala-NH, 1.0 x 10* +372.3° (2H_b)
N-Ac-Pro-NH, 0.18 x 10* +391.5¢ (Proline)®

“G3B3
bTaken from ref. 3.
‘IMOMO(G3B3,G3(MP2)-RAD)
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Figure 4.3: Correlation of BDE(C,-H) values obtained at the G3B3 level with rate data
for H-abstraction. [1°!

In contrast to the B3LYP values for peptide models 3H a/3H b published ear-
lier, 1% the G3B3 results obtained here for peptide models 2H a/2H b containing
the full acetyl group on the N-terminal position predict lower BDE(C,-H) values
for glycine as compared to alanine by about 7 - 8 kJ mol~! (regardless of the choice
of reference system). Glycine anhydride 6H _a is shown in the same experimental
study to react with the thiyl radical faster than either the glycine or alanine dipep-
tide models. This observation can also be rationalized by the G3B3 data in Table
4.1, which shows lower bond energies for 6H__a as compared to 2H a. Additional
consideration of BDE(C,-H) values for the dipeptide proline model reported earlier
at the G3B3 level, 13l the kinetic data reported by Schoneich et al. can be correlated
rather well with the respective bond energies (Table 4.4, Figure 4.3). This is in re-
markable contrast to the poor correlation obtained earlier with B3LYP BDE(C,-H)
values for the smaller dipeptide models 3H a/3H b by Rauk.

4.3 Conclusions

BDE(C,-H) values in amino acids and peptide models can be computed quite re-
liably using an appropriate combination of electronic structure methods, sufficient
conformational sampling and an experimentally well-characterized reference system.
Results obtained using the G3(MP2)-RAD and G3B3 schemes are in good agreement
with those obtained with benchmark quality methods such as W1RO, while this is
not so for calculations obtained from hybrid density functional methods such as
B3LYP. The choice of reference system is much less critical when one of the G3-level
methods is used. Some care is required in selecting conformations for high-level
calculations, as the conformational preferences of radicals and non-radicals differ
substantially. Importantly, our results confirm that glycyl peptide radicals are more
stable than analogous radicals derived from alanine (or other a-amino acids) and
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thus resolve an apparent inconsistency, which had emerged from previous work in
the literature.
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Chapter 5 SAM-Mediated Enzymatic Radical Reactions

5.1 Introduction

S-Adenosylmethionine (SAM, 1) is an important cofactor in enzyme-mediated rad-
ical reactions. !4l The mechanism of action of this sulfonium species is believed to
involve initial coordination to a protein-bound [FesS,| cluster, whose one electron
reduction triggers the cleavage of one of the C-S bonds in SAM through a dissocia-
tive electron-transfer process (Scheme 5.1). This SET step is commonly believed to
generate a transient C5’-adenosyl radical 2, whose subsequent reaction with a hydro-
gen atom donor generates the (experimentally observed) C5’-desoxyadenosine 2H
byproduct. The observation of 5-deoxy-5'-(methylthio)adenosine (MTA) in recent
studies of the SAM-dependent activation of glycerol dehydratase!® and diphthamide
biosynthesis[®l hints at the formation of radical 6 as a possible alternative interme-
diate in reductive SAM cleavage. This latter radical may subsequently engage in
the same radical reactions as adenosyl radical 2. Based on the analysis of sequence
databases it is currently believed that more than 3000 radical SAM enzymes ex-
ist, 527 a small number of which has been biochemically characterized. It is gener-
ally assumed that the use of SAM in radical enzymes can either be stoichiometric
or catalytic. Using a combination of experimentally measured and theoretically cal-
culated thermochemical data it has recently been shown for pyruvate formate lyase
activating enzyme (PFL-AE) as a representative of the first subgroup that hydro-
gen abstraction by adenosyl radical 2 is highly exothermic.[®9 Applying the same
type of analysis to the mechanism proposed for spore photoproduct lyase (SPL) as
a representative of the second (catalytic) subgroup it was found that at least one of
the hydrogen-transfer steps in the catalytic cycle is significantly endothermic. 89 To
establish thermochemical profiles for a larger number of SAM-dependent enzymes
of both subgroups we now report new results for the hydrogen transfer energetics in
glycerol dehydratase (GD), biotin synthase (BioB), coproporphyrinogen III oxidase
(HemN), fosfomycin synthase (Fom3), and RNA methylating enzyme RImN. The
hydrogen-transfer energetics for all of these systems will subsequently be used to
identify mechanistic limits for the enzyme subgroups using SAM in a stoichiometric
or catalytic fashion.

NH,

NH,
N— XN N
¢ f ay
e | . N N/) <N | N/)
o

020~ o *RH H
— : + —_—
INH2 ONH, R.
¢ \)N OH OH OH OH
Q) | NTSNF 2
0:C~ & . N NH, 2H
ONH, +eO (NfN
| N A
OH OH 5 N .
+R-H
N 0C A~ 4 o R 0,C_~_H
®FH -R- Ol
3 OH OH 8

6
MTA

Scheme 5.1: Generation of C5’-desoxyadenosine by single electron transfer from a protein-
bound iron-sulfur cluster.
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5.2 Results and Discussion

The stability of carbon-centered radicals Re can be quantified using a formal hydrogen-
transfer reaction between a closed-shell precursor R-H and an unbiased reference
radical such as CHs» (3) as given in Equation (1). The reaction enthalpy at 298.15

«CH; + HR —> GCH, + °R (1)
3 3H

K for this process as defined by equation (2) is often termed radical stabilization en-
ergy (RSE) of radical Re, which implies that the reference system is given a stability
value of 0.0 kJ mol~!.1814 Using this definition, negative RSE values imply a higher
stability of radicals Re as compared to the reference radical CHs+ (3). Combination

RSE(Re) = Hogg(R*) + Hogg(CHy) - Hogg(R-H) - Hogg(*CHa) )

of the (theoretically calculated) RSE values with the experimentally measured bond
dissociation energy (BDE) for H-CH3 (3H, +439.3 + 0.4 kJ mol~1)[*! offers a con-
venient way for the calculation of BDE values in hydrocarbons R-H according to
Equation (3). In a completely analogous manner, the stability of N-centered radi-

BDE(R-H) = BDE(CHg-H) + RSE(R) (3)

cals can also be defined with ammonia (4H) and the aminyl radical NHye (4) as the
reference system (see appendix B). RSE values can, in principle, be calculated us-
ing experimentally measured or theoretically calculated enthalpies. Due to the lack
of experimental data for the systems studied here, we use a hierarchy of different
theoretical methods with generally increasing predictive value in the order B3LYP
< ROMP2 < G3(MP2)-RAD) < G3(+2d,MP2)-RAD ~ G3B3 (Table 5.1). Where
available, estimates of the respective BDE values from experimental data have also
been added. From all these methods the G3(MP2)-RAD level is the most broadly
tested for the prediction of thermochemical stabilities of radicals.16-18] All energies
given below correspond to reaction enthalpies at 298.15 K (A Hagg), but we note
that owing to the nature of the defining stability equation (1), rather similar results
are obtained when using energies at 0 K (AEg) or free energies at 298.15 K (AGags).
Figure 5.1 summarizes the calculated RSE and BDE values at G3(MP2)-RAD level
in a pictorial manner.
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Chapter 5 SAM-Mediated Enzymatic Radical Reactions

Radical enzymes using SAM as co-substrate:

The most prominent class of enzymes using SAM as a co-substrate is that of gly-
cyl radical enzymes (GRE), whose activation involves the combined action of SAM
(1), an activating enzyme, and a one-electron reducing agent. Reductive electron
transfer to SAM is in these systems followed by generation of adenosyl radical 2
and hydrogen abstraction from the C(«a)-position of glycine residues (Scheme 5.2).
Well-studied enzymes of this class include pyruvate formate lyase (PFL, PFL-AE),
anaerobic ribonucleotide reductase (ARR, ARR-AE), Bs-independent glycerol de-
hydratase (GD, GDAE), and benzylsuccinate synthase (Bss, Bss-AE).[1:522 The
thermodynamics of the hydrogen abstraction step involving adenosyl radical 2 and
glycine residues can be assessed by comparing the stability data of glycyl radical
5 with RSE(5) = -75.5 kJ mol~! and adenosyl radical 2 (Scheme 5.2a).123] This
yields a strongly exothermic reaction with AHsgg = —68.6 kJ mol~1.189 It has been
mentioned above that 5-deoxy-5-(methylthio)adenosine (MTA) has been observed
in recent studies of the SAM-dependent activation of glycerol dehydratase, hinting
at radical 6 as a possible alternative intermediate in reductive SAM cleavage. 5l The
stability of 3-amino-3-carboxypropyl radical 7, used here as a neutral model for
zwitterionic radical 6, is predicted to be RSE(7)= —11.7 kJ mol~!. This is closely
similar to other primary carbon-centered radicals and also to adenosyl radical 2.
The reaction of glycine dipeptide 5 with radical 7 is therefore similarly exother-
mic as before with AHggg = —63.8 kJ mol~! (Scheme 5.2b). MTA has recently also
been observed in the context of diphthamide biosynthesis and the formation of radi-

cals 6/7 in SAM-dependent enzymes may thus be more widespread than previously
believed. 6]

0 H
H Ad
N\)k - o
. A TN +
LR k_j
(a) 5 OH OH
OH OH 2H

AHagg =

2
-68.6 kd/mol
H O
\[(N\)J\H/
(0]
SH AHpgg =
HOC_~_s -63.8 kd/mol
(b) NH,
7 O
H
\H/N\)LN/ H02C\:/\
) ¢ H NH,
5 7H
Ad = Adenine

Scheme 5.2: H-abstraction from glycine dipeptide model 5H using a) adenosyl radical 2
or b) 3-amino-3-carboxypropyl radical 7.
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A second prominent system involving SAM-mediated radical chemistry is biotin
synthase (BioB).[1i2425] As in the glycyl radical enzymes, SAM functions as a co-
substrate in this case and the SAM-derived adenosyl radical 2 is involved in C-
H abstraction reactions in an irreversible fashion. The primary substrate in this
transformation is dethiobiotin (8H), whose reaction with a first equivalent of SAM-
derived radicals 2 yields substrate radical 8 and desoxyadenosine 2H. Trapping of
radical 8 with a sulfur-donor yields closed-shell intermediate 9H, whose reaction
with a second SAM-derived adenosyl radical 2 yields the second substrate radi-
cal 9 and generates the final product biotin 10H through a concluding cyclization
step (Scheme 5.3a). The two substrate radicals 8 and 9 in this mechanism can be
classified as primary and secondary alkyl radicals, whose characteristics can read-
ily be assessed using the radicals 11a and 11b. The stability of primary radical
11a formed in the first step of the substrate mechanism is rather similar to that of
other primary alkyl radicals with RSE(11a) = -10.3 kJ mol~!, and its formation
through reaction of 11H with adenosyl radical 2 is therefore almost thermoneutral
with AHggs = —3.4 kJ mol~! (Scheme 5.3b). Secondary radical 11b formed in the
second step of the substrate mechanism is slightly more stable with RSE(11b)=
—-21.1 kJ mol~! Generation of this species through reaction of adenosyl radical 2
with 11H is correspondingly more exothermic, but the reaction enthalpy remains
small at AHggs = —14.2 kJ mol™ (Scheme 5.3c). Taken together we can conclude
that both H-abstraction steps in the biotin synthase substrate reaction are mildly
exothermic. The situation is largely similar in lipoyl synthase (LipA), in which
SAM-derived adenosyl radicals 2 are believed to activate the C8 and C6 positions
of the octanoate substrate, again giving rise to primary and secondary alkyl radicals
of prototypical stability. [!]
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Scheme 5.3: a) Substrate mechanism of biotin synthase and H-abstraction from des-
oxybiotin model 11H with adenosyl radical 2 generating b) substrate radical 11a or c)
substrate radical 11b.

A third example involving SAM-derived adenosyl radicals as co-substrates is co-
proporphyrinogen IIT oxidase (HemN).[1i226] This enzyme catalyzes the oxidative
decarboxylation of two of the four propionate side chains in coproporphyrinogen III
and thus a key step of porphyrin biosynthesis under anaerobic conditions. Each
decarboxylation step is considered to be an independent event involving initial hy-
drogen abstraction through adenosyl radical 2 from a position on the propionate
side chain next to one of the pyrrole rings and subsequent one-electron oxidation
and decarboxylation of intermediate radical 12 to yield product 13H with a vinyl
side chain (Scheme 5.4a). The unpaired spin in substrate radical 12 is formally
located next to an aromatic m-system and the stability of this radical may thus be
similar to that of other (hetero)benzylic radicals. Using substrate model 14H this is
indeed found to be the case with RSE(14)= -61.4 kJ mol™!, a value closely similar
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to that of the prototypical benzyl radical RSE(PhCHy*)= —61.0 kJ mol~'.["l Gen-
eration of substrate radical 14 through reaction of 14H with adenosyl radical 2 is
thus predicted to be significantly exothermic with AHsgs= —54.5 kJ mol~! (Scheme
5.4b).

0 0
0 5 0
i ' § © = §
s NH oH s NH COz s NH
s $ s
12H 12 13H
(b)
OH OH
0 ‘Lo Ad AHaog = 0 . H o Ad
+ _— +
— -54.5 kJ/mol —
s _NH OH OH xNH OH OH
14H 2 14 2H
Ad = Adenine

Scheme 5.4: a) Substrate mechanism of coproporphyrinogen III oxidase and b) reaction
of adenosyl radical 2 with substrate model 14H.

A somewhat less well explored area of SAM derived radical chemistry concerns the
methylation of antibiotics as is, for example, the case in the penultimate step of
fosfomycin biosynthesis. 12l This reaction is catalyzed by enzyme Fom3 and uses
SAM and methylcobalamine (MeCbl) as cofactors in the methylation of hydrox-
yethyl phosphonate 15H (Scheme 5.5a). The current working mechanism involves
initial reaction of SAM-derived adenosyl radical 2 with hydroxyethyl phosphonate
to yield substrate radical 15. This latter species reacts with methylcobalamine in
an otherwise unknown methyl radical transfer step to yield the methylated phos-
phonate 16H. The stability of substrate radical 15 is mainly determined by the
hydroxy substituent attached to the radical center, whose stabilizing effect is due to
lone pair electron donation.[!131 A prototypical example for this type of system is
the ethanol-1-yl radical with RSE(«CH(OH)CHj;) = -38.3 kJ mol~!. The model sub-
strate radical 17 chosen here is only marginally more stable with RSE(17) = -39.9
kJ mol-!, indicating only a small influence of the phosphonate side chain. This
implies that reaction of substrate model 17H with adenosyl radical 2 is exothermic
by AHggs = —33.0 kJ mol~! (Scheme 5.5b). We note in passing that the stability
of radicals with a-hydroxy substituents depends markedly on the hydrogen bond-
ing environment of the hydroxy group, coordination with anionic H-bond acceptors
leading to more stable radicals. This point has been explored in large detail in
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the context of the substrate mechanism of class I ribonucleotide reductase (RNR
I).127-30]

(a)

- 2 _ 2-
204 204 CHx[Coll] O} ch,
OH oH
15H

OH OH
5 16H

1

(b)

H
Ho05 . . o Ad AHogg = H,04 . . o Ad
OH -33.0 kd/mol OH OH OH
17H OH OH 17
2 2H
Ad = Adenine

Scheme 5.5: a) Substrate mechanism of Fom3 and b) reaction of adenosyl radical 2 with
substrate model 17H.

Radical enzymes using SAM as co-catalyst:

Lysine-2,3-aminomutase (LAM) catalyzes the relocation of the amino group from
the C(«) to the adjacent C(f3) position in lysine and is one of the best studied radical
enzymes using SAM in a catalytic fashion.[l2l An additional cofactor required by
LAM for substrate turnover is pyridoxal-5’-phosphate (PLP), whose reaction with
the substrate amino group provides the actual aldimine substrate 18H for the rad-
ical reaction (Scheme 5.6a). Generation of adenosyl radical 2 in the active site and
subsequent hydrogen transfer generates a first substrate radical 18. Migration of
the imine group then proceeds through an addition/elimination mechanism to fur-
nish a second substrate radical 19.3! This latter species then reabstracts one of
the CH’ hydrogen atoms in C5’-dehydroadenosine 2H and thus regenerates adenosyl
radical 2. The two substrate radicals 18 and 19 proposed in this mechanism differ
significantly in their stability. Radical 18 is a secondary aliphatic radical, whose
stability can be estimated with the model radical 20. In view of its structure it is
not surprising that the stability of this latter species of RSE(20) = -16.2 kJ mol!
is rather similar to that of other secondary aliphatic radicals. The stability of the
prototypical isopropyl radical, for example, amounts to RSE(«CH(CHs)y)= —23.0
kJ mol~1.[13] The second substrate radical 19 is significantly more stable due to
resonance delocalization of the unpaired spin into the carboxylate group p-system.
The stability of model radical 21 amounts to RSE(21) = -32.9 kJ mol~!, in close
proximity to radicals of similar structure such as the propanoic acid-2-yl radical with
RSE(+CH(CH3)COOH)= —41.9 kJ mol~'.113] Using the stability values for radicals

20 and 21, the reaction enthalpy for reaction of adenosyl radical 2 with precursor
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20H equates to AHggs = —9.3 kJ mol™! (Scheme 5.6b) and that for reaction of
substrate radical 21 with desoxyadenosine 2H to AHygs = +26.0 kJ mol~! (Scheme
5.6¢). In contrast to the results obtained for enzymes using SAM-derived adeno-
syl radicals in a stoichiometric fashion, we now see here that the catalytic use of
SAM involves a final endothermic step linked to regeneration of the (intrinsically
unstable) adenosyl radical 2. The endothermicity of the final step is due to the
resonance delocalization of the unpaired spin into the attached carboxylate group,
which is held in place in the enzyme active site through an arginine salt bridge. 32!
Through orientational control of the carboxylate group relative to the radical center,
the endothermicity of the last step can thus be tuned towards smaller endothermici-
ties. The energetics of fully decoupling carboxylate group and radical center can be
assessed through calculation of the respective rotational barrier, which amounts to
+36.9 kJ mol! in radical 21 at the G3(MP2)-RAD level. This large value implies
that even a moderate degree of rotation around the bond linking radical center and
carboxylate group may be sufficient to modulate the endothermicity of the final step
significantly.
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Scheme 5.6: a) Part of the substrate mechanism of LAM, b) reaction of adenosyl radical
2 with substrate model 20H. ¢) Reaction of product radical 21 with desoxyadenosine 2H.

A second system, in which a catalytic role of SAM has been proposed, is that of
spore photoproduct lyase (SPL).[1%33] This enzyme repairs damaged thymine bases
in the genome of bacterial endospores and is one of the few SAM-dependent radical
enzymes acting on a polymeric substrate. As shown in Scheme 5.7a the thymine
dimer generated through UV irradiation contains a C-C cross link between two
adjacent thymine bases. Cleavage of this cross link is initiated through hydrogen
abstraction of SAM-derived adenosyl radicals 2 from a position directly adjacent
to the C-C cross link. Subsequent rupture of the C-C bond in substrate radical 22
restores the two thymine bases, one in its fully intact closed-shell form and one as an
allyl radical (23). One of the most often proposed mechanisms (here termed path
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A) then calls for hydrogen transfer between radical 23 and desoxyadenosine 2H,
which leads to a fully repaired second thymine base and adenosyl radical 2.[1:2:34-44]
A second mechanism (B) based on the analysis of deuterium labeling experiments
invokes hydrogen transfer between a cystein residue present in the active site and
substrate radical 23, which also leads to a fully repaired thymine base, but relocates
the regeneration of adenosyl radical 2 (and/or the SAM cofactor) to a later stage of
the catalytic cycle.[233:45-48] This mechanism is strongly supported by the recently
solved SPL crystal structure from G. thermodenitrificans.**) The thermodynamic
requirements of the initial hydrogen-transfer step can be assessed using substrate
model 24H, whose reaction with adenosyl radical 2 is exothermic by AHqggs = —40.4
kJ mol~t. This large exothermicity is due to the stabilizing nature of the amide
nitrogen neighbor in radical 24 and its stability of RSE(24)= -47.3 kJ mol™! is
therefore quite comparable to that of other a-amino- or a-amidoalkyl radicals. [8:°]
The second substrate radical 23 obtained after C-C bond cleavage can formally be
classified as an allylic radical, but the additional substituents present in the system
may also influence its stability. For model radical 25 a stability value of RSE(25)=
-60.2 kJ mol~! is obtained, slightly less than for the prototypical allyl radical with
RSE(«CH,CHCH,) = —71.5 kJ mol~!.[13] These values imply a large positive reaction
enthalpy for the reaction of radical 25 with desoxyadenosine 2H of AHggg= +53.4
kJ mol-1.
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Scheme 5.7: a) Substrate mechanism of the SPL-catalyzed repair process. b) Reaction
of adenosyl radical 2 with substrate model 24H. ¢) Reaction of product radical 25 with
desoxyadenosine 2H. d) Reaction of product radical 25 with cysteine dipeptide 27H.

The thermochemically demanding character of path A contrasts with that of path B,
in which hydrogen transfer occurs between substrate radical 23 and a cysteine thiol
group. Using the S-H bond dissociation energy in cystein dipeptide 27H of BDE(S-
H)= +366.8 kJ mol~! obtained in a recent theoretical study!®l and the allylic C-H
bond strength in 25H of BDE(C-H) = +379.1 kJ mol~!, a reaction enthalpy of AHagg
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= -12.3 kJ mol! is calculated for path B. From a thermochemical point of view
path B is thus significantly more attractive than path A. The fate of the cysteinyl
radical generated in path B is, unfortunately, not known at the moment and the
question, how the catalytic cycle can be closed to arrive at adenosyl radical 2 or, at
the very least, the initial substrate radical 22 thus remains open at the moment. The
simple most catalytic mechanism involves the direct reaction of the finally generated
cysteinyl radical 26 with the next substrate molecule 22H. The data given in Scheme
5.7 can be used to evaluate the thermodynamic requirements of such a process, as
the stability value for substrate radical 24 of RSE(24)= -47.3 kJ mol-! equates to
BDE(C-H)= +392.0 kJ mol~! in substrate model 24H. Comparison to the BDE(S-H)
value for cystein dipeptide 27H yields a reaction enthalpy of AHags = +25.2 kJ mol~!
for the hydrogen-transfer reaction between substrate 24H and cysteinyl radical 27.
Compared to the current literature mechanism involving adenosyl radical 2 in the
initial and terminal reaction steps and with a "steep" thermochemical profile of —40.5
kJ mol~! for the first and +53.4 kJ mol~! for the last step, the alternative catalytic
cycle involving cysteinyl radical 26 shows a comparatively "flat" thermochemical
profile of +25.2 kJ mol~! for the first and —12.3 kJ mol~! for the last reaction step.
In this latter case the SAM-induced generation of adenosyl radical 2 would merely
be required to initiate the process, but not to propagate it. It should be added at
this point that, due to the almost identical thermochemical stability of cysteinyl
and tyrosyl radicals,[1%23] the role of cysteine discussed here can also be filled by
tyrosine. Together with the finding that the recently solved SPL protein structure
contains a tyrosine residue in the active site, this may imply an even more direct
involvement of protein based radicals in the SPL substrate mechanism.

Radical enzymes using SAM in RNA methylation:

It has recently been proposed in studies on mechanistic aspects of RNA methyla-
tion reactions that the radical chemistry of SAM may be significantly more complex
than portrayed in Scheme 5.1. In a mechanism proposed by Fujimori et al. for the
methylation of ribosomal RNA catalyzed by enzymes RImN and Cfr, a first equiv-
alent of SAM is utilized for the generation of C5’-adenosyl radical 2 as outlined in
Scheme 5.8, whose reaction with a second equivalent of SAM leads to formation
of a previously unknown sulfonylmethyl radical species 28 (Scheme 5.8a).[5% Sub-
sequent addition of this radical to the C2 position of the adenosine ring system,
followed by further reduction and hydrogen-transfer steps, leads to C2-methylated
adenosine. The same reaction was also studied by Booker et al., who suggest that
a first equivalent of SAM is used (without a redox step) for the methylation of
cysteine residue Cys355. A second equivalent of SAM is then employed to gener-
ate adenosyl radical 2, followed by hydrogen abstraction from the cysteine-bound
methyl group (Scheme 5.8b).[51-53] The previously unknown thiylmethyl radical 29
generated in this step then adds to the C2 position of the adenosine ring system,
followed by a sequence of redox and proton transfer steps needed to ultimately
generate C2-methylated adenosine. 515254 In both of these studies the equally pos-
sible direct activation of the adenosine C2 position through hydrogen abstraction
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by adenosyl radical 2 (Scheme 5.8c) proposed in other studies of SAM-dependent
enzymatic transformations was considered to be energetically too costly (and thus
unlikely).[5>571 From the stability data collected in Figure 5.1 and Table 5.1, we
note that the C2-adenine radical 31 is similarly stable as the structurally related
pyrimidine radical 32, both of which are more stable than phenyl radical 33, but less
stable than C2-pyridine radical 34. The stability values for pyridine radical 34 and
pyrimidine radical 32 are at variance with experimental data obtained from fitting
activation barriers for C-H bond rupture processes at higher temperature. These
studies had predicted significantly more stable radicals and thus lower C-H BDE
values for these systems.[!9) The same discrepancy had already been noted in ear-
lier theoretical studies using a broad variety of methods.[2958] In addition to using
validated compound methods such as G3(MP2)-RAD, the stability of pyrimidine
radical 32 has also been determined using the more accurate U(R)CCSD(T)/CBS
approach (see the Supporting Information for details). The U(R)CCSD(T)/CBS
value for RSE(32)= +19.5 kJ mol-! is very close to that obtained at G3(MP2)-RAD
level (+23.3 kJ mol~!) and all following arguments will therefore be made using RSE
values obtained at G3(MP2)-RAD level for all systems involved. The RSE value for
C5’-adenosyl radical 2 amounts to —6.9 kJ mol~1, 891 a value lower than any of the
aromatic o-type radicals selected here.
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@) ®/IAdo + Ado* (2) @Ado +tRNA kaHH — I:\
Met” "CHs  _ado-H (2H) ~ Met” GHe 2
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Scheme 5.8: Possible methylation mechanisms of the C2 position of the adenosine ring.

Hydrogen abstraction by radical 2 from the C2 position of adenine yielding radical
31 is therefore endothermic by +30.9 kJ mol=!, while hydrogen abstraction from
the C8 position yielding radical 35 is endothermic by +61.8 kJ mol~!. The stability
of adenine-C8 radical 35 is quite similar to that of imidazol-2-yl radical 36 with
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RSE(36) = +57.3 kJ mol-!. The annulated pyrimidine ring in radical 35 thus
seems to have only a limited influence on its stability. Additional consideration of
adenine radicals bearing a proton at either N1 (radical 37) or N3 (radical 38) also
shows that protonation of adenine will further increase the C-H bond energy at the
C2 position. The (thermochemically) most attractive H-abstraction from adenine
actually involves attack at the amino group hydrogens, yielding a spin-delocalized
radical 39. Protonation of this neutral species is highly favorable and the resulting
radical cation 40 therefore one of the most stable radicals studied here. Under the
conditions of enzymatic catalysis this will, of course, remain without any practical
consequence. In conclusion it thus appears that hydrogen abstraction from the C2
and C8 positions in adenine involving adenosyl radical 2 will not be favorable from
a thermochemical point of view. The RNA methylation mechanism proposed by
Fujimori et al. involves hydrogen transfer between C5’-adenosyl radical 2 and SAM,
generating sulfonylmethyl radical 28 as the first radical intermediate. 3955 This
latter structure is modeled here using sulfonylmethyl radical 41, whose stability
value amounts to RSE(41) = +0.9 kJ mol~! at G3(MP2)-RAD level. Combination
with the data for C5’-adenosyl radical 2 yields a reaction enthalpy for the hydrogen-
transfer reaction shown in Scheme 5.9a of +7.8 kJ mol~!. It should be added that the
low stability of radical 41 seems to be typical for radicals carrying dialkylsulfonyl
substituents, as a very similar stability value is also found for the sulfonylmethyl
radical 42 (Figure 5.1). The alternative mechanism suggested by Booker et al.
involves hydrogen transfer between adenosyl radical 2 and the methylated Cys355,
and subsequent addition of the newly formed cysteinylmethyl radical to the C2
position of adenine. The energetics of this initial hydrogen-transfer step can be
estimated with good accuracy using the RSE values for C5’-adenosyl radical 2 of
RSE(2)= -6.9 kJ mol~! and for methylthioethyl radical 44 of RSE(44)= -41.3 kJ
mol~!.12l Combination of these values yields a reaction enthalpy of —34.4 kJ mol-.
Comparing all hydrogen-transfer steps proposed in recent experimental studies of
SAM-mediated adenosine methylation, we can thus conclude that the formation of
a cysteine-derived thiomethyl radical 29 as proposed by Booker et al. is the only
thermochemically favorable process, while formation of the SAM-derived radical
cation 28 proposed by Fujimori et al. is mildly endothermic. The formation of
adenine C2- and C8-radicals through hydrogen abstraction by adenosyl radical 2 is,
in contrast, significantly more endothermic.
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Scheme 5.9: Reaction of adenosyl radical 2 with a) substrate model 41H and b) substrate
model 44H.

5.3 Conclusion

The thermodynamics of hydrogen-transfer reactions involving adenosyl radical 2
have been quantified for selected SAM-dependent enzymes. These include reactions
using SAM in a stoichiometric fashion (as in glycyl radical enzyme activases) and
those using SAM in a catalytic fashion (as is the case of LAM). An overview over
all derived reaction enthalpies for hydrogen-transfer reactions is given in Figure 5.2.
It is readily seen in this presentation that all reactions known to use SAM as a
co-substrate involve exothermic hydrogen-transfer reactions between SAM-derived
radicals and the respective substrates. The exothermicity is largest for the glycyl
radical enzyme activases irrespective of whether adenosyl radical 2 or 3-amino-3-
carboxypropyl radical 7 is used as the reaction partner. The least exothermic reac-
tions are those in biotin synthase, in which relatively unstable primary and secondary
hydrocarbon radicals are generated in the primary substrate activation steps. In con-
trast, all reactions using SAM in a catalytic fashion combine one exothermic with
one endothermic hydrogen-transfer step in the catalytic cycle. The thermochemical
profile of the LAM-catalyzed hydrogen-transfer reactions is found to be quite similar
to that of the (hypothetical) SPL mechanism involving a chain-carrying cysteinyl
radical. The alternative SPL. mechanism involving a catalytic adenosyl radical 2
features hydrogen-transfer steps with significantly larger exo- and endothermicities.
All reactions proposed in the context of RNA base methylation implicate a non-
catalytic role of SAM. Should these reactions indeed proceed through direct attack
of adenosyl radical 2 on the adenine C2 and C8 hydrogens, then these would rep-
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resent the first radical reactions stoichiometric in SAM with large endothermicities.
Reactions involving the initial formation of dialkylsulfonium methyl radicals such
as 41 or thioalkylmethyl radical such as 44 are much more in line with all other
stoichiometric SAM-mediated reactions. The latter of these two options is the most
appealing on thermochemical grounds.

M (SPL, step 2)} cystein radical

g +25.2 (SPL, step 1)
7]
'fi e (SPL, step 2) adenosyl radical
= -40.4 (SPL, step 1)
®
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Figure 5.2: Thermochemical profiles for all discussed hydrogen-transfer reactions in SAM-
mediated enzymatic radical reactions.
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Chapter 6 Radical Stability of Oxygen-centered Radicals

6.1 Introduction

Oxygen-centered radicals play a central role in a large number of oxidation pro-
cesses such as combustion or aging. The theoretical description of the stability of
these species complements experimental studies in an ideal way as thermochemical
data for open shell systems are difficult to determine experimentally. One recent
example for the combination of theoretical and experimental data in oxidation pro-
cesses concerns the development of more powerful anti-oxidants. -3l The theoretical
methods used in these types of studies range from DFT-based methods (for big
systems) to highly elaborate wavefunction-based compound schemes such as G4 or
the Weizman-family of methods. %% The G3(MP2)-RAD method %7 is based on the
G3(MP2) compound schemel® and has been developed by Radom et al. as an option
for medium-sized systems. Due to its rather favourable price/performance ratio this
method has recently developed into a quasi standard for theoretical studies involving
radicals of different character.l9 1% Several variants of the G3(MP2)-RAD scheme
have been proposed, either for particular situations or for technical reasons. A mi-
nor modification of G3(MP2)-RAD has been proposed by Coote et al. in which the
Pople-style double and triple zeta basis sets are replaced by the respective cc-pVDZ
and cc-pV'TZ Dunning basis sets.[16] The addition of diffuse basis functions on non-
hydrogen atoms in geometry optimizations and CCSD(T) single point calculations
has been proposed for the treatment of charged open-shell systems. This extended
method is commonly referred to as G3(MP2)(+)-RAD(p) model.l'" 19 Open shell
systems composed of more than approx. 20 non-hydrogen atoms are difficult to
treat with one of the variants of G3 theory. Theoretical studies on these systems
therefore resort to either one of the many DFT methods!*6:20-22] or to a combination
of geometry optimization at DFT level with subsequent single point calculations at
ROMP2(FC)/6-311+G(3df,2p) level.[16:23] Given the rather good predictive power
of the G3(MP2)-RAD scheme it is surprising to see its comparatively poor per-
formance in the description of oxygen-centered radicals such as the phenoxy radical
(2).91 We therefore analyze here whether simple modifications of the G3(MP2)-RAD
scheme exist whose performance is substantially improved without raising the cost
of computation to that of the G324 or G4 methods.

6.2 Results

The stability of O-centered radicals will be assessed by an isodesmic reaction de-
scribing a hydrogen atom transfer with HoO (1H) and HO« (1) as the reference
systems (Scheme 6.1). Table 6.1 comprises stability data for 14 O-centered radicals
calculated at the two higher level calculation methods G3(MP2)-RAD and G3B3.
Where available experimental data will be also included.
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RSE (R—0-)

R-O- + HQO
1 1H

Scheme 6.1: Isodesmic reaction used to define the stability of oxygen-centered radical.

The relative stability scale of O-centered radicals is rather broad when compared
to that of C-centered radicals.!”! Simple alkyl substituents (systems 4, 5, and 6)
stabilize the oxy-radicals by about 40 - 60 kJ mol~!. The presence of strong electron
withdrawing groups such as fluorine (system 3) diminishes the stability of methoxy
radical (6) by 51.8 kJ mol~!, showing the electrophilic nature of oxy-radicals. Aro-
matic substitution (systems 2, 7, 8, 12) has a strong stabilization effect to the
radicals owing to the delocalization of the unpaired electron into the attached 7-
system. [9:25]
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Figure 6.1: RSE scale of O-centered radicals at AHogg G3B3.

When comparing the results of the theoretical methods with the experimental data
(Table 6.1), we observe that both G3B3 and G3(MP2)-RAD are mostly able to pre-
dict the radical stability well. Figure 6.2 depicts the comparison and linear correla-
tion between between G3(MP2)-RAD and G3B3 data. Obviously larger scattering
occurs for highly stabilized radicals, which is very likely generated by three data
points represented by systems 2, 7 and 8 (Figure 6.2 and Table 6.1). These systems
are lying above the correlation line and thus indicate that those RSEs calculated
at G3(MP2)-RAD are clearly too negative when compared to RSEs at G3B3. The
deviations of G3(MP2)-RAD to G3B3 are in the range of 1-4 kJ mol~!, with the
exception of systems 2 (-33.8 kJ mol™!), 7 (-48.1 kJ mol~!) and 8 (-19.2 kJ mol-1).
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Table 6.1: Radical stabilization enthalpies (RSE, in kJ mol™) at 298.15 K of 14 O-
centered radicals at G3(MP2)-RAD and G3B3 level.

System RSE G3(MP2)-RAD® RSE G3B3? Deviation RSE exp.©
A B A-B
CF30- (3) +4.3 +4.5 +0.2 +0.0
HO- (1) +0.0 +0.0 +0.0 +0.0
t-BuO- (4) —46.7 -47.3 +0.6 -52.2+2.8
CH3CH,0- (5) -54.9 -55.4 +0.5 -56.1+5.9
CH30- (6) -55.2 -55.6 -0.4 -56.8+3.0
p-NOy-PhO- (7) -153.9 -105.8 —48.1 -103.0 £5.9¢
PhO- (2) -154.9 -121.1 -33.8 -128.1+1.3% -132.9+0.5/
p-me-PhO- (8) -148.0 -128.8 -19.2 -136.9+2.1% -141.3+ 0.6/
HOO- (9) -127.8 -129.3 +1.5 -131.4+0.3
CH,CHO- (10) -134.3 -137.5 +3.2 ~145.1+5.0
t-BuOO- (11) -139.1 -141.0 +1.9 -144.8 + 8.8
p-NH,-PhO+ (12) -153.5 -152.9 -0.6 ~165.8 + 13.0¢
NH,0- (13) -164.6 -164.2 -0.4 n.a.
TEMPO- (14) -198.6 -198.5 -0.1 -205.5

“Scaling factor 0.9806; With full cartesian basis functions.
bScaling factor 0.960; With full cartesian basis functions.

¢As recommended by Luo (ref 26) if not mentioned otherwise.
IMeasurement in solution phase at 298 K; see ref. 27
“Measurement in solution phase at 298 K; see ref. 28
fMeasurement in gas phase at 0 K; see ref. 29;30
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Figure 6.2: Correlation of RSE (G3B3) vs. RSE (G3(MP2)-RAD). Linear fit equa-
tion AHggg(G3B3) = 0.91414AHa95(G3(MP2)-RAD) - 2.80234 with correlation coefficient
0.91835. Reference system 1 is excluded.
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Table 6.2: Radical stabilization enthalpies (RSE, in kJ mol™!) at 298.15 K of phenoxy
radical (2) and p-me-phenoxy radical (8) at different level of theories.

System Methods Basis sets RSE
PhO- (2) Exp. -125.1
B3LYP 6-31G(d)* -126.6

B2PLYP 6-31G(d) -107.8

ROMP2(FC) 6-31G(d)* -106.4

6-311+G(3df,2p)® -148.4
G3MP2Large® —146.2

SCS-ROMP2(FC) 6-31G(d)* -107.4
SCS-ROMP2(FC) G3MP2Large® -149.8
U(R)CCSD(T) 6-31G(d)* -115.1
G3(MP2)-RAD® -154.9
G3(MP2)-RAD®¢ -157.5
G3(MP2)-RAD? -152.3
G3-RAD® -151.2

G3B3® -121.1

G4° -126.9

G4-5H¢ -120.2

G4(MP2)¢ -125.0

G4(MP2) (w/o HLC)® -114.0
U(R)CCSD(T) CBS*/  -127.7
WI1RO -128.1

p-me-PhO- (8) Exp. -133.8
B3LYP 6-31G(d)* -133.7

B2PLYP 6-31G(d) -113.7
ROMP2(FC) 6-31G(d)* -125.2

6-3114+G(3df,2p)* -153.8
G3MP2Large® -152.0

SCS-ROMP2(FC) 6-31G(d)* -125.9
SCS-ROMP2(FC) G3MP2Large® -154.3
U(R)CCSD(T) 6-31G(d)* -121.2
G3(MP2)-RAD® -148.0
G3(MP2)-RAD®¢ -149.6
G3(MP2)-RAD* -146.7
G3-RAD® -144.0

G3B3° -128.8

G4° -135.6

G4-5H¢ -127.5
G4(MP2)¢ -136.8
G4(MP2) (w/o HLC)® -121.7
U(R)CCSD(T) CBS*/ -135.3
WIRO -135.6

“B3LYP/6-31G(d) geometry; Scaling factor 0.9806; With full cartesian basis functions.
"B3LYP/6-31G(d) geometry; Scaling factor 0.960; With full cartesian basis functions.
“Using spin scaled MP2 in the basis correction term.

IModified G3(MP2)-RAD using Dunning basis sets (see ref. 16); No scaling factor.
°B3LYP/6-31G(2df,p) geometry; Scaling factor 0.9854; With full cartesian basis functions.
JCBS extrapolation (see appendix B); With full cartesian basis functions.
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Figure 6.3: Graphical comparison between RSE of phenoxy radical (2) and p-me-phenoxy
radical (8) at different levels of theory.

In addition to the large deviation Table 6.1 shows that G3(MP2)-RAD is qualita-
tively wrong in predicting the inductive effect of substituents at para-positions (RSE
(2) = -154.9 kJ mol~!; RSE (7) = -154.9 kJ mol~!, RSE (8) = -148.0 kJ mol~!, RSE
(12) = -153.5 kJ mol~! ). Remarkably B3LYP, ROMP2(FC) and U(R)CCSD(T)
(Figure 6.3) are able to predict the qualitative trend of methyl substituent of phe-
noxy radical correctly, while some of the G3 methods (G3(MP2)-RAD, and G3-
RAD), which apply restricted openshell wavefunction in the basis set correction
term, (Table 6.1) have failed to give the desired trend. However it is very obvious
from Table 6.2 that all ROMP2 with either G3MP2Large or 6-311G-+(3df,p), both
non spin-scaled and spin-scaled, are yielding rather low RSEs (RSE (2) = -146.2 kJ
mol~!, RSE (8) = -152.0 kJ mol~! at ROMP2/G3MP2Large), which deviate largely
from the experimental values. This is in contrast to the results at ROMP2/6-31G(d)
level, where the RSEs are predicted too high for both phenoxy radical (2) (RSE (2)
= —-106.4 kJ/mol™!) and p-me-phenoxy radical (8) (RSE (8) = -125.2 kJ/mol!).
Further analysis of the correlation energy in ROMP2 calculation shows that a sig-
nificant increase in E(()2) of the product side in the isodesmic reaction (Scheme 6.1)
occurs when the basis function is switched from 6-31G(d) to G3(MP2)Large. This
particulary emerges in phenoxy radical and substituted phenoxy radicals (Table 6.3).
Moreover, Table 6.3 also shows that the correlation energy is very important in
the calculation of electron donor stabilized radical, such as TEMPOe+ (14), and
resonance stabilized radicals, such as phenoxy radical (2). The ratio of the effect of
correlation energy to the RSE (AEéQ) /RSE) for the isodesmic reaction 6.1 is 78.5%
in the case of phenoxy radical(2) at ROMP2/6-31G(d), and 39.7% in the case of
TEMPO- (14). In contrast to the latter, RSE of alkyl-substituted oxy radical ¢-
BuO- (4) obtained at ROHF/6-31G(d) level of theory is rather similar to that of
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ROMP2/6-31G(d), since the sum of AE(SQ) is very small (3.0 kJ mol!).

Table 6.3: Components of AEéQ)(product — reactant) [kJ mol™!| of isodesmic reaction
(Scheme 6.1) for R = C4Hg, Ph and C9H;7N.

= /}E
ROMP2 Yé s '

ASingles 6-31G(d)  -1.0 -12.6 -6.5
G3MP2Large® -1.2 -10.6 -6.7

Aa/a 6-31G(d)  +0.9 5.7 0.0
G3MP2Large® +0.8 -11.4 +0.2

AB/B 6-31G(d) -25  -19.1 ~34.9
G3MP2Large® -3.4 -21.7 -36.5

Aa/B 6-31G(d) -04  -46.1 -39.9
G3MP2Large® -1.9 -75.0 -45.0

AE 6-31G(d) -3.0  -835 -81.3
G3MP2Large -5.9 -118.7 -88.0

“With full cartesian basis functions.

Moving to more expensive methods such as G4, G3B3, U(R)CCSD(T)/CBS with
Schwartz extrapolation scheme[3132 and W1RO the stability trend can be recovered
(Figure 6.3). Interestingly G4(MP2) (Table 6.2), whose computational effort is
marginally above G3(MP2)-RAD, is able to predict the stability similar to the values
computed at G4 and even U(R)CCSD(T)/CBS. We note here that these methods
use different higher level correction (HLC) parameters for open-shell and closed-
shell system, which may have a significant contribution to the RSE depending on
the applied reaction scheme. In all G3-theories, AHLC term is vanishing when
isodesmic reaction (Scheme 6.1) is applied due to cancelation at the educt- and
product-side. In contrast, AHLC in G4 and G4(MP2) is not zero when applying
isodesmic reactions because of the different dimension of the unpaired electron’s
carrier at the left- and right-side. Hence the effect of the non-vanishing HL.C for our
reaction scheme is particularly huge for the RSE calculation of phenoxy-radical (2)
and its derivatives. Recent work has solved the dilemma over the increasing HLC
by introducing a damping parameter, which determines the maximum correction for
spin polarization effect in radicals.[33 The most expensive method applied in this
study, W1RO, has given an RSE value for phenoxy radical (2) of —=128.1 kJ mol-!,
which is close to U(R)CCSD(T)/CBS (-127.8 kJ mol-1).
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Geometrical dependency: To track the origin of the error in G3(MP2)-RAD, we
performs calculations at G3(MP2)-RAD level of theory of phenoxy radical (2) and

p-me-phenoxy radical (8) with different DFT-geometries.

Table 6.4: AFEi (Methods//B3LYP/6-31G(d) — Eyo; Methods//B3LYP/6-31G(2df,p))

of single point calculations using B3LYP geometries with different basis sets.

System

Methods

AEtot [kJ molfl]

H,0 (1H)

HO- (1)

PhOH (2H)

PhO- (2)

p-me-PhO (8H)

p-me-PhO- (8)

ROHF/6-31G(d)
ROMP2/6-31G(d)
ROHF/G3MP2Large
ROMP2/G3MP2Large
U(R)CCSD(T)/6-31G(d)

ROHF/6-31G(d)
ROMP2/6-31G(d)
ROHF /G3MP2Large
ROMP2/G3MP2Large
U(R)CCSD(T)/6-31G(d)

ROHF /6-31G/(d)
ROMP2/6-31G(d)
ROHF/G3MP2Large
ROMP2/G3MP2Large
U(R)CCSD(T)/6-31G(d)

ROHF/6-31G(d)
ROMP2/6-31G/(d)
ROHF /G3MP2Large
ROMP2/G3MP2Large
U(R)CCSD(T)/6-31G(d)

ROHF/6-31G(d)
ROMP2/6-31G(d)
ROHF /G3MP2Large
ROMP2/G3MP2Large
U(R)CCSD(T)/6-31G(d)

ROHF /6-31G ()
ROMP2/6-31G(d)
ROHF /G3MP2Large
ROMP2/G3MP2Large
U(R)CCSD(T)/6-31G(d)

+1.28
-0.22
+1.81
+0.39
-0.36

+0.77
+0.01
+1.04
+0.38
-0.18

+2.92
-0.83
+3.94
+0.70
-1.80

+1.10
+17.60
+4.82
-1.32
-1.58

+3.16
-0.71
+4.26
+0.97
-1.80

+3.62
+14.39
+5.32
-1.00
-2.04

Table 6.4 shows that at ROMP2/6-31G(d) is very sensitive to the geometry of phe-
noxy radical (2) and p-me-phenoxy radical (8). In both cases the global minima of
the radicals are shifted by +17.60 kJ mol~! for phenoxy radical (2), and respectively
+14.39 kJ mol~! p-me-phenoxy radical (8). Other methods seem to be marginally
affected by the geometry variation. As a consequence, for phenoxy radical (2),
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less stabilization (RSE(2)= -135.1 kJ mol-!) is obtained by applying B3LYP/6-
31G(2df,p) geometry. Furthermore, we observe minor shortening of C-O bond with
B3LYP/6-31G(2df,p)-geometry in phenoxy-radical (2)!. This indicates that RSEs
of the phenoxy radical (2) is very sensitive to the C-O bond length. Further detailed
examination reveals that the influence of C-O bond length is particularly huge in
the ROMP2/6-31G(d) single point calculation used in G3(MP2)-RAD (Table 6.4).
Additional diffuse functions (6-31+G(d)) tend to pull again the RSE of phenoxy
radical (2) into more negative region (RSE(2) = -149.6 kJ mol™!). Using the cor-
relation consistent basis set (cc-pVDZ), which is fitted to high correlated methods,
gives marginal effects to increase the RSE of phenoxy radical (2) (-149.5 kJ mol-1).
Double hybrid DFTB4 (B2PLYP/6-31G(d)) and Truhlar’s MPW1K functional 3]
with 6-314+G(d) have similar magnitude in reducing the stability of phenoxy rad-
ical (2)% as B3LYP/cc-pVDZ. From Table 6.5, it is obvious that RSE-fluctuation
is also presence in p-me-phenoxy radical (8). However this seems to converge to
RSE values of about —130 kJ mol~! to =133 kJ mol~!. Finally, Figure 6.4 concludes
that none of the geometrical variations for G3(MP2)-RAD can yield the expected
stability trend.

Table 6.5: Radical stabilization enthalpies (RSE, in kJ mol™!) at 298.15 K of phenoxy
radical (2) and p-me-phenoxy radical (8) at G3(MP2)-RAD with different geometries.

System Methods Geometry RSE

PLO- (2) G3(MP2)-RAD B3LYP/6-31G(d) -154.9
B3LYP/6-31G(2dfp) -135.1

B3LYP/6-31+G(2df,p) -143.1

B3LYP/cc-pVDZ  —149.5

MPWI1K/6-31+G(d) -146.9

B2PLYP/6-31G(d) -147.7

p-me-PhO+ (8) G3(MP2)-RAD B3LYP/6-31G(d) -148.0
B3LYP/6-31G(2dfp) -131.1

B3LYP/6-31+G(2df,p) -131.0

B3LYP/cc-pVDZ  —131.6

MPWIK /6-31+G(d) -132.9

B2PLYP/6-31G(d) -130.2

1d(C-0) B3LYP/6-31G(d) = 1.258 A; d(C-O) B3LYP/6-31G(2df,p) = 1.249 A
2RSE(2) B2PYLP/6-31G(d) = -147.7 kJ mol™'; RSE(2) MPW1K/6-31+G(d) = -146.9 kJ
mol ™!
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-

-100

RSE [kJ mol]

-150

Figure 6.4: Graphical comparison between RSE of phenoxy radical (2) and p-me-phenoxy
radical (8) at G3(MP2)-RAD using different optimized geometry.

Basis set variations in the basis set correction term: The accuracy of all
composite methods relies heavily on the basis set correction term, which is added to
single point configuration interaction or coupled cluster calculation. In G3(MP2)-
RAD (Figure 6.5), the magnitude of the basis set correction at ROMP2(FC) (point
C - point B) and at U(R)CCSD(T) are assumed to be identical (point D - point

A).

T o X

U(R)CCSD(T) — A oo mm e ~D

additive term to CC

Hierachy of methods
according to
correlation energy

ROMP2 —| B C
Basis set correction

DFT —

HF |

I I
6-31G(d) G3MP2Large N\

Number of basis sets Complete basis set

Figure 6.5: Schematic picture of G3(MP2)-RAD.

The total electronic energy in G3(MP2)-RAD is given by,
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Bror(G3(MP2)-RAD) = Eyo(U(R)CCSD(T)/6-31G(d)) + B.C. + HLC  (6.1)

with B.C. (basis set correction),

B.C. = Eyoi(ROMP2(FC)/G3MP2Large) — Eyo,(ROMP2(FC)/6-31G(d))  (6.2)

and HLC (higher level correction) for molecules,

HLC = -0.009413 np - 0.003969(na — nf) (6.3)
na = number of a-valence electrons

ng = number of S-valence electrons

The thermal correction is performed at the geometry optimization method and using
scaling factor 0.9806.

Hys(G3(MP2)-RAD) = Eit (G3(MP2)-RAD) + Ha9s(B3LYP/6-31G(d))
— Ei0t(B3LYP/6-31G(d)) (6.4)
Principally, it is possible to construct any arbitrary basis set correction scheme by
shifting the starting basis (point A and B) to another basis (point A’ and point
B’). Our main objective is therefore to find a reasonable starting basis point x and

simultaneously to avoid a substantial increase in the computational cost (Figure 6.6
and eq. 6.5 - eq. 6.6).

T o X

U(R)CCSD(T) —| A e Al s ~D

additive term to CC

Hierachy of methods
according to
correlation energy

ROMP2 — B—B————C
Basis set correction

DFT —

I | I
6-31G(d) X G3MP2Large \

Number of basis sets Complete basis set

Figure 6.6: Schematic picture of G3(MP2)-RAD-modification by shifting the starting
basis point x.
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The modified G3(x,MP2)-RAD will then be defined as,

Friot(G3(x,MP2)-RAD) = Eyo, (U(R)CCSD(T)/x) + B.C. (6.5)

B.C. = Eyos(ROMP2(FC)/G3MP2Large) — Eior(ROMP2(FC)/x)  (6.6)

During the search for the starting basis point, RSE calculations of phenoxy radical
(2) at ROMP2(FC)- and U(R)CCSD(T)-level with many possible combination of
basis sets are performed. Figure 6.7 and 6.8 demonstrate how large the RSE varies
with the number of basis functions used. Our results show that in contrast to
ROMP2(FC), U(R)CCSD(T) is by far more robust to basis function alterations.
The calculated RSEs of phenoxy radical (2) at U(R)CCSD(T) range from —113.1 kJ
mol~! to —128.0 mol~!, while at ROMP2(FC) these range from -102.3 kJ mol~! to
-150.9 kJ mol~!. Figure 6.7 also shows two groups of data points: The red dots e are
located at high RSEs (-102.3 kJ mol~! to —131.8 kJ mol~!) and the black dots e are
located at a lower RSE region (-139.1 kJ mol-! to —150.9 kJ molt). According to
our results, a systematic jump in radical stability at ROMP2(FC)-level is observed
whenever a combination of two d-polarization functions and a diffuse function, or
three d-polarization functions is applied in the MP2 calculations. Additional f-
polarization functions to non-hydrogen atom, p-polarization functions to hydrogen
atoms, and triple (-splitting seem not to have a big influence in lowering the RSE
(=113 kJ mol~* to —126 kJ mol-!).

6-31(1)G((1,2)d(0,1)f,(0,1,2)p)

400 6-31(1)+G((1)d(0,1)f,(0,1,2)p)
’ . 6-31(1)G((3)d(0,1)f,(0,1,2)p)
o, 6-31(1)+G((2)d(0,1)f,(0,1,2)p)
o 300 o . .. .
g ) s . o‘ ’ *
£ 200 . . . .
z - ° . [
100 T T T T T T T T T T T 1
-160 150 140 130 -120 110 -100

RSE ROMP2(FC) [kJ mol |

Figure 6.7: Variation of the RSE of phenoxy radical (2) with the number of basis functions
at ROMP2(FC) level of theory.
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. * 6-31(1)(+)G((1,2,3)d(0,1)f,(0,1,2)p)

300 . . v .
®» .. .
'§ * * o *
g . * e . . *
"é o4 . . . o . .
2 . %
£ 200 . e . .
2 . . . . . .

100

! I ! I ! I ! 1
-130 -125 -120 -115 -110

RSE UR)CCSD(T) [kJ mol]

Figure 6.8: Variation of the RSE of phenoxy radical (2) with number of basis function
at U(R)CCSD(T) level of theories. Black dots e: {6-31(1)(+)G(xdyf, zp) with = = 1, 2,
3;y=20,1;z=0,1, 2}.

Natural population analysis on phenoxy radical (2) at ROHF-level shows that the
spin-density at oxygen drops from 0.63 to 0.31 when the basis set is switched from
6-31G(d) to 6-314+G(2d). Furthermore, a similar spin-population is also found when
G3MP2Large basis is applied. Both of these findings indicate a higher delocalization
degree of the unpaired spin to the aromatic ring. Surprisingly, increasing the basis
function to 6-31+G(2d) to the oxygen only, or to the whole ring is sufficient to
achieve lower spin density at oxygen (Table 6.6 and Figure 6.9: Entry number 2 and
3). Blocking the delocalization path by applying the basis 6-31G(d) to the oxygen
and the adjacent carbon (C1) raises the localization of unpaired electron at oxygen
once more (Table 6.6 and Figure 6.9: Entry number 4).
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Table 6.6: Atomic spin density at oxygen atom from natural population analysis at ROHF
level.

Basis set Entry number  Spin-density at oxygen
in Figure 6.9

6-31+G(2d) 1 0.309

6-31+G(2d) on O 2 0.323

6-31G(d) on others

<©;C1_d
6-31G(d) on O 3 0.360

6-314+-G(2d) on others

2
6-31G(d) on O and C1 4 0.605
6-314+G(2d) on others

6-31G(d) 5 0.630

Spin density
atO

0.6

0.3

1 2 3 4
{pra ( prad Tovg {_big

Figure 6.9: Variation of ROHF spin density at oxygen by applying different basis sets on
different local positions. Grey color indicates 6-31G(d), while black indicates 6-31-+G(2d).

5

19G 6.9G 0.002 0.115
(2.8 G) (7.1 G) 0.005 0.185
AT 0.122 0.277
101G 0.095
— H . —
(9.3G) @O 0.242 @O
0.355 \
0.630
0.309
0.468

Figure 6.10: Left: Experimental isotropic hyperfine coupling constant at otho-, meta-
and para-position protons; %l In parentheses: a5 at UB3LYP /EPR-III. Right: Spin den-
sity distribution on carbons, and oxygen at ROHF /6-31G(d), ROHF/6-31+G(2d),
UB3LYP/EPR-IIL
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The Fermi-contact coupling of restricted open-shell theory is by formalism always
zero when the unpaired electron is located in the p-type orbital, where a nodal plane
exists. A comparison between UB3LYP/EPR-III and experiment is performed to
verify that the spin density distribution of UB3LYP and ROHF are qualitatively
correct (Figure 6.10 (left)).[36] The isotropic hyperfine coupling constants of hy-
drogens of the aromatic ring at UB3LYP/EPR-III are relatively in good agree-
ment with the experimental values. This suggests that the order of the amount
of unpaired spin at carbon atoms (ortho, meta, para) at UB3LYP level of the-
ory is plausible. Since the spin distribution in the unrestricted picture is resem-
bling more the results of ROHF/6-31+G(2d) rather than ROHF/6-31G(d), it is
thus obvious that the reference wavefunction of ROHF /6-31+G(2d) is qualitatively
nearer to the experiment (Figure 6.10 (right)). The failure of G3(MP2)-RAD in
predicting the stability of phenoxy radical (2) seems to lie on the basis set cor-
rection term, which is constructed by the extrapolation between the basis set 6-
31G(d) and G3MP2Large. The difference of the RSEs at ROMP2/6-31G(d) and
ROMP2/G3MP2Large amounts 35.8 kJ mol~'. The apparently too negative RSE for
phenoxy radical (2) at ROMP2/G3MP2Large has been shown in the previous section
to be a consequence of the increase of the correlation energies in the product side,
which is originated from open-shell product. Comparison of ROHF orbitals at 6-
31G(d), 6-31+G(2d), and G3MP2Large show some orbital rotations when the basis
set is altered from 6-31G(d) to 6-31+G(2d) (Figure 6.11). In contrast to ROHF /6-
31G(d), ROHF/G3MP2Large seems to be very similar to ROHF /6-31+G(2d).
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Figure 6.11: Non-canonical ROHF-orbitals at 6-31G(d), 6-31+G(2d) and G3MP2Large.

Furthermore, the 77 diagnostic at coupled cluster level shows that the wavefunc-
tion at ROHF/6-31G(d) is having significant multi-determinant character (73-Diag
= 0.031), which indicates that the wavefunction is not applicable to single deter-
minant perturbation theory. Contrary to ROHF/6-31G(d), ROHF/6-314+G(2d) is
showing T}-diagnostic value of only 0.015. In summary, spin density, orbital analysis
and 7T diagnostic show the rather poor quality of ROHF/6-31G(d) as a reference
wavefunction used in the basis set correction term. Finally we find also that RSE
calculations of systems (2) and (8) with basis sets 6-31+G(2d) and 6-31G(3d) as
starting points, at which the radical stability increases significantly in the basis
set correction term, give the expected inductive effects of the methyl substituent.
This leads us to test the variant, G3(+2d,MP2)-RAD, in the benchmark calculation
against the more expensive G3B3.
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RSE G3(+2d,MP2)-RAD [kJ mol ]
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Figure 6.12: RSE (G3B3) vs RSE (G3(+2d,MP2)-RAD). Final fit equation
AHg9s(G3B3) = 1.01445AH29s (G3(+2d,MP2)-RAD) + 0.99136 with correlation coefficient
0.99801. Reference system 1 is excluded.

The correlation coefficient (0.99801) in Figure 6.12 shows the convincing perfor-
mance of G3(+2d,MP2)RAD. The y-axis intercept is practically zero, which is much
better, and the maximum deviation to G3B3 amounts currently only +5.0 kJ/mol
(Table 6.7). Despite the good performance of this approach it is important to note
that the modified method is in fact expensive, due the significant increase of basis
set in U(R)CCSD(T). Two strategies to make G3(+2d,MP2)-RAD more feasible are
therefore here presented.
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Table 6.7: Radical stabilization enthalpies (RSE, in kJ mol™) at 298.15 K of 14 O-
centered radicals at G3(+2d,MP2)-RAD and G3B3 level.

System RSE (G3(+2d,MP2)-RAD)® RSE (G3B3)? Deviation

A B A-B
CF;0- (3) 5.7 45 12
HO- (1) +0.0 +0.0 +0.0
t-ButO+ (4) —47.4 -47.3 0.1
CH;CH,0- (5) ~55.8 ~55.4 ~0.4
CH30- (6) -55.9 -55.6 -0.3
p-NO2-PLO- (7) 1105 1055 5.0
PLO- (2) ~122.9 ~121.1 1.8
p-me-PhO- (8) ~129.8 ~128.8 1.0
HOO- (9) ~127.7 ~129.3 +1.6
CH,CHO- (10) -132.6 -137.5 +4.9
t-ButOO- (11) ~139.2 ~141.0 118
p-NH,-PhO- (12) ~151.8 ~152.8 +1.0
NH,0- (13) ~163.4 ~164.2 1.2
TEMPO- (14) -193.8 -198.5 +4.7

%Scaling factor 0.9806; With full cartesian functions.
bScaling factor 0.960; With full cartesian functions.

Transfer of +2d correction in coupled cluster to (U)MP4(FC)(SDTQ):
Calculations of CCSD(T) and MP4(SDTQ) scale to the power of 7 with the number
of basis functions (n7) due to the calculation of the connected triples (73). The main
difference between MP4(SDTQ) and CCSD(T) is in the optimization of the single-
and all product of double-amplitudes (TQ", n=1,2,...,0). Because the former is a
perturbation method, it is obvious that the benefit of transferring the basis functions
correction to MP4(SDTQ) is circumventing the iterative optimization of the double
amplitudes.

Frot(G3(+2d,MP2,MP4)-RAD) = Eio; (U(R)CCSD(T)/6-31G(d)) + B.C.  (6.7)

B.C. = Eio(ROMP2(FC)/G3MP2Large) — Eioi(ROMP2(FC) /6-31+G(2d))
+ Eiot (U)MP4(FC)/6-31+G(2d)) = By (UYMP4(FC) /6-31G(d))  (6.8)

The predictive power of G3(+2d,MP2 MP4)-RAD is comparable with G3(+2d,MP2)-
RAD. Both gave the correct stability trend between phenoxy- and p-me-phenoxy
radicals (2 and 8) (Table 6.8 and Figure 6.13). Nevertheless, since the unrestricted
reference wavefunction UHF is applied in the UMP4/6-31+G(2d) and UMP4/6-
31G(d) calculations, the spin contamination is very possible to appear.
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RSE G3(+2d,MP2,MP4)-RAD [kJ mol ']
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Figure 6.13: RSE (G3B3) vs. RSE (G3(+2d,MP2,MP4)-RAD). Final fit equation
AHa9s(G3B3) = 1.00238 AHa9s (G3(+2d,MP2,MP4)-RAD) + 1.05624 with correlation coef-
ficient 0.99780. * With full cartesian basis functions for non-hydrogen atoms. Reference
system 1 is excluded.

Table 6.8: Radical stabilization enthalpies (RSE, in kJ mol™) at 298.15 K of 14 O-
centered radicals at G3(+2d,MP2,MP4)-RAD and G3B3 level.

System RSE (G3(+2d,MP2,MP4)-RAD)* RSE (G3B3)? Deviation

A B A-B
CF;0+ (3) 45 45 0.0
HO- (1) 0.0 0.0 +0.0
t-ButO- (4) 46.3 473 +1.0
CH;CH,O- (5) 55.6 _55.4 0.2
CH;0- (6) 55.5 55.6 +0.1
p-NO5-PLO- (7) ~111.0 ~105.5 5.5
PhO- (2) -125.2 -121.1 -4.1
p-me-PhO- (8) -132.3 -128.8 -3.5
HOO- (9) ~132.1 ~129.3 2.8
CH,CHO- (10) -138.0 -137.5 -0.5
t-ButOO- (11) ~138.8 ~141.0 +2.2
p-NH,-PhO- (12) ~154.2 ~152.8 14
NH,O- (13) ~163.7 ~164.2 10.8
TEMPO- (14) ~194.8 ~198.5 +3.7

®Scaling factor 0.9806; With full cartesian basis functions.
bScaling factor 0.960; With full cartesian basis functions.

For closed-shell systems, the total spin S is exactly zero for singlet states and thus
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expectation value 52 is also zero. For radicals with doublet-state, S is 0.5, and
S2-value in restricted orbital picture amounts to 0.75. Unrestricted orbital pic-
ture unfortunately is not the exact eigenfunction of the 52, and therefore the value
of those for open-shells can deviate from S(S + 1). This particularly happens in
radicals with aromatic substitution where 52 largely deviates from the expectation
value. The consequence of the unrestricted orbital picture can be best shown in the
calculated RSEs at UMP4 of two systems with different spin delocalization charac-
ter (Table 6.9). The low stability at UMP4 of phenoxy radical (2) corresponds to
the unbalanced S2-value in the reaction scheme at the product side and and at the
educt side (Figure 6.14). In the other case, S2-values for hydroxyl-radical (1) and
the methoxy radical (6) are almost equivalent and thus implies a balanced reaction.
The corresponding RSEs calculated at ROMP4(FC) and UMP4(FC) for methoxy
radical (6) are very similar in this case (Table 6.9).

Table 6.9: UHF Spin-contamination and RSE of methoxy radical 6 and phenoxy radical
8 at UMP4(FC)/6-31G(d) and ROMP4(FC)/6-31G(d).

System S% (UHF)® RSE (UMP4/6-31G(d)) RSE (ROMP4/6-31G(d))
HO- (1) 0.7555 0.0 0.0
CH;0- (6) 0.7581 —42.1 ~42.0
PhO- (2) 1.3794 ~45.1 ~102.6

%Before annihilation

§2-0 $2 = 0.7555 S2=1.3794 $2=0
@OH + OH — @—O- + H20
2H 1 2 1H
$2-0 S2 = 0.7555 $? = 0.7581 $2=0
H3C-OH + +OH —— HsC-O- + H20
6H 1 6 1H

Figure 6.14: Spin contamination arising from using the UHF wavefunction with 6-31G(d).

Despite of the discussed problem with the spin contamination, many composite
methods using unrestricted wavefunction such as G3B3 and G4 work fine also for
delocalized radicals due to error compensations in the basis correction terms and

the highest correlated methods UQCISD(T) or UCCSD(T).

Local density variation on radical center: The basis 6-31+G(2d) will only
be added at oxygen atom, which carries the unpaired electron. However, LD-
G3(+2d,MP2)-RAD has obviously its own problem in determining the radical center
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such as in aromatic systems. The biggest advantage in the local density variant is
that the increase of the basis set will be only limited to 10 basis functions per radical
center, while the original adds constantly 10 basis functions to every non-hydrogen
atom.

Bt (LD-G3(+2d,MP2)-RAD) = Ei,(LD-U(R)CCSD(T)/6-31+G(2d)) + B.C.
(6.9)

B.C. = Eiot(ROMP2(FC)/G3MP2Large) — Eyor(LD-ROMP2(FC) /6-31-+G(2d))
(6.10)

RSE LD-G3(+2dMP2)-RAD [kJ mol']
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Figure 6.15: RSE (G3B3) vs. RSE (LD-G3(+2d,MP2)-RAD). Final fit equation
AHg9s(G3B3) = 1.01362AHg9g (LD-G3(+2d,MP2)-RAD) + 0.67439 with correlation coeffi-
cient 0.998584. Reference system 1 is excluded.

Similar to G3(+2d,MP2 MP4)-RAD, LD-G3(+2d,MP2)-RAD shows little deviation
to G3B3. The feasibility for moderately large systems is much better than the
original G3(+2d,MP2)-RAD. Table 6.11 demonstrates the computational time in
the coupled-cluster calculations used in G3(MP2)-RAD, LD-G3(+2d,MP2)-RAD,
G3(+2d,MP2)-RAD. As the results show, the average CPU-time for single CCSD
iteration in the U(R)CCSD(T)/6-31+G(2d) is approximately three times higher
than for LD-U(R)CCSD(T)/6-31+G(2d). The calculation for triples amplitudes in
U(R)CCSD(T)/6-314+G(2d) becomes very demanding even for small systems with
only 8 non-hydrogen atoms.
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Table 6.10: Radical stabilization enthalpies (RSE, in kJ mol™) at 298.15 K of 14 O-
centered radicals at LD-G3(+2d,MP2)-RAD and G3B3 level.

System RSE (LD-G3(+2d,MP2)-RAD)® RSE (G3B3)? Deviation

A B A-B
CF;0- (3) 5.7 45 112
HO- (1) +0.0 +0.0 +0.0
t-ButO- (4) —47.4 473 0.1
CH;CH,0- (5) -55.6 -55.4 0.2
CH;0-+ (6) ~55.7 55.6 0.1
p-NO2-PLO- (7) ~108.5 ~105.5 3.0
PhO- (2) ~122.1 ~120.8 -1.3
p-me-PhO- (8) -128.2 -128.4 +0.2
HOO- (9) ~131.8 ~129.3 25
CH,CHO- (10) -130.1 -137.5 +7.4
t-ButOO- (11) ~140.7 ~141.0 +0.3
p-NH,-PLO- (12) ~149.9 -152.8 +2.9
NH,0- (13) 164.0 164.2 0.2
TEMPO- (14) ~194.0 ~198.5 4.5

%Scaling factor 0.9806; With full cartesian basis functions.
bScaling factor 0.960; With full cartesian basis functions.

Table 6.11: Computational cost to calculate U(R)CCSD(T) for p-me-phenoxy-radical at
different levels of theories. Calculated with MOLPRO2012.1 at Intel(R) Xeon(R) CPU
E5-2665, 2.40GHz, 8 cores and 1000 MW RAM. MOLPRO2012.1 is compiled with Intel
Fortran 12.1.5 using MKL 10.3.

Method Number Av. CPU time CPU time Disk usage

of basis function for CCSD iteration [s] for triples [s] [GB]
U(R)CCSD(T)/6-31G(d) 131 7.12 48.20 3.95
LD-U(R)CCSD(T)/6-314+G(2d) 144 9.32 73.65 4.67
U(R)CCSD(T)/6-314+G(2d) 214 29.50 418.73 13.06

Influence of solvents on the stability of oxygen-centered radicals: The cur-
rent O-H bond dissociation or radical stabilization energies are calculated in gas
phase. However, available experimental data of O-H bond strength and kinetic
studies for H-abstraction from phenols are usually in solution rather than gas phase.
The two are thus, while rather close, not really comparable. In this study, investi-
gation of solvent effects using explicit monosolvation in the gas phase, continuum
model (PCM) and cluster continuum model (CCM) is performed. The solvent cho-
sen in this case is water, since the experimental O-H BDEs were mostly measured
in aqueous environment. Table 6.12 show the results of monosolvation of chosen
oxygen-centered radicals. The RSE of monohydrated ¢t-BuO« (4) is very similar to
that in the gas-phase, which means that the effects of hydrogen bonding in the radi-
cal (4) and closed-shell (4H) are equal. For p-nitrophenoxy radical (5) and phenoxy
radical (2), G3(MP2)-RAD is again predicting RSE values, which are very different
from G3B3 and G3(+2d,MP2)-RAD.
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Table 6.12: Monohydration of oxygen-centered radicals. All RSE is calculated at
G3(MP2)-RAD, G3(+2d,MP2)-RAD and G3B3.

Systems G3(MP2)-RAD  G3(+2d,MP2)-RAD  G3B3
-BuO- (4) | H,0 ~16.9 70 472
p-NO5-PLO+ (5) + H,0 ~138.9 99.2 954
PhO- (2) + H20 -134.4 -121.2  -119.9
p-me-PhO+ (8) + H,0 ~132.7 ~130.5 -129.9
-BuOO- (11) + H,0 ~128.5 1284 -129.3
p-NH,-PhO- (12) + H,0 ~157.2 ~155.9 -157.7
TEMPO- (14) + H,0 ~191.9 na.  na.

This is due to the Boltzmann weighting factor of the confomers of the radicals (2)
and (5), which are artificially stabilized when the water is not located at the oxy-
group. Conformational restriction according to the complexation site of the water
show clearly that only when the water is near to the oxy-group, G3(MP2)-RAD is
able to maintain the accuracy of G3(42d,MP2)-RAD and G3B3 (Table 6.13).

Table 6.13: RSE of phenoxy radical (2) and para-substituted phenoxy radicals (5, 8, 12)
with explicit water solvation at different complexation sites.

Systems G3(MP2)-RAD  G3(+2d,MP2)-RAD  G3B3
Water near to oxy-group

p-NO3-PhO- (5) + H20 -100.6 -99.9  -95.8
PhO- (2) + H,O -122.6 -121.2  -119.9
p-me-PhO- (8) + HyO -131.6 -130.5 -129.9
p-NHo-PhO- (12) + Hy0 -157.2 -155.9 -157.7
Water far from oxy-group

p-NO2-PhO- (5) + H20 -153.6 -108.5 -103.8
PhO- (2) + H,O -144.5 -117.6 -116.3
p-me-PhO- (8) + HyO -146.0 -128.4 -1274
p-NH2-PhO- (12) + Hy0 -153.4 -152.1 -154.2

The results in Table 6.13 show the strong dependency of G3(MP2)-RAD to the water
complexation site. Orbital analysis of water complexed phenoxy radical (2) exhibits
that similar rotations occur in the reference wavefunction ROHF/6-31G(d) when
the water is not interacting with the lone-pair of the oxy-group. The explicit solvent
model is clearly not comparable to full aqueous phase, in which the experimental
O-H BDE is measured. Probably the best known approach for modelling aquoeus
phase is the polarizable continuum model (PCM), which creates a cavity for the
solute by constructring an overlaping spheres. Combination of explicit solvent model
and continuum model is usually termed as the cluster continuum mode (CCM).
Previous work by Pliego and coworker has proven the superiority of CCM against
other continuum models in predicting the solvation free energy of ions in water. [37]
Nevertheless, it is very obvious that radical interacts quite weakly ions with water.
Scheme 6.16 depicts, how the clusterization free energy of phenol in aqueous phase
is calculated.
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Figure 6.16: Components of clusterization free energy (AGeuster,penm) of phenol (2H) in
aquoeus phase.

The clusterization free energy of phenol in aqueous phase can be used to determine
the amount of explicit water needed to modelize the solution phase. Figure 6.17
shows that the solvation of phenol (2H) and phenoxy radical (2) in water (AGgoly),
and respectively mono- and dihydrated 2H and 2, are thermodynamically not favor-
able due to the large cavitation energy. The complexation free energy (AGeyster) is
also endergonic since the entropy cost is rather dominating than the net stabilization
in the enthalpic terms.
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Figure 6.17: Clusterization free energy (AGeiuster,pem) Of phenol (2H) and phenoxy
radical (2) in aquoeus phase.
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In summary, the results in Figure 6.17 indicate that the application of PCM to
monohydrated and dihydrated phenol (2H) and phenoxy radical (2) is not thermo-
dynamically advantageous. Therefore, to modelize the reaction in the ageous phase
standard PCM is sufficient.

6.3 Conclusion

G3(MP2)-RAD fails to predict the stability of phenoxy radical and its derivatives.
Any attempts to modify the geometry of phenoxy radical 2 and p-me-phenoxy rad-
ical (8) have yielded relatively large variation in RSEs, but not a correct stability
trend. By the upgrade of the starting basis in the basis set correction term and
coupled cluster step (G3(+2d,MP2)-RAD), we were able to achieve the accuracy,
which is similar to the more expensive method G3B3. The computational cost of
G3(+2d,MP2)-RAD can be further reduced by performing the extra basis set correc-
tion term at (U)MP4 (G3(+2d,MP2,MP4)-RAD) or applying the basis set +2d only
at the radical center (LD-G3(+2d,MP2)-RAD). Both approaches show comparable
results to G3(+2d,MP2)-RAD and G3B3, and therefore also a better applicability
to larger systems. Nevertheless, further studies using larger training-sets are needed
to test the performance and the price of the modified methods. The effect of hy-
dration to the radical stability of O-centered radicals has been studied by explicit
solvation and the cluster continuum model. Compared to continuum models the
explicit solvation has the benefit of explicit treatment of hydrogen bonding. Our
results show that for phenol (2H) and phenoxy radical (2), CCM is not appropri-
ate to simulate the reaction in aqueous phase. The radical stabilities of alkyloxy
radicals are only marginally affected by the monohydration, while those of phenoxy
radical and substituted phenoxy radicals are differently shifted depending on the
substituent (Figure 6.18).
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Figure 6.18: Radical stability of phenoxy radical and substituted phenoxy radicals, re-
spectively monohydrated phenoxy radical and substituted phenoxy radicals at G3B3 and
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Chapter 7 Barrier of Hydrogen Transfer Reaction

7.1 Introduction

Marcus theory in its formulation given in eq. (7.1) has recently been used to analyze
reaction barriers for nucleophilic substitution reactions, where the activation free
energy AG* of a reaction is expressed as a function of the reaction free energy AGy
and the intrinsic barrier AG for a (hypothetical) process without thermochemical
driving force. [l

AG?
16AG)

AGH= AG) + %AGO + (7.1)

We analyze here whether this model is also appropriate for homolytic hydrogen atom
transfer (HAT) reactions whose most general formulation is that given in eq. (7.2).

Xe+HY > X-H++Y (7.2)
Xe+H-X » X-H+ X (7.3)
Ye+HY > Y-H+ Y (7.4)

For symmetric HAT reactions such as (7.3) and (7.4) the activation free energy AG*
is identical to the intrinsic reaction barrierAG(i) due to the absence of a thermochem-
ical driving force. The intrisic barrier for an unsymmetrical HAT reaction such as
eq. (7.2) can then be derived using the mixing rule epressed in eq. (7.5).

AGH(X/Y) = STAGH(X/X) + AGH(Y/Y)] (7.5)
A recent survey of rate constants for HAT reactions has indicated that an alternative
formulation of Marcus theory based on self-exchange rate constants is capable to
predict rate constants over a range of 10132l While this approach lends it self well
to the analysis of experimentally measured rate data, the formulation chosen in eq.
(7.1) is very attractive for the purpose of turning known bond dissociation energy
(BDE) datal®fl into activation barriers.

7.2 Results

The Marcus model (7.1) is first tested in its predictive ability to model gas phase re-
action barriers for hydrogen transfer reactions between radicals and hydrogen donors
of variable polarity. The intrinsic reaction barriers AG% are those calculated for the
respective identity reactions.
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Correlation of the directly calculated barriers with reaction energies:
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Figure 7.2: Correlation of calculated barriers with the H-abstraction reaction energies
from organic compounds listed in Table 7.1 by alkyl radicals. o: Methyl radical; o: 1-
Ethyl radical A: 2-Propyl radical; x: ¢-Butyl radical. Red color: O-H abstraction from
methanol.

For accuracy reasons we have calculated several barriers with more elaborate level of
theory (G3B3). Table 7.1 shows that the calculated free energy barriers at G3(MP2)-
RAD are mostly comparable with those calculated at G3B3. Larger deviations occur
within the series of reaction involving methoxy radical with a maximum deviation of
10.6 kJ mol~'. This problem has been pointed out in the previous chapter concern-
ing the accuracy of G3(MP2)-RAD in predicting the stability of O-centered radicals.
Figure 7.2 shows that the reaction energies of H-abstraction from selected alkanes
by various radicals listed in the first line of Table 7.1 correlate well with the directly
calculated barriers in one series, except the abstractions by methoxy radical. The
barriers of hydrogen transfer between alkanes to methoxy radical (Table 7.1: Col-
umn 5) are usually lower than those between alkanes at similar reaction energies. As
an example: The barrier for the transfer from methane to methoxy radical (+77.8
kJ mol™!) is lower than t-butane to 2-propyl radical (+94.6 kJ mol-!) at similar
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exergonic reaction energies (-6.1 kJ mol=! vs. —=5.9 kJ mol~!). This finding is sup-
ported by previous studies, which have revealed the influence of electronegativity on
the barrier height. However, it should be noted that the reaction energies correlate
better within a series of transfer reactions in one column rather than in one line
(Figure 7.3). It seems that the barrier height is somehow more related to the type
of the hydrogen abstractor than the hydrogen donor.

80 -
60 -
40 -

20

AG, (G2(MP2)-RAD) [kJ mol™]

T T T T T 1
40 60 80 100 120 140

AG* (G3(MP2)-RAD) [kJ mol]

Figure 7.3: Correlation of calculated barriers with the H-abstraction reaction energies
from organic compounds listed in Table 7.1 by non-carbon centered radicals. o: Dimethy-
laminyl radical; O: Methoxy radical A: Methylthiyl radical. Red colored: Abstraction
from dimethylamine and methylthiol by methoxy radical.

Application of Marcus model: The results of calculated Marcus barriers are
shown in Table 7.2 and are compared with the directly calculated barriers from
Table 7.1. Overall deviations in H-transfer processes involving only carbon cen-
tered radicals are marginal. In contrast, the deviations for other radical centers
are unfortunately not systematic. While the Marcus barriers for the transfer from
dimethylamine to alkyl radicals are fairly similar (or slightly lower) to the directly
predicted barriers, the deviations of the transfers from methanol to other radicals
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are non-negligible. The directly predicted transition states between methoxy radical
and alkyl radicals are always located much lower than the transition states obtained
by Marcus model. An absence of polar or electronegativity effects in the Marcus
formula may be responsible for the deviations in the latter case. Charge analysis
(Table 7.2 and Figure 7.4) reveals that the transferred hydrogen carries a significant
amount of positive charge in the transition state between methoxy radical and alkyl
radicals. Additionally the methoxy radical is in this case negatively charged, while
the alkyl radicals can be considered to be charge neutral or marginally positive.
Therefore, the transition state is heavily influenced by the partial charge difference
between the donor and acceptor. The analysis of the transition states between two
alkyl radicals shows that the processes are not contaminated by charges (both donor
and acceptor can be considered to be charge neutral). In contrast, the transfer pro-
cesses from dimethylamine to alkyl radicals (Table 7.2: line 6) are characterized by
negatively charged donor and acceptor, whose magnitude are almost equivalent in
some of the cases. In addition, the transferred hydrogen carries a significant amount
of positive charge as in the case between methoxy radical and alkyl radicals. Taking
this together, the partial charge difference between donor and acceptor in this case
does exist but the magnitude is smaller than in transfers involving methoxy radical.

q(H)
+0.50 — = MexN --H,
. ‘OCH3
CH30 - -H
+0.25 — I RsC - - H _ 8 “soh
'OCHs 8
- u ReC - -H, MeoN - - H_
NMe \
000 | RCH, 2 _ SCHa
’ CRs ReC --H_
| SCH;3
025
050 —

Figure 7.4: Mulliken atomic charge of transferred hydrogen in the transition states at
B3LYP/6-31G(d) level of theory.

From the charge analysis a relationship between the partial charge difference Aq and
the deviation of the predicted Marcus barrier to the directly calculated barrier can
be partially observed. In the series of H-transfers from methylthiol to alkyl radicals
(Table 7.2: line 8), the deviation of predicted Marcus barriers is increasing with the
increase of partial charge difference. The partial charge difference in the transition
state between methylthiyl radical and methyl radical (Aq = —0.121) are very similar
to the transition state between dimethylaminyl radical and ¢-butyl radical (Aq =
-0.122). The deviations of Marcus barriers are in both cases also small and very
similar. With the increase of the difference in partial charges, the transfer reaction
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is transformed to a more polarity driven process. In this case, the predictive power
of Marcus barrier is again deteriorating, resembling to the transfer processes from
methanol to other radicals, which shows much higher Marcus barriers compared
to direct barriers. However we notice here that the character of the processes is
different from those of the transfer processes from methanol (or dimethylamine)
to other radicals, since the transferred hydrogen is not carrying a positive charge.
The analysis of the transition state between methylthiyl radical and dimethylaminyl
radical shows a large partial charge difference (Aq = -0.195) with a rather small
deviation (+2.9 kJ mol™!) of Marcus barrier and directly predicted barrier. We
therefore expect a similar deviation as in the transfer process from methylthiol to
t-butyl radical.

Aq(Donor — Acceptor)

+0.50 —
+0.25 —

7 CHzO --H.
0.00 — - - SCHs

RsC - - H I .
| 3 N RiC - - H. RsC - -,
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0.25 ReC --H OCHs
-0. — N = --H
NMe MezN .
4 MeoN - - H_ SCH,
OCHj3

050 —

Figure 7.5: Partial charge difference Aq between donor and acceptor at the transition
state (B3LYP/6-31G(d)).

However this is not the case as the result shows (Table 7.2: line 8, column 6).
Here we observe a significant increase of positive charge on the transferred hydrogen
(q(H) = +0.139). The effect of a positively charged hydrogen seems to damp the
effect of partial charge difference in this case. While the partial charge difference
in this case lowers the direct calculated barriers, the amount of the positive charge
counteracts and rises the barrier. In the transition state between methoxy radical
and methylthiyl radical the partial charge difference is near to zero, while the trans-
ferred hydrogen carries a positive charge. Both, near zero partial charge difference
and positively charged hydrogen, imply a higher value of direct calculated barrier.
The expected predicted Marcus barrier hence must be too small when compared
to the direct calculated barrier according to the previous assumption. The latter
is fully in accordance with the result (Table 7.2: line 8, column 7), which showed
that the Marcus barrier is by —20.7 kJ mol~! too small against the direct calculated
barrier. Going back to the series of transfer reactions from dimethylamine to alkyl
radicals, we can rationalize why the barrier calculated by Marcus model is lower
than the direct calculated barrier. The transition states involving dimethylaminyl
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radical and alkyl radicals are marked by a relatively high positive charge on trans-
ferred hydrogen, and simultaneously small partial charge difference between donor
and acceptor. The most negative deviation, which occurs in the transition state
between dimethylaminyl radical and alkyl radical, is apparently caused by a high
positive charge on hydrogen and near zero partial charge difference. According to
our previous analysis, the direct calculated barrier must be therefore high, which in
this case +3.5 kJ mol~! higher than the Marcus barrier. Moving to the right, the
amount of positive charge on transferred hydrogen is decreasing, and at the same
time the partial charge difference is increasing. Therefore the magnitude of the de-
viation becomes more positive since the direct calculated barrier is getting smaller
relative to Marcus barrier.
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7.3 Conclusion

The barrier height of H-transfer reactions are influenced by several factors and sub-
strate dependent. The Marcus model has a limitation in the predictive power since
the effects of charge on the transferred hydrogen and partial charge difference be-
tween donor and acceptor are non-existent, therefore a lost connection. In this study
we provide a qualitative analysis of the deficits in the Marcus model. According to
our results, we need to differentiate the reaction set into several cases.

Case 1) Transfer between two alkyl radicals: The Marcus model is fairly
able to predict the barriers. The partial charge difference is in this case near to
zero and the transferred hydrogen carries a relative small amount of positive charge.
Furthermore the donor and the acceptor are almost charge neutral. The effect of
charge on the transferred hydrogen is mostly covered in the Marcus model since it is
mimicked also in the calculation of the intrinsic barriers of both donor and acceptor.

Case 2) Transfer between methoxy radical and other radicals: The de-
viations are particularly huge in this series, due to the failure of the Marcus model in
reflecting the partial charge difference in the directly calculated barrier, which low-
ers the barrier. The transferred hydrogen carries a large amount of positive charge,
which seems not to have any effects (or very minor) to act against the effect of
partial charge difference. In contrary to case 1, the effect of positive charge on the
transferred hydrogen is non-existent (in most of the cases) since the atomic charges
of the corresponding hydrogens obtained from intrinsic barrier calculations are very
different from those in the direct predicted barrier.

Case 3) Transfer between dimethylaminyl radical and alkyl radicals:
Like in case 1, the Marcus model successfully predicts the barrier height. The trans-
ferred hydrogen is carrying here a significant amount of charge. The donor and
acceptor are negatively charged in contrast to the case 1. The magnitude of partial
charge differences are ranging from near zero to small negative value. The effect of
partial charge difference in decreasing the barrier seems to be minor in this value
range (Aq = —0.063 to —0.122) while the amount of positive charge on transferred
hydrogen in increasing the barrier is significant. The small deviation of the Mar-
cus model may be hence caused by a relatively large directly predicted barrier. The
significant effect of large partial charge difference can be observed in the transfer be-
tween dimethylaminyl radical and methoxy radical (Aq = —0.263) which is marked
again by a too large Marcus barrier relative to directly predicted barriers. As in the
case 2, the effect of positive charge on the transferred hydrogen cannot be obtained
by the calculation of the intrinsic barriers.

Case 4) Transfer between methylthiyl radical and other radicals: The
transfer processes involving methylthiyl radical are very complex. In reactions with
alkyl radicals the effect of positive charge on transferred hydrogen is very similar to
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the atomic charge of the corresponding hydrogen calculated in the intrinsic barrier
of methylthiol. Therefore the effect should be already incorporated in the Marcus
model. The effect of the partial charge difference is steadily increasing in the se-
ries, hence the Marcus barrier is becoming too high compared to directly predicted
barrier, since the reaction is turning to be polarity driven process. In the trans-
fer between methylthiyl radical and dimethylaminyl radical the positive charge on
hydrogen counteracts the effect of partial charge difference. The compensation re-
sults in a small barrier difference. In the reaction between methylthiyl radical and
methoxy radical, the deviation is large and negative due to the effect of positive
charge on transferred hydrogen and small partial energy difference, which in syner-
gistic manner increases the directly predicted barrier.
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8.1 Introduction

The proposed repair mechanism of photodimer 5-thyminyl-5,6-dihydrothymine using
Cbh’-adenosyl radicals in catalytic fashion remains a mystery due to the thermody-
namic profile of the cycle.['18] Previously we have shown according to our stability
data that the repair mechanism using SAM as a co-factor and peptide radicals as ac-
tive catalyst (Scheme 8.1: path B) has a flatter thermodynamic profile and hence is
more feasible. 1925 The X-ray structure of SPL (G. Thermodenitrificans) pinpoints
cysteine (C140) and tyrosine (Y98) in proximity of the substrate. Mutation experi-
ments of cysteine residue (C140A /S) have shown reduced activity of the enzyme and
evidenced the direct involvement of cysteine as hydrogen donor to 3’-thymine instead
as a structural seal in the catalytic center to prevent other side reactions. 26l Recent
work concerning the role of tyrosine in the repair cycle has concluded that existence
of tyrosine (Y98) is indeed compulsory, probably as a reductant of cysteinyl radi-
cal and the real propagator which abstracts the hydrogen of the new substrate. (2]
However the thermodynamic stabilities of tyrosyl and cysteinyl radicals are differing
only by about 1-2 kJ mol-! at higher level theory. Thus no preferences between
tyrosine and cysteine as propagators can be made. In this work we therefore present
the kinetic profile of the two possible peptides as the second criterion in addition to
our thermodynamic data.

+53.4 kJ/mol
O, O,
O, O
PNH cpade” DN R—N>_NH o ® R—N>\_NH o
R-N o} 1 R-N o _ —
B\ 1H
R-N o 0 C5'-Ado-H R-N o o) — 1 —
>_NH 1H %NH R-N o] R-N o]
9 -405kJimol O J—NH J—NH
2H 2 (o] (o}
"
Cys-SH or Cys-Se or
Tyr-OH Tyr-O-

-12.3 kJ/mol to -13.5 kJ/mol

Scheme 8.1: Originally proposed and alternative repair mechanisms of photodimer 5-
thyminyl-5,6-dihydrothymine.

8.2 Results

The free energy barriers of repair mechanisms were evaluated at G3(MP2)-RAD
level of theory. In contrast, thermodynamic reaction energies were calculated at
the more elaborate methods G3B3 or IMOMO(G3B3,G3(MP2)-RAD) due to the
inaccuracy of G3(MP2)-RAD in predicting the stability of phenoxy radicals.
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Figure 8.1: BDE scale based on AHggg G3B3 or AHggg IMOMO(G3B3,G3(MP2)-RAD)
of the models used to estimate reaction enthalpies.

Table 8.1: Bond dissociation energies (BDE) at AHagg and AGagg of the systems shown
in Figure 8.1.

System BDE Allygs [kJ/mol] BDE AGags [kJ mol']| BDE exp. [kJ mol |

6H n.a. n.a. +439.3
1H +432.4 n.a. n.a.
4H +392.0 +391.0¢ n.a.
5H +379.1 n.a. n.a.
TH +367.7 (+367.8%) +370.2¢ +360.2
8H +366.8 n.a. n.a.
9H +365.6° n.a. n.a.
10H +363.0 (+363.0%) +366.8% +365.7

“Free energy correction at B3LYP/6-31G(d) with grid ultrafine and scaling factor of 0.960.
"IMOMO(G3B3/G3(MP2)-RAD).

First step of the repair mechanism: As already proposed in previous studies,
ChH’-adenosyl radical 1 will abstract the hydrogen at the C6-position from the SPL
substrate 2H. The kinetic barrier will be assessed by using methane 6 H and methyl
radical 6 as models to adenosine 1H and C5’-adenosyl radical 1. The reaction en-
thalpy at G3B3 for this step using methyl radical as hydrogen abstractor has been
estimated to be exothermic by —-47.4 kJ mol~!. The reaction enthalpy with C5'-
adenosyl radical has been evaluated at G3(MP2)-RAD to be —40.5 kJ mol-1.[1925]
The difference in radical stability between methyl radical and C5’-adenosyl radical
is known to be —6.9 kJ mol~! at G3(MP2)-RAD level, implying an identical reaction
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enthalpy between the two computational methods. The results show that the en-
tropic contribution to the reaction enthalpy is rather small (-0.9 kJ mol™!), giving
a free reaction energy of —48.3 kJ mol~'. Figure 8.2 shows that the H-abstraction
barrier from the substrate model 4H by methyl radical 6 at G3(MP2)-RAD (+73.4
kJ mol=!) is the lowest when compared to the abstraction barriers by methylthiyl
radical 10 (+90.3 kJ mol~!) and p-me-phenoxy radical 7 (+84.9 kJ mol~!). However
the thermodynamic reaction energy of the abstraction process by methyl radical 6
is 69.1-72.5 kJ mol~! lower than the abstraction energy by methylthiyl radical 10
and p-me-phenoxy radical 7.

Table 8.2: Reaction enthalpies (AHagg) and free energies (AGagg) at G3B3 level and
reaction barriers (AH%QS, AG%QS) at G3(MP2)-RAD level of the reactions shown in Figures
8.2 and 8.3.

AHags [kJ mol™!|  AGaggs [kJ mol™!]  AHL, [kJ mol™!]  AGI, [kJ mol™]

4H + 6 —47.4 -48.3 +36.2 +73.4
4H + 7 +24.1 +20.8 +40.9 +84.9
4H + 10 +29.0 +24.2 +47.9 +90.3
6H + 6 +0.0 +0.0 +70.5 +103.5
6H + 7 +71.5 +69.1 +106.7 +139.3
6H + 10 +76.3 +72.5 +89.6 +118.1
10H + 10 +0.0 +0.0 +15.1 +53.1
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Figure 8.2: Reaction topology of the H-atom transfer of the initiation step in SPL repair
mechanism.

The relatively high reaction barrier of the H-abstraction by methyl radical 6 from
the SPL substrate model 4H (+73.4 kJ mol™!) at very exergonic reaction energy
(-48.3 kJ mol!) can be explained by the high intrinsic barrier of C-H bond rupture
and the polar effects in the transition state. The intrinsic barrier of symmetric H-
abstraction of the pair methane 6H and 6 is calculated to be +103.5 kJ mol~! at
G3(MP2)-RAD (Figure 8.3). This intrinsic barrier is much higher compared to those
of the pair methylthiol 10H and 10 (+53.1 kJ mol~!). The impact of the height
of the intrinsic barrier is demonstrated in Figure 8.3, which shows that the transfer
between methylthiyl radical 10 and methane 6H has slightly higher barrier (+118.1
kJ mol-1) at very endergonic reaction energy (+72.5 kJ mol~!) when compared to the
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intrinsic barrier of methane 6H and methyl radical 6 (+103.5 kJ mol=!). According
to the Marcus analysis (Chapter 7), the contribution of the intrinsic barrier of the
pair 6H/6 and 10H/10 to the barrier height is +78.3 kJ mol=! for the reaction
involving methane 6H and methylthiyl radical 10. The other +39.8 kJ mol! is a
sum of the half of the reaction energy (+36.3 kJ mol™') and a small cross term.
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Figure 8.3: Reaction topology of the H-atom abstraction from methane 6H by p-me-
phenoxy radical 7, methylthiyl radical 10 and methyl radical 6.

For the reaction involving p-me-phenoxy radical 7 and methane 6H, similar reaction
energy (+69.1 kJ mol=1!) is obtained as for the reaction between methylthiyl radical
10 and methane 6H. However the barrier height of the transfer process of the former
is now much higher than the latter, implying that the intrinsic barrier of the pair
p-me-phenol TH and p-me-phenoxy radical 7 is higher than the intrinsic barrier the
pair methylthiol 10H and methylthiyl radical 10. Previous study of the application
of Marcus analysis in predicting barrier height of H-transfer reactions (Chapter 7)
shows that polarity may affect the barrier height in the transfer process between
oxygen centered radical and various alkanes. In the case where polarity difference is
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present in the transition state, the application of Marcus equation is not appropriate
since it considers only the contribution of intrinsic barriers, thermodynamic reaction
energy and a cross term arising from parabolic treatment of the potential surfaces.
Information of other effects, such as the complexity of the transition state geometry
and polarity are absent in the Marcus equation.
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.
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| CHg CHs
q(H) = +0.023 q(H) = +0.048
q(4) = +0.072 q(6) = +0.035
q(10) = -0.095 q(10) = -0.084

Scheme 8.2: Mulliken charge on transferred hydrogen atom at B3LYP/6-31G(d) and on
the H-acceptor and H-donor.

Scheme 8.2 compiles the Mulliken charge analysis of the all transition states depicted
in Figures 8.2 and 8.3. The charge analysis shows that the transferred hydrogen atom
carries a significant positive charge in the transfer processes involving p-me-phenoxy
radical 7 and methane 6H or substrate model 4H. Furthermore the partial charge
difference between acceptor and donor is also observed in both cases. In contrast,
the transfer processes involving methylthiyl radical 10 and methyl radical 6 as H-
abstractor can be considered charge neutral. Surprisingly the calculation results
show that changing methane 6H to the SPL model substrate 4H as hydrogen donor
not only reduces the barrier height significantly (Figure 8.2), but now the barrier
height for the hydrogen abstraction by p-me-phenoxy radical 7 is lower by 5.4 kJ
mol~! than the barrier for the abstraction reaction by methylthiyl radical 10. The
Mulliken charge analysis of the transition states of betweeen SPL model substrate
4H and p-me-phenoxy radical 7, respectively 10, does not show any significant
difference to abstraction reaction from methane 6H. This implies that not only
polar effects play role here but also geometrical arrangement, which allows other
interaction that lowers the barrier between SPL model substrate 4H and p-me-
phenoxy radical 7. Taking this together the first hydrogen abstraction from the
SPL-substrate model 4H occurs very likely by methyl radical 6, followed by p-me-
phenoxy radical 7 and methylthiyl radical 10 as the least.
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Figure 8.5: Transtition states of the hydrogen transfer between p-me-phenoxy radical 7
and methane 6H, repectively SPL substrate 4H.
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Second step of the repair mechanism: The transition states of the second step
which closes the cycle will be again modeled by p-me-phenol 7H, methylthiol 10H
and methane 6H as hydrogen donors to the thymine radical 5 (Figure 8.6). The
abstraction process from methane 6H can be used as an approximation for the
regeneration of C5-adenosyl radical. Figure 8.6 shows that the thermodynamics of
the regeneration process of such a primary radical is not favorable.
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Figure 8.6: Reaction topology of the second H-atom transfer in the SPL repair mecha-
nism.

The alternative use of peptides as hydrogen donors in comparison has a better
thermodynamic driving force. Additionally, the kinetic barrier for the H-abstraction
from methane 6H by thymine radical 5 is very high (+137.1 kJ mol~!) and similar
to the H-abstraction by p-me-phenoxy radical 7 from SPL-substrate model 4H
(+139.3 kJ mol™). The free reaction energies of the abstraction processes from

139



Chapter 8 Barrier in Spore Photoproduct Lyase

p-me-phenol TH and methylthiol 10H at G3B3-level of theory amount to —18.8
kJ mol-t, and -15.3 kJ mol~!, respectively, which are slightly more negative when
compared to the previous results due to the entropy contribution. 1925 Nevertheless
the kinetic barrier of the latter two hydrogen transfer processes differ by 14.0 kJ
mol™! with the preference on methylthiol 10H as the hydrogen donor. Mulliken
charge analysis of the transition states between model substrate radical 5 and p-me-
phenol 7H, respectively methylthiol 10H, shows comparable results with the first
hydrogen transfer reaction in the repair mechanism (Scheme 8.3). Significant partial
charge difference between donor and acceptor is observed only in the transition state
between the model substrate radical 5 and p-me-phenol 10H.

Table 8.3: Free reaction energies (AGagg) at G3B3 level and reaction barriers (AG%QS)
at G3(MP2)-RAD level of the reactions shown in Figures 8.6.

AHaggs [kJ mol™]  AGggs [kJ mol™']  AHL, [kJ mol™!]  AGE, [kJ mol™]

5 + 6H +63.4 +53.7 +110.5 +137.1
5+ TH -8.0 -15.3 +42.5 +83.0
5 + 10H -12.9 -18.8 +31.2 +69.0
.H---CH JH---
- H 6: ,AH O - \CH3
—N/:/QO —Nngo ﬂ_:®\ —N;éo 1on
NH NH NH
o% o% o]
5 5 5
q(H) = +0.181 q(H) = +0.377 q(H) = +0.052
q(5) =-0.126 q(5) = -0.065 q(5) = +0.044
q(6) =-0.055 q(7) =-0.312 q(10) = -0.096

Scheme 8.3: Mulliken charge on transferred hydrogen atom at B3LYP/6-31G(d) and on
the H-acceptor and H-donor.

The analysis of the lowest transition states between 5 and 7H, which amounts
to +83.0 kJ mol™! at G3(MP2)-RAD level of theory, shows a stacking conforma-
tion between the aromatic rings of the two substrates (Figure 8.8). An alternative
non-stacked transition state can also be locaated and displays a barrier of +102.4
kJ mol-!, is +19.4 kJ mol~! higher than the stacked transition state. However it
should be noted here that the non-stacked transition state exhibits hydrogen bond-
ing interactions with a distance of 2.59 A between the ortho-hydrogen of the phenol
moiety and a carbonyl oxygen at C4 position of thymine radical 5 (Figure 8.8).
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Figure 8.7: Transtition states of the transfer between thymine radical 5 and methane

6H, repectively methylthiol 10H.
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Figure 8.8: Two conformations of the transtition states of the hydrogen transfer between
thymine radical 5 and p-me-phenol 7H.
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8.3 Conclusion

Our results suggests that the SPL repair process is initiatied by the adenosyl rad-
ical, which is generated from SAM. This process is thermodynamically exergonic
by -40.5 kJ/mol with a barrier of +73.4 kJ/mol. Subsequent C-C bond cleavage
and rearrangement yields thymine and thymine radical. The thymine radical then
abstracts a hydrogen atom from peptide side chain in the active site yielding the
respective peptide radicals. Both cysteine and tyrosine are possible candidates due
to similar S-H and O-H bond strengths. Calculation of barriers for the H-abstraction
from peptides using small models p-me-phenol 7H and methylthiol 10H shows a
clear preference for cysteine as hydrogen donor. Regeneration of the C5-adenosyl
radical is not favorable, both due to the high endergonic reaction energy and high
kinetic barrier. The catalytic cycle should thus be propagated by a pair of peptides
and peptide radicals. The first hydrogen abstraction from the photodimer will occur
by either a tyrosyl or a cysteinyl radical. Thermodynamically, the reaction is signifi-
cantly endergonic when compared to the initiation by the C5-adenosyl radical. Our
results show that the abstraction barrier by p-me-phenoxy radical 7 is slightly lower
than that by methylthiyl radical 10. This implies an interplay between cysteine
and tyrosine in the repair mechanism. The radical should be transferred back from
tyrosyl radical to cysteine in order to close the cycle. The thermodynamics of such
a transfer process, of course, is according to our data thermoneutral. Unfortunately
the Marcus analysis, cannot provide any information of the composition of the bar-
rier due to the complexity of substrate interaction in the transition states. Further
studies with larger systems using QM/MM may broaden the understanding of the
repair mechanism.

@) @)

0 0
HN NH SPL HNJﬁ/ \EJ\NH
| |
O)\’.\‘ N\/go e RNV
| |
R R

SAM
R R
C5'-Ado- X Tyr-O- X Cys-S-
C5*-AdoH Tyr-OH Cys-SH
o) o) o) o)
HN NH HN)j/ '\kaH
A Lk A LA
R R R

R

Figure 8.9: Repair mechanism of SPL. The initiation by the C5’-adenosyl radical is shown
in blue.
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e The enthalpies of hydrogen transfer reactions in the enzymatic radical reac-
tions have been computationally determined. The calculation shows that gly-
cyl 9, cysteinyl 13 and tyrosyl radicals have comparable radical stabilization
enthalpies. The stability of the C5-adenosyl radical 2, in contrast, resembles
that of a primary alkyl radical (Figure 9.1).

RSE (RO-) [kd/mol]

(0] L H H o
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Figure 9.1: Radical stability scale of relevant systems, which are often met in the enzy-
matic catalysis.

e Thermodynamically glycyl radical 9 is found to be the most stable C,-peptide
radical by far. The conformational analysis of the dipeptides and their respec-
tive open shells shows that the conformational energies vary strongly with the
variation of the peptide backbone. Additionally cis-peptide radicals are pre-
dicted to lie near to the global conformational minimum. Compared to other
peptide radicals the glycyl radical 9 possesses the broadest variation in the
radical stability scale (Figure 9.2).

e The C-H bond dissociation energies (BDE) of glycine and alanine have been
reevaluated. Our results show clearly that the choice of the theoretical method
and the choice of model system are essential in the determination of the bond
strength. Compared to elaborate methods such as G3(MP2)-RAD, G3B3 and
WI1RO, B3LYP with small basis sets predicts much too low bond dissociation
energies and underestimates steric effects. This becomes critical when the
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Figure 9.2: Distribution of radical stability of C,-peptide radicals at G3(MP2)-RAD.

dimension of the model systems is switched to larger models (systems 23H
and 24H) (Figure 9.3). In these cases B3LYP shows that alanine has lower
BDE than glycine since it underestimates the steric effects. Finally the choice
of reference systems is less critical when higher level theories are applied.
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Figure 9.3: Relative C,-H BDE between glycine and alanine at G3B3 level of theory

e The reaction energies of H-transfers in SAM-dependent enzymes have been
quantified using our radical stability data (Figure 9.4). SAM can act as co-
substrate, which is stoichiometrically used, or used in a catalytic fashion. The
reaction energies involving SAM as co-substrate are according to our results

149



Chapter 9 General Conclusion

always exothermic due to the reactivity of the SAM-derived Ch’-adenosyl radi-
cal 2. In contrast, when SAM is used in a catalytic fashion such as in LAM and
SPL, exothermic and endothermic reaction energies are coupled. The origi-
nally proposed SPL repair mechanism is very unlikely due to high endothermic
reaction energy of the second step (Figure 9.5). Involvement of peptide radi-
cals such as cysteinyl or tyrosyl radical as chain-propagator is more reasonable
to avoid enedothermicity of second step in the SPL repair mechanism. In RNA
methylating enzymes, the application of Ch’-adenosyl radical 2 to abstract a
hydrogen from adenine, either at C2 or C8, is not favorable, since o-radicals are
generally not stable. In this case alternative mechanism using sulfonium 31H,
respectively dimethyllthioether 32H, and sulfonium radical 31H, respectively
methylthiomethyl radical 32, are energetically more feasible.

— Sl (SPL, step 2) cystein radical

= +25.2 (SPL, step 1)

<
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£ o3 (SPL. step 2) adenosyl radical

>
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Figure 9.4: Thermodynamics of H-transfer reactions in SAM-dependent enzymes.

(@] o

o 0
HN NH SPL HN)ﬁ/ \ELNH
O)\N NAO OZ‘\N - N/&O
‘ R R R

SAM
R
C5'-Ado-
Step 1 j Step 2
C5'-AdoH
(o} (e}

o o

HN I\ltl HNH/ '\fLNH

O)\l}l/. N _— O)\N/ + ’}‘/go
R R R

e}

R

Figure 9.5: Originally proposed SPL repair mechanism.
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-200

The stabilities of oxygen-centered radicals have been calculated with various
methods. G3(MP2)-RAD, which is supposed to give thermodynamic reaction
energies accurately, has been shown to fail to predict the radical stability of
phenoxy radical and para-substituted phenoxy radicals (Figure 9.6: A). Dif-
ferent geometry optimization methods may vary the stability of phenoxy and
p-me-phenoxy radicals, but the effect of the geometry variation is shown only
to be minor. None of the geometry variations has yielded the correct stabil-
ity order between phenoxy and p-me-phenoxy radicals. The newly modified
G3(+2d,MP2)-RAD method has been shown to give similar results as G3B3.
Moreover it successfully predicts the effect of substituents at para-position of
phenoxy radical (Figure 9.6: B). Unfortunately G3(+2d,MP2)-RAD method
increases the computational effort substantially. Two approaches to reduce
the cost, G3(+2d,MP2,MP4)-RAD and LD-G3(+2d,MP2)-RAD have been
proposed. Both show good agreement with G3B3 and G3(+2d,MP2)-RAD
with much less CPU time (Figure 9.7).

1’
RSE G3(MP2)-RAD [kJ mol ] RSE G3(+2d,MP2)-RAD [kJ mol']

-150 -100 -50 0 -200 -150 -100 -50 0

[ Jow r] egeo 35y

Figure 9.6: Correlation of RSE between G3(MP2)-RAD, respectively G3(+2d,MP2)-

RAD,

and G3B3.
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Figure 9.7: Correlation of RSE between G3(+2d,MP2,MP4)-RAD, respectively LD-

G3(+2d,MP2)-RAD, and G3B3.

e The Marcus model has been shown to predict barriers of H-transfer reactions

between alkyl radicals successfully.

However, our results demonstrate that

the model exhibits limitations when predicting barrier between O-centered
radicals (or S-centered radicals) and alkyl radicals. One possible reason could
be strong polarization effects in the transfer process, which is reflected in the
charge distributions in the donor and acceptor sides (Figure 9.8).
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Figure 9.8: Difference in partial charges between the donor and the acceptor side in
hydrogen transfer reactions.

e The originally proposed mechanism of spore photoproduct lyase has been
shown to suffer from high endothermicity (or endergonicity) of the final step.
Crystal structure and analysis via mutagenesis demonstrate that proximal ty-
rosine and cysteine in the active site are directly involved in the repair mech-
anism. This is fully supported by our previous calculation and hypothesis,
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which have already predict the important role of peptides and peptide radi-
cals as an alternative to the desoxyadenosine and C5’-adenosyl radical. Ther-
modynamically both tyrosine and cysteine are equivalent due to similar O-H
and S-H bond strengths. The calculation of the H-transfer barriers, however,
shows a slight preference for tyrosyl radical as hydrogen abstractor in the first
step, and a clear preference for cysteine as hydrogen donor in the second step.
Taking this together our results are fully in line with the experimental results.
The C5’-adenosyl radical seems to be a proper initiator abstracting a hydrogen
from the SPL substrate in the first step. Rather than generating C5’-adenosyl
radicals at the end of the cycle, the best alternative, which is supported by
our calculations, is therefore the use of peptides and peptide radicals, which
will also continue the catalytic cycle. This is very surprising, since no SAM
enzyme-mediated radical reactions are known up to now to apply SAM as
initiator.
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Figure 9.9: Repair mechanism of sporephotoproduct lyase (SPL).
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A.1 Composite methods

The Gaussian theories (Gn-theories) are composite extrapolation procedures aiming
at accurate thermochemical properties. A general description of this methods can
be found in chapter 1 and 6 in this work. Here the exact formulas for the methods,
which were used in the projects, are summarized.

G3B3

Geometry optimization for G3B3 is done at B3LYP/6-31G(d), and the thermal
correction factor used is 0.960.

Etot(G3B3) = Etot(QCISD(T)/6‘31G(d>)
+AFE(+)
+ AE(2df,p)
+ AE(G3Large)
+HLC
+S0 (A.1)

With the basis set correction terms,

AE(+) = Byoy(MP4/6-31+G(d)) - Frot(MP4/6-31G(d)) (A.2)
AE(2df,p) = Eyor(MP4/6-31G(2df,p)) - Eyor(MP4/6-31G(d)) (A.3)

AE(G3Large) = Eyo (MP2(Full) /G3Large) — Fro(MP2/6-31G(2df,p))
— Buoo(MP2/6-31+G(d)) + Frot(MP2/6-31G(d)) (A.4)

SO is the spin-orbit correction for atoms. The higher level correction (HLC) for
G3B3 is defined as,
HLC = -Ang - B(n, —ng) (A.5)

ne and ng are the number of a-valence electrons and S-valence electrons. A and B
are parameters fitted to experimental data. For molecules: A = 6.760 mHartree and
B =3.233 mHartree. For atoms: A =6.786 mHartree and B = 1.269 mHartree.

G3(MP2)-RAD

Geometry optimization for G3(MP2)-RAD is done at B3LYP/6-31G(d), and the
thermal correction factor used is 0.9806.
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Eiot(G3(MP2)-RAD) = Eit(U(R)CCSD(T)/6-31G(d))
+ AE(G3MP2Large)
+HLC
+350 (A.6)

With the basis set correction terms,

AE(G3MP2Large) = Eio(ROMP2/G3MP2Large) — Eio(ROMP2/6-31G(d))
(A7)

SO is the spin-orbit correction for atoms. The higher level correction (HLC) for
G3(MP2)-RAD is defined as,

HLC = -Ang — B(n, —ng) (A.8)
nq and ng are the number of a-valence electrons and S-valence electrons. A and B
are parameters fitted to experimental data. For molecules: A =9.413 mHartree and
B =3.969 mHartree. For atoms: A =9.438 mHartree and B = 1.888 mHartree.
G3(+2d,MP2)-RAD
Geometry optimization for G3(+2d,MP2)-RAD is done at B3LYP/6-31G(d), and

the thermal correction factor used is 0.9086 (not optimized).

Fuot(G3(12d,MP2)-RAD) = Eioy (U(R)CCSD(T) /6-31 + G(2d))
+AE(+2d)
(A.9)

With the basis set correction terms,

AFE(+2d) = Byt (ROMP2/G3MP2Large) — Eio (ROMP2/6-31+G(2d))  (A.10)
No fitted HLC and SO have been optimized yet so far.
LD-G3(MP2)-RAD

Geometry optimization for LD-G3(+2d,MP2)-RAD (local density variant) is done at
B3LYP/6-31G(d), and the thermal correction factor used is 0.9086 (not optimized).
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Eior(LD-G3(+2d,MP2)-RAD) = Eyo, (LD-U(R)CCSD(T)/6-31+G(2d))
+ AE(LD,+2d)
(A.11)

With the basis set correction terms,

AE(LD,+2d) = Eyo (ROMP2/G3MP2Large) — Eyor(LD-ROMP2/6-31+G(2d))
(A.12)

No fitted HLC and SO have been optimized yet so far.
G3-RAD

Geometry optimization for G3-RAD is done at B3LYP/6-31G(d), and the thermal
correction factor used is 0.9806.

Eiot(G3-RAD) = Ei (U(R)CCSD(T) /6-31G(d))
+AE(+)
+ AFE(2df,p)
+ AFE(G3Large)
+HLC
+S0 (A.13)

With the basis set correction terms,

AE(+) = Eyoy(ROMP4/6-31 1 G(d)) - Eror(ROMP4/6-31G(d))  (A.14)
AE(2df,p) = Fiot (ROMP4/6-31G(2df,p)) — Eior (ROMP4/6-31G(d))  (A.15)

AE(G3Large) = Eiot(ROMP2(Full) /G3Large) — Ei.t (ROMP2/6-31G(2df,p))
- B0t (ROMP2/6-31+G(d)) + Eio (ROMP2/6-31G(d)) (A.16)

The basis set correction terms apply full cartesian type 6D 10F. SO is the spin-orbit
correction for atoms. The higher level correction (HLC) for G3-RAD is defined as,

HLC = -Ang — B(n, —ng) (A.17)

ne and ng are the number of a-valence electrons and S-valence electrons. A and B
are parameters fitted to experimental data. For molecules: A = 6.884 mHartree and
B =2.741 mHartree. For atoms: A =6.561 mHartree and B = 1.341 mHartree.
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G4 and G4-H

Geometry optimization for G4 and G4-5H is done at B3LYP/6-31G(2df,p), and the
thermal correction factor is 0.9854.

FEiot(G4) = Eioy (CCSD(T) /6-31G(d))
+AE(+)
+AE(2df,p)
+ AE(G3largeXP)
+ AE(HF)
+HLC
+50 (A.18)

With the basis set correction terms,

AE(+) = Eyor(MP4/6-311+ G(d)) - Eyor(MP4/6-31G(d)) (A.19)
AE(2df,p) = Fiot(MP4/6-31G(2df,p)) — Etot(MP4/6-31G(d)) (A.20)
AE(G3LargeXP) = Eio (MP2(Full) /G3LargeXP) — Eio (MP2/6-31G(2df,p))
— Bt (ROMP2/6-31+ G(d)) + Eior (ROMP2/6-31G(d))
(A.21)
AE(HF) = Byo(RHF /CBS) - Eyo;(RHF /G3LargeXP) (A.22)

Two points extrapolation style is applied for the calculation of RHF at complete
basis set limit (CBS).

Eiot(RHF /mod-aug-cc-pV5Z) — Eio (RHF /mod-aug-cc-pVQZ) - =163

Etot(RHF/CBS) = 1— 163

(A.23)

SO is the spin-orbit correction for atoms. The higher level corrections (HLC) for G4
are different for open-shells molecules and closed-shells molecules. For closed-shells:

HLC = -6.967 mHartree - ny,). (A.24)

For open-shells:

HLC = -7.128 mHartree - ng — 2.441 mHartree - (n, —np) (A.25)

n, and ng are the number of a-valence electrons and [-valence electrons. ny,. is
the number of valence electron pairs. For atoms the HLC is defined as,
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HLC = -7.116 mHartree - ng — 1.414 mHartree - (n, —np) (A.26)

G4-5H is a variant of G4, whose closed-shells and open-shells HL.Cs are identical.
G4(MP2)

Geometry optimization for G4(MP2) is done at B3LYP /6-31G(2df,p), and the ther-
mal correction factor used is 0.9854.

Fror (G4(MP2)) = Eyo,(CCSD(T) /6-31G(d))
+ AE(G3MP2largeXP)
+ AFE(HF)
+HLC
+50 (A.27)

With the basis set correction terms,

AFE(G3MP2LargeXP) = Eio (MP2/G3MP2LargeXP) — Eio (MP2/6-31G(2df,p))
(A.28)

AE(HF) = Eyo,(RHF/CBS) — Eyor(RHF /G3MP2LargeXP)  (A.29)

Two points extrapolation style is applied for the calculation of RHF at complete
basis set limit (CBS).

Eiot(RHF /mod-aug-cc-pVQZ) - Eio (RHF /mod-aug-cc-pVTZ) - e~1:63
1 —¢e1.63

Etot(RHF/CBS) =
(A.30)
SO is the spin-orbit correction for atoms. The higher level corrections (HLC) for

G4(MP2) are different for open-shells molecules and closed-shells molecules. For
closed-shells:

HLC = -9.472 mHartree - n,). (A.31)

For open-shells:

HLC = -9.769 mHartree - ng — 3.102 mHartree - (n, —np) (A.32)

n, and ng are the number of a-valence electrons and [-valence electrons. ny,. is
the number of valence electron pairs. For atoms the HLC is defined as,
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HLC = -9.741 mHartree - ng — 2.115 mHartree - (n, — ng) (A.33)

WI1RO

The geometry is optimized at B3LYP/cc-pVTZ+1 level. Frequency is scaled by
0.986. The ROCCSD applies restricted open-shells wavefunction for the CCSD(T)
calculation. Scalar relativistic calculation is performed at improved models.

Eiot(W1RO) = Eo(RHF /CBS)
+ E(COR,CCSD,CBS)
+ F(COR,T,CBS)
+ E(CV,DKH)
(A.34)

The calculation of RHF at infinite basis set is using two points extrapolation scheme.

Eiot(RHF /AVQZ) - Eior(RHF /AVTZ)

Eiot(RHF/CBS) = Eios(RHF /AVQZ) + (4/35 -1

(A.35)

CCSD correlation energy and the perturbative triples correlation energy at CBS are
estimated by using also two points extrapolation scheme.

Etot(COR,,CCSD,CBS) = Etot(COR,CCSD,AVTZ)
. Bior(COR,CCSD,AVTZ) — Bt (COR,CCSD,AVDZ)
(4/3)3.22 -1

(A.36)

Etot(COR,T,CBS) = Etot(COR,,T,AVTZ)
, Bior(COR,T.AVTZ) - Eioi (COR,T,AVDZ)
(3272 -1

(A.37)

Relativistic effect and core-valence correlation are computed by the Douglas-Kroll-
Hess approximation at CCSD(T) level.

Eit(CV,DKF) = Eot (CCSD(T,Full)/MTsmall/dkh) — Eiot (CCSD(T)/MTsmall)
(A.38)
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Supplementary information for chapter 2

Table B.1: Hgygg in a.u. of calculated systems at various level of theory.

System Hogg* Hooq* Hys
ROMP2/6-311+G(3df 2p) G3(MP2)-RAD G3B3
la -885.8095616 -886.3897182 n.a
1c -885.7983957
1b -885.8024874
1Ha -886.4662887 -887.0522407 n.a.
1HDb -886.4573884 -887.0436679 n.a.
11 (Boltzmann) -454.8935250 -455.8493335 -455.572847
11 (best conf.) -454.8938081 -455.8496671
11H (Boltzmann) -455.5239405 -455.2124633 -456.209009
11H (best conf.) -455.5242836 -455.2127203
2 -39.6983648 -39.7518773 -39.6983648
2H -40.3573882 -40.4169999 -40.3573882
12 -306.1067562 -306.3440991 -306.1067562
12H -306.7373021 -306.9722151 -306.7373021
13 -345.3033673 -345.5773961 -345.880743
13H -345.931822 -346.2081323 -346.518361
3H -75.6062104 -75.6514326 -75.6062104
3 -76.2935664 -76.3388650 -76.2935664
14a -700.2659624 -700.5341854 -701.069795
14b -700.2627431 -700.5313325
14H a -700.8975204 -701.1734034 -701.707940
14H b -700.8955211 -701.1713174
17 -437.4276964 -437.5379578 -437.863325
17H -438.0565292 -438.1748149 -438.499110
4 -398.2386425 -398.2970556 -398.593338
4H -398.8742985 -398.9408183 -399.236045
6a -420.6211122 -420.9165186 -421.236568
6b -420.6209188 -420.9163047
6H a -421.2791724 -421.5801737 -421.899866
6H b -421.2788240 -421.5799681
6H ¢ -421.2777345 -421.5788272
16 (Boltzmann) -891.7999841 -892.2080758 n.a.
16 (Best conf.) -891.8002669 -892.2082891 n.a.
16H (Boltzmann) -892.4313403 -892.8467176 n.a.
16H (Best conf.) -892.4314506 -892.8468226 n.a.
18 -491.74675420 -492.0763724 -492.4751940
18H -492.38330300 -492.7168535 -493.1159464
19 -532.1113102 -532.4974175 -532.9385613
19H -532.7539920 -533.1450352 -533.5783865
 Scaling factor 0.9806
® Scaling factor 0.960
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Supplementary information for chapter 3

Computational details

For the larger closed-shell systems the conformational space has been searched using
the MM3 force field and the systematic search routine implemented in the TINKER
program suite.!l The structures for radicals were then build from those of the re-
spective closed-shell parents. All structures were subsequently reoptimized at the
(U)B3LYP/6-31G(d) level of theory. Thermal corrections to enthalpies at 298.15 K
have been calculated at this same level of theory using the rigid rotor /harmonic os-
cillator model and a scale factor of 0.9806. Refined energies have then been obtained
using the G3(MP2)-RAD model developed by Radom et al.[23! For selected smaller
systems evaluation of stability data was also possible at G3B3 level.[4l Combination
of the results for smaller systems at G3B3 level with those obtained for larger sys-
tems at G3(MP2)-RAD level allows for improved predictions for the larger systems
using a IMOMO(G3B3,G3(MP2)-RAD) scheme. 56 The core regions described in
this latter model at G3B3 level are the glycyl radical 8 for all C-centered peptide
radicals, phenoxy radical 21 for tyrosyl radical 14, and methylthiyl radical 22 for
cysteinyl radical 15. The URCCSD(T) calculations required in the G3(MP2)-RAD
method have been performed with the MOLPRO 2006.1 program package, " and all
other calculations have been performed using Gaussian 03, D01.18] All calculations
have been performed in the gas phase.
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Table B.2: Conformational enthalpies AHogg re1 of dipeptide radicals and their respective
closed-shell parent systems at G3(MP2)-RAD level in kJ/mol (complete list).

e B R A
C, -82.2 68.6 Trans-Trans +0.0
Cs 180.0 180.0 Trans-Trans +4.2
Cs -179.9 -179.8 Trans-Cis +10.7
Ba(a’) -122.7 21.8 Trans-Trans +11.5
H jj\ agr(ay) -94.5 -1.7 Cis-Trans +16.5
\If N~ C, -93.9 117.4 Trans-Cis +19.6
o) H Cs 180.0 180.0 Cis-Trans +23.7
8H B(ap) -74.9 -151.7 Cis-Trans +27.0
Cs 179.7 179.5 Cis-Cis +30.3
ar(o) -70.0 -43.4 Trans-Cis +38.8
ar(o) -77.0 -70.8 Cis-Cis +38.9
Ba(a”) -152.3 64.9 Cis-Cis +41.6
Cs 180.0 180.0 Trans-Trans +0.0
Cs 179.9 179.5 Trans-Cis +6.0
Cs 180.0 180.0 Cis-Trans +10.3
Cs 180.0 180.0 Cis-Cis +13.6
H © Ba(ct’) -176.4 149 | Trans-Trans +26.7
\n/N.QJ\N/ Ba(a) -173.9 13.6 Cis-Trans +27.4
o H C, 5.4 0.6 Trans-Trans +31.4
8 B(op) -38.1 174.2 Cis-Trans +38.8
Ba(a’) 179.5 17.5 Trans-Cis +41.4
Ba(a”) -179.5 18 Cis-Cis +43.4
ar(o) -55.9 -12.1 Cis-Trans +44.3
B(op) -42.5 163.2 Trans-Cis +57.1
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Creq. -82.9 72.9 Trans-Trans +0.0
Cs -158.1 164.1 Trans-Trans +6.1
Crax. 72.8 -56.3 Trans-Trans +9.8
B2 126.7 20.9 Trans-Trans +14.3
Cs -157.1 158.7 Trans-Cis +15.8
OR -94.1 -4.0 Cis-Trans +18.8
oL 68.2 26.8 Trans-Trans +19.5
Creq -96.5 111.6 Trans-Cis +20.4
o’ -169.1 -39.3 Trans-Trans +26.8
Cs -151.1 150.6 Cis-Trans +27.8
oL 74.5 26.1 Cis-Trans +29.0
o’ -80.0 -92.6 Cis-Trans +34.4
Cs -150.0 153.7 Cis-Cis +37.8
oL 52.4 533 Trans-Cis +40.2
OR -65.7 -37.1 Trans-Cis +40.5
B2 -151.8 88.2 Cis-Cis +40.7
R -66.7 -42.0 Cis-Cis +41.6
o’ -161.0 -45.8 Trans-Cis +44.8
oL 59.6 59.8 Cis-Cis +45.3
Crax. 111.3 -56.1 Trans-Cis +48.2
Cs 180.0 180.0 Trans-Trans +0.0
C; -31.9 6.5 Trans-Trans +17.4
Ba(a’) -167.7 15.2 Trans-Trans +17.7
Cs -170.6 177.1 Cis-Trans +18.6
Cs -175.1 172.8 Trans-Cis +19.3
ag(or) -62.5 -10.9 Cis-Trans +26.2
B(ap) -37.2 168.4 Cis-Trans +28.7
Ba2(a’) -173.8 15.5 Trans-Cis +31.8
Cs -169.6 173.4 Cis-Cis +37.7
ar(ay) -46.6 -23.9 Cis-Cis +41.3
Ba2(a’) -168.6 16.7 Cis-Cis +41.8
B(op) -43.0 150.1 Trans-Cis +45.2
ag(or) -31.5 -40.6 Trans-Cis +45.5
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Cs -158.7 170.8 Trans-Trans +0.0

Creq. -82.8 78.2 Trans-Trans +2.8

B2 -122.4 19.5 Trans-Trans +5.7

Crax. 72.3 -54.9 Trans-Trans +6.3

Creq. -108.0 7.4 Cis-Trans +14.7

Cs -155.5 162.0 Trans-Cis +16.3

o’ -174.6 -32.1 Trans-Trans +18.0

B2 -133.2 15.1 Cis-Trans +17.5

H 9 Cs -133.5 1427 Cis-Trans +22.1
WN N B2 -125.2 58.5 Trans-Cis +22.8
o H Creq -99.2 109.9 Trans-Cis +24.2
or 49.4 434 Trans-Trans +25.6

oL 69.9 35.6 Cis-Trans +28.3

10H OH OR -81.8 -27.0 Cis-Trans +30.2
ar 51.5 50.2 Trans-Cis +35.8

Cs -145.0 159.6 Cis-Cis +41.0

oL 61.2 60.1 Cis-Cis +43.5

B2 -143.5 46.8 Cis-Cis +43.6

R -72.9 -38.4 Cis-Cis +44.7

OR -55.2 -49.1 Trans-Cis +48.9

o’ -157.6 -59.3 Trans-Cis +49.1
Crax. 101.3 -77.4 Trans-Cis +54.7

Cs -170.3 177.2 Trans-Trans +0.0
C, 40.6 -19.3 Trans-Trans +14.6

0 Ba(a’) -165.0 17.7 Trans-Trans +18.1
N Cs 171.1 -178.4 Cis-Trans +21.0
\[( N Cs -171.6 172.4 Trans-Cis +25.6
(0] agr(or) -61.8 -14.6 Cis-Trans +26.9
Ba2(a’) -168.5 18.6 Trans-Cis +33.0
10 ag(or) -47.5 -25.5 Cis-Cis +42.2
OH Cs -170.2 -167.2 Cis-Cis +43.0
ar(a) -28.5 -47.0 Trans-Cis +44.5
Ba2(a’) -166.5 21.3 Cis-Cis +48.2
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Creq. -82.5 66.0 Trans-Trans +0.0

C; -160.4 173.0 Trans-Trans +8.7

Coax. 75.6 -54.9 Trans-Trans +18.6

B, -131.9 258 Trans-Trans +19.2
B, -125.5 62.4 Trans-Cis +23.4

oL 68.0 26.3 Trans-Trans +23.7

B, -126.3 194 Cis-Trans +24.0

Cs -155.5 1334 Trans-Cis +27.0

o’ -161.6 -40.2 Trans-Trans +30.1

§ -111.7 150.6 Trans-Cis +30.7

H 0 Creq -94.9 1174 Trans-Cis +31.8
\ffN\ﬁLN/ C, -149.0 162.5 Cis-Trans +35.0
0 H Creq -106.2 7.3 Cis-Trans +35.4
SH § -118.8 141.6 Cis-Trans +36.1

o 71.3 28.0 Cis-Trans +36.3

11H Og -79.1 -36.6 Cis-Trans +44.1

C; -120.2 150.4 Cis-Cis +46.0

B, -145.0 52.6 Cis-Cis +47.9

oy 54.9 51.6 Trans-Cis +49.2

o’ -146.0 -49.8 Cis-Trans +53.8

§ -116.9 147.5 Cis-Cis +55.7

o’ -154.7 -54.2 Trans-Cis +55.9

o 56.6 60.1 Cis-Cis +56.2

Og -63.7 -36.5 Trans-Cis +57.5

og -68.7 -37.0 Cis-Cis +59.9

Crax. 110.7 -49.6 Trans-Cis +61.2

C; -168.3 172.2 Trans-Trans +0.0

C, -38.7 16.6 Trans-Trans +16.4

C; -178.0 1732 Trans-Cis +21.0

H O Ba(a’) -172.1 16.6 Trans-Trans +23.4
N - C; -177.0 171.6 Cis-Trans +26.8
\H/ \ﬁ‘\ H ar(ar) -63.3 -89 Cis-Trans +31.8
0 SH Ba(c’) -154.7 18.5 Cis-Trans +32.2
B,(a”) -172.8 21.6 Trans-Cis +37.0

11 ar(ar) -24.9 -51.0 Trans-Cis +46.9
ar(ar) -47.9 -22.1 Cis-Cis +47.3

Ba(c’) -162.9 26.7 Cis-Cis +50.1

C; 170.3 174.9 Cis-Cis +53.6
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Cs -159.0 170.8 Trans-Trans +0.0
Creq. -82.8 78.8 Trans-Trans +3.0
B2 -120.6 17.6 Trans-Trans +5.7
Crax. 76.2 -54.9 Trans-Trans +5.8
Cs -158.7 140.4 Trans-Cis +11.0
Creq -102.4 6.9 Cis-Trans +14.5
o’ -132.3 15.2 Cis-Trans +17.8
B2 -125.2 57.2 Trans-Cis +23.3
H (0] Creq. -99.7 110.1 Trans-Cis +24.7
N - B2 -172.6 -33.5 Trans-Trans +17.7
\W H oL 49.0 44.1 Trans-Trans +24.5
o oL 69.5 354 Cis-Trans +28.2
OR -81.4 -27.6 Cis-Trans +29.9
12H Cs -145.8 161.8 Cis-Trans +30.1
Cs -131.6 149.2 Cis-Cis +33.7
oL 50.8 53.9 Trans-Cis +34.9
oL 60.6 60.3 Cis-Cis +40.5
B2 -142.6 422 Cis-Cis +41.1
R -72.8 -37.7 Cis-Cis +41.3
o’ -156.8 -50.2 Trans-Cis +48.0
OR -58.2 -47.9 Trans-Cis +49.1
Crax. 101.0 -77.5 Trans-Cis +54.4
Cs -171.7 177.3 Trans-Trans +0.0
C, 40.0 -18.2 Trans-Trans +15.0
o Ba(a”) -164.5 17.6 Trans-Trans +18.3
H . _ Cs 170.8 -178.2 Cis-Trans +21.0
W H ag(or) -62.0 -14.3 Cis-Trans +26.9
(0] Cs 175.0 177.4 Trans-Cis +28.4
Ba(a’) -167.9 18.7 Trans-Cis +33.5
12 ar(ay) -47.4 -25.5 Cis-Cis +41.7
Cs -169.2 167.2 Cis-Cis +43.5
ar(ar) -30.3 -41.1 Trans-Cis +46.0
Ba(a’) -166.2 21.3 Cis-Cis +48.2
(0] Creq. -84.0 71.0 Trans-Trans +0.0
Y 0 OR -93.0 -1.8 Cis-Trans +11.9
MN - B -74.0 144.5 Cis-Trans +23.9
H B -76.9 123.9 Cis-Cis +24.6
13H B -71.2 163.2 Trans-Cis +33.9
OY 0 C, -26.4 2.2 Trans-Trans +0.0
N P B(o) -40.9 171.9 Cis-Trans +4.3
d N or(ar) -54.8 9.8 Cis-Trans +8.4
B(op) -41.5 167.3 Cis-Cis +16.3
13 B(op) -44.8 159.0 Trans-Cis +31.8
System H,os G3(MP2)RAD
CH, -40.4169999
*CH, -39.7518773
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Table B.3: RSE values of conformationally restricted dipeptide radicals at G3(MP2)-
RAD level in kJ/mol (complete list).

System Backbone Peptide bond RSE
geometry conformations [kJ/mol]

C, Trans-Trans -42.6

OR Cis-Trans -46.0

(0] B2 Trans-Trans -58.8

\[(H\)J\N/ B Cis-Trans -62.1

o : H B2 Cis-Cis -72.2

Cs Trans-Trans -78.2

8 Cs Trans-Cis -79.6

Cs Cis-Trans -87.4

Cs Cis-Cis -90.7

C; Trans-Trans -47.4

R Cis-Trans -57.4

oL Trans-Cis -59.4

OR Trans-Cis -59.7

Cs Trans-Cis -61.3

H o B2 Trans-Trans -61.4

YNj)LN/ B2 Cis-Cis -63.7

o H Cs Cis-Cis -64.9

OR Cis-Cis -65.1

9 aL Cis-Trans -67.5

aL Cis-Cis -68.7

Cs Trans-Trans -70.9

o Trans-Trans -73.9

Cs Cis-Trans -73.9

o Trans-Cis -77.8

B2 Trans-Trans -55.7

C; Trans-Trans -56.3

B2 Trans-Cis -57.9

Cs Trans-Cis -59.3

aL Trans-Cis -59.4

H 9 B, Cis-Cis -63.5

YN NN Cs Cis-Cis -66.1

o H o Trans-Trans -68.0

Cs Trans-Trans -68.1

aL Cis-Cis -69.4

10 OH oL Cis-Trans -69.5

Cs Cis-Trans -70.4

OR Cis-Cis -70.6

OR Cis-Trans -71.4

OR Trans-Cis -72.5

o Trans-Cis -84.2




C, Trans-Trans -48.3

B2 Cis-Trans -56.4

Cs Cis-Cis -57.0

B2 Trans-Trans -60.5

B2 Cis-Cis -62.5

oL Trans-Cis -66.0

H o) oy Cis-Trans -69.2
WN\-ﬁJ\N/ Cs Trans-Cis -70.7
o H o Trans-Trans -71.4
SH Cs Cis-Trans -72.9

Cs Trans-Trans -73.4

11 o Cis-Cis -73.6

OR Trans-Cis -75.2

OR Cis-Trans -77.0

R Cis-Cis -77.2

B2 Trans-Cis -81.4

o Trans-Cis -83.5

o Cis-Trans -86.2

[e) B Trans-Cis -39.1
T\l/ Q C; Trans-Trans -46.3
<j.)k N~ OR Cis-Trans -49.8
H B Cis-Cis -63.8

13 B Cis-Trans -65.9

Table B.4: Conformational enthalpies Hogg of glycine dipeptide radicals and their respec-
tive closed-shell parent systems at G3(MP2)-RAD level in kJ/mol (complete list).

Backbone Peptide bond H,ys G3(MP2)RAD
Systems .
geometry conformations

C; Trans-Trans -455.8496671
Cs Trans-Trans -455.8480607
Cs Trans-Cis -455.8456046
o Ba(a’) Trans-Trans -455.8452950
H\)}\ ar(or) Cis-Trans -455.8433928
g N~ C; Trans-Cis -455.8421975
o) H Cs Cis-Trans -455.8406313
B(ap) Cis-Trans -455.8394035
8H Cs Cis-Cis -455.8381207
ar(or) Trans-Cis -455.8348896
ag(ar) Cis-Cis -455.8348340
Ba(a”) Cis-Cis -455.8338319
Cs Trans-Trans -455.2127203
Cs Trans-Cis -455.2104202
Cs Cis-Trans -455.2088008
0 Cs Cis-Cis -455.2075282
H \)J\ Ba(a’) Trans-Trans -455.2025543
N NN Ba(ar)) Cis-Trans -455.2022851
o H C, Trans-Trans -455.2007780
8 B(ap) Cis-Trans -455.1979359
Ba(a”) Trans-Cis -455.1969383
Ba(a”) Cis-Cis -455.1962031
ag(or) Cis-Trans -455.1957964
B(ap) Trans-Cis -455.1909809
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Table B.5: Conformational enthalpies Hogg of alanine dipeptide radicals and their respec-
tive closed-shell parent systems at G3(MP2)-RAD level in kJ/mol (complete list).

Backbone Peptide bond Hyos G3(MP2)RAD
Systems .
geometry conformations
Creq. Trans-Trans -495.0879664
Cs Trans-Trans -495.0856290
Crax. Trans-Trans -495.0842540
B2 Trans-Trans -495.0825223
Cs Trans-Cis -495.0819643
OR Cis-Trans -495.0808073
oL Trans-Trans -495.0805354
0 Creq. Trans-Cis -495.0802090
H P o’ Trans-Trans -495.0777641
N7 W)L” Cs Cis-Trans -495.0773833
0 ar Cis-Trans -495.0769348
o’ Cis-Trans -495.0748829
9H Cs Cis-Cis -495.0735716
oL Trans-Cis -495.0726734
OR Trans-Cis -495.0725548
B2 Cis-Cis -495.0724790
R Cis-Cis -495.0721085
o’ Trans-Cis -495.0709082
oL Cis-Cis -495.0707196
Crax. Trans-Cis -495.0696237
Cs Trans-Trans -494 4475184
C, Trans-Trans -494.4409077
Ba(a’) Trans-Trans -494.4407734
Cs Cis-Trans -494 4404175
H 9 Cs Trans-Cis -494 4401775
YN j)LN/ ar(ar) Cis-Trans -494 4375304
H B(ap) Cis-Trans -494 4366020
© B2(a’) Trans-Cis -494 4354063
9 Cs Cis-Cis -494 4331778
ar(ar) Cis-Cis -494 4317735
B2(c’) Cis-Cis -494 4316033
B(ap) Trans-Cis -494.4302934
ar(ar) Trans-Cis -494 4301827




Table B.6: Conformational enthalpies Hogg of tyrosine dipeptide radicals and their re-
spective closed-shell parent systems at G3(MP2)-RAD level in kJ/mol (complete list).

Backbone Peptide bond H,os G3(MP2)RAD
Systems .
geometry conformations
Cs Trans-Trans -800.8873015
Creq. Trans-Trans -800.8862296
B2 Trans-Trans -800.8851417
Crax. Trans-Trans -800.8849001
Creq. Cis-Trans -800.8817176
Cs Trans-Cis -800.8809273
o’ Trans-Trans -800.8804491
B2 Cis-Trans -800.8806294
H 9 Cs Cis-Trans -800.8784240
W N N~ B> Trans-Cis -800.8786087
o H Creq Trans-Cis -800.8780847
oL Trans-Trans -800.8775671
oL Cis-Trans -800.8765260
10H OH R Cis-Trans -800.8758168
oy Trans-Cis -800.8736588
Cs Cis-Cis -800.8717021
aL Cis-Cis -800.8707446
B2 Cis-Cis -800.8706835
oR Cis-Cis -800.8702839
R Trans-Cis -800.8686683
o’ Trans-Cis -800.8686013
Crax. Trans-Cis -800.8664636
Cs Trans-Trans -800.2481158
C, Trans-Trans -800.2425384
o) Ba(a’) Trans-Trans -800.2412316
Nl Cs Ciis-Trans -800.2401053
N N Cs Trans-Cis -800.2383832
0) or(o) Cis-Trans -800.2378675
Ba(a’) Trans-Cis -800.2355364
10 ar(o) Cis-Cis -800.2320405
OH Cs Cis-Cis -800.2317547
ag(or) Trans-Cis -800.2311608
Ba2(a”) Cis-Cis -800.2297530




Table B.7: Conformational enthalpies Hogg of cysteine dipeptide radicals and their re-
spective closed-shell parent systems at G3(MP2)-RAD level in kJ/mol (complete list).

Backbone Peptide bond Hygs G3(MP2)RAD
Systems .
geometry conformations
Creq. Trans-Trans -892.8468226
C; Trans-Trans -892.8435077
Crax. Trans-Trans -892.8397246
B, Trans-Trans -892.8394998
B, Trans-Cis -892.8379065
o Trans-Trans -892.8377853
B, Cis-Trans -892.8376956
C; Trans-Cis -892.8365372
o’ Trans-Trans -892.8353759
B Trans-Cis -892.8351431
H 9 Creq. Trans-Cis -892.8347088
YN%N/ Cs Cis-Trans -892.8334901
o H Creq. Cis-Trans -892.8333525
SH B Cis-Trans -892.8330763
oL Cis-Trans -892.8330043
11H O Cis-Trans -892.8300247
Cs Cis-Cis -892.8293024
B2 Cis-Cis -892.8285914
o Trans-Cis -892.8280694
o’ Cis-Trans -892.8263501
p Cis-Cis -892.8256232
o’ Trans-Cis -892.8255471
o Cis-Cis -892.8254037
OR Trans-Cis -892.8249319
Og Cis-Cis -892.8240277
Corax. Trans-Cis -892.8235052
C; Trans-Trans -892.2063314
C, Trans-Trans -892.2001000
Cs Trans-Cis -892.1983382
H 9 By(a) Trans-Trans -892.1974346
YN%N/ C; Cis-Trans -892.1961289
H ag(or) Cis-Trans -892.1942372
° g4 By(c) Cis-Trans -892.1940527
Ba(ct’) Trans-Cis -892.1922316
11 ar(ar) Trans-Cis -892.1884520
ar(ar) Cis-Cis -892.1883199
Ba(c’) Cis-Cis -892.1872542
C; Cis-Cis -892.1859060




Table B.8: Conformational enthalpies Hogg of phenylalanine dipeptide radicals and their
respective closed-shell parent systems at G3(MP2)-RAD level in kJ/mol (complete list).

Backbone Peptide bond Ha,ys G3(MP2)RAD
Systems .
geometry conformations
Cs Trans-Trans -725.7383683
Creq. Trans-Trans -725.7372180
B2 Trans-Trans -725.7361877
Crax. Trans-Trans -725.7361493
Cs Trans-Cis -725.7341815
Creq. Cis-Trans -725.7328575
o’ Trans-Trans -725.7316465
B2 Cis-Trans -725.7315880
H 9 Creq. Trans-Cis -725.7294898
Y N N~ B2 Trans-Cis -725.7293348
H oL Trans-Trans -725.7290321
© o Cis-Trans 7257276283
OR Cis-Trans -725.7269664
12H Cs Cis-Trans -725.7268907
Cs Cis-Cis -725.7255501
oL Trans-Cis -725.7250590
oL Cis-Cis -725.7217933
B2 Cis-Cis -725.7215574
R Cis-Cis -725.7214784
o’ Trans-Cis -725.7200690
OR Trans-Cis -725.7196756
Crax. Trans-Cis -725.7176561
Cs Trans-Trans -725.0992692
C, Trans-Trans -725.0935482
0 Ba(a’) Trans-Trans -725.0923122
H . P Cs Cis-Trans -725.0912683
\H/ N ag(or) Cis-Trans -725.0890104
(e} Cs Trans-Cis -725.0884427
Ba(a’) Trans-Cis -725.0865069
ar(o) Cis-Cis -725.0834016
12 Cs Cis-Cis -725.0826994
ar(ar) Trans-Cis -725.0817630
Ba(a’) Cis-Cis -725.0809066

Table B.9: Conformational enthalpies Hogg of proline dipeptide radicals and their respec-
tive closed-shell parent systems at G3(MP2)-RAD level in kJ/mol (complete list).

Systems Backbone Peptide bond H,55 G3(MP2)RAD
geometry conformations
OY o Creq. Trans-Trans -572.3627496
OR Cis-Trans -572.3582267
<NJ)LN - § Cis-Trans -572.3536381
H B Cis-Cis -572.3533720
B Trans-Cis -572.3498476
13H
) 0 C, Trans-Trans -571.7152625
B(ap) Cis-Trans -571.7136126
<Nj.)L N ar(ar) Cis-Trans -571.7120599
H B(otp) Cis-Cis -571.7090401
13 B(ap) Trans-Cis -571.7031512
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Supplementary information for chapter 4

Table B.10: Rate constants for hydrogen abstraction by thiyl radicals 12 and BDE(C,-H)
values for selected peptide models.

System Rate constant C-H BDE (G3B3) C-H BDE (B3LYP/6-31G(d))

M s [kJ/mol] [kJ/mol]
6H_a 8.0x 10 +359.2° +341.0
N-Ac-Gly-NH,  3.2x10* +363.8° (2H_a) +337.7 (2H_a)
N-Ac-Ala-NH,  1.0x10* +372.3° (2H_b) +340.4 (2H_b)
N-Ac-Pro-NH,  0.18 x 10 +391.5° (Proline)® +364.6 (Proline)®

2 G3B3; P IMOMO(G3B3/G3(MP2)-RAD); < Taken from ref. 3.

6.00 -

R*=0.974

5.00 4

4,00 A

3.00 -

log k

Proline
2.00 A

1.00 A

0.00 T T T T T T T !
355 360 365 370 375 380 385 350 395

Co:-H BDE [kl/mol]

6.00
R?=0.710

log k
w
o
o

Proline

335 340 345 350 355 360 365 370

Co.-H BDE [kJ/mol]
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Table B.11: Complete list of C,-H BDE of peptides, amino acids and anhydrides with
different reference systems and theoretical methods.

Reference C-H BDE of System BDE Ca-H BDE Ca-H BDE Ca-H
reference B3LYPa2 G3(MP2)-RAD G3B3 or IMOMO
CH4 /*CH3 +439.3 + 0.4 (exp.) 2H.a +337.7 +365.2 +363.8
2H_b +340.4 +373.8 +372.3b
3H_a +338.9 +363.4 +361.7
3H b +338.3 +369.7 +368.1
4H_a +331.2 +353.7 +351.6
4H_b +325.6 +352.2 +349.4
5H_a +320.5 +343.5 +340.3
5H_b +308.5 +336.8 +332.9
6H_a +341.0 +361.4 +359.2
6H_b +324.7 +351.6 +349.2
CH3NHz/ *CH2NHz ~ +392.9 + 8.4 (exp.) 2H.a +347.2 +363.7 +364.3
+383.4 (B3LYP)c 2H b +350.0 +372.3 +372.8b
+394.4 (G3(MP2)-
RAD)c
+392.4 (G3B3)¢ 3H.a +348.1 +361.9 +362.0
3Hob +348.1 +368.2 +368.6
4H_a +341.3 +352.3 +352.1
4H_b +335.5 +350.7 +349.9
5H_a +330.2 +342.0 +340.8
5H_b +318.2 +335.3 +333.4
6H_a +350.5 +359.9 +359.7
6H_b +334.2 +350.1 +349.7
CHsCHCHz / +368.6 + 2.9 (exp.) 2H.a +350.3 +366.3 +363.6
*CH2CHCH:2 +335.9 (B3LYP)¢c 2H_b +353.1 +374.9 +372.1b
+367.3 (G3(MP2)-
RAD)c
+368.8 (G3B3)c 3H_a +351.3 +364.5 +361.3
3H b +351.3 +370.8 +367.9
4H_a +344.4 +354.8 +351.4
4H_b +338.6 +353.2 +349.2
5H_a +333.3 +344.6 +340.1
5H_b +321.3 +337.9 +332.7
6H_a +353.6 +362.5 +359.0
6H_b +337.3 +352.7 +349.2
5H_a/5_a +331.0d 2H_a +348.3 +352.7 +354.5
2H_b +351.0 +361.3 +362.7b
3H.a +349.4 +350.8 +352.2
3H.a +348.9 +353.4 +350.4
(Cs)
3H b +348.8 +357.2 +358.8
3H b +344.8 +357.1 +354.5
(Cs)
4H_a +341.8 +341.2 +342.3
4H_b +336.2 +339.7 +340.1
6H_a +351.5 +348.9 +349.9
6H_b +335.3 +339.1 +339.9
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Supplementary information for chapter 5

Computational details

The Gaussian theories (G2, G3 and G4) are developed to determine correct reaction
energies within an error threshold of 1 kcal /mol to the experimental data or to higher
theoretical methods. One of the most popular G3-method is G3B3. It contains a cal-
culation at the highly correlated QCISD(T) level of theory and three separated basis
set correction terms. G3(MP2)-RAD belongs to the G3-theories, which is specially
designed to predict accurate thermochemistry for open shell structures. Different
from G3B3, the QCISD(T) caalculation in G3(MP2)-RAD is replaced by a more
consistent coupled cluster calculation and it has only a single basis set correction
term. G3(+2d,MP2)-RAD is a minor variation to G3(MP2)-RAD by scaling down
the basis set correction term, and a simultaneous scaling up of the coupled cluster
part. The double-( basis set is extended through addition of a d-polarization func-
tion and a diffusefunction. In summary, in G3(+2d,MP2)-RAD ten additional basis
functions are added to each non hydrogen center. For the details of the composite
methods please refer to appendix A.1.

9 4E 7 4E
E . (5) U(R)CCSD(T),cc-pVQZ — (5) U(R)CCSD(T),cc-pVTZ
U(R)CCSD(T),INF = A Eq. (1)
(3) - ()
EscF,ce-pvQz — ESCF,ce-pvTZ Eq. (2a

EscriNF = Escr,cepvqz + = p(f/?))s — o q-(22)

_ Ecor,ccsp,ce-pvQz — Ecor,cesp,ce-pvTz  Eq. (2b)
Ecor,cosp,INF = Ecor,ccsD,ce-pvQz + (4/372 — 1

Ecor,T,cc-pvrz — ECOR,T,cc-pvDZ Eq. (2¢

Ecor,r,INF = ECOR, T cc-pvTz + = I()3/2)3.22 ] <P e (2)

Several extrapolation approaches are proposed to match the distinct purposes de-
pending on the calculated systems. The first approach extrapolates the whole cou-
pled cluster energies using the extrapolation formula as it is described in eq. 1. The
second approach used different extrapolation formulas for different levels of theories,
that is, the ground state energies are extrapolated differently from the correlation
energies. An example for this approach can be seen in Weizmann-theories (W1). In
this study, the extrapolation schemes from W1l-method are used, but the basis sets
cc-pVTZ and cc-pVQZ are applied to the extrapolations of SCF-energy and CCSD
correlation energy (eq. 2a and eq. 2b), and the basis set cc-pVDZ and cc-pVTZ are
applied to the extrapolation of the triples excitations energies (eq. 2c). Further-
more the relativistic effect is also neglected here. Finally these two extrapolation
approaches are applied to determine the RSE of pyrimidinyl radical 9.
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Table B.13: Total energies in a.u. at coupled cluster level of theory used for CBS
extrapolation.

System cc-pVDZ cc-pVTZ cc-pvVQZ CBS* CBS®

3H

A SCF -40.1987615 -40.2132302 -40.2160390 -40.2169130 n.a.

B CCSD-Correlation -0.1860289 -0.2194120 -0.2285092 -0.2344737 n.a.
Energies

C Triples-Contribution -0.0038581 -0.0063702 -0.0070146 -0.0073042 n.a.
UR)CCSD(T) -40.3886485 -40.4390124 -40.4515628 -40.4586908 -40.4588065

System cc-pVDZ cc-pVTZ cc-pVQZ CBS* CBS®

32H

A SCF -262.7137736 -262.7795108 -262.7960030 -262.7086423 n.a.

B CCSD-Correlation -0.8688926 -1.0321140 -1.0857442 -0.8337308 n.a.
Energies

C Triples-Contribution -0.0397793 -0.0567093 -0.0612912 -0.0334853 n.a.
UR)CCSD(T) -263.6224455 -263.8683341 -263.9430384 -263.9850436 -263.9861551

System cc-pVDZ cc-pVTZ cc-pVQZ CBS* CBS®

3

A SCF -39.5596813 -39.5728899 -39.5756061 -39.5764512 n.a.

B CCSD-Correlation -0.1549363 -0.1840038 -0.1920209 -0.1972772 n.a.
Energies

C Triples-Contribution -0.0027536 -0.0048620 -0.0054439 -0.0056459 na.
UR)CCSD(T) -39.71737121 -39.76175578 -39.77307088 -39.7793743 -39.7796015

System cc-pVDZ cc-pVTZ cc-pvVQZ CBS* CBS®

32

A SCF -262.0650969 -262.1293634 -262.1456677 -262.1507405 n.a.

B CCSD-Correlation -0.8408223 -0.9994405 -1.0520804 -1.0865930 n.a.
Energies

C Triples-Contribution -0.0400267 -0.0567092 -0.0612433 -0.0629111 n.a.
UR)CCSD(T) -262.9459459 -263.1855131 -263.2589914 -263.3002447 -263.3014004

RSE U(R)CCSD(T) +13.7(+18.7) +14.6(+19.6) +14.6(+19.6) +14.4 (+19.4) +14.6 (+19.6)

kJ/mol® kJ/mol® kJ/mol* kJ/mol® kJ/mol®

* CBS extrapolation using Weizmann-1 extrapolation schemes. * CBS extrapolation using Schwartz two points extrapolation
schemes © In brackets: AH,,, with thermal correction at B3LYP/6-31G(d).
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Table B.14: Haygg in a.u. of model systems (closed shells) in enzymatic catalysis using
SAM at various level of theories.

Systems  H,,, BALYP/6-31G(d)* H,,, G3MP2Large  H,,, G3(MP2)-RAD H,,;s G3(+2d,MP2)- H,,; G3B3
RAD"
2H na. na. -887.05224077 na. na.
3H -40 470224 -40.3559600 -40.4169999 -40.3802496 -40 4544536
4H -56.510280 -56.4103792 -56.4659305 -56.4287357 -56.5044867
31H -467.199678 -466.3089263 -466.6348363 -466.3998972 -467.0309016
32H 264242763 2636981312 -263.9032200 2637620108 -264.1373323
33H -232.144443 -231.6088872 -231.8230504 2316798795 -232.0516995
34H -248.192386 -247.6523321 -247 8615089 2477192947 -248.0929017
36H -226.139912 -225 6887464 2258631018 2257407937 -226.0584345
37H -467.561515 -466.6573746 -466.9877425 -466.7532798 -467.3843621
38H -467.563896 -466.6604694 -466.9903567 -466.7558847 -467 3868715
40H -467.528384 -466.6288478 -466.9568454 -466.7223032 -467 3527950
41H -596.126288 -595.1480480 -595.4338118 -595.2589012 -595.9198740
42H -517.548823 -516.7630413 -516.9603438 -516.8412567 -517.3701485
43H -477.933089 -4772449172 -477.3951597 -4773037611 4777672474
5H na. na. -455.84966701% na. -456.2090090%!
7H -362.909117 -362.2343852 3625161528 na. na.
7H-1 -362.909720 -362.2348360 3625166434 na. na.
7H-2 -362.908697 -362.2346932 -362.5164230 na. na.
7H-3 -362.907471 -362.2333832 3625151328 na. na.
7H-4 -362.907443 -362.2324695 3625142149 na. na.
7H-5 -362.906784 -362.2337295 3625153761 na. na.
7H-6 -362.905210 -362.2316592 -362.5135076 na. na.
7H-7 -362.904666 -362.2307234 -362.5126760 na. na.
11H -420.428161 -419.5749953 -419.9332743 -419.6926500 -420.2871413
14H¢ -516.49238867 -515.48125118 -515.8843673 na. na.
14H-1 -516.492908 -515.4819100 -515.8850203 na. na.
14H-2 -516.492335 -515.4799406 -515.8833278 na. na.
14H-3 -516.491859 -515.4804905 -515.8835723 na. na.
14H-4 -516.490844 -515.4802522 -515.8832438 na. na.
14H-5 -516.490432 -515.4797826 -515.8826127 na. na.
17H -722 618960 7217147525 -721 8753296 721 6754353 -722 4134521
20H¢ -400.98648431 -400.53338241 -400.5333824 na. na.
20H-1 -400.987330 -400.2219118 -400.5342118 na. na.
20H-2 -400.986458 -400.2208132 -400.5329940 na. na.
20H-3 -400.986298 -400.2211251 -400.5332446 na. na.
20H-4 -400.986082 -400.2211510 -400.5333507 na. na.
20H-5 -400.985605 -400.2202348 -400.5324921 na. na.
20H-6 -400.985780 -400.2209300 -400.5329546 na. na.
20H-7 -400.985003 -400.2189607 -400.5312784 na. na.
20H-8 -400.984846 -400.2191801 -400.5314499 na. na.
20H-9 -400.984097 -400.2193535 -400.5317716 na. na.
20H-10 -400.983846 -400.2186130 -400.5310878 na. na.
21H° -400.99269530 -400.22849248 -400.5406369 na. na.
21H-1 -400.993306 -400.2291154 -400.5412493 na. na.
21H-2 -400.992569 -400.2275045 -400.5397281 na. na.
21H-3 -400.991335 -400.2273788 -400.5393704 na. na.
21H-4 -400.990906 -400.2264854 -400.5384518 na. na.
21H-5 -400.990144 -400.2252980 -400.5371844 na. na.
21H-6 -400.989776 -400.2244855 -400.5369773 na. na.
21H-7 -400.989109 -400.2243907 -400.5363172 na. na.
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21H-8 -400.987942
21H-9 -400.987855
21H-10 -400.987480
24H n.a.
25H n.a.
27TH n.a.

-400.2231894
-400.2233621
-400.2229153
n.a.
n.a.
n.a.

-400.5354308
-400.5358434
-400.5351658
-533.1450347%
-492.7168417"%*!
-892.84682245

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
-533.5819120%
-493.1159350"*
-893.5411760%

 Scaling factor 0.9806
® Without HLC
¢ Boltzmann averaged value

Table B.15: Hggg in a.u. of model systems (open shells) in enzymatic catalysis using
SAM at various level of theories.

Systems  H,, BALYP/6-31G(d)' H,, G3MP2Large  H,, G3(MP2)-RAD _H,, G3(+2d,MP2)-RAD" H,,, G3B3
2 n.a. n.a. -886.38971821%! n.a. n.a.
3 -39.804978 -39.6971464 -39.7518775 -39.7205433 -39.7895467
4 -55.850231 -55.7439369 -55.7969166 -55.7656772 -55.8357987
31 -466.531239 -465.6395443 -465.9605771 -465.7315146 -466.3581085
32 -263.574058 -263.0290258 -263.2292208 -263.0938671 -263.4627283
33 -231.469971 -230.9341895 -231.1438720 -231.0065158 -231.3707971
34 -247.526255 -246.9850216 -247.1899100 -247.0536684 -247.4201585
35 -466.519505 -465.6265995 -465.9488117 -465.7198339 -466.3463812
36 -225.458360 -225.0053212 -225.1761501 -225.0597763 -225.3731052
37 -466.886553 -465.9804999 -466.3063390 -466.0777484 -466.7040403
38 -466.886382 -465.9807982 -466.3066796 -466.0780833 -466.7043838
39 -466.547736 -465.6414643 -465.9717128 -465.7421494 -466.3655226
40 -466.914228 -465.9987753 -466.3289808 -466.1007535 -466.7261745
41 -595.464586 -594.4879907 -594.7683317 -594.5991560 -595.2550644
42 -516.885677 -516.1022096 -516.2939505 -516.1806212 -516.7044425
43 -477.284737 -476.6679735 -476.7456566 -476.6603164 -477.1186876
5 n.a. n.a. -455.21275191%% n.a. -455.5728470'%%
7" -362.25114538 -361.57962267 -361.8554887 n.a. n.a.
7-1 -362.251682 -361.5800287 -361.8559220 n.a. na.
7-2 -362.251162 -361.5799191 -361.8557838 n.a. n.a.
7-3 -362.250330 -361.5786050 -361.8544514 n.a. n.a.
7-4 -362.249473 -361.5774836 -361.8533726 n.a. n.a.
7-5 -362.249165 -361.5792498 -361.8549605 n.a. na.
7-6 -362.247035 -361.5768201 -361.8526758 n.a. n.a.
7-7 -362.246694 -361.5757925 -361.8517859 n.a. n.a.
11a -419.770746 -418.9196209 -419.2720811 -419.0369221 n.a.
11b -419.777499 -418.9233331 -419.2761808 -419.0411350 n.a.
14¢ -515.8586873 -514.8444356 -515.2426263 n.a. n.a.
14-1 -515.859204 -514.8447194 -515.2431016 n.a. n.a.
14-2 -515.858012 -514.8446363 -515.2424804 n.a. n.a.
14-3 -515.857144 -514.8431354 -515.2412375 n.a. n.a.
14-4 -515.855489 -514.8419840 -515.2400792 n.a. n.a.
14-5 -515.855977 -514.8413864 -515.2400714 n.a. n.a.
17 -721.975379 -720.9572109 -721.2254190 -721.0311347 -721.7643155
20¢ -400.33355775 -399.56758524 -399.8744389 n.a. n.a.
20-1 -400.334209 -399.5679840 -399.8748025 n.a. na.
20-2 -400.333845 -399.5681484 -399.8750748 n.a. n.a.
20-3 -400.333372 -399.5673881 -399.8742087 n.a. na.
20-4 -400.333108 -399.5671785 -399.8738973 n.a. n.a.
20-5 -400.332624 -399.5661075 -399.8730783 n.a. n.a.
20-6 -400.332360 -399.5662167 -399.8732143 n.a. n.a.
20-7 -400.332066 -399.5664372 -399.8733765 n.a. n.a.
20-8 -400.330920 -399.5648131 -399.8719379 n.a. n.a.
20-9 -400.330291 -399.5641252 -399.8713470 n.a. n.a.
21¢ -400.34886540 -399.58153268 -399.8880592 n.a. n.a.
21-1 -400.349247 -399.5818853 -399.8884478 n.a. n.a.
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21-2 -400.347899 -399.5805255 -399.8871395 n.a. n.a.
21-3 -400.345660 -399.5774931 -399.8844975 n.a. n.a.
21-4 -400.345032 -399.5776971 -399.8846308 n.a. n.a.
21-5 -400.344133 -399.5762922 -399.8833173 n.a. n.a.
21-6 -400.343389 -399.5760728 -399.8830835 n.a. n.a.
21-7 -400.341364 -399.5749997 -399.8819647 n.a. n.a.
21-TS -400.333370 -399.5675115 -399.8743956 n.a. n.a.
24 n.a. n.a. -532.4973859% n.a. -532.9350080%
25 n.a. n.a. -492.0751977% n.a. -492.4739650%
27 n.a. n.a. -892.208289'%*! n.a. -892.9039690'%!
* Scaling factor 0.9806

® Without HLC
¢ Boltzmann averaged value
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Supplementary information for chapter 6

Table B.16: Hagg in a.u. of monohydrated O-centered radicals and their closed shells at
various level of theories.

Haes G3(MP2)-RAD*®  Hye5 G3(+2d,MP2)-RAD*? Hags G3B3P°
Closed shells
4H + H,0 -309.4347264 -309.4390968 -309.7377656
7H + H,0 -587.6437874 -587.6472861 -587.5759759
2H + H,0 -383.3365641 -383.3371710 -383.2862779
8H + H,0 -422.5733625 -422.5743794 -422.5173999
11H + H,0 -384.4666156 -384.4729192 -384.8244526
12H + H,0 -438.6179476 -438.6190051 -438.5609231
14H + H,0 -559.4936110
Open shells
4+ H,0 -308.7708171 -308.7761566 -309.0722154
7+ H,0 -587.0094551 -586.9987786 -586.9258549
2+H,0 -382.7005457 -382.6970260 -382.6455079
8 + H,0 -421.9366875 -421.9377858 -421.8804320
11+ H,0 -383.8337834 -383.8409680 -384.1901625
12 + H,0 -437.9909348 -437.9924706 -437.9349201
14 + H,0O -558.8848281
* Scaling factor 0.9806.

® With 6D 10F polarization functions.
¢ Scaling factor 0.960.

Table B.17: Hogg and Gogg in a.u. of dihydrated phenoxy radical and phenol at various
level of theories.

Hags G3(MP2)-RAD*®  H,gg G3(+2d,MP2)-RAD*? Haes G3B3" ¢
Closed shells
2H +2*H,0 -459.6908947 -459.6930380 -459.6328862
Open shells
2+2*H,0 -459.0493783 -459.0518479 -458.9912010
Gyos G3(MP2)-RAD*® G5 G3(+2d,MP2)-RAD?* P Gjog G3B3™©
Closed shells
1H -76.3649435 -76.3658248 -76.3561001
2H +2*H,0 -459.7404108 -459.7425472 -459.6827563
Open shells
1 -75.6765249 -75.6783358 -75.6684541
2+2*H,0 -459.1052819 -459.1024450 -459.0422024
* Scaling factor 0.9806.

® With 6D 10F polarization functions.
¢ Scaling factor 0.960.
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Supplementary information for chapter 7

Table B.22: Total energies of closed shell and open shell systems at G3(MP2)-RAD and

G3B3 [a.u.].

System G,ys G3(MP2)-RAD? G,y G3B3*
[au.] [au.]
H,C-H -40.4004958 -40.4485656
(CH;)H,C-H -79.6049048 -79.6989801
(CH,),HC-H -118.8135787  -118.9536409
(CH;);C-H -158.0236947  -158.2097513
(CH,),N-H -134.8400292  -134.9820719
(CH;)O-H -115.5086684  -115.6071780
(CH,)S-H -438.1283326  -438.4806554
H,Ce -39.7418718 -39.7882540
(CH;)H,Ce -78.9536075 -79.0460971
(CH,),HC- -118.1654502  -118.3040523
(CH,),Ce -157.3778115  -157.5626515
(CH,),Ne -134.1976746  -134.3383127
(CH;)Oe -114.8477213  -114.9449612
(CH,)Se -437.4964859  -437.8479539

“ Total energies without HLC
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Supplementary information for chapter 8

Table B.24: Gogg of the respective closed shells and open shells used in the calculation
of barrier and thermodynamic reaction energies.

System G,y G3(MP2)-RAD* G, G3B3*

[au.] [au.]

CH, (6) -40.4004958 -40.4274136
*CH, (6H) -39.7418718 -39.7660337
4H -532.9020922  -533.4215845
4 -532.2613485  -532.7796713
5H -492.5086805  -492.9797024
5 -491.8710504  -492.3398610
7H -346.0519524  -346.4181360
7 -345.4267956  -345.7841322
10H -438.1283326  -438.4806554
10 -437.4964859  -437.8479539

Transition state

Intrinsic

4H/4 -1065.1332653 n.a.
5H/5 stacked -984.3456644 n.a.
SH/5 -984.3391857 n.a.

First step of SPL mechanism

4H/6 -572.6156265 n.a.
4H/7 -878.2888605 n.a.
4H/10 -970.3644823 n.a.
6H/7 -385.7670644 n.a.
6H/10 -477.8528256 n.a.

Second step of SPL mechanism

6H/5 -532.2193282 na.
TH/S stacked -837.8913738 n.a.
7H/5 -837.8839714 na.
10H/5 -929.9731027 na.

 Total energies without HLC

The barrier height for the first step is calculated in a reversed step due to the
inaccuracy in the calculation of p-me-phenoxy radical 7 at G3(MP2)-RAD (Figure
B.1). This can cause too high barrier due to artificial stabilization of p-me-phenoxy
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Figure B.1: Reversed barrier used to determine barrier height of the first step.

radical 7 (See chapter 6). The hydrogen abstraction from SPL substrate 4H by
p-me-phenoxy radical 7 is thus obtained by adding the thermodynamic reaction
energy, which is calculated at G3B3, to the reversed barrier. In contrary, the second
hydrogen transfer step does not have the problem of the inaccuracy occurring due
to p-me-phenoxy radical 7, since the starting point is the respective closed shells
7H and thymine radical 5. Nevertheless the free reaction energy should be still
evaluated at G3B3.
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