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ABSTRACT: Selective halogenation is necessary for a range of fine chemical applications
including the development of therapeutic drugs. While synthetic processes to achieve C—H
halogenation require harsh conditions, enzymes such as non-heme iron halogenases carry out some
types of C-H halogenation, i.e., chlorination or bromination, with ease while others, i.e.,
fluorination, have never been observed in natural or engineered non-heme iron enzymes. Using
density functional theory and correlated wavefunction theory, we investigate the differences in
structural and energetic preferences of the smaller fluoride and the larger chloride or bromide
intermediates throughout the catalytic cycle. Although we find that the energetics of rate-limiting
hydrogen atom transfer are not strongly impacted by fluoride substitution, the higher barriers
observed during the radical rebound reaction for fluoride relative to chloride/bromide contribute
to the difficulty of C—H fluorination. We also investigate the possibility of isomerization playing
a role in differences in reaction selectivity, and our calculations reveal crucial differences in terms
of isomer energetics of the key ferryl intermediate between fluoride and chloride/bromide
intermediates. While chloride and bromide intermediates show formation of monodentate isomers
believed to be involved in selective catalysis, we find that formation of the fluoride monodentate
intermediate is not possible in our calculations that lack additional stabilizing interactions with the
greater protein environment. Furthermore, the shorter Fe-F bonds are found to increase
isomerization reaction barriers, suggesting that incorporation of residues that form a halogen bond
with F and elongate Fe—F bonds could make selective C—H fluorination possible in non-heme iron
halogenases. Our work highlights the differences between the fluoride and chloride/bromide
intermediates and suggests potential steps towards engineering non-heme iron halogenases to
enable selective C—H fluorination.



1. Introduction.

The selective functionalization!'® of unactivated C—H bonds remains one of the greatest
challenges in catalysis. Inspiration can be taken from nature, where selective enzymatic C—H
halogenation plays a critical role in numerous biochemical processes.” ® In addition to their
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incorporation in natural products’!! and related biological”- 1% 13 and medicinal'#!¢ applications,

17-19 and agrochemicals.?*-

halogenated compounds find a wide variety of uses in therapeutic drugs
22 The enzymes that carry out C—H activation are typically a-ketoglutarate (aKG)-dependent
enzymes that operate under ambient conditions with strong regioselectivity and stereoselectivity??

2427 including halogenation. For non-heme

resulting in the catalysis of a wide variety of reactions
iron halogenases in particular?®3?, e.g., SyrB23!: 32, CytC33* 34, WelO5%, and BesD,*® the active
sites are similar to other non-heme iron enzymes with only one major change. In comparison to
more well understood non-heme iron hydroxylases,*”*” the halogenases have a halide coordinating
the metal center, i.e., native chloride or non-native bromide. This halide is bound in place of a
carboxylate of the 2-His-1-carboxylate facial triad of the hydroxylases***? because in the
halogenases there is no carboxylate-bearing aspartate or glutamate residue present and instead a
non-coordinating alanine residue is typically present to create a hydrophobic pocket for halide
binding. Despite this understanding of halogenases, it is extremely hard* to develop selective
processes for C-H halogenation using synthetic methods due to the inertness** of C—H bonds and
their high bond dissociation energy.

Non-heme iron halogenases natively carry out C-H chlorination®® 3% 35 and C-H
bromination has been observed in vitro in SyrB2 but with lower efficiency?** than chlorination.

13, 46, 47

This is corroborated by the abundance of chlorinated and brominated natural products. On

d23, 46, 48, 49

the contrary, C—H fluorination has never been observe in any of the non-heme iron



halogenases. Recent work on an engineered enzyme SadX in which fluoride was incorporated into
the active site showed that the enzyme could hydroxylate but not fluorinate substrates.>
Additionally, a recent computational and experimental study®! on hydroxylation versus
halogenation in mononuclear nonheme iron complexes showed that while computational results
predict substrate fluorination to be feasible, attempts to synthesize the Fe(IlI)-OH intermediate
with fluoride in the active site have been unsuccessful. Selective C—H fluorination is desired for
the development of fine chemicals, i.e., in the pharmaceutical industry,’>>° thus understanding
how we can make C—H fluorination possible in halogenases could help with the synthesis of
fluorinated drugs. Because fluorination by non-heme halogenases is not observed in nature, re-
engineering of biological systems to enable C—F bond formation would be of great use.

C—H chlorination by non-heme iron halogenases has been extensively studied through

27, 56, 57 58-61 32, 45, 62

experiments and computation with fewer studies of C—H bromination and
fluorination®® °! having been carried out. The only enzyme with fluorinase activity characterized
to date uses a mechanism entirely distinct from the radical rebound mechanism® from non-heme

iron halogenases. This enzyme, 5’-fluoro-5’-deoxyadenosine synthase?? 46 64-67

, 1s a nucleophilic
halogenase, the mechanism of which involves fluoride attack on an electrophilic carbon through
an Sn2-type displacement reaction®®-’? . Fluorine sits in a small-sized hydrophobic binding pocket
in these enzymes, and it has been hypothesized that while a larger binding pocket makes
chlorination, bromination, and iodination of nucleophilic halogenases possible, it eliminates their

fluorination activity.?? Prior studies?> 46 48

suggest that strong electronegativity of fluorine
combined with the large enthalpic cost of fluoride desolvation’! and its toxicity’? could explain

why biological C-H fluorination by non-heme iron halogenases has never been observed.

However, no prior computational or experimental work has studied the influence of the halogen



identity on C—H halogenation by non-heme iron halogenases.

In this work, we compare and contrast C—H halogenation carried out by the active site of
non-heme iron halogenases using three halides: fluoride, chloride, and bromide. We study the rate-
determining hydrogen atom transfer (HAT) and rebound reactions to determine if these reaction
barriers could explain why C—H chlorination and bromination are preferred over C—H fluorination.
Because isomerization to alter relative substrate positioning® % 7>7¢ has been invoked to
rationalize selectivity of some?>%:3% 7 albeit not all’>- 7 non-heme iron halogenases, we also study
isomer energetics and isomerization reaction coordinates (RCs) to understand the isomer energetic
favorability of key intermediates such as Fe(IV)=0 and Fe(III)-OH formed during the catalytic

cycle with all three halides.

2. Computational Details.

The active site of WelO53> 7778 (PDBID: 51QS), a representative, carrier-protein-free non-
heme iron halogenase, was extracted from the enzyme’s crystal structure, following the protocol
from prior work.%! The native halide, i.e., chloride, was replaced with fluoride and bromide to
generate three active site models corresponding to the three halides (Supporting Information
Figure S1). Active site intermediates and corresponding isomers of these active site models
containing water (i.e., as in the crystal structure), O, oxo, hydroxo, and succinate (monodentate
and bidentate) ligands were generated by modifying the crystal structure with molSimplify,”
which uses OpenBabel®*-#! as a backend. Consistent with prior work,®! the metal-distal carboxylate
oxygen of aKG and succinate ligands along with N6 atoms of His ligands were protonated using

Avogadro v1.2.0%2 to ensure an overall neutral charge for the final active site models (Supporting



Information Figure S1). All hydrogen atoms added to the active site models were force-field

optimized in Avogadro with the UFF®® force field while holding the heavy atoms fixed.

All geometry optimizations were carried out in ORCA84v.4.0.1.2 and v.4.2.1 using density
functional theory (DFT) with the generalized gradient approximation (GGA) global hybrid PBE0?®
and the def2-TZVP basis set®® and employing semi-empirical D387 dispersion with Becke-

89-93 was used, and the

Johnson® damping. The resolution of the identity (RI) approximation
auxiliary basis set for def2-TZVP was generated automatically®® by ORCA to accelerate
calculations. Consistent with prior work®!, the five heavy atoms of succinate and the methyl carbon
atoms of His ligands were held fixed to mimic the ligand positions in the enzyme (Supporting
Information Figure S2). Optimizations were performed in the gas phase and in solution using the
BFGS algorithm in redundant internal coordinates. The default thresholds of 5 x 10 hartree for
the change in self-consistent field (SCF) energy between steps and 3 x 10 hartree/bohr for the
maximum gradient were used. The solution calculations were carried out using the conductor-like
polarizable continuum model®> (C-PCM) solvation energies along with the conductor-like
screening solvent model (COSMO) epsilon function type. A solvent dielectric value of € = 10 was
used, approximately mimicking the protein environment. As observed in prior work®!, we find that
the inclusion of environment effects through implicit solvent alters most gas-phase geometries
very little (i.e., most are within 0.01-0.03 A while a few outliers have larger changes), thus we
carry out further analyses only in the gas phase (Supporting Information Table S1). Low-spin (LS)
singlet states were simulated in a spin-restricted formalism while non-singlet LS doublet,
intermediate-spin (IS), and high-spin (HS) states were simulated in an unrestricted formalism
(Supporting Information Table S2). All initial and optimized structures for gas-phase and

implicitly solvated optimizations are provided in the Supporting Information.



Reaction coordinates (RCs) for isomerization of axial to equatorial (i.e., of
oxo/hydroxo/halide ligands) were obtained using the protocol from prior work®! at the PBEO-
D3/def2-TZVP level of theory. These RCs were sampled by rotating the oxo/hydroxo/halide ligand
with respect to the axial His in 1° increments of the angle formed by the ligand, the Fe center, and
nitrogen of the axial His from 90° to 180° (Supporting Information Figure S2). Reaction
coordinates for hydrogen atom transfer (HAT) and radical rebound were obtained at the B3LYP-
D3/6-31G* level of theory. The B3LYP/6-31G* method/basis set combination was chosen to
reduce the computational cost associated with the larger def2-TZVP basis set due to increased
system size from the presence of substrate atoms in these calculations and for consistency with
prior work.>% ¢! Hydrogen atom transfer (HAT) RCs were obtained using Fe(IV)=0 and lysine,
which is the substrate of a representative non-heme iron halogenase, BesD?°. The radical rebound
RCs (i.e., with both hydroxo and halogen F, Cl, or Br) were modeled following prior work> as the
rebound of a 2-methylbutane radical to an Fe(III)-OH intermediate, where 2-methylbutane was
chosen as the model substrate because it closely resembles most substrates of Fe(Il)/aKG-

dependent enzymes (Supporting Information Figure S2).

The five heavy atoms of succinate and the methyl carbon atoms of His ligands were
constrained in isomerization, radical rebound, and HAT RCs (Supporting Information Figure S2).
Additionally, the relevant RC angles were constrained in isomerization RCs (Supporting
Information Figure S2). Heavy atoms of the lysine substrate and the distance between the oxo
ligand and the relevant hydrogen atom of lysine were also constrained and varied in increments of
0.05 A for HAT RCs (Supporting Information Figure S2). For rebound RCs, the distance between
the carbon radical of the model substrate and oxygen of OH or halide was constrained and varied
in increments of 0.1 A (Supporting Information Figure S2). High-energy structures along all RCs

6



were used to obtain vibrational frequencies using gas-phase numerical Hessian calculations carried
out at the corresponding levels of theory. The Hessian was computed using the central difference
approach after 6N atomic displacements. The presence of an imaginary frequency along the RC

confirmed characterization of high-energy structures along the RCs as transition states.

Single-point energy calculations on the optimized geometries of active-site intermediates
and their isomers were performed using domain-localized pair natural orbital coupled cluster with
singles, doubles and perturbative triples (i.e., DLPNO-CCSD(T)® °7) in ORCA v4.0.1.2. Two-
point’®19 extrapolation to the complete basis set (CBS) limit was carried out using Dunning-style
correlation-consistent double-C and triple-C (i.e., aug-cc-pVDZ and aug-cc-pVTZ) basis sets. All
reported DLPNO-CCSD(T)/CBS energies were obtained using tight PNO thresholds, consistent
with prior work®! (Supporting Information Table S3). Mayer bond order analysis to quantify the
strength of binding of K G, monodentate, and bidentate succinate ligands to iron was performed

using Multiwfn!?!,

3. Reaction Mechanism.

32, 35, 36 33, 102

Prior work based on the crystal structures and spectroscopic studies of non-

24, 27, 40, 103

heme iron halogenases along with the related non-heme iron dioxygenases and

hydroxylases®* 1% has led to the proposal of the following mechanism?* 27- 32. 33,48

in the catalytic
cycle for non-heme iron halogenases. In its resting state (1), the hexa-coordinated iron active site
consists of an Fe(Il) coordinated to two His ligands, a bidentate «KG ligand, a halide ligand, and
a water molecule, which is loosely bound to the iron center (Figure 1). When the substrate enters

the binding pocket in the active site, the water molecule is displaced, followed by the binding of

molecular oxygen (2) to the iron center (Figure 1). The bound molecular oxygen immediately



attacks the carbonyl carbon of the bidentate aKG ligand, leading to O—O bond cleavage and
oxidative decarboxylation of aKG (Figure 1). During this catalytic step, the decarboxylation of an
initially bidentate coordinating cKG leads to release of a carbon dioxide molecule, leaving behind
succinate that has a carboxylate group that can bind iron in a monodentate or bidentate fashion
(Figure 1). This conversion leads to the appearance of an active site consisting of a highly reactive
terminal Fe(IV)-oxo intermediate (3), which abstracts a hydrogen atom from the substrate, forming
a radical substrate and an Fe(III)-OH intermediate (4) (Figure 1). This rate-determining HAT step
is followed by rebound halogenation of the substrate radical by the halide ligand, which returns
the active site to its resting state (1) (Figure 1). We assume that the Fe(IV)=0O intermediate can
form after oxidative decarboxylation based on our prior study of an engineered SadX enzyme with
fluoride and chloride bound, where both could form hydroxylated products, and therefore the Fe-
oxo intermediate must have formed, but only the chloride bound active site led to chlorinated
products.’® Thus, we focus on the HAT and rebound steps (i.e., 3 and 4), and we study this

mechanism for three halides: fluoride, chloride, and bromide.
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Figure 1. Proposed reaction mechanism of non-heme iron halogenases (clockwise from the top):
the intermediates with water loosely bound to the iron center (1); Oz bound to the iron center (2);
oxo and succinate (3); and hydroxo bound to iron (4) are shown with representative isomers of
chloride intermediates. Fe(I)-H>,O and Fe(IlI)-O> each have two isomers: axial (ax) and
equatorial (eq) H20/O,. Fe(IV)=0O and Fe(Ill)-OH intermediates each have six isomers: (i)
bidentate (bident.) succinate (succ.), axial oxo/OH, equatorial chloride (ii) bidentate succinate,
axial chloride, equatorial oxo/OH (iii) bidentate succinate, equatorial oxo/OH, chloride (iv)
monodentate (monodent.) succinate axial oxo/OH, equatorial chloride (v) monodentate succinate
axial chloride, equatorial oxo/OH (vi) monodentate succinate equatorial oxo/OH, chloride.
Hydrogen, carbon, nitrogen, oxygen, chlorine, and iron atoms are shown in white, gray, blue, red,
green, and brown, respectively.

All the intermediates formed during the catalytic cycle can potentially exist in two or more
isomers. For example, in intermediates (1) and (2), water and molecular oxygen are represented in
axial positions corresponding to their respective axial configurational isomers due to the frequency

with which water is found in the axial position in crystal structures of halogenases? 33364 (Figure



1). However, these intermediates can also have water and molecular oxygen present in equatorial
positions, corresponding to equatorial configurational isomers (Figure 1 and Supporting
Information Figure S3). In the Fe(IV)=0 and Fe(III)-OH intermediates, the active site can be hexa-
coordinated or penta-coordinated depending on whether succinate is coordinated to iron in a
bidentate or monodentate configuration (Figure 1 and Supporting Information Figure S3). In the
case of a hexa-coordinated iron active site with bidentate succinate, oxo or hydroxo moieties and
the halide ligand can be present in axial or equatorial positions, resulting in three configurational
isomers: axial oxo/hydroxo and equatorial halide, equatorial oxo/hydroxo and axial halide, and
equatorial oxo/hydroxo and halide (Figure 1 and Supporting Information Figure S3). These three
configurational isomers can also be observed when we have a penta-coordinated iron active site
with monodentate succinate (Figure 1 and Supporting Information Figure S3). Combining the
monodentate and bidentate succinate coordination cases, we potentially have a total of six
configurational isomers for intermediates (3) and (4) (Figure 1 and Supporting Information Figure
S3). Along with computing reaction coordinates, we will evaluate the properties and energetics for
interconversion of all of these isomers to identify which ones are most likely present during

catalysis.

4. Results and Discussion.

4.1. Isomers of Intermediates for Candidate Models of Halogenases.

It is known that fluoride-bound halogenase variants of the engineered enzyme SadX solely
hydroxylate, whereas chloride-bound variants can both chlorinate and hydroxylate substrates®,
but the lack of strong differences in energetics we previously identified>® and further expand upon

this work motivates investigation into alternative explanations for this difference in reactivity. For
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35,58,59,75 160,

example, isomerization has been invoked to rationalize selectivity of some albeit not al
4 non-heme iron halogenases. In the cases where it has been motivated, such as cases like WelO5
where the substrate in the active site would be distant from the donating halogen in the absence of
isomerization®, isomerization of the active site after high-valent metal-oxo formation has been
suggested as a key factor in the selective C—H halogenation carried out by non-heme Fe(II)

158. 59, 61. 74 gtudies

enzymes>® 19, In particular, prior experimental®> 3% 57 105 and computationa
suggested that the key intermediates formed during the catalytic cycle, i.e., Fe(IV)=0 and Fe(I1I)—-
OH, could isomerize to favor selective halogenation over hydroxylation by positioning the
rebounding substrate radical closer to the halogen. While the relative favorability of Fe(IV)=0 and
Fe(IlT)-OH isomers in chloride intermediates has been investigated in prior studies,®"> 7 it is not
known whether other halogen species exhibit different preferences. Therefore, to identify the
ground spin states and to understand the relative energetics and stabilities of isomers of Fe(IV)=0
and Fe(IIT)-OH intermediates, we study active site models of these intermediates and their isomers
across all three halides, i.e., fluoride, chloride, and bromide, in all possible spin states (Supporting
Information Table S2 and Figure S3). Across all halides, we find that all isomers of both studied
intermediates have HS ground states (Supporting Information Table S4). Furthermore, the HS state
is strongly preferred over IS and LS states for all species, and the HS ground states have longer

bonds in most intermediates in comparison to the LS states (Supporting Information Tables S4—

S5).

Examination of Fe(IV)=0 isomers in the HS state reveals that all bidentate succinate
isomers are comparable in energy and more favorable than the monodentate succinate isomers by
ca. 3 kcal/mol for intermediates containing fluoride and chloride (Figure 2 and Supporting

Information Table S6 and Figure S4). The monodentate succinate isomer with fluoride in the active
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site was obtained using additional constraints on Fe and oxygen atoms of succinate to ensure
monodentate coordination. In the absence of these constraints, this monodentate isomer optimizes
to a bidentate succinate isomer, indicating that for fluoride intermediates, interactions with the
greater protein environment, such as a hydrogen bond to either the proximal or distal succinate
carboxylate groups that would pull the co-substrate away from iron, are likely necessary to
facilitate monodentate succinate coordination. In contrast, for bromide intermediates, the
monodentate succinate isomer is more favorable than two bidentate succinate isomers by ca. 1-2
kcal/mol (Figure 2). We find that the most stable Fe(IV)=0 isomer is different for each halogen
element (Figure 2). However, the range of relative isomer energetics is consistent, i.e., for a given
halide, all isomers differ in energy by less than 3.5 kcal/mol, suggesting that isomerization of

Fe(IV)=O0 is feasible for all halides (Figure 2 and Supporting Information Table S6 and Figure

S4).
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Figure 2. DLPNO/CBS energies (Erel) of isomers of (left) Fe(IV)=0 and (right) Fe(IlI)-OH
intermediates shown relative to the most stable isomer for each intermediate across three halides,
X =F, Cl, Br. Representative structures of Fe(IV)=0 and Fe(II1)-OH isomers of Br intermediates
are shown in the insets and labeled. (Top to bottom, left) Isomers are equatorial (eq.) oxo, axial
(ax.) X, bidentate (bident.) succinate (succ.); axial oxo and equatorial X, bidentate succinate; axial
oxo, equatorial X, monodentate (monodent.) succinate; equatorial oxo and X, bidentate succinate.
(Top to bottom, right) Isomers are equatorial OH, axial X, monodentate succinate; axial OH,
equatorial X, monodentate succinate; equatorial OH and X, bidentate succinate; axial OH,
equatorial X, bidentate succinate; equatorial OH, axial X, bidentate succinate. The dashed blue
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line corresponds to an estimated DLPNO/CBS energy. Hydrogen, carbon, nitrogen, oxygen, iron,
and bromine are shown in white, gray, blue, red, brown, and maroon, respectively.

Next, we study the relative energetics of Fe(III)-OH isomers, because it has been suggested
that isomerization of the Fe(III)-OH intermediate could selectively favor substrate halogenation
over hydroxylation during the substrate rebound reaction, meaning that a species that was limited
in its ability to isomerize would lead primarily to hydroxylated products in the absence of other
selectivity-determining mechanisms.’® 3° We find that the relative energetic ordering of most
Fe(II1)-OH isomers is consistent across all halides with small energetic differences of ca. 1
kcal/mol for some isomers as a result of slightly different optimized geometries (Figure 2 and
Supporting Information Table S6 and Figure S5). The most stable bidentate succinate isomer with
axial halide and equatorial OH is strongly preferred over monodentate isomers across all halides
by ca. 5-9 kcal/mol (Figure 2). This suggests a potential difficulty in isomerization (see calculation
of barriers in Sec. 4.3) of the most stable Fe(III)-OH isomer, implying that selective halogenation
could be expected to take place only when the substrate is positioned more proximal to the halide

by second-sphere interactions or the isomerization takes place prior to HAT.

Examination of optimized geometries of halide intermediates in their ground spin states
shows that iron—halide bond lengths increase on average with halide size from 1.81 A (F) to 2.25
A (Cl) to 2.41 A (Br) in Fe(IV)=0 and Fe(III)-OH intermediates (Supporting Information Table
S7). To assess whether this increase in bond lengths is solely due to differences in the size of the
halides, we considered bond lengths scaled by the covalent radii of participating atoms (Supporting
Information Table S8). The scaled Fe—F bond is shorter than Fe—Cl (0.84 vs 0.90), while scaled
Fe—Cl and Fe-Br bond lengths are comparable. The shorter scaled and unscaled Fe-F bonds
suggest that it would be harder for the substrate to approach the halide in the oxo or hydroxo

intermediates, which could explain the challenges with C—H fluorination. All other metal-ligand
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bond lengths are mostly comparable across fluoride, chloride, and bromide intermediates
(Supporting Information Table S7). The Fe—Cl and Fe-Br distances observed in optimized
geometries of Fe(I)-H>O intermediates, i.e., 2.38 A and 2.54 A, respectively, are roughly
comparable to those observed in the crystal structures of BesD and SyrB2, suggesting that the

shortened Fe—F bond lengths are treated reliably by DFT (Supporting Information Table S9).

We next examine the binding strength of ligands to Fe as quantified through the Mayer
bond order to understand how the differences in binding of monodentate and bidentate succinate
to Fe relate to their energetic stabilities in oxo and hydroxo intermediates. Consistent with prior
work on intermediates with chloride,’! bidentate succinate binds more strongly to Fe than
monodentate succinate but not as strongly as the bidentate aKG for intermediates with fluoride
and bromide (Figure 3). In general, binding strengths of succinate and aKG to Fe are slightly
weaker in intermediates with fluoride compared to the larger chloride and bromide halides, both
of which exhibit similar bond orders (Figure 3). However, for Fe(Il1)-O> intermediates, « K G binds
more strongly to Fe when bromide/fluoride is in the active site compared to chloride, i.e., bond
order of 1.40 vs 1.23 (Figure 3). For Fe(Il)-H>O intermediates with fluoride in the active site, the
water molecule in the axial position can form a hydrogen bond (HB) with fluoride (Supporting
Information Figure S6). We find that «KG binds more strongly to Fe in the isomer with a HB
between water and fluoride than it does in the isomer without the HB, i.e., bond order of 0.57 vs
0.47 (Figure 3). Overall, binding strengths of ligands to Fe demonstrate limited dependence on the
active site halide, with succinate and bidentate aKG displaying slightly stronger binding strengths
for increasingly heavy halides (Figure 3). Thus, the overall reactivity and bonding should be
qualitatively similar regardless of halide. The stronger binding of aKG to Fe in Fe(III)-O»

intermediates of fluoride and bromide could suggest that oxidative decarboxylation to form

14



Fe(IV)=0 with succinate ligand might be slightly more difficult for these halides compared to the
native chloride species. Nevertheless, prior experimental results demonstrate that the oxidative
decarboxylation step occurs in a fluoride-bound version of the engineered enzyme SadX as
proficiently as in the case where chloride or bromide are bound>’. Thus, we focused our reaction

coordinate analysis on only the HAT and rebound steps.
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Figure 3. Scale demonstrating the Mayer bond orders of Fe—succinate/aKG bonds of ground state
high-spin (HS) Fe intermediates with monodentate and bidentate succinate for three halides: (top)
chloride and bromide, and (bottom) fluoride. The four intermediates shown are (1a) Fe(Il)-H>O
with bidentate aKG without a hydrogen bond (HB) between water and halide, (1b) Fe(1[)-H>O
with bidentate a«KG with an HB between water and fluoride, (2) Fe(IV)=O with monodentate
succinate, (3) Fe(IV)=0O with bidentate succinate, and (4) Fe(Il[)-O> with bidentate cKG. The
corresponding Fe—O (of succinate/aKG) bond lengths (in A) are indicated in the insets.

4.2. HAT and Rebound Reaction Coordinates.

Non-heme iron halogenases are known to natively carry out C—H chlorination, as observed
in SyrB2,?2 WelO5,% and BesD,*¢ and SyrB2 has also been reported™ 4 to carry out C-H
bromination. In contrast, C—H fluorination has never been observed in non-heme iron halogenases.
We study two reactions that are crucial for C-H halogenation for fluoride, chloride, and bromide

15



intermediates: the rate-determining HAT reaction and the competing rebound hydroxylation or
halogenation reactions. We investigate HAT and rebound reactions to understand if differences
across three halides for these reactions could explain why C—H chlorination or bromination are
observed but fluorination is not observed. We study rebound of the substrate radical to both
hydroxo and halide ligands and compare reaction energetics to understand how the preference for

selective C—H hydroxylation vs halogenation differs across halides.

We model the HAT reactions using a bidentate succinate isomer with axial oxo and
equatorial halide, which is the most stable isomer for the chloride Fe(IV)=0 intermediate. While
this is not the most stable isomer for fluoride or bromide intermediates, it is used for HAT reactions
across all halides to enable consistent comparisons across halides and also because all bidentate
succinate isomers are comparable in energy for the three halides (Figure 2). We find that the HAT
reactions are accompanied by a significant reaction barrier (ca. 25 kcal/mol) for all halides
suggesting that the nature of HAT is largely independent of the halide in the active site (Figure 4).
This barrier height is in the middle range of those reported in prior work. Specifically, it is slightly
lower than the HAT reaction barriers of ca. 30 kcal/mol observed for BesD in prior work” owing
to additional constraints used in that study. In comparison to another study,®? we find that the HAT
barriers we observe are higher by ca. 5 kcal/mol, likely because we evaluate HAT reaction using
first coordination sphere residues and a model substrate whereas first and second coordination
sphere residues along with the complete substrate are used to compute HAT barrier in this other
work. Additionally, the HAT barriers we observe in these non-heme halogenase models are
comparable to those observed in non-heme hydroxylases such as TauD and non-heme

106, 107

demethylases with comparable O---H distances in transition states, as shown in prior

computational work.!%®!!! We also find that the hydroxo intermediate along with the substrate
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radical formed after HAT are higher in energy by ca. 10—13 kcal/mol relative to the reactants, i.e.,
the oxo intermediate and substrate, across all three halides (Figure 4). The high-energy structures
along the RCs observed at an O---H distance of 1.18 A are confirmed to be transition states through
Hessian calculations and the presence of a single imaginary frequency along the HAT RC (Figure
4 and Supporting Information Table S10). Furthermore, we obtained optimized geometries of these
transition states along with the corresponding Hessian calculations with a single imaginary
frequency along the HAT RC (Supporting Information Table S11 and Figure S7). The similar
barriers experienced by all halide species indicate that differences in HAT are unlikely to lead to
the lack of fluorination activity by non-heme iron halogenases. These observations are consistent
with experimental work on engineered SadX variants that showed hydroxylation was accelerated

in the presence of fluoride over other halides.>
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Figure 4. Relative hydrogen atom transfer (HAT) reaction energies (Erel, in kcal/mol) for active
sites with fluoride (shown in cyan), chloride (shown in green), and bromide (shown in maroon)
ligands. Representative geometries of fluoride intermediates corresponding to minima and
transition states are shown as insets. The O---H distance (in A) between Fe(IV)=O and H of
substrate is indicated as black dashed lines in the insets. Hydrogen, carbon, nitrogen, oxygen,
fluorine, and iron are shown in white, gray, blue, red, cyan, and brown, respectively.
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Next, we study rebound RCs in which the substrate radical reacts with hydroxo or halide
ligands (Figure 1). Rebound reactions with hydroxo/halide are carried out using the most stable
bidentate succinate isomers with axial hydroxo/halide, which are comparable in energy (Figure 2).
Rebound reactions where the substrate radical rebounds to the hydroxo ligand are barrierless for
larger halides, i.e., chloride and bromide but have a barrier of ca. 3 kcal/mol for the smaller fluoride
intermediates (Figure 5). Rebound reactions where the substrate radical rebounds to the halide are
barrierless for bromide and exhibit a minor barrier of ca. 1 kcal/mol for chloride (Figure 5).
However, a significant barrier of 6.5 kcal/mol is observed for fluoride intermediates, suggesting
that selective C—H fluorination could be challenging (Figure 5). The bulky model substrate along
with the significantly shorter -C---F distance (2.11 A) in the transition state of the rebound reaction
motivate us to investigate the extent to which the steric repulsion between the model substrate and
the active site contributes to the observed barrier of 6.5 kcal/mol (Figure 5). We study the rebound
reaction with a less bulky ethane model substrate and observe a significant barrier 8.8 kcal/mol,
suggesting that the steric interactions between the substrate and active site models have little effect
on the barrier for rebound to fluoride (Supporting Information Figure S8). Consistent with the
Hammond-Leffler postulate!!? 13, the strong exothermicity corresponds to transition states that
are much more similar to reactants than to the product rebound intermediate (Figure 5). The
moderate to significant barriers for fluoride intermediates suggest that the rebound reaction could
make C—H fluorination difficult in comparison to hydroxylation, consistent with prior work on
SadX.>® Additionally, we compute binding energies of Fe-X bonds (X = F, Cl, Br) and Fe-OH
bond to understand the ease of rebound of the substrate radical to halogens or the hydroxo ligand
(Supporting Information Table S12). We observe that the binding energies of larger halides, i.e.,

Cl and Br, to Fe are weaker which could further explain the ease of formation of chlorination and
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brominated products (Supporting Information Table S12). However, Fe—F and Fe—OH bonds have
comparable and much stronger bond dissociation energies (Supporting Information Table S12).
The stronger bond dissociation of Fe—F bond combined with the significant rebound barrier could

explain why we do not observe fluorinated products (Supporting Information Table S12).
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Further examination of rebound RCs reveals that the OH-rebound intermediates are
energetically more favorable than halide-rebound intermediates for fluoride, chloride, and bromide
intermediates, highlighting a greater thermodynamic driving force for hydroxylation (Figure 5).
Thus, to avoid the hydroxylated product which could serve as a thermodynamic trap, enzymes
must have chemical or structural strategies to favor halogenation over hydroxylation. For larger
halides chloride and bromide, the OH-rebound intermediates are much more favorable than the
halide-rebound intermediates by almost 35 kcal/mol, despite the fact that it is known that several
enzymes do selectively brominate or chlorinate (Figure 5). Surprisingly, we observe that the OH-
rebound intermediate is more stable than fluoride-rebound intermediate by a much smaller amount,
ca. 18 kcal/mol (Figure 5). Despite the smaller energetic difference between OH-rebound and
halide-rebound intermediates for fluoride relative to chloride/bromide, the higher barrier for
rebound to fluoride could make C—H fluorination challenging compared to C—H chlorination or

bromination (Figure 5 and Supporting Information Table S13).

4.3. Isomerization Barriers Between Fe(IV)=0 and Fe(I1II)-OH Isomers Across Halides.

We next studied isomerization energy landscapes of Fe(IV)=0 intermediates for all three
halides to assess their likelihood of interconversion. We compare the active site isomerization
across fluoride, chloride, and bromide intermediates to understand any differences in isomerization
barriers and preferred orientation of oxo/halide ligands in intermediates of the catalytic cycle. We
study two isomerization reaction coordinates (RCs) corresponding to the isomerization of a) halide
and b) oxo ligands from axial to equatorial positions with both monodentate and bidentate
succinate isomers. As previously discussed,’! we expect isomerization of Fe(IV)=0 intermediates
to be favored when the active site has a monodentate succinate configuration to ensure the needed

coordination flexibility within the active site to enable isomerization. Moreover, monodentate

21



metal-oxo isomers are only slightly less favorable than the bidentate isomers by ca. 3 kcal/mol

(Figure 2).

We first study the isomerization RC that connects equatorial and axial halide isomers with
equatorial oxo and monodentate succinate via an RC described by the Nuis—Fe—X angle formed
with the His ligand that is trans to the axial moiety (Figure 6). Comparison of this isomerization
RC across three halides reveals differences in the stabilities of the equatorial halide configuration,
which is not a minimum on the RC, but which we refer to as the equatorial isomer (Figure 4). This
equatorial fluoride isomer is more favorable than the equatorial chloride and bromide isomers by
ca. 2 kcal/mol and 3 kcal/mol, respectively (Figure 6). While the equatorial halide isomer is
energetically more stable than the axial halide isomer for all three halides, their energies are more
comparable for larger halides, i.e., the equatorial isomer is strongly preferred over the axial isomer
by 4.5 kcal/mol for fluoride but only by 2.5 kcal/mol for bromide (Figure 6). We also find that the
lowest-energy structure positions the halide tilted out of the equatorial plane and is observed at
increasingly obtuse RC angles with increasing halide size, i.e., the lowest-energy Nuis—Fe—X angle
is 137°, 140°, and 147° in fluoride, chloride, and bromide intermediates, respectively (Figure 6).
However, axial halide isomers are comparable in energy across all halides with axial fluoride and
bromide isomers being slightly more stable than axial chloride isomer by ca. 1 kcal/mol (Figure
6). Overall, we expect that the differences in equatorial halide stabilities and halide-dependent

Nuis—Fe—X RC angle during isomerization could play a role in enabling C—H halogenation.
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Figure 6. Reaction coordinates (RCs) for isomerization between (a) axial halide and equatorial
halide, and (b) axial oxo and equatorial oxo with monodentate succinate for fluoride, chloride, and
bromide Fe(IV)=0O intermediates. Representative geometries of fluoride intermediates
corresponding to minima and transition states are shown as insets. The Nuis—Fe—F and Nuis—Fe=0
angles (in °) are indicated as yellow dashed curves in the insets. Hydrogen, carbon, nitrogen,
oxygen, fluorine, and iron are shown in white, gray, blue, red, cyan, and brown, respectively.

The second RC corresponds to isomerization between the axial and equatorial positions for
the oxo while the halide remains equatorial and succinate remains monodentate (Figure 6). We
describe this RC as a function of Nuis—Fe=0O angle formed with the His ligand that is trans to the
axial moiety (Figure 6). We find that the energies of both minima corresponding to axial oxo and
equatorial oxo isomers differ by less than 1 kcal/mol between the smaller fluoride and larger
chloride/bromide intermediates (Figure 6). Furthermore, the angular RCs are broadly consistent
across all halides with a barrier of ca. 8 kcal/mol for oxo isomerization (Figure 6). The high-energy
structures along these RCs are confirmed to be transition states with a single imaginary frequency

along the angular RC mode (Supporting Information Table S14).

Although isomerization may occur in the Fe(IV)=0 intermediate, positioning the reactive
moiety away from the substrate at the cost of more sluggish but selective halogenation, it could

alternately occur after hydrogen abstraction but before the radical rebound step. We thus also

23



explore a similar isomerization RC that connects axial OH and equatorial OH where halide remains
equatorial and succinate remains monodentate (Supporting Information Figure S9). This RC is
captured by the change in Nuis—Fe—OH angle with the His trans to the axial hydroxo (Supporting
Information Figure S9). Consistent with oxo isomerization RCs, the hydroxo isomerization RCs
are also comparable across all halides (Supporting Information Figure S9). However, while an
axial oxo isomer is favored along the oxo isomerization RC, here we observe that a hydroxo
intermediate where OH tilts away from the axial position (Nuis—Fe—~OH = 154°) is favored for all
halides (Figure 6 and Supporting Information Figure S9). Comparable oxo and hydroxo
isomerization energy landscapes suggest that the preferred isomers before and after hydrogen atom
abstraction are consistent for all halides. This indicates that the difficulty with C—H fluorination
could stem from differences in halide isomerization that distinguish the behavior of fluoride and

chloride/bromide intermediates.

We next obtained isomerization RCs where succinate is forced to remain bidentate along
the RC to isolate the restrictive effect of bidentate coordination on isomerization and compare it
to the RCs obtained with monodentate succinate (Figure 7). While the bidentate succinate isomer
is more favorable than monodentate isomer by only 3 kcal/mol as shown in free optimizations, the
minima of RCs where monodentate or bidentate succinate are enforced further destabilize the
monodentate RC by ca. 20 kcal/mol (Figures 2 and 7). As explained in prior work®!, enforcing the
monodentate succinate constraint deforms the C—-O—Fe angle formed by succinate with Fe to a
much larger value (by ca. 47°) than the angle observed in free optimizations, destabilizing the
monodentate RC. Consistent with prior work®!, while bidentate succinate is more stable than its
monodentate counterpart, we find that isomerization may not be feasible with fully bidentate
succinate geometries for any of the three halides (Figure 7). Comparison of isomerization RCs
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obtained with bidentate and monodentate isomers reveals that the structures on the bidentate RC
for fluoride are energetically more favorable than those for chloride/bromide by ca. 2—-3 kcal/mol
(Figure 7). While isomerization RCs of monodentate isomers are comparable for all halides, the
additional stability of bidentate isomers for fluoride relative to chloride/bromide suggests difficulty
in isomerization from bidentate to monodentate isomers for fluoride which could explain why C—

H fluorination is not observed in non-heme Fe(I) enzymes (Figure 7).
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Figure 7. Reaction coordinates (RCs) for isomerization between axial oxo and equatorial oxo with
bidentate succinate (shown as circles) and monodentate succinate (shown as squares) for fluoride
(shown in cyan), chloride (shown in green), and bromide (shown in maroon) Fe(IV)=0
intermediates. Representative geometries of fluoride intermediates corresponding to minima are
shown as insets. The Nuis—Fe=0 angle (in °) is indicated as yellow dashed curves in the insets.
Hydrogen, carbon, nitrogen, oxygen, fluorine, and iron are shown in white, gray, blue, red, cyan,
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To further understand the contribution of the smaller size of fluoride to isomerization
propensity, we obtained halide and oxo isomerization RCs of fluoride intermediates as single-point
calculations of structures along isomerization RCs of chloride/bromide intermediates and vice-
versa (Supporting Information Figures S10-S11). Study of these RCs obtained with both

monodentate succinate and bidentate succinate helps us isolate the role of differences in shorter
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(i.e., Fe—F) and longer (i.e., Fe—Cl/Br) bonds in isomerization (Supporting Information Figures
S10-S11). Isomerization RCs of chloride/bromide intermediates obtained as single-point
calculations at fluoride geometries are found to have higher barriers of ca. 2-3 kcal/mol when Fe—
CI/Br bonds are constrained to the shorter Fe—F bond lengths (Supporting Information Figure S10).
On the contrary, isomerization RCs of fluoride intermediates obtained as single-point calculations
at chloride/bromide geometries exhibit comparable or even slightly reduced barriers when the Fe—
F bond is lengthened (Supporting Information Figure S10-S11). These observations suggest that
targeted modifications to residues in the enzyme active site to introduce residues that form halogen
bonds with fluoride or create local electric fields that elongate Fe—F bond lengths could make
selective C—H fluorination more favorable. This longer Fe—F bond would then be expected to make
the isomerization and rearrangement of the fluoride proximal to the substrate radical more

favorable.

5. Conclusions.

While non-heme iron halogenases are known to carry out C-H chlorination and
bromination, C—H fluorination activity has never been observed in these enzymes. We showed
through a combination of DFT and WFT that there are significant differences between the smaller
fluoride and the larger chloride/bromide intermediates in terms of their structural and energetic
preferences. These studies which are carried out using only the first coordination sphere residues
are found to differ slightly from a few prior studies that considered second coordinate sphere
effects. While HAT reactions were found to be comparable for all three halides, we observed
crucial differences in radical rebound reaction barriers for fluoride relative to chloride/bromide
intermediates. The larger halide-rebound reaction barriers for fluoride intermediates in comparison

to chloride/bromide intermediates could explain the challenges of C—H fluorination relative to C—
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H chlorination and bromination.

Isomerization is expected to play a role in reaction selectivity in non-heme iron
halogenases. We found that while chloride and bromide Fe(IV)=0O intermediates have readily
stabilized monodentate succinate isomers, fluoride monodentate isomers collapse back to
bidentate structures, suggesting additional interactions with the greater protein environment might
be necessary to enable the formation of this isomer for fluoride intermediates. Furthermore, we
find that the much shorter Fe—F bonds relative to Fe—Cl/Fe-Br bonds suggest difficulty in the
substrate approaching the oxo or hydroxo intermediates which could explain why C—H fluorination

is challenging.

To further distinguish across all three halide intermediates, we studied active site
isomerization of monodentate Fe(IV)=0 between equatorial and axial halide isomers and observed
differences in equatorial halide stabilities and the halide-dependent Nuis—Fe—X RC angle during
isomerization, which could play a role in C—H halogenation. We also found that bidentate isomers
have additional stability for fluoride relative to chloride/bromide intermediates, suggesting
difficulty in isomerization between bidentate and monodentate isomers for fluoride, which could
explain why C—H fluorination is not observed in non-heme iron halogenases. To understand the
effect of size differences, we obtained isomerization RCs of chloride/bromide intermediates with
Fe—Cl and Fe—Br bonds constrained to shorter bond lengths that revealed increased reaction
barriers. Conversely, fluoride RCs where Fe—F bond was elongated resulted in slightly reduced
barriers suggesting that targeted modifications in the enzyme active site to position residues nearby
that can form halogen bonds with fluoride and elongate Fe—F bonds could make selective C—H

fluorination possible.
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Overall, our study highlights the differences between the smaller fluoride and the larger
chloride/bromide intermediates that could explain why selective C—H fluorination is not observed
in non-heme iron halogenases. The differences in Fe-halide bond lengths and radical rebound
reactions described in this work set the stage for further studies about targeted modifications of

the enzyme active site to enable favorable C—H fluorination in non-heme iron halogenases.
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