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Abstract: Engineered heme protein biocatalysts provide an
efficient and sustainable approach to develop amine-contain-
ing compounds through C� H amination. A quantum chemical
study to reveal the complete heme catalyzed intramolecular
C� H amination pathway and protein axial ligand effect was
reported, using reactions of an experimentally used arylsulfo-
nylazide with hemes containing L=none, SH� , MeO� , and
MeOH to simulate no axial ligand, negatively charged Cys and
Ser ligands, and a neutral ligand for comparison. Nitrene

formation was found as the overall rate-determining step
(RDS) and the catalyst with Ser ligand has the best reactivity,
consistent with experimental reports. Both RDS and non-RDS
(nitrene transfer) transition states follow the barrier trend of
MeO� <SH� <MeOH<None due to the charge donation
capability of the axial ligand to influence the key charge
transfer process as the electronic driving forces. Results also
provide new ideas for future biocatalyst design with
enhanced reactivities.

Introduction

Because of functionalities in both natural products and
therapeutic drugs,[1] the development of catalysts for the
amination of C(sp3)� H bonds has attracted much attention and
been widely applied in organic synthesis.[2] These reactions
require catalysts that are often expensive, as well as nitrene
sources that are potentially harmful to the environment.[3] Cost-
effective, green synthesis of these amine-containing com-
pounds would therefore be a potent tool in this field. Due to
high reactivity and enantioselectivity of metalloporphyrin
catalysts,[4] major efforts have been exerted on exploring
metalloporphyrins and more recently engineered heme pro-
teins in catalytic C� H aminations, including metal centers such
as Fe,[5] Co,[6] and Ru.[7] Among available nitrene sources, organic
azides are environmentally friendly (which upon reaction with
heme catalysts generate the harmless gas N2 as the sole
byproduct[6b,8]), highly reactive,[8–9] and easily accessible.[9b,c]

Recent experimental studies show that engineered heme
proteins[5,10] can promote the C� H amination transformation of

azide substrates at room temperature with up to 14000
turnovers and up to >99%ee.[5h,j] Such favorable catalytic
features coupled with the facts that Fe is the most abundant
and least expensive transition metal and heme proteins are not
toxic, make these biocatalysts highly appealing for sustainable
chemical synthesis.

In contrast, the theoretical mechanistic work of heme
protein catalyzed C� H amination is scarce,[5j,11] although there
are a few reports of metalloporphyrin catalyzed C� H amination
mechanisms.[6a,c,e,f,12] In particular, there is only one computa-
tional report for the intramolecular C� H aminations catalyzed
by heme proteins,[11c] which is focused on explaining regio- and
stereo-selectivity. But the whole intramolecular C� H amination
pathway starting from reactants is unknown, which is important
for the information of the overall rate-determining step (RDS)
and biocatalyst design. Moreover, there are other interesting
mechanistic questions unaddressed for many experimental
intramolecular C� H amination studies.[5a–e,g,h] For instance,
Arnold[5a] and Fasan[5h] groups revealed a significant intra-
molecular C� H amination reactivity improvement by just
mutating the axial Cys ligand to Ser in native cytochrome P450
variants. This beneficial mutation was then included in many
intra- and even intermolecular C� H amination experimental
work.[5a,d,f–j] However, the mechanistic origin of this favorable
axial ligand effect has not been well understood yet. Although
a very recent computational work on the intermolecular heme
C� H amination studied these two ligands,[11d] the comparison is
only on the nitrene formation process (this step was deter-
mined to be not a RDS there, which is inconsistent with other
recent computational reports on the same reaction[11a,b]) and
prefers the protonated Ser over the deprotonated one, which is
also inconsistent with all other computational work in this
field.[5j,11a–c] These problems call for a more careful and complete
reaction pathway study of the effects of Cys vs. protonated and
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deprotonated Ser. In addition, The mechanistic comparison
with no ligand is still unknown.

As such, we report the results of full intramolecular C� H
amination pathway and axial ligand effect via a quantum
chemical study of heme catalyzed intramolecular C� H amina-
tions of arylsulfonyl azide. These data not only well reproduced
available experimental reactivity trend of axial ligands and
RDS[5a,h] and other features from prior experimental and
computational work,[11a–c,13] but more importantly revealed the
previously unknown electronic driving forces for the key
transition states and electronic origin of the observed ligand
effect. Such information will benefit future biocatalyst design
for C� H aminations. This work also enriches the mechanistic
understanding of axial ligand effects on various kinds of heme
reactions[13a,14] and the chemistry of P450s.[5j,11,13a,14a–c,e,g,i,15]

Results and Discussion

Since we focus on the axial ligand effect and basic full reaction
pathway, the heme catalysts (R1) with different axial ligand
situations were modeled as [Fe(Por)L] ( L=none for no axial
ligand, SH� for Cys,[13a,14b] OMe� for Ser,[5j,11a–c] and MeOH for a
neutral ligand; Por=non-substituted porphyrin, as used in
recent computational studies of C� H aminations[5j,11b–d]). The
substrate is the experimentally used 2,4,6-triethylbenzene-1-
sulfonylazide (R2).

[5a–c,e] As shown in the Supporting Information,
additional calculations using the full heme substituents in the
real proteins show that all conclusions including the rate-
determining step, the more favorable reactivity of Ser vs. Cys,
and spin state effects remain the same, thus support the
efficient use of the current models in this work for subsequent
discussion. All species in the reaction pathways were subject to
full geometry optimizations and frequency analysis using a
range-separated hybrid DFT method with dispersion correction
based on its excellent performance for heme carbene reaction
pathway studies.[13,14b,d,16]

Because conformation may influence the reaction
results,[13b,14b,d] we first conducted a detailed study of possible
conformations of the substrate, and then study species in the
reaction pathway involving both the substrate and heme
catalyst, to choose the most reasonable conformations in the
following mechanistic investigation, see section I in Supporting
Information for details.

In addition, because the studied iron-containing systems
could have different spin states and various spin interactions
among different components in each system, we carried out a
comprehensive spin state study (see details in section II of
Supporting Information) to use the most favorable spin state
for each system in the subsequent mechanistic discussion.

Full intramolecular C-H amination pathway and RDS

As shown in Figure 1, the basic reaction pathway is similar to
previous work of metalloporphyrin-catalyzed C� H
aminations,[6a,11b,c,12a] having first nitrene formation and then

nitrene transfer (C� H amination) steps. It should be noted that
the general reaction pathway feature described here is the
same no matter there is no ligand, negatively charged ligands
with different coordination atoms, or neutral ligand. The
reaction starts with R2 coordination to R1 to form the first
intermediate (Int1), which only has a mild energy cost due to
entropic effect (the enthalpy is favorable for this step, see
Table S10). Then, it proceeds through the first transition state
(TS1) for the formation of the nitrenoid intermediate (Int2) with
release of N2 (P1). TS1 has a significant barrier (>19 kcal/mol)
and is the RDS in the whole reaction pathway for all ligand
cases (see Figure 1A vs. 1B). This feature agrees with a recent
experimental work of heme protein catalyzed intramolecular
C� H aminations.[5h] Subsequently, a benzylic hydrogen atom is
transferred to the nitrene nitrogen via the second transition
state (TS2) to generate the third intermediate (Int3). The
reaction barrier in this step is around 10 kcal/mol. Then, the
nitrene nitrogen bonds with the radical benzylic carbon to form
the fourth intermediate (Int4). All efforts in trying to obtain a
radical rebound transition state connecting Int3 and Int4 failed,
which suggests a barrierless process for this step and is
probably due to the strong thermodynamic favorability of this
reaction step with> ~60 kcal/mol energy drop. The absence of
this transition state was also reported in some heme catalyzed
intermolecular C� H amination pathways.[11a,b] Finally, the break-
ing of the Fe� N coordination bond in Int4 delivers the C� H
amination product (P2) and regenerates the catalyst R1. Overall,

Figure 1. Relative Gibbs free energy profiles with different axial ligands for
species in the reaction pathways of (A) nitrene formation and (B) C� H
amination.
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these results provide the first intramolecular C� H amination
pathways and show that nitrene formation is the overall RDS in
this multiple step reaction.

Axial ligand effect

We then investigate the details of axial ligand effects on
catalytic reactivities, which exhibit a range of ~8 kcal/mol for
TS1 barriers in contrast with only ~2 kcal/mol differences in
TS2 barriers, see Figure 1. This again highlights the importance
of TS1, which as RDS is more sensitive to catalyst structural
changes. Based on RDS barriers, the Cys axial ligand is
significantly less favorable than the Ser ligand in promoting
nitrene formation, which is in good accordance with exper-
imental observations.[5a,h] The correct identification of exper-
imentally proved RDS and axial ligand effect shows further
support of using these computational results to understand
some mechanistic features unknown before. Interestingly, for
RDS, the barriers for a neutral ligand and no ligand (also a
neutral axial environment) are very similar (<1 kcal/mol differ-
ence) and both are much higher than those for the two
negatively charged ligand cases. In particular, the significantly
more favorable barrier for MeO� than that for MeOH with the
same coordination atom and substituent and the only differ-
ence of the charge state, is a strong indicator of the electronic
effect of the axial ligand’s charge. Even for non-RDS TS2
barriers, Ser is more favorable than Cys as the axial ligand and
both are again lower than the cases of neutral axial environ-
ments. So, these computational results provide several interest-
ing reactivity trends as regards axial ligand or ligand environ-
ment and suggest that the charge state of an axial ligand is
important for both nitrene formation and transfer reactions.

Based on this complete reaction pathway study, the
deprotonated Ser is preferred over the protonated one for this
reaction and only the deprotonated Ser reproduces the
experimental reactivity trend of Ser>Cys.[5a,h] The use of
deprotonated Ser is consistent with all computational work in
heme C� H amination studies[5j,11a–c] except for one recent paper
which was based on a comparison of only the nitrene formation
step (determined to be non-RDS there,[11d] which is inconsistent
with other recent computational reports on the same
reaction[11a,b]) for protonated Ser and deprotonated Cys. That

work used absolute deprotonation energies calculated from
two processes that have not been proved to be experimentally
applicable for its protonation state. In contrast, a recent
computational work of heme carbene transfer reactions which
employed relative deprotonation energies compared to a
species that is known to be deprotonated in the neutral pH
range showed that both Ser and Cys shall be deprotonated.[14a]

Such deprotonated Ser was also used in other computational
heme carbene reaction studies.[14c] In addition, experimental x-
ray structures of Cys to Ser mutated P450s (called P411s)[5f,17]

show that the same hydrogen bonding partners to stabilize the
deprotonated Cys in the native enzyme are maintained during
the mutation to Ser, which also suggests a similar stabilization
effect for the deprotonated Ser.

Nitrene formation step

To help understand origin of these reactivity differences of
various ligand situations, both charge profiles and geometric
data were examined in detail (see Tables S11 and S12) with key
results shown in Figures 2 and 3 respectively. The charge
distribution in the reaction system varies along the pathway to
result in charge transfer (CT) from some parts to other parts of
the system. Analysis of this kind of results have assisted the
elucidation of electronic effects and particularly the electronic
driving forces of other reactions for heme systems.[13b,14b,d] As
shown in Figure 2A� D, there is a significant CT occurs from Fe
to the coordinated azide group from reactants to TS1 for all
four ligand cases. It has a value around 0.6 e, which indicates
the partial formation of Fe(III) and negatively charged nitrene
moiety at TS1. This electron transfer feature is more evident
from the spin density analysis, showing a total spin density of
ca. 1 e for the N3 group and corresponding spin density for an
Fe(III) center (see Table S13). The major energy cost in this stage
is the partial cleavage of the N-NB bond to prepare for the N2

release. This is associated with ca. 0.4 Å bond elongation (which
is much larger than other bond length changes around the
reaction center, see Table 1) and ca. 50 degrees of bending for
the N-NB-NT angle, see Figure 3A–D. Because the N-NB bond in
the original azide has a positive charge of ~0.3 e (Table S12), a
negative CT of this amount to this moiety (QCT1) happens for
releasing a neutral N2, see Figure 2A–D. This CT accounts for

Table 1. Key Energetic, Geometric, and Electronic Results.

L a ΔG� RFe-N ΔRN-NB ΔRC-H QCT
b 1αβ

Fe 1αβ
N 1αβ

C

[kcal/mol] [Å] [Å] [Å] [e] [e] [e] [e]

MeO� 3TS1 19.31 2.073 0.375 � 0.002 � 0.327 0.950 0.401 0.001
3TS2 9.15 1.983 0.204 � 0.202 0.918 0.526 0.525

SH� 3TS1 24.59 2.049 0.370 � 0.002 � 0.322 1.096 0.398 0.001
3TS2 9.57 1.938 0.193 � 0.203 1.025 0.534 0.515

MeOH 5TS1 27.46 2.148 0.385 � 0.001 � 0.311 2.851 0.549 0.002
3TS2 9.94 1.835 0.176 � 0.218 0.977 0.576 0.499

none 5TS1 27.70 2.092 0.379 � 0.001 � 0.302 2.779 0.568 0.000
3TS2 11.40 1.810 0.178 � 0.239 1.041 0.520 0.498

a) Corresponding spin states of the transition states are indicated by the left superscript. b) the major CT responsible for the energy barrier as described in
the text: QCT1 for TS1 and QCT2 for TS2.
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~50% of the total charge received from Fe or heme to azide,
with the remaining ~30% and 20% located at the nitrene’s
nitrogen and further transferred to the arylsulfonyl part
respectively. It is interesting to note that jQCT1 j follows a trend
of MeO� >SH� >MeOH>None, i. e. the larger the CT (in
magnitude, all being negative CTs), the lower the barrier, and
the greater the reactivity for TS1 with respect to reactants.
These results show that the CT from Fe to azide and eventually
to the terminal N2 moiety is a significant change and QCT1 at
TS1 for breaking the N-NB bond is correlated with the reaction
barrier. Based on this electronic driving force, an axial ligand
can significantly influence the reactivity via its charge donation
capability. This feature helps understand the more favorable
reactivity of a negatively charged axial ligand than a neutral
ligand discussed above, since a negatively charged ligand can
donate more charge to Fe to facilitate the CT process needed
for bond-breaking at TS1. Among the two negatively charged
ligands studied here, the Fe� O bond is ca. 0.5 Å shorter than
the Fe� S bond (see Figure 3A� B), which aids the charge
donation from Fe to azide (see Figure 2A� B) to eventually
release the charge to N2 moiety for its leaving. This leads to a
smaller barrier for MeO� than SH� .

It is interesting to note that the axial ligand effect regarding
a neutral ligand vs. a negatively charged one on heme nitrene
formations here is opposite to that on heme carbene
formations, for which a neutral ligand is more favorable.[13a] This
is because the direction of the electronic driving force (the
main charge transfer) in the cases of heme carbenes is reversed,

i. e. it is from carbene to Fe, unlike here from Fe to nitrene.
These comparison results further show the importance of using
electronic driving force in understanding reactivity differences
of axial ligands.

Hydrogen atom transfer step

For the hydrogen atom transfer step in the C� H amination
reaction, i. e. from the nitrene intermediate (Int2) to TS2, as
shown in Figure 2E� H, the most significant CT happens from
the remaining part of the nitrene to N, QCT2, for all four ligand
cases, to accompany the hydrogen atom transfer to this N. It is
also negative as for QCT1. The QCT2 values of around 0.2 e are
smaller than those in the nitrene formation step (QCT1 ~0.3 e,
Table 1),which is consistent with the fact that the overall RDS is
the latter. It is interesting to note that jQCT2 j follows a trend of
MeO� <SH� <MeOH<None, same as the reaction barrier trend
of this step, suggesting an effect of the axial ligand on CT to
affect reactivity in this step. However, this jQCT2 j trend is
opposite to that for jQCT1 j . This is because the CT direction for
TS2 is toward the axial ligand, while that for TS1 is away from
it. As a result, the stronger charge donation axial ligand (such as
MeO� ) will counter this CT at TS2 to make it smaller, as
observed here.

Another significant electronic feature of TS2 is the partial
formation of the carbon radical at the benzylic position due to
partial hydrogen atom transfer, as evident by its ~0.5 e spin

Figure 2. Atomic charge changes (in black) at TS1 (A–D) with respect to reactants and TS2 (E–H) with respect to Int2 and charge transfers (in blue) as
indicated by arrows and numbers in parentheses for the four axial ligand cases.
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density, see Table 1. It has a trend of MeO� (0.525 e)>SH�

(0.515 e)>MeOH (0.499 e) ~ None (0.498 e), which is opposite
to the barrier trend and thus indicates that a more complete
radical transfer is associated with a lower barrier. As illustrated
in Figure 4A for the axial ligand MeO� , initially Int2 has nitrene’s
spin density mostly on N (~0.9 e). Then it was almost equally
shared between this N (0.526 e) and the benzylic C (0.525 e) at
TS2 (Figure 4B), indicating a concerted transfer of proton and
electron as a hydrogen atom. It also shows that among the two
paired electrons in the original covalent benzylic C� H bond, the
one goes with the transferred hydrogen has the opposite spin
direction with respect to that of N, while the one remains with
C has the same spin direction. As such, after the hydrogen atom
is completely transferred to N, there is almost no spin density
left for N (0.015 e), while the benzylic C maintains the most spin
density (0.757 e) with a few shared by the neighboring phenyl
ring, see Figure 4C.

In this step, the major energy cost is the partial breaking of
the benzylic C� H bond for the hydrogen atom transfer. ΔRC-H

values in Table 1 again follow the same trend of MeO� >SH� >
MeOH ~ None. These data suggest that TS2 is a late transition
state, as large structural changes are associated with small
barriers. It should be noted that this step is a radical transfer
reaction, so a partial CT would reduce the radical feature and
thus affect the radical transfer efficiency. Interestingly, the 1αβ

C

Figure 3. Key geometric parameters (in black) and changes (in blue) at TS1 (A–D) with respect to reactants and TS2 (E–H) with respect to Int2 for the four
axial ligand cases. Atom color scheme: Fe, black; O, red; C, cyan; H, gray; S, yellow; N, blue.

Figure 4. Spin density pictures for Int2 (A), TS2 (B) and Int3 (C) with
L=MeO� (contour value=0.008 au).
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trend is indeed contrary to the jQCT2 j trend as discussed above,
i. e. more radical formation is associated smaller CT amount and
lower barrier in this step. Therefore, the beneficial effect of
using a negatively charged ligand vs. a neutral one in this step
is due to its stronger charge donation capability to counter and
minimize CT for a better radical transfer reactivity.

Conclusion

Overall, this work revealed the complete reaction pathway and
axial ligand effect for heme protein catalyzed intramolecular
C� H aminations. Results provides the first computational
support and understanding of the experimentally found RDS
and relatively more favorable effect of Ser vs. Cys as axial ligand
on these reactions. More importantly, the electronic origins of
the axial ligand effect on both RDS (nitrene formation) and non-
RDS (nitrene transfer) transition states were elucidated: the
more favorable charge donation of an axial ligand facilitates the
CT needed for releasing N2 to form nitrene, while it reduces the
CT occurred at the hydrogen atom transfer step to aid a more
complete radical transfer feature. Both effects lead to the same
reactivity trend: the barrier height trend is MeO� <SH� <
MeOH<None, where the lower barrier height gives greater
reactivity. These results highlight the importance of the
electronic driving forces in these steps and suggest additional
venues to help future heme-based biocatalyst design in the
field of sustainable C� H amination, such as 1) using an axial
ligand with stronger charge donation effect than Ser; 2)
removing or reducing hydrogen bonds to axial Ser (since such
hydrogen bonds in the experimental system[5f,17] make the
actual axial ligand environment between MeO� and MeOH and
thus less closer to the favorable pure negatively charged
ligand); 3) adding electron-donating substituents on porphyrin
to facilitate the beneficial CT effects as revealed from this work.
Certainly, further studies to include specific protein environ-
ments and side reactions[17] will provide a more comprehensive
evaluation for biocatalyst design.

Computational Methods
All calculations were performed using the program Gaussian 09.[18]

All models investigated in this work were subject to full geometry
optimizations without any symmetry constraints using the PCM
method[19] with a dielectric constant of 4.0 to simulate the protein
environment effect as done previously.[20] The frequency analysis
was used to verify the nature of the stationary points on respective
potential energy surfaces and to provide zero-point energy
corrected electronic energies (EZPE’s), enthalpies (H’s), and Gibbs
free energies (G’s) at 1 atm and room temperature. The atomic
charges and spin densities reported here are from the Natural
Population Analysis (NPA) and Mulliken schemes respectively, as
implemented in Gaussian 09. All structures were optimized using a
range-separated hybrid DFT method with dispersion correction
ωb97xd[21] with the basis set including the effective core potential
(ECP) basis LanL2DZ[22] for iron and 6–311G(d) for all other atoms,
based on its excellent performance in studies of related heme
carbene reactions.[13,14b,d,16] The use of a much larger 6-311+ +

G(2d,2p) basis for all non-metal atoms was found to yield similar

energy results for heme reactions[13b] and thus further support the
efficient use of the current basis set here. The Fe basis here was
also used in most previous computational work of heme C� H
aminations.[5j,11a,c,d] The connections among the transition states
with the species before and after them in the reaction pathway
were confirmed via intrinsic reaction coordinate calculations in
Gaussian 09. To evaluate if the actual heme substituents in the real
proteins could affect the conclusions from the results using non-
substituted porphyrins as found in certain substituted porphyrins,[23]

additional calculations using the full heme substituents were done
using the same approach as in our recent computational work
which reproduced heme protein catalyzed reaction stereoselectiv-
ities within 1% error.[24]
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