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ABSTRACT: The inert nature of C(sp3)–H bonds makes their oxidative cleavage a difficult task. While metalloenzymes employ an array of 
non-covalent interactions to facilitate C(sp3)–H oxidation, this strategy is underexplored in abiotic catalysts due to time-consuming and low-
yielding ligand syntheses, which impedes iterative design. To surmount these obstacles, we, herein, have developed a highly modular and rapid 
synthetic strategy that capitalizes on the efficiency of solid-phase peptide synthesis, which enables the generation of a ligand platform displaying 
at least four unique residues of varying electronics and sterics in the secondary coordination sphere of a C–H oxidizing Fe catalyst. Modulating 
the non-covalent interactions in seven variants significantly influences cyclohexane oxidation catalysis, with one variant that boosts the catalytic 
activity by more than two-fold. To better understand the catalytic trends, we have determined the catalysts’ solution-state structures by 2D 
NMR spectroscopy, which suggests that peptide conformation can control substrate access and binding. This work demonstrates that (1) tun-
able, diverse, and complex active sites can be made readily, and (2) these active sites can be optimized to significantly increase catalytic activity.

The recalcitrant nature of the C(sp3)–H bond presents a major 
obstacle for converting abundant hydrocarbon resources into value-
added products and opening novel routes for organic synthesis.1–3 
An important example concerns the wasteful flaring of methane dur-
ing oil production, which could be eliminated by oxidation into 
methanol, a useful chemical and easily-transportable liquid fuel.4,5 
Though there are a handful of synthetic catalysts that can oxidize 
C(sp3)–H bonds to alcohol or carbonyl groups, current systems still 
demonstrate low activity, in contrast to efficient C–H oxidizing 
metalloenzymes – such as soluble methane monooxygenase 
(sMMO), particulate methane monooxygenase (pMMO), and cy-
tochrome P450 (Figure 1A)10,11.6–9  Abiotic catalysts are more advan-
tageous compared to enzymes in that their function and structure 
are not limited to what is biologically available, but the architecture 
of current catalysts have few options to engineer a secondary coor-
dination sphere that could assist in substrate binding or reactive spe-
cies generation.6 Some notable examples of catalysts have explored 
the use of non-covalent interactions in the secondary sphere to im-
prove C–H oxidation (Figure 1B), but the drawbacks of these afore-
mentioned catalysts are their lengthy syntheses and low modularity, 
which limits designability and optimization.12–19   

We hypothesize that synthetic peptides, which possess enormous 
structural diversity and are quickly assembled with robust, low-cost, 
and high-yielding chemistry, would overcome previous synthetic 
bottlenecks associated with secondary sphere synthesis.20–23 While 
many laboratories have explored peptides to tune the primary coor-
dination sphere24–30, fewer have targeted the secondary sphere,31–37 
and to our knowledge, there are no metallopeptides that utilize the 
secondary sphere to optimize C(sp3)–H oxidation. Herein, we re-
port a modular peptidic platform that display four unique residues in 
secondary sphere and can enhance the activity of a Fe-based C(sp3)–
H oxidation catalyst. 

Our catalyst design (Figure 1C) incorporates the following: (1) 
precise covalent attachment of a known catalytic inorganic complex, 
(2) a well-structured macromolecular peptide positioned above the 
cofactor to display various functionalities, and (3) a minimalist de-
sign to facilitate understanding of structure-function relationships. 
We targeted the Fe complexes of tris-(2-pyridylmethyl)amine 
(TPA) first described by Que and coworkers,6 which catalyze the ox-
idation of cyclohexane to cyclohexanol and cyclohexanone using the 
atom economical oxidant H2O2

 via a well-established mechanism.38 
Recent reports have shown that TPA and similar ligands can be co-
valently attached to the N-terminus of a helical peptide such that the 
metal center is proximal to several sidechains.39,40  Based on this pre-
vious work, we postulated that a metal-containing active site pocket 
can be readily constructed by dimerization of the peptide scaffolds, 
such as by disulfide bond formation via an incorporated cysteine res-
idue.41  

Our general sequence design comprises mostly the non-canonical 
amino acid 2-aminoisobutyric acid (Aib, one letter code = B), which 
reliably folds peptides into a 310-helical secondary structure (Table 
1).20,21,23  In this sequence, a 310 helix places residue 7 distal from, but 
positioned directly above the TPA cofactor, and thus was chosen to 
be cysteine to allow for dimerization via disulfide bond formation.42 
Residues 3 and 4 are in close proximity to the TPA cofactor, and 
combinations of glutamine  and alanine in those positions were syn-
thesized to probe the effects of hydrogen bonding and sterics around 
the metal. Peptides were synthesized by solid-phase peptide synthe-
sis (SPPS),43 and importantly, purified peptide can be obtained with 
straightforward protocols in ~3 days with high yields.  All peptides 
in this report fold well into a 310 helix (in 1:9 H2O:MeCN) as exhib-
ited by similar features in circular dichroism (CD) spectrum: a neg-
ative band at ~208 nm with a broad shoulder at ~222 nm and some 
positive intensity at 195 nm (Figure S8).44,45 



 

 

Figure 1. (A) Active site of cytochrome P450 highlighting the second-
ary sphere colored in magenta. (B) Representative selection of C–H ox-
idation catalysts that use a supramolecular secondary sphere. Their syn-
thesis times (excluding those of purification steps) and yields of only the 
supramolecular units are shown.46–50 (C) This work uses dimeric pep-
tide helices to construct the secondary sphere. 

Table 1. Peptide sequences in this report 

Name Sequence a 

A3Q4 TPA-BAQBBCBL-NH2 

Q3Q4 TPA-BQQBBCBL-NH2 

A3A4 TPA-BAABBCBL-NH2 

Q3A4 TPA-BQABBCBL-NH2 

A3A4F8 TPA-BAABBCFL-NH2 

A3E4 TPA-BAEBBCBL-NH2 

A3A4-OH TPA-BAABBCBL-OH 

a The peptides are homodimers, but only the sequence of one chain is 
shown 

 
Metalation with Fe(OTf)2 afforded bright yellow complexes con-

sistent with previously reported Fe(TPA)+2 complexes (SI).6 CD 
spectra confirmed that the helical structures were maintained after 
metalation. The NMR spectra of the FeII complexes exhibited very 
broad resonances indicating a significant population of paramag-
netic, high-spin FeII, preventing structural determination by NMR 
spectroscopy.38 In order to obtain representative NMR structures, 
2D spectra were collected on diamagnetic ZnII analogs (Figure 2). 
The 1H NMR spectra of all ZnII complexes show only one set of 
peaks indicating symmetrically-related helices, and a pattern of NOE 
cross peaks defining a 310 helix (SI).51 In Q3Q4 and A3Q4, the ε-
NH2 protons of Q4 are noticeably broader (FWHM of 35 Hz and 56 
Hz, respectively) than other amide protons suggesting faster ex-
change with H2O, consistent with binding of the amide carbonyl ox-
ygen to the Lewis acidic ZnII center.52 More importantly, there are 
several NOE cross peaks between residues distant in the sequence 
that are not possible within a single chain, revealing that the helices 
are antiparallel with respect to each other. The NMR-derived dis-
tance constraints were used to solve the structures of Zn-peptides. 
Complexes of X3Q4 (X = A or Q) show coordination of Q4 to the 
metal allowing the ε-NH2 group to act as a secondary sphere H-bond 
donor, while the opposing helix is pushed away by the sterics of Q4. 
Moreover, in Q3Q4, H-bonding between Q3 and L9’s carboxamide 
pulls the helix further way from TPA than in A3Q4. Mutation of 
X3Q4 to X3A4 (X = A or Q) allows the opposing helix to swing 
closer to TPA, with the identity of residue 3 controlling the level of 
helical movement. In Q3A4, a H-bond between L9 to Q3 allows the 
two helices to create a hydrophobic cavity above the metal center 
lined with Ala or Aib residues. In A3A4, the absence of interchain H-
bonding coupled with small size of residue A4, allows the C-termi-
nus to approach even closer to the metal center, ~4 Å between the 
carboxamide and the metal center. Thus, the side chains control pre-
cise placement of functional groups in the secondary sphere of the 
TPA site.  

Indeed, the catalytic oxidation of cyclohexane by H2O2 (in 
MeCN) mediated by the Fe-peptide complexes clearly reveals the 
effect of secondary coordination sphere when compared to the co-
factor analog, Fe(5-MeO2C-TPA)(OTf)2 (Figure 3). The overall 
oxidation yield by Fe2(Q3Q4) is 27% higher than that of the pure 
cofactor, Fe(5-MeO2C-TPA), with increased cyclohexanone pro-
duction accounting for higher yield. Mutation to Fe2(A3Q4) greatly 
increases the turnover of the catalyst (82% higher than cofactor), 
which is surprising since there is only a subtle variation between the 
helix orientation compared to Fe2(Q3Q4) (vide supra). This obser-
vation showcases that catalysis is highly sensitive to even minor 
changes in the secondary coordination sphere. The catalytic activity 
is further improved upon mutation to Fe2(X3A4) (X = A or Q). The 
slight differences at the helical interface between Q3A4 and A3A4 
(vide supra) manifests in small, but significant differences in activity 
(116% and 103% higher than cofactor for Q3A4 and A3A4, respec-
tively). The Q4A mutation removes the coordination of Q4 from the 
metal center, but it is important to note that the elevated activity is 
not solely attributable to the increase in metal coordination sites 
since these mutants exhibit similar primary coordination as Fe(5-
MeO2C-TPA).6 These observations suggest that the peptidic sec-
ondary sphere plays an essential role, either by enhancing the for-
mation of catalyst-substrate complex or disfavoring the nonproduc-
tive disproportionation of H2O2. The higher proportion of ketone  



 

 

Figure 2. (A) NMR solution structures of Zn+2 metallated peptides in 1:9 H2O:CD3CN. Ensembles of the ten lowest-energy structures are shown, with 
the most stable structure shown in ribbon and stick representation. Zinc atoms are represented by yellow spheres. (B) Close-up of the active site in the 
lowest-energy structure. The relevant residues in the secondary sphere are highlighted in magenta. 

 
produced by all peptide catalysts in comparison to Fe(5-MeO2C-
TPA) may also be explained by a stronger retention of cyclohexanol 
by the peptide scaffold, favoring a second oxidation event. 

Mutations of residues far from TPA in the sequence can also ap-
preciably influence catalysis through the geometry imparted by the 
antiparallel helices. The B8F mutation in A3A4 (A3A4F8) drasti-
cally reduces the catalytic activity (12% less than the cofactor). Ex-
amination of the NMR structure of A3A4F8 provides a likely expla-
nation, which is that the position of F8 over the TPA cofactor may 
obstruct substrate access.  

Addition of excess acetic acid has been known to greatly increase 
the yield of C–H oxidation by Fe catalysts, and this effect has been 
hypothesized to operate via an FeIII–HOAc intermediate that facili-
tates conversion of FeIII–OOH to the active FeV=O species.53–56 This 
mechanistic proposal inspired us to mutate Q4 to an isostructural 
glutamic acid and examine its effect on cyclohexane oxidation. 
Fe2(A3E4) has very similar spectroscopic features to Fe2(A3Q4) 
(NOESY features in Zn analogs are also comparable), suggesting an 
analogous structure; however, the catalytic activity is mostly un-
changed, demonstrating that the Fe-bound carboxylic acid does not 
play a major role in catalysis, at least in this coordination mode. As 
noted in previous studies, the exact role of acetic acid in Fe-catalyzed 
C–H oxidation remains ambiguous,53,54 and our findings suggest that 
simple coordination of a carboxylic acid may not be enough to in-
crease activity. We further tested another site for introducing a car-
boxylic acid at the C-terminus of A3A4, which is in close proximity 
to the cofactor due to the antiparallel orientation of the helices. This 
mutant, Fe2(A3A4-OH), however, shows much less activity than 
Fe2(A3A4), which further illustrates that the function of carboxylic 

acids may be more complicated than in what has been previously 
proposed.54,56 

 

Figure 3. Catalytic oxidation of cyclohexane by iron complexes 
(Fe:H2O2:cyclohexane is 1:10:100). Yields are averaged from three runs 
and calculated with respect to the limiting reagent, H2O2. Error bars cor-
respond to the total yield. Cofactor is Fe(5-MeO2C-TPA)(OTf)2. 



 

Due to the abundance of C–H bonds in the scaffold, we investi-
gated the fate of the peptides after catalysis. Liquid chromatog-
raphy–mass spectrometry of the post-catalytic solutions revealed 
major species consistent with disulfide bond cleavage and addition 
of three oxygen atoms (Figure S61-S67). To locate the oxygenated 
residue(s), the peptides were sequenced by MS/MS, and surpris-
ingly, while no C–H bonds were identified to be hydroxylated, C7 
was completely oxidized to cysteic acid in all cases (Figure S61-S67). 
Usually, oxidation of disulfides to cysteic acid requires harsh condi-
tions, such as concentrated performic acid.57 Cysteic acid formation 
likely deactivates catalysis by neutralizing the catalytically relevant 
FeIII–OH moiety,54 as evidenced by the fact that additional equiva-
lents of H2O2 do not further increase yield of cyclohexane oxidation 
(Table S22). This observation pinpoints the disulfide motif as a 
weak link and will guide the evolution of future design towards other 
peptide dimerization techniques.58–60 

The strategy presented in this work – the combination of non-ca-
nonical residues to control secondary structure, dimerization of hel-
ices to generate active site, and conjugation of a catalytic unit – pro-
vides a practical and versatile route for secondary sphere ligand de-
sign. The ability of this ligand platform to improve upon the highly 
challenging catalytic oxidation of C(sp3)–H bonds attests to the in-
fluential role of non-covalent interactions in the active site microen-
vironment. We anticipate that the modularity and expandability of 
the scaffold will enable nearly endless permutations for engineering 
this microenvironment for regio- and stereoselectivity. Though the 
structure-space of peptides is vast, the ease and speed of making 
these ligands is expected to allow for high-throughput synthesis and 
directed evolution approaches to uncover highly active variants. 
Lastly, the synthetic and design approach in this work should be 
widely adaptable to a number of other catalysis. 
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