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Figure A1.5: SDS-PAGE of the purification steps of the T369C/S451 variant of SBD2 
grown in E. coli, induced with 0.0002% w/v L-arabinose. Lanes are largely 
indistinguishable except for that containing the molecular weight marker ladder and 
those. 

It appears that there is little-to-no protein in the loaded gel sample, even at the ‘cell 

lysate’ stage. It is unclear as to why, as the bacterial cultures were monitored and 

induced at the correct ‘log phase’ of growth (indicated by OD600 = ~0.6). 
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A.2 4P-PELDOR set-up experiments 

The experiments usually recorded to accurately set up a 4P-PELDOR experiment 

(i.e. FSE and T2 measurements) are shown below where acquired. 

MalE 

Figure A2.1: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled 
T36C/S352C variant of MalE in the apoprotein (black) and maltose-bound (red) 
forms, measured using a standard Hanh echo recorded across a range of magnetic 
fields. Right, the Hanh echo decay (T2) spectra of the MTSL-labelled T36C/S352C 
variant of MalE in the apoprotein (black) and maltose-bound (red) forms, measured 
using a standard Hanh echo with the separation, τ, between the π/2- and π-pulses 
increased between each point. Both measured at X-band, at 60 K. 
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GlnPQ SBDs 

Figure A2.2: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled 
Q87C/T159C variant of SBD1 (later ‘non-binding’ prep, provided by collaborators at 
Ludwig-Maximilians-Universität München) in the apoprotein form (black) and with 
excess Gln (blue), measured using a standard Hanh echo recorded across a range 
of magnetic fields. Right,  the Hanh echo decay (T2) spectra of the MTSL-labelled 
Q87C/T159C variant of SBD1 (later ‘non-binding’ prep, provided by collaborators at 
Ludwig-Maximilians-Universität München) in the apoprotein form (black) and with 
excess Gln (blue), measured using a standard Hanh echo with the separation, τ, 
between the π/2- and π-pulses increased between each point. Both measured at X-
band, at 50 K. 
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Figure A2.3: the Field Swept Echo (FSE) spectrum of the MTSL-labelled 
T369C/S451 variant of SBD2 (earlier ‘contaminated prep’, provided by collaborators 
at Zernike Institute for Advanced Materials, University of Groningen) in the 
apoprotein form, measured using a standard Hanh echo recorded across a range 
of magnetic fields. Measured at X-band, at 50 K. 

 

Figure A2.4: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled 
T369C/S451 variant of SBD2 (later ‘non-binding’ prep, provided by collaborators at 
Ludwig-Maximilians-Universität München) in the apoprotein form (black) and with 
excess Gln (green), measured using a standard Hanh echo recorded across a range 
of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-labelled 
T369C/S451 variant of SBD2 (later ‘non-binding’ prep, provided by collaborators at 
Ludwig-Maximilians-Universität München) in the apoprotein form (black) and with 
excess Gln (green), measured using a standard Hanh echo with the separation, τ, 
between the π/2- and π-pulses increased between each point. Both measured at X-
band, at 50 K. 
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PsaA 

Figure A2.5: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled 
L56C/I236C variant of PsaA in the apoprotein (blue), Mn2+-bound (green) and Zn2+-
bound (orange) forms, measured using a standard Hanh echo recorded across a 
range of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-
labelled L56C/I236C variant of PsaA in the apoprotein (blue), Mn2+-bound (green) 
and Zn2+-bound (orange) forms, measured using a standard Hanh echo with the 
separation, τ, between the π/2- and π-pulses increased between each point. Both 
measured at X-band, at 50 K. 

Figure A2.6: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled 
L56C/S266C variant of PsaA in the apoprotein (blue), Mn2+-bound (green) and Zn2+-
bound (orange) forms, measured using a standard Hanh echo recorded across a 
range of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-
labelled L56C/S266C variant of PsaA in the apoprotein (blue), Mn2+-bound (green) 
and Zn2+-bound (orange) forms, measured using a standard Hanh echo with the 
separation, τ, between the π/2- and π-pulses increased between each point. Both 
measured at X-band, at 50 K. 
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Figure A2.7: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled 
S58C/S266C variant of PsaA in the apoprotein (blue), Mn2+-bound (green) and Zn2+-
bound (orange) forms, measured using a standard Hanh echo recorded across a 
range of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-
labelled S58C/S266C variant of PsaA in the apoprotein (blue), Mn2+-bound (green) 
and Zn2+-bound (orange) forms, measured using a standard Hanh echo with the 
separation, τ, between the π/2- and π-pulses increased between each point. Both 
measured at X-band, at 50 K. 

Figure A2.8: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled 
S58C/I125C variant of PsaA in the apoprotein (blue), Mn2+-bound (green) and Zn2+-
bound (orange) forms, measured using a standard Hanh echo recorded across a 
range of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-
labelled S58C/I125C variant of PsaA in the apoprotein (blue), Mn2+-bound (green) 
and Zn2+-bound (orange) forms, measured using a standard Hanh echo with the 
separation, τ, between the π/2- and π-pulses increased between each point. Both 
measured at X-band, at 50 K. 
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Figure A2.9: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled 
I125C/I236C variant of PsaA in the apoprotein (blue), Mn2+-bound (green) and Zn2+-
bound (orange) forms, measured using a standard Hanh echo recorded across a 
range of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-
labelled I125C/I236C variant of PsaA in the apoprotein (blue), Mn2+-bound (green) 
and Zn2+-bound (orange) forms, measured using a standard Hanh echo with the 
separation, τ, between the π/2- and π-pulses increased between each point. Both 
measured at X-band, at 50 K. 
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VcINDY 

Figure A2.10: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled G211C 
variant of VcINDY in the apoprotein (black) and Na+/succinate-bound (5 mM, red) 
forms, measured using a standard Hanh echo recorded across a range of magnetic 
fields. Right, the Hanh echo decay (T2) spectra of the MTSL-labelled G211C variant 
of VcINDY in the apoprotein (black) and Na+/succinate-bound (5 mM, red) forms, 
measured using a standard Hanh echo with the separation, τ, between the π/2- and 
π-pulses increased between each point. Both measured at X-band, at 50 K. 

 

 Figure A2.11: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled G211C 
variant of VcINDY in deuterated buffer, in the apoprotein (black) and Na+/succinate-
bound (20 mM, red) forms, measured using a standard Hanh echo recorded across 
a range of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-
labelled G211C variant of VcINDY in deuterated buffer,  in the apoprotein (black) 
and Na+/succinate-bound (20 mM, red) forms, measured using a standard Hanh 
echo with the separation, τ, between the π/2- and π-pulses increased between each 
point. Both measured at X-band, at 50 K. 
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Figure A2.12: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled S436C 
variant of VcINDY in deuterated buffer, in the apoprotein (black) and Na+/succinate-
bound (20 mM, red) forms, measured using a standard Hanh echo recorded across 
a range of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-
labelled S436C variant of VcINDY in deuterated buffer,  in the apoprotein (black) 
and Na+/succinate-bound (20 mM, red) forms, measured using a standard Hanh 
echo with the separation, τ, between the π/2- and π-pulses increased between each 
point. Both measured at X-band, at 50 K. 

 

Figure A2.13: left, the Field Swept Echo (FSE) spectra of the MTSL-labelled A208C 
variant of VcINDY in deuterated buffer, in the apoprotein (black) and Na+/succinate-
bound (20 mM, red) forms, measured using a standard Hanh echo recorded across 
a range of magnetic fields. Right, the Hanh echo decay (T2) spectra of the MTSL-
labelled S208C variant of VcINDY in deuterated buffer,  in the apoprotein (black) 
and Na+/succinate-bound (20 mM, red) forms, measured using a standard Hanh 
echo with the separation, τ, between the π/2- and π-pulses increased between each 
point. Both measured at X-band, at 50 K. 
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 Paper contributions 

Over the course of my PhD studies, I had the opportunity to utilise my skills in EPR 

spectroscopy in order to contribute to various collaborative projects outside the 

scope of the research primarily presented within this thesis. In the remaining 

appended sections, the relevant portions of the peer-reviewed outputs of these 

collaborations are presented. 

Within the published literature presented here are a range of studies involving 

multifrequency cw-EPR at both room and low temperature. These have been 

performed on a range of systems: a naturally derived protein, an ab initio designed 

‘synthetic’ protein, and an abiotic catalyst. Specialist knowledge was required not 

only to measure but to interpret the data, and to disseminate to the non-

spectroscopist collaborative partners the key findings. 
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 Appendix B – De novo Enzyme 

The following is a summary of the research published in the paper by Watkins et 

al., 20171 (see original publication for Supplementary Information). Contributions 

included acquisition and analysis of the EPR spectra. 

Being able to produce custom protein catalysts that mimic the natural functions of 

enzymes may be crucial in the development of novel, cost-effective, more 

environmentally-friendly options for industrial biocatalysis2-4. Though there have 

been some prominent accomplishments in producing de novo enzymes from 

natural protein scaffolds5-7, it has been shown that arguably simpler manmade 

proteins can also replicate certain functions of natural metalloenzymes8-11]. 

Maquettes (4-α-helix bundles4) use relatively simple yet hardy blueprints that are 

particularly amenable to the incorporation of catalytic elements, as previously 

demonstrated by the successes involving complex functions such as oxygen 

binding12 and intermolecular electron transfer4. Despite these achievements, no 

enzymatic activity has yet been integrated into a maquette. Here, the maquette 

approach is used to construct a highly efficient, promiscuous, thermostable and 

chemically resistant artificial enzyme. This catalyses an array of oxidations 

coupled to the reduction of H2O2, with kinetics similar to, and even exceeding, 

those of certain natural peroxidases. The maquette retains its activity in organic 

solvents and allows the probing of catalytic intermediates common to natural 

haem-containing enzymes. 

It was recently demonstrated that the post-translational cytochrome c maturation 

machinery, found in the periplasmic space of E. coli, can be harnessed to process 

maquettes in order to implant haem into the helix bundle13-14. The resulting c-type 

cytochrome maquettes (CTMs) retain the aforementioned functionalities of the 

maquettes (e.g. oxygen binding), but also allow for further engineering. As these 

CTMs are completely produced in vivo there is an opportunity to study de novo 

protein function within living cells. Additionally, the use of directed evolution may 

be employed to improve incipient function. The strategy used here is based on a 

simple, two-step conversion of a non-catalytic CTM to produce a catalytically 

active holoprotein from E. coli. 

The coupled substrate oxidation/H2O2 reduction (peroxidase) functionality was 

selected for inclusion into a CTM. Natural peroxidase enzymes typically contain 
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haem B or C axially coordinated by a single histidine side chain15; it was therefore 

hypothesised that replicating this with a monohistidine-ligated CTM would achieve 

catalytic turnover of hydrogen peroxide within a maquette scaffold. In order to 

construct this, a CTM with haem covalently appended to helix 4 (C4) was selected 

for its high thermal stability14. Next, to increase the conformational rigidity and 

improve hydrophobic core packing both histidines of the second, non-covalent 

tetrapyrrole-binding site were replaced with phenylalanine (C46) (Fig. B.1a). This 

removed the ability to bind a second tetrapyrrole and increased the melting 

transition temperature (Tm) by 31 to 84°C. The distal histidine on helix 2 was 

subsequently replaced with phenylalanine, yielding the monohistidine-ligated CTM 

C45. The resulting maquette is a predominantly helical protein that retains the 

hyperthermophilic characteristics of its precursor (Tm(C45) = 86 °C) and reversibly 

refolds following thermal denaturation (Fig. B.1b, c).  
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Fig. B.1: Design and characterisation of an artificial peroxidase. a) The design 
process begins with C4, a CTM containing a bis-histidine haem C-binding site with 
the consensus motif for covalent haem incorporation on helix 4 with the distal 
histidine haem ligand on helix 2, and a second non-covalent tetrapyrrole-binding 
site (occluded by helix 2) consisting of a bis-histidine pair on helices 1 and 3. 
Mutation of both histidines of the non-covalent-binding site to phenylalanine 
produces the CTM, C46. Subsequent mutation of the distal haem C-ligating histidine 
ligand results in the mono-histidine ligated C45. b) Far-UV circular dichroism spectra 
of C45 with varying temperature collected in 100 mM KCl, 20 mM CHES, pH 8.58. 
c) Temperature dependence of the CD signal monitored at 222 nm during 
denaturation (solid line) and refolding (dashed line). d) & e) UV/visible spectra of 
ferric (d) and ferrous (e) C45 (purple) and C46 (red). The spectrum of ferrous C45 
with added exogenous imidazole is displayed in blue. Scale bars represent optical 
densities of 0.1 (taken from Watkins et al., 20171). 

The UV/visible spectra of the C45 construct indicates the presence of both ferric 

and ferrous iron species (Fig. B.1d, e), similar to those exhibited by the 

monohistidine-ligated cytochrome c′ 16 and horse heart cytochrome c distal 

methionine mutants17. This suggests either some mixture of both low- and high-

spin states exists at the haem iron18 or a titratable water molecule occupies the 

‘vacant’ axial coordination site19-20. The ferric C45 spectrum is pH dependent; a 

pKa of 8.11 is observed for the transition between spectra at neutral and alkaline 

pH (pH 6.5–11), similar to the acid-alkaline transition pKa of horse heart myoglobin 

(pKa = 8.9)19. This suggests the presence of a haem C-bound water molecule 

occupying the available axial site. C45 displays a distinct pH-dependence in its 

haem redox potential, increasing from −208 mV at pH 10 to −174 mV at pH 8.6. At 

pH 7.5 two redox potentials are observed, likely reflecting the aforementioned 

mixture of spin states and the water/hydroxide equilibrium at the distal 

coordination site. C45 also retains the diatomic ligand-binding functionality of its 

CTM precursors13-14 (both carbon monoxide and oxygen are readily bound by C45 
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in the ferrous form, and cyanide in its ferric form). The oxygen-binding capability 

suggests that C45 has retained the relatively ‘dry’ and conformationally stable 

oxygen-binding site on the distal haem face from previous designs12-13. 

When rapidly mixed with hydrogen peroxide, the monohistidine-ligated ferric C45 

reacts with the classical peroxidase substrate ABTS (2,2′-azino-bis(3-

ethylbenzothiazo- line-6-sulfonic acid))15 to form the green ABTS radical cation 

(Fig. B.2a). At the optimum pH of 8.58 the reaction follows the ping-pong steady-

state kinetics typical of natural peroxidases21 (Fig. B.2b), with exceptional catalytic 

efficiency for the electron transfer between peroxide-activated C45 and ABTS. 

This catalytic efficiency is among the highest observed in a de novo enzyme and 

matches well that of horseradish peroxidase (HRP) operating at its optimal pH22. 

Despite the high efficiency of the electron transfer step, the activation of peroxide 

by C45 is less catalytically efficient than in HRP23, and is likely due to the lack of 

peroxide-activating amino acid side chains in the vicinity of the haem. Compared 

to other de novo haem-containing proteins that exhibit peroxidase activity, C45 is 

markedly more catalytically efficient and does not require helix-stabilising additives 

such as trifluoroethanol for catalytic activity24-26. C45 is remarkably resilient to both 

elevated temperature (Fig. B.2c) and the presence of organic solvents and retains 

impressive catalytic efficiency close to its denaturation temperature. 
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Fig. B.2: Steady-state kinetics of ABTS and hydrogen peroxide turnover by C45. a) 
Transformation of ABTS to a green radical cation as catalysed by natural 
peroxidases and C45. b) Steady-state kinetics plot for ABTS turnover by C45 at 
varying [ABTS] and [H2O2]. Data are fit to a ping-pong steady-state kinetics model. 
c) The thermal stability of C45 enables classical Michaelis–Menten kinetics to be 
determined up to 70 °C. All data were recorded in triplicate and error bars represent 
the standard deviation. Kinetic data were collected in 20 mM CHES, 100 mM KCl, 
pH 8.58 with 0.1 μM C45 (taken from Watkins et al., 20171). 

Previous work has illustrated that haem maquettes can undergo rapid interprotein 

electron transfer with natural proteins such as cytochrome c, facilitated by 

complementary surface electrostatic interactions27. Since C45 presents similar 

electrostatic surfaces to these maquettes, it could be reasoned that ferrous 

cytochrome c would act as an electron donor in the peroxidase reaction with C45, 

reproducing the activity of the natural cytochrome c peroxidases15. C45 was 

indeed found to be capable of functioning as an impressively efficient artificial 

cytochrome c peroxidase at limiting H2O2 concentration, compared to the natural 

yeast cytochrome c peroxidase28. This demonstrates the ability of C45 to couple 

interprotein electron transfer to a chemical transformation at a protein-bound 

haem, an intrinsic feature of respiratory enzymes such as cytochrome oxidase29. 

Much like the natural haem-containing peroxidases15, C45 exhibits significant 

substrate promiscuity: it catalyses the oxidation of peroxidase substrates including 

guaiacol, p-anisidine, o-phenylenediamine, 5-aminosalicylic acid, luminol, reactive 

blue 4, reactive black 5, and the anti-tuberculosis prodrug, isoniazid. This catalytic 

promiscuity also extends to the oxidative dehalogenation of halogenated phenols 
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such as 2,4,6-trichlorophenol (TCP), its bromo- and fluoro-analogues, and 4-

bromophenol. As before, at a limiting hydrogen peroxide concentration, C45 was 

found to have far greater catalytic efficiency compared to the natural 

dehaloperoxidase (from Amphitrite ornate30). Furthermore, kinetics at non-limiting 

H2O2 concentrations are also predicted to be significantly higher than for the 

natural enzyme. 

To further probe the artificial peroxidase mechanism, ferric C45 was rapidly mixed 

with hydrogen peroxide or organic peracids in a stopped flow spectrophotometer. 

Approximately 5s later, a spectroscopic intermediate (Fig. B.3a, b) was observed 

resembling cytochrome c peroxidase compound I28. This was subsequently 

examined using electron paramagnetic resonance (EPR) spectroscopy and a new 

narrow EPR signal centred around g=2.0032 was observed with a line width of 1.1 

mT (peak to peak). Microwave power saturation experiments at X-band and Q-

band (34 GHz) suggest that this is an isolated species indicative of an amino acid-

based radical. The lack of any discernible g-anisotropy at 34 GHz indicates a 

tryptophan side chain as the origin of this radical species (most likely W43 which is 

closest to the haem), analogous to the characteristics of cytochrome c peroxidase 

compound I31-32. 
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Fig. B.3: Isolation of high-valent oxo-iron species in a CTM. a) & b) UV/visible 
spectra of ferric C45 (red) and peracetic acid-treated C45 (blue) obtained by rapid 
mixing experiments in a stopped-flow spectrophotometer. Ferrous (black), ferric 
(red), and oxyferrous C45 (magenta) spectra are displayed for comparison. The 
putative C45 compound I species were generated by mixing 2 mM peracetic acid 
with 20 μM ferric C45 in 100 mM KCl, 20 mM CHES, pH 8.58. Scale bars represent 
optical densities of 0.05 (a) and 0.02 (b). c) X-band cw-EPR spectrum of C45 mixed 
with peracetic acid (red) indicates the formation of a radical species with g = 2.0032. 
Simulated data of a tryptophan radical species within C45 are presented in blue. 
Spectra were obtained by mixing 1 mM peracetic acid with C45 (700 μM) in 100 mM 
KCl, 20 mM CHES, pH 8.58. Experimental conditions: EPR microwave frequency = 
9.3933 GHz, microwave power = 1 mW, modulation amplitude = 0.3 mT, 
temperature = 12 K. d) Q-band cw-EPR spectrum of C45 mixed with peracetic acid 
(red, conditions as for the X-band EPR data) and simulated data of a tryptophan 
radical species in C45 (blue). The lack of observable g-anisotropy of the radical 
signal indicates the presence of an amino acid side chain-based radical species. 
Experimental conditions: EPR microwave frequency = 34.027 GHz, microwave 
power = 3 μW, modulation amplitude = 0.3 mT, temperature = 50 K (taken from 
Watkins et al., 20171). 
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The study goes on to further probe the system using nuclear magnetic resonance 

(NMR) spectroscopy. The NMR data indicate that ferric C45 exists in a 

conformationally heterogeneous and dynamic state. However, during O2-binding, 

C45 forms a discrete, monomeric, and thermally stable structure with scant 

evidence of conformational heterogeneity. These structural characteristics and 

rather unusual 1H-15N spectra are observed in many haem-containing maquettes4, 

13 and de novo proteins33, and evidently do not inhibit efficient peroxidase activity 

in C45. Indeed, there are notable examples of natural and engineered enzymes 

that exhibit analogous flexibility either globally or locally at the active site34-36. In 

these cases, the substrate is thought to confer structural rigidity through the 

induced-fit mechanism. 

To further investigate the structure and substrate interactions of C45, a 

computational model of C45 was created using Chimera37 and molecular 

dynamics (MD) simulations run using GROMACS38 with the CHARMM27 

forcefield39. ABTS and TCP binding was probed using BUDE (Bristol University 

Docking Engine)40. 

The models indicate that ABTS may bind in up to 10 sites on the surface of the 

protein with similar binding energies. However, there are relatively few hotspots for 

TCP binding despite the variation in amino acid side chain conformation in the 

starting C45 poses, and the highest calculated binding energy for TCP is for a cleft 

close to the haem (<10 Å), which is ideal for the rapid electron tunnelling 

necessary to support the observed catalytic rate41. This binding mode is stable in 

MD simulations. The two computational methods concur in identifying the binding 

site for TCP, suggestive of binding with good affinity and the indications are that 

this substrate-binding site is relevant for catalytic activity, offering potential for 

enhancing specify through designed modification. Despite the differences between 

the ABTS and TCP-binding interactions with C45, the substrate binding hotspots 

are all found at the protein surface. It can therefore be surmised that C45 behaves 

in a similar manner to lignin peroxidase42 and other natural peroxidases, 

presenting an interaction surface for substrate to dock prior to rapid electron 

transfer to the reactive haem intermediates. 

The simple, systematic construction of a functional de novo enzyme demonstrated 

here highlights the power and utility of the maquette approach to functional 

oxidoreductase design. Similar to the construction of the original oxygen-binding 
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maquette12, the engineering steps required to attain the desired catalytic function 

in this simple protein scaffold are few in number, reflecting the relative ease with 

which evolutionarily naive proteins can be rationally engineered in a tractable, 

iterative process. In this case, the concomitant restriction of conformational 

flexibility and removal of a haem ligand were sufficient to attain efficient, multistep 

catalysis within a heat-resistant and solvent-resistant maquette chassis, 

representing just three amino acid substitutions from the oxygen-binding 

progenitor. 

Despite the relatively low-catalytic efficiency of hydrogen peroxide turnover (104 

M−1 s−1), the enzymatic rate constant kcat(ABTS) is among the highest yet 

observed in a de novo enzyme, and kcat/Km(ABTS) is greater than the catalytic 

efficiencies of the best reported de novo enzymes6, 9. Given the lack of a highly 

specific substrate-binding site, it is perhaps unsurprising that C45 exhibits broad 

substrate promiscuity. However, this catalytic promiscuity may be a general 

feature of primitive, nascent enzymes43. Since C45 is fully assembled in vivo, 

there is now a tantalising opportunity to employ both rational protein design and 

directed evolution methodologies to optimise the catalytic chassis toward a 

selected substrate or chemical mechanism. As such the descendants of this de 

novo designed enzyme may act as cheap, green, and catalytically proficient 

catalysts for industrial biotechnology and versatile bioblocks for synthetic biology, 

while providing insight into the rules underpinning the engineering of natural and 

designed enzymes.  
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The EPR samples were prepared using hydrogen peroxide or peracetic acid (1 

mM), added to C45 (700 μM in 100 mM KCl, 20 mM CHES, pH 8.58) in suprasil 

quartz sample tubes and flash frozen in liquid nitrogen. X-band cw-EPR spectra 

were recorded on a Bruker eleXsys E500 spectrometer using a standard 

rectangular Bruker EPR cavity (ER4102T) equipped with an Oxford helium 

cryostat (ESR900). Experimental parameters: microwave power, 1 mW; field 

modulation amplitude, 3 G; field modulation frequency, 100 kHz; measuring time 

160 s; temperature 12 K. Q-band cw-EPR spectra were performed on a Bruker 

eleXsys E-560 spectrometer using a ER 5106QT-W1 resonator equipped with a 

home-built ARS cryogen-free cryostat. The measured spectra were corrected for 

an offset against a known g standard [1,1-diphenyl-2-picrylhydrazyl, DPPH, g = 

2.00351 ± 0.00002]. Spectral simulations were performed using the Matlab-based 

Easyspin package44. 
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 Appendix C – Monoamine Oxidase B 

The following is an excerpt of a peer-reviewed publication reproduced in part with 

permission from Jones et al., 20191 (see the original publication for the full study 

and Supporting Information). Contributions here include acquisition and analysis of 

EPR spectra, fig. C.2 and a portion of the text describing and explaining the EPR 

data. 

Human monoamine oxidase B (MAO-B) catalyses the oxidative deamination of 

amines, by electron transfer, via its flavin adenine dinucleotide (FAD) cofactor 

(Scheme C.1)2 . Inhibition of this enzyme is used for the treatment of both 

Parkinson’s disease and depression3-4. It is located in the outer mitochondrial 

membrane5, as a dimer, with bipartite substrate binding and active site cavities2. 

Scheme C.1: General reaction catalysed by MAO-B (figure taken from Jones et al, 
20191) 

Though this enzyme is of undeniable medical importance, its catalytic mechanism 

remains unclear, and novel means of targeting this process could prove 

invaluable. Throughout literature there is evidence of a radical in either the 

transition state or the resting state of MAO-B, which is suggested to be either a 

flavin semiquinone or a tyrosyl radical, or both. Presented here is evidence of a 

resting state flavin semiquinone, which was determined via absorption redox 

studies and electron paramagnetic resonance (EPR) spectroscopy. 

The reduction of the FAD has been shown to proceed by a tunnelling mechanism 

via primary (1°) and secondary (2°) kinetic isotope effect (KIE) studies6; these 

studies have suggested that MAO-B catalysis is not linked to fast 

(pico/nanosecond) dynamics6-7. MAO-B catalysis has been investigated via 

experimental and computational studies, with at least seven different proposed 

mechanisms, including polar nucleophilic8, radical9, direct hydride transfer10-12 and 
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two-step hydride transfer13. The original direct single electron transfer (SET) 

radical mechanism was previously discounted, both experimentally14 and by 

quantum mechanics/molecular mechanics (QM/MM)15. A separate radical 

mechanism was then proposed by Murray et a16, which used a model small 

molecule reaction that mimics MAO-B to provide evidence for a neutral 

semiquinone flavin that can be formed aerobically. It was suggested that a neutral 

semiquinone flavin is the reactive species for the oxidation of benzylamine 

(BZA)16. This led to the hypothesis of a radical mechanism whereby MAO-B forms 

a neutral semiquinone flavin via a proximal tyrosine radical (Y398). The presence 

of a stable anionic semiquinone flavin and tyrosyl radical intermediate is also 

reported in MAO-A and MAO-N17-18. 

Previous observation of a stable anionic semiquinone FAD in MAO-B19-20 led to a 

proposition of half-site reactivity, which posits that one monomer of the MAO-B 

dimer is inaccessible to oxygen and the substrate, resulting in the formation of the 

stable semiquinone species, while the other contains oxidised FAD. Electrons are 

then shuttled to the semiquinone species, allowing for the oxidation of the reduced 

FAD upon turnover20. It is suggested that this might arise from electron shuttling 

between specific amino acids. Potentially, such a mechanism might require 

significant conformational change associated with turnover in each monomer. 

Indeed, conformational changes have been found to be associated with MAO-B 

turnover, with a MD study demonstrating the potential for the membrane to 

regulate access to the active site entrance via two gating loops (residues 85−119 

and 155−165)21. Other MD studies have been carried out on MAO-B, both with 

and without a membrane environment, with the focus on identifying or improving 

inhibitors for MAO-B22-26 or ascertaining how MAO-B binds to the membrane27. 

Here, MAO-B was expressed and purified in Pichia pastoris28. Previous studies in 

which MAO-B was purified from bovine liver had attributed observations of 

oxidised/semiquinone MAO-B FAD to reactive oxygen species (ROS) that form 

upon the disruption of the mitochondrial membrane, which were not observed 

upon purification from P. pastoris28. The presence of purified MAO-B was 

established by SDS-PAGE and via electrospray ionization quadrupole time-of-

flight (ESI-Q TOF) mass spectrometry in combination with the MASCOT server29. 

The absorption spectrum of the purified MAO-B is shown in Figure 1A. The 

spectra share the characteristics feature at ∼415 nm30 of an anionic semiquinone 
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FAD (FAD•−). Multiple preparations of MAO-B were completed using production 

and purification protocols of MAO-B were replicated from those used by Newton-

Vinson et al28, with this ∼415 nm spectral feature consistently present. The effect 

of anaerobic incubation with BZA on the MAO-B feature at ∼415 nm was 

monitored temporally (Figure C.1A, inset). From Figure 1A, inset, there is a clear 

decrease in absorption at 415 nm with respect to time upon incubation with BZA, 

suggesting the ∼415 nm spectral feature is redox-sensitive with a natural MAO-B 

substrate. 

Figure C.1. (A) The absorbance spectra of MAO-B recorded at various time points 
after treatment with BZA. (Inset) The effect on the 415 nm peak over time. (B) 
Fluorescence excitation/emission matrix resolves oxidised and semiquinone flavin 
states (highlighted in solid black boxes). Scale bar is the relative intensity (figure 
taken from Jones et al, 20191). Conditions: 50 mM HEPES 0.5% w/v Triton X-100, 
20 °C; (for absorption experiments) 40 mM BZA and anaerobic conditions as shown 
in Materials and Methods. 

The absorption spectrum shown in Figure C.1A lacks a defined feature around 

∼450 nm where one would expect oxidised flavin, as well as spectral features at 

∼475 nm that would also characterise a putative anionic semiquinone. There is no 

clear explanation for the lack of these features and the complexity of the 

absorption spectrum given that the protein is well purified and identified as MAO-B 

by mass spectrometry and is shown to be active with the natural substrates 

(Figure C.1A, inset). 

The electronic environment around both flavins is highly complex, with three 

proximal Tyr residues (Y60, 398, and 435 positioned 3.1, 3.3, and 3.5 Å from the 

alloxan moiety, respectively). This may result in a composite absorption spectrum 

arising from different electronic environments for a subset of active site 

conformational states; this relies on MAO-B to be able to explore different 

conformational states, which is considered in more detail below. Given the 
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complexity of the absorption spectrum, fluorescence and electron paramagnetic 

resonance (EPR) spectroscopy were used to provide more specific evidence for 

the oxidation state(s) of the MAO-B flavin. 

The ∼415 nm feature may be attributable to a tyrosyl radical, which has a 

characteristic absorbance peak at 410 nm31, or a mixture of both an FAD 

semiquinone and tyrosyl radical, as seen as intermediates in MAO-A17-18. It was 

postulated that the reactive semiquinone FAD was formed by a proximal tyrosyl 

radical (Y398), but the UV/vis absorption spectrum of Y398F MAO-B also exhibits 

the feature at ∼415 nm, indicating that this suggestion is likely incorrect. The 

Y398F variant also shows a slight increase in Km, similar in magnitude to those 

previously reported32. 

Previous steady-state fluorescence spectroscopy of MAO-B revealed two distinct 

chromophores in the resting-state33. It was concluded that these two species were 

consistent with separate oxidised and semiquinone flavins. To establish if this was 

the case here, the fluorescence excitation−emission matrix was monitored (Figure 

1B). Similar to the previous study, at least two different emission peaks were 

resolved, suggesting the presence of two oxidation states of the flavin with 

λEx∼400−420 and ~460 nm. Notably, the excitation/emission profile at λEx∼460 

and λEm∼540 nm (Figure 1B) suggests the presence of oxidised flavin. 

The low temperature X-band cw-EPR spectrum of the wild-type MAO-B (wtMAO-

B) clearly indicates that the signal arises from a semiquinone radical (Figure C.2), 

in agreement with the UV/vis and fluorescence spectroscopy (Figure C.1). This is 

identifiable in the measured spectra, as they lack the defining features that would 

characterise the signal as arising from a tyrosyl radical: the typical “wings” or 

“shoulders” around the central signal at around g = 217, 34 at X-band (Figure C.2) 

and an increased g-value anisotropy at a higher frequency (and therefore resonant 

field), i.e., Q-band (shown in Figure C.2B and C.2C). Furthermore, the signal 

persists in the Y398F variant, confirming that it is not caused by this proximal 

tyrosine. Computational simulation and fitting of the experimental X-band data of 

the WT and Y398F MAO-B (Table 1) suggest that the semiquinone radical species 

is anionic; the hyperfine environment of a neutral semiquinone radical would 

contain an additional contribution from a hydrogen atom20, 35, which is not the case 

for the signals seen in the X-band spectra. 
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Figure C.2: (A) low temperature X-band cw-EPR spectra of WT (top, black) and 
Y398F (bottom, black) MAO-B, with their respective fitted simulations (red). EPR 
microwave frequency = 9.3916 GHz (WT) and 9.3926 GHz (Y398F), microwave 
power = 0.2 mW, modulation amplitude = 0.5 mT, temperature = 16 K (taken from 
Jones et al, 20191). (B) low temperature Q-band cw-EPR spectrum of WT MAO-B 
(C) ) low temperature Q-band cw-EPR spectrum of Y398F MAO-B. ). EPR 
microwave frequency = 33.94365 GHz (WT) and 34.021907 GHz (Y398F), 
microwave power = 0.05 mW and modulation amplitude = 0.2 mT (WT) and 0.7 mT 
(Y398F), temperature = 20 K. 
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Previous studies showed that the membrane environment is important for 

facilitating the normal enzymatic activity of MAO-B21. Spectroscopic studies were 

conducted to determine whether this putative semiquinoid species was also stably 

present in an artificial membrane environment (using l-α-phosphatidylcholine 

styrene maleic acid copolymer, or SMA, nanodiscs36). The absorption feature at 

∼415 nm was present in both reduced Triton X-100 and nanodisc environments, 

implying that the alleged anionic semiquinone is not an artefact of the buffer 

system used and that its presence is not affected by the specific membrane 

environment used. It is clear from these data (Figures 1 and 2) that the FAD of 

resting-state MAO-B is able to stably occupy oxidation states other than fully 

oxidised FAD. Evidence for this is recurring in the literature, demonstrated by 

Raman19, fluorescence33 and EPR20, 28 spectroscopy. These different observations 

may be rationalised by an equilibrium of energetically similar conformational 

states, which allow differently stable oxidation states. 

The study goes on to explore the influence of the membrane environment on 

MAO-B turnover using enzyme kinetic investigations, enzyme variant experiments, 

and MD simulations. The MD simulations reveal a previously undocumented 

entrance for substrate binding, membrane modulated substrate access, and 

indications for half-site reactivity, wherein only one active site is accessible to 

binding at a time. This study combines both experimental and computational 

evidence to illustrate the subtle interplay between enzyme activity and protein 

dynamics and the immediate membrane environment. Understanding key 

biomedical enzymes to this level of detail may prove crucial to inform strategies 

(and binding sites) for rational drug design for these targets. 

It was found that MAO-B in SMA nanodiscs has a significantly different heat 

capacity of catalysis (ΔCP⧧) compared to that in reduced Triton X-100. This reflects 

differences in the distribution and frequency of vibrational modes between the 

ground (reactant) and transition states and implies that the membrane 

environment is affecting the global protein dynamics of MAO-B and that these 

dynamics influence the thermodynamics of enzyme turnover. Indeed, kcat is ∼5 

times faster in the nanodisc environment versus reduced Triton X-100, further 

hinting at the role of the specific lipid composition and fine structure of the 

membrane to tune MAO-B turnover efficiency. These findings are corroborated by 

studying enzyme variants that are predicted to alter the network of flexible motion 

in the enzyme but do not affect the overall structure. These variants, which are 
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distal to the active site, all lead to an inactive enzyme, indicating the critical role of 

“optimised” global protein dynamics of MAO-B. 

Through atomistic MD simulations with and without a substrate bound, two 

substrate entrance/product exit channels were found that are mediated by 

membrane interaction, one of which was not previously described. The simulations 

further indicate an asymmetry in substrate access in the MAO-B dimer. 

Specifically, either one or the other monomer may allow substrate access at any 

one time, with active site occupation in one monomer preferentially allowing 

substrate access to the other. Moreover, the gating loop dynamics appear to be 

highly sensitive to the global enzyme dynamics, potentially reflecting long-range 

networks of enzyme motion. 

Taken together, the study suggests that the global protein dynamics of MAO-B are 

“tuned” by the specific immediate membrane environment. These protein 

dynamics have a major effect on MAO-B function, through tuning fluctuations 

linked to enzyme turnover, including controlling the opening and closing of 

substrate/product channels. The finding that two different channels mediated by 

the membrane environment are present in MAO-B illustrates the potential to 

exploit novel small molecule binding sites with a rational drug design. Therefore, 

when searching for novel small molecule binding sites, not only the static structure 

of the system in isolation should be considered but also time-dependent changes 

in the population of conformational substrates and in the “native” environment37-38. 

The finding that there may be long-range networks of motions that can, in 

particular, affect the gating loop also indicates the potential for allosteric inhibitors. 

Further, as MAO-B resides in the outer mitochondrial membrane of cells, the 

finding of a solvent- accessible entrance is important for rational drug design 

efforts. That is, inhibitors that target MAO-B may not need to enter the 

mitochondrial membrane in order to access the active site of MAO-B. 

EPR measurements were performed using WT and Y398F variant MAO-B 

(provided by the group of Dr Pudney, University of Bath, UK) using the protocols 

described in the original publication1) in 50 mM HEPES 0.5% Triton, pH 7.5, flash-

frozen in liquid nitrogen in Suprasil quartz sample tubes. X-band cw-EPR spectra 

were recorded on a Bruker eleXsys E500 spectrometer using a standard 

rectangular Bruker EPR cavity (ER4102T) equipped with an Oxford helium 

cryostat (ESR900). The following experimental parameters were used: microwave 
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power, 0.2 mW; field modulation amplitude, 5 G; field modulation frequency, 100 

kHz; measuring time, 10s; temperature, 16 K. Q-band cw-EPR spectra were 

performed on a Bruker eleXsys E-560 spectrometer using a ER 5106QT-W1 

resonator equipped with a home-built ARS cryogen-free cryostat. The following 

experimental parameters were used: microwave power, 0.05 mW; field modulation 

amplitude, 2 G (WT) and 7 G (Y398F); field modulation frequency, 100 kHz; 

measuring time, 41 s; temperature, 20 K. Spectral simulations were performed 

using the Matlab-based Easyspin package39. 
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 Appendix D – Borane Catalyst 

The following is a summary of the research published in the paper by Bennett et 

al., 20191 (see original publication for Supporting Information). Contributions here 

included acquisition and analysis of the EPR spectra, and composition of a portion 

of the text describing and explaining these data. 

The reactivity of Lewis acidic boranes with H2 is now almost exclusively explored 

via the chemistry of frustrated Lewis pairs (FLPs)2-6, which was introduced in 

20067. Although certain mechanistic details are still disputed8-9, H2 cleavage by 

FLPs is generally reliant on the action of the two sterically hindered (or, 

‘frustrated’) reactive centres within the Lewis acid–base pair. The Lewis acid, 

which provides the vacant acceptor orbital is typically an organoborane, whilst the 

Lewis base, providing the donor orbital with which to cleave the strong H-H bond10-

12, is usually a phosphine or amine. This bond cleavage by borane-based FLPs is 

generally accepted to be heterolytic and is likely controlled by the relative 

strengths of the Lewis acidic/basic components and the degree of steric 

encumbrance between them3-6, 13. In contrast, in the transition metal-based 

complexes and biological systems that have typically dominated hydrogenation 

catalysis14-15, where the metal centre provides both the donor and acceptor 

orbitals and the reactivity is largely dictated by the redox chemistry of the metal 

centre, homolytic H2 bond cleavage is common. 

The heterolytic mechanism of activation of H2 by FLPs agrees well with the 

general trends in reactivity and is supported by a number of computational 

studies10-12, but experimental support remains to be seen. It is interesting to 

consider that observed patterns of FLP reactivity could be consistent with 

alternative H2 activation pathways; that these trends may be consistent with 

radical mechanisms, wherein single-electron transfer (SET) from the Lewis base to 

the Lewis acid would generate highly reactive radical pairs capable of activating 

H2. Whilst the thermodynamic and kinetic ability of an FLP to activate H2 is well 

known to correlate with the hydride-ion affinity of the Lewis acid (consistent with 

heterolytic bond cleavage), these parameters also correlate well with the one-

electron reduction potential of the Lewis acid (consistent with SET). Moreover, 

recent studies have implied that for some families of borane Lewis acids, reduction 
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potentials may even be a better indicator of reactivity towards H2 than hydride-ion 

affinities16-22. 

A growing body of evidence shows the occurrence of radical mechanisms when 

small molecules, such as NO, Ph3SnH, and peroxides, are employed in FLP 

reactions23-29. However, thus far these frustrated radical pair (FRP) mechanisms 

have not been observed with H2 (nor has any FLP been shown to cleave H2 via a 

radical mechanism). Previous work studying the electrochemistry of FLP 

components and the recent evidence for radical pathways in FLPs and FRPs 

raises an obvious question: can boranes react with H2 outside of an FLP chemical 

framework, if they can operate via a hitherto unknown redox controlled, radical 

reaction pathway instead? 

Herein it is explored whether tris(aryl)borane Lewis acids are capable of cleaving 

H2 outside of the usual Lewis acid/base chemistry described by the concept of 

frustrated Lewis pairs (FLPs). Instead of a Lewis base a chemical reductant is 

used to generate stable radical anions of two highly hindered boranes. NMR 

spectroscopic characterisation reveals that the corresponding borane radical 

anions activate dihydrogen, whilst EPR spectroscopic characterisation, supported 

by computational analysis, reveals the intermediates along the hydrogen activation 

pathway. This radical-based, redox pathway involves the homolytic cleavage of 

H2, in contrast to conventional models of FLP chemistry, which invoke a heterolytic 

cleavage pathway. This represents a new mode of chemical reactivity for 

hydrogen activation by borane Lewis acids. 

Two boranes models were selected: tris(3,5-dinitromesityl)borane 1, and 

tris(mesityl)borane 2 (Scheme D.1). Both have essentially identical steric shielding 

of the central boron atom by the six ortho methyl groups on the mesityl rings, 

leading to the formation of long-lived borane radical anions upon reduction30-36. 

Neither is currently known to be active for H2 activation within an FLP. The 

addition of six electron-withdrawing nitro groups in 1 shifts the reduction potential 

in a positive direction to -1.57V vs. Cp2Fe0/+, making 1 as electrophilic and 

comparably facile to reduce as the archetypal electron-deficient borane B(C6F5)3 

used in FLP chemistry (-1.52 V vs. Cp2Fe0/+)17, 20-22, and much easier to reduce 

than 2 (approximately -2.8 V vs. Cp2Fe0/+)37. The NO2 groups in 1 also provide 

useful electron paramagnetic resonance spectroscopic ‘markers’ for the 

characterisation of reaction intermediates. 
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Scheme D.1: Reduction of tris(3,5-dinitromesityl)borane 1, and tris-(mesityl)borane 
2, and subsequent reaction with H2 (taken from Bennett et al, 20191) 

To examine whether the radical anions of Lewis acidic boranes are capable of 

cleaving hydrogen, a solution of 1 in either CD2Cl2 or [D8]THF was chemically 

reduced using decamethylcobaltocene (Cp*2Co, E0= -1.94V vs. Cp2Fe0/+)38, 

heated in the presence of H2, and the reaction periodically monitored using 

multinuclear NMR spectroscopy (figure D.1(a) shows the resulting 11B NMR 

spectra). The formation of the borohydride product [Cp*2Co][1-H] is clearly evident 

by the observation of a characteristic doublet at δ = -13.6 ppm (1JB,H = 82 Hz) in 

the 11B NMR spectrum. 

In these reactions, the cleavage of H2/D2 must be homolytic as there is no 

apparent plausible mechanism to allow for the formation of H+ (no counter anion). 

Whilst very strong acids are known to protonate Cp*2Co39-40, there is no 

observable evidence for the formation of this in these reactions. To examine the 

proposed radical homolytic dihydrogen cleavage mechanism, 1 was again reduced 

with Cp*2Co under H2 but this time in the presence of 1 equivalent of the radical 

spin-trap TEMPO ((2,2,6,6- tetramethylpiperidin-1-yl)oxyl). No H2 cleavage was 

then observed, consistent with inhibition of a radical reaction by the TEMPO spin-

trap. Additional control experiments confirm that Cp*2Co alone does not activate 

H2 under these conditions and that THF/1 mixtures do not result in the observable 

formation of [1-H]- via a solvent-FLP mechanism41-43 in the absence of a reducing 

agent. Crucially, no evidence of reduction at the nitro groups is observed by NMR, 

EPR, nor IR spectroscopic characterisation of the reaction products. 
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Figure D.1: Overlaid 11B NMR spectra expanded over the B-H bond region of 
interest, showing the progression of H2 cleavage by chemical reduction of 1 in 
CD2Cl2 (a) and 2 in THF (b). Inset: The corresponding 11B NMR spectra recorded at 
the start and end of the experiments showing the conversion of the parent borane 
starting material to the borohydride product upon reduction and exposure to H2 
(taken from Bennett et al, 20191). 
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The very negative redox potential of 2 necessitates the use of a stronger reducing 

agent. When a solution of 2 in [D8]THF is reduced over sodium metal and heated 

in the presence of H2 the appearance of a doublet in the 11B NMR spectrum at δ = 

-14.5 ppm (1JB,H = 78 Hz), and a corresponding 1:1:1:1 quartet in the 1H NMR 

spectrum at δ = 3.75 ppm (1JH,B = 77 Hz) is observed, characteristic of the 

formation of [Na]-[2-H] (Figure D.1 b). These experiments indicate that the borane 

radical anions 1•- and 2•- can cleave H2 in the absence of any exogenous Lewis 

base. However, they are slow in comparison to typical FLP H2 activation reactions. 

In the case of the 1, this is advantageous, since it enables the reaction to be 

monitored in real time and reaction intermediates along the H2 cleavage pathway 

to be observed using EPR spectroscopy. 

Solutions of 1 dissolved in either CD2Cl2 or [D8]THF were chemically reduced 

using Cp*2Co and the EPR spectra resulting from exposure to H2 were recorded 

(Figure D.2a–d). Simulation of the spectra yields the isotropic hyperfine coupling 

constants for the various 1H, 14N, and 11B nuclei, given in Table 1. These data, 

supported by DFT calculations (performed for the identifiable intermediates of both 

1 and 2), enable the structures of the intermediates to be characterised and gain 

valuable insights into the reaction mechanism (given schematically in Figure D.3) 

and the corresponding energetic profile by which organoborane radicals cleave H2 

homolytically (Figure D.4). 
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Figure D.2: the room temperature X-band cw-EPR spectra of 1•- formed via 
chemical reduction of 1, recorded under an atmosphere of N2 (a), upon first 
exposure to H2 but prior to heating (b), after heating under H2 for 10 minutes (c), 
and after heating under H2 for 48 hours (d). The structures of the paramagnetic 
species are shown with ring substituents removed for clarity; experimental data are 
shown in black with their respective fitted simulations in red (taken from Bennett et 
al, 20191). 
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Figure D.3: The proposed radical chain-propagation mechanism for the homolytic 
cleavage of H2 upon reduction of organoborane Lewis acids. Inset: the chemical 
structures corresponding to the [Ar2B(H)-Ar(H)]•- and [Ar2B-Ar(H)]• intermediates 
(substituents on the aryl rings have been omitted for clarity) (taken from Bennett et 
al, 20191). 

 

 

 

 

 

 

 

 

 

Figure D.4: Postulated reaction profile showing the relevant reaction intermediates 
involved in each step (ring substituents removed for clarity, steps labelled as in 
Figure D.3) together with the associated change in energy values along each 
reaction step obtained from DFT calculations (taken from Bennett et al, 20191). 
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Upon reduction of 1 under N2, the EPR spectrum shown in Figure D.2a is 

observed, which is characteristic of 1•- with hyperfine coupling of the unpaired 

electron spin density to the boron nucleus as well as the methyl and nitro 

substituents on the aromatic rings (Table 1)44-46. The initiation step is calculated to 

be exothermic for both compounds (-56.7 and -11.7 kcal mol-1 for 1 and 2, 

respectively) and reflects the relative LUMO energy and reduction potential of 

each borane. 

Figure D.2b shows the resulting spectrum recorded upon first exposing the 

reaction to H2 and before heating. An immediate change is evident with the 

appearance of a sharp 1:1:1 three-line signal superimposed on the original signal 

of the 1•- parent. After heating the reaction for a further 10 minutes this three-line 

signal dominates the EPR spectral response (Figure D.2c) for the next 48 hours. 

The only change to the system is the addition of H2 and computational modelling 

of the possible interactions between 1•- and H2 reveal two propagation pathways. 

Propagation 1a produces the diamagnetic borohydride product and is endothermic 

(+30.8 and +28.1 kcal mol-1 for 1 and 2), albeit to a lesser extent than homolytic H2 

splitting itself (+107.1 kcal mol-1 at this level of theory). The alternative pathway, 

Propagation 1b avoids the release of free H-atom radicals and is slightly 

exothermic (-6.1 and -1.4 kcal mol-1 for 1 and 2). This reaction produces a radical 

species consistent with that observed in Figures D.2b and D.2c. Computation 

reveals the structure of this intermediate to be [(Ar2B(H)-Ar(H)]•- with hydride 

attached at a four-coordinate boron centre, and H• carried on one of the aromatic 

rings (denoted as [1-{H2}]•- with specific reference to borane 1). DFT models 

indicate that there is little energetic discrimination for the H• to be attached to one 

or other carbon positions around the aromatic ring. Spin-density calculations 

confirm, however, that the isomer with the H• predominantly located at a meta 

carbon on the ring, ipso to one of the nitro groups, is consistent with the observed 

EPR spectra (Figures D.2b,c). Here the unpaired electron is coupled only to one of 

the nitrogen nuclei in the nitro groups of the aryl ring system and is not coupled to 

the boron nucleus at all (Table D.1). 

After 48 hours of heating, the EPR spectrum changes once again (Figure D.2d) to 

reveal a 1:2:2:2:1 five-line hyperfine coupling pattern of a new persistent 

paramagnetic species. This does not fit the expected coupling pattern from two 

nitro groups which would give rise to a 1:2:3:2:1 splitting pattern. Instead, it arises 

from near coincident hyperfine coupling with both an additional single hydrogen 
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atom and the boron nucleus (similar to DFT calculations of a hydrogen–boron 

adduct)47. This is a neutral [1-H]• intermediate resulting from cleavage of the H2 

molecule. 

Once again there are two possible pathways that result in the formation of the [1-

H]• intermediate: Propagations 2a and 2b. Propagation 2a is exothermic by -37.1 

kcal mol-1 and -30.8 kcal mol-1 for 1 and 2, respectively. Interestingly, computation 

suggests that if [1-H]• is formed with the hydrogen atom at boron, as one might 

expect, the hydrogen atom immediately hops from the boron atom onto the 

aromatic ring system, until it arrives at the para carbon atom which is the most 

stable isomer in the case of 1 (whereas the meta position is most stable in 2).This 

is supported by what is observed experimentally during the EPR spectroscopic 

monitoring of hydrogen splitting by 1 where the magnitude of the resulting H• atom 

hyperfine coupling fits well with coupling to spin density on the ring system in the 

para position located between the two nitro groups (Figure D.2d). 

If the parent borane is present in excess of the radical anion (Propagation 2b), the 

hydrogen atom produced in step 1a (considered as [Ar2B(H)-Ar(H)]•-) may be 

transferred, and the borohydride product and the neutral [Ar3B-H]• radical 

intermediate formed. Using the values calculated for propagation steps 1a and 2a, 

step 2b is energetically neutral. In the system reported herein, it is unlikely that the 

parent borane is present in excess of the radical anion initially, but as the reaction 

proceeds through step 3b and the consumption of the [Ar2B(H)-Ar(H)]•- 

progresses, this stabilisation may become more relevant towards the end of the 

reaction. This situation may also have relevance to potential radical-FLP hydrogen 

cleavage mechanisms, where the parent borane is most likely present in excess of 

any potential radical anion intermediates throughout. 

The final step in the reaction, which cannot be observed by EPR spectroscopy, is 

the formation of the diamagnetic [1-H]- product, which is detected by 11B and 1H 

NMR spectroscopic analysis of the reaction mixture at the end of the experiment. 

Aside from the obvious recombination of 2H• to form H2 (the reverse of step 1), 

there are two termination pathways: Termination 3a (-39.5 and -49.6 kcal mol-1 for 

1 and 2, respectively), and Termination-Propagation 3b (-39.3 and -48.2 kcal mol-1 

for 1 and 2, respectively). Step 3a may also be written [Ar3B]•- + H• → [Ar3B-H]- for 

consistency with the rest of the Scheme, or as a termolecular reaction: 2 [Ar3B]•- + 

H2 → 2[Ar3B-H]-. Step 3b yields both the terminal borohydride product and 
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regenerates the parent neutral borane for further reaction in propagation step 2a. 

Note that whilst it would appear from Figures D.2c and D.2d that the EPR spectra 

are dominated by the [1-{H2}]•- and [1-H]• species, respectively, simulation of the 

spectral data reveals that these spectra are each superimposed over the parent 

1•- radical anion species. As the reaction proceeds with heating the weighting 

between the systems changes (1•- : [1- {H2}]•- = 98.5 :1.5 in Figure D.2 b; 73.0 

:27.0 in Figure D.2c, and 1•- : [1-H]• = 63.0 :37.0 in Figure D.2d. The rate of 

consumption of 1•- as measured by EPR (Figures D.2a–d) correlates with the rate 

of conversion to borohydride as measured by NMR spectroscopy (Figure D.1a). 

In summary, using two model boranes, which produce stable radical anions upon 

one-electron reduction, this study has successfully demonstrated homolytic 

dihydrogen cleavage in the absence of a Lewis base. This represents a new mode 

of chemical reactivity by Lewis acidic boranes towards H2 that opens up new 

borane, and potentially other main group chemistries, beyond the framework of 

conventional FLPs. The reaction between the model borane radical anions and H2 

is slow, and the intermediates are sufficiently stabilised so that several distinct 

intermediates along the homolytic dihydrogen cleavage pathway can be observed 

using EPR spectroscopy and the energetics of the reaction pathway can be 

modelled computationally. The application of boryl radical H2 activation is currently 

being explored as a convenient route to more active borane hydride species, 

which may have applications in catalysis and energy materials. 

EPR spectra were collected on a Bruker eleXsys E500 spectrometer using a 

standard rectangular Bruker EPR cavity (4102ST). Samples were measured in 

standard 4mm quartz EPR tubes (Wilmad) fitted with J Young valves to maintain 

the desired atmospheres. Experimental parameters: microwave power, 20 mW 

(figures D.2a, D.2b, D.2d) and 0.8 mW (figure D.2c); field modulation frequency, 

100 kHz; field modulation amplitude, 0.1 mT (figures D.2a-c) and 0.2 mT (figure 

D.2d); all performed at ambient room temperature. All spectral simulations were 

performed using the MATLAB-based EasySpin package48. Inside the glovebox a 5 

μM solution of 1 in either CD2Cl2 or THF–d8 was reduced by adding an excess (3 

molar equivalents) of Cp*2Co in a glass vial. The reaction mixture was briefly 

stirred before the solution was filtered (by pipetting through a glass wool plug to 

remove any residual reducing agent/solid) into a 4mm quartz EPR tube fitted with 

a J Young valve. EPR spectra were recorded for each sample before H2 was 

admitted via a sequence of three freeze–pump–thaw cycles. The EPR spectra 
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were recorded again after addition of H2 to the reaction mixture, and then the 

reaction mixtures were heated in the dark at 50°C (CD2Cl2) or 65°C (THF–d8) with 

periodic monitoring by EPR spectroscopy. 
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