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ABSTRACT 

 

 C–H bonds are the most ubiquitous functional groups found in nature. While C–H 

bonds are abundant, they are oxidatively robust due to the lack of polarity about the C–H 

bond and resulting high bond dissociation energy. Classic methods to functionalize 

unactivated C–H bonds are based on free-radical processes, which typically proceed with 

preference for cleavage of the weakest available C–H bond but are not highly selective. 

Significant research effort has been pursued towards selective C–H functionalization using 

transition metal complexes. Terminal metal–ligand (M–L) multiply bonded species (L = 

CR3–, CR2
2–, O2–, NR2–, and N3–) are now known to be ubiquitous intermediates in both 

biological. and metal-catalyzed synthetic C–H functionalization reactions. 

 This dissertation will present efforts to develop new platforms to characterize 

reactive terminal M–L multiply bonded species. The first three chapters discuss the 

relevant literature and associated challenges with designing appropriate photoprecursors 

to access M–L multiply bound species on Mn and Cu centers. We also discuss 

photoreduction, where the apical M–L bond is cleaved instead of generating a reactive 

intermediate, and how designing photolabile groups such as N–I moieties help bias L–X 

cleavage over M–L cleavage. The fourth chapter discusses the chemical non-innocence of 

supporting ligands, and how this affects the identity of the active catalyst. The last two 

chapters discuss methods to structurally characterize M–L multiply bound reactive 

intermediates. We demonstrate the affect changing anions bound in the primary 
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coordination sphere has on the selectivity of the intermediate produced and discuss the 

design of new photoprecursors to access novel reactive structures. 
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CHAPTER I  

INTRODUCTION: SPECTROSCOPIC CHARACTERIZATION OF METAL 

NITRENOIDS 

 

I.1. Introduction 

C–H bonds are the most ubiquitous functional groups found in nature. While C–H 

bonds are abundant, they are oxidatively robust due to the lack of polarity about the C–H 

bond and resulting high bond dissociation energy (BDE).1 Classic methods to 

functionalize unactivated C–H bonds are based on free-radical processes, which typically 

proceed with preference for cleavage of the weakest available C–H bond but are not highly 

selective.2, 3 Significant research effort has been pursued towards selective C–H 

functionalization using transition metal complexes.4-12 Terminal metal–ligand (M–L) 

multiply bonded species (L = CR3–, CR2
2–, O2–, NR2–, and N3–) are now known to be 

ubiquitous intermediates in both biological13-15 and metal-catalyzed synthetic C–H 

functionalization reactions.16-23 For example, C–H hydroxylation chemistry in cytochrome 

P450 enzymes proceeds at an active site-bound terminal Fe oxo species, generated by the 

combination of O2 and NADH.24-27 Similarly, a non-heme Fe2 site housed at the core of 

soluble methane monooxygenase (sMMO) catalyzes the hydroxylation of methane via the 

intermediacy of an aerobically generated Fe oxo intermediate (both terminal and bridging 

oxo intermediates have been proposed).28 Abiotically, cytochrome P450 mimics, 

metalloporphyrins, have been used to facilitate carbene,29 nitrene,30, 31 and oxo transfer,21, 
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29 all of which are hypothesized to pass through a transient M–L multiply bound species.32-

35 

This dissertation discusses the structures and reactivity of M–L multiply bound 

fragments, specifically M–NR fragments that are relevant to C–H functionalization. In this 

context, this chapter will introduce the electronic structure and reactivity of porphyrin-

supported metal nitrenoids. In addition, photochemical methods to access reactive M–L 

multiply bound intermediates and the processes that complicate the photosynthesis of 

these species will be discussed. 

 

I.2. Organic Nitrenes 

Nitrenes are compounds that include monovalent nitrogen centers with six valence 

electrons about the nitrogen. The electron deficiency at nitrogen gives rise to highly 

electrophilic reactivity towards a diverse scope of substrates (Figure I-1). The parent 

nitrene, NH (I-1) which is also known as imidogen, features a nitrogen that is sp 

hybridized with a triplet ground state where the electrons reside in degenerate px and pz 

orbitals. The triplet state of NH is 36 kcal/mol more stable than the corresponding singlet. 

The triplet-singlet energy gap is sensitive to the identity of the R group attached to the 

nitrene.36 
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Figure I-1. The molecular orbital diagram of imidogen (NH, I-1), which highlights 

the triplet ground state. 

 

The reactivity of nitrenes is tuned via π-donation from the R group, which lessens 

the triplet-to-singlet gap, and makes the singlet reaction manifold available. While the 

involvement of singlet nitrenes is debated in the Curtius rearrangement and the Schmidt 

reaction, singlet nitrenes are accessible and involved in other reaction schemes.37, 38 A 

common strategy to access singlet nitrenes involves installation of an ester or benzoyl 

group next to the nitrene moiety.39-43 This results in a nitrene with a singlet ground state 

due to donation from the lone pair of the oxygen into the empty 2p orbital on the nitrene 

nitrogen. Applying this strategy, Toscano and coworkers photolyzed benzoyl azide (I-2) 

with 254 nm light in an Ar matrix at 12 K, which yielded singlet benzoyl nitrene I-3 which 

featured characteristic peaks in the IR and UV-vis spectra centered at 2270 cm–1 and 300 

nm, respectively (Figure I-2).44 These new features are well-matched to the computed 

spectra via DFT. 
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Figure I-2. Photolysis of I-2 at 12 K results in N2 extrusion, generating nitrene I-3. 

Donation from the lone pair on the oxygen into the 2p orbital on the nitrene nitrogen 

results in the stabilization of the singlet state relative to the triplet state. 

 

 

Tuning the singlet-to-triplet gap in nitrenes can result in a small energy difference 

between them, thus both the singlet and triplet states can be populated. In a seminal study 

by Lwowski, thermolysis of ethoxycarbonylazide (I-4) generates singlet nitrene I-5, which 

participates in stereospecific insertion with substituted olefins to give rise to a single 

aziridine diastereomer.45, 46 Over the course of the reaction, I-5 decays into the triplet 

ground state (I-6).47 Triplet nitrene I-6 reacts with olefins in a non-stereospecific process, 

originating from the asynchronous reaction mechanism generating a carbon radical which 

allows the C–C bond to rotate, depicted in Figure I-3c.48, 49 
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Figure I-3. Thermolysis of I-4 results in N2 extrusion generating alkyl nitrenes. (a) 

Thermolysis of I-4 results in singlet nitrene I-5, which then undergoes intersystem 

crossing (ISC) yielding triplet nitrene I-6. (b) Reaction of singlet nitrene I-5 with 

substituted olefins in a concerted manner results in aziridination with maintained 

stereochemistry. (c) The reaction with triplet I-6 occurs via an asynchronous mechanism, 

where rotation about the C–C bond results in a non-stereoretentive reaction.  

 

In contrast to the photolysis of aryl and carboxyl azides such as I-2 and 1-4, 

photolysis of alkyl azides often results in imine formation via hydrogen atom transfer from 

a vicinal C–H bond (HAT), or  isonitrile formation via carbon migration.50-52 Imine 

formation is hypothesized to occur via a concerted rearrangement of a singlet excited state 

of the alkyl azide, rather than from an alkyl nitrene.50, 53-55 With these challenges in mind, 

the Gudmundsdóttir group used azidoacetophenone I-7 to access a triplet nitrene, via 

intramolecular triplet sensitization (Figure I-4a).56 Photolysis of I-7 in a deoxygenated 

toluene solution resulted in product I-10, which formed via combination of nitrene I-8, 

and acetophenone radical I-9 (Figure I-4b). Verifying that product I-10 was made via 

triplet nitrene I-8, azide I-7 was thermalized, bypassing any triplet sensitization, yielding 
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product I-12. Thermolysis of I-7 is hypothesized to form a singlet nitrene (I-11) and 

subsequently rearranges to I-12 (Figure I-4c). This strategy has also been applied to other 

alkyl azides such as adamantyl and benzyl azide, via intermolecular triplet sensitization 

with benzophenone and acetone.57  

 

 

Figure I-4. Generation of triplet alkyl nitrenes via intramolecular triplet 

sensitization. (a) Photolysis of azidoacetophenone I-7 generates an excited state triplet, 

which then undergoes triplet energy transfer yielding a triplet alkyl azide. The triplet alkyl 

azide loses N2 which furnishes triplet alkyl nitrene I-8. (b) Photolysis of I-7 results in both 

nitrene formation and α-cleavage of the C–C bond forming radical I-9. Radical I-9 can 

intercept nitrene I-8 in solution, forming product I-10. (c) Access to imine I-12 is 

facilitated via thermolysis of azide I-7, which circumvents any triplet sensitization. Singlet 

nitrene I-11 is hypothesized to be the intermediate.  

 

I.3. Porphyrin Supported Metal Nitrenes 

Since the seminal discovery of copper promoted sulfonyl azide decomposition in 

1967 by Kwart and Khan, nitrene transfer catalysis has become an important technology 
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for the introduction of nitrogen-based functional groups in organic synthesis.58, 59 A 

general nitrene insertion mechanism features a ligand supported metal center that reacts 

with a nitrene source, which are commonly iminoiodinanes, organic azides, 

hydroxylamines, and haloamides to form a terminal M–NR species which then insert into 

C–H bonds or C=C bonds, furnishing aminated or aziridinated products respectively 

(Figure I-5). While there are many ligand platforms that are available to support metal 

nitrenoids, the introduction of this thesis will mainly focus on 3d metal porphyrin 

supported nitrenoids. 

 

 

Figure I-5. General nitrene insertion mechanism for metal nitrenoids. Common 

nitrene sources are comprised of iminoiodinanes, organic azides, haloamides, and 

hydroxylamines. Metal nitrenoids will either insert into C–H bonds to form C–N 

bonds, or insert into C=C bonds to form aziridines. 

 

 The bonding picture for a transition metal center with a nitrene fragment depends 

on the relative orbital energies of the two fragments (Figure I-6).60 The relatively high d-

orbital energies of early transition metals results in highly polarized M–N bonding, where 

the electron density resides on the nitrogen center, resulting in observed nitrogen-centered 

nucleophilicity, and in which the nitrogen ligand can be considered as a –2 fragment and 

are called metal imido complexes. As the d-orbital energy of the metal fragment decreases, 

the M–N bond gains more covalent character, thus electron density is shared equally 

across the M–NR fragment, and in which the nitrogen ligand acting as a –1 donor. 
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Complexes that are described by this bonding picture are referred to as metal iminyl or 

metal nitrene radical complexes. For late-transition metals, the d-orbital energy is lower 

than the 2p nitrogen orbital energy, thus the HOMO of the M–NR complex is 

predominantly metal-centered. This resulting ligand field results in electron density being 

metal-centered, thus the nitrene fragment features only 6 valence electrons which results 

in an is electrophilic nitrogen fragment. These species are called metal nitrene complexes. 

Similar to free nitrenes, the nitrene fragment can bind as either singlet or triplet 

configuration. Because intimate knowledge of the bonding picture of specific complexes 

is not always available, this thesis will generically refer to M–NR complexes as metal 

nitrenoids. 
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Figure I-6. Impact of frontier molecular orbital energies on the bonding between NR 

fragments and transition metals. In early transition metals, such as Ti, the high d-orbital 

energies yield a HOMO that is mainly nitrogen in character, thus the electron density 

residing on the nitrogen makes it highly nucleophilic and is an imido complex. As the 

metal d-orbital energies decreases across the periodic table, the resulting HOMO becomes 

more covalent and has equal metal and nitrogen character. Complexes that resemble this 

are called iminyl radicals. At the limit of the transition metals, the 3d orbital energy 

becomes lower than the 2p nitrogen orbital, resulting in an inverted ligand field. The 

resulting HOMO is mainly metal in character, resulting in a nitrogen fragment that has six 

valence electrons about the nitrogen. These species are called metal nitrenes and are 

exquisitely electrophilic due to the lack of electron density about the NR fragment. 

 

Inspired by the ability of cytochrome P450 to insert into C–H bonds and forge C–

O bonds,24-27 Breslow and Gellman demonstrated the tosylamidation of unactivated C–H 

bonds using Mn (I-13) and Fe (I-14) porphyrin-supported catalysts.61 They reported use 

of a nitrene transfer reagent, an iminoiodinane (PhINTs) to deliver N-tosyl fragments that 
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subsequently insert into the C–H bond of cyclohexane (Figure I-7a). Breslow and 

coworkers also demonstrated intramolecular reactivity from both Fe and Mn porphyrin 

complexes, aminating the appended sp3 C–H bond on the iminoidodinane (Figure I-7b).30 

Furthermore, Mansuy and coworkers have shown that Mn porphyrins are competent at 

allylic amination, aminating cis- and trans-2-hexene.62 Use of manganese 

tetraphenylporphyrin (I-15) resulted in almost total selectivity for allylic amination, where 

when a more electron poor porphyrin was used (I-16) the reaction yield was relatively 

unchanged however the selectivity for allylic amination was decreased by an order of 

magnitude. These latter examples highlight that varying both the use of nitrene precursor 

and porphyrin support will affect the overall selectivity and yield of the reaction. 
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Figure I-7. Porphyrin-supported Mn(III) and Fe(III) complexes catalyze C–N bond 

formation. (a) Mn or Fe metalloporphyrin I-13 or I-14 catalyzed insertion of an tosyl 

nitrene fragment, from PhINTs, into the C–H bond of cyclohexane. (b) Similar to the 

reaction with cyclohexane, both I-13 and I-14 catalyzed the intramolecular insertion into 

the α-C–H bond of the appended isopropyl group. (c) Porphyrin I-15 showed a near 

complete preference towards intermolecular allylic amination, whereas use of a more 

electronegative porphyrin support in I-16 produced more aziridine product. This 

highlights that the electronic structure of the metalloporphyrin can affect the selectivity of 

the reaction. 

 

 

In 2000 Breslow reported the first regio- and stereospecific amidation of a C–H 

bond from a Mn porphyrin.63 Mn porphyrin I-17 catalyzed the amidation of equilenin 

acetate I-18 in 47% yield (Figure I-8a). Subsequently, the Che lab reported catalytic chiral 

Mn porphyrin amidation of C–H and C=C bonds.64 Utilization of Mn catalyst I-19 affords 

up to 57% ee and yields in the high 90% of amidated substrates (Figure I-8b). Additionally, 
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use of PhI(OAc)2 and NH2R produced the iminoiodinanes of interest in situ, 

circumventing the need to prepare and isolate the reagent beforehand. 

 

 

Figure I-8. Use of Mn porphyrins in chiral catalysis. (a) Mn(III) pentafluoroporphyrin 

catalyzes selective amidation of equilenin acetate, solely forming product I-18. (b) Chiral 

porphyrin I-19 was utilized to produce chiral products, such as a chiral napthyl 

sulfonamide. 

 

The White lab has pioneered the use of phthalocyanines to support Mn nitrenoids 

in catalysis.65 Perchlorinated phthalocyanine-supported Mn catalyst I-20 catalyzes 

benzylic position of dozens of substrates with iminoiodinanes. Kinetic isotope effect (KIE) 

studies of I-21 and d2-I-21 show that the KIE is 2.5(2), which was interpreted as consistent 

with a stepwise, hydrogen-atom abstraction (HAA)-and radical rebound (RR) mechanism. 

A similar HAA-RR mechanism has been proposed for metalloporphyrin-catalyzed 

reactions. 
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Figure I-9. Mn phthalocyanine I-20 was used in conjunction with iminoiodinanes to 

forge C–N bonds via insertion into benzylic C–H bonds. 

 

Inspired by the seminal contributions that Breslow and Gellman shown with iron 

porphyrins,30, 61 the Che group pioneered the use of iron porphyrins in combination with 

organic azides to forge C–N bonds.29, 66 In their first report, perfluorinated 

tetraphenylporphyrin Fe(III) complex I-22 was demonstrated to which catalyze benzylic 

and aliphatic C–H bond amination (Figure I-10a).67 Moreover, this same system facilitates 

intramolecular C–H insertion to afford of indolines, tetrahydroquinolines, and 

quinazolinones (Figure I-10b).68 Appending two NHC moieties to the apices of I-23 

facilitates the intramolecular reactivity of aliphatic azides, where amination of benzylic, 

allylic, tertiary, secondary, and primary C–H bonds was accomplished. (Figure I-10c).69  
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Figure I-10. Perflourinated Fe(III) porphyrins catalyze intra- and intermolecular C–

N bond formation utilizing azide starting materials. (a) Fe porphyrin I-22 is used to 

generate an aryl nitrene, which will insert into intermolecular aliphatic and benzylic C–H 

bonds. (b) I-22 is utilized to catalyze the formation of heterocycles such as indolines, 

tetrahydroquinolines, and quinazolinones in high yields. (c) Implementation of a Fe 

perfluorinated porphyrin with two NHCs installed at the apices (I-23) allows for the use 

of alkyl azide substrates, which will undergo intramolecular insertion to form 5-membered 

rings, inserting into primary, secondary, and tertiary C–H bonds.  

 

 

Cenini, de Bruin, and Zhang have advanced porphyrin-supported Co(II) catalysts 

for nitrene transfer to C–H and C=C bonds.29, 66, 70 The first report of Co porphyrin-

catalyzed intermolecular nitrene transfer was by Cenini and coworkers, who reported the 

use of Co(II) octaethylporphyrin to effect allylic amination of cyclohexene with aryl 
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azides.71, 72 Similarly, Zhang reported a tosyl nitrene transfer reaction using bromamine-T 

and Co(II) porphyrins to promote nitrene transfer to C–H and C=C bonds.73-75 Since 

Zhang’s initial report, the combination of Co(II) porphyrins and organic azides has been 

established as efficient conditions for inter- and intramolecular amination of C(sp3)–H 

bonds including benzylic, allylic, and aliphatic positions.76-78 Moreover, Zhang and 

coworkers have developed new classes of porphyrin ligands that feature amide hydrogen 

bond doners that both enhance the catalytic activity of the Co(II) catalysts, but also achieve 

highly enantioselective C–H amination.79-96 

 

Figure I-11. Intramolecular amination reactions using sulfonyl azides. Top: 

Cyclization of alkylsulfamoyl azides is catalyzed via Co(II) porphyrin species, which is 

hypothesized to proceed via a HAA-RR mechanism, which is pictured here. Furthermore, 

use of chiral porphyrin scaffolds allows for enantioselective nitrene transfer. Bottom: The 

chiral porphyrin scaffolds that were designed and synthesized by Zhang and coworkers. 

Adapted with permission from reference 93. Copyright 2020 American Chemical Society. 

 

 

 The research in this thesis is motivated by the observed C–H insertion chemistry 

exhibited by these metalloporphyrin-supported nitrenoids. The central motivation in the 
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later chapters is to characterize the ligand-supported reactive intermediates at the heart of 

C–H cleavage and C–N construction in these reactions. Due to the kinetic lability of 

porphyrin supported Mn and Fe nitrenoids, both reactive intermediates are challenging to 

spectroscopically and structurally characterize. The following sections in this chapter 

focus on methods to characterize porphyrin supported reactive intermediates, both through 

steady-state spectroscopy and/or photosynthetic methods. 

 

I.4. Steady-state Spectroscopic Characterization of Porphyrin Supported Metal 

Nitrenes 

Due to the exquisite reactivity, and correspondingly fleeting lifetimes, observation 

of thermally generated metal nitrenoids that are capable of C–H functionalization is often 

not feasible. In the following section, select examples are discussed where the lifetime of 

the intermediate is compatible with steady-state spectroscopic methods. Techniques to 

characterize short lived intermediates include stop-flow spectroscopy, and transient 

absorption spectroscopy. These latter techniques will be discussed in section I.5.1. 

Zhang, de Bruin, and coworkers fully characterized the Co(III) iminyl radical I-25 

using EPR, UV-vis, IR, VCD, ESI-MS, and XAS.35 Exposure of I-24 with a 100-fold 

excess of nosyl azide results in a stark change in the room temperature X-band EPR 

spectrum (Figure I-12). Signals corresponding to Co(II) vanished, and a new signal 

centered around g = 2.005 evolved, which was ascribed to Co(III) iminyl radical I-25. The 

experimentally observed EPR spectrum is well-matched to the calculated EPR spectrum 

via DFT. Compound I-25 was also characterized with ESI-MS, where injection of a 
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C6D6/MeCN solution of Co(tpp) and nosyl azide yielded a signal at 872 m/z. Generation 

of intermediate I-25 was monitored by UV-vis spectroscopy. Upon mixing I-24 and nosyl 

azide, new UV-vis spectral features were observed at 420, 550, 650 and 780 nm. Well-

anchored isosbestic points indicated the absence of steady-state intermediates between I-

24 and I-25. Finally, the oxidation state and coordination environment of the Co ion in I-

25 was investigated via XAS. First, a XANES spectrum of the Co K-edge was collected 

and featured a pre-edge transition at 7722.8 and 7710.2 eV, which is consistent with a 

cobalt (III) iminyl radical species. Moreover, the EXAFS analysis indicated that the 

coordination geometry about Co in I-24 is C4v with six ligands attached, with an average 

distance of all N/O scatters at 1.95 Å from the cobalt center. In addition to formation of 

complex I-24, a Co(III) bis-nitrenoid could also be accessed via the exposure of Co(tpp) 

to excess I-26. This bis-nitrenoid was also characterized via the same spectroscopy as I-

25, which showed that bis-nitrene I-27 was indeed a Co(III) bis iminyl radical, that 

oxidized the porphyrin ring via one electron (Figure I-12). 
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Figure I-12. Characterization of a reactive Co(III) iminyl radical via steady-state 

spectroscopy. (a) This X-band EPR spectrum is obtained with Co(II) porphyrin I-24 is 

exposed to an 100-fold excess of nosyl azide. The growth of the shown signal at g = 2.005, 

which comes from the S = ½ nitrogen center, is accompanied by the loss of the signal from 

I-24 at g = 6, suggesting complete conversion of I-24 to I-25. (b) Under identical 

conditions to the EPR, the formation of I-24 from I-25 is tracked via UV-vis spectroscopy. 

New peaks appear at 420, 550, 650 and 780 nm, which also accompanied by well-anchored 

isosbestic points, indicates the absence of any steady-state intermediate between formation 

of I-24 from I-25. (c) A bis-nitrenoid I-27 is accessed by exposing I-24 excess 

iminoiodinane I-26. Adapted with permission from reference 35. Copyright 2015 

American Chemical Society. 

 

 

In contrast to the characterized Co(III) iminyl radical I-25, which displays a 

relatively long lifetime, the lifetimes of porphyrin-supported Mn and Fe reactive 

intermediates, specifically nitrenoids and oxos, are often too short to observe via steady-
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state spectroscopy. Modulation of the ancillary ligand field can stabilize these species and 

enable characterization. For instance, tris-anionic tetrapyrroles such as corroles and 

corrolazines have been used instead of porphyrins, which typically result in an isolable 

intermediate.97-101 The Abu-Omar group isolated a terminal Mn(V) imido (I-28) via 

photolysis of Mn pentafluorocorrole and mesityl azide as shown in Figure I-13a.102 Imido 

I-28 was identified to be a low spin d2 diamagnetic species via NMR, which was also 

supported by UV-vis measurements. In addition, the Goldberg group used a perarylated 

Mn corrolazine in the presence of mesityl azide to generate and isolate Mn(V) imido I-29 

(Figure I-13b).103 Similarly to I-28, Mn(V) imido I-29 is low spin d2 diamagnetic species 

and is thoroughly characterized via 1H NMR, UV-vis, MALDI-MS, EA, and single-crystal 

X-ray diffraction. Both I-28 and I-29 are unreactive towards substates that contain 

activated C–H bonds or olefins, which reflects the significant stabilization afforded by the 

corrole and corrozaline ligands. In 2006, Abu-Omar and coworkers reported the synthesis 

of I-30, which features the same corrole ligand as I-28, but with an N-tosyl group not an 

N-mesityl substituent.104 I-30 was not isolated as a solid but was stable in solution on the 

order of hours, which enabled spectroscopic characterization of I-30 as a high spin d2 

paramagnetic complex. Similar to I-28 and I-29, I-30 does not insert an –NTs fragment 

into the olefin of styrene. However, when an excess of PhINTs is present with I-30, a –

NTs fragment is transferred to styrene making the aziridine. Kinetic and stop-flow 

spectroscopic studies indicated that the active group transfer reagent is an adduct of I-30 

with PhINTs, depicted in Figure I-13c. 
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Figure I-13. Perturbation of the tetrapyrrole scaffold facilitates structural 

characterization of Mn(V) imidos. (a) Pentaphenylcorrole supports a Mn(V) imido, that 

is characterized via spectroscopy and single-crystal X-ray diffraction. (b) A perarylated 

corrazaline facilitated structural characterization of a Mn(V) imido. (c) Stabilized 

tetrapyrrole complexes are amenable towards steady-state spectroscopies, elucidating new 

reaction pathways, such as a Mn(V) imido iminoiodinane adduct which an active nitrene 

transfer reagent. 

 

Perturbation of the porphyrin scaffold is not always required to spectroscopically 

characterize Mn nitrenoids; modulation of the N-substituent also impacts the lifetime of 



 

21 

 

the intermediate. Groves and coworkers demonstrated that Mn(V)N(tpp) (I-32), a stable 

and isolable terminal nitride, acts as a nucleophile towards trifluoroacetic anhydride 

(TFAA), resulting in nitrenoid I-33 (Figure I-14a).105 Upon reacting with TFAA, the d2 

low spin nitride I-32 transforms into high spin d2 Mn(V) nitrenoid (I-33), which is 

characterized by paramagnetic shifts in the 1H NMR spectrum, a distinct UV-vis Soret 

band, and a stretch in the IR spectrum at 1745 cm–1 which corresponds to the carbonyl 

stretch of the newly formed N–trifluoroacyl moiety. I-33 reacts with excess cyclooctene 

forming aziridine I-34 as the sole product in 84% yield, with no trace of allylic amination. 

Bottomley and coworkers further explored this system, investigating the role of the 

identity of the porphyrin and R-group on the kinetics of the formation of the Mn 

nitrenoid.106 Porphyrin rings that were more basic, such as I-35 and I-36, had higher rate 

constants, which was rationalized due to the increased nucleophilic character of the Mn≡N 

fragment. Expectedly, the anhydrides that had most electron withdrawing substituents 

reacted faster than substituents without, such as TFAA versus acetic anhydride. 
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Figure I-14. Synthetic modification of Mn(V) nitrides to access group transfer 

reagents. (a) Mn(V) nitride I-32 acts as a nucleophile towards trifluoracetic acid 

anhydride generating imido I-33. (b) Imido I-33 will insert into a C=C bond, solely 

forming aziridine I-34, with no allylic amination detected. (c) Varying the donicity of the 

supporting porphyrin ligand affects the rate of imido formation. 

 

I.5. Photochemistry 

I.5.1 Synthetic Photochemistry 

Synthetic photochemistry facilitates access to reactive species under conditions 

that allow for characterization by time-resolved or cryogenic methods without 

necessitating stabilization via synthetic derivatization. The following two examples in this 

thesis feature metalloporphyrin oxo complexes, and not metalloporphyrin nitrenoid 

complexes, due to a dearth of metal nitrenoid photoprecursors. Zhang and coworkers 

demonstrated application of time-resolved photochemistry towards the characterization of 

reactive and transient Fe porphyrin oxo complexexes.107 Steady-state photolysis of a series 
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of meso substituted Fe(III) bromate porphyrin complexes resulted in heterolytic cleavage 

of the O–Br bond yielding either a Fe(IV) oxo with singly oxidized radical cation 

porphyrin ring, or a Fe(IV) neutral oxo (Figure I-15a). When photolyses were monitored 

by UV-vis spectroscopy, both tetraphenylporphyrin I-37 and tetramesitylporphyrin I-38 

resulted in Fe(IV) radical cation complexes which was indicated via peaks at 404 and 656 

nm (Figure I-15b). However, when the photolysis of perfluorinated tetraphenylporphyrin 

bromate complex I-39 was monitored by UV-vis spectroscopy, new peaks were seen at 

410 and 548 nm, which were interpreted as diagnostic of a neutral Fe(IV) oxo (I-42) 

(Figure I-15c).108 All three compounds are competent OAT reagents, inserting into C–H 

and C=C bonds. Fe(IV) radical cation complexes I-40 and I-41 react with substrates with 

rates 3 orders of magnitudes larger than I-42. The hypothesized primary photoproduct 

from all three compounds is a Fe(V) oxo which is formed via heterolytic cleavage of the 

O–Br bond (Figure I-15a). Fe(V) oxos have been observed and are thermally accessible, 

and have been shown to isomerize to the Fe(IV) oxo radical cation, which occurs in 

compounds I-40 and I-41.109, 110 However, the Fe(V) oxo formed via photolysis of I-39 

comproportionates with another equivalent of I-39 to form the neutral Fe(IV) oxo I-42. I-

42 does not undergo internal electron transfer due to how electron deficient the supporting 

porphyrin ring is, thus the unstable Fe(V) oxo comproportionates with I-39 to yield I-42. 

Other studies have similar findings, where oxidation of perfluorinated Fe(III) porphyrins 

with iodosylbenzene results in I-42, which occurs through a similar mechanism.111 
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Figure I-15. Different Fe(OBrO2) porphyrin photoprecursors are used to access 

high-valent Fe oxos. (a) Photolysis of all three Fe complexes is hypothesized to result in 

heterolytic cleavage of the O–Br bond, unveiling a Fe(V) oxo. Products of the photolysis 

of complexes I-37 and I-37 undergo internal electron transfer to yield a Fe(IV) oxo with a 

singly oxidized radical cation porphyrin. The Fe(V) generated from the photolysis of I-39 

does not undergo electron transfer, but will comproportionate with unreacted I-39 forming 

a Fe(IV) oxo with a unperturbed porphyrin ring. (b) Tracking the photolysis of I-37 via 

UV-vis shows new peaks at 404 and 656 nm, which are indicative of Fe(IV) radical cation 

species. (c) Tracking the photolysis of I-39 via UV-vis shows new peaks at 410 and 548 

nm, which is diagnostic of a neutral Fe(IV) oxo. Reproduced from reference 107 with 

permission from the Royal Society of Chemistry. 

 

Further showcasing the utility of synthetic photochemistry, Newcomb and 

coworkers photochemically generated and characterized transient Fe(V) oxo species via 

laser flash photolysis (LFP).112, 113 The transient Fe(V) oxos were found to react with 

substrate 4-5 orders of magnitude faster than Fe(IV) oxo radical cation species.112, 113 
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Exposure of Fe(III) porphyrin I-43 to Fe(ClO4)3 initially results in Fe(IV) species I-44 

(half-lives of ca. 10 s) before ultimately generating Fe(III) complex I-45 supported by a 

porphyrin radical cation ligand (Figure I-16a).114-117 These relatively long lived Fe(IV) 

species were generated in a stop-flow setup, and then were subsequently photolyzed with 

355 nm light via LFP. The combination of stop-flow and subsequent LFP results in 

homolytic cleavage of the O–Cl bond, yielding a Fe(V) oxo porphyrin I-46 which was 

indicated by new peaks in the UV-vis at ~400 nm (Figure I-16b). Both the peak placement 

and the lifetimes of the species observed in the transient spectra differ from the spectra 

Fe(IV) oxo radical cation species, even when comparing species supported by identical 

porphyrins.32, 33, 118, 119 Analysis of the rate constants for the oxidation of olefins also 

provide more evidence of Fe(V) oxo formation; the rate constant for epoxide formation 

from cyclooctene when Fe(V)O(tmp) is present is 1.6(2) × 106 vs 6.2 × 10 when 

Fe(IV)O(tmp)+• is used.119 
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Figure I-16. Oxidation of Fe porphyrin oxyanion complexes and subsequent 

photolysis yields genuine Fe(V) oxo complexes. (a) Oxidation of Fe(III) porphyrin 

complex I-43 with Fe(ClO4)3 first yields a Fe(IV) complex, which then undergoes internal 

electron transfer to produce a Fe(III) complex with a singly oxidized porphyrin ring. The 

half-life of I-44 is on the order of seconds. (b) Photolysis of I-44, prior to internal electron 

transfer, homolytically cleaves the O–Cl bond yielding a genuine Fe(V) oxo species. (c) 

Transient absorption spectroscopy shows a peak centered in around ~400 nm which 

belongs to the Fe(V) intermediate I-46. Adapted with permission from reference 112. 

Copyright 2009 American Chemical Society. 
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I.5.2 Photoreduction 

 Photosynthetic access to specific complexes of interest is often complicated by the 

availability of other photochemical reaction pathways that generate undesired products. 

For example, Groves and Buchler separately reported that the photolysis of MnN3(tpp) (I-

47) in benzene or toluene at room temperature yielded Mn(V) nitride I-32 upon extrusion 

of N2.
105, 120 However, Imamura and Fujimoto have observed that room temperature 

photolysis of I-47 in 2-Me-THF gives only the reduced porphyrin Mn(II) I-48 via 

homolytic cleavage of the Mn–N bond, indicated by clean isosbestic points and new peaks 

in the UV-vis spectrum at 430, 560, and 640 nm (Figure I-17a).121, 122 However, the 

photolysis of I-47 in 2-Me-THF at –80 °C yields only Mn nitride I-32, indicated by the 

Soret band at 410 nm.123 Raising the photolysis temperature from –80 °C to –51 °C yields 

a mixture of photoreduced I-48 and photooxidized I-32 (Figure I-17b). Thus, photolysis 

always results in homolytic cleavage of the M—N bond, resulting in I-48 and N3
•. Room 

temperature photolysis of I-47 produce N3
• which is quickly scavenged by 2-Me-THF, 

yielding HN3.
124 However at –51 °C the rate of scavenging via 2-Me-THF becomes similar 

to Mn nitride formation, thus both I-48 and I-32 are observed. However, in the absence of 

weak C–H bonds, e.g. toluene and benzene, N3
• cannot be scavenged, and only nitride 

formation is observed.  
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Figure I-17. The primary photo-event of Mn–N3 complexes is cleavage of the Mn–N 

bond. (a) Photolysis of azide I-47 in 2-Me-THF at 23 °C selectively yields the 

photoreduced Mn(II) complex I-48 via homolytic cleavage of the Mn–N bond. (b) 

Photolysis of I-47 in 2-Me-THF at –51 °C yields both Mn(II) I-48 and Mn(V) nitride I-

32. Mn(II) recombination with azide radical, forming I-32, is competitive with HAA of 2-

Me-THF, thus both I-48 and I-32 are observed. Adapted with permission from reference 

122. Copyright 1985 Chemical Society of Japan. 
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Photoreduction is also the primary photo-event in the photolysis of Mn porphyrin 

oxoanion complexes. Suslick and coworkers photolyzed both Mn nitrate and nitrite 

complexes I-49 in benzene, which resulted in Mn(IV) oxo I-50 (Figure I-18a).125 Oxo I-

50 could transfer oxygen atoms to aryl phosphines, olefins, and activated C–H bonds such 

as toluene. To examine if photoreduction was the primary photo-event, and oxo I-50 was 

produced via a thermal radical recombination, the Suslick lab isolated I-49 in both 

polymer matrices and solvent glasses at 10 K.126 Photolysis of I-49 at 10 K shows only 

photoreduction, where the apical Mn–O bond is cleaved homolytically, yielding Mn(II) I-

32 and oxyanion radical (Figure 1-18b). Photolysis of other porphyrin species suspended 

in a rigid matrix such as Mn(tpp)ClO4, Mn(tpp)Cl, Fe(tpp)NO3, and Fe(tpp)Cl all resulted 

in photoreduction as shown in Table I-1. Thus it was suggested that the primary photo-

event in Mn and Fe porphyrin complexes is always photoreduction, and subsequent 

thermal chemistry can occur depending on the matrix to yield metal oxos or nitrides.124 
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Figure I-18. Differing photochemical reaction conditions lead to different products. 

(a) Photolysis of complex I-49 in benzene at room temperature gives the formal product 

of O–N homolysis to make a Mn(IV) oxo. (b) Photolysis of complex I-49 in the solid-state 

at 77 K results in the cleavage of the Mn–O bond, which is highlight in the included UV-

vis spectrum, where the Soret band of I-32 grows in at ~420 nm and the Soret of I-49 

decreases in intensity. Thus, the primary photo-event of Mn oxyanions is hypothesized to 

be photoreduction, and access of Mn oxos comes from thermal recombination of expelled 

oxyanion radicals. Adapted with permission from reference 125. Copyright 1991 

American Chemical Society. 
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Table I-1. Comparison of the photolysis products of different metalloporphyrins, in 

solutions or matrix isolated, shows that photoreduction is always prevalent. 

 

Species Solution Matrix 

Mn(tpp)NO3 Mn(IV)(tpp)O Mn(II)(tpp) 

Mn(tpp)NO2 Mn(IV)(tpp)O Mn(II)(tpp) 

Mn(tpp)ClO4 Mn(III)(tpp)Cl Mn(II)(tpp) 

Mn(tpp)Cl Mn(II)(tpp) Mn(II)(tpp) 

Fe(tpp)NO3 Fe(II)(tpp) Fe(II)(tpp) 

Fe(tpp)Cl Fe(II)(tpp) Fe(II)(tpp) 

 

Photoreduction has been observed in metalloporphyrin scaffolds with central 

metals other than Mn and Fe. Imamura and Fujimoto have found that photolysis of 

Mo(tpp)OCl (I-51) at 490 nm in 2-Me-THF proceeds with well-anchored isosbestic points 

to afford new UV-vis spectral features at 427 and 555 nm (Figure I-19).122 This new 

species is Mo(tpp)O (I-52), which was confirmed by comparison to independently 

synthesized I-52. Additional conformation of the identity of I-52 came from EPR studies, 

where the disappearance the signals of of S = 1/2 I-51 was observed, resulting in EPR 

silent S = 0 I-52. Addition of phenyl-N-tert-butylnitrone (PBN) during photolysis resulted 

in a signal from PBN radical in the EPR spectrum, which the authors attribute to Cl 

mediated hydrogen-atom abstraction, further supporting photoreduction of I-51 to I-52. 

Similar studies have been carried out with other Co(III),122, 127 Fe(III),122, 125, 128-155 

Mn(III),121, 122, 156, 157 Cr(III),124 Mo(V),122, 154, 158 and Rh(III)159 porphyrin systems, 

showing that photoreduction is the primary photo-event in synthetic metalloporphyrin 

photochemistry and must be considered when using metalloporphyrins as 

photoprecursors.160 
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Figure I-19. Photolysis of Mo oxo complex I-51 in 2-Me-THF results in Mo–Cl 

cleavage, generating Mo(IV) oxo 1-52, which is indicated by new peaks growing in at 

427 and 555 nm in the UV-visible spectrum. Adapted with permission from reference 

122. Copyright 1985 Chemical Society of Japan. 

 

 

I.5.3 Harnessing Photoreduction 

Photoreduction of metalloporphyrins can be harnessed to catalyze various 

oxidation chemistries. Bartocci and coworkers found that photolysis of Fe(tdcpp)Cl I-53 

in an ethanol/CCl4 solution with λ > 350 nm light yielded CHCl3, acetaldehyde, and HCl 

as depicted in Figure I-20a.130, 146 Substitution of the porphyrin ring has no effects on the 

quantum yield of the photoreduction of the meso phenyl group of porphyrins.132, 147 

Furthermore, photolysis of an oxygenated cyclohexane solution with I-55 results in both 

cyclohexanone and cyclohexanol, but does not proceed through a Fe oxo intermediate.131 

Mansuy and Maldotti propose that the oxidation of cyclohexane occurs first via hydrogen 

atom abstraction from the photogenerated OH•, forming an alkyl radical (Figure I-20d). 

The generated alkyl radical forms a complex with the Fe(II) porphyrin and an equivalent 

of O2, which then cleaves the O–O bond and abstracts another H-atom, generating 

cyclohexanone and regenerating I-55 (Figure I-20b).136 Formation of the alkyl radical was 
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verified using PBN as a spin trap, and no Fe(V) oxo species were observed via UV-vis. 

The Maldotti group further developed this reaction by heterogenizing the Fe porphyrin in 

a Nafion matrix, and then used sunlight as the photon source to oxidize cyclohexane and 

cyclohexene.137 
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Figure I-20. Photoreduction of metalloporphyrins produces radical species which 

can be used to drive catalysis. (a) Photolysis of I-53 in EtOH and CCl4 results in the 

formation of chloroform, HCl, acetaldehyde, and Fe(II) I-54. (b) Photolysis of hydroxy 

species I-55 in an oxygenated solution of DCM and cyclohexane yields cyclohexanone, 

cyclohexanol, and Fe(II) I-54. (c) Tracking the photolysis of I-55 via UV-vis spectroscopy 

shows the gradual formation of Fe(II) species I-54. (d) The hypothesized catalytic cycle 

to produce cyclohexanone begins with homolytic cleavage of the Fe–O bond to produce 

hydroxy radical. HAA of cyclohexane by the hydroxy radical results in a cyclohexyl 

radical, which then forms a peroxo species with Fe(II) I-54, and O2. Cleavage of the O–O 

bond forms cyclohexanone and regenerates Fe(III) I-55. Figure I-20c was adapted with 

permission from reference 131. Copyright 1996 American Chemical Society. 
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 Photoreduction has been observed and harnessed in systems other than 

metalloporphyrins. Recently, several studies have shown that Cl• produced via 

photoreduction can catalyze alkylation,161-164 alkenylation,165 arylation,166-169 acylation,166, 

170 and amination171, 172 of C–H bonds. In the following section, a few examples of 

catalytically relevant photoreduction from non-metalloporphyrin systems will be 

highlighted. For a more complete discussion of all relevant references that discuss photo-

extrusion of radicals other than chlorine, see this relevant review.173 

 Nocera and coworkers structurally and spectroscopically characterized 

photoreduction of Cl• from Fe(III) pyridinediimine pincer complex I-56 (Figure I-21a).174 

TA spectroscopy of I-56 shows that photolysis with 355 nm light generates a new peak in 

the absorption spectrum at 430 nm, which is attributed to a transient Cl•–arene complex. 

Monitoring the photolysis via EPR shows a new spectrum growing in with features at g = 

2.006. This spectrum was attributed to the formation of a carbon-centered radical, which 

forms after the Cl• abstracts a H-atom from the methyl of I-57. Further, the photoreduction 

was monitored via photocrystallograpy, where a single crystal of I-56 was photolyzed and 

the reaction progress was monitored in situ with single-crystal X-ray diffraction (Figure 

I-21). The X-ray data showed that photolysis resulted in cleavage of the apical Fe–Cl bond, 

and the Cl atom migrates to two separate methyl groups of neighboring ligands. Thus, the 

TA spectroscopy indicates that the primary photo event is Fe–Cl cleavage and yields a 

Cl•–arene adduct, EPR spectroscopy showed that an H-atom is abstracted to afford a 

carbon-centered radical, and the photocrystallography data set supported selectrive 

extrusion of the apical Fe–Cl to yield Cl•, which then abstracts a H-atom from an adjacent 
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methyl group in the solid state. In the absence of pendant methyl groups on I-56, the 

photogenerated Cl• will functionalize aliphatic C–H bonds such as 3-methylpentane.175 

Interestingly, due to the steric hinderance enforced by the bulky ligand of I-59, accessible 

primary and secondary C–H bonds were functionalized in favor over the weaker tertiary 

C–H bonds in 3-methylpentane. 
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Figure I-21. Characterization of photoreduction from Fe(III) pyridinediimine pincer 

complex I-56. (a) Photolysis of I-56 results in cleavage of the apical Fe–Cl bond, which 

abstracts a H-atom from a adjacent methyl group. (b) Tracking the photolysis via X-band 

EPR shows a signal grow in at g = 2.006, which is attributed to a carbon centered radical, 

after HAA via Cl•. (c) Generation of the Cl• via TA spectroscopy shows a signal centered 

at 430 nm, which is attributed to a Cl•–arene complex. (d) Photolysis of I-56 in a single 

crystalline habit results in cleavage of the apical Fe–Cl bond, which is shown here via 

photocrystallography. (e) C–H functionalization from I-59 works via abstracting the H-

atom via Cl• from I-59, which then forms a R–X bond from a variety of sources. Figure I-

21a-d was adapted with permission from reference 174. Copyright 2021 American 

Chemical Society. Figure I-21e adapted with permission from reference 175. Copyright 

2022 American Chemical Society. 
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 Photoreduction of Cl• from a Ni(III) center has shown to be involved in cross-

coupling catalysis. In 2015, Nocera and coworkers observed halogen extrusion upon 

photolysis of a bis-phosphine supported Ni(III) complex.176, 177 Inspired by this, Doyle 

used Ni(II) complex I-60 in conjunction with an Ir(II) photoredox catalyst to forge sp3–

sp2 C–C bonds.166 Ni catalyst I-60 is oxidized via photoredox catalyst I-61, generating a 

Ni(III) species I-62. Species I-62 cleaves the Ni–Cl bond via photoreduction, generating 

a Cl• which subsequently abstracts a H-atom from THF. Rebound of the carbon-centered 

radical resulted in Ni(III) species I-63, which subsequently underwent reductive 

elimination to yield the desired coupled product. Further reduction of Ni(I) species and 

oxidative addition of aryl chloride regenerated catalyst I-60. Confirming this mechanism, 

Stern–Volmer quenching studies revelated that Ni(II) I-60 was the species responsible for 

quenching the Ir photocatalyst.169 Furthermore, TD-DFT studies of Ni(III) I-62 show that 

the Ni(III)–Cl BDE is 44 kcal/mol whereas the Ni(II)–Cl BDE is 77 kcal/mol, supporting 

facile photoreduction from a Ni(III) state. The fact that Ni(II) I-60 does not exhibit any 

photoreduction highlights a significant fact commonly seen in photoreduction processes; 

the oxidation state of the metal prior to photoreduction should be in a relatively high 

oxidation state (Ce(IV), Mn(III), Fe(III), Co(III), Ni(III), Cu(II), etc.), thus the resulting 

reduced species is also stable. 
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Figure I-22. Photocatalytic C–C bond formation from a Ni Ir coupled system.  Ni(II) 

species I-60 is oxidized from the excited state Ir(III) photocatalyst I-61. The resulting 

Ni(III) species I-62 undergoes photoreduction to form Ni(II) and Cl•. Cl• then abstracts a 

H-atom from THF, yielding HCl and a THF radical, which forms Ni(III) species I-63. I-

63 then undergoes reductive elimination to form the benzylic ether and Ni(I). The Ni(I) 

species is reduced by the Ir(II) species, and then oxidatively adds with an aryl chloride to 

reform Ni(II) I-60. Adapted with permission from reference 169. Copyright 2021 

American Chemical Society. 

 

 

I.6. Conclusions 

 Thorough characterization of M–L multiply bonded complexes is challenging and 

often stymied by their innate reactivity. Therefore, obtaining any information about the 

chemical or electronic structure often relies exclusively on theory. This chapter reviewed 

strategies for the characterization of M–L multiply bonded species. Synthetic perturbation 
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to modify the ligand donicity of the supporting ligand on the metal ion or appended R-

group on the M–L species, have been shown to stabilize the reactive intermediate. While 

these species are kinetically stable enough to probe via spectroscopy and single-crystal X-

ray diffraction, these derivatized structures commonly do not participate in the reaction of 

interest. Thus, the reactive intermediate involved in these catalytic processes are still yet 

to be observed. 

  In a similar context, photochemical synthesis of reactive species from 

characterized isolable photoprecursors, provides an avenue to generate reactive M–L 

fragments, either under conditions compatible with steady-state or time-resolved 

spectroscopy. However, the primary photo-event in these studies has been shown to be 

photoreduction, cleaving the M–X bond leads to either; radical chemistry from X• such as 

HAA from alkanes, or thermal recombination of X• with the metal center to forge a M–L 

multiply bonded intermediate. The research in this thesis is predicated on the design of 

novel photoprecursors to generate metal nitrenoids relevant to C–H amination that 

facilitate photochemical synthesis of M–L multiply bound species in solution and the 

solid-state. The two outstanding challenges to this goal were: (1) design of a new class of 

photoprecursors to access metalloporphyrin nitrenoids and, (2) append photolabile bonds 

which will cleave instead of the apical M–N bond. Furthermore, photochemical synthesis 

of reactive intermediates lends itself towards generation and structural characterization of 

reactive intermediates in a single-crystalline habit. The research in the later chapters in 

this thesis demonstrate the design of solid-state photoprecursors, and the 

photocrystallographic characterization of M–L multiply bound reactive intermediates. 
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CHAPTER II  

NITRENE CHEMISTRY OF MANGANESE N-HALOAMIDES* 

 

II.1 Introduction 

 Since Breslow’s seminal discovery of Mn porphyrin-catalyzed amination of 

cyclohexane, Mn tetrapyrroles have emerged as an important platform for nitrene transfer 

catalysis.29-31, 61, 178-181 The combination of nitrene precursors, such as iminoiodinanes29, 

62-64, 182-184 or N-haloamides,73, 185 and Mn(III) porphyrin catalysts enables nitrene transfer 

to C–H bonds and olefinic substrates to afford amines and aziridines, respectively (Figure 

II-1). Enantioselective nitrene transfer catalysis has been realized using D4-symmetric 

chiral Mn porphyrin catalysts.64, 186 More recently, White et al. have developed related 

Mn(III) phthalocyanines as highly active catalysts for aliphatic C–H amination.65, 187 In 

analogy to metalloporphyrin-supported metal oxo intermediates in C–H hydroxylation 

catalysis, the developed nitrene transfer catalysis is proposed to proceed via the 

intermediacy of reactive high-valent Mn nitrenoids.105, 188-190 

 

 

* Data, figures, and text in this chapter were adapted with permission from reference Van Trieste, G..P.; 

Reid, K..A.; Hicks, M..H.; Das, A.; Figgins, M..T.; Bhuvanesh, N.; Ozarowski, A.; Telser, J.; Powers, 

D.C. Nitrene Photochemistry of Manganese N-Haloamides Angew. Chem. Int, Ed. 2021, 60, 26647–

26655. 
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Figure II-1. Mn tetrapyrrole-catalyzed nitrene transfer catalysis has been applied to 

both C–H amination and olefin aziridination reactions. Electrophilic Mn nitrenoids 

are proposed to mediate this family of nitrene transfer reactions. 

 

 

The reactivity of the Mn nitrenoids that are invoked as transient intermediates in 

nitrene transfer catalysis renders these species challenging to observe.191 Stabilization of 

these intermediates via synthetic modification of the ancillary ligand set can attenuate the 

reactivity of the supported Mn nitrenoid and enable isolation. Abu-Omar and co-workers 

leveraged triply anionic corrole ligands to stabilize and isolate Mn(V) nitrenoid II-1, 

which was prepared by photolysis of a solution of mesityl azide and Mn(III) tris-

pentafluorophenylcorrole (Figure II-2a).102 Complex II-1 was found to be unreactive 

towards alkenes and alkanes but did participate in reaction with PPh3 to afford the 

corresponding iminophospine. Goldberg and co-workers reported the isolation of 

corrolazine-supported nitrenoid II-2, which was similarly found to be unreactive towards 

either olefins or C–H bonds (Figure II-2b).103 Use of a tetraanionic tetraamido macrocyclic 

ligand (TAML) enabled the isolation of Mn(V) imido complex II-3 (Figure II-2c).192 

Further oxidation to the corresponding Mn(VI) complex was necessary to engender 

nitrene transfer chemistry. In the context of porphyrin-supported nitrenoids, acylation of 

Mn(V) nitrido complex II-4 with trifluoroacetic anhydride affords Mn(V) nitrenoid II-5, 
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which was characterized by 1H NMR and UV-vis spectroscopies and displays olefin 

aziridination activity (Figure II-2d).105, 106  

 

Figure II-2. A small family of Mn(V) nitrenoids has been characterized, including (a) 

corrole-supported II-1, (b) corrolazine-supported II-2, and (c) TAML-supported II-

3. (d) Treatment of Mn(V) nitride II-4 with trifluoroacetic anhydride resulted in the 

observation of porphyrin-supported Mn(V) nitrenoid II-5. 

 

Synthetic photochemistry provides opportunities to access reactive species under 

conditions that allow for characterization by time-resolved or cryogenic methods without 

necessitating stabilization via synthetic derivatization. The following examples feature 

photopromoted metal oxo generation. As discussed in Chapter I, we hypothesize that 

photoreduction is the primary photoevent and subsequent chemistry between the reduced 

metal center and the expelled radical afford the metal oxo complexes. In the context of 

Mn oxo chemistry, Newcomb and co-workers demonstrated that both Mn(IV) and Mn(V) 
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oxo complexes could be accessed by photolysis of Mn oxyanion complexes (Figure II-

3).97, 98, 193-195 Flash photolysis of Mn(III) chlorate complex II-6a resulted in Cl–O bond 

homolysis to generate a Mn(IV) oxo compound II-7; in contrast, flash photolysis of 

Mn(III) perchlorate complex II-6b resulted in Cl–O bond heterolysis to generate a Mn(V) 

oxo complex II-8. Similar photochemically promoted O–X cleavage to generate Mn oxo 

complexes was described by Suslick and co-workers in the context of porphyrin-supported 

Mn nitrite and nitrate complexes,124-126, 196-198 and Zhang and co-workers have described 

photogeneration of Mn oxo complexes from µ-oxo dimanganese precursors.199  

In contrast to metal oxo chemistry, photochemical strategies to generate the 

corresponding reactive metal nitrenoids are much less developed. While organic azide 

ligands can represent viable photoprecursors to metal nitrenes, the poor donicity of organic 

azides as ligands coupled with the thermal instability of these ligands towards N2 loss 

results in a limited family of potential photoprecursors.35, 68, 200-202 Conceptually, 

haloamide ligands, which are X-type donors, could serve as nitrene precursors via N–X 

photoactivation. In analogy to oxyanion photochemistry pictured in Figure II-3a, both N–

X homolysis and heterolysis mechanisms are potentially available to haloamide 

complexes (Figure II-3b). In 2018, we demonstrated that photolysis of a Rh2 complex with 

an N-chloroamide ligand afforded the corresponding Rh2 nitrenoid via N–Cl homolysis.203 

Exploration of the generality of N–X photocleavage and the photoactivation modes 

available to a more diverse set of transition metal complexes is critical to generalizing N-

haloamide photochemistry as an approach to catalytically relevant metal nitrenoids. At 

present, the synthetic chemistry of transition metal haloamide complexes is extremely 
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limited, with only three structures reported,203, 204 and while significant work has been 

carried out on the photolysis of organic N-haloamines,3, 205-207 the corresponding 

photochemistry of inorganic N-haloamides is almost completely unknown. 

 

Figure II-3. (a) Photolysis of Mn chlorate II-6 affords photoreduced Mn(II) and the 

respective oxyradical. The reaction of chlorate radical and Mn(II) affords Mn(IV) 

oxo II-7 via Cl–O homolysis. In contrast, combination of perchlorate radical and 

Mn(II) affords Mn(V) oxo II-8 via Cl–O heterolysis. (b) Corresponding Mn nitrenoid 

photochemistry could also pass through a similar pathway as II-6, with subsequent 

reactions resulting in either hetero- or homolytic N–X cleavage to afford II-10 or II-

11, respectively. 

 

Here we report the synthesis and characterization of a family of Mn porphyrins 

featuring N-haloamide ligands. These complexes are S = 2 species and are fully 

characterized in both solution phase and the solid state. This family of complexes includes 

the first examples of N-bromoamide and N-iodoamide complexes of transition metals. 
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Photolysis of these complexes gives rise to the product of C–H amination and olefin 

aziridination. A combination of kinetic isotope effect analysis and low-temperature 

spectroscopy indicates that while the photolysis of Mn(III) N-chloroamides proceeds via 

initial cleavage of the Mn–N bond to generate Mn(II) and amidyl radical intermediates, 

photolysis of the corresponding N-iodoamide complexes proceeds via N–I cleavage to 

generate a Mn(IV) nitrenoid that participates in both C–H amination and olefin 

aziridination. These observations represent the first example of a porphyrin-supported 

Mn(IV) nitrenoid, highlight the impact of ligand design in the synthesis of novel 

photoprecursor ligands, and establish N-haloamides as a class of nitrene photoprecursor 

ligands. 

II.2 Results 

 In this section, we describe the synthesis and characterization of a family of 

porphyrin-supported Mn(III) haloamide complexes (II-13) featuring variation of both the 

identity of the porphyrin meso-substituent and on the N-halogen. This suite of complexes 

provides the opportunity to investigate the halogen-dependent photochemistry of Mn(III) 

haloamides, which reveals the decisive impact of N–Cl (i.e., II-13a) versus N–I (i.e., II-

13e) identity of differentiating Mn–N cleavage (i.e., photoreduction) and N–X cleavage 

(i.e., photooxidation) pathways. 

II.2.1 Synthesis and Characterization 

 Sequential treatment of porphyrin-supported Mn(III) chlorides II-12 with AgBF4 

and M[NTsX] (M = Na or K; i.e., haloamine-T) provided access to the corresponding 

Mn(III) haloamide complex II-13 (Figure II-4; for characterization of the intermediate 
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[MnL]BF4 complexes, see section II.5.1). The spectroscopic data for iodoamide II-13e is 

representative of the family of haloamides and is described in detail here; for 

characterization details of the other haloamide complexes, see the section II.5.1. The 1H 

NMR spectrum of II-13e displays three paramagnetically shifted peaks corresponding to 

the methyl group (13.0 ppm), the aryl C–H bonds of the tosyl group and the meso 

substituents (8.3 ppm), and the pyrrole protons (–22 ppm) (Figures II-5-II-6). The UV-vis 

spectrum of II-13e displays absorbances at 383 nm (ε = 3.5 × 104 M–1cm–1), 479 nm (ε = 

5.2 × 104 M–1cm–1), 585 nm (ε = 7.8 × 103 M–1cm–1), and 620 nm (ε = 8.2 × 103 M–1cm–

1), which we assign as ligand-to-metal charge-transfer (LMCT), Soret, and Q-bands 

respectively, based on comparison to other Mn(III) porphyins.193 Based on the ratio of the 

molar absorptivities of the two Q-bands and the position of the Soret band, the ligand field 

strength of the N-iodoamide ligand is similar to that of chloride (i.e., Mn(tpp)Cl) and the 

ligand field strength of the haloamide ligands examined here is not sensitive to the identity 

of the N-halogen (Table II-1).208, 209 Consistent with previous reports of Mn(III) porphyrin 

complexes,210 both ESI- and APCI-MS experiments provide signals that correspond to 

[Mn(tpp)]+. Raman spectra of complexes II-13a and II-13e are collected in II-16. 
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Figure II-4. Top: General synthetic strategy for the Mn(III) N-haloamide complexes 

II-13. Bottom: Displacement ellipsoid plots of the Mn N-haloamides II-13. H-atoms and 

solvent molecules have been omitted for clarity. Ellipsoids drawn at 50% probability. 

Selected bond distances (Å): II-13a, Mn–Cl = 1.745(3); II-13d, Mn–Br = 1.884(6); II-13e, 

Mn–I = 2.056(7). 
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Figure II-5. 1H NMR spectra of (a) II-13a, (b) II-13d, and (c) II-13e measured at 500 

MHz in CDCl3 at 23 °C with each inset magnified on the diamagnetic region. 
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Figure II-6. 1H NMR spectra of (a) II-13a, (b) II-13b, and (c) II-13c measured at 500 

MHz in CDCl3 at 23 °C with each inset magnified on the diamagnetic region. 
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Table II-1. Molar absorptivity (ε) ratios of the q-bands of II-13a, II-13d, II-13e, and 

II-12.[17] Band numbering is in accordance with Boucher’s labeling (indicated on 

the plot below).208, 209 

Entry εIII (M
–1cm–1) εIV (M–1cm–1) εIII/εIV 

II-13a 4.6 × 103 4.1 × 103 0.89 

II-13d 4.7 × 103 4.8 × 103 1.02 

II-13e 7.8 × 103 8.2 × 103 1.05 

II-12 4.1 × 103 4.1 × 103 1.00 

 

 

  

Figure II-7. A UV-vis spectrum of II-13e with the absorbance bands labeled with 

Boucher’s numbering system. 
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Consistent with the S = 2 ground state typical of Mn(III) porphyrin complexes, 

compound 13e displays a magnetic moment of 4.9 (Evans method, 23 °C) and does not 

display X-band EPR features at 4 K (2-Me-THF glass).208, 211, 212 Due to the lack of X-

band EPR features for S = 2 compounds, we pursued high-frequency and -field EPR 

(HFEPR) spectroscopic characterization of this suite of complexes (for spectra and 

resonance field versus microwave frequency plots of II-13a, II-13d, and II-13e see 

Figures II-8-II-15). The spectra consist of very broad signals apparently due to the 

presence of slightly different Mn moieties (two in II-13a, II-13d, and II-13e). 

Representative HFEPR spectra recorded at 319 GHz of the MnNXTs(tpp) X = Cl, Br, I 

series are illustrated in Figure II-8 and the derived spin Hamiltonian parameters (zero field 

splitting (ZFS): axial (D), rhombic (E) values, and g values) are collected in Table II-2.213 

The present study is the first, to our knowledge, to provide the ZFS parameters of a Mn(III) 

tetrapyrrole with a nitrogen-donor axial ligand. The D values of the compounds measured 

here are similar to each other and to other Mn(III) tetrapyrroles (i.e., D = –2.5  0.5 cm–1) 

bearing O- or N-bound axial ligands.211, 212, 214, 215 Substitution of the amido halogen 

substituent has minimal impact on the D value, with D becoming slightly less negative 

from II-13a to II-13d to II-13e. This trend is significantly more dramatic in the 

corresponding MnX(tpp) series in which the halogen is bound directly to the Mn center.216 

This observation is a consequence of the extensive spin-orbit coupling of heavier 

donors.217 The rhombicity does show a more significant dependence on the halogen 

identity, where II-13a is the least rhombic and II-13e is the most. We hypothesize that the 

high rhombicity value of MnNXTs(tpp) is due to the Ts–N–X apical unit breaking the 
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four-fold symmetry observed in manganese tetrapyrroles, which generally feature 

rhombicity values close to zero, even in the case of corroles/corrolazines, which lack the 

true four-fold symmetry of the porphyrin macrocycle.99, 211, 212, 214-216, 218 Qualitatively, 

Mn–N -bonding from N px (filled N lone pair) to Mn dxz (half-filled), but not 

correspondingly from N py to Mn dyz would distinguish the in-plane x and y directions (the 

principal ZFS direction is along z, normal to the porphyrin plane).211 

 

  

Figure II-8. HFEPR spectra of II-13a, II-13d, and II-13e collected at 319 GHz and 10 

K. Blue: experimental; red: simulated with parameters given in Table II-2. The asterisk 

indicates an impurity signal at g = 2.003. 
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Table II-2. Comparison of HFEPR data for compounds II-13a, II-13d, and II-13e 

with other axially coordinated Mn(III) tetrapyrrole analogues. E is given in the same 

sign as D (TPFC = 5,10,15-tris(pentafluorophenyl)corrole trianion; TBP8Cz = 

2,3,7,8,12,13,17,18-octa(4-tert-butylphenyl)corrolazine). 

 D / cm–1 E / cm–1 |E/D| gx, gy, gz 

II-13a –2.881 –0.095 0.033 1.994, 1.984, 1.979 

II-13d –2.707 –0.134 0.050 1.990, 1.995, 1.990 

II-13e –2.460 –0.243 0.099 2.004, 1.990, 1.991 

Mn(tpp)Cl211, 214 –2.290 ~0 0 1.98, 1.98, 2.00 

Mn(tpp)Br·CDCl3
216 –1.091 –0.087 0.080 1.996, 1.985, 1.994 

Mn(tpp)I·CDCl3
216 1.30 0.010 0.008 1,965, 1.971, 1.930 

Mn(tpfc)(OPPh3)
218 –2.69 –0.030 0.011 1.994, 1.994, 1.980 

Mn(tbp8cz)(HOMe)99 –2.60 –0.015 0.006 2.00 (isotropic) 

 

  



 

55 

 

  
Figure II-9. HFEPR spectra of (a) II-13a, (b) II-13d, and (c) II-13e collected at 10 K 

and 319 GHz. Experimental data in blue and simulation in red. The * indicates a 

small Mn(II) impurity at g = 2.00, 11.4 T. 

 

 

 

 

Figure II-10. HFEPR spectra of II-13a at (a) 120 GHz, (b) 229 GHz, (c) 353 GHz, and 

(d) 513 GHz collected at 10 K. Experimental data in blue and simulation in red. * 

indicates residual O2 in the sample. 

  



 

56 

 

 
Figure II-11. HFEPR spectra of II-13d at (a) 216 GHz collected at 10 K, (b) 319 GHz 

collected at 3 K, (c) simulation of (b) where the D, E > 0 and (d) 413 GHz collected at 

5 K. Experimental data in blue and simulation in red. * indicates residual O2 in the 

sample. 

 

Figure II-12. HFEPR spectra of II-13e at (a) 120 GHz collected at 5 K, (b) 256 GHz 

collected at 10 K, (c) 387 GHz collected at 5 K, and (d) simulation of (c) where the D, 

E > 0. Experimental data in blue and simulation in red. * indicates residual O2 in the 

sample. 
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Figure II-13. Plot of resonance field versus microwave frequency for complex II-13a 

where the dots represent experimental points and the (–), (–), and (–) are the 

resonance positions calculated with parameters in Table II-2 at the molecular 

orientations X, Y and Z, respectively. 

 

 

 

 
Figure II-14. Plot of resonance field versus microwave frequency for complex II-13d 

where the dots represent experimental points and the (–), (–), and (–) are the 

resonance positions calculated with parameters in Table II-2 at the molecular 

orientations X, Y and Z, respectively. 
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Figure II-15. Plot of resonance field versus microwave frequency for complex II-13e 

where the dots represent experimental points and the (–), (–), and (–) are the 

resonance positions calculated with parameters in Table II-2 at the molecular 

orientations X, Y and Z, respectively. 

 

 

 
Figure II-16. Raman spectra of both II-13a (⎯) and II-13e (⎯).  
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X-ray quality crystals of each of the Mn(III) haloamide complexes were obtained 

by cooling concentrated acetonitrile solutions to –35 °C; solid-state structures of II-13 are 

collected in Figure II-4. The Mn(III) center in II-13e is five-coordinate. The Mn ion lies 

0.271 Å above the N4 plane, and the N-iodoamide ligand occupies one of the axial 

coordination sites. The haloamide nitrogen is approximately trigonal planar, with Mn–N–

I = 119.1(3)°, Mn–N–S = 128.8(4)°, and S–N–I = 112.1(4)°. The bond metrics of II-13a-

d are consistent with those described for II-13e with two exceptions: 1) the N–X bond 

length varies predictably as a function of halogen identity (i.e., the N–Cl distance in II-

13a is 1.745(3) Å, the N–Br distance in II-13d is 1.884(6) Å, and the N–I distance in II-

13e is 2.056(7) Å) and 2) the Mn center in II-13b is six-coordinate with an MeCN ligand 

in the final coordination site, which results in elongation of Mn–N(1) in II-13b (2.252(4) 

Å) as compared to II-13a (2.070(3) Å) or II-13c (2.1112(7) Å). Of note, complexes II-

13d and II-13e are the first crystallographically characterized N-bromoamide and N-

iodoamide complexes of a transition metal, respectively. For comparison of the metrical 

parameters of II-13 with known chloroamides, see Table II-3. 
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Table II-3. Relevant X-ray metrical parameters of II-13a, II-13b, II-13c, II-13d, II-

13e, Rh2(espn)2(MeCN)2 [Rh2(espn)2(NClTs)2],203 Na[Rh2(espn)2(NClTs)2],203 and 

SnMe3(NClTs).204 

Entry M–N / Å X–N / Å X–N–S / ° 

II-13a 2.133(3) 1.745(3) 111.6(2) 

II-13b 2.252(4) 1.748(4) 109.5(2) 

II-13c 2.1112 (7) 1.73667(7) 111.80(4) 

II-13d 2.132(7) 1.884(6) 111.6(4) 

II-13e 2.149(7) 2.056(7) 112.1(4) 

Na[Rh2(espn)2NClTs2] 2.253(4) 1.760(4) 108.91(2) 

Rh2(espn)2(MeCN)2 

[Rh2(espn)2NClTs2] 
2.281(2) 1.745(3) 110.30(2) 

SnMe3NClTs 2.195(7) 1.734(7) 111.2(4) 

 

II.2.2 Photolysis of Mn(III) Haloamides 

Photolysis (λ > 335 nm) of an optically dilute solution of II-13e (4:1 MeCN:THF 

solution) affords Mn(II) complex II-15. UV-vis spectra collected periodically during the 

photolysis of a dilute solution of II-13e are characterized by well-anchored isosbestic 

points at 295, 408, 460, 514, 584, and 589 nm, which indicates the lack of steady state 

intermediates (Figure II-17). The final spectrum overlays with that of Mn(II)tpp (II-15), 

which was independently prepared by treatment of II-12 with NaBH4 (Figure II-18). ESI-

MS analysis of the photolysis reaction mixture indicates the presence of sulfonamide II-

14, the product of formal nitrene transfer to the α-C–H bond of THF. Preparative scale 

photolysis resulted in the isolation of sulfonamide II-14 in 44% yield. The mass balance 

of the haloamide ligand is TsNH2 (56% yield). Preparative scale photolyses of II-13 result 

in isolation of Mn(tpp)X, which we hypothesize results from HX equivalents generated 

during photolysis via H-atom abstraction from solvent. 
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Figure II-17. Photolysis (λ > 335 nm) of II-13e affords sulfonamide II-14 and Mn(II) 

complex II-15. UV-vis spectra obtained periodically during the photolysis of II-13e 

display well-anchored isosbestic points at 295, 408, 460, 514, 584, and 589 nm, which 

indicate the lack of steady state intermediates during the conversion of II-13e to II-15. 

 

The wavelength dependence of the observed photochemistry of II-13e was 

evaluated using 335, 400, and 495 nm long-pass filters. Only the 335 nm filter resulted in 

the spectral evolution illustrated in Figure II-17; no photoconversion was observed with a 

400 or 495 nm long pass filter during the time scale of the experiment. However, 

prolonged photolysis (5 days) of II-13e with a 400 nm long pass filter yielded aminated 

THF (II-14) (40%, Table II-4). These data are consistent with photochemistry arising from 

excitation of the LMCT band at 386 nm. Similar observations were reported by Suslick, 
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that excitation of the analogous LMCT in Mn nitrate complexes was critical to accessing 

the corresponding Mn oxo complexes.125 

 

 

 
Figure II-18. Dilute photolysis of II-13e in a mixture of 4:1 MeCN:THF results in 

compound II-15 (–). This overlays well with the UV-vis spectrum of a sample of 

compound II-15 prepared by treatment of II-12 with NaBH4 (–). 
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Table II-4. Tabulated yields of II-14, generated via photolysis of 13 in 4:1 

MeCN:THF 

Entry λ > 335 nm λ > 400 nm 

II-13a 50% 27% 

II-13b 55% 53% 

II-13c 70% 54% 

II-13d 63% 53% 

II-13e 44% 40% 

 

Complex II-13e participates in nitrene transfer photochemistry with a variety of 

substrates that are commonly encountered in Mn-catalyzed nitrene transfer chemistry 

(Figure II-19). Photolysis of II-13e (λ > 335 nm) in a 4:1 MeCN:2-Me-THF solution 

results in sulfonamide II-16 (19% yield), the product of formal nitrene insertion into the 

less hindered α-C–H bond. To probe the C–H bond strength requirement for amination, 

we examined the photochemical amination of toluene (C–H bond dissociation energy 

(BDE) = 89.7 kcal/mol1) and cyclohexane (C–H BDE = 99.5 kcal/mol219): Toluene 

underwent benzylic amination to afford compound II-17 in 40% yield; cyclohexane did 

not participate in detectable amination chemistry. Photolysis of II-13e in the presence of 

styrene results in aziridine II-18 in 30% yield. In all cases, the mass balance is accounted 

for by TsNH2 and transfer of the NTs fragment requires photochemical activation: 

Thermolysis of II-13e in the presence of these substrates results in II-15 and TsNH2. 
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Figure II-19.  Nitrene transfer photochemistry of N-iodoamide complex II-13e with 

various C–H bonds and olefinic substrates. All yields are determined via 1H NMR with 

an internal standard of mesitylene. The formation of TsNH2 accounts for the mass balance 

of nitrogen in these reactions. 

 

Haloamide complexes II-13a-d also participate in photochemical amination of 

THF. Photolysis (λ > 335 nm) of a 4:1 MeCN:THF solution of II-13a afforded 

sulfonamide II-14 in a 50% yield. Similar reactivity was observed for II-13b, II-13c, and 

II-13d (55, 70, and 63% yield of II-14, respectively). In contrast to iodoamide II-13e, 

photolysis of II-13a-d in the presence of either toluene or styrene does not result in the 

products of nitrene transfer. 

II.2.3 Determination of Kinetic Isotope Effects 

To gain insight into the mechanism of C–H amination, we measured the deuterium 

kinetic isotope effect (kH/kD) for THF amination. Experimentally, solutions of 

photoprecursors II-13 were photolyzed in a 1:1 solution of THF:THF-d8 and the kH/kD was 
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determined by integration of the ESI-MS signals for II-14 and II-14-d7. Photolysis of a 

solution of II-13e at 23 C afforded a kH/kD = 18(3). For comparison, photolysis of II-13a 

in a 1:1 THF:THF-d8 solution afforded a kH/kD = 6(1) (Table II-5). 

 

Table II-5. Tabulated kH/kD values for THF amination via via II-13. 

Entry Steady-state kH/kD
 Cryogenic  

kH/kD 

II-13a 6(1) 4 

II-13d 10(2) 8.2 

II-13e 18(3) 18 

 

II.2.4 Low Temperature Photolysis of N-Chloramide II-13a 

To evaluate the primary photoproducts obtained from the described N-haloamides, 

we pursued low-temperature photolyses of these compounds in frozen solvent matrices. 

Photolysis of a 2-Me-THF glass of II-13a at 77 K resulted in the evolution of two new 

peaks in the UV-vis spectrum at 427 and 439 nm (Figure II-20a). These peaks are well 

matched to spectral features of Mn(II) complex II-15, which could be generated by 

photoreduction of II-13a via Mn–N homolysis (for comparison of the UV vis spectrum 

following photolysis at 77 K with the spectrum of independently synthesized compound 

II-15, see Figure II-21). To further confirm that the photolysis of II-13a generates 

Mn(II)(tpp), we measured the X-band EPR at 4 K and 9.35 GHz following irradiation of 

a 2-Me-THF glass of II-13a at 77K (Figure II-20b). Mn(III) complex II-13a does not 

display an X-band EPR spectrum. Following photolysis, the measured spectrum exhibits 

features at g⊥ = 6 and g|| = 2, which are consistent with those of independently prepared 
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Mn(II) complex II-15 and are as expected for an axial S =5/2 system with D >> hν.121, 156 

The differences in peak shape shown in Figure II-20b are due to differential axial ligation. 

Compound II-15 is formed via photocleavage of the Mn–N bond and thus has no axial 

ligand, whereas independently synthesized II-15 has an axial THF ligand.156 The observed 

EPR features were insensitive to the photolysis matrix: Photolysis of a solvent-free thin 

film of II-13a resulted in the evolution of an EPR spectrum of II-15 (Figure II-22). 

 

 

Figure II-20. Low-temperature (77K) photolysis of Mn(tpp)(NClTs) (II-13a) results 

in photoreduction to generate Mn(II) complex II-15. (a) UV-vis spectra obtained 

periodically during the photolysis of II-13a at 77K display well-anchored isosbestic points 

at 295, 408, 460, 514, 584, and 589 nm. The peaks that grow in at 427 and 439 nm are 

attributed to Mn(II) complex II-15 (a concentrated sample was utilized in this photolysis 

experiment, which resulted in detector saturation at 474 nm). (b) X-band EPR spectra 

following photolysis of II-13a (–) and of Mn(II)(tpp) (II-15) (–). *The peak at g = 2.0 has 

been truncated for clarity. 
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Figure II-21. Comparison of cryogenic UV-vis spectra of II-15 generated via 

photolysis of II-13a (⎯) and II-15 prepared by treatment of II-12 with NaBH4 (⎯). 

Photogenerated II-15 has a peak at 427 and 440 nm, where the peaks at 396 and 475 nm 

are attributed leftover starting material II-13a. Externally synthesized II-15 has a peak at 

419 and 442 nm. 
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Figure II-22. Photolysis (λ > 335 nm) of a thin film of II-13a at 77 K results in 

formation of II-15. (a) EPR spectrum at 4 K of II-15; (b) EPR spectrum of a thin film of 

independently synthesized II-15 measured at 4 K. Differences in peak shape are due to 

differential axial ligation: Compound II-15 formed via photoreduction has no axial ligand 

due to Mn–N cleavage, whereas synthesized II-15 has a THF axial ligand.156 

 

II.2.5 Low Temperature Photolysis of N-Iodoamide II-13e  

 Photolysis of a 2-Me-THF glass of II-13e at 77K results in the evolution of a new 

peak in the UV-vis spectrum at 441 nm, which is distinct from the spectrum observed from 

photolysis of II-13a (Figure II-23a). The X-band EPR spectrum of this sample measured 

at 4K and 9.35 GHz (Figure II-23b) is significantly richer than that from the photolysis of 

II-13a (Figure II-21b). Features across the entire field range are observed, corresponding 

to g = 0.8, 1.2, 1.5, 2.0, 3.5, and 5.0. Such an EPR spectrum is inconsistent with either S 

= 3/2 or 5/2 with |D| >> hν. Rather, the EPR spectrum of II-20 can be simulated as an S = 
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5/2 complex with relatively small zfs (|D| = 0.18 cm-1 (5.4 GHz) and |E| = 0.0037 cm-1; 

|E/D| = 0.020). The observed features are approximately consistent with the simulation 

provided with these parameters. A number of simulations with other parameters provide 

similar agreement with the experimental data and additional investigation, such as a 

HFEPR study, is needed to unambiguously resolve the problem. The spectral features of 

Mn(II) complex II-15 are not observed in the spectrum obtained following photolysis of 

II-13e, nor are features expected of a potential Mn(IV) complex with simple X-type axial 

ligands or of free triplet tosyl nitrene.220-222 Additionally, photolysis of a thin film of II-

13e at 77 K also generates the same spectrum shown in Figure II-23b, thus the generated 

spectrum of II-20 is independent of matrix used (Figure II-23). 

 Analysis of the temperature dependence of the EPR spectrum of II-20 supports a 

high-spin configuration (i.e., S = 5/2). Warming the sample from 4 K to 77 K results in 

the disappearance of the rich spectral features; only a signal at g = 2.0 which we 

hypothesize is from an organic radical generated in the photolysis. Subsequent re-cooling 

of the sample to 4 K results in the reappearance of the spectral features illustrated in Figure 

II-23b (Figure II-25). These observations confirm that the loss of spectral features upon 

warming to 77 K is due to spin-spin relaxation and not sample degradation.  

 Warming a sample of II-20 generated in a 1 : 1 THF : THF-d8 mixture at 77 K to 

23 °C affords amination product II-14 with kH/kD = 18, which indicates that low-

temperature and room-temperature photolyses generate the same reactive intermediate 

(Table II-5). 
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Figure II-23. Low-temperature (77 K) photolysis of Mn(tpp)(NITs) (II-13e) results 

in N–I cleavage to generate Mn(IV) nitrenoid complex II-20. (a) UV-vis spectra 

obtained periodically during the photolysis of II-13e at 77 K display well-anchored 

isosbestic points at 429, 449, 511 nm. (b) X-band EPR spectra following photolysis of a 

2-Me-THF glass of II-13e at 77 K (–). This spectrum was simulated with parameters D = 

0.18 cm-1 and E = 0.0037 cm-1 (–). *The peak at g = 2.0 has been truncated for clarity. 
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Figure II-24. EPR spectrum (measured at 4 K) following photolysis (λ > 335 nm) of 

a thin film of II-13e at 77 K. 
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Figure II-25. Photolysis (λ > 335 nm) of II-13e in 2-Me-THF at 77 K results in 

formation of II-20. (a) EPR spectrum at 4 K of II-20; (b) EPR spectrum collected by 

warming the sample from (a) to 77 K; (c) EPR spectrum collected after cooling the sample 

from (b) back to 4 K. 

 

II.2.6 Computational Analysis 

Density functional theory (DFT) optimization of the geometry of compounds II-

13a, II-13d, and II-13e have been pursued as singlet, triplet, and quintet electronic 

configurations. The singlet and triplet are higher in energy than the quintet by 35 kcal/mol 

and 17 kcal/mol, respectively (Table II-9). For comparison of optimized structures with 

crystallographically determined structures, see Tables II-6-II-8. Optimization of II-20 

indicates that doublet, quartet, sextet, and octet state are similar in energy, with the quartet 

being the lowest energy and the sextet and doublet states 2.6 kcal/mol and 3.9 kcal/mol 
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higher, respectively (Table II-10). The similarity of the various spin states of II-20 

suggests that accurate description of this species requires a multireference ground state. 

Ground state reaction thermodynamics were calculated for Mn–N and N–X 

cleavage from compounds II-13a, II-13d, and II-13e (Table II-11). For II-13a, Mn–N 

cleavage is preferred to N–Cl cleavage while for II-13e these pathways are approximately 

isoenergetic. These results are consistent with the expectation that N–X bond strength 

decreases for the heavier halogens,223 computationally determined N–X BDEs for 

complexes II-13 (Table II-13), and the experimental observation of Mn–N cleavage for 

II-13a and N–I cleavage for II-13e. 

 

Table II-6. Table comparing computed structure of II-13a at B3LYP level of theory 

against crystallographic data of II-13a. 

 B3LYP Experiment 

Mn–N1 (Å) 2.168 2.133(3) 

N1–Cl (Å) 1.864 1.745(3) 

N1–S (Å) 1.660 1.610(3) 

Cl–N1–S (°) 110.12 111.03(3) 

 

Table II-7. Table comparing computed structure of II-13d at B3LYP level of theory 

against crystallographic data of II-13d. 

 B3LYP Experiment 

Mn–N1 (Å) 2.165 2.132(7) 

N1–Br (Å) 1.983 1.884(6) 

N1–S (Å) 1.655 1.594(7) 

Br–N1–S (°) 111.7 111.6(4) 
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Table II-8. Table comparing computed structure of II-13e at B3LYP level of theory 

against crystallographic data of II-13e. 

 B3LYP Experiment 

Mn–N1 (Å) 2.166 2.149(7) 

N1–I (Å) 2.118 2.056(7) 

N1–S (Å) 1.649 1.593(7) 

I–N1–S (°) 113.4 112.1(4) 

 

Table II-9. Analysis of the ground state energies of II-13a, II-13d, and II-13e as 

different spin states. 

Multiplicity 

II-13a 

kcal/mol 

II-13d 

kcal/mol 

II-13e 

kcal/mol 

Singlet 33.72 34.22 35.10 

Triplet 17.19 17.40 17.64 

Quintet 0 0 0 

 

Table II-10. Analysis of the ground state energies of II-20 as different spin states. 

Multiplicity 

Energy / 

kcal/mol 

Doublet 3.89 

Quartet 0 

Sextet 2.57 

Octet 21.8 

 

Table II-11. Thermodynamic electronic energies comparison of photoreduction vs 

N–X cleavage for II-13a, II-13d, and II-13e. 

Cleavage 

II-13a 

kcal/mol 

II-13d 

kcal/mol 

II-13e 

kcal/mol 

Mn–N 41.84 39.28 37.20 

N–X 47.07 41.40 37.72 

 

 

Table II-12. Thermodynamic free energies comparison of photoreduction vs N–X 

cleavage for II-13a, II-13d, and II-13e. 

Cleavage 

II-13a 

kcal/mol 

II-13d 

kcal/mol 

II-13e 

kcal/mol 

Mn–N 25.66 22.72 20.39 

N–X 36.21 29.99 26.33 
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Table II-13. Calculated bond disassociation energies of the N–X bond in II-13a, II-

13d, and II-13e. 

Haloamide 

BDE/ 

kcal/mol 

II-13a 46.17 

II-13d 40.62 

II-13e 37.01 

 

II.3. Discussion 

Development of photochemical strategies to generate metal nitrenoid species 

promises to provide opportunities to study reactive intermediates that display fleeting 

lifetimes. Organic azide ligands have been recognized as potential photoprecursors to 

metal nitrenes, but few kinetically stable transition metal adducts of these ligands have 

been characterized.35, 68, 200-202 We have been attracted to photoactivation of N–X bonds 

within haloamide ligands as a potentially generalizable strategy to photochemically 

generate nitrene fragments within the primary coordination sphere of transition metal ions. 

This strategy is motivated by the ubiquity of N–X photoactivation in the organic chemistry 

of haloamines3, 205-207 and by analogy to the oxo photochemistry of metal oxyanion 

complexes.97, 124-126, 193-195 Unlike the organic chemistry of N-haloamines, however, the 

synthetic chemistry and photoactivity of N-haloamide complexes is almost completely 

undeveloped.  

Application of N-haloamide ligands in nitrene photochemistry requires predictable 

and selective N–X activation chemistry. In the context of Mn(III) haloamide 

photochemistry, homolytic N–X bond cleavage would afford a Mn(IV) nitrenoid while 

heterolytic N–X bond activation would result in Mn(V) nitrenoids (Figure II-26). In 

addition to these potential N–X activation modes, activation of the Mn–N bonds could 
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give rise to Mn(II) and amidyl radicals.126, 224, 225 Analogous O–X homolysis and 

heterolysis as well as M–O homolysis pathways have been documented in the oxo 

photochemistry of metal oxyanion complexes.97, 124-126, 193-195 

 

Figure II-26. Summary of potential photoactivation pathways for Mn(III) N-

haloamide complexes. 

 

The Mn nitrenoid fragment in II-20 is potentially redox non-innocent; thus the 

formal oxidation states of the Mn nitrenoids in the forgoing discussion are based on 

counting the nitrenoid fragment as a 2– ligand (i.e., imido nomenclature). In the context 

of a formally Mn(IV) imido complex, N-centered non-innocence could result in a species 

more appropriately described as either a Mn(III) adduct of an iminyl radical anion (RN•–, 

S = 1/2) or as a Mn(II) adduct of a singlet nitrene ligand (S = 0).226 Applying the Enemark-

Feltham nomenclature,227 the Mn(IV) imide would be described as [MnNR]7.  

We have prepared a family of Mn(III) N-haloamides, Mn(tpp)(NXTs), as potential 

photoprecursors to reactive high-valent Mn nitrenoids relevant in Mn tetrapyrrole-

catalyzed nitrene transfer (Figure II-2). Solution-phase and solid-state characterization 

indicate the family of prepared complexes are S = 2 Mn(III) species. UV-vis spectroscopic 
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measurements indicate that the donor strength of the N-haloamides is similar to that of 

chloride and is not meaningfully impacted by the identity of the N-halogen atom. HFEPR 

indicates that the haloamide complexes are representative of Mn tetrapyrroles with light-

atom axial donors, with enhanced rhombicity that may be due to anisotropic Mn–N π-

bonding.  

Photolysis of each of the prepared N-haloamide complexes in the presence of weak 

C–H bond donors, such as THF, results in formal nitrene transfer chemistry. Given 

previous demonstrations of C–H amination via amidyl radical intermediates,228-230 the 

observation of amination products is insufficient to differentiate between the potential 

photogeneration of a high-valent nitrenoid or N-centered radical intermediates. Halogen-

dependent photochemistry is observed with other substrates that are commonly 

encountered in nitrene transfer chemistry. Whereas N-chloroamide II-13a does not 

participate in photochemical aziridination of styrenes, N-iodoamide II-13e does undergo 

photochemical aziridination. These observations suggest that reactive nitrogen fragments 

generated from II-13a and II-13e differ; if both haloamides underwent similar 

photoactivation, one would expect that the resultant reactive species would display 

homologous substrate functionalization activity.  

Analysis of the kinetic isotope effects for C–H functionalization demonstrates the 

decisive role of the halogen substituent on the resultant photochemistry and provides a 

direct reporter on the nature of the C–H cleavage event. Amination of THF by photolysis 

of N-chloroamide II-13a proceeds with kH/kD = 6(1), which is consistent with values for 

H-atom abstraction reactions at N-centered radicals.231 In contrast, amination of THF by 
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photolysis of N-iodoamide II-13e proceeds with kH/kD = 18(3). This large kH/kD value 

exceeds the classical limit for H-atom transfer reactions between light atoms and is 

consistent with the large KIEs that are often encountered for amination via metal 

nitrenoids.232-239 

Cryogenic photolysis provides both the opportunity to directly evaluate the course 

of the described photoreactions and evidence for the decisive impact of halogen identity 

on the resultant reactive nitrogen species. Both UV-vis and EPR spectroscopies indicate 

that the primary photoproduct obtained from chloroamide II-13a is Mn(II) complex II-

15. The M–N homolysis that would generate complex II-13 would also afford an amidyl 

radical intermediate, which would give rise to the observed amination products. In 

contrast, photolysis of iodoamide II-13e affords Mn(IV) nitrenoid II-20, the product 

expected of homolytic activation of the N–I bond of II-13e. Experimental data is 

consistent with the formation of an S = 5/2 species (i.e. an Mn(III) iminyl radical complex). 

The Soret band of II-20 (441 nm) is distinct from reported porphyrin-supported Mn(IV) 

oxo compounds (420 nm), which are all S = 3/2 (Table II-14).193, 240-242 Additionally, the 

similarity of the UV-vis spectra of II-15 and II-20 suggests that II-20 is a S = 5/2 system 

(Figure II-27). DFT analysis of the potential spin states of II-20 suggests multireference 

contributions to the electronic ground state. The observed preference for Mn–N activation 

in II-13a and for N–I activation in II-13e is consistent with the relative N–Cl and N–I 

bond strengths and with computed ground state thermodynamics for Mn–N and N–X 

cleavage reactions. These results highlight the ability to control the course of the 

photoreaction by careful design of the photocleavable ligands. 
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Table II-14. Comparison of Mn(IV) and Mn (V) Soret bands in MnO(por) complexes. 

Porphyrin Mn(IV) Soret / nm Mn(V) Soret / 

nm 

Mn(tpp) 425193 435193 

Mn(tpfpp) 422193 432194 

Mn(tpymp) 438193 450193 

Mn(tmp) 425240  

Mn2(dtmp) 415242 423242 

Mn2X2(tpp)2  417241  

 

 
Figure II-27. Comparison of cryogenic UV-vis spectra of II-20 (⎯) and II-15 (⎯). 

Compound II-20 has a peak at 441 nm, where the peaks at 375 and 475 nm are attributed 

leftover starting material II-13e. Compound II-15, prepared by treatment of II-12 with 

NaBH4, has a peak at 442 nm. 

 

II.4. Conclusions 

Synthesis and characterization of reactive intermediates capable of C–H 

functionalization reactions is central to the rational development of new selective and 
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efficient catalysts. Synthetic photochemistry provides a platform to generate reactive 

intermediates under conditions in which they can be kinetically trapped, for example by 

providing a synthetic strategy to generate these species under cryogenic conditions. 

Application of synthetic photochemistry requires the availability of appropriate 

photoprecursor molecules and specifically access to photolabile ligands that exhibit 

predictable photoactivation modes. Here we have advanced N-haloamide ligands as a 

photolabile ligand in the synthesis of Mn nitrenoids. Isolation of homologous Mn(III) 

complexes featuring N-chloro-, N-bromo-, and N-iodoamide ligands provided the 

opportunity to observe the decisive impact of the halogen substituent on the observed 

photochemistry. Whereas the Mn(III) chloroamide complex undergoes photoreduction via 

direct homolytic Mn–N activation, the corresponding Mn(III) iodoamide undergoes N–I 

activation to unveil a reactive Mn nitrenoid that participates in both C–H amination and 

olefin aziridination chemistry. A combination of low-temperature spectroscopy and 

analysis of C–H functionalization kinetic isotope effects indicates the critical 

photochemical difference between N-chloro- and N-iodoamide ligands. These 

observations mirror the competition between ligand-centered photoactivation chemistry 

and photoreduction reactions that are often encountered in the corresponding metal nitride 

and metal oxo photochemistries. The findings described here begin to delineate the design 

parameters needed to elicit ligand-centred bond activation to generate metal nitrenoids. 

We anticipate the development of general strategies in the synthetic photochemistry of 

metal nitrenoids will expand access to reactive nitrenoids relevant to catalysis, and we are 

actively working to expand the generality of the haloamide strategies described here. 
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II.5. Experimental Details 

II.5.1 General Considerations 

Materials All reactions were carried out in an N2-filled glovebox, unless otherwise stated. 

Solvents were obtained as ACS reagent grade. Unless otherwise noted, all chemicals and 

solvents were used as received. 2,6-Dichlorobenzaledhyde, acetic acid (AcOH), 

chloramine-T trihydrate, manganese(II) chloride tetrahydrate (MnCl2·4H2O), chloroform, 

and anhydrous 2-methyltetrahydrofuran (2-Me-THF) were obtained from Sigma Aldrich. 

Silica gel (0.06–0.20 mm, 60 Å for column chromatography) and BF3·OEt2 were obtained 

from Acros Organics. Benzaldehyde, styrene, and propionic acid were obtained from Bean 

Town Chemical. Nitrobenzene was obtained from Alfa Aesar and pyrrole was obtained 

from TCI America. Pentafluorobenzaldehyde was obtained from Matrix Scientific and 

acetonitrile was obtained from Fischer Scientific. 2,3-Dichloro-5,6-dicyano-p-

benzoquinone (DDQ) was obtained from Chem Impex International and dimethyl 

formamide (DMF) was obtained from VWR. Ethanol (200 proof) was obtained from 

Koptec and silver tetrafluoroborate (AgBF4) was obtained from Strem Chemicals. NMR 

solvents were purchased from Cambridge Isotope Laboratories and were degassed via 

three freeze-pump-thaw cycles. CD3CN was stored over 3 Å molecular sieves, and all 

other NMR solvents were stored over 4 Å molecular sieves. Anhydrous acetonitrile, THF, 

and toluene were obtained from a drying column and stored over activated molecular 

sieves. All reactions were carried out at 23 °C unless otherwise noted. H2tpp,243 

H2tdclpp,244 H2tpfpp,245 MnCl(tpp) (II-12),246 MnCl(tdclpp) (II-21),157 and MnCl(tpfpp) 

(II-22)247 were prepared according to literature methods. 



 

82 

 

Characterization Details NMR spectra were recorded on Bruker Avance NEO 400 NMR 

operating at 400.09 MHz for 1H acquisitions and were referenced against solvent signals: 

CDCl3 (7.26 ppm, 1H), (CD3)2SO (2.50 ppm, 1H), and CD3CN (1.94 ppm, 1H).248 1H NMR 

data are reported as follows: chemical shift (δ, ppm), multiplicity (s (singlet), d (doublet), 

t (triplet), m (multiplet), br (broad), integration. UV-vis spectra were recorded at 293 K in 

quartz cuvettes on an Ocean Optics Flame-S miniature spectrometer with DH-mini UV-

vis NIR light source (200–900 nm) and were blanked against the appropriate solvent. 

Solution magnetic moments were determined using the Evans method: the analyte was 

dissolved in a stock solution of CDCl3 and trifluorotoluene at 23 °C; a capillary of 

trifluorotoluene in CDCl3 was added to the sample tube and the 19F NMR spectrum was 

recorded. Diamagnetic corrections were estimated from Pascal constants.249 MALDI data 

was obtained using a Bruker Microflex LRF MALDI-TOF using reflection-TOF mode. 

The fluence of the ablation laser was controlled using Bruker Daltonics flexControl 

software that was pre-installed with the instrument. X-band EPR spectra were recorded on 

a Bruker ELEXSYS Spectrometer with a cryogen-free in-cavity temperature control 

system. X-band EPR spectra of photogenerated reactive intermediates were collected by 

irradiation (100 W Hg lamp) of samples in an N2-cooled (77 K) quartz finger dewar 

(Wilmad Glass, WG819-B-Q) and subsequent transfer of the cold samples into a pre-

cooled EPR cavity. 

HFEPR Details HFEPR spectra were collected with finely ground crystalline samples of 

II-13a, II-13d, and II-13e at 5–20 K at the Electron Magnetic Resonance (EMR) Facility 

of the National High Magnetic Field Laboratory (NHMFL, Tallahassee, FL, USA) using 
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a transmission spectrometer described elsewhere,250 which was modified by the use of 

phase-locked Virginia Diodes Inc. (VDI, Charlottesville, VA, USA) sources, generating 

sub-THz wave radiation in a 50–640 GHz frequency range. The spectrometer is associated 

with a 15/17-T warm-bore superconducting magnet. 

X-Ray Diffraction Details X-ray crystal structures of II-13a-c were collected using 

synchrotron radiation (0.33062 Å or 0.41328 Å as specified in the respective cif) at 

ChemMatCARS located at the Advanced Photon Source (APS) housed at Argonne 

National Laboratory (ANL). Crystals suitable for X-ray diffraction were mounted on a 

glass fiber and data was collected at 100 K (Cryojet N2 cold stream) using a vertically 

mounted Bruker D8 three-circle platform goniometer equipped with a PILATUS3 X CdTe 

1M detector. Data were collected as a series of φ and/or ω scans. Data were integrated 

using SAINT and scaled with a multi-scan absorption correction using SADABS. 

Structures were solved by intrinsic phasing using SHELXT (Apex2 program suite 

v2014.1) and refined against F2 on all data by full matrix least squares with 

SHELXL97.251, 252 All non-hydrogen atoms were refined anisotropically. H atoms were 

placed at idealized positions and refined using a riding model. Refinement details are 

described in the relevant cif.  

A Bruker APEX 2 Duo X-ray (three-circle) diffractometer was used for crystal screening, 

unit cell determination, and data collection for all other X-ray crystal structures. Crystal 

suitable for X-ray diffraction were mounted on a MiTeGen dual-thickness micro-mount 

and placed under a cold N2 stream (Oxford). The X-ray radiation employed was generated 

from a Mo sealed X-ray tube (Kα = 0.70173 Å with a potential of 40 kV and a current of 
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40 mA). Bruker AXS APEX II software was used for data collection and reduction. 

Absorption corrections were applied using the program SADABS. A solution was 

obtained using XT/XS in APEX2 and refined in Olex2.251-253 Hydrogen atoms were placed 

in idealized positions and were set riding on the respective parent atoms. All non-hydrogen 

atoms were refined with anisotropic thermal parameters. The structure was refined 

(weighted least squares refinement on F2) to convergence.252 

Computational Details Calculations were performed using the Gaussian 16, Revision 

C.01 suite of software.254 Geometry optimizations were carried out with the B3LYP 

functional255-258 the LANL2DZ basis set259 and corresponding ECP for Mn, Cl, Br, and I 

and the 6-311+G* basis set for other atoms; the coordinates for optimized geometries are 

tabulated in Tables II-25–II-29. Frequency calculations at this level of theory confirmed 

that optimized geometries represent ground state structures. Tables II-6-II-8 summarizes 

important bond distances obtained from B3LYP and compared to experimental structures. 

II.5.2 Synthesis and Characterization 

Synthesis of [Mn(tpp)]BF4 (II-23) 

 

A 20-mL scintillation vial was charged with Mn(tpp)Cl (II-12, 51 mg, 0.070 mmol, 1.0 

equiv) and MeCN (3.0 mL). Separately, a 20-mL scintillation vial (wrapped in electrical 

tape to exclude ambient light) was charged with AgBF4 (15 mg, 0.080 mol, 1.1 equiv) and 

MeCN (2.0 mL). The two solutions were combined and the resulting reaction mixture was 



 

85 

 

stirred at 23 C for 24 h. Solvent was removed in vacuo. The residue was taken up in 

CH2Cl2 (4.0 mL) and filtered through a Celite plug. Solvent was removed in vacuo to 

obtain the title compound as a dark red powder (50 mg, 95% yield). Single-crystals 

suitable for X-ray diffraction were obtained via a layering a concentrated CH2Cl2 solution 

with pentane at 23 °C; single-crystal X-ray diffraction data is collected in Figure II-28 and 

Table II-22. 1H NMR (δ, 23 °C, CDCl3): 7.8 (br d, 20H), –36 (br s 8H). UV-vis (MeCN), 

λmax (nm (ε (M-1cm-1))): 388 (3.6 × 104), 478 (3.2 × 10), 574 (6.3 × 103), 610 (5.3 × 103). 

Synthesis of [Mn(tdclpp)]BF4 (II-24) 

 

A 20-mL scintillation vial was charged with Mn(tdclpp)Cl (II-21, 70 mg, 0.070 mmol, 1.0 

equiv) and MeCN (3.0 mL). Separately, a 20-mL scintillation vial (wrapped in electrical 

tape to exclude ambient light) was charged with AgBF4 (15 mg, 0.080 mol, 1.1 equiv) and 

MeCN (2.0 mL). The two solutions were combined and the resulting reaction mixture was 

stirred at 23 C for 24 h. Solvent was removed in vacuo. The residue was taken up in 

CH2Cl2 (4.0 mL) and filtered through a Celite plug. Solvent was removed from the filtrate 

in vacuo to obtain the title compound as a dark red powder (70 mg, 97% yield). 1H NMR 

(δ, 23 °C, CDCl3): 7.6 (br s, 8H), 6.3 (br s, 4H), –37 (br s, 8H). UV-vis (MeCN), λmax (nm 

(ε (M-1cm-1))): 385 (2.7 × 104), 477 (2.9 × 104), 569 (6.7 × 103). 

  



 

86 

 

Synthesis of [Mn(tpfpp)]BF4 (II-25) 

 

A 20-mL scintillation vial was charged with Mn(tpfpp)Cl (II-22, 75 mg, 0.070 mmol, 1.0 

equiv) and MeCN (3.0 mL). Separately, a 20-mL scintillation vial (wrapped in electrical 

tape to exclude ambient light) was charged with AgBF4 (15 mg, 0.080 mol, 1.1 equiv) and 

MeCN (2.0 mL). The two solutions were combined and the resulting reaction mixture was 

stirred at 23 C for 24 h. Solvent was removed in vacuo. The residue was taken up in 

CH2Cl2 (4.0 mL) and filtered through a Celite plug. Solvent was removed from the filtrate 

in vacuo to obtain the title compound as a dark red powder (75 mg, 96% yield). 1H NMR 

(δ, 23 °C, CD3CN): –35 (br s 8H). 19F (δ, 23 °C, CD3CN): –124 (br s 1F), –149 (br s, 1F) 

–157 (br s, 3F) UV-vis (MeCN), λmax (nm (ε (M-1cm-1))): 372 (3.8 × 104), 463 (4.5 × 104), 

558 (7.3 × 103). 

Synthesis of Mn(tpp)(NClTs) (II-13a) 

 

A 20-mL scintillation vial was charged with II-23 (50 mg, 0.070 mmol, 1.0 equiv) and 

MeCN (4 mL). A separate 20-mL scintillation vial was charged with NaNClTs trihydrate 

(20 mg, 0.080 mmol, 1.1 equiv) and MeCN (2 mL). Both solutions were cooled to –35 °C 

before being combined. The resulting reaction solution was allowed to stand at –35 °C for 
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24 h at which time a dark-green crystalline solid was obtained. The crystals were washed 

with minimal cold CH3CN and dried at 23 °C to afford 30 mg of the title complex (50% 

yield). Single-crystals suitable for X-ray diffraction were obtained via a concentrated 

MeCN solution at –35 °C for 48 h; single-crystal X-ray diffraction data is collected in 

Figure II-4 and Table II-17. 1H NMR (δ, 23 °C, CDCl3): 12.6 (br s, 3H), 7.7 (br m, 24 H), 

–24 (br s, 8H). UV-vis (MeCN), λmax (nm (ε (M-1cm-1))): 386 (2.2 × 104), 476 (3.0 × 104), 

580 (4.6 × 103), 618 (4.1 × 103). Magnetic moment: 4.89 µB.  

Synthesis of Mn(tdclpp)(NClTs) (II-13b) 

 

A 20-mL scintillation vial was charged with II-24 (70 mg, 0.070 mmol, 1.0 equiv) and 

MeCN (4 mL). A separate 20-mL scintillation vial was charged with NaNClTs trihydrate 

(20 mg, 0.080 mmol, 1.1 equiv) and MeCN (2 mL). Both solutions were cooled to –35 °C 

before being combined. The resulting reaction solution was allowed to stand at –35 °C for 

24 h at which time a dark-red crystalline solid was obtained. The crystals were washed 

with minimal amounts of cold MeCN and dried at 23 °C to afford 45 mg of the title 

complex (56% yield). Single-crystals suitable for X-ray diffraction were obtained via a 

concentrated MeCN solution at –35 °C for 48 h; single-crystal X-ray diffraction data is 

collected in Figure II-4 and Table II-18. 1H NMR (δ, 23 °C, CDCl3): 12.9 (br s, 3H), 8.1 

(br s, 15H), 7.5 (br s, 4H), –25 (br s, 8H). UV-vis (MeCN), λmax (nm (ε (M-1cm-1))): 383 

(1.4 × 104), 478 (2.0 × 104), 568 (3.6 × 103). Magnetic moment: 4.90 µB. 
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Synthesis of Mn(tpfpp)(NClTs) (II-13c) 

 

A 20-mL scintillation vial was charged with II-25 (78 mg, 0.070 mmol, 1.0 equiv) and 

MeCN (4 mL). A separate 20-mL scintillation vial was charged with NaNClTs trihydrate 

(20 mg, 0.080 mmol, 1.1 equiv) and MeCN (2 mL). Both solutions were cooled to –35 °C 

before being combined. The resulting reaction solution was allowed to stand at –35 °C for 

24 h. Solvent was removed in vacuo at 23 °C. The residue was dissolved in CH2Cl2 (5 

mL) at 23 °C and filtered through a Celite plug. Solvent was removed in vacuo at 23 °C 

to afford 84 mg of the title complex as a red solid (97% yield). Single-crystals suitable for 

X-ray diffraction were obtained via a concentrated MeCN solution at –35 °C for 48 h; 

single-crystal X-ray diffraction data is collected in Figure II-4 and Table II-19. 1H NMR 

(δ, 23 °C, CDCl3): 13.8 (br s, 3H), 9.4 (br s, 4H), –24 (br s, 8H). 19F (δ, 23 °C, CD3CN): 

–124 (br s 1F), –149 (br s, 1F) –157 (br s, 3F). UV-vis (MeCN), λmax (nm (ε (M-1cm-1))): 

360 (3.5 × 104), 469 (4.3 × 104), 570 (7.5 × 103). Magnetic moment: 4.90 µB. 
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Synthesis of Mn(tpp)(NBrTs) (II-13d) 

 

A 20-mL scintillation vial was charged with II-23 (59 mg, 0.078 mmol, 1.0 equiv) and 

MeCN (4 mL). A separate 20-mL scintillation vial was charged with NaNBrTs (22 mg, 

0.081 mmol, 1.1 equiv) and MeCN (2 mL). Both solutions were cooled to –35 °C before 

being combined. The resulting reaction solution was allowed to stand at –35 °C for 24 h 

at which time a dark-green crystalline solid was obtained. The crystals were washed with 

minimal cold MeCN and dried at 23 °C to afford 51 mg of the title complex (71% yield). 

Single-crystals suitable for X-ray diffraction were obtained via a concentrated MeCN 

solution at –35 °C for 48 h; single-crystal X-ray diffraction data is collected in Figure II-

4 and Table II-20. 1H NMR (δ, 23 °C, CDCl3): 12.8 (br s, 3H), 8.3 (br m, 24 H), –24 (br 

s, 8H). UV-vis (MeCN), λmax (nm (ε (M-1cm-1))): 385 (2.9 × 104), 478 (4.2 × 104), 578 (4.7 

× 103), 618 (4.8 × 103). Magnetic moment: 4.89 µB. 

Synthesis of Mn(tpp)(NITs) (II-13e) 

 

A 20-mL scintillation vial was charged with II-23 (40 mg, 0.053 mmol, 1.0 equiv) and 

MeCN (4 mL). A separate 20-mL scintillation vial was charged with KNITs (23 mg, 0.067 

mmol, 1.2 equiv) and MeCN (2 mL). Both solutions were cooled to –35 °C before being 
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combined. The resulting reaction solution was allowed to stand at –35 °C for 24 h at which 

time a dark-green crystalline solid was obtained. The crystals were washed with minimal 

cold MeCN and dried at 23 °C to afford 43 mg of the title complex (84% yield). Single-

crystals suitable for X-ray diffraction were obtained via a concentrated MeCN solution at 

–35 °C for 48 h; single-crystal X-ray diffraction data is collected in Figure II-4 and Table 

II-21. 1H NMR (δ, 23 °C, CDCl3): 13.0 (br s, 3H), 8.3 (br m, 24 H), –22 (br s, 8H). UV-

vis (MeCN), λmax (nm (ε (M-1cm-1))): 383 (3.5 × 104), 479 (5.2 × 104), 585 (7.8 × 103), 

620 (8.2 × 103). Magnetic moment: 4.89 µB. 

Synthesis of Na[NBrTs] (II-26) 

 

Compound II-26 was prepared according to the following modification of literature 

methods.260, 261 A 20-mL scintillation vial was charged with NaNClTs trihydrate (0.741 g, 

2.63 mmol, 1.00 equiv) and H2O (15 mL). Br2 (0.200 mL, 3.90 mmol, 1.50 equiv) was 

added dropwise while stirring, upon which a yellow solid was obtained. The solid was 

isolated via filtration, washed with H2O (20 mL) and dried in vaccuo to afford 0.738 g of 

dibromamine-T (85% yield). 1H NMR (δ, 23 °C, (CDCl3): 8.00 (d, 2H), 7.43 (d, 2 H), 2.52 

(s, 3H). 

A 20-mL scintillation vial was charged with dibromamine-T (0.738 g, 2.24 mmol, 1 equiv) 

and 3 mL of 20% NaOH solution. The resulting solution was allowed to stand at 0 °C for 

5 minutes at which time a yellow solid was obtained. The solid was isolated via filtration 
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and dried in vaccuo to afford 0.706 g of the title complex (90% yield). 1H NMR (δ, 23 °C, 

(CD3CN): 7.64 (d, 2H), 7.21 (d, 2 H), 2.36 (s, 3H). 

Synthesis of K[NITs] (II-27) 

 

Compound II-27 was prepared according to the following modification of literature 

methods.262 A 20-mL scintillation vial was charged with p-toluenesulfonamide (1.00 g, 

5.84 mmol, 1.00 equiv) and 10% KOH solution (2.5 mL). A separate 20-mL scintillation 

vial was charged with I2 (1.97 g, 7.76 mmol, 1.33 equiv), KI (3.95 g, 23.8 mmol, 4.07 

equiv), and H2O (4.5 mL). Both solutions were combined and 50% KOH solution (1.5 

mL) was added. The resulting solution was allowed to stand at 0 °C for 5 minutes at which 

time a yellow solid was obtained. The solid was isolated via filtration and washed with 

diethyl ether (20 mL) and dried in vaccuo to afford to afford 1.37 g of the title complex 

(70% yield). 1H NMR (δ, 23 °C, (CD3)2SO): 7.47 (d, 2H), 7.14 (d, 2 H), 2.31 (s, 3H). 
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II.5.3 Photochemical Reaction Details 

General Procedure for Photochemical Amination of THF with Compound II-13 

 

A 20-mL scintillation vial was charged with II-13 (50 mg, 0.060 mmol, 1.0 equiv), MeCN 

(4 mL), and THF (1 mL). The reaction mixture was photolyzed for 24 h while stirring at 

23 °C using a 100 W Hg lamp with a 335 nm long-pass filter. The reaction mixture was 

concentrated in vacuo, resulting in a dark green solid. Identical photolyses of II-13 were 

carried out with a 400 nm long-pass filter. Wavelength dependent yields are tabulated in 

Table II-15. 

 

Table II-15. Tabulated yields of II-14, generated via photolysis of II-13 in 4:1 

MeCN:THF. 

Entry λ > 335 nm λ > 400 nm 

II-13a 50% 27% 

II-13b 55% 53% 

II-13c 70% 54% 

II-13d 63% 53% 

II-13e 44% 40% 
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General Procedure for Photochemical Amination of Other Substrates with 

Compound II-13e 

 

A 20-mL scintillation vial was charged with II-13e (25 mg, 0.026 mmol, 1.0 equiv), 

substrate (1 mL),* and MeCN (4 mL). The reaction mixture was photolyzed for 24 h while 

stirring at 23 °C using a 100 W Hg lamp with a 335 nm long-pass filter. The reaction 

mixture was concentrated in vacuo, resulting in a dark green solid. Based on the 1H NMR 

(against mesitylene added as a standard) the yields of II-16-II-19 were determined and 

tabulated in Table II-16. 

 

Table II-16. Tabulated yields of substrates II-16-II-19, generated via photolysis of II-

13e.  

Substrate Yield 

2-Me-THF 19% 

Toluene 20% 

Styrene 30% 

Cyclohexane 0% 

 

 

 

 

 

* In the case of styrene, 40 L were used. 
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Determination of Kinetic Isotope Effects (KIEs) for Photochemical Amination 

Steady-state KIE for amination of THF by photolysis of II-13. A 20-mL vial was charged 

with II-13 (30 mg, 1.0 equiv) and dissolved in 8:1:1 MeCN/THF/d8-THF (5.0 mL). The 

reaction mixture was photolyzed for 24 h while stirring at 23 °C using a 100 W Hg lamp 

using a 335 nm longpass filter. Solvent was removed in vacuo. KIEs (kH/kD) were 

determined by integrating the [M–H]+, [M–Na]+, and [M–NH4]
+ peaks for II-H8-14 versus 

II-d8-14 using HR-ESI-MS. The reaction was performed in triplicate. Steady-state kH/kD 

values are tabulated in Table II-5. 

KIE for amination of THF by cryogenic photolysis of and dark thermolysis of II-13. A 4 

mm quartz EPR tube was charged with II-13 (1 mg, 1 equiv) and dissolved in 8:1:1 

MeCN/THF/d8-THF (5.0 mL). The reaction mixture was photolyzed for 12 h while frozen 

at 77 K in a quartz finger dewar using a 100 W Hg lamp using a 335 nm longpass filter. 

The sample was warmed to 23 °C in the dark and solvent was removed in vacuo. KIEs 

(kH/kD) were determined by integrating the [M–H]+, [M–Na]+, and [M–NH4]
+ peaks for 

II-H8-14 versus II-d8-14 using HR-ESI-MS. Cryogenic photolysis and dark thermolysis 

kH/kD values are tabulated in Table II-5. 
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II.5.4 Crystallographic Data 

Table II-17. X-ray experimental details of Mn(tpp)(NClTs) (II-13a) (CCDC 

2070487). 

Crystal data 

Chemical formula C51H35ClMnN5O2S·2.5(C2H3N) 

Mr 974.92 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 100 

a, b, c (Å) 18.0762(2), 13.9592(1), 38.474(3) 

 (°) 98.977(1) 

V (Å3) 9589.3(1) 

Z 8 

Radiation type Synchrotron,  = 0.41328 Å 

 (mm-1) 0.11 

Crystal size (mm) 0.5 × 0.5 × 0.25 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction Multi-scan 

SADABS2016/2 (Bruker, 2016/2) was used for 

absorption correction. wR2(int) was 0.0956 before 

and 0.0820 after correction. The ratio of minimum to 

maximum transmission is 0.9556. The λ/2 correction 

factor is not present. 

 Tmin, Tmax 0.661, 0.692 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

217315, 18396, 12644 

Rint 0.152 

(sin )max (Å-1) 0.613 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.053, 0.151, 1.01 

No. of reflections 18396 

No. of parameters 1241 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 1.21, −0.45 
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Table II-18. X-ray experimental details of Mn(tdclpp)(NClTs) (II-13b) (CCDC 

2070488). 

Crystal data 

Chemical formula C53H30Cl9MnN6O2S·3(CH3CN) 

Mr 1312.04 

Crystal system, space group Monoclinic, P21 

Temperature (K) 100 

a, b, c (Å) 12.6099(1), 18.6746(2), 12.6985(1) 

 (°) 106.916(1) 

V (Å3) 2860.9(4) 

Z 2 

Radiation type Synchrotron,  = 0.33062 Å 

 (mm-1) 0.10 

Crystal size (mm) 0.25 × 0.25 × 0.1 

Data collection 

Diffractometer Synchrotron 

Absorption correction Multi-scan 

SADABS2016/2 (Bruker, 2016/2) was used for 

absorption correction. wR2(int) was 0.1743 before 

and 0.0647 after correction. The ratio of minimum to 

maximum transmission is 0.8948. The λ/2 correction 

factor is not present. 

 Tmin, Tmax 0.665, 0.744 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

85061, 12746, 10757 

Rint 0.102 

(sin )max (Å-1) 0.648 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.039, 0.089, 1.04 

No. of reflections 12746 

No. of parameters 759 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.45, –0.37 
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Table II-19. X-ray experimental details of Mn(tpfpp)(NClTs) (II-13c) (CCDC 

2070489). 

Crystal data 

Chemical formula C51H15ClF20MnN5O2S·4(C2H3N) 

Mr 1396.34 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 100 

a, b, c (Å) 14.3644(7), 16.0198(7), 26.2583(1) 

 (°) 104.289(1) 

V (Å3) 5855.5(5) 

Z 2 

Radiation type Synchrotron,   = 0.33062 Å 

 (mm-1) 0.07 

Crystal size (mm) 0.5 × 0.25 × 0.25 

Data collection 

Diffractometer Synchrotron 

Absorption correction Multi-scan 

SADABS2016/2 (Bruker, 2016/2) was used for 

absorption correction. wR2(int) was 0.2056 before 

and 0.0572 after correction. The ratio of minimum to 

maximum transmission is 0.9514. The λ/2 correction 

factor is not present. 

 Tmin, Tmax 0.708, 0.744 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

392909, 36782, 27121 

Rint 0.075 

(sin )max (Å-1) 0.909 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.038, 0.110, 1.04 

No. of reflections 36782 

No. of parameters 843 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.64, –0.59 
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Table II-20. X-ray experimental details of Mn(tpp)(NBrTs) (II-13d) (CCDC 

2070490). 

Crystal data 

Chemical formula C51H35BrMnN5O2S·2.5(C2H3N) 

Mr 1019.38 

Crystal system, space group Monoclinic, P21/c  

Temperature (K) 110 

a, b, c (Å) 18.024(2), 13.929(1), 38.486(4) 

 (°) 99.016(3) 

V (Å3) 9542.8(2) 

Z 8 

Radiation type Mo Kα 

 (mm-1) 1.21 

Crystal size (mm) 0.15 × 0.15 × 0.07 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction Multi-scan 

SADABS2016/2 (Bruker, 2016/2) was used for 

absorption correction. wR2(int) was 0.1034 before 

and 0.0709 after correction. The ratio of minimum to 

maximum transmission is 0.8070. The λ/2 correction 

factor is not present. 

 Tmin, Tmax 0.345, 0.427 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

138181, 14331, 11963 

Rint 0.096 

(sin )max (Å-1) 0.566 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.078, 0.196, 1.08 

No. of reflections 14331 

No. of parameters 1242 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.75, −0.87 
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Table II-21. X-ray experimental details of Mn(tpp)(NITs) (II-13e) (CCDC 2070491). 

Crystal data 

Chemical formula C51H35IMnN5O2S·1.5(C2H3N) 

Mr 1025.32 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 110 

a, b, c (Å) 17.0047(2), 13.8153(1), 40.796(4) 

 (°) 97.134(3) 

V (Å3) 9509.7(2) 

Z 8 

Radiation type Mo Kα 

 (mm-1) 1.02 

Crystal size (mm) 0.03 × 0.02 × 0.01 

Data collection 

Diffractometer Bruker QUEST PHOTON-III 

Absorption correction Multi-scan 

SADABS2016/2 (Bruker, 2016/2) was used for absorption 

correction. wR2(int) was 0.1588 before and 0.0821 after 

correction. The Ratio of minimum to maximum 

transmission is 0.7344. The λ/2 correction factor is not 

present. 

 Tmin, Tmax 0.547, 0.745 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

87832, 10008, 7629 

Rint 0.124 

(sin )max (Å-1) 0.502 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.057, 0.134, 1.04 

No. of reflections 10008 

No. of parameters 1185 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.78, −0.97 
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Figure II-28. Thermal ellipsoid plot of [Mn(tpp)]BF4·H2O (II-23·H2O) plotted at 

50% probability. H-atoms and solvents are removed for clarity. The crystalline sample 

used in this diffraction experiment was obtained from a concentrated CH2Cl2 solution 

layered with hexanes at 23 C. 
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Table II-22. X-ray experimental details of [Mn(tpp)]BF4·H2O (II-23·H2O) (CCDC 

2070486). 

Crystal data 

Chemical formula C44H30MnN4O·BF4·CH2Cl2 

Mr 857.39 

Crystal system, space group Triclinic, P1̅ 

Temperature (K) 110 

a, b, c (Å) 12.399(4), 13.0012(5), 14.5382(5) 

α, β, γ (°) 107.748(1), 103.710(1), 109.368(1) 

V (Å3) 1951.10(1) 

Z 2 

Radiation type Mo Kα 

μ (mm-1) 0.54 

Crystal size (mm) 0.1 × 0.05 × 0.03 

Data collection 

Diffractometer Bruker QUEST PHOTON-III 

Absorption correction Multi-scan 

SADABS2016/2 (Bruker, 2016/2) was used for absorption 

correction. wR2(int) was 0.1314 before and 0.0530 after 

correction. The ratio of minimum to maximum transmission is 

0.9088. The λ/2 correction factor is not present. 

 Tmin, Tmax 0.303, 0.333 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

79506, 8926, 7956 

Rint 0.039 

(sin )max (Å
-1) 0.650 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.046, 0.123, 1.04 

No. of reflections 8926 

No. of parameters 540 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 2.60, −0.71 
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Figure II-29. Thermal ellipsoid plot of Mn(tpp)Br (II-28) plotted at 50% probability. 

H-atoms and solvents are removed for clarity. The crystalline sample used in this 

diffraction experiment was obtained from a concentrated benzene solution layered with 

pentane at 23 C. 
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Table II-23. X-ray experimental details of Mn(tpp)Br (II-28) (CCDC 2070493). 

Crystal data 

Chemical formula C44H28BrMnN4·C6H6 

Mr 825.66 

Crystal system, space group Triclinic, P1̅ 

Temperature (K) 110 

a, b, c (Å) 13.333(2), 14.968(2), 20.893(3) 

α, β, γ (°) 71.938(5), 84.655(5), 74.661(5) 

V (Å3) 3822.4(8) 

Z 4 

Radiation type Mo Kα 

μ (mm-1) 1.43 

Crystal size (mm) 0.04 × 0.04 × 0.01 

Data collection 

Diffractometer Bruker PHOTON-III 

Absorption correction Multi-scan 

SADABS2016/2 (Bruker, 2016/2) was used for absorption 

correction. wR2(int) was 0.1249 before and 0.0637 after 

correction. The ratio of minimum to maximum transmission is 

0.8623. The λ/2 correction factor is not present. 

 Tmin, Tmax 0.371, 0.431 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

233021, 17546, 14273 

Rint 0.64 

(sin )max (Å
-1) 0.650 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.041, 0.114, 1.06 

No. of reflections 17546 

No. of parameters 1071 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.57, −1.13 
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Figure II-30. Thermal ellipsoid plot of Mn(tpp)I (II-29) plotted at 50% probability. 

H-atoms and solvents are removed for clarity. The crystalline sample used in this 

diffraction experiment was obtained from a concentrated benzene solution layered with 

pentane at 23 C. 
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Table II-24. X-ray experimental details of Mn(tpp)I (II-29) (CCDC 2070492). 

Crystal data 

Chemical formula C44H28IMnN4·0.5(C6H6) 

Mr 833.60 

Crystal system, space group Triclinic, P1̅ 

Temperature (K) 110 

a, b, c (Å) 11.908(1), 13.128(1), 26.250(2) 

α, β, γ (°) 86.419(3), 84.326(4), 64.069(3) 

V (Å3) 3671.1(5) 

Z 4 

Radiation type Mo Kα 

μ (mm-1) 1.24 

Crystal size (mm) 0.05 × 0.04 × 0.01 

Data collection 

Diffractometer Bruker QUEST PHOTON-III 

Absorption correction Multi-scan 

SADABS2016/2 (Bruker, 2016/2) was used for absorption 

correction. wR2(int) was 0.0823 before and 0.0704 after 

correction. The ratio of minimum to maximum transmission is 

0.9374. The λ/2 correction factor is not present. 

 Tmin, Tmax 0.506, 0.540 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

71505, 7713, 6255 

Rint 0.085 

(sin )max (Å
-1) 0.0.501 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.034, 0.084, 1.02 

No. of reflections 7713 

No. of parameters 955 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.49, −0.67 
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II.5.5 Computational Coordinates 

Table II-25. X,Y,Z coordinates for the optimized geometry of II-13a computed as a 

quintet at the B3LYP level of theory with LANL2DZ (Mn, Cl) and 6-31G(d,p) (light 

atoms) basis sets. 

Atom X Y Z 
Mn 0.29918 0.04057 -0.81134 
Cl 1.22360 0.93537 2.24173 

S -0.67898 -1.21425 2.17706 

O -1.74905 -1.72120 1.26904 
O 0.34458 -2.16098 2.70802 

N -1.62339 0.22611 -1.46990 

N 2.33790 -0.12822 -0.76998 
N 0.51894 2.06228 -1.02767 

N 0.19160 -1.95780 -1.15684 

N -0.02923 0.07868 1.29148 
C 3.26576 0.90373 -0.71839 

C -0.51566 2.98301 -1.12666 

C 1.70020 2.79192 -1.09650 
C 3.02007 -1.28287 -0.39833 

C -2.50604 -0.80659 -1.75711 

C 4.16108 3.21858 -0.96008 
C 3.00111 2.27025 -0.94385 

C 1.39605 4.19261 -1.28352 

H 2.13740 4.97989 -1.41114 
C 5.13126 3.14298 -1.98540 

C 4.39317 -0.96119 -0.08574 

H 5.13762 -1.67727 0.25869 
C -0.89386 -2.68576 -1.62656 

C -2.17214 -2.16704 -1.90696 

C -3.79070 1.05038 -1.53939 
H -4.61338 1.76050 -1.47162 

C -2.39500 1.37823 -1.35330 

C -3.66255 4.17412 -2.23033 
C -1.89415 2.68435 -1.17946 

C 4.55292 0.38389 -0.31313 

H 5.45204 0.98429 -0.18270 
C -2.85746 3.83033 -1.12035 

C 0.02734 4.31392 -1.27515 

H -0.56748 5.21749 -1.40073 
C -3.85581 -0.29382 -1.81491 

H -4.74097 -0.89783 -2.00849 

C -2.96290 4.60227 0.05955 
C -3.85694 5.68362 0.12989 

C -4.55232 5.25923 -2.16073 

C -1.48378 -0.46358 3.61666 
C 4.31507 4.19665 0.04905 

C 1.18738 -2.88087 -0.87219 
C 2.48691 -2.58602 -0.41168 

C 3.33668 -3.72970 0.05039 

C 0.72825 -4.21157 -1.19735 
H 1.32419 -5.11651 -1.08822 

C -0.54685 -4.08742 -1.69276 

H -1.20217 -4.87387 -2.06381 
C -2.70850 0.20462 3.44065 

H -3.16118 0.25597 2.44598 

C -4.65451 6.01544 -0.97956 
C 6.22276 4.02735 -2.00584 

C 5.24007 -5.24127 -0.22006 

C 6.36565 4.99670 -0.99739 
C -0.88485 -0.55565 4.88078 

H 0.06375 -1.08898 4.98997 

C -3.26110 -3.12148 -2.29319 
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C -1.52796 0.03034 5.98470 
H -1.06489 -0.04114 6.97592 

C 5.40990 5.07681 0.03103 

C 3.76713 -5.47916 1.70150 
C 4.46867 -4.15913 -0.67732 

C -2.75778 0.70466 5.84169 

C -3.33673 0.77931 4.55315 
H -4.29676 1.29313 4.42195 

C 4.89212 -5.90254 0.97135 

C 2.98922 -4.40209 1.24476 
C -3.75654 -4.05593 -1.35537 

C -3.81921 -3.09318 -3.59066 

C -5.33028 -4.91349 -3.00812 
C -4.78549 -4.94360 -1.71178 

C -4.84449 -3.98600 -3.94668 

C -3.45239 1.33041 7.03346 
H -2.87181 1.18822 7.95958 

H -4.45335 0.88924 7.19061 

H -3.59729 2.41631 6.88836 
H -6.13089 -5.60786 -3.28494 

H -5.26209 -3.95743 -4.95904 

H -3.43680 -2.37319 -4.32268 
H -3.34003 -4.06389 -0.34252 

H -5.16497 -5.65727 -0.97244 

H 4.73188 -3.65125 -1.61188 
H 6.11081 -5.57003 -0.79791 

H 5.49506 -6.74455 1.32825 
H 2.11927 -4.05650 1.81448 

H -5.16274 5.51681 -3.03310 

H -3.57362 3.59499 -3.15590 
H -5.34959 6.86012 -0.92529 

H -3.93083 6.26642 1.05444 

H -2.34497 4.33973 0.92502 
H 5.01694 2.39152 -2.77434 

H 6.96099 3.95941 -2.81227 

H 7.21788 5.68448 -1.01172 
H 5.51837 5.82324 0.82537 

H 3.57798 4.25017 0.85742 

H 3.49295 -5.98661 2.63274 
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Table II-26. X,Y,Z coordinates for the optimized geometry of II-13d computed as a 

quintet at the B3LYP level of theory with LANL2DZ (Mn, Br) and 6-31G(d,p) (light 

atoms) basis sets. 

Atom X Y Z 
Mn -0.22024 0.07078 -0.91570 
S 0.91399 1.03468 2.12396 

O 2.08847 1.34012 1.25336 

O 0.09394 2.16026 2.66008 
N 1.63976 -0.48968 -1.53641 

N -2.18274 0.64981 -0.91809 

N -0.83888 -1.85903 -1.17969 
N 0.29846 2.01058 -1.20925 

N 0.04787 -0.07642 1.19066 

C -3.30174 -0.17240 -0.91520 
C -0.00928 -2.96898 -1.26517 

C -2.14077 -2.33287 -1.29384 

C -2.62502 1.90934 -0.52467 
C 2.71900 0.34742 -1.78674 

C -4.64004 -2.25147 -1.23391 

C -3.31289 -1.55991 -1.16641 
C -2.12043 -3.76361 -1.49798 

H -3.00122 -4.38260 -1.66162 

C -5.54663 -1.95653 -2.27764 
C -4.04266 1.86727 -0.25145 

H -4.63462 2.71114 0.09942 

C 1.51893 2.51223 -1.64227 
C 2.67056 1.74967 -1.91443 

C 3.59772 -1.73284 -1.57017 

H 4.25893 -2.59472 -1.49515 
C 2.16048 -1.77485 -1.41983 

C 2.86702 -4.76385 -2.29367 

C 1.40213 -2.95448 -1.27662 
C -4.46668 0.58943 -0.52313 

H -5.47214 0.18209 -0.42849 

C 2.11153 -4.27192 -1.20482 
C -0.80554 -4.16031 -1.45193 

H -0.40240 -5.16431 -1.57624 

C 3.93863 -0.42660 -1.82460 
H 4.93175 -0.01169 -1.98999 

C 2.01889 -5.05758 -0.03284 

C 2.67217 -6.29845 0.05027 
C 3.51582 -6.00733 -2.21120 

C 1.52112 0.10988 3.55994 

C -5.01752 -3.19896 -0.25487 
C -0.49427 3.11036 -0.91498 

C -1.83698 3.07540 -0.48638 

C -2.44520 4.35513 -0.00057 
C 0.23338 4.32641 -1.19526 

H -0.16753 5.33108 -1.06915 
C 1.46597 3.95635 -1.67575 

H 2.27511 4.60116 -2.01501 

C 2.56442 -0.81568 3.38180 
H 2.99235 -0.96733 2.38639 

C 3.42272 -6.77720 -1.03812 

C -6.79450 -2.59836 -2.34582 
C -3.98418 6.23837 -0.25422 

C -7.15903 -3.54011 -1.36744 

C 0.96071 0.33340 4.82522 
H 0.15535 1.06507 4.93588 

C 3.93800 2.46924 -2.26340 

C 1.45872 -0.38179 5.92797 
H 1.02510 -0.20903 6.92005 

C -6.26770 -3.83630 -0.32085 

C -2.55167 6.09931 1.70733 
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C -3.44110 5.03497 -0.73611 
C 2.50566 -1.31475 5.78264 

C 3.05071 -1.51661 4.49304 

H 3.87080 -2.23256 4.35974 
C -3.54187 6.77228 0.96934 

C -2.00147 4.89925 1.22675 

C 4.59656 3.26513 -1.29855 
C 4.50157 2.35192 -3.55347 

C 6.34134 3.81395 -2.91053 

C 5.79115 3.93035 -1.62136 
C 5.69339 3.02321 -3.87591 

C 3.04611 -2.07886 6.97362 

H 2.51191 -1.81253 7.90028 
H 4.11982 -1.86917 7.13008 

H 2.94809 -3.16996 6.82827 

H 7.27153 4.33527 -3.16099 
H 6.11431 2.92896 -4.88289 

H 3.99349 1.73898 -4.30623 

H 4.17237 3.33938 -0.29159 
H 6.29498 4.53750 -0.86146 

H -3.77644 4.62444 -1.69511 

H -4.75018 6.76070 -0.83783 
H -3.96695 7.70929 1.34517 

H -1.23945 4.36051 1.80128 

H 4.09024 -6.37715 -3.06751 
H 2.92793 -4.17232 -3.21366 

H 3.92985 -7.74582 -0.97389 
H 2.59524 -6.89087 0.96845 

H 1.43799 -4.68129 0.81614 

H -5.26039 -1.22706 -3.04322 
H -7.48141 -2.36314 -3.16604 

H -8.13280 -4.03875 -1.41903 

H -6.54745 -4.56191 0.45061 
H -4.32893 -3.41964 0.56771 

H -2.20576 6.50706 2.66334 

Br -1.49433 -0.75945 2.16910 
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Table II-27. X,Y,Z coordinates for the optimized geometry of II-13e computed as a 

quintet at the B3LYP level of theory with LANL2DZ (Mn, I) and 6-31G(d,p) (light 

atoms) basis sets. 

Atom X Y Z 
I 1.43415 -0.79964 2.35476 

Mn 0.24804 0.12885 -0.97219 

S -1.12810 1.00973 1.97204 

O -2.18197 1.33818 0.99371 
O -0.43621 2.12488 2.64162 

N -0.12762 -0.01688 1.15678 

N 2.16047 0.78592 -0.90510 
N 0.95492 -1.74893 -1.24123 

N -1.54046 -0.50460 -1.65613 

N -0.32470 2.02737 -1.30403 
C 2.53272 2.05180 -0.49833 

C 3.94827 2.08135 -0.26026 

H 4.49898 2.94066 0.08890 
C 4.43454 0.85114 -0.57701 

H 5.45772 0.51253 -0.52730 

C 3.31449 0.03271 -0.95224 
C 3.39531 -1.33638 -1.21855 

C 4.75369 -1.95793 -1.31315 

C 5.56239 -1.72093 -2.43147 
H 5.19102 -1.08996 -3.23258 

C 6.83066 -2.29163 -2.52597 

H 7.44204 -2.10231 -3.40257 
C 7.31117 -3.10368 -1.49994 

H 8.29945 -3.54632 -1.57181 

C 6.51603 -3.34226 -0.37979 
H 6.88528 -3.96757 0.42687 

C 5.24617 -2.77514 -0.28792 

H 4.63262 -2.95668 0.58836 
C 2.27088 -2.15743 -1.33212 

C 2.31583 -3.58484 -1.48653 

H 3.21609 -4.16581 -1.61175 
C 1.03368 -4.03736 -1.43767 

H 0.68850 -5.05591 -1.52414 

C 0.18210 -2.88859 -1.30665 
C -1.21452 -2.93745 -1.36834 

C -1.87280 -4.27910 -1.29894 

C -2.45109 -4.86790 -2.43066 
H -2.42067 -4.34219 -3.37955 

C -3.04987 -6.12395 -2.35082 

H -3.48745 -6.56883 -3.23895 
C -3.08189 -6.80904 -1.13690 

H -3.54926 -7.78651 -1.07463 

C -2.50789 -6.23282 -0.00481 
H -2.52912 -6.75859 0.94448 

C -1.90497 -4.97866 -0.08584 
H -1.45932 -4.53190 0.79695 

C -2.00341 -1.80229 -1.56914 

C -3.41713 -1.82228 -1.82847 
H -4.03928 -2.70326 -1.80758 

C -3.79102 -0.54703 -2.11749 

H -4.77698 -0.18754 -2.36760 
C -2.62346 0.27987 -1.98972 

C -2.63213 1.67031 -2.11035 

C -3.91236 2.33735 -2.50693 
C -4.31937 2.37390 -3.84493 

H -3.69334 1.91960 -4.60650 

C -5.51583 2.99376 -4.20447 
H -5.81696 3.02004 -5.24700 

C -6.32073 3.57896 -3.22844 

H -7.25282 4.06003 -3.50744 
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C -5.92399 3.54228 -1.89184 
H -6.54831 3.99185 -1.12619 

C -4.72651 2.92670 -1.53160 

H -4.41692 2.88925 -0.49229 
C -1.54448 2.47204 -1.76572 

C -1.57614 3.90816 -1.72163 

H -2.40032 4.51875 -2.05551 
C -0.40689 4.31951 -1.16360 

H -0.08712 5.32966 -0.96024 

C 0.37968 3.14380 -0.91345 
C 1.69187 3.16463 -0.43443 

C 2.21082 4.44548 0.13663 

C 1.77473 4.84156 1.40826 
H 1.08082 4.20795 1.95235 

C 2.23880 6.03073 1.96831 

H 1.89916 6.32496 2.95626 
C 3.13409 6.83756 1.26687 

H 3.49173 7.76417 1.70469 

C 3.56713 6.45076 -0.00073 
H 4.25876 7.07717 -0.55539 

C 3.10901 5.25971 -0.56247 

H 3.44119 4.96433 -1.55288 
C -1.91014 0.04203 3.28356 

C -2.78144 -0.99149 2.94106 

H -2.97129 -1.21751 1.89798 
C -3.40754 -1.71619 3.94806 

H -4.09213 -2.51648 3.68019 
C -3.17801 -1.42736 5.30094 

C -2.30460 -0.38311 5.61554 

H -2.11739 -0.13565 6.65659 
C -1.66863 0.35303 4.61629 

H -0.99715 1.16708 4.86039 

C -3.84699 -2.23794 6.38342 
H -3.34774 -3.20387 6.51897 

H -4.89228 -2.44815 6.14089 

H -3.82334 -1.72151 7.34559 
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Table II-28. X,Y,Z coordinates for the optimized geometry of II-15 computed as a 

sextet at the B3LYP level of theory with LANL2DZ (Mn) and 6-31G(d,p) (light 

atoms) basis sets. 

Atom X Y Z 
Mn 0.00036 0.00015 -0.00358 
N 0.80052 -1.94121 0.05776 

N -0.80072 1.94112 0.05779 

N 1.94141 0.80031 -0.05727 
N -1.94123 -0.80026 -0.05825 

C -0.07781 3.11975 -0.03207 

C 3.12013 0.07767 0.03312 
C 2.26785 2.14393 0.03069 

C -2.14420 2.26789 -0.02987 

C 0.07779 -3.11988 -0.03260 
C 1.34300 3.22798 -0.00140 

C 3.70621 2.27331 0.19192 

H 4.24693 3.21060 0.31884 
C -2.27335 3.70634 -0.19073 

H -3.21054 4.24728 -0.31740 

C -2.26770 -2.14383 0.02979 
C -1.34302 -3.22803 -0.00226 

C 2.27339 -3.70618 -0.19112 

H 3.21066 -4.24700 -0.31784 
C 2.14412 -2.26779 -0.02976 

C 3.22834 -1.34312 0.00267 

C -1.00027 4.23116 -0.19230 
H -0.71709 5.27542 -0.32035 

C 4.23129 1.00032 0.19365 

H 5.27554 0.71731 0.32219 
C 1.00036 -4.23113 -0.19315 

H 0.71730 -5.27535 -0.32178 

C -3.11993 -0.07766 0.03233 
C -3.22834 1.34314 0.00208 

C -4.23113 -1.00027 0.19303 

H -5.27536 -0.71722 0.32167 
C -3.70608 -2.27323 0.19125 

H -4.24677 -3.21052 0.31830 

C 1.91924 4.61291 -0.00235 
C 1.66690 5.50229 1.06794 

C 2.72787 5.05985 -1.07319 

C 2.20861 6.79851 1.06870 
C 3.26531 6.35786 -1.07521 

C 3.00863 7.23147 -0.00361 

C -4.61327 1.91925 0.00322 
C -5.50294 1.66627 -1.06671 

C -5.06008 2.72827 1.07381 

C -6.79923 2.20779 -1.06738 
C -6.35817 3.26553 1.07593 

C -7.23202 3.00826 0.00468 
C -1.91938 -4.61288 -0.00355 

C -1.66694 -5.50260 1.06645 

C -2.72827 -5.05948 -1.07434 
C -2.20874 -6.79879 1.06695 

C -3.26579 -6.35745 -1.07664 

C -3.00898 -7.23139 -0.00534 
C 4.61324 -1.91937 0.00393 

C 5.50291 -1.66669 -1.06606 

C 5.05999 -2.72816 1.07471 
C 6.79918 -2.20829 -1.06662 

C 6.35805 -3.26550 1.07695 

C 7.23191 -3.00853 0.00563 
H -2.92145 -4.38327 -1.91423 

H -3.88338 -6.68722 -1.91924 

H -3.42977 -8.24262 -0.00605 
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H -2.00801 -7.47021 1.90899 
H -1.05176 -5.16407 1.90725 

H -4.38397 2.92178 1.91369 

H -6.68807 3.88326 1.91837 
H -8.24334 3.42881 0.00525 

H -7.47063 2.00667 -1.90935 

H -5.16426 1.05090 -1.90731 
H 1.05185 5.16346 1.90871 

H 2.00798 7.46971 1.91095 

H 3.42934 8.24273 -0.00410 
H 3.88273 6.68792 -1.91782 

H 2.92097 4.38387 -1.91328 

H 5.16427 -1.05148 -1.90679 
H 7.47058 -2.00742 -1.90865 

H 8.24320 -3.42916 0.00629 

H 6.68794 -3.88305 1.91953 
H 4.38385 -2.92144 1.91463 
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Table II-29. X,Y,Z coordinates for the optimized geometry of II-20 computed as a 

sextet at the B3LYP level of theory with LANL2DZ (Mn) and 6-31G(d,p) (light 

atoms) basis sets. 

c X Y Z 
Mn -0.14630 0.00027 -0.84286 
S 1.26767 0.00864 2.19021 

O 2.03441 -1.27223 1.99906 

O 2.00701 1.30639 2.00369 
N -0.15058 -2.02421 -1.09042 

N -0.17960 2.02498 -1.08692 

N -2.19900 -0.01422 -1.01427 
N 1.85897 0.01511 -1.24737 

N -0.06299 -0.00234 1.27995 

C -1.29277 2.85123 -0.94939 
C -3.02239 -1.13039 -1.07779 

C -3.03838 1.08998 -1.07760 

C 0.93056 2.86476 -1.05249 
C 0.97157 -2.84802 -1.05900 

C -2.63998 2.43903 -0.98577 

C -4.40913 0.65642 -1.23512 
H -5.26367 1.32183 -1.34804 

C 0.50585 4.22992 -0.85801 

H 1.17744 5.08255 -0.77072 
C 2.69205 -1.08822 -1.36815 

C 2.30719 -2.43403 -1.21998 

C -0.80603 -4.23151 -0.80176 
H -1.46235 -5.08743 -0.65254 

C -1.25158 -2.86653 -0.95245 

C -2.60460 -2.47362 -0.98696 
C -0.86705 4.22225 -0.79607 

H -1.53583 5.06846 -0.64669 

C -4.39925 -0.71661 -1.23510 
H -5.24410 -1.39428 -1.34801 

C 0.56675 -4.21943 -0.86609 

H 1.25060 -5.06249 -0.78123 
C 0.71441 -0.00050 3.91863 

C 2.67625 1.13056 -1.36446 

C 2.27212 2.47031 -1.21272 
C 4.03639 0.71758 -1.62809 

H 4.87091 1.39750 -1.79240 

C 4.04613 -0.65500 -1.63056 
H 4.89025 -1.32236 -1.79732 

C 0.50237 -1.22448 4.57417 

H 0.71742 -2.16150 4.05175 
C 0.45648 1.21619 4.57203 

H 0.63619 2.15975 4.04801 

C -0.01346 1.19972 5.89415 
H -0.21081 2.14959 6.40582 

C -0.23411 -0.01578 6.57844 
C 0.03199 -1.22312 5.89661 

H -0.12955 -2.17868 6.41016 

C -3.70835 3.48852 -0.92420 
C -3.87076 4.42115 -1.97397 

C -4.57641 3.56189 0.18921 

C -4.87686 5.39998 -1.91305 
C -5.57797 4.54504 0.25233 

C -5.73229 5.46603 -0.79898 

C 3.33626 3.52533 -1.17980 
C 4.21246 3.59702 -0.07284 

C 3.48105 4.45603 -2.23229 

C 5.21201 4.58309 -0.02335 
C 4.48640 5.43700 -2.18265 

C 5.35347 5.50340 -1.07755 

C 3.38621 -3.47393 -1.19151 
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C 3.54166 -4.40031 -2.24631 
C 4.26594 -3.53567 -0.08675 

C 4.56080 -5.36716 -2.20110 

C 5.27938 -4.50768 -0.04168 
C 5.43130 -5.42370 -1.09815 

C -3.65778 -3.53835 -0.92514 

C -4.52324 -3.62517 0.18932 
C -3.80827 -4.47212 -1.97566 

C -5.51060 -4.62255 0.25274 
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CHAPTER III  

OXYGEN-ATOM TRANSFER PHOTOCHEMISTRY OF A MOLECULAR COPPER 

BROMATE COMPLEX 

 

III.1. Introduction 

Reactive ligand-supported metal-oxygen (M–O) complexes are at the heart of C–

H hydroxylation catalysis in synthesis and biology. In addition, the bonding of M–O 

species has been central to the development of modern bonding theories. As a result, the 

development of synthetic methods that provide access to M–O species relevant to catalytic 

bond activations or that push the boundaries of established bonding theories has garnered 

significant interest. 

Synthetic photochemistry can provide the opportunity to generate reactive species 

under cryogenic conditions and thus can enable observation and characterization of 

species that are short-lived under ambient conditions. Application of synthetic 

photochemistry requires the availability of appropriate photoprecursors and a well-defined 

photoactivation method to generate specific targets of interest. In the context of M–O 

complexes supported by porphyrins, such as Fe oxo complexes that mimic Compound 1 

from cytochrome P450, photolysis of metal oxyanion precursors highlights the 

opportunities and challenges with synthetic photochemistry. Zhang and co-workers 

reported that steady-state photolysis of porphyrin-supported Fe(III) bromate complexes 

resulted in the products of heterolytic O–BrO2 cleavage (i.e., -cleavage), namely an 

Fe(V) oxo (Figure III-1). Suslick demonstrated that photolysis of Mn oxyanion porphyrin 
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complexes in benzene ultimately affords Mn(IV) oxo complexes. 125, 126, 143 In contrast, 

photolysis in a frozen matrix at 10 K results in Mn–O bond cleavage affording Mn(II) 

porphyrin and the corresponding oxyradical. Thus, the Fe(V) oxo Zhang reported may be 

a formed via initial Fe–O homolysis followed by OAT from the generated BrO3
•. 

Similarly, Vincent and coworkers demonstrated that  photolysis of a Cu(II) carboxylate 

complex results in cleavage of the apical Cu–O bond to afford Cu(I) and carboxy radical, 

which subsequently decomposes to CO2 and R•.263, 264 Together, these studies demonstrate 

that while metal oxo species are available from synthetic photochemistry, these complexes 

likely arise by initial M–L homolysis, and subsequent oxygen atom transfer (OAT) 

proceeds from the photoextruded radicals to generate the metal oxo intermediate of 

interest (Figure III-1). 

 Reactive copper–oxygen (Cu–O) species have gained significant attention from 

synthetic inorganic chemists by virtue of the importance of these species in biological 

OAT catalysis. For example, Cu–O fragments are encountered as critical intermediates in 

methane hydroxylation in the active site of particulate methane monooxygenase,265-269 and 

significant synthetic effort has been directed towards the preparation of structural and 

functional mimics of these important co-factors in an effort both the harness these 

intermediates in potential catalytic reactions as well as to investigate the nuclearity of the 

reactive species responsible for biotic methane oxygenation.270-276 Tolman et al. showed 

that a Cu(I)-α-ketocarboxylate complex can react with dioxygen to afford intramolecular 

hydroxylation of a pendant arene.277 Computational analysis indicates the formation of a 

[Cu-O] intermediate. Similar intramolecular reactivity was also observed by Karlin and 
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coworkers.278 When a Cu(II)(tren) peroxo complex was exposed to various H-atom donors 

such as 2,6-ditBu phenol or TEMP–OH, the O–O bond was cleaved generating H2O and 

a putative Cu–O fragment, which inserted into the pendant methyl ligand. In both cases, 

the putative terminal Cu–O moiety was not characterized, highlighting the reactivity of 

these species. However, several bis-μ-oxo copper species have been spectroscopically and 

structurally characterized.279 Roithová et al. reported the observation of Cu(tpa)O during 

collision-induced dissociation mass spectrometry (CID-MS) analysis of [Cu(tpa)OClO2]
+. 

This is the first direct observation of a terminal Cu–O species reported, however 

spectroscopic or structural characterization were not been reported.273  

Here we describe the synthesis, characterization, and photochemical oxygen-atom 

transfer activity of a new copper bromate complex. [Cu(tpa)O–BrO2]ClO4 (III-2) was 

identified as an attractive precursor to a reactive Cu–O species due to the potential to effect 

photopromoted BrO2 extrusion. Steady-state photolysis of III-2 results in OAT to olefinic, 

benzylic, and aliphatic substrates. A combination of mass spectrometry, in situ 

spectroscopy, and in crystallo photochemical experiments are consistent with initial α-

cleavage of the Cu–O bond to generate [Cu(tpa)]+ and BrO3
•. Subsequent OAT to the 

copper center from the extruded BrO3
• would generate a transient Cu–O fragment that is 

responsible for substrate functionalization as well as BrO2. These results provide new 

entry into reactive Cu–O species and highlight the power of in crystallo photochemistry 

to probe the mechanisms of synthetic inorganic photochemical processes.  
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Figure III-1. Proposed pathways to access biologically relevant CuO fragments. (a) 

Photochemical excitation of metal oxo photoprecursors can undergo either photooxidation 

or photoreduction to afford M–O fragments. Photochemistry that results in cleavage of the 

O–X bond and affords a M–O fragment is photooxidation, where photoreduction involves 

photocleavage of the M–O bond, generating OX• and a reduced metal center. OAT from 

the extruded OX• radical to the reduced metal center affords the M–O fragment. (b) 

Collision-induced disassociation mass spectrometry (CID-MS) of Cu(II)(OClO2)(tpa) 

results in loss of ClO2 affording a [CuO] fragment which was observed in the mass 

spectrum. (c) Particulate methane monooxygenase (PMMO) both feature Cu(II) centers at 

the active sites of the enzymes and are implicated in oxygenase chemistry. 
 

III.2. Results and Discussion 

Treatment of [Cu(tpa)Br]ClO4 (III-1) with AgBrO3 affords [Cu(tpa)OBrO2]ClO4 

(III-2) in 65% yield (Figure III-2a). The 1H NMR spectrum of III-2 features two broad 

paramagnetically shifted peaks at 10 and 29 ppm, which based on relative integration we 

assign to the benzylic and aromatic hydrogens in III-2, respectively (Figure III-3). The 

UV-vis spectrum of III-2 in acetone displays a weak absorbance centered at 426 (ε = 2.3 
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× 10 M-1cm-1) and stronger absorbances at 710 (ε = 3.0 × 102 M-1cm-1), and 920 nm (ε = 

5.4 × 102 M-1cm-1) (Figure 2, black trace). The IR spectrum of III-2 displays spectral 

features at 831, 842, and 852 cm-1, which are attributed to stretching modes of the bromate 

ligand (Figure III-4).280 Electrospray ionization mass spectrometry (ESI-MS) analysis of 

III-2 displays a signal at m/z = 479.98 with the isotope distribution expected for III-2+ 

(i.e., Cu(tpa)OBrO2
+). Consistent with the S = 1/2 ground state typical of Cu(II) 

complexes in a trigonal bipyramidal geometry, the X-band EPR spectrum of III-2 

measured at 4 K features an isotropic signal at g = 2.147. 

X-ray quality crystals of III-2 were obtained by slow diffusion of diethyl ether into 

an acetone solution of III-2; the solid-state structure is illustrated in Figure III-2a (see 

Table III-1 for refinement details). The Cu(II) ion in III-2 is five-coordinate and exhibits 

a distorted trigonal bipyramidal geometry (t5 = 0.77),281 with the three pyridine donors 

from the tpa ligand occupying the equatorial plane. The apical sites are coordinated by the 

tertiary amine donor of the tpa ligand and an O-bound bromate ligand (Figure III-2). The 

equatorial Cu–Npyridine bond distance is 2.072(4) Å and the apical Cu–Namine bond distance 

is 2.023(3) Å, which are similar to other crystallographically characterized Cu(II)(tpa) 

structures (Table III-3). The apical Cu–O bond distance is 1.951(3) Å, which is well-

matched to crystallographically characterized Cu(II)(tpa) complexes bearing apical 

oxyanions (Table III-3).  
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Figure III-2. Synthesis and solid-state characterization of Cu(II) complex III-2. 

Treatment of III-1 to AgBrO3 affords Cu bromate III-2. Displacement ellipsoid plots 

of Cu bromate complex III-2. H-atoms and counter anions have been omitted for clarity. 

Ellipsoids drawn at 50% probability. Selected bond lengths (Å): Cu–O = 1.951(3), Cu–

Npyridine = 2.072(4), and Cu–Namine = 2.023(3).  

 

 

 

Figure III-3. 1H NMR spectrum of III-2 measured in CD3CN at 23 C. The indicated 

peak [*] corresponds to residual water. Inset: expansion of the 0–12 ppm spectral 

range. 
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Figure III-4. (a) IR spectrum of III-2 recorded in a KBr pellet at 23 C. (b) Expansion 

of spectral window depicting the bromate region. The spectrum of compound III-2 

features peaks at 767 and 778 cm–1 (−), which are attributed to stretching modes 

characteristic of the bromate ligand. These features are distinct from those of KBrO3, 

which are observed at 774 and 790 cm-1 ( −).282 
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Figure III-5. UV-vis spectra of III-2. (a) UV-vis spectrum of III-2 measured in 

acetone at 23 °C. Absorptions are observed at 426 (ε = 2.3 × 10), 710 (ε = 3.0 × 102), 

and 920 nm (ε = 5.4 × 102). (b) Diffuse reflectance spectrum of III-2 measured in the 

solid-state at 23 °C. Absorptions are observed at 695 nm and 922 nm. 

 

Copper(II) bromate III-2 participates in photochemically promoted oxygen-atom 

transfer (OAT) and hydrogen-atom abstraction (HAA) reactions, which are characteristic 

of the reactivity patterns of reactive M–O species (Figure III-6). Photolysis (λ > 335 nm) 

of a CO-saturated CH3CN solution of complex III-2 afforded CO2 (detected by GC 

analysis of the reaction headspace), which is the product of OAT to CO2. Similar OAT to 
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olefinic substrates was observed: Photolysis of III-2 in the presence of styrene or 1-octene 

afforded epoxides III-4 and III-5 in 91% and 36% yields, respectively. Photolysis in the 

presence of 1,4-cyclohexadiene (bond dissociation energy (BDE) = 76.0 kcal mol–1)283 

yielded benzene (84% yield). Photolysis of III-2 in toluene (BDE = 89.7 kcal mol–1)1 

afforded benzyl alcohol in 76% yield. The KIE (kH/kD) for toluene C–H hydroxylation was 

measured to be 3.4(2) by integration of the ESI-MS signals for benzyl alcohol and d7-

benzyl alcohol following photolysis of a CH3CN solution of III-2 in the presence of 1:1 

H8-toluene/ D8-toluene. Photolysis of III-2 in the presence of cyclohexane (BDE = 99.5 

kcal mol–1)283 afforded a mixture of cyclohexanone (23% yield), cyclohexanol (17% 

yield), and bromocyclohexane (18% yield). Photolysis of III-2 with pentane (BDE = 

97.5)284 or benzene (BDE = 112.9)1 resulted in no observed substrate oxidation. For each 

of the reactions depicted in Figure III-6, no substrate activation products were observed 

without photolysis (i.e., there are no thermal background reactions with the described 

substrates). 
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Figure III-6. Summary of photochemically promoted substrate functionalization 

chemistry. Both oxygen-atom transfer (OAT) and hydrogen-atom abstraction reactivity 

have been observed and can be envisioned as arising from a transiently generated reactive 

ligand-supported CuO fragment (i.e., [(TPA)CuO] (III-3)).  
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Figure III-7. Gas chromatograms (GC) of the headspace of reactions after 4 d 

photolysis (335 < λ < 610 nm). (a) Photolysis of III-2 dissolved in CH3CN in the presence 

of CO results in the formation of CO2. GC analysis of the headspace of the reaction shows 

N2, CO, and CO2. (b) Photolysis of a CH3CN solution in the presence of CO. GC analysis 

of the headspace of the reaction shows only N2 and CO. (c) Photolysis of KBrO3 dissolved 

in CH3CN in the presence of CO. GC analysis of the headspace of the reaction shows only 

N2 and CO.  
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Figure III-8. Photolysis (335 < λ < 610 nm) of III-2 in CD3CN and styrene results in 

the formation of styrene oxide (III-4). (a) 1H NMR spectrum of the reactant mixture of 

III-2 and styrene; (b) 1H NMR spectrum of the product mixture following photolysis of 

III-2; (c) 1H NMR spectrum of isolated III-4 (spectral features attributed to styrene oxide 

(III-4) marked with *). 
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Figure III-9. Photolysis (335 < λ < 610 nm) of III-2 in CD3CN and 1-octene results in 

the formation of epoxide III-5. (a) 1H NMR spectrum of the reactant mixture of III-2 and 

1-octene; (b) 1H NMR spectrum of the product mixture following photolysis of III-2; (c) 
1H NMR spectrum of isolated III-5 (spectral features attributed to styrene oxide (III-5) 

marked with *). 
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Figure III-10. Photolysis (335 < λ < 610 nm) of in III-2 CD3CN and cis-β-

methylstyrene results in the formation of cis-epoxide III-7 and trans-epoxide III-6. 
1H NMR spectrum of the product mixture following photolysis of III-7 (spectral 

features attributed to cis-epoxide (III-7) marked with *). 
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Figure III-11. Photolysis (335 < λ < 610 nm) of III-2 in CD3CN and 1,4-

cyclohexadiene results in the formation of benzene. 1H NMR spectrum of the product 

mixture following photolysis of benzene (spectral features attributed to benzene 

marked with *). 
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Figure III-12. Photolysis (335 < λ < 610 nm) of III-2 in CD3CN and toluene results in 

the formation of benzyl alcohol. (a) 1H NMR spectrum of the reactant mixture of III-2 

and toluene; (b) 1H NMR spectrum of the product mixture following photolysis of III-2 

(spectral features attributed to benzyl alcohol marked with *).  
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Figure III-13. Photolysis (335 < λ < 610 nm) of III-2 in cyclohexane results in the 

formation of cyclohexanone, cyclohexanol, and bromocyclohexane. (a) 1H NMR 

spectrum of isolated cyclohexaone; (b) 1H NMR spectrum of isolated cyclohexanol; (c) 
1H NMR spectrum of isolated bromocyclohexane.  
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Figure III-14. APCI-MS trace for the intermolecular KIE determination. The m/z of 

benzyl alcohol (C7H7O
–, APCI negative) is 107.0489; the m/z of deuterated benzyl alcohol 

(C7D7O
–, APCI negative) is 115.0024. (a) The m/z spectrum of the reaction mixture 

without photolysis which indicates no traces of benzyl alcohols (C7H7O
- or C7D7O

-). (b) 

The m/z spectrum of the reaction mixture after photolysis (335 < λ < 610 nm) which 

indicates the characteristic peaks of both benzyl alcohols which was used to calculate the 

kH/kD using the following equation: 

𝐼𝑛𝑡𝑒𝑟𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝐾𝐼𝐸 =
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑏𝑒𝑛𝑧𝑦𝑙 𝑎𝑙𝑐𝑜ℎ𝑜𝑙 (107.0489)

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑑𝑒𝑢𝑡𝑒𝑟𝑎𝑡𝑒𝑑 𝑏𝑒𝑛𝑧𝑦𝑙 𝑎𝑙𝑐𝑜ℎ𝑜𝑙 (115.0024)
 𝑋 

𝐷8 − 𝑡𝑜𝑙𝑢𝑒𝑛𝑒

𝐻8 − 𝑡𝑜𝑙𝑢𝑒𝑛𝑒
 

Sample Substrate Average KIE* 

III-2 H8-toluene/D8-toluene 3.4 ± 0.2 

* The reaction was performed in triplicate.  
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 A number of independent lines of evidence – both from observations of reactivity 

as well as spectroscopic and crystallographic data – are consistent with the intermediacy 

of transient [CuO] species in the photochemistry of III-2. Photochemically promoted 

epoxidation of stereochemically defined 1,2-disubstituted olefins is not stereospecific: 

Photolysis of III-2 in the presence of cis-β-methylstyrene afforded a 10:1 mixture of III-

6/III-7 in 35% yield. To probe if a [CuO] fragment is involved in the epoxidation of cis-

β-methylstyrene upon photolysis of III-2, Cu(I) TPA (III-8) was dissolved in a MeCN 

solution with PhIO and cis-β-methylstyrene. Oxidation of cis-β-methylstyrene using III-

8 afforded trans-epoxide III-6 in 7% yield and cis-expoxide in 0.8% yield (Figure III-15). 

This features the same trans:cis epoxide ratio as photolysis of III-2, indicating that both 

processes pass through a similar intermediate, e.g. a CuO fragment. The lack of 

epoxidation stereospecificity and the primary KIE determined for the hydroxylation of 

toluene are consistent with stepwise substrate activation via carbon-centered radicals (i.e., 

alkyl radicals generated by either radical addition to olefins or via H-atom abstraction 

(HAA) from alkanes). 

The potential role of photogenerated BrO3
•, produced via photocleavage of the Cu–

O bond, in OAT, was evaluated by photolysis of a mixture of KBrO3 and (NH4)2S2O8 in 

the a toluene/MeCN mixture, which has been shown to photochemically produce BrO3
•.285 

Photogeneration of BrO3
• affords benzyl alcohol, benzaldehyde, benzoate (Figure III-16). 

In contrast, photolysis of a (NH4)2S2O solution in toluene results in no C–H oxidation 

products. Additionally, we measured a kH/kD of 1.0 for the BrO3
• oxidation toluene to 

benzyl alcohol, which does not match the 3.4(2) value measured for III-2. Comparison of 
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the resultant BrO3
• chemistry to the photolysis of Cu bromate III-2 highlights the 

selectivity of the latter; we conclude that BrO3
• is not the active OAT agent upon 

photolysis of III-2 due to the mismatch in kH/kD and selective nature of the Cu bromate 

oxidations.  

 

Figure III-15. Combination of [Cu(TPA)]BF4 , PhIO, and cis-β-methylstyrene in 

CD3CN results in epoxidation. 1H NMR spectrum of the crude product mixture 

(spectral features attributed to trans-epoxide III-6 are marked with *). 
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Figure III-16. Photolysis (white light) of KBrO3 and (NH4)2S2O8 in CD3CN and 

toluene results in formation of benzyl alcohol, benzaldehyde, and benzoate. (a) 1H 

NMR spectrum of the product mixture following photolysis of III-2; (b) 1H NMR 

spectrum of the crude product mixture following photolysis of KBrO3 and (NH4)2S2O8 in 

CD3CN and toluene. 

 

 We envisioned that the formation of a [CuO] intermediate could occur via direct 

photooxidation, i.e., cleavage of the O–Br bond to generate [Cu(tpa)O]+ (III-3) and BrO2, 

or via a photoreduction / OAT sequence, i.e., initial cleavage of the Cu–O bond to generate 

a [Cu(tpa)]+ fragment and BrO3
• following by OAT from BrO3

• to [Cu(tpa)]+. Several lines 

of evidence suggest the evolution of BrO3
•, and subsequent OAT to generate BrO2 under 

steady-state photolysis of III-2. First, the major Cu-containing fragment during our 

MALDI-mass spectrometric experiments is Cu(I)tpa, which is indicated by the set of 

peaks at 353.0 and 355.0 m/z that display the expected isotopic distribution (Figure III-
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17a). Furthermore, the photoextruded BrO3
• fragment is detected via MALDI at 126.9 and 

128.9 m/z, which are well matched to the simulated BrO3
• mass spectrum (Figure III-17b). 

The formation of a [CuO] intermediate via OAT from the BrO3
• fragment would be 

accompanied by the evolution of BrO2. MALDI-MS analysis of III-2 also shows peaks at 

110.9 and 112.9 m/z which corresponds to the extruded BrO2 fragment and is well-

matched to the simulated BrO2 mass spectrum (Figure III-17c). Finally, photogenerated 

BrO2 has been observed by IR spectroscopy: The IR spectrum of Cu bromate III-2 in a 

KBr pellet displays characteristic bromate stretches at 831, 842, and 852 cm–1. Photolysis 

of this KBr pellet results in the consumption of these spectral features and the evolution 

of a new peak at 795 cm-1, which is well-matched to a reported stretch for BrO2 (Figure 

III-17d).286 The other stretching mode expected BrO2 (i.e., 845 cm-1) overlaps with a 

stretching mode of the Cu(tpa) fragment. 



 

138 

 

 

Figure III-17. Photoreduction of III-2 by Cu–OBrO2 homolysis followed by OAT 

from BrO3
• to the Cu(I) complex [Cu(tpa)]+ would generate a Cu oxyl intermediate. 

Consistent with initial photoreduction.  (a) MALDI-MS analysis shows peaks at 350.0 

and 355.0 m/z which correspond to [Cu(tpa)]+ (––), simulation (––); (b) MALDI-MS 

analysis shows peaks at 126.9 and 128.9 m/z which correspond to photoextruded BrO3 (–

–), simulation (––); (c) MALDI-MS analysis shows peaks at 110.9 and 112.9 m/z which 

correspond to BrO2 (––), simulation (––); (d) IR spectra collected during the photolysis of 

a KBr pellet of III-2 shows a new peak at 795 cm–1, which is attributed to BrO2. 
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Attempts to characterize the primary photochemical processes available to 

[Cu(tpa)O–BrO2]
+ by low-temperature spectroscopy have been stymied by a combination 

of insolubility in, or reaction with, common glassy solvents. To avoid these challenges 

and to build on emerging in crystallo photochemical strategies to characterize reactive 

species relevant to C–H functionalization, we were attracted to the potential to apply in 

crystallo photochemistry to directly visualize the primary photochemical events relevant 

to the OAT chemistry described above. We reasoned that photooxidation via BrO2 loss 

would be differentiable from initial photoreduction via BrO3
• elimination. To these ends, 

X-ray diffraction data was collected during 365 nm irradiation of a single crystal of III-2 

at 100 K using 30 keV synchrotron radiation. Solid-state reaction progress was monitored 

by free refinement of the Cu–OBrO2 fragment. 

 The in crystallo structural data are consistent with photoreduction of [Cu(tpa)O–

BrO2]ClO4 (III-2) to afford Cu(I) and BrO3
•. Following photolysis, the Cu–O distance 

elongates from 1.951(3) to 2.242(1) Å (Cu(1)–O(1)). The Br–O bonds shorten from an 

average of 1.655(3) to 1.53(3) Å, with the most drastic contraction occurring at the O(1)–

Br(1) bond from 1.698(3) to 1.407(2) Å. Moreover, as the Cu–O bond elongates the Cu–

O–Br bond angle changes from 124.28(2)° to 118.6(5)° (Cu(1)–O(1)–Br(1)). 
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Figure III-18. Photocrystallography of III-2. (a) Solid-state structure of III-2 and III-8, 

generated by solid-state photolysis with 365 nm laser. Ellipsoids of III-2 are drawn at 50% 

and ellipsoids of III-8 are drawn at 30%. H-atoms and counter anions are removed for 

clarity. (b) Expansion of the crystalline lattice shows the tight packing of the 

photoextruded BrO3•. (c) Further expansion of the crystalline lattice shows the lack of 

room for the BrO• to diffuse to in all directions. 

 

The collected data are consistent with initial Cu–OBrO2 bond activation in the 

solid-state photolysis of [Cu(tpa)O–BrO2]
+ to generate [Cu(tpa)]+ and BrO3

•. These 

crystallographic data are supported by products observed in the MALDI-MS data 

presented here and other examples of photoreduction in the literature.263, 264 The 



 

141 

 

refinement of free BrO3
• and Cu(I)(tpa) is stymied by the small cavity size in between the 

two Cu moieties in the asymmetric unit; the BrO3
• fragment is unable to move away from 

the residual Cu–OBrO2 complicating the refinement of the generated Cu(I) fragment 

(Figure III-18b, computational details can be found in Table III-4). These challenges 

highlight the limitations of photocrystallography, where previous experiments involving 

a gaseous leaving group, such as N2, facilitated refinement of both photoinduced structure 

and unreacted starting material. 200, 201, 287-290 In this case a solid-state leaving group such 

as BrO3
• hinders the refinement. 

 

Figure III-19. Hypothesized reaction pathway to access Cu oxo III-3. Upon photolysis 

the Cu–O bond is cleaved, generating Cu(I) tpa III-8 and BrO3
•. These species 

undergo OAT from the extruded BrO3
• yielding Cu oxo species III-8 and BrO2. 

 

III.3. Conclusion 

 In conclusion, we have described access to a copper oxo intermediate that is 

competent in C–H and C=C oxidation. Based on the observed oxidation products, KIE, 

and detection of BrO2 via MALDI-MS and IR spectroscopy, we determine that the OAT 

agent is copper oxo III-3. However, the photolysis does not cleave the O–Br bond to yield 

III-8. Photolysis of a single-crystal of III-2 at 100 K shows Cu–O cleavage, generating 

BrO3
•. We hypothesize that subsequent thermal recombination of III-8 and BrO3

• in 
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solution generates the Cu oxo species of interest as depicted in Figure III-19. We anticipate 

that closer inspection of most metal-oxyanion photolyses will yield similar results. 

 

III.4. Experimental Details 

III.4.1 General Considerations 

Materials and Methods. Unless otherwise noted, all the chemicals and solvents (ACS 

reagent grade) were used as received. Potassium bromate, sodium iodide, benzyl alcohol, 

copper(II) bromide, and sodium perchlorate were purchased from Alfa Aesar. Ammonium 

persulfate, 2-picolyl amine, cesium carbonate, carbon monoxide, 

tetrakis(acetonitrile)copper(I) tetrafluoroborate, benzene, and molecular sieves (4 Å, MS) 

were purchased from Sigma Aldrich. Sodium tetrafluoroborate was purchased from AK 

Scientific. 2-(Chloromethyl)pyridine hydrochloride was purchased for Matrix Scientific. 

Cyclohexane, 1,4-cyclohexadiene, iodobenzene diacetate, and styrene were purchased 

from Acros Organics. 1-Octene was purchased from Oakwood chemical. Cyclohexane, 

cyclohexadiene, styrene, and 1-octene were dried according to literature methods291 and 

subsequently degassed by three free-pump-thaw cycles. N2, CO, and CO2 were purchased 

from Airgas. NMR solvents were obtained from Cambridge Isotope Laboratories were 

degassed by three free-pump-thaw cycles and were stored over molecular sieve (3 Å) for 

24 h prior to use. All reactions were carried out under an ambient atmosphere unless 

otherwise noted. Anhydrous acetonitrile and toluene were obtained from a drying column 

and stored over activated molecular sieves.292 Anhydrous acetonitrile was stored over 3 Å 

molecular sieves, and all other solvents were stored over 4 Å molecular sieves. Tris(2-
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pyridylmethyl)amine (TPA),293 silver bromate,294 and iodosyl benzene (PhIO),295 were 

prepared according to literature methods. 

Characterization Details. NMR spectra were recorded on Bruker Avance NEO 400 

NMR operating at 400.09 MHZ for 1H. The NMR spectra were referenced against residual 

proteo solvent signal: CD3CN (1.94 ppm, 1H) and CDCl3 (7.26 ppm, 1H).248 1H NMR data 

are reported as follows: chemical shift (δ, ppm), multiplicity (s (singlet), d (doublet), t 

(triplet), m (multiplet), br (broad), integration. Solution-phase UV-vis spectra were 

recorded on an Ocean Optics Flame-S miniature spectrometer with DH-mini UV-Vis-NIR 

light source (200-900 nm). Solution-phase spectra were blanked against the appropriate 

solvent. IR spectra were recorded on a Shimadzu FTIR/IRAffinity-1 Spectrometer, were 

blanked against air, and were determined as the average of 64 scans. In situ IR spectra 

were measured in a KBr pellet with a Bruker VERTEX 70, were blanked against air, and 

were determined as the average of 64 scans. IR data are reported as follows: wavenumber 

(cm-1), peak intensity (s, strong; m, medium; w, weak). MALDI data was obtained using 

a Bruker Microflex LRF MALDI-TOF in reflectron mode. No added matrix was used in 

the reported MALDI experiments. Mass spectrometry data was recorded on either 

Orbitrap FusionTM TribridTM Mass Spectrometer or Q ExactiveTM Focus Hybrid 

Quadrupole - OrbitrapTM Mass Spectrometer from Thermo Fisher Scientific. Kinetic 

isotope effects (kH/kD) were determined by integration of appropriate peaks in the mass 

spectrum. Atmospheric pressure chemical ionization mass spectrometry (APCI-MS) 

experiment was performed using a Thermo Scientific Q Exactive Focus. Sample was 

injected into a 10 µL loop and methanol was used as a mobile phase at a flow rate of 500 
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µL/min. The Q Exactive Focus APCI source was operated in full MS in positive mode. 

The mass resolution was tuned to 70000 FWHM at m/z = 200. The discharge current was 

set at 5 µA, the sheath gas and auxiliary gas flow rates were set to 25 and 5 arbitrary units, 

respectively, and the auxiliary gas temperature was set to 300 °C. The transfer capillary 

temperature was held at 250 °C and the S-Lens RF level was set at 50 V. Exactive Series 

2.11/Xcalibur 4.02.47 software was used for data acquisition and processing. Elemental 

analyses were performed in Atlantic Microlab, Inc., Norcross, GA.  

Photochemistry Details. Steady-State Photolysis. For a standard photochemical reaction, 

a J-young/Schlenk tube was charged with compound III-2 (1 equiv.), the appropriate 

substrate (10 equiv.), and CD3CN. The solution was photolyzed by a Nikon for Hg 100W 

lamp equipped with a glass filter (335 < λ < 610 nm) for 4-6 d at 23 °C, depending on the 

substrate. The reaction mixture was subsequently filtered through Celite and the products 

were characterized by GC/GCMS and 1H NMR spectroscopy. GC retention times were 

established by comparison with authentic samples of the relevant products.  

Analysis of Head-Space Gases. An Agilent Trace 1300GC with attached thermal 

conductivity detector and a custom-made 120 cm stainless steel column packed with 

Carbosieve-II was used for analysis of headspace gases. The column was kept at 200 °C 

and Ar was used as carrier gas. The detector was set to a temperature of 250 °C. Headspace 

gas (~300 µL) was transferred to the GC with a 0.50 mL Valco Precision Sampling 

Syringe (Series A-2) equipped with a Valco Precision sampling needle with a 5-point side 

port.  
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X-Ray Diffraction Details. X-ray crystal structures of III-2 and III-8 were collected 

using synchrotron radiation (0.41328 Å) at ChemMatCARS located at the Advanced 

Photon Source (APS) housed at Argonne National Laboratory (ANL). Crystals suitable 

for X-ray diffraction were mounted on a glass fiber and data was collected at 100 K 

(Cryojet N2 cold stream) using a vertically mounted Bruker D8 three-circle platform 

goniometer equipped with a PILATUS3 X CdTe 1M detector. Data were collected as a 

series of φ and/or ω scans. Data were integrated using SAINT and scaled with a multi-

scan absorption correction using SADABS. Structures were solved by intrinsic phasing 

using SHELXT (Apex2 program suite v2014.1) and refined against F2 on all data by full 

matrix least squares with SHELXL97.251, 252 All non-hydrogen atoms were refined 

anisotropically. H atoms were placed at idealized positions and refined using a riding 

model. Refinement details are described in the relevant cif.  

Computational Details. Calculations were performed using the Gaussian 16, Revision 

C.01 suite of software.254 Geometry optimizations were carried out with the PBE0 

functional296 in conjunction with Grimme’s D3 empirical dispersion297 and Becke-

Johnson damping [EMP=GD3BJ],298 the mod-LANL2DZ basis set299 and corresponding 

ECP for Cu,300 and the 6-311+G* basis set for other atoms;301 the coordinates for 

optimized geometries are tabulated in Table III-4. Frequency calculations at this level of 

theory confirmed that optimized geometries represent ground state structures.  
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III.4.2 Synthesis and Characterization 

Synthesis of [(TPA)CuBr]ClO4 (III-1)  

  

[(TPA)CuBr]ClO4 (III-1) was prepared according to the following modification of 

literature methods.302 A 100-mL round-bottom flask was charged with TPA (2.92 g, 10.1 

mmol, 1.00 equiv.) and methanol (25 mL). The reaction solution was heated to 50 °C. 

CuBr2 (2.25 g, 10.2 mmol, 1.01 equiv.) was slowly added to the reaction solution and the 

solution was stirred for 1 h. During this time, the color of the solution became dark green. 

NaClO4 (1.52 g, 12.5 mmol, 1.24 equiv.) was added as a solid and the reaction mixture 

was stirred for 15 min. The resulting green precipitate was isolated by vacuum filtration. 

The precipitate was washed with diethyl ether to afford the title compound as a green 

powder (3.61 g, 71%). Crystals suitable for X-ray diffraction analysis were obtained by 

slow diffusion of diethyl ether into the acetonitrile solution of the compound. 1H NMR (δ, 

23 ○C, CD3CN): 29.8 (br s, 12H), 10.3 (br s, 6H). UV-Vis-NIR (solid) (nm): 258, 340, 

988. UV-vis (acetonitrile), λmax (nm, e (M-1cm-1)): 330 (18100), 995 (900). HRMS ESI-

MS (acetonitrile): calculated for [M]+ = 433.998, observed [M]+ = 433.997. IR (KBr pellet, 

cm-1): 3067 (m), 2959 (m), 2009 (w), 1607 (s), 1571 (m), 1478 (s), 1430 (s), 1364 (m), 

1307 (s), 1260 (s), 1085 (s), 1023 (s), 951 (m), 899 (w), 832 (m), 755 (s), 719 (m), 620 

(s), 512 (m), 476 (w), 408 (m). Spectral data are well-matched with those available in the 

literature.302 
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Synthesis of [(TPA)CuOBrO2]ClO4 (III-2)  

 

A 20-mL scintillation vial was charged with III-1 (2.14 g, 4.04 mmol, 1.00 equiv.), 

acetone (8 mL), and acetonitrile (2 mL). To that solution, AgBrO3 (2.88 g, 12.3 mmol, 

3.07 equiv.) was added and the reaction mixture was stirred in the dark for 24 h at 23 °C. 

During this time, the color of the reaction mixture became dark blue. Solids were removed 

by filtration through Celite and the filtrate was concentrated in vacuo. The residue was 

washed with diethyl ether. The residue was taken up in acetone and slow diffusion of 

either diethyl ether or pentane into the acetone solution resulted in crystallization of the 

title compound (1.53 g, 65% yield following crystallization). 1H NMR (δ, 23 ○C, CD3CN): 

28.2 (br s, 12H), 10.7 (br s, 6H). IR (KBr pellet, cm-1): 3067 (m), 2923 (s), 2849 (m), 2016 

(w), 1606 (s), 1576 (m), 1481 (s), 1437 (s), 1367 (m), 1310 (s), 1266 (s), 1096 (s), 1020 

(s), 957 (s), 900 (w), 881 (w), 844 (s), 744 (s), 730 (s), 649 (m), 623 (s), 496 (m), 484 (w), 

433 (w). UV-Vis-NIR (solid) (nm): 267, 914. UV-vis (acetone), λmax (nm, ε (M-1cm-1)): 

426 (2.3 × 102), 710 (3.0 × 102), 920 nm (5.4 × 102). Anal. Calc. for C18H18N4O7BrClCu: 

C, 37.19; H, 3.12, N, 9.64. Found C, 37.22; H, 3.15, N, 9.59.  
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III.4.3 Photochemical Reaction Details 

Oxygenation of Carbon Monoxide 

 

In an N2-filled glovebox, a J-young tube was charged with III-2 (0.040 g, 0.070 mmol) 

and dissolved in acetonitrile (0.75 mL). The reaction mixture was degassed by three 

freeze-pump-thaw cycles and the headspace was refilled with 1 atmosphere of carbon 

monoxide. The reaction mixture was photolyzed for 4 d at 23 °C using a 100 W Hg lamp 

with a 335-610 nm band-pass filter. The reaction headspace was analyzed by gas 

chromatography (Figure III-7), which indicated the formation of carbon dioxide. 

Oxidation of 1,4-Cyclohexadiene  

  

In an N2-filled glovebox, a J-young tube was charged with III-2 (0.040 g, 0.070 mmol, 

1.0 equiv.), cyclohexadiene (0.70 mmol, 10 equiv), and CD3CN (0.60 mL). The reaction 

mixture was photolyzed for 4 d at 23 °C using a 100 W Hg lamp with a 335-610 nm band-

pass filter. The reaction mixture was filtered through Celite. The resulting solution was 

analyzed via 1H NMR (ethylbenzene (10 μL) added as internal standard), which indicated 

formation of benzene (84%). 

  



 

149 

 

Epoxidation of α-Olefins 

 

In an N2-filled glovebox, a J-young tube was charged with III-2 (0.100 g, 0.180 mmol, 

1.00 equiv.), -olefin (1.80 mmol, 10 equiv), and CD3CN (2.40 mL). The reaction mixture 

was photolyzed for 4 d at 23 °C using a 100 W Hg lamp with a 335-610 nm band-pass 

filter. The product was analyzed via 1H NMR (ethyl benzene (10 uL) added as an internal 

standard), which indicated the formation of epoxides III-4 (0.0190 g, 91% yield) and III-

5 (0.0083 g, 36% yield), respectively. The resulting mixture was filtered through Celite 

and concentrated in vacuo. The residue was purified by column chromatography with 

EtOAc / hexanes system (v/v: 1:10) to afford products III-4 (0.0190 g, 91% yield) and 

III-5 (0.0083 g, 36% yield), respectively. 
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Epoxidation of cis-β-methylstyrene 

  

In an N2-filled glovebox, a Schlenk tube was charged with III-2 (0.040 g, 0.070 mmol, 

1.00 equiv.), cis-β-methylstyrene (0.70 mmol, 10 equiv), and CD3CN (0.60 mL). The 

reaction mixture was photolyzed for 4 d at 23 °C using a 100 W Hg lamp with a 335-610 

nm band-pass filter. The resulting solution was analyzed via 1H NMR (dichloromethane 

(10 μL) added as internal standard), which indicated formation of cis-epoxide (3.5%) and 

trans-epoxide (31%). 

Hydroxylation of Toluene 

  

In an N2-filled glovebox, a J-young tube was charged with III-2 (0.040 g, 0.070 mmol, 

1.0 equiv.), toluene (0.70 mmol, 10 equiv), and CD3CN (0.60 mL). The reaction mixture 

was photolyzed for 4 d at 23 °C using a 100 W Hg lamp with a 335-610 nm band-pass 

filter. The reaction mixture was filtered through Celite. The resulting solution was 

analyzed via 1H NMR (ethylbenzene (10 μL) added as internal standard), which indicated 

formation of benzyl alcohol (76%). 

Determination of the kinetic isotope effect (KIE) of hydroxylation. In an N2-filled 

glovebox, a J-young tube was charged with III-2 (0.040 g, 0.070 mmol, 1.0 equiv.), 

toluene (0.70 mmol, 10 equiv), toluene-d8 (0.70 mmol, 10 equiv.), and acetonitrile (0.40 

mL). The reaction mixture was photolyzed for 4 d at 23 °C using a 100 W Hg lamp with 
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a 335-610 nm band-pass filter. The reaction mixture was filtered through Celite and the 

kH/kD was determined by integration of the APCI-MS data obtained from this solution 

(Figure III-14). 

Oxidation of Cyclohexane 

  

In an N2-filled glovebox, a J-young tube was charged with III-2 (0.100 g, 0.180 mmol, 

1.00 equiv.) and cyclohexane (1.50 mL, 14.5 mmol, 80.5 equiv). The reaction mixture was 

photolyzed for 6 d at 23 °C using a 100 W Hg lamp with a 335-610 nm band-pass filter. 

The reaction mixture was filtered through Celite. The filtrate was purified by column 

chromatography with EtOAc / hexanes system (v/v: 3:7) to afford products cyclohexanone 

(0.0041 g, 23% yield), cyclohexanol (0.0031 g, 17% yield), and bromocyclohexane 

(0.0053 g, 18% yield) respectively. 

Epoxidation of cis-β-methylstyrene with [Cu(tpa)]BF4 

  

In an N2-filled glovebox a Schlenk tube was charged with TPA (0.041 g, 0.14 mmol, 1.1 

equiv.), [Cu(MeCN)4]BF4 (0.042 g, 0.13 mmol, 1.0 equiv.), and CD3CN (0.60 mL). The 

reaction mixture was stirred for 30 m. PhIO (0.029 g, 0.13 mmol, 1.0 equiv), and cis-β-

methylstyrene (0.42 mmol, 3 equiv) were added to the reaction mixture. The resulting 

reaction mixture was stirred overnight at 23 °C. The product was analyzed via 1H NMR 
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(dichloromethane (10 μL) added as internal standard), which indicated formation of cis-

epoxide (0.8%) and trans-epoxide (7%). 
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III.4.4 Crystallographic Data 

 

 

Figure III-20. Displacement ellipsoid plot of III-2 drawn at 50% probability. H-
atoms and counter anion are removed for clarity. The crystalline sample used in this 
diffraction experiment was obtained by slow diffusion of diethyl ether into the 
acetone solution at 23 C. 
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Table III-1. X-ray experimental details of III-2 

Crystal data 

Chemical formula C18H18BrCuN4O3·ClO4 

Mr 581.26 

Crystal system, space group Triclinic, P1̅ 

Temperature (K) 100 

a, b, c (Å) 9.4468(6), 14.4723(9), 15.792(1) 

α, β, γ (°) 83.285(1), 80.507(1), 89.649(1) 

V (Å3) 2114.6(2) 

Z 4 

Radiation type Synchrotron, λ = 0.41328 Å 

 (mm-1) 0.72 

Crystal size (mm) 0.02 × 0.02 × 0.01 

Data collection 

Diffractometer Bruker 

Absorption correction Multi-scan 

SADABS2016/2 (Bruker,2016/2) was used for 

absorption correction. wR2(int) was 0.1097 before 

and 0.0813 after correction. The Ratio of minimum to 

maximum transmission is 0.8593. The λ/2 correction 

factor is Not present. 

 Tmin, Tmax 0.859, 1.000 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

45899, 8155, 6474 

Rint 0.066 

(sin )max (Å-1) 0.632 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.047, 0.130, 1.06 

No. of reflections 8155 

No. of parameters 578 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 1.27, –1.38 
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Figure III-21. Displacement ellipsoid plot of III-8 drawn at 50% probability. H-
atoms and counter anion are removed for clarity. The crystalline sample used in this 
diffraction experiment was obtained by in situ photolysis of III-2 which resulted in 
the elongation of the Cu(1)–O(1) distance. Data was collected using synchrotron 
radiation (λ = 0.41328 Å) at 100 K. No restraints were used in the refinement. 
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Table III-2. X-ray experimental details of III-8 

Crystal data 

Chemical formula C18H18BrCuN4O3·ClO4 

Mr 581.26 

Crystal system, space group Triclinic, P1̅ 

Temperature (K) 100 

a, b, c (Å) 9.424(1), 14.590(2), 15.753(2) 

α, β, γ (°) 84.606(2), 80.963(2), 89.819(2) 

V (Å3) 2129.5(4) 

Z 4 

Radiation type Synchrotron, λ = 0.41328 Å 

 (mm-1) 0.72 

Crystal size (mm) 0.02 × 0.02 × 0.01 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction Multi-scan  

SADABS2016/2 (Bruker,2016/2) was used for 

absorption correction. wR2(int) was 0.0965 before 

and 0.0580 after correction. The Ratio of minimum 

to maximum transmission is 0.8552. The λ/2 

correction factor is Not present. 

 Tmin, Tmax 0.636, 0.744 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

13380, 4093, 3232 

Rint 0.053 

θmax (°) 11.9 

(sin )max (Å-1) 0.499 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.090, 0.276, 1.07 

No. of reflections 4093 

No. of parameters 577 

H-atom treatment H-atom parameters constrained 

 w = 1/[σ2(Fo2) + (0.1693P)2 + 18.6438P] where P = 

(Fo2 + 2Fc2)/3 

Δρmax, Δρmin (e Å−3) 1.15, −1.38 
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Table III-3. Relevant X-ray metical parameters of III-2 and other Cu(II)(tpa) 

complexes that feature apical oxyanions. 

Entry Cu–Npyridine / Å Cu–Namine / Å Cu–O / Å Ref. 

III-2 2.072(4) 2.023(3) 1.951(3)  

[Cu(tpa)NO2]
+  2.0741(3) 2.0399(2) 1.931(1) 303 

[(Cu(tpa))2C4O4]
2+  2.067(4) 2.005(4) 1.944(3) 304 

[(Cu(tpa))2pyzdc]2+  2.0514(2) 2.0360(2) 1.9343(1) 305 

[(Cu(tpa))2N2O2]
2+  2.0678(2) 2.0572(2) 1.9114(1) 306 

[Cu(tpa)NO2]
+  2.076(6) 2.026(5) 1.935(6) 307 

[Cu(tpa)(BF)]+  2.071(2) 2.034(2) 1.932(2) 308 
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III.4.5 Computational Coordinates 

Table III-4. X,Y,Z coordinates for the optimized geometry of III-8 computed as 
a singlet at the PBE0 level of theory with mod-LANL2DZ (Cu) and 6-31G(d,p) 
(light atoms) basis sets. 

Atom X Y Z 
Cu 0.000284 0.000424 -0.89474 
N -1.6154 1.244599 -0.58532 

N 1.88581 0.776376 -0.58521 
N -0.27055 -2.02092 -0.58525 

N -5.2E-05 0.000397 1.329712 

C -1.7631 1.605402 0.703055 
C -2.88123 2.30594 1.144384 

H -2.97298 2.56965 2.195162 

C -3.86718 2.66268 0.228629 
H -4.74768 3.211725 0.553126 

C -3.707 2.297796 -1.10392 

H -4.44904 2.549647 -1.85582 
C -2.56828 1.585744 -1.46105 

H -2.40613 1.270006 -2.48893 

C 2.271832 0.724013 0.70325 
C 3.437905 1.341464 1.14461 

H 3.711924 1.289252 2.195459 

C 4.24047 2.016074 0.228784 
H 5.156477 2.50358 0.553289 

C 3.844708 2.059585 -1.10387 

H 4.434363 2.575598 -1.85583 
C 2.658315 1.430191 -1.46103 

H 2.303976 1.447577 -2.48896 

C -0.50893 -2.32899 0.703211 
C -0.55679 -3.64751 1.144751 

H -0.73908 -3.85863 2.195606 

C -0.37333 -4.67992 0.229076 
H -0.40877 -5.71693 0.553713 

C -0.13773 -4.359 -1.10358 

H 0.014732 -5.12769 -1.85543 
C -0.09009 -3.01687 -1.4609 

H 0.10213 -2.71875 -2.48886 

C -0.63118 1.26718 1.65341 
H 0.135052 2.049213 1.552387 

H -0.99163 1.311382 2.695018 

C 1.412489 -0.08658 1.653656 
H 1.706389 -1.14127 1.552894 

H 1.630944 0.203673 2.695218 
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CHAPTER IV  

CHEMICAL NON-INNOCENCE OF PORPHYRIN FE NITRENES 

 

IV.1. Introduction 

 The cytochrome P450 family of enzymes all feature a central heme unit that is 

responsible for catalyzing highly selective aerobic oxidation reactions under mild 

conditions to install C–O bonds in place of C–H bonds.21, 309, 310 The identity of the reactive 

intermediate that installs these C–O bonds is a formally Fe(V) oxo complex (Compound 

I).26, 309 Spectroscopic characterization of the critical reactive oxo indicate this species is 

best described as an Fe(IV) oxo complex supported by a singly oxidized porphyrin.24 This 

formulation indicates electronic non-innocence of the supporting porphyrin ligand.  

 Cytochrome P450s are also competent catalysts for nitrene transfer chemistry and 

afford regio- and stereoselectivity unavailable to synthetic nitrene transfer catalysts. 

Dawson and Breslow first demonstrated that cytochrome P450 could be used to amidate 

C–H bonds, using iminoiodinanes as the nitrene precursor.311 Furthering this chemistry, 

Fasan and Arnold independently demonstrated that engineered enzyme catalysts can 

efficiently mediate highly stereoselective intra- and intermolecular aminations of C–H and 

C=C bonds using cytochrome P450 and cytochrome P411, respectively.312-315 In analogy 

to the metal oxo responsible for native hydroxylation activity (i.e. Compound I), 

cytochrome P450-catalysts nitrene transfer reactions have been hypothesized to proceed 

via the intermediacy of a Fe nitrenoid (Figure IV-1).13, 316  
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Figure IV-1. Comparison of both compound I and a Fe nitrene species generated in 

cytochrome P450. 

  

Inspired by the activity of heme sites in P450s, metalloporphyrin complexes have 

been advanced as group-transfer catalysis in synthesis. Breslow and Groves demonstrated 

that this molecular complexes will catalyzed oxo and nitrene transfer to C–H bonds such 

as cyclohexane.30, 61, 317 Similar to cytochrome P450, these transformations are 

hypothesized to occur from terminal metal oxos and metal nitrenes.25, 34, 35, 62, 183, 318, 319 

While electronic (i.e., redox) non-innocence has been widely studied and 

appreciated as operative in the reactive intermediates in these reactions, less appreciated 

is the potential for chemical non-innocence. Stoichiometric synthetic studies have shown 

that carbenes, nitrenes, and oxo ligands can insert into the M–L bond of the complexes to 

afford so-called tuck-in complexes (Figure IV-2).320-339 While characterized, these species 

have not been investigated as potentially relevant to catalytic group transfer. Based on 

reports of redox-triggered reversible nitrene insertion into Fe-pyrrolide bonds and facile 

carbene insertion into Co porphyrin species (Figure IV-2),340, 341 we have undertaken a 

study of the relevance of chemical non-innocence in nitrene transfer catalyzed by Fe 

porphyrin complexes.  
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Figure IV-2. Transition metal complexes that feature chemically non-innocent 

supporting ligands. (a) Complex IV-1 arises from formal carbene insertion into an Fe–N 

bond in Fe(II)(tpp). Experimentally IV-1 was made by oxidizing Fe(II)tpp(C=CPh2) by 

one electron. (b) Complex IV-2 arises from formal nitrene insertion into an Fe–N bond in 

Fe(tpp)Cl. Experimentally, IV-2 was made by adding Fe(tpp)Cl to a solution of PhINTs. 

(c) Complexs IV-3 arises from formal oxo insertion into an Fe–N bond in 

Fe(tmp)(MCPBA). Experimentally, IV-3 was made by thermolysis of 

Fe(III)(tmp)(MCPBA). (d) Fe(III) pyrrolide which features a N–Ad fragment inserted into 

an Fe–N bond. Disordered t-butyl and adamantyl groups removed for clarity. (e) Co(III) 

porphyrin carbene which features a carbene fragment bound to the pyrrole nitrogen. 

Phenyl and disordered enolate groups were removed for clarity. 

 

 Here we investigate the structure of Fe porphyrin catalysts during nitrene transfer 

catalysis. Specifically, we have focused attention of the potential that reversible nitrene 
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insertion into an N–N bond in IV-6 is operative during catalysis in the presence of 

iminoiodinane nitrene transfer reagents. Stoichiometric studies show that complex IV-7 

will undergo N–N clevage to functionalize styrene under thermolytic conditions. Complex 

IV-7 is also catalytically active, 5 mol% of IV-7 in the presence of PhINTs will form 

aziridines from styrene, and sulfonamides from adamantane. Monitoring the Fe speciation 

during catalysis via EPR and 1H NMR, we observe the resting state is IV-7. Isotopic 

labeling of tuck-in complex 14N-IV-7 and 15N-PhINTs indicate that reversible nitrene 

extrusion of tuck in IV-7 is not relevant to the catalytic aziridination of styrene. These 

results are consistent with amination from inserted a Fe(NTstpp)Cl nitrenoid (IV-10). 

IV.2. Results 

IV.2.1 Synthesis and Reactivity 

 Treatment of Fe(III)Cl(tpp) (IV-6) with excess PhINTs in CH2Cl2 affords 

FeCl(NTstpp) (IV-7).320 Trituration of IV-7 in MeOH provides analytically pure material 

in 53% yield. The 1H NMR and UV-vis spectra of IV-7 are in agreement with spectral 

data in the literature.320 

 Thermolysis of IV-7 in the presence of excess styrene affords aziridine IV-8, 

where the mass balance of the NTs fragment is tosyl sulfonamide (23% yield, Figure IV-

3a). The only Fe-containing product obtained from the thermolysis of IV-7 is FeCl(tpp) 

(IV-6), which is observed in 100% yield. Importantly, no reaction was observed at room 

temperature. These observations are consistent with isomerization of FeCl(NTstpp) (IV-

7) to Fe nitrenoid FeCl(tpp)(NTs) (IV-10) and group transfer from the transient nitrene. 
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Figure IV-3. Reaction chemistry with IV-7. (a) Thermolysis of Fe(III) tuck-in complex 

IV-7 at 83 °C in DCE with excess styrene results in aziridine IV-8 in 23% yield. (b) 

Implementation of IV-7 as a catalyst (5 mol %) affords aziridine IV-8 in 33% yield. (c) 

Complex IV-7 serves as a C–H insertion catalyst (5 mol%) which affords sulfonamide IV-

9 in 45% yield. 

 

After demonstrating the N–N cleavage from complex IV-7 results in the products 

of nitrene transfer, we sought to evaluate the potential for nitrene transfer catalysis by IV-

7. Treatment of styrene with PhINTs in the presence of IV-7 (5 mol%) afforded aziridine 

IV-8 in 33% yield at 23 °C. Complex IV-7 is also a competent catalyst for C–H amination: 

Treatment of adamantane with PhINTs in the presence of IV-7 (5 mol%) affords 

sulfonamide IV-9 in 45% yield. Of note, when FeCl(tpp) IV-6 is used in place of IV-7, 

the same yields are observed for both aziridination and C–H amination, which indicates 

the chemical competence of IV-6 as a catalyst for nitrene transfer. 
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IV.2. 2 Spectroscopic Characterization of the Fe Porphyrin. 

 With evidence for the chemical competence of nitrene de-insertion of IV-7 to 

provide the products of nitrene transfer and the catalytic competence of IV-6 in olefin 

aziridination and C–H amination, we sought to define the potential role of nitrene 

insertion/de-insertion chemistry on nitrene transfer catalysis. Fe complexes IV-6 and IV-

7 are distinguishable by X-band EPR spectroscopy; whereas compound IV-6 features a 

peak at 1180 G, compound IV-7 features a peak at 1560 G as shown in Figure IV-4. 

Monitoring the aziridination of styrene with PhINTs in the presence of IV-6 (5 mol%) 

indicates that while Fe(tpp)Cl is used as catalyst, at 1 h the only Fe-containing species 

detected is IV-7. Further monitoring of the reaction via EPR shows that nitrene de-

insertion to regenerate Fe(tpp)Cl begins to be observed at 48 h and is complete by the 72 

h time point. 1H NMR of each timepoint shows that aziridine formation starts quickly and 

is complete by 12 h (Figures IV-5 and IV-6). Together, these data indicate that rapid 

conversion of Fe(tpp)Cl generates IV-7, which is the resting state of catalysis, and that 

nitrene de-insertion to regenerate IV-6 is slow relative to catalyst turnover.  



 

165 

 

 

Figure IV-4. Monitoring the Fe speciation in the reaction between IV-6 and PhINTs 

in the presence of styrene via cryogenic X-band EPR. IV-6 (––) was used as 5 mol% 

catalyst with PhINTs in the presence of styrene. The reaction at 1 h (––) features a signal 

centered at 1600 G, which is well-matched to the EPR signal of IV-7 (––). Time-resolved 

EPR spectra show that the Fe speciation is comprised of solely IV-7 until 48 h, where a 

small peak at 1100 G starts to grow in, which is attributed to IV-6 (––). The peak at 1100 

G continues to grow at the 72 h timepoint. 
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Figure IV-5. 1H NMR spectra monitoring the yield of aziridine IV-8 over time. The 

peak highlighted at 2.95 ppm was used to track the yield of aziridine formation, measured 

against an internal standard of mesitylene (2 μL). Aziridine formation stopped after 12 h. 
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Figure IV-6. Plot of aziridine formation over time, determined by 1H NMR 

spectroscopy. 

 

 To further evaluate the potential for reversible nitrene insertion/de-insertion under 

catalytic conditions we designed an isotope labeling experiment in which aziridination of 

styrene was carried out using 14N-FeCl(NTs(tpp)) was used in conjunction with 15N-

PhINTs. The incorporation of 14N versus 15N was monitored via ESI-MS analysis of the 

resulting aziridine, which revealed 99.4% incorporation of 15N into aziridine IV-8 (Figure 

IV-7). Similar to aziridine IV-8, the C–H insertion of adamantane was also performed 

with 14N-IV-7 and 15N-PhINTs, which also showed 99.6% 15N-IV-9 via ESI-MS (Figure 

IV-7). These data indicate that N–N cleavage is not kinetically competitive on the 

timescale of N-group transfer, and tuck-in porphyrin IV-7 is the active catalyst, not IV-6. 
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Figure IV-7. Utilization of 14N-IV-7 in the presence of 15N-PhINTs results in near 

complete incorporation of 15N into the product. 14N vs 15N incorporation was 

monitored via ESI-MS. 

 

IV.3. Discussion and Future Directions 

 Characterization of the active species involved in C–H catalysis is predicated on 

understanding the chemical identity of the catalyst. Previous work concerning Fe 

porphyrin catalyzed C–H and C=C insertion has not considered the chemical non-

innocence of the porphyrin ring itself. We have shown via EPR and 1H NMR spectroscopy 

that the resting state of the catalysis is IV-7, and that N–N cleavage is not operative on the 

timescale of nitrene transfer. Further, we have shown via isotope labeling that the N-tosyl 

of IV-7 does not insert into substrate under catalytic conditions, and the N-tosyl fragment 

comes from the added PhINTs reagent. Thus, we conclude that N–N cleavage is not 

operative under catalytic conditions, and the active C–H insertion catalyst is a tucked-in 

Fe nitrene which is pictured in Figure IV-8. 

 Several porphyrin-supported bis-nitrenoid species or nitrenoid iminoiodinane 

adducts have been proposed to be the active oxidants in their respective C–H insertion 
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chemistry. Goldberg and coworkers have shown that a terminal Mn(V) corrolazine oxo 

will not insert into C–H bonds, and only when a Mn(V) oxo iodosylbenzene adduct forms, 

will OAT occur.342 Abu-Omar and coworkers have also found a similar reaction, where 

an unreactive Mn(V) imido forms an adduct with a iminoiodinane, which then transfers 

the NR fragment which was bound to the iodine (Figure IV-8b).104 Che has proposed 

similar structures regarding a perfluorinated porphyrin supported Fe nitrenoid, where they 

propose that the active NR transfer reagent is a Fe nitrenoid iminoiodinane adduct and is 

supported by ESI-MS and computational studies (Figure IV-8b).343 However, the 

chemical non-innocence of the porphyrin ring was not considered in Che’s study, where a 

tucked-in Fe iminoiodinane adduct would have the same ESI-MS signal as a Fe nitrenoid 

iminoiodinane adduct. Zhang and de Bruin have characterized a porphyrin supported 

Co(III) bis-nitrenoid via EPR, UV-vis, XAS, and ESI-MS, however the reactivity of this 

species has yet to be investigated (Figure IV-8b).35 
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Figure IV-8. Proposed intermediates in C–H amination chemistry with IV-7 and the 

literature precedents. (a) Exposure of Fe tuck-in IV-7 to PhINTs makes putative Fe 

nitrenoid IV-10, which then transfers the N-tosyl fragment which was bound initially to 

PhINTs. (b) Proposed oxo and nitrenoid transfer reagents, which feature either a terminal 

nitrenoid hypervalent iodine adduct, or a bis-nitrenoid. 

 

 With the characterization data of complex IV-7 in hand, and considering the 

precedent in the literature, we propose the catalytic cycle pictured in Figure IV-9. First, 

we propose that porphyrin IV-6 and 2 equivalents of PhINTs forms Fe tuck-in 

iminoiodinane complex IV-11. Upon loss of iodobenzene and introduction of styrene, 

radical addition from the Fe nitrenoid to styrene forms intermediate IV-12. Subsequent 

radical cyclization generates the aziridine, which will then disassociate to afford complex 

IV-13. The cycle is completed once another molecule of PhINTs binds to IV-7, forming 

IV-11. 
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Figure IV-9. Proposed catalytic cycle of the aziridination of styrene via IV-7. 

Fe(tpp)Cl (IV-6) reacts with two equivalents of PhINTs to form tucked-in Fe 

iminoiodinane complex IV-11. Complex IV-11 reacts with one equivalent of styrene to 

form an aziridine and returns complex IV-7. 

 

 Future studies will be focused on elucidating the generality of porphyrin chemical 

non-innocence. We anticipate that use of both organic azides and hydroxyamines will also 

insert into the Fe–N bond, resulting in complexes similar to IV-7.31, 67, 68 We will 

investigate if these tucked-in Fe porphyrin species participate in C–H insertion catalysis. 

The results of these molecular studies provide the spectroscopic markers needed to 

elucidate the structures of metal-binding sites in enzyme catalyzed processes. Based on 
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the successes herein, we envision that cryogenic EPR will be provide insight to 

differentiate the different Fe species in situ. 

IV.4. Experimental Details 

IV.4.1 General Considerations 

Materials Solvents were obtained as ACS reagent grade. Unless otherwise noted, all 

chemicals and solvents were used as received. Benzaldehyde, styrene, and dichloroethane 

were obtained from Bean Town Chemical. Tosyl chloride was obtained from Alfa Aesar. 

Pyrrole was obtained from TCI America. Tosyl amine was obtained from Sigma Aldrich. 

Iodobenzene diacetate and adamantane were purchased from Acros. Potassium hydroxide 

and potassium bicarbonate were purchased from VWR Chemicals. Iron(II) chloride 

tetrahydrate was purchased from Fisher Scientific. 15N-ammonium chloride was obtained 

from Cambridge Isotope Laboratories. NMR solvents were purchased from Cambridge 

Isotope Laboratories and were degassed via three freeze-pump-thaw cycles. All NMR 

solvents were stored over 4 Å molecular sieves. Anhydrous dichloromethane was obtained 

from a drying column and stored over activated molecular sieves. All reactions were 

carried out at 23 °C unless otherwise noted. H2TPP243 and PhINTs344 were prepared 

according to literature methods. 

Characterization Details NMR spectra were recorded on Bruker Avance NEO 400 NMR 

operating at 400.09 MHz for 1H acquisitions and were referenced against solvent signals: 

(CD3)2SO (2.50 ppm, 1H) and CDCl3 (7.26 ppm, 1H).248 1H NMR data are reported as 

follows: chemical shift (δ, ppm), multiplicity (s (singlet), d (doublet), t (triplet), m 

(multiplet), br (broad), integration. X-band EPR spectra were recorded on a Bruker 
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ELEXSYS Spectrometer with a cryogen-free in-cavity temperature control system. ESI-

MS data was obtained using either Orbitrap FusionTM TribridTM Mass Spectrometer or 

Q ExactiveTM Focus Hybrid Quadrupole - OrbitrapTM Mass Spectrometer from 

Thermo Fisher Scientific. 

IV.4.2 Synthesis and Characterization 

Synthesis of FeCl(NTsTPP) IV-7 

 

IV-7 was prepared according to the following modification of literature methods.320 Under 

an N2 atmosphere a 1-L round-bottom flask was charged with FeCl(tpp) (0.502 g, 0.713 

mmol, 1.00 equiv), PhINTs (1.07 g, 2.77 mmol, 3.88 equiv), and CH2Cl2 (70 mL). The 

resulting reaction mixture was stirred at 23 °C for 25 min. Pentane (450 mL) was added 

slowly, resulting in a red precipitate. The obtained precipitate was isolated by vacuum 

filtration and washed with pentane. A 20-mL scintillation vial was charged with the 

resulting precipitate and MeOH (10 mL) and was allowed to stir vigorously for 10 min, 

resulting in a purple precipitate. The obtained precipitate was isolated by vacuum filtration 

and washed with cold MeOH and dried in vacuo to afford the title compound as a purple 

solid (0.330 g, 53% yield). 1H NMR (δ, 23 °C, CDCl3): 89.0 (br s, 2H), 84.1 (br s, 2H), 

81.5 (br s, 2H) 14.4 (br s, 2H), 13.7 (br s, 2H), 12.7 (s, 2H), 11.3 (s, 2H), 10.9 (s, 2H), 

10.4 (s, 2H), 6.9 (s, 2H), 6.1 (s, 4H), 4.0 (s, 4H), 2.5 (s, 3H), –28.4 (br s, 2H). Spectral 

data are well-matched to those reported in the literature. 
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Synthesis of 15N-tosyl Amine 

 

Na[15NTsCl] was prepared according to the following three-step procedure, which is 

modified from literature methods.345 A 25-mL round-bottom flask was charged with p-

toluenesulfonyl chloride (0.729 g, 3.80 mmol, 1.82 equiv), 15NH4Cl (0.115 g, 2.10 mmol, 

1.00 equiv), and distilled water (10 mL). The reaction mixture was heated at 50 °C and 

KHCO3 (0.635 g, 6.40 mmol, 3.05 equiv) was added. The reaction mixture was then 

refluxed at 100 °C for 10 h. The reaction mixture was cooled to 0 °C for 2 h at which time 

a white precipitate was observed. The obtained precipitate was isolated by vacuum 

filtration, washed with cold water, and dried in vacuo to obtain 15N-tosyl amine as white 

solid (0.155 g, 43% yield). 1H NMR (δ, 23 °C, CDCl3): 7.82 (d, J = 9 Hz, 2H), 7.33 (d, J 

= 6 Hz, 2H), 4.73 (d, J = 81 Hz, 2H), 2.44 (s, 3H). Spectral data are well-matched to those 

reported in the literature. 

Synthesis of 15N-PhINTs 

 

This compound was prepared according to the following modification of literature 

methods.344 Under an N2 atmosphere 100-mL Schlenk tube was charged with 15N-tosyl 

amine (0.199 g, 0.00116 mmol, 1.00 equiv) potassium hydroxide (0.178 g, 0.00318 mmol, 

2.74 equiv) and methanol (2 mL). Iodobenzene diacetate (0.412 g, 0.00128 mmol, 1.10 

equiv) was added slowly at 0 °C and the reaction was let stir for 1 h at this temperature. 
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The resulting solution was let stir at 23 °C for 1 h. To this resulting solution ice water (15 

mL) was added and the resulting solution was sonicated, upon which a white solid was 

obtained. The solid was isolated via filtration, washed with MeOH (5 mL), and dried in 

vacuo to afford 0.230 g of 15N-PhINTs (53% yield). 1H NMR (δ, 23 °C, ((CD3)2SO): 7.70 

(d, 2H), 7.45 (d, 3H), 7.30 (t, 2H), 7.07 (d, 2H), 2.28 (s, 3H). Spectral data are well-

matched to those reported in the literature. 

IV.4.3 Reaction Details 

Aziridination of Styrene 

 

Under a N2 atmosphere, a 25-mL Schlenk tube was charged with IV-7 (0.0074 g, 0.0085 

mmol, 1 equiv), styrene (0.063 g, 0.61 mmol, 72 equiv), PhINTs (0.077 g, 0.20 mmol, 24 

equiv), and dichloroethane (2 mL). The reaction mixture was stirred at 23 °C overnight. 

The resulting reaction mixture was concentrated in vacuo, resulting in a dark red solid. 

The product was analyzed via 1H NMR (mesitylene (2 μL) added as internal standard), 

which indicated formation of aziridine IV-8 (32%). 

Amination of Adamantane 

 

Under a N2 atmosphere a 25-mL Schlenk tube was charged with IV-7 (0.0090 g, 0.010 

mmol, 1 equiv), adamantane (0.080 g, 0.58 mmol, 58 equiv), PhINTs (0.078 g, 0.21 mmol, 
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21 equiv), and dichloroethane (2 mL). The reaction mixture was stirred at 23 °C overnight. 

The resulting reaction mixture was concentrated in vacuo, resulting in a dark red solid. 

The product was analyzed via 1H NMR (mesitylene (2 μL) added as internal standard), 

which indicated formation of sulfonamide IV-9 (42%). 

IV.4.4 In Situ 1H NMR and EPR Details 

General Procedure for Monitoring Fe Speciation During Catalysis 

Under a N2 atmosphere, a 25-mL Schlenk tube was charged with IV-7 (0.0074 g, 0.0085 

mmol, 1 equiv), styrene (0.063 g, 0.61 mmol, 72 equiv), PhINTs (0.077 g, 0.20 mmol, 24 

equiv), and dichloroethane (2 mL). The reaction mixture was stirred at 23 °C for the 

appropriate time. An aliquot was removed from the reaction mixture and was analyzed via 

X-band EPR, which indicated the ratio of IV-7 to IV-6. The remaining solution was 

concentrated in vacuo, resulting in a dark red solid. This product was analyzed via 1H 

NMR (mesitylene (2 μL) added as internal standard), which indicated formation of 

sulfonamide IV-9. 
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CHAPTER V  

STRUCTURAL CHARACTERIZATION OF A CU NITRENOID 

 

V.1. Introduction 

 In a seminal study, Kwart and Khan demonstrated the utility of copper catalyzed 

C–H insertion of cyclohexane using sulfonyl azides as a nitrenoid source.58, 59 Since then, 

copper catalyzed C–H and C=C transformations, which are hypothesized to proceed 

through a Cu nitrenoid intermediate, have become ubiquitous.346-348 Despite the utility of 

Cu nitrenoids in synthesis, only a few systems have been either spectroscopically or 

structurally characterized.349-351 Warren and coworkers have structurally characterized 

several Cu nitrenoid complexes (V-1, V-2, and V-3), which will disassociate in solution 

to form a terminal Cu nitrenoid and subsequently react with C–H bonds (Figure V-1).237, 

352-354 Lancaster and Betley structurally characterized the first monomeric terminal Cu 

nitrene (V-4). These structures feature a high degree of steric bulk about the Cu–N bond, 

which suppress bimolecular reaction chemistry, and the characterized structure is thus not 

reactive with C–H bonds or olefins (Figure V-1).60 While these structures can provide new 

structural insights into copper nitrenes, they do not participate in the chemistry of interest 

and thus delineation of the structure-activity relationships that are critical to the rational 

design of new catalyst systems has not been possible.  
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Figure V-1. Structurally characterized Cu nitrenoid complexes.  Complexes V-1 and 

V-2 are dimeric bis-Cu nitrenoid complexes, which will disassociate in solution to afford 

reactive terminal Cu nitrenoid fragments. Similarly, V-3 is a dimeric terminal Cu 

nitrenoid, which will disassociate to form a reactive monomeric Cu nitrenoid. Terminal 

monomeric Cu nitrene V-4 features substantial steric bulk about the Cu–N bond, which 

precludes any C–H functionalization reactivity. 

 

 We have been interested in direct structural characterization of transient 

intermediates involved in C–H functionalization reactions via in crystallo 

photosynthesis.287, 288 We have demonstrated that α-bound organic azide adducts of Rh 

centers serve as potent photoprecursors for Rh nitrenes, which has enabled the direct 

structural characterization of triplet nitrene Rh adducts.200, 201 However, the poor Lewis 

basicity of organic azides makes them weakly coordinating ligands and thus easily 

displaced by coordinating solvent or substrates containing heteroatoms. In chapter II, we 

demonstrated that dissolution of N-haloamide Mn porphyrins in 2-Me-THF facilitated the 

characterization cryogenic UV-vis and EPR spectroscopies. This technique is unavailable 

in the Rh azide chemistry, due to 2-Me-THF displacement of the organic azide.  
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 Here, we present a family of Cu(II) complexes featuring α-bound organic azide 

ligands in which a pyridine tether renders these complexes stable in coordinating solvents. 

This family of complexes is comprised of both mono- and bis-azide adducts with inner-

sphere Cl and OTf ligands and are fully characterized in both solution phase and solid-

state. These complexes are photoactive in the solution phase and solid-state, where 

prolonged photolysis ultimately yield Cu imine complexes via intramolecular HAT. 

Photolysis in crystallo at 100 K results in photopromoted extrusion of N2 and furnishes 

both a formal Cu(III) iminyl radical and also a Cu(II) bis-imine, depending on the identity 

of inner sphere ligand used. These observations establish the utility of tethered organic 

azide complexes and their stability in coordinating solvents. Furthermore, these structures 

provide a complete snapshot of the N2 loss and H-atom migration pathway that underpins 

the reaction chemistry of alkyl azides. 

V.2. Results 

V.2.1 Coordination Chemistry of Cu(II) with Pyridyl Azide Ligands 

 Complexes V-6 and V-7 were prepared according to the following modification of 

literature methods.355 Titration of CuCl2 with 2-(azidomethyl)pyridine (V-5) in MeOH 

resulted in sequential formation of two Cu azide adducts: (CuCl2(2-

(azidomethyl)pyridine))2 (V-6) and CuCl2(azidomethyl)pyridine)2 (V-7) (Figure V-2 and 

V-3). Concentration-dependent UV-vis spectra display isosbestic points connecting CuCl2 

and V-6 at 0-0.029 M [IV-5] and isosbestic points connecting V-6 and V-7 at 0.029-0.29 

M [V-5] indicating the absence of steady-state intermediates in these reactions (Figures 

V-2 and V-3). The UV-vis spectrum of V-6 displays an absorbance at 816 nm (ε = 136 M–
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1cm–1) and V-7 displays an absorbance at 690 nm (ε = 144 M–1cm–1) (Figures V-2 and V-

3). The infrared (IR) spectrum of V-6 displays υN3 at 2240 and 2167 cm–1 and V-7 displays 

υN3 at 2134 and 2101 cm–1. Neither V-6 or V-7 display 1H NMR features.  

 

Figure V-2. UV-vis spectra obtained during titration of CuCl2 with V-5.  Treatment 

of CuCl2 with V-5, results in formation of CuCl2(2-(azidomethyl)pyridine) V-6. Spectra 

were collected in MeOH at 23 °C. The UV-vis spectra were collected at [V-5] of 0-0.029 

M. The well-anchored isosbestic points at 466 nm and 574 nm indicate the absence of 

steady-state intermediates in the conversion of CuCl2 (––) to V-6 (––). 
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Figure V-3. UV-vis spectra obtained during titration of V-6 with V-5.  Treatment of 

V-6 with V-5, results in formation of CuCl2(2-(azidomethyl)pyridine)2 V-7. Spectra were 

collected in MeOH at 23 °C. The UV-vis spectra were collected at [V-7] of 0.029-0.29 M. 

The well-anchored isosbestic point at 757 nm indicates the absence of steady-state 

intermediates in the conversion of V-6 (––) to V-7 (––). 

 

 Cu complexes V-6 and V-7 are only soluble in MeOH and cannot be redissolved 

once crystallized. Thus, we sought to use Cu(OTf)2 as a more soluble Cu(II) source. 

Exposure of Cu(OTf)2 to MeCN solutions of V-6 resulted in formation of one Cu azide 

adduct: Cu(OTf)2(PyN3)2 (V-8) (Figure V-4). The UV-vis spectrum of V-8 displays an 

absorbance at 698 nm (ε = 61.6 M–1cm–1) The infrared (IR) spectrum of V-8 displays υN3 

at 2161 and 2105 cm–1. V-8 is 1H NMR silent. 
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Figure V-4. UV-vis spectra obtained during titration of Cu(OTf)2 with V-5.  

Treatment of Cu(OTf)2 with 2-(azidomethyl)pyridine V-5, results in formation of 

Cu(OTf)2(PyN3)2 V-8. Spectra were collected in MeCN at 23 °C. The UV-vis spectra were 

collected at [V-5] of 0-0.0634 M in the conversion of Cu(OTf)2 (––) to V-8 (––). 

 

 Single-crystals of V-6 and V-7 were obtained via ether vapor diffusion into a 

saturated MeOH solution of CuCl2 and V-5, at the respective concentration. Solid-state 

structures of V-6 and V-7 are collected in Figure V-5 and the relevant refinement data are 

collected in Section V.5.3. All metrical parameters are well matched to the reported 

structure.355 

 Single crystals of V-8 were obtained via vapor diffusion of Et2O into a saturated 

MeCN solution of Cu(OTf)2 and V-5. The solid-state structure of V-8 is collected in 

Figure V-5 and the relevant refinement data are collected in Section V.5.3. The Cu(II) 
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center of V-8 is 6-coordinate and is approximately octahedral. Two 2-

(azidomethyl)pyridine ligands occupy the four equatorial sites with the azide moieties 

trans to each other, where Cu(1)–N(1) = 2.1034(2) Å and Cu(1)–N(2) = 1.9837(2) Å. The 

two apices are occupied by triflate groups where Cu(1)–O(1) = 2.3252(1) Å. Comparison 

of the Cu(1)–N(1) distance to other reported Cu(II)–N α-bound organic azide complexes 

in a pseudo-octahedral ligand field shows a relatively short Cu(1)–N(1) bond distance in 

V-8 (Table V-1). For example, the Cu(1)–N(1) distance in Cu(NO3)2(V-5)2 is 2.398(1) Å 

and changing the apical ligand to triflate in V-8 results in a contraction of ~0.3 Å. We 

hypothesize that the Cu(1)–N(1) bond length is short in comparison of V-7 due to the 

enhanced Lewis acidity from OTf being a weaker donor. 

 

Figure V-5. Displacement ellipsoid plots of the Cu azide complexes.  H-atoms have 

been omitted for clarity. Ellipsoids drawn at 50% probability. Selected bond lengths (Å): 

V-6, Cu1–N1 = 2.043(2); V-7, Cu1–N1 = 2.413(3); V-8, Cu1–N1 = 2.1034(2). 
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Table V-1. Comparison of Cu–N distances in crystallographically characterized 

Cu(II) α-bound organic azide complexes. 

Complex Cu–N / Å 

V-6 2.043(2) 

V-7 2.413(3) 

V-8 2.1034(2) 

Cu(NO3)2(V-5)2 2.398(1)355 

CuCl2(PyEtN3) 2.2008(2)356 

CuCl2(Py(MeN3)2) 2.0996(2)355 

Cu(NO3)2(Py(MeN3)2) 2.0415(1)355 

Cu(hfac)2(N3TEMPO) 2.5545(2)357 

Cu(azidocyclohexylpyrazole) 2.079(2)358 

Cu3Gd2(hfac)8(OH)4(N3TEMPO) 2.656(6)359 

Cu3Dy2(hfac)8(OH)4(N3TEMPO) 2.663(6)359 

Cu2(OAc)4(azidopropanoate)2 2.2195(1)360 

 

V.2.2 Photolysis of Cu Azide Complexes 

 To test the competency of Cu complexes V-6¸ V-7, and V-8 as potential Cu 

nitrenoid precursors, steady state photolysis of optically dilute solutions of each of these 

complexes was performed. Here, only the photochemistry of complex V-6 will be 

discussed, as the photochemistry is representative of all three complexes. Photolysis of 

dilute a MeOH solution of V-6 (335 nm < hν) was monitored by UV-vis spectroscopy and 

resulted in new spectral features that are accessed via well-anchored isosbestic points at 

457 and 764 nm (Figure V-6). In situ IR analysis of a photolyzed KBr pellet of V-6, 

indicates both facile loss of N2, and formation of Cu imine V-10 (Figure V-9). To verify 

the identity of the final product in the photolysis, single-crystals of V-6 were photolyzed 

in a pentane suspension and subsequent dissolution and crystallization of the solid-state 

reaction mixture from MeOH afforded a single crystal of Cu amine V-9 (Figure V-12). 
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Compound V-9 can be envisioned as arising from N2 loss to generate a nitrenoid (V-15), 

which then subsequently rearranges to an imine (V-11), which then undergoes 

nucleophilic addition from MeOH to afford Cu-bound hemiaminal ether V-9 (Figure V-

16). The observed structure is consistent with the known low-temperature rearrangement 

of alkyl nitrenes.361 The data from the solution-phase and solid-state photolyses of V-7 

and V-8 are collected in Figures V-7-V-11. 

 

Figure V-6. UV−vis spectra collected during the photolysis of V-6 in MeOH (335 nm 

< λ).  Isosbestic points are observed at 457 and 764 nm, which indicate the lack of a steady-

state intermediates in the conversion of V-6 (––) to V-9 (––). 
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Figure V-7. UV−vis spectra collected during the photolysis of V-7 in MeOH (335 nm 

< λ).  An isosbestic point is observed at 832 nm, which indicates the lack of a steady-state 

intermediates in the conversion of V-7 (––) to V-10 (––). 
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Figure V-8. UV−vis spectra collected during the photolysis of V-8 in MeCN (335 nm 

< λ).  (a) UV-vis spectra obtained during the entire photolysis of V-8 (––) to V-14 (––), 

which feature two sets of isosbestic points. The two sets of isosbestic points suggest that 

each azide reacts sequentially, rather than both simultaneously, to form V-14. (b) UV-vis 

spectra that show the first isosbestic point at 658 nm upon the photolysis of V-8, forming 

mono-azide V-13 (––). (c) UV-vis spectra that show the second isosbestic point at 703 

nm, forming bis-imine complex V-14 (––). 
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Figure V-9. IR spectra collected during the photolysis (335 nm < λ) of V-6 in a KBr 

pellet.  (a) Full spectral range. (b) Expansion of the spectral window depicting the change 

in the azide stretching region, which features complete azide consumption to form V-11. 

(c) Expansion of the N–H and C–H strectching frequency region, which features a new 

peak at 3235 cm–1 which is attributed to the new N–H imine bond in V-11. (d) Expansion 

of the fingerprint region, which features a new peak at 1596 cm–1 which is attributed to 

the new C=N bond in V-11. 
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Figure V-10. IR spectra collected during the photolysis (335 nm < λ) of V-7 in a KBr 

pellet.  (a) Full spectral range. (b) Expansion of the spectral window depicting the change 

in the azide stretching region, which features complete azide consumption to form V-12. 

(c) Expansion of the N–H and C–H strectching frequency region, which features a new 

peak at 3150 cm–1 which is attributed to the new N–H imine bond in V-12. (d) Expansion 

of the fingerprint region, which features a new peak at 1667 cm–1 which is attributed to 

the new C=N bond in V-12. 
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Figure V-11. IR spectra collected during the photolysis (335 nm < λ) of V-8 in a KBr 

pellet.  (a) Full spectral range. (b) Expansion of the spectral window depicting the change 

in the azide stretching region, which features complete azide consumption to form V-14. 

(c) Expansion of the N–H and C–H strectching frequency region, which features a new 

peak at 3069 cm–1 which is attributed to the new N–H imine bond in V-14. (d) Expansion 

of the fingerprint region where the peak for the new C=N bond in V-14 is obscured by the 

broad triflate peak at 1250 cm–1. 
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Figure V-12.  Photolysis (335 < λ) of single-crystals of V-6 in a pentane suspension, 

and subseqent crystallization of the reaction product in MeOH, yields single crystals 

of V-9. 

 

 

Figure V-13. Comparison of the IR spectra of Cu azide V-6 (––), Cu imine V-11 (––

), and Cu hemiaminal ether V-9 (––). 
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Figure V-14. Photolysis (335 < λ) of single-crystals of V-7 in a pentane suspension, 

and subseqent crystallization of the reaction product in MeOH, yields single crystals 

of V-9. 

 

 

Figure V-15. Comparison of the IR spectra of Cu azide V-7 (––), Cu imine V-12 (––

), and Cu hemiaminal ether V-9 (––). 
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Figure V-16. Proposed reaction pathway. Photolysis of V-6 results in N2 extrusion 

forming Cu nitrenoid V-15, which undergoes intramolecular HAT forming Cu imine 

V-11. Exposure of imine V-11 to MeOH furnishes hemiaminal ether V-9 upon 

crystallization. 

 

V.2.3 Photocrystallography 

 Photolysis (λ = 365 nm) of a single-crystal of V-6 at 100 K promoted in crystallo 

synthesis of Cu nitrenoid V-15 (Figure V-17). Reaction progress was monitored by 

periodic collection of X-ray crystal structures (synchrotron radiation, λ = 0.41328 Å). 

Refinement of the resulting data indicated that the extrusion of N2 generates Cu nitrenoid 

V-15 with 30% chemical conversion (Figure V-17). Elimination of N2 from V-6 is 

accompanied by the elongation of Cu(1)–N(1) from 2.043(2) Å (V-6) to 2.13(4) Å (V-15). 

Concurrent with N2 extrusion and Cu(1)–N(1) elongation, significant contraction of the 

C(1)–N(1) bond is also observed from 1.476(3) Å to 1.38(3) Å. The conversion of V-6 to 

V-15 is also accompanied by a contraction of the Cu(1)–N(1)–C(1) angle from 117.9(2)° 

to 114(2)°. Attempts to reach higher conversions via prolonged irradiation were 

unsuccessful due to loss of crystallinity. 

 DFT geometry optimization of V-15 has been pursued as a triplet (i.e., iminyl 

radical dimer) and a septet (i.e., triplet nitrene dimer) electronic configuration (PBE0 

functional, mod-LANL2DZ basis set for Cu, LANL2DZ(d,p) basis set for Cl, 6-31G(d’) 

basis set for light atoms) and optimization of V-11 has been pursued as a triplet (i.e. imine 
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dimer) electronic configuration (PBE0 functional, mod-LANL2DZ basis set for Cu, 

LANL2DZ(d,p) basis set for Cl, 6-31G(d’) basis set for light atoms). The calculated 

Cu(1)–N(1), C(1)–N(1) distances and Cu(1)–N(1)–C(1) angle for 3[V-15] are in excellent 

agreement with the experimentally defined parameters (Table V-2). In contrast, the 

optimized structures of 7[V-15] and 3[V-11] are not well matched to the experimental data. 

The optimized structure of 7[V-15] overestimates the Cu(1)–N(1) bond length and 

underestimates the Cu(1)–N(1)–C(1) angle. The optimized structure of 3[V-11] 

underestimates both the Cu(1)–N(1) and C(1)–N(1) bond lengths and overestimates the 

Cu(1)–N(1)–C(1) angle. 

 

 

Figure V-17. Solid state structure of V-6 and V-15. Thermal ellipsoids are drawn at 

50% probability. H atoms removed for clarity.  The structure shown here results from 

refinement of a data set collected at 30% conversion. Comparison of the bond metrics 

derived from the X-ray structure with those computed for 3[V-15], 7[V-15], 3[V-11] 

indicate excellent agreement with the triplet nitrenoid electronic configuration. 
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Table V-2. Comparison of computed and experimental bond lengths for V-15 (iminyl 

radical).  Experimental distances are derived from the X-ray structure of compound V-6. 

Computed distances are derived from optimization of V-15 as different spin states, and as 

the imine (V-11). 

 V-6  

(exp.) 

V-15 

(exp.) 

3[V-15] 

(comp.) 

7[V-15] 

(comp.) 

3[V-11] 

(comp.) 

Cu–N / Å 2.043(2) 2.13(4) 2.08 2.31 2.00 

C–N / Å 1.476(3) 1.38(3) 1.40 1.41 1.27 

Cu–N–C / ° 117.9(2) 114(2) 114.5 110. 116.8 

C–C–N–Cu / ° 14.67 12.40 27.70 16.57 2.960 

 

 In contrast to the observed photoextrusion of N2 in crystallo from V-6, which 

unveils a Cu iminyl radical, photopromoted (λ = 365 nm) N2 extrusion from V-8 in 

crystallo at 100 K affords Cu imine V-14. Reaction progress was monitored by periodic 

collection of X-ray crystal structures (synchrotron radiation, λ = 0.41328 Å). Refinement 

of the resulting data indicated that the extrusion of N2 generates Cu imine V-14 with 90% 

chemical conversion (Figure V-18). Elimination of N2 from V-8 is accompanied by the 

contraction of Cu(1)–N(1) from 2.103(2) Å (V-8) to 2.043(4) Å (V-14). Concurrent with 

N2 extrusion and Cu(1)–N(1) elongation, significant contraction of the C(1)–N(1) bond is 

also observed from 1.478(2) Å to 1.323(6) Å. The conversion of V-8 to V-14 is also 

accompanied by expansion of the Cu(1)–N(1)–C(1) angle from 107.84(1)° to 112.8(3)°. 

Additionally, due to the high quality of data (synchrotron radiation), the position of H(2) 

was refined from the electron difference map, and not added using a riding model. 

 DFT geometry optimization of V-14 has been pursued as a doublet (i.e. bis-imine) 

electronic configuration (PBE0 functional, mod-LANL2DZ basis set for Cu, 6-31G(d’) 

basis set for light atoms) and optimization of V-16 has also been pursued as a quartet (i.e. 

bis-iminyl radical) and sextet (i.e. bis-triplet nitrene) electronic configuration (PBE0 
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functional, mod-LANL2DZ basis set for Cu, 6-31G(d’) basis set for light atoms). The 

calculated Cu(1)–N(1) and C(1)–N(1) distances for 2[V-14] are in excellent agreement 

with the experimentally defined parameters (Table V-3). In contrast, the optimized 

structures of 4[V-16] and 6[V-16] are not well matched to the experimental data. The 

optimized structure of 4[V-16] overestimates both the Cu(1)–N(1) and C(1)–N(1) bond 

length and underestimates the Cu(1)–N(1)–C(1) angle. The optimized structure of 6[V-16] 

overestimates both the Cu(1)–N(1) and C(1)–N(1) bond lengths and underestimates the 

Cu(1)–N(1)–C(1) angle. 

 

 

Figure V-18. Solid state structure of V-8 and V-14.  Thermal ellipsoids are drawn at 

50% probability. H atoms removed for clarity. The structure shown here results from 

refinement of a data set collected at 90% conversion. Comparison of the bond metrics 

derived from the X-ray structure with those computed for 2[V-14], 4[V-16], 6[V-16] 

indicate excellent agreement with the doublet bis-imine electronic configuration. 
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Table V-3. Comparison of computed and experimental bond lengths for V-14. 

Experimental distances are derived from the X-ray structure of compound V-8. Computed 

distances are derived from optimization of V-14 and V-16. 

 V-8  

(exp.) 

V-14 

(exp.) 

2[V-14] 

(comp.) 

4[V-16] 

(comp.) 

6[V-16] 

(comp.) 

Cu–N / Å 2.103(2) 2.043(4) 2.003 2.373 2.356 

C–N / Å 1.478(2) 1.323(6) 1.274 1.406 1.407 

Cu–N–C / ° 107.84(1) 112.8(3) 115.6 107.3 108.0 

 

V.3. Discussion 

 In crystallo photochemistry provides a platform to investigate intermediates 

involved in reaction mechanisms. The photolysis of organic azides often result in 

rearrangements affording either imines via the Schmidt rearrangement or isocyanates via 

the Curtius rearrangement (Figure V-19).50-52 When considering the mechanism of the 

Schmidt rearrangement, the imine could either occur from a singlet nitrene, which then 

undergoes intramolecular HAT. Alternatively, the imine could come from a concerted 

transition state, where the azide Nα–Nβ bond is cleaved simultaneously as the vicinal C–

H is transferred to the nitrogen, without ever passing through a nitrene (Figure V-19). The 

concerted pathway is understood to be the operative pathway in free alkyl azide 

molecules.53-55, 361  
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Figure V-19. The two possible pathways of imine formation via alkyl azide 

decomposition. The top pathway depicts a step-wise mechanism, where the N–N bond 

cleaves forming a singlet nitrene, which then undergoes HAT to form the imine. The 

bottom pathway shows a concerted pathway, where a nitrene is not involved in formation 

of the imine. 

  

 All of the prepared Cu azide complexes feature α-bound azide ligands, tethered to 

the Cu center via a pyridine directing group. Organic azide ligands are known as potential 

photoprecursors to metal nitrenes, but few kinetically stable adducts are known. Further, 

most known transition metal azide adducts are easily displaced by coordinating solvent, 

or other Lewis basic molecules. We have demonstrated that V-6, V-7, and V-8 remain 

intact in coordinating solvents such as MeOH and MeCN due to the pyridine tether, thus 

we expect that use of chelating organic azides will be used to expand the synthetic utility 

of transition metal organic azide adducts. 

 We have demonstrated that each of the prepared Cu azide adducts are photoactive 

in the solution phase and solid-state, as indicated by the in situ UV-vis and IR experiments. 

Complexes V-6 and V-7 lose N2 upon photolysis in MeOH to afford hemiaminal ether V-

9. Solid-state photolysis of V-6 and V-7 shows that first photopromoted N2 loss results in 

a Cu imine, which subsequently reacts with nucleophilic MeOH upon dissolution to form 

V-9. Similarly, solid-state photolysis of V-8 results in a Cu imine complex. The 
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demonstrated proclivity of Cu alkyl azide adducts to undergo intramolecular HAT to 

afford Cu imines is well-matched to literature reports which find photolysis of alkyl azides 

leads to an alkyl imine via a concerted transition state (Figure V-19). 

 In crystallo photolyses of both V-6 and V-8 demonstrate that both Cu nitrenoid 

and Cu imine complexes can be directly accessed at 100 K. Photolysis of V-6, which 

features chloride ligands in the primary coordination sphere, in a single-crystal results in 

formation of iminyl radical V-15 with no evidence of imine formation. In contrast, 

photolysis of V-8, which features OTf ligands, in a single-crystal affords imine V-14 

without passing through an observable Cu nitrenoid at 100 K. 

 We have shown that by changing the primary coordination sphere, either via 

geometry (i.e. octahedral vs trigonal bipyramidal) or ligand identity, affects the relative 

barrier height between concerted and stepwise reactivity. Importantly, this study 

demonstrates the possibility that an alkyl nitrene might be implicated in imine formation 

from alkyl azides. These results are consistent with a Co(III) iminyl radical complex we 

structurally characterized in collaboration with Betley and coworkers.288 Co complex V-

18 features an alkyl iminyl radical, which will undergo intramolecular HAT to form imine 

V-19 upon warming, similar to iminyl radical V-15 (Figure V-20). We anticipate that in 

crystallo photolysis of functionalized alkyl azides with proximal methyl and phenyl 

groups will afford the same result, formation of an iminyl radical and then subsequent 

group transfer to form alkyl imines. 
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Figure V-20. In crystallo generation of iminyl radical V-18 proceeds from azide V-17 

with no evidence of imine formation. Thermolysis of V-18 affords imine V-19. 

 

V.4. Concluding Remarks 

 Here, we have shown the characterization of Cu bound alkyl nitrenoid intermediate 

V-15, which rapidly rearranges to the corresponding imine at room temperature, but can 

be observed in crystallo at 100 K. Furthermore, we have evidence which suggests that 

perturbation of the primary coordination sphere changes the relative barrier height to select 

for stepwise vs. concerted reaction pathways. In crystallo photolysis of V-8, which 

features two apical triflate anions and two azide ligands, at 100 K affords Cu imine V-14 

in high yield with no evidence of Cu nitrenoid formation. Further spectroscopic and 

structural investigations at 10 K will be undertaken to see if a Cu nitrenoid can be trapped 

upon the photolysis of V-8. Future experiments, such as the in crystallo photolysis of V-

7, will be diagnostic in our understanding of the importance of the apical triflate ligand vs. 

two azide ligands bound in the equatorial plane for in crystallo formation of V-16. 
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V.5. Experimental Details 

V.5.1 General Considerations 

Materials 

Unless otherwise noted, all the chemicals and solvents (ACS reagent grade) were used as 

received. 2-(Chloromethyl)pyridine hydrochloride was purchased from Matrix Scientific. 

Copper(II) trifluoromethanesulfonate (Cu(OTf)2) was purchased from TCI America. 

Sodium azide was purchased from Bean Town Chemical. Copper(II) chloride dihydrate 

(CuCl2·2H2O) was purchased from J.T. Baker. NMR solvents were purchased from 

Cambridge Isotope Laboratories. CD3CN was stored over 3 Å molecular sieves and all 

other NMR solvents were stored over 4 Å molecular sieves. 2-(Azidomethyl)pyridine (V-

5)362 was prepared according to literature methods. 

Characterization Details NMR spectra were recorded on Bruker Avance NEO 400 NMR 

operating at 400.09 MHz for 1H acquisitions and were referenced against solvent signals: 

CD3CN (1.94 ppm, 1H) CD3OD (3.31, 1H).248 1H NMR data are reported as follows: 

chemical shift (δ, ppm), multiplicity (s (singlet), d (doublet), t (triplet), m (multiplet), br 

(broad), integration. UV-vis spectra were recorded at 293 K in quartz cuvettes on a 

Shimadzu UV-2501PC UV-vis-NIR spectrophotometer (200–1000 nm) and were blanked 

against the appropriate solvent. IR spectra were recorded on a Shimadzu FTIR/IRAffinity-

1 spectrometer. Spectra were blanked against air and were determined as the average of 

64 scans. IR data are reported as follows: wavenumber (cm–1), peak intensity (s, strong; 

m, medium; w, weak). 
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X-ray Diffraction Details X-ray crystal structures of V-6, V-8, V-14, and V-15 were 

collected using synchrotron radiation (0.41328 Å) at ChemMatCARS located at the 

Advanced Photon Source (APS) housed at Argonne National Laboratory (ANL). Crystals 

suitable for X-ray diffraction were mounted on a glass fiber and data was collected at 100 

K (Cryojet N2 cold stream) using a vertically mounted Bruker D8 three-circle platform 

goniometer equipped with a PILATUS3 X CdTe 1M detector. Data were collected as a 

series of φ and/or ω scans. Data were integrated using SAINT and scaled with a multi-

scan absorption correction using SADABS. Structures were solved by intrinsic phasing 

using SHELXT (Apex2 program suite v2014.1) and refined against F2 on all data by full 

matrix least squares with SHELXL97.251, 252 All non-hydrogen atoms were refined 

anisotropically. H atoms were placed at idealized positions and refined using a riding 

model. Refinement details are described in the relevant cif. 

All other X-ray crystal structures were collected via a Bruker APEX 2 Duo X-ray (three-

circle) diffractometer was used for crystal screening, unit cell determination, and data 

collection for all other X-ray crystal structures. Crystal suitable for X-ray diffraction were 

mounted on a MiTeGen dual-thickness micro-mount and placed under a cold N2 stream 

(Oxford). The X-ray radiation employed was generated from a Mo sealed X-ray tube (Kα 

= 0.70173 Å with a potential of 40 kV and a current of 40 mA). Bruker AXS APEX II 

software was used for data collection and reduction. Absorption corrections were applied 

using the program SADABS. A solution was obtained using XT/XS in APEX2 and refined 

in Olex2.251-253 Hydrogen atoms were placed in idealized positions and were set riding on 

the respective parent atoms. All non-hydrogen atoms were refined with anisotropic 
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thermal parameters. The structure was refined (weighted least squares refinement on F2) 

to convergence.252 

Computational Details Calculations were performed using the Gaussian 16, Revision 

C.01 suite of software.254 Geometry optimizations were carried out with the PBE0 

functional296 in conjunction with Grimme’s D3 empirical dispersion297 and Becke-

Johnson damping [EMP=GD3BJ],298 the mod-LANL2DZ basis set299 and corresponding 

ECP for Cu,300 the LANL2DZ(d,p) basis set259, 363 and corresponding ECP for Cl,364 and 

the 6-311+G* basis set for other atoms;301 the coordinates for optimized geometries are 

tabulated in Tables V-11–V-17. Frequency calculations at this level of theory confirmed 

that optimized geometries represent ground state structures.  

V.5.2 Synthesis and Characterization 

Synthesis of 2-(azidomethyl)pyridine (V-5) 

 

Compound V-5 was prepared according to the following modification of literature 

methods.362 A 50-mL round-bottom flask was charged with 2-(chloromethyl)pyridine 

hydrochloride (0.070 g, 0.43 mmol, 1.0 equiv.), NaN3 (0.11 g, 1.7 mmol, 4.0 equiv.), and 

H2O (10 mL). The reaction mixture heated to 100 °C and stirred for 12 h. The reaction 

mixture was then cooled to 23 °C and CH2Cl2 (20 mL) was added. The organic phase was 

separated and the aqueous phase was extracted with CH2Cl2. The combined organic layers 

were dried over Na2SO4. Solvent was removed in vacuo to afford the title compound as a 

pale-yellow oil (0.073 g, 99% yield). 1H NMR (δ, 23 °C, CDCl3): 8.81 (d, 1H), 7.72 (td, 
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1H) 7.36 (d, 1H), 7.23 (d, 1H), 4.49 (s, 2H). IR (ATR, cm–1): 2098 (s). Spectral data are 

well-matched to those reported in the literature. 

Synthesis of (CuCl2(PyN3))2 (V-6) 

 

Compound V-6 was prepared according to the following modification of literature 

methods.355 A 20-mL scintillation vial was charged with CuCl2·2H2O (0.0056 g, 0.033 

mmol, 1.0 equiv.) and MeOH (1.0 mL). Separately, a 20-mL scintillation vial was charged 

with 2-(azidomethyl)pyridine (0.0011 g, 0.085 mmol, 2.6 equiv.) and MeOH (1.8 mL). 

The two solutions were combined, and the resulting reaction mixture was stirred at 23 °C 

for 5 min. Slow diffusion of diethyl ether into the MeOH solution resulted in 

crystallization of the title compound (0.0025 g, 18% yield following crystallization); 

single-crystal X-ray diffraction data is collected in Figure V-21 and Table V-4. IR (KBr 

pellet, cm-1): 3428 (m), 3112 (w), 3079 (w), 3041 (w), 2942 (w), 2923 (w), 2238 (m), 

2167 (s), 1611 (w), 1570 (w), 1485 (w), 1447 (w), 1426 (w), 1383 (w), 1355 (w), 

1293 (m), 1238 (w), 1157 (w), 1110 (w), 1057 (w), 1024 (w), 1001 (w), 960 (w), 898 

(w), 777 (m), 714 (w), 640 (w), 529 (w), 472 (w), 417(w). UV-vis (MeOH), λmax (nm, 

ε (M-1cm-1)): 816 (ε 1.3 × 102). 
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Synthesis of CuCl2(PyN3)2 (V-7) 

 

Compound V-7 was prepared according to the following modification of literature 

methods.355 A 20-mL scintillation vial was charged with CuCl2·2H2O (0.0041 g, 0.024 

mmol, 1.0 equiv.) and MeOH (1.0 mL). Separately, a 20-mL scintillation vial was charged 

with 2-(azidomethyl)pyridine (0.096 g, 0.72 mmol, 30 equiv.) and MeOH (1.4 mL). The 

two solutions were combined, and the resulting reaction mixture was stirred at 23 °C for 

5 min. Slow diffusion of diethyl ether into the MeOH solution resulted in crystallization 

of the title compound (0.0040 g, 51% yield following crystallization); single-crystal X-

ray diffraction data is collected in Figure V-22 and Table V-5. IR (KBr pellet, cm-1): 3074 

(w), 2961 (w), 2293 (w), 2234 (w), 2205 (w), 2135 (s), 2101 (s), 1644 (w), 1602 (m), 

1571 (m), 1483 (m), 1444 (m), 1428 (m), 1384 (m), 1363 (w), 1314 (m), 1284 (m), 

1220 (m), 1160 (w), 1110 (w), 1055 (w), 1028 (w), 990 (w), 918 (m), 824 (m), 769 

(s), 639 (m), 610 (w), 543 (w), 471 (w), 433 (m), 401 (w). UV-vis (MeOH), λmax (nm, 

ε (M-1cm-1)): 690 (1.4 × 102). 
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Synthesis of Cu(OTf)2(PyN3)2 (V-8) 

 

A 20-mL scintillation vial was charged with Cu(OTf)2 (0.034 g, 0.094 mmol, 1.0 equiv.) 

and MeCN (1.0 mL). Separately, a 20-mL scintillation vial was charged with 2-

(azidomethyl)pyridine (0.041 g, 0.31 mmol, 3.3 equiv.) and MeCN (3.8 mL). The two 

solutions were combined, and the resulting reaction mixture was stirred at 23 °C for 5 min. 

Slow diffusion of diethyl ether into the MeOH solution resulted in crystallization of the 

title compound (0.030 g, 51% yield following crystallization); single-crystal X-ray 

diffraction data is collected in Figure V-23 and Table V-6. IR (KBr pellet, cm-1): 3107 

(w), 3070 (w), 3033 (w), 2918 (w), 2852 (w), 2160 (s), 2147 (m), 2107 (m), 1629 

(m), 1572 (w), 1487 (w), 1448 (w), 1429 (w), 1359 (w), 1274 (s), 1251 (s), 1172 (s), 

1035 (s), 766 (m), 716 (w), 648 (s), 579 (w), 518 (m), 428 (w). UV-vis (MeOH), λmax 

(nm, ε (M-1cm-1)): 698 (6.1 × 102). 

General Procedure for Photochemistry in a Pentane Suspension with Cu Azide 

Complexes 

A 20-mL Schlenk tube was charged with V-6 (0.0100 g, 0.0186 mmol, 1 equiv), pentane 

(3 mL). The reaction mixture was photolyzed for 24 h while stirring at 23 °C using a 100 

W Hg lamp with a 335 nm long-pass filter. The resulting suspension was filtered, and the 

recovered solids were dissolved in MeOH to afford a light blue solution. Single-crystals 

suitable for X-ray diffraction were obtained via slow diffusion of diethyl ether into the 
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MeOH solution for 1 d; single-crystal X-ray diffraction data is collected in Figure V-25 

and Table V-8.  
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V.5.3 Crystallographic Data 

 

Figure V-21. Displacement ellipsoid plot of (CuCl2(C6H7N4))2 (V-6) plotted at 50% 

probability. H-atoms are removed for clarity. The crystalline sample used in this 

diffraction experiment was obtained from vapor diffusion of diethyl ether into a saturated 

MeOH solution of V-6 at 23 °C. 
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Table V-4. X-ray experimental details of (CuCl2(C6H7N4))2 (V-6). 

Crystal data 

Chemical formula C6H6Cl2Cu1N4 

Mr 268.06 

Crystal system, space group Triclinic, P1 

Temperature (K) 100 

a, b, c (Å) 6.8198(5), 8.0550(6), 9.7707(8) 

α, β, γ (°) 68.112(3), 71.544(5), 89.271(4) 

V (Å3) 469.04(6) 

Z 2 

Radiation type Synchrotron,  = 0.41328 Å 

Μ (mm-1) 0.63 

Crystal size (mm) 0.2 × 0.2 × 0.1 

Data collection 

Diffractometer Bruker APEX-II CCD 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

5382, 1782, 1731 

Rint 0.046 

(sin )max (Å
-1) 0.625 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.039, 0.107, 1.23 

No. of reflections 1782 

No. of parameters 129 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.61, −1.37 
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Figure V-22. Displacement ellipsoid plot of CuCl2(C6H7N4)2 (V-7) plotted at 50% 

probability. H-atoms are removed for clarity. The crystalline sample used in this 

diffraction experiment was obtained from vapor diffusion of diethyl ether into a saturated 

MeOH solution of V-7 at 23 °C. 
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Table V-5. X-ray experimental details of CuCl2(C6H7N4)2 (V-7). 

Crystal data 

Chemical formula C12H12Cl2Cu1N8 

Mr 402.74 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 100 

a, b, c (Å) 8.3113(9), 9.382(1), 10.015(1) 

β (°) 100.712(3) 

V (Å3) 767.4(2) 

Z 4 

Radiation type Mo Kα 

μ (mm-1) 1.78 

Crystal size (mm) 0.2 × 0.2 × 0.1 

Data collection 

Diffractometer Bruker APEX-II CCD 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

5779, 1574, 1186 

Rint 0.059 

(sin )max (Å
-1) 0.625 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.037, 0.068, 1.02 

No. of reflections 1574 

No. of parameters 129 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.36, −0.42 
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Figure V-23. Displacement ellipsoid plot of Cu(CF3SO3)2(C6H7N4)2 (V-8) plotted at 

50% probability. H-atoms are removed for clarity. The crystalline sample used in this 

diffraction experiment was obtained from vapor diffusion of diethyl ether into a saturated 

MeCN solution of V-8 at 23 °C. 
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Table V-6. X-ray experimental details of Cu(CF3SO3)2(C6H7N4)2 (V-8). 

Crystal data 

Chemical formula C7H6Cu0.5F3N2O3S·N2 

Mr 314.99 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 100 

a, b, c (Å) 9.974(1), 8.3710(9), 14.231(2) 

β (°) 100.603(2) 

V (Å3) 1167.9(2) 

Z 4 

Radiation type Synchrotron, λ = 0.41328 Å 

μ (mm-1) 0.28 

Crystal size (mm) 0.2 × 0.2 × 0.1 

Data collection 

Diffractometer Bruker APEX-II CCD 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

13339, 2356, 1910 

 

Rint 0.044 

(sin max (Å
-1) 0.627 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.056, 0.162, 1.10 

No. of reflections 2365 

No. of parameters 173 

H-atom treatment H atoms treated by a mixture of independent and 

constrained refinement 

max, min (e Å-3) 1.77, −0.54 
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Figure V-24. Displacement ellipsoid plot of CuBr2(C6H7N4)2 plotted at 50% 

probability. H-atoms are removed for clarity. The crystalline sample used in this 

diffraction experiment was obtained from vapor diffusion of diethyl ether into a saturated 

MeCN solution of Cu(V-5)2Br2 at 23 °C. 
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Table V-7. X-ray experimental details of CuBr2(C6H7N4)2. 

Crystal data 

Chemical formula C12H12Br2CuN8 

Mr 491.66 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 110 

a, b, c (Å) 8.4316(8), 9.317(1), 10.314(1) 

β(°) 98.137 (3) 

V (Å3) 802.1(1) 

Z 2 

Radiation type Mo Kα 

μ (mm-1) 6.35 

Crystal size (mm) 0.2 × 0.1 × 0.1 

Data collection 

Diffractometer Bruker APEX-II CCD 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

7333, 1641, 1271 

 

Rint 0.071 

(sin )max (Å
-1) 0.625 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.040, 0.068, 1.05 

No. of reflections 1641 

No. of parameters 106 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.59, −0.51 

 

  



 

216 

 

 

Figure V-25. Displacement ellipsoid plot of (CuCl2(C7H10ON2))2 (V-9) plotted at 50% 

probability. H-atoms are removed for clarity. The crystalline sample used in this 

diffraction experiment was obtained from vapor diffusion of diethyl ether into a saturated 

MeOH solution of V-9 at 23 °C. 
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Table V-8. X-ray experimental details of V-9. 

Crystal data 

Chemical formula C7H10Cl2CuN2O 

Mr 272.61 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 110 

a, b, c (Å) 8.9101(8), 12.880(1), 9.739(1) 

β (°) 115.432(2) 

V (Å3) 1009.3(2) 

Z 4 

Radiation type Mo Kα 

μ (mm-1) 2.65 

Crystal size (mm) 0.2 × 0.2 × 0.1 

Data collection 

Diffractometer Bruker APEX-II CCD 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

18588, 2514, 1964 

Rint 0.088 

(sin )max (Å
-1) 0.668 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.044, 0.084, 1.06 

No. of reflections 2514 

No. of parameters 119 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.90, −0.63 
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Figure V-26. Displacement ellipsoid plot of (CuCl2(C6H7N4))2 (V-15) plotted at 50% 

probability. H-atoms are removed for clarity. The crystal used in this picture was obtained 

by in situ photolysis of V-6 which resulted in the expulsion of N2. Data was collected 

using synchrotron radiation (λ = 4.1328 Å) at 100 K. DFIX was used to refine the distance 

between N(2) and N(3) of the N2 molecule. The restraint SIMU was also used on the 

disordered N-atoms of the N2 molecule. 
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Table V-9. X-ray experimental details of (CuCl2(C6H7N4))2 (V-15). 

Crystal data 

Chemical formula C6H6Cl2CuN3.319·0.34(N2) 

Mr 267.97 

Crystal system, space group Triclinic, P1 

Temperature (K) 100 

a, b, c (Å) 6.953(1), 8.163(1), 9.707(2) 

α, β, γ (°) 67.984(4), 70.155(4), 88.946(4) 

V (Å3) 476.67(1) 

Z 2 

Radiation type Synchrotron, λ = 0.41328 Å 

μ (mm-1) 0.63 

Crystal size (mm) 0.2 × 0.2 × 0.1 

Data collection 

Diffractometer Bruker APEX-II CCD 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

6116, 1819, 1553 

Rint 0.056 

(sin )max (Å
-1) 0.621 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.061, 0.177, 1.11 

No. of reflections 1819 

No. of parameters 146 

No. of restraints 7 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 1.79, −0.41 
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Figure V-27. Displacement ellipsoid plot of (Cu(CF3SO3)2(C6H7N4))2 (V-14) plotted 

at 50% probability. H-atoms are removed for clarity. The crystal used in this picture was 

obtained by in situ photolysis of V-8 which resulted in the expulsion of N2. Data was 

collected using synchrotron radiation (λ = 4.1328 Å) at 100 K. H-atoms H(1) and H(2) 

were refined from the electron difference map. No restraints were used in the refinement. 

 

  



 

221 

 

Table V-10. X-ray experimental details of (Cu(CF3SO3)2(C6H7N4))2 (V-14). 

Crystal data 

Chemical formula C7H6Cu0.5F3N2O3S·N2 

Mr 314.99 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 100 

a, b, c (Å) 9.974(1), 8.3710(9), 14.231(2) 

β (°) 100.603(2) 

V (Å3) 1167.9(2) 

Z 4 

Radiation type Synchrotron, λ = 0.41328 Å 

μ (mm-1) 0.28 

Crystal size (mm) 0.2 × 0.2 × 0.1 

Data collection 

Diffractometer Bruker APEX-II CCD 

No. of measured, independent and 

 observed [I > 2s(I)] reflections 

13339, 2356, 1910 

Rint 0.044 

(sin )max (Å
-1) 0.627 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.056, 0.162, 1.10 

No. of reflections 2356 

No. of parameters 173 

H-atom treatment H-atoms treated by a mixture of independent and 

constrained refinement 

max, min (e Å-3) 1.77, −0.54 
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V.5.4 Computational Coordinates 

Table V-11. X,Y,Z coordinates for the optimized geometry of V-15 computed as 
a triplet at the PBE0 level of theory with mod-LANL2DZ (Cu), LANL2DZ(d,p) 
(Cl), and 6-31G(d,p) (light atoms) basis sets. 

Atom X Y Z 
Cu 3.173 5.397 4.795 
Cl 2.962 3.164 4.881 
Cl 2.411 5.538 2.654 
N 4.037 5.64 6.619 
N 3.862 7.317 4.69 
C 4.985 6.16 9.202 
H 5.29 6.336 10.062 
C 4.839 7.192 8.273 
H 5.045 8.069 8.506 
C 4.379 6.889 6.985 
C 4.189 4.628 7.532 
H 3.965 3.76 7.282 
C 4.664 4.854 8.814 
H 4.768 4.148 9.409 
C 4.258 7.979 5.948 
H 3.588 8.628 6.215 
H 5.106 8.437 5.838 
Cu 0.022 6.26 3.744 
Cl 0.234 8.494 3.658 
Cl 0.785 6.12 5.885 
N -0.841 6.018 1.92 
N -0.667 4.34 3.849 
C -1.79 5.498 -0.663 
H -2.095 5.321 -1.523 
C -1.644 4.466 0.266 
H -1.849 3.589 0.033 
C -1.183 4.768 1.554 
C -0.993 7.029 1.007 
H -0.769 7.897 1.257 
C -1.468 6.803 -0.275 
H -1.572 7.51 -0.87 
C -1.062 3.679 2.591 
H -0.392 3.03 2.324 
H -1.911 3.22 2.701 
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Table V-12. X,Y,Z coordinates for the optimized geometry of V-15 computed as 
a septet at the PBE0 level of theory with mod-LANL2DZ (Cu), LANL2DZ(d,p) 
(Cl), and 6-31G(d,p) (light atoms) basis sets. 

Atom X Y Z 
Cu 3.173 5.397 4.795 
Cl 2.962 3.164 4.881 
Cl 2.411 5.538 2.654 
N 4.037 5.64 6.619 
N 3.862 7.317 4.69 
C 4.985 6.16 9.202 
H 5.29 6.336 10.062 
C 4.839 7.192 8.273 
H 5.045 8.069 8.506 
C 4.379 6.889 6.985 
C 4.189 4.628 7.532 
H 3.965 3.76 7.282 
C 4.664 4.854 8.814 
H 4.768 4.148 9.409 
C 4.258 7.979 5.948 
H 3.588 8.628 6.215 
H 5.106 8.437 5.838 
Cu 0.022 6.26 3.744 
Cl 0.234 8.494 3.658 
Cl 0.785 6.12 5.885 
N -0.841 6.018 1.92 
N -0.667 4.34 3.849 
C -1.79 5.498 -0.663 
H -2.095 5.321 -1.523 
C -1.644 4.466 0.266 
H -1.849 3.589 0.033 
C -1.183 4.768 1.554 
C -0.993 7.029 1.007 
H -0.769 7.897 1.257 
C -1.468 6.803 -0.275 
H -1.572 7.51 -0.87 
C -1.062 3.679 2.591 
H -0.392 3.03 2.324 
H -1.911 3.22 2.701 
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Table V-13. X,Y,Z coordinates for the optimized geometry of V-11 computed as 
a triplet at the PBE0 level of theory with mod-LANL2DZ (Cu), LANL2DZ(d,p) 
(Cl), and 6-31G(d,p) (light atoms) basis sets. 

Atom X Y Z 
Cu 1.40604 0.99748 0.79364 
Cl 1.49053 3.027 -0.26964 
Cl -0.63772 1.27299 1.68017 
N 3.20478 0.30763 0.1577 
N 1.56593 -0.63478 1.99136 
C 5.53287 -0.94992 -0.62254 
H 6.45437 -1.43794 -0.9274 
C 4.67409 -1.56645 0.29517 
H 4.90007 -2.53737 0.72467 
C 3.50418 -0.90179 0.6566 
C 4.00577 0.89081 -0.72108 
H 3.68054 1.86377 -1.08343 
C 5.19075 0.29196 -1.14231 
H 5.82349 0.80489 -1.86147 
C 2.52255 -1.44166 1.61534 

Cu -1.38541 -0.93412 -0.79649 
Cl -1.35106 -2.93925 0.30885 
Cl 0.72032 -1.22083 -1.64863 
N -3.21565 -0.32656 -0.15516 
N -1.72121 0.61484 -2.08939 
C -5.60617 0.80031 0.64108 
H -6.55105 1.23667 0.95265 
C -4.81693 1.43374 -0.32584 
H -5.12252 2.36565 -0.79101 
C -3.61461 0.83412 -0.69426 
C -3.9551 -0.92843 0.7645 
H -3.55459 -1.8615 1.15525 
C -5.16703 -0.39455 1.19647 
H -5.74444 -0.92024 1.95203 
C -2.7109 1.3822 -1.7171 
H -2.90783 2.36252 -2.1633 
H 2.63596 -2.4564 2.01072 
H -1.50685 0.43244 -3.06568 
H 1.32517 -0.49845 2.96912 
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Table V-14. X,Y,Z coordinates for the optimized geometry of V-14 computed as 
a triplet at the PBE0 level of theory with mod-LANL2DZ (Cu) and 6-31G(d,p) 
(light atoms) basis sets. 

Atom X Y Z 
Cu 3.678 4.186 6.994 
S 2.188 3.45 3.882 
F 0.157 4.411 2.502 
F 0.352 5.217 4.507 
O 2.999 4.54 3.382 
F -0.422 3.218 4.208 
O 2.17 2.248 3.059 
O 2.32 3.193 5.31 
N 4.357 2.36 7.461 
N 5.277 4.127 5.72 
C 5.427 1.959 6.73 
C 3.892 1.539 8.422 
H 3.154 1.803 8.924 
C 5.583 -0.093 7.955 
H 6.001 -0.905 8.13 
C 4.488 0.303 8.689 
H 4.146 -0.248 9.356 
C 6.058 0.75 6.939 
H 6.785 0.499 6.417 
C 5.863 2.939 5.692 
H 6.51 2.727 5.06 
C 0.478 4.1 3.764 
S 5.168 4.921 10.106 
F 7.199 3.96 11.486 
F 7.004 3.154 9.481 
O 4.356 3.831 10.606 
F 7.777 5.153 9.78 
O 5.185 6.123 10.929 
O 5.035 5.178 8.678 
N 2.998 6.011 6.527 
N 2.079 4.244 8.268 
C 1.929 6.412 7.258 
C 3.463 6.832 5.566 
H 4.201 6.568 5.064 
C 1.773 8.464 6.033 
H 1.355 9.276 5.858 
C 2.868 8.068 5.299 
H 3.21 8.619 4.632 
C 1.298 7.621 7.049 
H 0.57 7.872 7.571 
C 1.493 5.432 8.296 
H 0.846 5.644 8.928 
C 6.877 4.271 10.224 
H 5.957 4.818 6.02 
H 2.4 4.018 9.204 
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Table V-15. X,Y,Z coordinates for the optimized geometry of V-16 computed as 
a quartet at the PBE0 level of theory with mod-LANL2DZ (Cu) and 6-31G(d,p) 
(light atoms) basis sets. 

Atom X Y Z 
Cu 0 0.00003 0.00002 
S 2.79253 1.44428 -0.552 
F 5.30419 0.92456 -0.04697 
F 3.93064 -0.57588 0.67554 
O 2.8282 0.6501 -1.77504 
F 4.11134 1.30929 1.7125 
O 3.10551 2.86383 -0.65126 
O 1.57712 1.19239 0.30626 
N -1.24232 1.81159 0.33852 
N -0.38526 0.83083 -2.19753 
C -1.59806 2.55908 -0.72339 
C -1.59067 2.1987 1.56292 
H -1.27608 1.55475 2.3781 
C -2.70073 4.13675 0.69403 
H -3.27451 5.04953 0.83327 
C -2.32416 3.3632 1.78404 
H -2.58903 3.6439 2.79894 
C -2.33045 3.72958 -0.58751 
H -2.6005 4.30331 -1.46958 
C -1.17093 2.06439 -2.04937 
H -0.60267 2.84907 -2.50354 
C 4.1167 0.73282 0.51665 
S -2.79252 -1.44431 0.55196 
F -5.30419 -0.9247 0.04688 
F -3.93068 0.57581 -0.67556 
O -2.82826 -0.65015 1.77501 
F -4.11128 -1.30935 -1.71257 
O -3.10543 -2.86388 0.6512 
O -1.57712 -1.19234 -0.30628 
N 1.24232 -1.81154 -0.33847 
N 0.38521 -0.83078 2.19756 
C 1.59803 -2.55903 0.72344 
C 1.5907 -2.19865 -1.56286 
H 1.27612 -1.55469 -2.37805 
C 2.70073 -4.1367 -0.69396 
H 3.27451 -5.04948 -0.83318 
C 2.32418 -3.36314 -1.78397 
H 2.58908 -3.64384 -2.79887 
C 2.33043 -3.72953 0.58758 
H 2.60046 -4.30327 1.46965 
C 1.17088 -2.06434 2.04942 
H 0.6026 -2.84902 2.50356 
C -4.11669 -0.7329 -0.51671 
H -2.05905 1.93696 -2.63239 
H 2.05898 -1.93692 2.63245 
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Table V-16. X,Y,Z coordinates for the optimized geometry of V-16 computed as 
a sextet at the PBE0 level of theory with mod-LANL2DZ (Cu) and 6-31G(d,p) 
(light atoms) basis sets. 

Atom X Y Z 
Cu 0 0.00003 0.00002 
S 2.79253 1.44428 -0.552 
F 5.30419 0.92456 -0.04697 
F 3.93064 -0.57588 0.67554 
O 2.8282 0.6501 -1.77504 
F 4.11134 1.30929 1.7125 
O 3.10551 2.86383 -0.65126 
O 1.57712 1.19239 0.30626 
N -1.24232 1.81159 0.33852 
N -0.38526 0.83083 -2.19753 
C -1.59806 2.55908 -0.72339 
C -1.59067 2.1987 1.56292 
H -1.27608 1.55475 2.3781 
C -2.70073 4.13675 0.69403 
H -3.27451 5.04953 0.83327 
C -2.32416 3.3632 1.78404 
H -2.58903 3.6439 2.79894 
C -2.33045 3.72958 -0.58751 
H -2.6005 4.30331 -1.46958 
C -1.17093 2.06439 -2.04937 
H -0.60267 2.84907 -2.50354 
C 4.1167 0.73282 0.51665 
S -2.79252 -1.44431 0.55196 
F -5.30419 -0.9247 0.04688 
F -3.93068 0.57581 -0.67556 
O -2.82826 -0.65015 1.77501 
F -4.11128 -1.30935 -1.71257 
O -3.10543 -2.86388 0.6512 
O -1.57712 -1.19234 -0.30628 
N 1.24232 -1.81154 -0.33847 
N 0.38521 -0.83078 2.19756 
C 1.59803 -2.55903 0.72344 
C 1.5907 -2.19865 -1.56286 
H 1.27612 -1.55469 -2.37805 
C 2.70073 -4.1367 -0.69396 
H 3.27451 -5.04948 -0.83318 
C 2.32418 -3.36314 -1.78397 
H 2.58908 -3.64384 -2.79887 
C 2.33043 -3.72953 0.58758 
H 2.60046 -4.30327 1.46965 
C 1.17088 -2.06434 2.04942 
H 0.6026 -2.84902 2.50356 
C -4.11669 -0.7329 -0.51671 
H -2.05905 1.93696 -2.63239 
H 2.05898 -1.93692 2.63245 
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CHAPTER VI  

CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 

In the preceding chapters, we have described strategies towards the spectroscopic and 

structural characterization of reactive M–L multiply bonded species. We have 

demonstrated that design of appropriate photoprecursors can engender N–X cleavage over 

M–N cleavage, which facilitates generation and spectroscopic characterization of reactive 

intermediates. Moreover, we have demonstrated the potential for photochemical synthesis 

of reactive M–O complexes via photolysis of metal oxyanion precursors. Challenges with 

translating solution-phase photoreactions to the solid state have thus far prevented 

structure characterization of either the photogenerated Mn nitrenoid or Cu oxo species. In 

contrast, we have demonstrated the utility of in crystallo photolysis to structurally 

characterize a Cu iminyl radical en route to a Cu imine complex. The combination of 

cryogenic spectroscopy and in situ structural characterization presents a unique 

opportunity to characterize reactive species without synthetic derivatization. Furthermore, 

application of these techniques to catalytically relevant species would resolve questions 

of chemical and electronic structure, facilitating informed design of next-generation 

catalysts. However, realizing this strategy requires the development of new classes of 

photoprecursors to that will allow the capture of both the structural and spectroscopic data. 
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VI.1. Development of Non-Standard Photoprecursors 

 Our group has structurally characterized several Rh2 nitrenes via 

photocrystallography.200, 201 These experiments are predicated on organic azide adducts of 

Rh2 paddlewheels in which the azide binds through the α-nitrogen (Figure VI-1). Complex 

VI-1 serves as a photoprecursor to access reactive a Rh nitrene in either solution or 

suspended in a KBr pellet as a solid, which results in carbazole formation via nitrene 

insertion into the o-C–H. Generation of nitrene VI-2 in crystallo at 100 K results in a 

species that is stable under these conditions. 

 

Figure VI-1. Rh2 molecules with apical azide ligands, that serve as Rh nitrene 

photoprecursors. (a) Rh2(esp)2(AdN3) serves as a photoprecursor to form a Rh nitrene, 

which results in a hemiaminal complex. (b) Rh azide VI-1 extrudes N2 upon photolysis 

affording Rh nitrene VI-2. Nitrene VI-2 will insert into a C–H bond in an intramolecular 

fashion to afford the Rh carbazole adduct. 

 

 

 While we have had success in structurally characterizing metal nitrenoids in 

crystallo we have been unable to observe the subsequent C–H insertion within the 

crystalline environment. Room temperature thermolysis of photogenerated Rh nitrenes in 

crystallo results in complete destruction of the crystalline lattice, which we hypothesize is 
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driven by the expulsion of N2 from the crystal lattice. Thus, motivated to observe a single-

crystal to single-crystal intramolecular C–H insertion, we sought to design new solid-state 

photoprecursors which extrude non-gaseous leaving groups. Thermolysis of a single-

crystal with extruded solids should not lead to crystal degradation, thus facilitating the 

observation of a in crystallo intramolecular C–H insertion. 

 We synthesized a family of Rh2 complexes that each feature solid-state leaving 

groups at 100 K, to serve as prototypes which would lead to the eventual observation of 

intramolecular C–H chemistry (Figure VI-2). N-substituted sulfilimines have been shown 

to heterolytically cleave the N=S bond upon photolysis, affording a dibenzothiophene 

fragment and a free nitrene.39, 365, 366 We hypothesized that a N-bound sulfilimine could 

photochemically generate a Rh nitrene via extrusion of dibenzothiophene, which is a solid 

under ambient conditions.367 Despite the photoactivity of VI-3 in the solution phase, VI-

3 is photochemically inert under in crystallo conditions.  

Additionally, we hypothesized that N-bound aminopyridiniums could also serve 

as nitrene photoprecursors that feature a solid-state leaving group at 100 K.368-372 Exposure 

of Rh2(esp)2 to either pyridinium tosylamide or pyridinium benzylamide afforded 

complexes VI-4 and VI-5. Complex VI-4 features an O-bound benzylamide, and complex 

VI-5 features an N-bound tosylamide. Both complexes VI-4 and VI-5 are photochemically 

inert. Thus, all three Rh2 complexes, VI-3, VI-4, and VI-5 did not exhibit any 

photochemistry in crystallo.  

 Based on the difficulties photogenerating reactive intermediates using solid-state 

leaving groups in crystallo, we hypothesize that introducing porosity will engender both 
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gas escape from the crystalline lattice and observation of intramolecular C–H chemistry. 

Future work will focus on porous materials, such as metal-organic frameworks 

(MOFs),373-377 and porous single-crystals,378-381 to fully structurally characterize the C–H 

insertion chemistry of photogenerated metal nitrenoids. 

 

Figure VI-2. Solid-state structures of substituted Rh2(esp)2 species designed as 

photoprecursors. Ellipsoids drawn at 50%. H-atoms and solvent molecules are removed 

for clarity. (a) Rh2(esp)2(sulf-NTs)2 species generated via exposure of Rh2(esp)2 to sulf-

NTs. (b) Rh2(esp)2(py-ONBz)2 species is generated by exposure of Rh2(esp)2 to py-ONBz. 

(c) Rh2(esp)2(py-NTs)2 species generated via exposure of Rh2(esp)2 to py-NTs. 
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 Our group has also been pursuing the development and subsequent 

characterization of reactive metal imidogen complexes. To this end, we have characterized 

a Rh2(esp)2(HN3)2 complex via NMR and IR spectroscopy, and single-crystal X-ray 

diffraction (Figure VI-3). Hydrazoic acid complex VI-7 is generated via dissolving 

Rh2(esp)2 in DCM at –35 °C in the presence of VI-6. The IR spectrum of VI-7 shows 

stretches at 2358 and 2142 cm–1, which is similar to free hydrazoic acid.382 Single-crystals 

of VI-7 are afforded upon cooling a solution of VI-7 in DCM at –35 °C. The single-crystal 

X-ray structure of VI-7 features a Rh(1)–N(1) bond length of 2.354(4) Å, a N(1)–N(2) 

bond length of 1.241(4) Å, and a N(2)–N(3) bond length of 1.114(5) Å. Importantly, the 

H-atom (H(1)) on N(1) was refined from the electron difference map, not added via a 

riding model, which suggests that VI-7 is an authentic Rh–N3H adduct and is the first 

characterized hydrazoic acid adduct of a transition metal. Additionally, the N(1)–N(2) and 

N(2)–N(3) distances are well-matched to the only other structurally characterized HN3 

adduct, a B(C6F5)3–N3H complex.383. Future work will include investigating the potential 

reactivity of a putative Rh–NH nitrene via photolysis and thermolysis of VI-7, however 

preliminary photocrystallographic studies were not successful in generating a Rh nitrene. 
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Figure VI-3. Rh2(esp)2(HN3)2 species generated by exposure of Rh2(esp)2 and 

pinacolboryl azide. Left: Thermal ellipsoid plot of VI-7. H-atoms and solvents are 

removed for clarity. H(1) was refined from the electron difference map and was not added 

via riding model. Right: IR spectrum of VI-7, which features stretches at 2358 and 2142 

cm–1 and are well matched to free HN3. 

 

VI.2. Extension to Characterization of Other M–L Species 

 Extension of our preliminary experiments in reactive nitrenes to the 

characterization of other reactive transition metal fragments would demonstrate the 

generality of the developed photocrystallography experiments. In collaboration with 

Schneider, Holthausen, and co-workers, we have characterized a palladium metallonitrene 

via photocrystallography (Figure VI-4).289 Photolysis (λ = 365 nm) of a single-crystal of 

VI-8 under cryogenic conditions (100 K) promoted in crystallo synthesis of Pd nitrene 
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VI-9. Reaction progress was monitored by periodic collection of X-ray crystal structures 

(synchrotron radiation λ = 0.41328 Å). Refinement of the resulting data indicated that the 

extrusion of N2 gas generates Pd nitrene with 40% conversion (Figure VI-4). Extrusion of 

N2 from VI-9 is accompanied by the contraction of Pd–N from 2.050(2) Å to 1.92(2) Å, 

which agrees with the computed distance of 1.891 Å. This observation is similar to in 

crystallo photopromoted N2 extrusion in Pt azide complexes, which forms a Pt nitrene 

with a Pt–N bond of 1.87(1) Å.384 

 

 

 
Figure VI-4. Solid state structures of Pd azide VI-8 and Pd nitrene VI-9. Thermal 

ellipsoid plot of VI-9 generated by solid-state N2 extrusion from VI-8. Ellipsoids are 

drawn at 50% probability. H-atoms are removed for clarity. The structure illustrated here 

comes from refinement of a data set collected at 40% conversion. Data was collected using 

synchrotron radiation (λ = 0.41328 Å). The restraint SIMU was used on the disordered N-

atoms of the N2 molecule. Comparison of the bond metrics derived from the X-ray 

structure with those computed for 3[VI-9] are in excellent agreement. 

 

 Additionally, we have structurally characterized a terminal Pt phospide, which in 

solution will dimerize to form a P2 molecule.385 Photolysis (λ = 365 nm) of a single-crystal 

of VI-10 under cryogenic conditions (100 K) promoted in crystallo synthesis of Pt 

phosphide VI-11. Reaction progress was monitored by periodic collection of X-ray crystal 

structures (synchrotron radiation λ = 0.41328 Å). Refinement of the resulting data 
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indicated that the extrusion of CO gas generates Pt phosphide with 42% conversion 

(Figure VI-5). Extrusion of CO from VI-11 is accompanied by the contraction of Pt–P 

from 2.357(2) Å to 2.28(4) Å. Refinement of CO in the resulting structure was complicated 

due to the partial loss of the molecule from the crystalline lattice; CO occupancies were 

found to be 15%, whereas the Pt phosphide was 42%, thus the refinement of the CO was 

not pursued further. This is the first example of photopromoted in crystallo CO extrusion 

from a phosphaethynolate (PCO) to form a terminal metal phosphide. We hypothesize that 

photosynthesis of reactive intermediates in crystallo is facilitated by good leaving groups, 

such as gasses like N2 and CO. We anticipate that other reactive metal phosphides can be 

structurally characterized in crystallo via extrusion of CO from metal phosphaethynolate 

photoprecursors. 

 

 

Figure VI-5. Solid state structures of Pt phosphaethynolate VI-10 and terminal Pt 

phosphide VI-11. Thermal ellipsoid plot of VI-11 generated by solid-state CO extrusion 

from VI-10. Ellipsoids are drawn at 50% probability. H-atoms are removed for clarity. 

The structure illustrated here comes from refinement of a data set collected at 42% 

conversion. Data was collected using synchrotron radiation (λ = 0.41328 Å). 

 

 We have also structurally characterized a Cu carbene complex in collaboration 

with Severin and co-workers, which will dimerize in solution to form a C=C bonds.386 
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Photolysis (λ = 365 nm) of a single-crystal of VI-12 under cryogenic conditions (100 K) 

promoted in crystallo synthesis of Cu carbene VI-13. Reaction progress was monitored 

by periodic collection of X-ray crystal structures (synchrotron radiation λ = 0.41328 Å). 

Refinement of the resulting data indicated that the extrusion of N2 gas generates the Cu 

carbene with 62% conversion (Figure VI-6). Extrusion of N2 from VI-12 is accompanied 

by the contraction of C–C from 1.425(6) Å to 1.39(3) Å and contraction of the Cu–C bond 

from 1.900(4) Å to 1.88(2) Å. Preliminary DFT computational studies of 3[VI-13] match 

well with experiment, which predicts a bent C(2)–C(1)–Cu(1) bond angle, whereas the 

computed structure of 1[VI-13] predicts a linear C(2)–C(1)–Cu(1) bond angle. However, 

the difference in energy between 3[VI-13] and 1[VI-13] is 0.28 kcal/mol, thus multi-

reference calculations are required to make an accurate comment on the electronic 

structure of VI-13. While the electronic structure of VI-13 is currently being investigated, 

this preliminary study suggests potential covalency in the Cu(1)–C(1) bond. The C(2)–

C(1)–Cu(1) bond angle increases upon conversion of VI-12 to VI-13, from 129.5(3)° to 

138.1(2)°, which suggests that a lone pair could reside on C(1). This bonding picture is 

reminiscent of free carbenes, which feature two R-groups (e .g. C(2) and Cu(1)) and a lone 

pair on the carbene carbon.387, 388 
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Figure VI-6. Solid state structures of Cu diazoolefin VI-12 and Cu carbene VI-13. 

Thermal ellipsoid plot of VI-13 generated by solid-state N2 extrusion from VI-12. 

Ellipsoids are drawn at 50% probability. H-atoms are removed for clarity. The structure 

illustrated here comes from refinement of a data set collected at 62% conversion. Data 

was collected using synchrotron radiation (λ = 0.41328 Å). The restraints DFIX and EADP 

were used to refine the disordered N-atoms in the N2 molecule. The restraints DFIX, 

EADP, SADI, and SAME_LIG were used to refine the disordered Cu carbene molecule. 

 

 The impact of photocrystallography towards studying reactive intermediates is 

limited by the availability of photoprecursors which are photoactive in the solid state. We 

have been successful in structurally characterizing a diverse set of M–L multiply bound 

reactive intermediates in crystallo via extrusion of gaseous species at 100 K. To continue 

to expand the library of reactive photoprecursors, which facilitate reactive intermediate 

structural characterization in crystallo, we propose two criteria that need to be met when 

designing solid-state photoprecursors: First, the molecule must exhibit photoactivity in the 

solid-state and second, the molecule should feature a leaving group that is a gas at 100 K 

to help drive the photochemistry in the solid-state.  

 Lewis base stabilized borylene complexes are similar to both carbene and nitrenes, 

where the boron atom features only six valence electrons, thus borylenes are exquisitely 

electrophilic and will insert into a variety of bonds, e.g. C–H bonds. Braunschweig et al. 
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reported an CAAC supported aryl boron complex VI-14, which meets both criteria listed 

above to be an excellent solid-state photoprecursor towards structurally characterizing a 

reactive borylene (Figure VI-7).387, 389 Compound VI-14 extrudes CO upon photolysis, 

affording putative borylene VI-15, which then undergoes intramolecular C–H insertion 

affording cyclized product VI-16. The in crystallo structural characterization of borylene 

VI-15 should be an important addition to the small library of extant structurally 

characterized borylenes.390, 391 

 

Figure VI-7. Trapped three-coordinate borylene VI-14 extrudes CO upon photolysis, 

to afford two-coordinate borylene VI-15. VI-15 can either be trapped via addition of 

Lewis bases, or in via intramolecular C–H insertion to afford VI-16.  

 

 Furthermore, we hypothesize that development of new metal phosphaethynolate 

complexes will provide a platform to synthesize novel metal phosphide compounds, 

examine their reactivity, and characterize both the chemical and electronic structure. Metal 

porphyrin complexes are an ideal scaffold to support a metal phosphide, as they support a 

myriad of structurally characterized metal oxos,392-394 metal nitrides,105, 395 metal 

imides,202, 396-398 and metal carbene complexes.325, 399-401 We hypothesize that utilization 

of early transition metals such as Ti, V, Cr, Zr, Nb, and Mo will form stable porphyrin 

supported terminal phosphides. Potential difficulties stem from the ambidentate character 
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of the PCO– ion, which can bind either P- or O-bound.402, 403 Additionally, Mindiola and 

coworkers have studied early transition metal complexes with PCO, and while stable metal 

PCO adducts are known,404 they have found that the relative stability of metal PCO 

complexes can be low, and thus many dimerized and other phosphorus incorporated 

products were isolated.405-408 Cryogenic synthesis and crystallization of metal 

phosphaethynolate complexes should be feasible, and subsequent photolysis in crystallo 

could circumvent most decomposition pathways. 

 

 
Figure VI-8. Proposed M(tpp)P synthesis via photolysis or thermolysis of 

M(tpp)PCO, extruding CO and affording a terminal metal phosphide. 

 

VI.3. Future Directions 

We have demonstrated that photocrystallography is a unique tool which elucidates 

the chemical structure of M–L multiply bound reactive intermediates. Moving forward, 

we envision that the combination of photocrystallography with single-crystal spectroscopy 

preformed on the beamline such as UV-Vis, Raman, and XAS will facilitate the 

interrogation of the electronic structure of these reactive intermediates. Chapter II 

described efforts to spectroscopically characterize the photogenerated reactive Mn 

nitrenoids present in solution, which are responsible for inserting into C–H bonds. To fully 
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understand the active species in solution, we propose that once both the chemical and 

electronic structure of a reactive intermediate is understood, via the single-crystal 

experiments, comparison to the solution/frozen matrix spectroscopy will allow 

unambiguous determination of the reactive intermediate involved in the chemistry. We 

anticipate that the discoveries made via the combination of photocrystallography and 

spectroscopy will be used to leverage the design of more reactive and selective catalysts.  
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