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Abstract

Photocatalytic reactions with first-row transition metals are presented as a method
for sustainable chemistry with great potential for new forms of reactivity and mechanistic
pathways. Chapters 2 and 3 of this thesis discuss mechanism and reactivity of
photoinduced, copper-catalyzed bond constructions. The Peters and Fu groups have
reported that a variety of couplings of nitrogen, sulfur, oxygen, and carbon nucleophiles
with organic halides can be achieved under mild conditions (=40 to 30 °C) through the
use of light and a copper catalyst. Insight into the various mechanisms by which these
reactions proceed may enhance our understanding of chemical reactivity and facilitate the
development of new methods. We apply an array of tools (EPR, NMR, transient
absorption, and UV-vis spectroscopy; ESI-MS; X-ray crystallography; DFT
calculations; reactivity, stereochemical, and product studies) to investigate the
photoinduced, copper-catalyzed coupling of carbazole with alkyl bromides. Our
observations are consistent with pathways wherein both an excited state of the copper(l)
carbazolide complex ([Cu'(carb),]") and an excited state of the nucleophile (Li(carb)) can
serve as photoreductants of the alkyl bromide. The catalytically dominant pathway
proceeds from the excited state of Li(carb), generating a carbazyl radical and an alkyl
radical. The cross-coupling of these radicals is catalyzed by copper via an out-of-cage
mechanism in which [Cu'(carb),]~ and [Cu"(carb)s]™ (carb = carbazolide), both of which
have been identified under coupling conditions, are key intermediates, and [Cu"(carb)s]”
serves as the persistent radical that is responsible for predominant cross-coupling. This
study underscores the versatility of copper(ll) complexes in engaging with radical
intermediates that are generated by disparate pathways, en route to targeted bond
constructions.

In Chapter 3, we establish that photoinduced, copper-catalyzed alkylation can also
be applied to C—C bond formation, specifically, that the cyanation of unactivated
secondary alkyl chlorides can be achieved at room temperature to afford nitriles, an
important class of target molecules. In the presence of an inexpensive copper catalyst
(Cul; no ligand coadditive) and a readily available light source (UVC compact
fluorescent light bulb), a wide array of alkyl halides undergo cyanation in good yield. Our



initial mechanistic studies are consistent with the hypothesis that an excited state of
[Cu(CN),] may play a role, via single electron transfer, in this process. This
investigation provides a rare example of a transition metal-catalyzed cyanation of an
alkyl halide, as well as the first illustrations of photoinduced, copper-catalyzed alkylation
with either a carbon nucleophile or a secondary alkyl chloride.

Chapter 4 presents a mechanistic study of the photocatalytic reduction of nitrite to
nitrous oxide with the use of an Ir photocatalyst ([Ir(ppy)2(phen)][PFes]) and a bimetallic
CoMg co-catalyst with a diimine-dioxime ligand platform. Insights into the mechanism
of this reaction may enhance our current understanding of N—N coupling processes
relative to other pathways of reactivity for nitrosyl ligands, such as nitroxyl (HNO)
dimerization. We propose a mechanism in which a coordinated and an uncoordinated
NO are coupled at a single Co center. One electron reduction of
[(C1)(NO)Co(Medoen)Mg(MesTACN)(H,0)][BPh.] ({CoNO}®), a species we show to be
catalytically relevant, forms a {CoNO}® species that is characterized by UV-Vis, EPR,
and FT-IR spectroscopy and whose electronic structure is supported by density functional
theory (DFT). We formulate the {CoNO}’ as a 5-coordinate, S = 3/2 Co(ll)
antiferromagnetically coupled with an anionic S = 1 ®NO™ ligand. Experimental data
suggest a mechanism in which this {CoNO}°® intermediate can release *NO, thereby
reducing the Co(Il) center to Co(l). This free *NO can react with another {CoNO}°
complex to generate a Co(NONO) intermediate which was observed by step-scan time-
resolved IR spectroscopy and whose assignment was supported with DFT calculations.
This Co(NONO) species, which can generate N,O and H,O, is formulated as a neutral
hyponitrite intermediate with significant neutral radical character on both nitrosyl

nitrogen atoms and a weak N-N bond.
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Chapter 1 : Introduction



On the arid lands there will spring up industrial colonies without smoke and without
smokestacks; forests of glass tubes will extend over the plains and glass buildings will
rise everywhere; inside of these will take place the photochemical processes that hitherto
have been the guarded secret of the plants, but that will have been mastered by human
industry which will know how to make them bear even more abundant fruit than nature,
for nature is not in a hurry and mankind is. And if in a distant future the supply of coal
becomes completely exhausted, civilization will not be checked by that, for life and
civilization will continue as long as the sun shines! If our black and nervous civilization,
based on coal, shall be followed by a quieter civilization based on the utilization of solar
energy, that will not be harmful to progress and to human happiness.

Ciamician, G. Science 1912, 36, 385-395.

1.1 Motivations

By 2050, rapid global population (and economic) growth is projected to lead to at
least double the current rate of energy consumption.® While this rate of energy use could
potentially be met by the current fossil fuel reserves, a variety of climate models predict
catastrophic effects on global climate patterns from the resulting carbon emissions.?
Thus, searching for alternative, carbon-neutral sources of energy is one of the most
important goals of our time, and could significantly improve quality of life in the
immediate future. An attractive, renewable option for energy is, of course, the sun. More
solar energy is available in one hour than the planet uses in an entire year. To this end,
the use of chromophores and photocatalysts for the conversion of solar energy to
chemical energy has been used to mimic natural photosynthesis, leading to applications
in water splitting,® CO, reduction,* and solar cells.® Once it was recognized that such
photoredox catalysis could occur under exceptionally mild conditions and access novel
reaction mechanisms, this methodology grew rapidly for novel bond-constructions in
organic synthesis and other types of reactivity.®

The work in this thesis is unified by the central theme of photocatalysis for

sustainable bond-forming and bond-breaking processes. Further attempts at improving



sustainability include the use of earth-abundant first-row transition metals (Cu and Co)
for bond formation instead of more scarce and costly noble metals (e.g., Pd). However, it
IS important to note that in addition to their cost-effectiveness and potential for global
implementation, first-row transition metals can also afford divergent or complementary
reactivity compared to their second- and third-row counterparts.”® One of the greatest
differences in the reactivity between 3d metals and their heavier congeners is that while
the former undergo one-electron oxidation state changes, the latter typically go through
two-electron oxidation state changes; one-electron chemistry can lead to radical
intermediates which have been traditionally difficult to control. This one-electron
chemistry can be either enhanced or prevented based on the judicious choice of ligands
and reaction conditions.’

New, divergent reactivity can also be accessed under photolytic conditions
compared with thermal reaction manifolds. Photocatalysts can function as both one
electron oxidants and reductants, and can convert visible light into substantial amounts of
chemical energy; these features can directly access reactive organic intermediates (e.g.,
radicals) which are not possible under non-photochemical conditions.®® When used in
conjunction with other transition metal catalysts, they have the ability to access two
discrete catalytic platforms, one photochemical and the other non-photochemical/thermal.
The excited photocatalyst can activate the reaction substrate, which can interact with the
transition metal catalyst; or, it can activate the transition metal catalyst for further
reaction with the reaction substrate.’® The propensity of group 3d transition metals to

undergo one-electron chemistry makes them particularly suited as either photocatalysts™



or as co-catalysts in a photocatalytic system.*? This thesis will discuss the successful

application of Cu and Ir/Co transition metal systems for photocatalysis.



1.2 Photoinduced, Copper-Catalyzed Cross-Coupling Reactions

Scheme 1.1: Scope of Ullmann-type reactivity

[Cu], ligand
Nuc—H R'—X 3  Nuc—R

base, A
R' = vinyl, aryl
Nuc = R,C, RyN, RO, R3P, RS

Cu-mediated C-C and carbon-heteroatom bond-forming reactivity, referred to as
“Ullmann-type” chemistry (Scheme 1.1), has been known since the early 1900s, several
decades before Ni and Pd catalyzed cross coupling was discovered. The formation of C—
N (N-aryl amides and aryl amides),”* C-O (ethers),** and C—C bonds™® was performed
with stoichiometric, and later catalytic, amounts of copper. However, the ubiquity of this
Cu-catalyzed transformation was limited by harsh reaction conditions (high-boiling polar
solvents), which led to a low substrate scope; high, sometimes stoichiometric or excess,
Cu loadings due to the low solubility of Cu salts; and long reaction times with suboptimal
yields.®® Meanwhile, Pd catalysis became the industrial and academic workhorse for a
variety of organic transformations, characterized by high reaction rates, high efficiency,
and broad scope. However, since the mid-1990s, copper catalysis has seen a resurgence
after new copper/ligand systems enabled the formation of C-N, C-C, and C-O bonds
with catalytic Cu loadings and much milder conditions than before.!” The exact reason
for the ligand-effect was not known, but presumed to be due to increased catalytic
solubility or reduced metal aggregation. The development of Cu catalysis has since led to

systems that rival Pd catalysis.™



Scheme 1.2: Two possible pathways for the catalytic Ullmann reaction.

[Cu]ArX
NuH/base
ArNu
Cuy0/1+2+
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NuH/base
expected pathway
ArX
[Cu]Nu

Upon gaining more tractable reactivity for copper catalyzed Ullmann chemistry,
the mechanism of the reaction under catalytic conditions was investigated. Many reports
suggest that Cu(l)-catalyzed C—N and C—O bond forming reactions proceed via a Cu(l)-
nucleophile complex (Scheme 1.2, bottom pathway preferred).’® The subsequent aryl
halide activation step has generated some debate in the literature, and can proceed by a
variety of pathways. Several mechanisms have been proposed for this step. The most
widely-accepted pathway is the oxidative addition of the aryl halide to the Cu(l)-
nucleophile complex to generate a Cu(lll) intermediate. Another possible mechanism is
outer-sphere single electron transfer (SET) from the Cu(l)-nucleophile complex to the
aryl halide, resulting in a radical pair with a Cu(ll) intermediate and a radical anion. A
third pathway is halogen atom transfer or an inner-sphere electron transfer to generate a
Cu(ll)-halide complex. Finally, a o-bond metathesis mechanism which proceeds through
a 4-center transition state has also been proposed, though there is little experimental

evidence to support this latter mechanism (Scheme 1.3).*



Scheme 1.3: Four possible mechanisms for aryl halide activation in Ullmann coupling

reactions. Adapted from reference 19.
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Until recently (2012), the vast majority of evidence pointed to the Cu(l)/Cu(lll)
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pathway for aryl halide activation, involving oxidative addition of the aryl halide.
Huffman and Stahl have shown that N-arylation is feasible with a well-defined
macrocyclic arylcopper(l1l) complex in the presence of nitrogen nucleophiles, with one
explanation being reductive elimination from an unobserved Cu(lll)(aryl)(nucleophile)
species.”® Stahl and Ribas later demonstrated both oxidative addition of an aryl halide
across a Cu(l) center to generate a Cu(lll) and reductive elimination (under acidic
conditions) of an aryl halide from Cu(lIl) to (re)generate a Cu(1).**

Similarly, work by Hartwig and coworkers ruled out the presence of free radicals
and Cu(Il) intermediates in thermal C-N, C-O, and C-S Ullmann coupling reactions,
suggesting a Cu(l)/Cu(lll) pathway (or inner sphere electron transfer).?? Cu(l)-
nucleophile complexes were isolated with a variety of ligands, including phenanthroline

(phen) and 1,2-diamines, and shown to be kinetically and chemically competent for the



catalytic coupling reaction.?*** Competition experiments with Cu-nucleophile complexes
between 1-bromonaphthalene (favored for a concerted oxidative addition reaction) and 4-
chlorobenzonitrile (favored for outer-sphere SET due to its more positive reduction
potential) consistently favored reaction with 1-bromonapthalene (Figure 1.1a).?’ This
result suggests a mechanism for aryl halide activation that does not proceed by outer-
sphere electron transfer. Reactivity of Cu(l) nucleophile complexes with a fast radical
clock, o-(allyloxy)iodobenzene (rate of cyclization = 9.6 x 10° s in DMSO), yielded
only uncyclized products (Figure 1.1b), suggesting a lack of free aryl radicals during
catalysis. The result does not rule out in-cage recombination of the aryl radical with a Cu-
nucleophile species which occurs at a rate faster than the rate of cyclization, though the

high rate (> 10*?s™) required for this step makes it unlikely.?
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Figure 1.1: Reactivity of Cu(l)-nucleophile complexes with (a) 1-bromonaphthalene and
4-chlorobenzonitrile and (b) o-(allyloxy)iodobenzene

Computational investigations of ligand-directed C-O versus C-N Ullmann
coupling with iodobenzene suggest that, in some cases, the oxidative addition/reductive
elimination pathway for aryl halide activation is disfavored relative to Cu(ll) radical
pathways.'® However, Liu et al. conducted another computational study on product
selectivity with a different nucleophile which instead favored an oxidative
addition/reductive elimination pathway.?* Thus, it is possible that the mechanism of aryl
halide activation can vary based on the halide, electrophile, ligand, and nucleophile.
Nonetheless, until recently, there was no experimental evidence supporting a Cu(ll)

intermediate in Ullmann-type reactivity.
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In 2012, the first experimental evidence for a Cu(ll) radical pathway for Ullmann
coupling was discovered. While studying the emissive properties of three-coordinate
Cu(1) arylamidophosphine complexes,® Creutz, Lotito et al. observed that the irradiation
of (PPhs),Cu(carb) (carb = carbazolide) in the presence of iodobenzene yielded the C-N
coupled product N-phenylcarbazole.?’ For improved solubility, [P(m-tol)s].Cu(carb) (m-
tol = meta-tolyl) was used instead, and showed similar reactivity with a 100-W mercury
lamp. C-N coupling product was not observed (< 1%) in the absence of light and
copper.?® Unlike previous experiments, when the deuterium-labeled cyclization probe o-
(allyloxy)iodobenzene was reacted with [P(m-tol)s],Cu(carb) with irradiation, the result
was a 1:1 cis:trans diasteriomeric mixture of the cyclized product, with no uncyclized
product detected (Figure 1.2).” A competition experiment between 1-bromonaphthalene
and 4-chlorobenzonitrile now favored reactivity with the chloride substrate. For the first
time in Cu-catalyzed Ullmann coupling, these two mechanistic results are experimentally
consistent with an SET pathway for C—N bond formation, instead of a Cu(l)/Cu(lll)
pathway.

Further evidence to support this mechanistic hypothesis came from an EPR
spectrum (77 K) collected upon irradiation of [P(m-tol)s],Cu(carb) with iodobenzene at —
40 °C; the anisotropic g-values of this spectrum suggest metalloradical character on this
Cu(Il) intermediate. Interestingly, [P(m-tol)s].Cu(carb) could also be used to catalytically

generate C—N bonds with iodobenzene under UV irradiation.?®
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Figure 1.2: Reactivity of [P(m-tol)s],Cu(carb) with deuterated o-(allyloxy)iodobenzene

Soon after the catalytic C—N coupling with aryl iodides and carbazoles was
demonstrated, work in the Peters and Fu groups turned to the study of alkyl halide
electrophiles (Csp3—N bonds). Preliminary evidence for productive Csps—N coupling had
already been demonstrated with the cyclization probe (Figure 1.2).° Indeed, the
photoinduced, copper-catalyzed cross-coupling reaction was feasible with alkyl iodides
and bromides.?® This methodology offered milder conditions than typical nucleophilic
substitution (Sn2) conditions for Cg3—N bond formation,?® and proceeded without the
addition of any exogenous ligand. The reaction scope was also extended to include
functionalized carbazoles, indoles, benzimidazoles, and imidazoles with a variety of aryl
halides, alkenyl halides, and an alkynyl bromide (Figure 1.3a).*

Since then, the constructive collaboration between the Peters Group and the Fu
group has led to a suite of useful photoinduced, copper-catalyzed methodologies for
organic synthesis, both with and without ligands. For nitrogen nucleophiles, these include
N-alkylation of amides (Figure 1.3b),*! decarboxylative C-N coupling (Figure 1.3c),*
and enantioselective coupling of racemic tertiary alkyl chlorides with carbazoles (Figure

1.3d).® Other nucleophiles have also been successful, leading to the development of new
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methods for S-arylation of thiols (Figure 1.4a),** O-arylations of phenols (Figure 1.4b),*®

and cyanation of alkyl halides (to be discussed in Chapter 3; Figure 1.4c).*

10% Cul
hv (254 nm)

/’\\ A . /‘x A

@ L\' ,l]: \> Rex 14l o § |]: \>
. H \\‘/ N\

R

CH3;CN/t-buOH
RT, 24h

indole, benzimidazole,
imidazole, or carbazole

A=CH,N
R = aryl, alkyl, alkenyl, alkynyl
X =1,Br, Cl
10% Cul
R, o) hv (254 nm) o) R,
b) )\ )j\ 2.0 LiOtBu > J]\ )\
X R, R NH, CH3CN/DMF R H R
X =Br, | RT
o 10% CuCN %
o hv (blue LED)
(©) Jj\ N N . - »  R—N
R o~ 5% 2,9-dimethyl-1,10-phenanthroline (dmp)
15% xantphos
o CICH,CH,CI o
5-10°C,24h
¢ 0 A
R o L B CuCl (1 mol%) 4 //
W ‘ ligand (1.2 mol%) o ™
HN LiOtBu (1.5 equiv.
@ e ol (ocal) g N
R3 toluene, -40 °C R™-N R
R blue LED R2 R3R4

carbazole/indole O

ligand = chiral spirocyclic phosphine

Figure 1.3: The scope of C—N bond forming reactivity accessed with photoinduced, Cu-

catalyzed cross coupling reactions.
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10% Cul
hv (100-watt Hg lamp)
1.0 equiv. NaOtBu

(@) X—Ar'  ArS—H P> Ars—Ar'
0 °C CH5CN
X =Br, |
10% Cul
hv (254 nm)
1.0 DBU
0.5 KOtBu
(b) I—Ar'  ArO—H P  ArO—Ar'
CH4CN, RT
X 7.5% Cul
J\ hv (254 nm) CN
() R17 g2 [N(n-Bu)4][CN] . J\
CH3CN,RT R! R2
X =Cl, Br 1.6 equiv

| See Chapter 3 for detailed study |

Figure 1.4: Expanding the scope of photoinduced, Cu-catalyzed cross coupling reactions

to thiol, alcohol, and cyanide nucleophiles.

While the mechanism of each photoinduced, copper-catalyzed coupling reaction
may vary based on nucleophile, electrophile, ligand, and general conditions, the
requirement of light and copper in all cases caused us to postulate a general mechanism
(Scheme 1.4). We proposed that a Cu(l)-nucleophile complex is irradiated, leading to the
formation of an excited state copper complex. This excited species can transfer an
electron (SET) to the electrophile to generate an organic radical and a Cu(ll)-nucleophile
complex. The coupling step between the radical and Cu(ll) intermediate occurs at this
stage. The Cu(l)-nucleophile species is regenerated upon ligand exchange with excess
nucleophile. In 2016, a mechanistic investigation on the stoichiometric coupling of a
well-defined copper—thiolate with an aryl iodide yielded results which were consistent
with this proposed pathway. The C-S bond formation was found to occur via in-cage

coupling after the SET step, i.e. the Cu(ll)-thiolate can capture the aryl radical
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intermediate within the solvent cage before it diffuses out.’” In 2017, a detailed
mechanistic study on the photoinduced, Cu-catalyzed C—N bond formation of carbazole

with alkyl bromides was published, and is the subject of Chapter 2.%

Scheme 1.4: One possible pathway for photoinduced, copper-catalyzed cross-coupling
reactions. All Cu complexes are depicted as neutral species, X can be an inner- or outer-

sphere group, and L, represents any ligand(s) coordinated to Cu.

Nu = NR,, OR, SR, CN

[L,Cu'Nu]

X
_ hv
Nu ligand excitation
exchange

[L,Cu'X] [L,Cu'Nu]*

. electron
coupling transfer R-X
Nu-R
[L,Cu

INu] X
R.



15

1.3 Photoredox Catalysis for Nitrite Reduction

Chapter 4 of this thesis focuses on a dual catalysis system containing an Ir
photosensitizer and a Co co-catalyst for the reduction of nitrite to nitrous oxide.
Denitrification processes, which include the reduction of nitrite and nitric oxide to nitrous
oxide and dinitrogen, are an integral part of the nitrogen cycle. Buildup in soil of nitrites
and nitrates can lead to eutrophication of marine ecosystems, leading to a decrease in the
global potable water supply.* Biological systems (nitrite reductase enzymes) contain
hydrogen bonding interactions which are required for nitrite binding and reduction.*® We
synthesized a macrocyclic ligand with a pendant Lewis acid to emulate these interactions,
and have observed selective nitrite binding.*" This platform has allowed us to explore
both electrocatalytic and photocatalytic nitrite reduction to nitrous oxide in the presence
of acid. This work discusses the conditions required for successful photoredox catalysis
and putative mechanisms for N-N coupling (see Chapter 4).

In the photoinduced copper catalysis, the Cu(l)-nucleophile intermediate
functions as the photoreductant and then transforms into the bond-forming species
(Cu(lN)-nucleophile complex). However, in typical photoredox catalysis, a
photosensitizer (PS) does not participate in the bond formation step. While many organic
compounds absorb in the UV, photosensitizers provide the ability to use visible light. In
these types of photoredox systems, a PS can undergo oxidative or reductive quenching to
engage in single electron transfer processes with organic substrates and/or transition
metal co-catalysts (Scheme 1.5). In oxidative quenching, the excited photosensitizer
transfers an electron to an acceptor, generating PS®, and then is reduced back to its

original form by an electron donor. In reductive quenching, the excited photosensitizer is
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reduced by an electron donor to make PS, a highly reducing state which can then transfer
its electron to an electron acceptor.* Photosensitizers can also participate in energy
transfer pathways, in which decay of the PS excited state promotes another molecule
from its ground state to its excited state.’®***3 Photocatalysts can include both organic
dyes, such as eosin Y,* and inorganic transition metal complexes, such as those of Ir, Ru,

Cr, and Cu.*?®*

Scheme 1.5: Reductive and oxidative quenching pathways in photoredox chemistry. PS =
photosensitizer, EA = electron acceptor, ED = electron donor

PS

"

Reductive PS* Oxidative
Quenching Quenching
ED* EA™
EA" X /%
EA™ 1
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1.4 Time-Resolved Laser Spectroscopy

A great advantage with the use of photocatalytic systems is the ability to use
phototriggered flash-quench methods with remarkably fast time resolution (femto-, pico-,
nanoseconds or slower) to examine the interaction of the excited state with various
organic and inorganic substrates. The electron transfer event can be very precisely gated,
and electron transfer and subsequent reactions can be monitored by a variety of methods.
In this thesis, luminescence, transient absorption, and step-scan time-resolved infrared
spectroscopy” are three such methods which were used to study a variety of
photochemical reactions.

Flash-quench spectroscopy was first developed for the study of electron transfer
in proteins.*® In this method, a laser pulse of known duration excites a photoactive
compound (PS) nearly instantaneously. The population of the excited state, PS*, decays

according to a unimolecular rate law (Equation 1.1):

t
[PS*]; = [PS™]o exp (T_) = [PS]o exp(kpst) Eq1.1
Ps

In this equation, t is the excited state lifetime of PS; [PS*]o and [PS*]; represent the
concentration of PS* at time t = 0 and t, respectively; and kps is the rate constant of decay
(and the inverse of the lifetime). Typically, the transient absorption or luminescence
spectrum of PS* is monitored to determine concentrations of PS* over time. The excited
state can decay both by radiative (emission) and non-radiative (thermal relaxation,
intersystem crossing) processes.

If the lifetime of the photogenerated excited species is long enough, a reductive or
oxidative quencher can be used to deplete the population of the excited state. Quenching

of the excited state (PS*) by an electron donor/acceptor competes with the relaxation
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processes of the excited state, such that the lifetime of the excited state in the presence
and absence of quencher can be measured and analyzed to determine the rate of
quenching. In the absence of quencher, the quantum yield of radiative decay of PS* (&?)
can be represented in terms of its rates of radiative and non-radiative decay (k; and Kpr,
respectively; Equation 1.2):

kr

Y= ———
" ky + Kknr

Eq1.2

When quencher is added to the system, there is an additional pathway for excited state
decay, and a new expression for quantum yield (®;) can be derived in which kg is a
second order rate constant for quenching and Q is the quencher (Equation 1.3):

Ky + Ky + kq[Q]

D; Eq1.3

By dividing Eq 1.2 by Eq 1.3, we can construct the Stern-Volmer equation (Equation

1.4):

d)O
LA TR £ -9
D, k. + k. I

Eq1.4
In this equation, Ksy is the Stern-Volmer quenching constant, such that Ksy = Kq/(k: +
knr). The quantum yield terms can be replaced with emission intensities (lo/1), though
static quenching may also need to be taken into account. When a pulsed laser is used to

probe rates of dynamic quenching, lifetimes (to/t) can replace intensities in the Stern-

Volmer relationship (Equations 1.5-1.7):

1
=— Eq1.5
T T ke d
1
T Eq1.6

ky + kg + kg [Q]
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To_ 4 KalQl
T k, + ky,

=1+ ky7[Q] Eq1.7
Thus, a plot of ly/I (with only dynamic quenching) or 1o/t as a function of quencher
concentration will yield a line with an intercept of 1 and a slope of K, = quo.‘” This

analysis is conducted throughout this thesis to acquire rates of quenching for the excited

states of Cu and Ir complexes.
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1.5 Chapter Summaries

Chapter 2 discusses a detailed mechanistic study of the photoinduced, copper-
catalyzed cross-coupling of carbazole with alkyl bromides. An array of spectroscopic,
computational, and reactivity tools are used to investigate this photochemical reaction.
Transient absorption and time-resolved luminescence spectroscopy demonstrate that both
[Cu'(carb),]” and Li(carb), the nucleophile, are able to serve as photoreductants for the
alkyl bromide electrophile. Based on extinction coefficients and relative catalytic
concentrations, it is proposed that Li(carb), not [Cu'(carb),]", functions as the major
photoreductant to generate a carbazyl radical and an alkyl radical. [Cu'(carb)s]”, which
was identified as a persistent radical under catalytic conditions, can couple with the alkyl
radical by an out-of-cage process.

Chapter 3 reports the photoinduced, copper-catalyzed carbon—carbon bond
formation between unactivated alkyl halides and tetrabutylammonium cyanide (TBACN)
at room temperature. This reaction is conducted with 254 nm irradiation, furnishing
nitrile products even from hindered alkyl chlorides, which are typically very challenging
Sn2 substrates. Initial mechanistic work is consistent with the hypothesis that a
[Cu(CN),] species can be photoexcited and undergo SET to an alkyl halide. The reaction
of iodide with alkyl chlorides under catalytic conditions is also proposed, leading to the
transient formation of an alkyl iodide. This method serves as a rare example of a
transition-metal catalyzed cyanation of alkyl halides.

Chapter 4 presents a mechanistic study of the photocatalytic reduction of nitrite to
nitrous oxide with an Ir photocatalyst ([Ir(ppy)2(phen)][PF¢]) and a bimetallic CoMg co-

catalyst within a diimine-dioxime ligand platform. This work expands upon previous
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work in our group on the electrocatalytic reduction of nitrite to nitrous oxide. Based on
step-scan time-resolved infrared spectroscopy, a mechanism for N-N coupling is
proposed in which a coordinated and an uncoordinated NO- couple at a single Co center,
generating a Co(NONO) intermediate. Characterization of a rare {CoNO}® species is also
presented. This {CoNO}® species is hypothesized to react with free NO- to generate the

Co(NONO) intermediate which can release NO.
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2.1 Introduction

Since our discovery several years ago of a photoinduced, copper-catalyzed
Ullmann-type N-arylation process,' we have expanded the scope of such photoinduced,
copper-catalyzed coupling reactions to a variety of nucleophiles (nitrogen, sulfur,
oxygen, and carbon) and electrophiles (aryl, alkyl, alkenyl, and alkynyl halides).>** We
have naturally been interested in understanding the mechanisms of these processes,
recognizing that different pathways may well be operative, depending on the nucleophile,
the electrophile, and the reaction conditions.

In 2016, we described a mechanistic investigation of one such process,
specifically, photoinduced reactions of aryl iodides with copper(l)—thiolates (eq 1).°> Our
observations were consistent with the pathway outlined in Figure 2.1 (A—D): irradiation
of a copper(l)-nucleophile complex (A) leads to the formation of an excited-state
complex (B), which donates an electron to the electrophile (R—X) to generate an organic
radical and a copper(ll)-nucleophile complex (C), which then combine in-cage to form a
carbon-nucleophile bond. Due in part to solubility issues, this mechanistic study of
photoinduced S-arylation focused on stoichiometric reactions (A—D), rather than on
catalyzed processes. This pathway, wherein a copper complex serves both as a
photoreductant and as a participant in the key bond-forming step, differs from that
suggested for most photoredox reactions, wherein a photosensitizer (e.g., Ru(bipy)s**)
generates a radical via reduction or oxidation, but is not itself engaged in the key bond
construction.®

hv
(100-watt Hg lamp)
Ar—I [Cu'(SAr'),]Na >  Ar—SArt (1)
CH3CN, 0 °C
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[L,Cu(Nu)]
A N
_ ligand o
Nu exchange excitation

[L,Cu'X] D B [L,Cul(Nu)]*

, electron
coupling transfer
C
R—Nu [L,Cul(Nu)] X x

R-

Figure 2.1: Outline of a possible pathway for photoinduced, copper-catalyzed cross-
couplings. For simplicity, all copper complexes are illustrated as neutral species, and all
processes are depicted as irreversible; X may be an inner- or an outer-sphere group, and
L, denotes additional ligand(s) coordinated to copper.

The development of new methods for the construction of C—N bonds is an
important objective, due to the importance of amines in a variety of disciplines, including
biology, chemistry, and materials science.” Because classical Sn2 reactions of nitrogen
nucleophiles with alkyl halides have rather limited scope, the discovery of catalyzed
variants is of substantial interest, and in recent years the first systematic studies of
transition-metal catalysis have been described.?*%9® For example, in 2013 we reported
that alkylations of carbazoles by unactivated primary and secondary alkyl halides can be
achieved under mild conditions in the presence of copper and light (eq 2).%*

10 mol% Cul

O R? (100-watrtnll-|g lamp) O R'

N-H x—
R

2 1.5-1.9 equiv LiOt-Bu 2
H4CN, 0-30 °
O Xoigr  CHiON,0-80°C O
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Complementing our recent study of the photoinduced arylation of copper—thiolates,’

we have turned our attention to elucidating the mechanism of the photoinduced, copper-
catalyzed alkylation of carbazole by alkyl halides. These processes differ in the
nucleophile (sulfur vs. nitrogen) and in the electrophile (aryl vs. alkyl halide), while
keeping the reaction conditions (light source, solvent, and temperature) constant;
furthermore, in the present investigation, we examine not only stoichiometric reactions,

but also catalyzed couplings.



31

2.2 Results and Discussion
2.2.1 Background

In our original report of photoinduced, copper-catalyzed alkylations of carbazoles,
we described preliminary mechanistic studies that employed alkyl iodides as
electrophiles.” In the present investigation, we have chosen to focus instead on alkyl
bromides, in order to reduce potential complications due to undesired photoinduced side
reactions. Furthermore, we have utilized discrete reaction components [Cu'(carb),]Li (1)°
as the catalyst and Li(carb) as the nucleophile; carb = carbazolide), rather than the
mixture of Cul, carbazole, and LiOt-Bu that was described in our original study. Under
the new conditions, carbazole is alkylated by 2-bromo-4-phenylbutane in 64% vyield at 0
°C in the presence of 5 mol% of catalyst 1 (eq 3). In the absence of light, no coupling

(<1%) is observed.

Ph Ph
5 mol% [Cul(carb),]Li (1)
hv (100-watt Hg lamp)
Li(carb)  Br > carb (3)
Me CH4CN, 0°C, 8 h Me
1.5 equiv 64
o

2.2.2 Stoichiometric coupling of [Cu'(carb),]Li with an alkyl bromide (Figure 2.2,
A’>D’)

In an initial study, we examined the stoichiometric reaction of [Cu'(carb),]Li with
2-bromo-4-phenylbutane (1:1), and we have determined that N-alkylation proceeds in

96% yield (eq 4). This is consistent with the mechanism outlined in Figures 2.1 and 2.2.
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Ph Ph
hv (100-watt Hg lamp)
[Cul(carb),]Li Br > carb (4)
_ Me CHLCN, 0°C, 8h Me
1.0 equiv 96%
LiBr
[Cul(carb),]Li
// ) N
: ligand .
Li(carb) exchange excitation
[Cul(carb)Br]Li D B' [Cul(carb),]Li*
counlin electron
ping c transfer
R—carb [Cu'l(carb),] R—Br
R-
LiBr

Figure 2.2: Outline of a possible pathway for the photoinduced, copper-catalyzed cross-

coupling of Li(carb) with an alkyl bromide.

2.2.3 Excitation of [Cu'(carb),]Li (Figure 2.2, A’->B’)

The UV-vis spectrum of [Cu'(carb),]Li in CHsCN exhibits an absorption at 365
nm with & = 4300 M* cm ™, which overlaps with the highest-energy emission band of the
medium-pressure Hg lamp used for the catalytic reactions. This absorption profile has
enabled us to probe the photophysical properties of the excited-state copper complex,
[Cu'(carb),]Li*, by transient absorption spectroscopy using a Nd:YAG laser source with
excitation at 355 nm. For a 1.7 mM solution of [Cu'(carb),]Li (as under the catalysis
conditions of eq 3), we observe a non-emissive excited state with a maximum absorption

at 580 nm and a lifetime of 910 ns (Figure 2.3a).*
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Figure 2.3: (a) Difference absorption spectra of [Cu'(carb),]Li* at selected time delays
(excitation of [Cu'(carb),]Li in CH3CN at 355 nm). (b) Quenching of [Cu'(carb),]Li* by
2-bromo-4-phenylbutane (RBr) in CH3CN observed by time-resolved transient absorption

spectroscopy (Aexc = 355 nm; Agps = 580 nm; room temperature).

2.2.4 Single electron transfer (SET) from [Cu'(carb),]Li* to an alkyl bromide

(Figure 2.2, B>—>C’)

To determine the viability of photoinduced SET from [Cu'(carb),]Li* to 2-bromo-
4-phenylbutane, we have studied the excited-state quenching kinetics by examining the
dependence of the lifetime of the transient-absorption signal at 580 nm on the
concentration of the alkyl bromide. The lifetime of [Cu'(carb),]Li* in CH3CN decreases
as the concentration of the alkyl bromide increases (Figure 2.3b), and the second-order

rate constant for quenching is 4.8 x 10° M* s,

In view of the lowest-energy excited

state of the alkyl bromide, electron transfer, rather than energy transfer, from

[Cu'(carb),]Li* to the alkyl bromide is the more likely mechanism of quenching.*!
Because SET from [Cu'(carb),]Li* to an alkyl bromide should lead to the

formation of a paramagnetic Cu(ll) complex, we have employed electron paramagnetic

resonance (EPR) spectroscopy to probe for an S = 1/2 copper photoproduct. When a
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freezing mixture of [Cu'(carb),]Li and 2-bromo-4-phenylbutane (5 equiv) in butyronitrile
is irradiated at 350 nm, a pseudo-axial EPR signal is observed (Figure 2.4, black trace).
A similar spectrum is obtained by treating [Cu'(carb),JLi with tris(4-
bromophenyl)aminium hexachloroantimonate (Magic Blue; 0.2 equiv) in butyronitrile at
—80 °C (Figure 2.4, red trace). Although hyperfine coupling is unresolved in these

spectra, strong g anisotropy indicates the presence of a copper-containing metalloradical.

—— Photolysis
—— [Cu/(carb).]Li + Magic Blue

2400 2700 3000 3300 3600
Magnetic Field (G)

Figure 2.4: EPR spectra (9.4 GHz, 77 K). Black trace: mixture of [Cu'(carb),]Li and 2-
bromo-4-phenylbutane (5 equiv) in freezing butyronitrile upon irradiation at 350 nm; red
trace: mixture of [Cu'(carb),]Li and Magic Blue (0.2 equiv) in butyronitrile at —80 °C.

Simulated g-values (see Sl): g = [2.445, 2.060, 1.994]).

2.2.5 SET from [Li(carb)]* to an alkyl bromide

In a control reaction, Li(carb) and 2-bromo-4-phenylbutane do not couple in the
absence of light (8 h at 0 °C); the alkyl bromide can be recovered quantitatively.
However, when a mixture of Li(carb) and 2-bromo-4-phenylbutane is irradiated with a

Hg lamp, a small amount of the C—N coupling product is generated (5% yield), although
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this N-alkylation is much less efficient than in the presence of a copper catalyst (Figure
2.5). In the copper-free reaction, side products E (32%), F (4%), and G (3%)*? are also

observed (eq 5).

Ph Ph

hv (100-watt Hg lamp)
Li(carb) Br > carb (5)
_ Me CH4CN, 0°C, 8h Me
1.5 equiv 59
Other products:

Ph Ph Ph  Ph_ Ph

H % \ carb—carb
Me Me Me Me
32% 4% 3%
E F G
& 60
© .
3 50 e With Cu
g_ o Without Cu °
o 40t
£
E_ [ ]
é 30+
2 20} .
3]
z L °
& 10 .
S obte o o v ¢
g 0 20 40 60 80 100
Time (min)

Figure 2.5: Impact of a copper catalyst on C—N cross-coupling: Photoinduced reaction of
Li(carb) (1.5 equiv) with 2-bromo-4-phenylbutane (100-watt Hg lamp, CH3CN, 0 °C) in

the presence of 5 mol% [Cu'(carb),]Li and in the absence of copper.
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Because compounds E-G likely form via bimolecular reactions of alkyl or
carbazyl radicals,*® we decided to investigate a possible role for photoinduced SET from
[Li(carb)]*, the excited state of Li(carb), to the alkyl bromide under our reaction
conditions. The UV-vis spectra of solutions of Li(carb) in CH3CN show concentration-
dependent molar absorptivity. At concentrations below 0.4 mM, Li(carb) does not absorb
appreciably at 365 nm (Figure 2.6, black trace); however, at concentrations above 0.4
mM, absorption bands near 365 nm that feature molar absorptivity that is concentration-
dependent begin to appear and are pronounced at 3.1 mM (Figure 2.6, blue trace). At 49
mM, which is the concentration of Li(carb) that is present under our catalysis conditions

(eq 3), the molar absorptivity of Li(carb) at 365 nm is 2200 M cm ™.

1.0
——0.39 mM absorption

—— 3.1 mM absorption
0.8 — 1.1 mM excitation 1.5

pd

]

3

L. Q

— 1.1 mM emission o

@

3 06t .
o

g {103

2 7

§ 0.4 §

< {05 3

0.2r %

Z

0.0 : y ' 0.0
250 300 350 400 450 500 550
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Figure 2.6: All data were collected in CH3CN at room temperature. (a) Black trace:
absorption spectrum for [Li(carb)] = 0.39 mM; blue trace: absorption spectrum for

[Li(carb)] = 3.1 mM; green trace: excitation spectrum for [Li(carb)] = 1.1 mM (Aem =

420 nm); red trace: emission spectrum for [Li(carb)] = 1.1 mM (Aexc = 365 nm).
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This dependence of the molar absorptivity on the concentration of Li(carb) is
likely due to changes in aggregation.’* ’Li NMR and *H NMR spectroscopic data
support the hypothesis that the aggregation of Li(carb) is concentration-dependent in
CHsCN. For example, the ‘Li and *H NMR chemical shifts of Li(carb) vary with
concentration. Furthermore, *H diffusion ordered spectroscopy (*H DOSY) reveals that,
at low concentrations (<2 mM) of Li(carb), a species with a hydrodynamic volume
comparable to that of carbazole is observed.”> When the concentration of Li(carb) is
increased to 49 mM (as under the catalysis conditions of eq 3), the volume triples,
consistent with a significant change in aggregation.

Upon photoexcitation of a 49 mM solution of Li(carb) by a Nd:YAG laser at 355
nm, the excited state of Li(carb) emits at 420 nm with a lifetime of 31 ns (see Sl). Stern—
Volmer analysis establishes that the luminescent state of [Li(carb)]* is quenched by 2-
bromo-4-phenylbutane with a second-order rate constant of 4.9 x 10® M* s at room
temperature (Figure 2.7). Thus, the UV-vis and Stern—Volmer data, combined with the

higher concentration of Li(carb) compared with [Cu'(carb),]Li under the catalysis

conditions, suggest that [Li(carb)]* may be the primary photoreductant during catalysis.
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Figure 2.7: Quenching of [Li(carb)]* by 2-bromo-4-phenylbutane (RBr) in CH3;CN
observed by time-resolved luminescence spectroscopy (Aexc = 355 nm; Agps = 420 nm;

room temperature).

On the basis of these observations, we propose an additional, dominant pathway
for the photoinduced, copper-catalyzed coupling of carbazole with alkyl bromides
(Figure 2.8). In this mechanism, Li(carb) is photoexcited to generate [Li(carb)]*, which
transfers an electron to the alkyl bromide, resulting in the formation of a carbazyl radical
and an alkyl radical. These radicals diffuse away from one another faster than they
couple. The carbazyl radical reacts with [Cu'(carb),]Li (1) to generate a copper(ll)
complex, [Cu"(carb)s]Li (2), which then couples with an alkyl radical to afford the N-
alkylation product. As in the case of the original mechanism (Figure 2.2),"° the key C—N
bond-forming step is the reaction of an alkyl radical with a Cu(ll)—carbazolide complex,

but the pathway for forming these intermediates is different.
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Licarb) " > [Lifcarb) 2> carb.
—LiBr
- \/\
[Cul(carb),]Li [Cull(carb)g]Li
(1) (2)
R—carb R-

Figure 2.8: Outline of a new possible pathway for photoinduced, copper-catalyzed

cross-coupling of Li(carb) with an alkyl bromide.

In order for this catalytic cycle to be viable and for side products (e.g., E, F, and
G in the copper-free reaction illustrated in eq 5) to be minimized, the concentration of
complexes 1 and 2 should be higher than the concentration of carbazyl and alkyl radicals
that are being generated by photolysis.  Accordingly, we sought evidence for
[Cu'(carb),]Li (1) and for [Cu"(carb)s]Li (2), the postulated persistent radical,"’ under

catalysis conditions.*®

2.2.6 Evidence for the presence of [Cu'(carb),]Li (1) under catalysis conditions
Previously, we have crystallographically characterized [Cu'(carb),]JLi and
observed its presence via ESI-MS during a photoinduced, copper-catalyzed alkylation of
carbazole by an alkyl iodide.?® We have now determined that, for the coupling of an alkyl
bromide (eq 3), we also observe signals at m/z of 395 and 397, which correspond to the

masses of [3Cu'(carb),] and [*°Cu'(carb),] , respectively, after 60 minutes of irradiation.

2.2.7 Evidence for the presence of [Cu''(carb)s]Li (2) under catalysis conditions
As indicated above, the efficient operation of the catalytic cycle outlined in Figure

2.8 requires that the concentration of [Cu'/(carb)s]Li (2) be higher than the concentration
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of the alkyl radical that is being generated through photolysis of Li(carb). This suggested
that it might be possible to characterize this proposed intermediate via spectroscopy and
perhaps even crystallography.

Since [Cu'(carb)s]Li would have a d® configuration, we undertook an EPR
investigation of a catalyzed cross-coupling. Specifically, a reaction mixture under the
model conditions (eq 3) was irradiated at 0 °C for 60 minutes and then freeze-quenched
at —196 °C, leading to the observation of a strong, pseudo-axial EPR signal that shows an
unpaired spin coupled to ®¥%Cu (I = 3/2) (Figure 2.9, black trace; a 4-line coupling
pattern is evident in g;). This EPR spectrum is different from that observed upon
irradiation of a mixture of [Cu'(carb),]Li (1) and this alkyl bromide in the absence of

added Li(carb) (Figure 2.4, black trace).

Ph

5 mol% [Cu'(carb),]Li (1)
hv (100-watt Hg lamp)

Li(carb) Brﬁ(’
C3H7CN, 0 °C, 60 min

1.5 equiv Me

Li{carb) CuBr; -_— [Cu"(carb)a]Li (2)
3 equiv C3H,CN,-80°C, 2h

Magic Blue (0.2 equiv) T
C3H7CN, =112 °C, 10 sec

Li(carb) [Cu'(carb),]Li (1)
2 equiv

Simulation

il

2400 2700 3000 3300 3600
Magnetic Field (G)

Figure 2.9: EPR evidence for [Cu'"(carb)s]Li (2), generated through three independent
pathways. Black trace: catalysis mixture; blue trace: mixture of Li(carb) and CuBry;

green trace: mixture of Li(carb), [Cu'(carb),]Li (1), and Magic Blue; red trace: simulated
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EPR spectrum (g = [2.318, 2.058, 2.050]) displaying hyperfine to Cu and three **N
atoms.

The same EPR-active compound can be generated through low temperature
treatment of CuBr, with 3 equivalents of Li(carb) (Figure 2.9, blue trace) and through
reaction of [Cu'(carb),]Li (1) with Li(carb) and Magic Blue (Figure 2.9, green trace).
These EPR signals are modeled well as a monomeric Cu(ll) species coordinated by three
equivalent nitrogen (1 = 1) atoms (Figure 2.9, red trace), consistent with its assignment as
the homoleptic [Cu''(carb)s]” complex.

We have carried out corresponding studies using UV-vis spectroscopy (Figure
2.10). When a reaction mixture is irradiated under the standard catalysis conditions (eq
3), the solution turns deep-blue; this color diminishes when irradiation is discontinued or
when the solution is allowed to warm to room temperature. Similarly, under the standard
conditions but in butyronitrile at —80 °C, irradiation results in an intense blue color. The
UV-vis spectrum of this solution displays an absorption maximum at 580 nm (Figure
2.10, black trace); this feature is not observed when the same experiment is conducted in
the absence of [Cu'(carb),]Li.*® Likewise, when CuBr; is treated with 3 equiv of Li(carb)
in butyronitrile at —80 °C, a deep-blue solution with an absorption band centered around
580 nm is observed (Figure 2.10, blue trace). Finally, when a mixture of [Cu'(carb),]Li
and Li(carb) (2 equiv) is oxidized by Magic Blue (0.3 equiv) in butyronitrile at —-80 °C,
the same absorption feature is evident (green trace). We hypothesize that the absorption

band at 580 nm correlates with the EPR-active Cu(Il) species shown in Figure 2.9.
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Irradiation of catalysis mixture
CuBr; + 3 Li(carb)
Chemical oxidation with Magic Blue
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Figure 2.10: UV-vis spectra. Black trace: catalyzed reaction mixture irradiated in
butyronitrile at —-80 °C; blue trace: mixture of CuBr, and Li(carb) (3 equiv) in
butyronitrile at —80 °C; green trace: mixture of [Cu'(carb),]Li (1) and Li(carb) (2 equiv)
treated with Magic Blue (0.3 equiv) in butyronitrile at —80 °C.

Although we have been unable to crystallographically characterize a lithium salt
of [Cu"'(carb)s], due in part to its thermal instability, crystals of two potassium salts,
[Cu"(carb)s][K(THF)s] and [Cu'(carb)s][K(benzo-15-crown-5),],° have been obtained
by layering Et,O onto a solution that contained Cu(OTf),, K(carb), and benzo-15-crown-
5 in THF at —78 °C (Figure 2.11a). This complex represents a rare example of a
structurally characterized homoleptic three-coordinate copper(I1) complex.”* The powder
and glass EPR spectra of [Cu''(carb)s][K(benzo-15-crown-5),] are consistent with the

spectra illustrated in Figure 2.9.
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Figure 2.11: (a) X-ray crystal structure of [Cu'(carb)s][K(THF)s] (thermal ellipsoids at
30% probability; hydrogen atoms and [K(THF)s]" are omitted for clarity). (b) DFT-
computed spin-density plot of [Cu'(carb)s]; 27% of the total spin resides on the three
nitrogen atoms. See Appendix A for details.

The quality of the X-ray diffraction data for [Cu'(carb)s][K(THF)s] is modest,
and structural metrics should therefore be viewed with caution. Nevertheless, the N-Cu—
N bond angles (two large and one small: 126.7(2)°, 124.4(2)°, 108.8(2)°) indicate a
significant distortion from a trigonal planar geometry, as anticipated for an 2E electronic
state that is Jahn-Teller active. DFT computations show significant spin delocalization,
with 0.43 eon Cu and 0.27 e distributed between the three nitrogen atoms of the
carbazolide ligands (Figure 2.11b).%

Given the appreciable predicted spin density on nitrogen, [Cu''(carb)s]” might
display reactivity characteristic of a carbazyl radical. For example, the key bond-forming
step in these photoinduced, copper-catalyzed reactions might occur through direct C-N
coupling, rather than through a copper(lll) intermediate. Previously, Warren and

coworkers have observed the reaction between trityl radical (PhsC-) and a Cu(ll)-anilido
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complex to furnish a C-N bond (PhsC-NHAr) and Cu(l). 2 While the addition of trityl
radical did not yield C—N coupled product, addition of TEMPO-H to a solution of
[Cu"(carb)s]Li generates [Cu'(carb),]Li and TEMPO- as the only EPR-active species
(TEMPO = 2,2,6,6-tetramethylpiperidine 1-oxyl). This reactivity is consistent with
hydrogen atom abstraction of TEMPO-H by [Cu"(carb)s]".*

As outlined in Figure 2.8, we hypothesize that [Cu'(carb)s]Li (2) is generated
through the coupling of carb- with [Cu'(carb),]Li (1). DFT calculations support the
viability of this elementary step, indicating that it is exergonic by ~9 kcal mol™>.? In
contrast, the potential coupling of [Cu'(carb),]Li (1) with R:, the other radical that is
produced upon excitation of Li(carb) and subsequent reaction with R—Br, to form
[Cu"R(carb),]  is endergonic by ~3 kcal mol™.

Next, using UV-vis spectroscopy, we have examined the build-up of the
persistent radical, [Cu"(carb)s]Li (2), under our standard conditions for a catalyzed
coupling (eq 3). When a reaction mixture is irradiated in a quartz cuvette at 0 °C, an
absorption band for [Cu'"(carb)s]Li (Amax = 580 nm) is observed within a few seconds
(Figure 2.12a). On the basis of an extinction coefficient of ~1100 M cm™ for

[Cu"(carb)s]Li, a concentration of [Cu"(carb)s]Li corresponding to ~50% of the original

amount of copper is reached within three minutes (Figure 2.12b).
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Figure 2.12: (a) Appearance of an absorption band (Amax = 580 nm) for [Cu'"(carb)s]Li
upon irradiation of a reaction mixture containing [Cu'(carb),]Li, Li(carb), and 2-bromo-4-
phenylbutane in CHsCN in a quartz cuvette at 0 °C. (b) Concentration of [Cu"(carb)s]Li
as a function of time.

According to our mechanistic hypothesis, at the outset of a photoinduced, copper-
catalyzed C—N coupling, when the concentration of the persistent radical, [Cu"(carb)s]Li
(2), is still low, a higher proportion of products derived from undesired side reactions of
R- (e.g., E in eq 5) is expected; as the concentration of [Cu'(carb)s]Li builds up upon
irradiation of the catalysis mixture, the proportion of the C—N cross-coupling product

should increase. This is indeed observed (Figure 2.13).
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Figure 2.13: Product distribution in the photoinduced, copper-catalyzed coupling of

Li(carb) with 2-bromo-4-phenylbutane (eq 3).

2.2.8 Evidence for out-of-cage C—N bond formation via a free-radical intermediate
under catalysis conditions (Figure 2.8, 2—1)

The mechanism outlined in Figure 2.8 suggests that the coupling of R- and carb- is
an out-of-cage process mediated by copper. We have turned to a radical-cyclization
probe to gain insight into the C—N bond-forming step of the catalytic cycle. Because the
reaction of secondary bromides is the focus of the present study, we chose 6-bromo-1-
heptene as the substrate. The derived secondary alkyl radical cyclizes with a rate
constant of 1.0 x 10° s at 25 °C,% furnishing a primary alkyl radical with 4:1 cis/trans
diastereoselectivity.”’

When 6-bromo-1-heptene is subjected to our standard reaction conditions, the
cyclization/coupling product (H) is formed in 62% vyield with 4:1 diastereoselectivity,
along with 10% of the direct-coupling product (1) (eq 6). Because the rate of diffusion

(typically >10% s)?® is significantly higher than the rate of cyclization of the derived
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secondary radical, predominant generation of cyclized product H suggests that, if ring
formation is occurring through radical cyclization, then C—N bond construction is
proceeding primarily through an out-of-cage pathway.
5 mol% [Cu(carb),]Li (1)
— hv (100-watt Hg lamp) —
Li(carb) Br > carb b (6)
Me CH4CN, 0°C, 8h car
1.5 equiv Me Me

H |
62% 10%
4 :1 cis:trans

The 4:1 cis/trans stereoselectivity that we observe is identical to that previously
reported for the cyclization of this putative secondary alkyl radical at 0 °C.?° To provide
further support for a radical, rather than an organometallic, pathway for ring formation,
we have examined the photoinduced, copper-catalyzed coupling of the deuterium-labeled
analogue of 6-bromo-1-heptene that is illustrated in eq 7. Analysis via NMR
spectroscopy (60% yield) revealed a 1:1 mixture at the indicated stereocenter, which is
inconsistent with a radical-free organometallic mechanism that involves uninterrupted
oxidative addition, g-migratory insertion, and reductive elimination.?

5 mol% [Cu(carb),]Li (1)
Li(carb) D/:Q v (100wt Hg lamp) Carb\{Q (7)
15 equiv Me CH4CN, 0°C, 8 h £ Me

1 :1 mixture
at the indicated stereocenter

To further explore the question of out-of-cage coupling, we have investigated the
effect of the concentration of the reaction on the ratio of cyclized (H) to uncyclized (1)
product (eq 8; Table 2.1).%° If all of the cross-coupling is occurring in-cage, then the ratio
should not depend on concentration. The trend that we observe—a greater preference for

cyclization at lower concentration—is that expected if out-of-cage coupling is occurring.
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Table 2.1: Effect of reaction concentration on ratio of cyclized (H) to uncyclized (1)
product.

5 mol% [Cu(carb),]Li (1)

— hv (100-watt Hg lamp) —
Li(carb) Br > carb (8)
Me  CHsCN,0°C,8h carb

1.5 equiv Me Me
H I

[alkyl bromide] (mM) ratio of products (H/I)

11 11

22 7.6
33 6.1
44 5.5
55 5.1

2.2.9 Evaluation of a radical chain mechanism under catalysis conditions
A recent report by Yoon serves as a reminder of the need to consider the

possibility of radical chain pathways during photoredox processes.®!*

In the present
study, we have determined that the total quantum yield (®) for all processes that consume
2-bromo-4-phenylbutane under the standard catalysis conditions (eq 3) is 0.10 + 0.01, a
value that is consistent both with a non-chain pathway and with a chain process with
rapid chain termination. We have also measured the Stern—\olmer quenching fraction
(Q) to be 0.33, which suggests that at most 33% of all excited states of lithium
carbazolide that are generated are quenched by the electrophile. The chain length (®/Q;
the number of molecules of product formed per photoinduced electron-transfer event) is
therefore 0.30, indicating that every quenching event of Li(carb)* leads to the

consumption of 0.30 equivalents of electrophile. This low chain length, which represents

a lower limit (see Appendix A), is suggestive of a non-chain pathway.
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2.3 Conclusions

Using a wide range of tools, we have investigated the mechanism of the
photoinduced, copper-catalyzed coupling of carbazole with an alkyl bromide, which is
one of the first examples of transition-metal catalysis of the alkylation of an amine by an
alkyl halide. In addition to the originally proposed pathway, we suggest that a second
mechanism is operative and dominant, wherein photoexcited Li(carb) serves as a
reductant of the alkyl bromide, generating an alkyl radical and a carbazyl radical, which
combine via an out-of-cage, copper-catalyzed pathway in which [Cu'(carb),]~ (1) and
[Cu"(carb)s]” (2) are key intermediates (Figure 2.8).

Using ESI-MS, we have obtained evidence for the presence of [Cu'(carb)2]™ (1)
under catalysis conditions. With the aid of UV-vis and luminescence spectroscopy, we
have established that, upon irradiation, Li(carb) can undergo excitation and then electron
transfer to an alkyl bromide, thereby affording a carbazyl radical and an alkyl radical.
Using EPR spectroscopy, we have obtained evidence for the formation of a Cu(ll)
complex during catalysis; we postulated this intermediate to be [Cu'(carb)s]™ (2;
generated by the reaction of a carbazyl radical with [Cu'(carb)2]™ (1)), which we then
independently synthesized and structurally characterized. Through the use of UV-vis
spectroscopy, we have monitored the buildup of this complex, the persistent radical that
is responsible for effective cross-coupling, during a reaction. Radical-cyclization,
stereochemical, and reactivity probes are consistent with the generation of an alkyl
radical, which engages in out-of-cage coupling with [Cu'(carb)s]” (2). The chain length

for the coupling reaction is relatively low (0.3), as expected for a non-chain process.
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The additional pathway illustrated in Figure 2.8 highlights the opportunity to
achieve photoinduced, copper-catalyzed coupling reactions not only through excitation of
copper—nucleophile complexes, but also of nucleophiles themselves. Regardless of the
photoreductant under catalytic conditions, copper appears to play a critical role in the key
bond construction step via coupling of a copper(ll)—nucleophile complex with an organic
radical. Ongoing studies are directed at further expanding the scope of such processes, as

well as exploring their mechanisms.
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J. C.; Fu, G. C. J. Am. Chem. Soc. 2013, 135, 13107-13112. (d) Alkylation of
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C. J. Am. Chem. Soc. 2014, 136, 2162-2167. (e) Arylation of oxygen nucleophiles:
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6. For leading reviews on photoredox catalysis, see: (a) Prier, C. K.; Rankic, D. A;;
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9. For simplicity, we write “[Cu'(carb),]Li”, although the lithium is in fact solvated by

10.

11.

12.

13.

14.

15.

CH3CN. For example, see Reference 2a.

A luminescent state of [Cu'(carb),]Li* with a lifetime of 590 ps was also observed.

A concentrated sample of the alkyl bromide in CH3CN shows no absorption beyond
300 nm, whereas the Nd:YAG laser is pumping the sample at 355 nm.

Compound G is the N-N coupled product.

Alfassi, Z. B. In General Aspects of the Chemistry of Radicals; Alfassi, Z. B., Ed.;
Wiley: Chichester, U.K., 1999; pp 139-173.

For examples of aggregation of carbazolide anions, see: (a) Dinnebier, R.; Esbak, H.;
Olbrich, F.; Behrens, U. Organometallics 2007, 26, 2604-2608. (b) Bock, H.; Arad,
C.; Nather, C.; Havlas, Z. J. Organomet. Chem. 1997, 548, 115-120.

The expected value for the diffusion coefficient for carbazole is 24.2 x 1010 m2/s,
which leads to a hydrodynamic radius of 2.6 A; the measured value is 22.7 x 10%°

m?/s, which gives a hydrodynamic radius of 2.8 A.
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Correspondingly, with respect to the C-N coupling pathway that proceeds via
excitation of [Cul(carb)2]Li (Figure 2.2), R- may react with [Cull(carb)3]Li (2),
rather than with Cull(carb)2.
For leading references, see: (a) Studer, A. Chem. Eur. J. 2001, 7, 1159-1164. (b)
Fischer, H. Chem. Rev. 2001, 101, 3581-3610.
We use this term loosely to include reactions conducted according to eq 3, but where
irradiation has been stopped (e.qg., to allow spectroscopic studies).
The absorption profiles shown in Figure 2.3a (the transient absorption spectrum of
[Cu'(carb),]Li in the absence of added electrophile) and Figure 2.10 (the absorption
spectrum of [Cu''(carb)s]") are similar. The [Cu'(carb),]Li* excited state detected in
Figure 2.3a presumably has MLCT character with some degree of admixed ligand-to-
ligand charge transfer (i.e., MLLCT), reflecting a degree of copper(ll)-carbazolide
character. MLCT character in [Cu'(carb),]Li* is consistent with a molar extinction
coefficient of 4300 M~ cm™ for this transition of [Cu'(carb),]” at 365 nm.
The X-ray diffraction data for [Cu'"(carb)s][K(benzo-15-crown-5),] was of poor
quality and hence were only sufficient for establishing overall atomic connectivity.
Homoleptic monomeric three-coordinate Cu(ll) anions have only been
crystallographically characterized in the case of alkoxide ligands: (a) Purdy, A. P.;
George, C. F. Inorg. Chem. 1991, 30, 1969-1970. (b) Hannigan, S. F.; Lum, J. S;;
Bacon, J. W.; Moore, C.; Golen, J. A.; Rheingold, A. L.; Doerrer, L. H.

Organometallics 2013, 32, 3429-3436.
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For examples of other copper(ll)-amido complexes wherein significant spin density
is believed to reside on nitrogen, see: (a) Mankad, N. P.; Antholine, W. E.; Szilagyi,
R. K.; Peters, J. C. J. Am. Chem. Soc. 2009, 131, 3878-3880. (b) Wiese, S.; Badiei,
Y. M.; Gephart, R. T.; Mossin, S.; Varonka, M. S.; Melzer, M. M.; Meyer, K
Cundari, T. R.; Warren, T. H. Angew. Chem. Int. Ed. 2010, 49, 8850-8855. (c)
Wagner, C. L.; Tao, L.; Thompson, E. J.; Stich, T. A.; Guo, J.; Fettinger, J. C.;
Berben, L. A.; Britt, R. D.; Nagase, S.; Power, P. P. Angew. Chem. Int. Ed. 2016, 55,
10444-10447.

Jang, E. S.; McMullin, C. L.; KaB, M.; Meyer, K.; Cundari, T. R.; Warren, T. H. J.
Am. Chem. Soc. 2014, 136, 10930-10940.

For examples of other copper(I)-amido complexes that abstract hydrogen atoms, see
refs 22a and 23.

The computed activation barrier is less than 8 kcal/mol.

Lusztyk, J.; Maillard, B.; Deycard, S.; Lindsay, D. A.; Ingold, K. U. J. Org. Chem.
1987, 52, 3509-3514.

This diastereoselectivity (4:1 cis/trans) has previously been observed for the
cyclization of this radical at 0 °C: Reference26.

Anslyn, E. V.; Dougherty, D. A. Modern Physical Organic Chemistry; University
Science Books: Sausalito, CA, 2006; p 156.

When a photoinduced, copper-catalyzed cross-coupling is run in the presence of
TEMPO, a considerable amount of the TEMPO adducts (derived from trapping of the

uncyclized secondary radical or the cyclized primary radical) is observed.
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For leading references on radical clocks, see: Newcomb, M. In Encyclopedia of
Radicals in Chemistry, Biology and Materials; Chatgilialoglu, C., Studer, A., Eds.;
John Wiley & Sons, Chichester, U.K., 2012; Vol 1, pp 107-124.

Cismesia, M. A.; Yoon, T. P. Chem. Sci. 2015, 6, 5426-5434.

For reviews of photoinduced SRN1 reactions, see: (a) Buden, M. E.; Martin, S. E.;
Rossi, R. A. CRC Handbook of Organic Photochemistry and Photobiology;
Griesbeck, A., Oelgemoller, M., Ghetti, F., Eds.; CRC Press: Boca Raton, Florida,
2012; pp 347-368. (b) Penenory, A. B.; Arglello, J. E. Handbook of Synthetic
Photochemistry; Albini, A., Fagnoni, M., Eds.; Wiley—VCH: Weinheim, Germany,
2010; Chapter 10.

The Hatchard—Parker method was employed. See: (a) Murov, S. L.; Carmichael, I.;
Hug, G. L. Handbook of Photochemistry; CRC Press: New York, 1993; pp 298-313.
(b) Bolton, J. R.; Stefan, M. I.; Shaw, P.-S.; Lykke, K. R. J. Photochem. Photobiol. A:

Chem. 2011, 222, 166-169.
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3.1 Introduction

The development of metal-catalyzed cross-coupling reactions has had a profound
impact on the synthesis of organic molecules.® The use of catalysts based on earth-
abundant metals is attractive, and remarkable progress has been described in achieving a
wide variety of bond constructions with the aid of copper catalysts.? Elevated
temperatures and added ligands are typically required.

We have recently established that, with the aid of light, an array of copper-
catalyzed cross-couplings can be achieved under unusually mild conditions (—40 to 30
°C) without the need for an added ligand. In the case of couplings with aryl electrophiles,
we have demonstrated the viability of nitrogen, sulfur, and oxygen nucleophiles as
reaction partners,®* and, in the case of alkyl electrophiles, we have described the use of
nitrogen nucleophiles.>® On the basis of one of our working mechanistic hypotheses for
these processes (see below), the photophysical properties of a copper—nucleophile
complex may play a key role in determining the feasibility of such transformations.
Consequently, it was not clear at the outset whether the expansion of this mode of
reactivity to the alkylation of carbon-based nucleophiles would be possible.

Organic compounds that bear a cyano group serve as important intermediates and
endpoints in organic chemistry.”® Nucleophilic substitution of an alkyl electrophile with
cyanide anion through an Sy2 pathway is an attractive approach to the synthesis of
nitriles, although undesired side reactions such as elimination can intervene, especially in
the case of less reactive electrophiles. For unactivated secondary alkyl chlorides, we are

not aware of cyanations that proceed efficiently at a temperature below 75 °C.°
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Although a few studies have described the use of transition metals to catalyze the
cyanation of alkyl halides, to the best of our knowledge these methods have been limited
to benzylic chlorides.'® We therefore decided to investigate the possibility that a copper
catalyst in combination with light could expand the scope of such metal-catalyzed
cyanations to include challenging substrates such as unactivated secondary alkyl
chlorides. In this report, we establish that copper and light do indeed enable cyanations of
these electrophiles at room temperature (eq 1), thus expanding the scope of photoinduced,
copper-catalyzed bond formation to include the alkylation of carbon-centered

nucleophiles as well as the use of secondary chlorides as electrophiles.

0,
cal 7.5% Cul CN

T mesugeny  _@stm
n-Bu),
R? TBACN CHsCN,rt. R R?
( ) 24h

R ™)

1.6 equiv
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3.2 Results and Discussion
3.2.1 Optimization and Scope

Upon investigating a variety of reaction parameters, we have determined that the
cyanation of an unactivated secondary alkyl chloride proceeds in good yield at room
temperature with [N(n-Bu)4][CN] (TBACN) as the cyanide source, Cul as the catalyst,
and irradiation with 15-watt UVC compact fluorescent light bulbs™ (Table 3.1, entry 1).%?
This photoinduced, copper-catalyzed cyanation can even be achieved at 0 °C (entry 2; 60
h), whereas the thermal (no Cul and no light) cyanation of this substrate with TBACN in
CH3CN requires heating to 92 °C (82% yield after 24 h). Under our standard conditions
but in the absence of Cul and/or light, essentially no carbon—carbon bond formation is
observed (entries 3-5). Use of a photoreactor establishes that irradiation at 254 nm is
more effective than at 300 or 350 nm (entries 6-8). Substituting Cul with a variety of
other Cu(l) or Cu(ll) complexes, as well as with Cu nanopowder, leads to a significantly
lower yield (entries 9-14), as does replacement of TBACN with other cyanide sources
(entries 15-17). The amount of Cul can be reduced to 2.5% (but not to 1.0%; entries 18—
20), and the reaction time can be shortened to 12 h (entry 21), without substantially
diminishing product formation. Use of a smaller excess of TBACN results in a small loss
in yield (entry 22). Although the cyanation method is somewhat sensitive to air (entry

23), it is not sensitive to moisture (entry 24).
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Table 3.1: Photoinduced, copper-catalyzed cyanation of an unactivated secondary alkyl

chloride: Effect of reaction parameters®

7.5% Cul

/\/(ﬂ hv (254 nm) /\/ﬂ“
Ph Et TBAC"_‘ CH3CN, r.t. Ph Et
1.6 equiv 24 h
"standard conditions"

entry change from the "standard conditions" yield (%)b
1 none 88
2 0 °C (60 h) 85¢
3 no Cul <1
4 no hv <1
5 no Cul and no hv <1
6 hv (photoreactor at 254 nm) 86
7 hv (photoreactor at 300 nm) 15
8 hv (photoreactor at 350 nm) 12
9 CuBr, instead of Cul 42
10 CuCl, instead of Cul 48
11 Cu,0, instead of Cul 32
12 CuCl,, instead of Cul 44
13 Cu(OTf),, instead of Cul 42
14 Cu nanopowder (60-80 nm), instead of Cul 23
15 NaCN, instead of TBACN 25
16 KCN, instead of TBACN 27
17 K4[Fe(CN)g], instead of TBACN <1
18 5.0% Cul 83
19 2.5% Cul 78
20 1.0% Cul 47
21 12h 82
22 1.2, instead of 1.6, equiv TBACN 75
23 under an atmosphere of air, instead of nitrogen 32
24 0.1 equiv H,O added 87

aAll data are the average of two or more experiments. “The yield
was determined through GC analysis with the aid of a calibrated
internal standard. °Yield of purified product: 85% (average of two runs).

Under our standard conditions, photoinduced, copper-catalyzed cyanation of an
array of unactivated secondary alkyl chlorides proceeds in generally good yield at room
temperature (Table 3.2).2° Both acyclic (entries 1-6) and cyclic (entries 7-9)
electrophiles are suitable coupling partners. This method is remarkably effective in the
case of very hindered electrophiles, including a secondary alkyl chloride that bears a t-
butyl substituent (entry 3; substantially more sterically demanding than neopentyl
chloride) and one in which both substituents are a-branched (entry 6); an attempted

cyanation of the latter substrate under thermal conditions (1.6 equiv TBACN, DMF, 80
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°C, 24 h) was unsuccessful (<5% yield at 90% conversion). Functional groups such as an
olefin, a furan, a carbamate, and a dialkyl ether are compatible with the coupling
conditions (entries 4—6, 8, and 9). Furthermore, when additives (1.0 equiv) that contain a
terminal alkyne, a cis-disubstituted olefin (4-decene), or an ester (ethyl heptanoate) are
introduced to the reaction mixture, cross-coupling occurs smoothly; on the other hand,
the presence of certain nitrogen heterocycles impedes carbon—carbon bond formation. On
a gram-scale (1.3 g of product), the cross-coupling illustrated in entry 1 of Table 3.2

proceeds in 94% vyield.
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Table 3.2: Photoinduced, copper-catalyzed cyanation of unactivated secondary alkyl

chlorides: Scope

j:\l see eq 1 )C\N
Ri“~gz  TBACN R R2
entry electrophile yield (%)?

93

84

84

Ph
Ph
Ph
Me
Me
(0] 74
/

Cl
Cl
i—Pr/‘\/\
Cl
t—Bu)\/\
Cl
4 /w
Me’ =
Cl
Me
/‘\/\@
Cl
6 93
NBoc
(¢]]
, O 7
Cl
o *
O
Cl

Boc

aYield of purified product (average of two experiments).

This new pathway for carbon—carbon bond formation is not limited to the
cyanation of unactivated secondary alkyl chlorides. For example, under our standard
conditions, neophyl chloride, a poor substrate for Sy2 reactions, can be converted to the
target nitrile in 80% vyield (eq 2); no product formation (<1%) was observed in the
absence of light or of copper, or under thermal conditions (DMF, 80 °C, 24 h). We have

also determined that an unactivated tertiary alkyl chloride can serve as a useful coupling
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partner, thereby generating an all-carbon quaternary center (eq 3);** an effort to
accomplish this transformation under thermal conditions failed to furnish the desired
product (<1% yield;: DMF, 80 °C, 24 h)."™® In a competition experiment, we have
established that a tertiary alkyl chloride undergoes cyanation more rapidly than a
secondary alkyl chloride, likely due to the greater stability of the more highly substituted

radical (eq 4; see the mechanistic discussion below).

Cl CN

seeeq
Me% TBACN —— > Me% )
Me Ph Me Ph
80%
Cl Me see eq 1 NC Me
TBACN ———
Ph Me Ph Me
62%
Cl Me .
1.0 equiv TBACN NC Me
Ph Me 7.5% Cul
5 equiv hv (254 nm) Ph Me 46%
_—
Cl CH3CN, r.t. CN
Ph Me Ph/\)\Me 13%
5 equiv

The conditions that we have developed for the photoinduced, copper-catalyzed
cyanation of alkyl chlorides can be applied without modification to unactivated
secondary alkyl bromides (Table 3.3);'® for these electrophiles, under our standard
conditions but in the absence either of copper or of light, a small amount of cyanation
occurs (the catalyzed process is at least five times faster). A nitrile, an ester, and a
carbamate are compatible with the coupling method. In a competition study, we have

determined that an alkyl bromide reacts much more rapidly than does an alkyl chloride

(eq 5).



Cl
1.0 equiv TBACN CN
n-Pr/\/I\ME 7.5% Cul /\)\
5 equiv hv (254 nm) n-Pr Me <1%
PP 5)
Br CH3CN, r.t. CN
n-Pent/\)\Me n-Pent/\)\Me 95%
5 equiv

Table 3.3: Photoinduced, copper-catalyzed cyanation of unactivated secondary alkyl

bromides: Scope

Br see eq 1 CN
pinge  TBACN  ——— A,
entry electrophile yield (%)?
Br
1 84
Et/K/\Ph
Br
2 82
Me/K/\CN
Br
3 ; 82
CO,i-P
Me/‘\/\/ oI-FT
Br
4 O 92
Br
5 84

N
Boc

aYield of purified product (average of two experiments).

3.2.2 Mechanistic Observations

64

Figure 3.1 provides an outline of one of the possible pathways for photoinduced,

copper-catalyzed cyanations of unactivated secondary alkyl chlorides.>>*" In this

scenario, a Cu(l)-cyanide adduct (A) undergoes photoexcitation to afford an excited-state

complex (B) that engages in an electron-transfer reaction with the alkyl halide to furnish

a Cu(ll)-cyanide adduct (C) and an alkyl radical, which next combine to provide the
nitrile and a Cu(l)-halide complex (D).}’ Reaction of Cu(l)-halide complex D with

TBACN then regenerates Cu(l)-cyanide adduct A.
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TBAX [L,Cu! (CN)]
TBACN / \

[L,Cu'X] D B [L,Cu'(CN)]
’\ L, Cu” CN)] %

Figure 3.1: Outline of one of the possible pathways for photoinduced, copper-catalyzed
cyanations of unactivated secondary alkyl chlorides (for the sake of simplicity, the copper

complexes are illustrated as neutral species).

During our reaction-development efforts, we determined that, while CuCl
displays activity as a catalyst for the photoinduced cyanation of a secondary alkyl
chloride, carbon—carbon bond formation is more efficient in the presence of Cul (Table
3.1, entries 1 and 10). We have confirmed that similar behavior is observed when
cyclohexyl chloride is employed as the electrophile (Table 3.4, entries 1 and 2); the
addition of TBAI to CuCl furnishes results that are comparable to Cul alone (entries 2
and 3)."® Because copper(l) halides undergo ligand substitution in the presence of
TBACN (see below), we hypothesized that the enhanced effectiveness of Cul relative to
CuCl might arise from the transient formation of an alkyl iodide through the reaction of
iodide anion with the alkyl chloride,*® which could provide a pathway for carbon—carbon

bond formation that parallels direct reaction of the alkyl chloride.
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Table 3.4: Cyanation of cyclohexyl halides

X 75%Y CN
© hv (254 nm) ©
TBACN ————
CH3CN, r.t.
1.6 equiv 24 h
entry X Y yield (%)?@
1 Cl CuCl 34
2 Cl Cul 82
3 Cl CuCl + TBAI 78
4 | none 26
5 | none (no light) <1
6 Cl TBAI 5
7 Cl [Cu(CN),]TBA 26
8 Cl [Cu(CN),]TBA + TBAI 76

4The yield was determined through GC analysis with the
aid of a calibrated internal standard (average of two runs).

The in situ generation of an alkyl iodide could enhance the efficiency of the
pathway outlined in Figure 3.1 by, for example, facilitating electron transfer from
excited-state complex B to the alkyl halide. At the same time, we also considered the
possibility that the transient formation of an alkyl iodide might open the door to a copper-
free cyanation pathway (e.g., eq 6), since homolysis of an alkyl-I bond can occur upon

irradiation at 254 nm,2%21:22.23

h
R—I TBACN ——> R-CN TBAI (6)
: TBACN
via R- |- ———> [R—CNJTBA*

Indeed, we have determined that, upon irradiation, cyclohexyl iodide reacts with
TBACN to generate the corresponding nitrile in modest yield (26%; Table 3.4, entry 4); a
control reaction in the absence of light demonstrates that this cyanation does not arise
from a simple Sn2 displacement (Table 3.4, entry 5).** However, we have also
established that, under our standard conditions for photoinduced cyanation, replacement

of Cul with TBAI does not lead to a substantial quantity of the nitrile (Table 3.4, entry 6

vs. entry 2),% thereby confirming the critical role of copper. Thus, in situ formation of an
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alkyl iodide, followed by copper-free, photoinduced formation of the nitrile (eq 6), is
likely at most a minor contributor to the enhanced catalytic activity of Cul relative to
CuCl (Table 3.4, entries 1 and 2).

We decided to explore the possible intermediacy of an organic radical in
photoinduced, copper-catalyzed cyanations (e.g., Figure 3.1). To avoid complications that
might arise from the formation and direct photochemistry of an alkyl iodide, we chose to
employ CuCl as a catalyst in our investigation, while recognizing that it would afford a
modest yield. In particular, we have examined the cyanation of the unactivated secondary
alkyl chloride illustrated in eq 7;% the radical derived from this electrophile has been
reported to furnish a 2:1 endo:exo mixture of [3.3.0] bicyclic compounds upon
cyclization.?” When we subject this electrophile to photoinduced, copper-catalyzed
cyanation, we also obtain a 2:1 endo:exo mixture of products, consistent with a common

radical intermediate.

—CN

- 15% CuCl H
= hv (254 nm SN
O\ J/ Teacn (&AM )
E 0 CchN, r.t. B (o)
H 1.6 equiv 24 h H

endo:exo = 2:1 (28%)

Although our working mechanistic hypothesis (Figure 3.1) does not invoke a
radical-chain pathway, a variety of photoinitiated nucleophilic substitution processes
have been described that are believed to proceed through a chain mechanism.? To gain
insight into whether a chain process might be operative under our cyanation conditions,
we determined the quantum yield for the reaction of cyclohexyl chloride with TBACN.?

The observed value of 0.030 (.002) does not suggest a chain pathway.
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To obtain information about what copper complexes might be present under our
standard coupling conditions, we have analyzed by electrospray ionization mass
spectrometry (ESI-MS) the cyanation of cyclohexyl chloride. After 30 min of irradiation,
anionic species were detected with m/z = 115 and 117, which can be assigned to
%3Cu(CN),~ and ®°Cu'(CN),, respectively. When a mixture of Cul (or CuCl) and
TBACN (1:10) was independently analyzed by ESI-MS, the same two species were
observed.

The absorption spectrum of [Cu(CN),JTBA? reveals stronger absorbance at 254
nm (g54 = 1.5 x 10 M™ cm™) than at 300 and 350 nm (Figure 3.2). In view of our
observation that irradiation at 254 nm leads to more effective coupling than does
irradiation at 300 or 350 nm (Table 3.1, entries 6-8), this spectrum is consistent with the
hypothesis that excitation of [Cu(CN),]” may play a key role in the photoinduced, copper-
catalyzed process, for example by serving as a reductant (Figure 3.1).%® Under a variety
of conditions, a common photoredox catalyst, Ir(ppy)s,>®*" does not facilitate cyanation
(eq 8, Table 3.5), consistent with the hypothesis (Figure 3.1) that the role of copper may

extend beyond electron transfer.*

Table 3.5: Attempted use of an Ir photoredox catalyst for cyanation of cyclohexyl

chloride

Cl
7.5% Ir(ppy)3

hv
TBACN ———— (8)

. CH3CN, r.t.
1.6 equiv 24 h
conditions yield (%)
blue LED <1
254 nm <1

blue LED, 7.5% Cul <1
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Figure 3.2: Absorption spectrum of [Cu(CN),]TBA in CH3;CN at room temperature.

Finally, we have examined the chemical competence of [Cu(CN),] TBA under our
coupling conditions by irradiating it in the presence of cyclohexyl chloride. Cyanation
proceeds in 14% vyield in the absence of TBAI, whereas the addition of TBAI leads to a
substantial improvement in coupling efficiency (98% yield) (eq 9); no product is formed
in the absence of light. These data for stoichiometric reactions of [Cu(CN),]TBA are
consistent with our observation that the presence of iodide anion is beneficial, although
not absolutely required, for copper-catalyzed cyanations of alkyl chlorides (Table 3.4,
entries 1 and 2). Similarly, photoinduced cyanations in which [Cu(CN),]TBA is
employed as a catalyst are less effective under iodide-free conditions than when iodide is

added (Table 3.4, entries 7 and 8; cf., entries 1 and 3).

Cl CN
[Cu(CN),]TBA hv (254 nm)
u(CN _— 9
2 CH4CN, rt. ©
. 4h
0.075 equiv

14%
98% (0.075 equiv TBAI added)
(yields based on copper)
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3.3 Conclusion

We have expanded the scope of photoinduced, copper-catalyzed cross-couplings
of alkyl electrophiles: with respect to the nucleophile, we have shown for the first time
that a carbon nucleophile can be employed; with respect to the electrophile, we have
provided the first examples of the use of secondary alkyl chlorides as electrophiles. More
specifically, we have established that, with a combination of light and a copper catalyst,
the cyanation of a variety of unactivated secondary alkyl chlorides, including very
sterically demanding substrates, proceeds in good yield under unusually mild conditions
(room temperature) to generate nitriles, a useful class of organic molecules. An
inexpensive pre-catalyst (Cul) and light source are used, no added ligand is necessary, the
method is versatile (e.g., secondary alkyl bromides, a very hindered primary alkyl
chloride, and an unactivated tertiary alkyl chloride serve as suitable electrophiles under
the same conditions), and the cyanation can even be achieved at 0 °C. Initial mechanistic
observations are consistent with possible roles for [Cu(CN).] *, alkyl iodides, and alkyl
radicals as intermediates. Further efforts are underway to exploit the unusual reactivity
provided by copper and light to accomplish new families of bond constructions for

organic synthesis.
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Tan, Y.; Mufioz-Molina, J. M.; Fu, G. C.; Peters, J. C. Chem. Sci. 2014, 5, 2831-
2835. (e) For a related study, see: Yoo, W.-J.; Tsukamoto, T.; Kobayashi, S. Org.
Lett. 2015, 17, 3640-3642.

4. For independent work by Hwang, see: Sagadevan, A.; Hwang, K. C. Adv. Synth. Catal.
2012, 354, 3421-3427.

5. (a) Carbazoles as nucleophiles: Bissember, A. C.; Lundgren, R. J.; Creutz, S. E.;
Peters, J. C.; Fu, G. C. Angew. Chem., Int. Ed. 2013, 52, 5129-5133. (b) Amides as
nucleophiles: Do, H.-Q.; Bachman, S.; Bissember, A. C.; Peters, J. C.; Fu, G. C. J.

Am. Chem. Soc. 2014, 136, 2162-2167.
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6. For recent overviews of photoinduced, copper-catalyzed reactions, see: (a) Majek, M.;
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von Wangelin, A. J. Angew. Chem., Int. Ed. 2013, 52, 5919-5921. (b) Paria, S.;
Reiser, O. ChemCatChem 2014, 6, 2477-2483.

For leading references, see: (a) Science of Synthesis; Murahashi, S.-1., Ed.; Georg
Thieme Verlag: Stuttgart, Germany, 2004; Vol 19. (b) Fleming, F. F.; Yao, L.;
Ravikumar, P. C.; Funk, L.; Shook, B. C. J. Med. Chem. 2010, 53, 7902—7917.
Vildagliptin and verapamil are two examples of alkyl nitriles that serve as
pharmaceutical drugs.

For example, see: (a) Smiley, R. A.; Arnold, C. J. Org. Chem. 1960, 25, 257-258
(reflux; DMSO). 2-Chlorobutane and 2-chlorooctane were cyanated in 69% and 70%
yield, respectively. (b) Cook, F. L.; Bowers, C. W.; Liotta, C. L. J. Org. Chem. 1974,
39, 3416-3418 (83 °C; CH3CN/18-crown-6). 2-Chlorooctane was cyanated in 78%
yield (based on recovered starting material; 10 days), whereas cyclohexyl chloride did
not furnish any of the desired product. (c) Shaw, J. E.; Hsia, D. Y.; Parries, G. S;
Sawyer, T. K. J. Org. Chem. 1978, 43, 1017-1018 (80 °C; HMPA). 2-Chlorooctane
was cyanated in 87% vyield. (d) Reddy, M. S.; Rajan, S. T.; Eswaraiah, S,
Satyanarayana, R. Improved Process for Manufacture of Pregabalin. Patent WO
2009/001372 A2, Dec 31, 2008. A secondary alkyl chloride was cyanated in ~70%
yield.

For example, see: (a) Nickel catalyst/60 °C: Satoh, Y.; Obora, Y. RSC Adv. 2014, 4,
15736-15739. (b) Copper catalyst/180 °C: Ren, Y.; Dong, C.; Zhao, S.; Sun, Y.,

Wang, J.; Ma, J.; Hou, C. Tetrahedron Lett. 2012, 53, 2825-2827. (c) Palladium
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catalyst/140 °C: Ren, Y.; Yan, M.; Zhao, S.; Sun, Y.; Wang, J.; Yin, W.; Liu, Z.
Tetrahedron Lett. 2011, 52, 5107-5109. (d) Titanium catalyst/O °C (benzhydryl
chloride): Zieger, H. E.; Wo, S. J. Org. Chem. 1994, 59, 3838-3840.

The UVC bulbs can be purchased from a retailer such as Amazon.com ($15).

Notes: (a) The temperature of the reaction mixture during the course of the cross-
coupling has been determined to be <25 °C. (b) A very small amount (~2%) of
reduction of the alkyl chloride (C1—H) is observed.

An aryl halide (iodide) can also undergo cyanation, albeit in modest yield. The use of
a bis(imine) ligand on Cu has since been shown to significantly improve yields: Kim,
K.; Hong, S. H. Adv. Synth. Catal. 2017, 359, 2345-2351.

Notes: (a) In the absence of light and/or Cul, no cyanation was observed. (b) This
method is not yet general: under the current conditions, more hindered tertiary alkyl
chlorides react more slowly. We have not yet pursued optimization of this process.
The cyanation of a tertiary alkyl chloride under Sy1 conditions has been described.
For example, see: Reetz, M. T.; Chatziiosifidis, I. Angew. Chem., Int. Ed. 1981, 20,
1017-1018.

In preliminary studies under our standard conditions, an unactivated secondary alkyl
fluoride and an unactivated secondary alkyl tosylate did not serve as suitable coupling
partners.

Note: We are also considering mechanisms that incorporate features such as out-of-
cage chemistry of the alkyl radical, including carbon—carbon bond formation via

reaction of an alkyl radical with a Cu(l)-CN complex.
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Cyclohexyl chloride can be a challenging substrate for cyanation, including under
“naked nucleophile” conditions (Reference 9b).

During the course of a catalyzed cyanation, we have observed the accumulation of
only a trace (<1%) of the alkyl iodide.

Photolysis (254 nm) of cyclohexyl iodide in CH3CN leads to its gradual
disappearance over 24 hours. In contrast, under the same conditions, cyclohexyl
chloride can be recovered quantitatively after 24 hours (in the presence of TBAI (1.0
equiv), some cyclohexyl chloride is consumed (~25%)).

For an example and leading references, see: Kropp, P. J.; Poindexter, G. S.; Pienta, N.
J.; Hamilton, D. C. J. Am. Chem. Soc. 1976, 98, 8135-8144. These authors report
that, under certain conditions, a sequence of homolysis and then electron transfer can
generate carbocationic intermediates.

The cyanation of alkyl iodides by diethylphosphoryl cyanide via a radical pathway
has been described: Cho, C. H.; Lee, J. Y.; Kim, S. Synlett 2009, 81-84.

For reviews of photoinduced Sgn1 reactions, see: (a) Buden, M. E.; Martin, S. E.;
Rossi, R. A. CRC Handbook of Organic Photochemistry and Photobiology;
Griesbeck, A., Oelgemoller, M., Ghetti, F., Eds.; CRC Press: Boca Raton, Florida,
2012; pp 347-368. (b) Penenory, A. B.; Arglello, J. E. Handbook of Synthetic
Photochemistry; Albini, A., Fagnoni, M., Eds.; Wiley—VCH: Weinheim, Germany,
2010; Chapter 10. (c) Bowman, W. R. Photoinduced Electron Transfer; Fox, M. A.,

Chanon, M., Eds.; Elsevier: Amsterdam, 1990; pp 487-552.
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In contrast, in the case of an acyclic secondary alkyl iodide, we have observed
cyanation under the same conditions.

When entry 6 of Table 3.4 was conducted in the absence of light, essentially no
cyanation (<1%) was observed.

Notes: (a) This alkyl chloride is stable to irradiation at 254 nm. (b) If Cul is employed
as the catalyst, at partial conversion we observe a trace of the two diastereomers of
the [3.3.0] bicyclic primary alkyl iodide, which could be formed through Cl—I
transhalogenation of the starting electrophile, homolysis of the C-I bond, radical
cyclization, and then radical-radical recombination to generate a C—I bond.

Pandey, G.; Rao, K. S. S. P.; Palit, D. K.; Mittal, J. P. J. Org. Chem. 1998, 63, 3968—
3978.

The Hatchard—Parker method was employed. See: (a) Murov, S. L.; Carmichael, I.;
Hug, G. L. Handbook of Photochemistry; CRC Press: New York, 1993; pp 298-313.
(b) Bolton, J. R.; Stefan, M. I.; Shaw, P.-S.; Lykke, K. R. J. Photochem. Photobiol. A:
Chem. 2011, 222, 166-169.

Nilsson, M. Acta Chem. Scand. B 1982, 36, 125-126.

For examples of studies of the reactivity of [Cu(CN),] * in aqueous solution, see: (a)
Formation of an exciplex with halide ions: Horvath, A.; Stevenson, K. L. Inorg.
Chem. 1993, 32, 2225-2227. (b) Electron transfer. Kemecsi, F.; Wood, C. E;
Horvéth, A.; Stevenson, K. L. J. Photochem. Photobiol. A: Chem. 1995, 89, 121-125.
For a recent review of photoredox catalysis, see: Prier, C. K.; Rankic, D. A,

MacMillan, D. W. C. Chem. Rev. 2013, 113, 5322-5363.
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32. For a recent example, see: Bagal, D. B.; Kachkovskyi, G.; Knorn, M.; Rawner, T.;

Bhanage, B. M.; Reiser, O. Angew. Chem., Int. Ed. 2015, 54, 6999—-7002.
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4.1 Introduction

The reduction of nitric oxide (-NO) is essential in biological denitrification as
well as in controlling NOy emissions from automotive exhausts. In biological systems,
nitric oxide reductase (NOR) and flavodiiron nitric oxide reductase (FDP) play key
enzymatic roles in the reduction and protonation of nitric oxide to nitrous oxide (N2O)
and water.? However, the order of addition of electron and proton equivalents, the
coordination mode of the hyponitrite intermediate which results from N-N bond-
formation, and the N—O bond cleavage step within the di-iron active sites to generate the
observed products are still mechanistically contested.? Mechanistic studies of functional
model complexes of NOR can be used to complement enzymatic studies, with the
advantage over natural systems that protons and electrons can be delivered systematically
to trap potential intermediates.’*?** However, in synthetic Fe model complexes for NOR
which have been successfully able to model the reductive coupling of -NO, only the
initial binding of NO to the active-site mimic or the production of N,O could be
experimentally confirmed, with no examples of an N-N coupled intermediate before
release of product.® Only one example of a heme-based hyponitrite intermediate on a
model complex has been observed thus far, and it derives from trans-hyponitrous acid
rather than the reductive coupling of two NO molecules.*

While both heme and non-heme Fe model complexes of NOR have demonstrated
some success in N—N coupling, our group® and, more recently, Hung and coworkers,®
have also observed NOR-like activity with the use of non-porphyrin Co compounds.
These complexes implicate the generation of a {CoNO}® intermediate to allow for N,O

production. The system developed by the Hung group is thought to proceed via a neutral
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hyponitrite intermediate which bridges two reduced Co centers (Scheme 4.1, path c).
Their system is able to undergo five conversion cycles of NO to N,O with reloading of
NO at the beginning of each cycle.® Our group has employed a heterobimetallic CoMg
platform to facilitate nitrite binding and promote selective electrocatalytic reduction to
nitrous oxide, a 4 electron, 6 proton process.® Unlike biological denitrification (and most
molecular catalysts), in which -NO is released from nitrite reductase into the cytoplasmic
membrane for further reduction by a different NOR catalyst,’ this CoMg platform is able
to reduce nitrite to nitric oxide and then reductively couple two -NO to generate N,O
(and H0).

Other monometallic complexes that catalyze N-O bond cleavage of nitrite to
generate transition metal nitrosyl intermediates and release N,O include Van Eldik’s Fe
phthalocyanine® and Ford’s heme® systems. However, the mechanism of N-N bond
formation on the phthalocyanine platform is unexplored, and the ferrous heme nitrosyl
complex was shown to release free HNO upon protonation which can dimerize to form
N20 (Scheme 4.1, Path a). Meyer and coworkers have shown that heme complexes are
also capable of electrochemical reduction of nitrite to ammonia and nitrous oxide.
However, the mechanism of N-N coupling is similarly unknown.™

There are also a variety of heterogeneous systems which can catalyze the
reduction of -NO to N,O. One generally accepted mechanism for N-N coupling on
surfaces is through NO dissociation to an oxide and a nitride, followed by the surface-
bound nitride interacting with a neighboring adsorbed NO (Scheme 4.1, Path b).*
Computational and experimental results also suggest an alternative mechanism in which

two NO molecules couple to generate adsorbed (NO), (a hyponitrite intermediate)
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without requiring NO dissociation (Scheme 4.1, Path c).**%* Considering the mechanistic
uncertainties surrounding NOy reduction catalysis in biological, molecular, and surface
systems, there is a need for fundamental studies on the nature of the N—N bond formation

step.

Scheme 4.1: Possible pathways for N-N reductive coupling of NO during molecular

(homogeneous) and heterogeneous catalysis. Charges omitted for clarity.
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To address these mechanistic questions, in this work we describe a photocatalytic
variant of our electrocatalytic system that employs the same acid, triethylammonium
and

chloride (NEtzHCI), CoMg macrocyclic platform (vide supra),

[(Br)(p-
OAc)Co(Medoen)Mg(MesTACN)][BPh,] (1), but with [(phen)Ir(ppy)2][PFs] (2) as a
photosensitizer and triethylamine (NEts) as a sacrificial reductant (Eq 1) in place of an
electrode. This is the first example of a homogeneous photocatalytic system for the
reduction of nitrite and, to the best of our knowledge, the only photocatalytic system

which is selective for nitrous oxide instead of more reduced products such as dinitrogen

or ammonia.*®* By using a host of spectroscopic and computational methods, including
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step-scan time-resolved FTIR spectroscopy with nanosecond time resolution, we were
able to gain some mechanistic insight into the N-N coupling step. Time resolved IR data,
corroborated by DFT calculations, supports the transient generation of a neutral cis NO
dimer species (Co(NONO)) akin to the neutral trans hyponitrite proposed in the Hung
system.® We propose that the ability of this system to selectively produce N,O from NO,~
lies in its ability to bind both nitrite and hyponitrite intermediates on Co with cooperative

Lewis acid (Mg?*) coordination.

Me BPh, cat. [Ir(ppy)z(phen)][PFe] (2)
Me, hv > 400 nm
N / \/7 NEts
>-/ N=Me 6 Et;NHCI
[ NeagN—0 / 2 [N(1-Bu),JINO]
NS | N=—O » N0 3H0 (1
Me” | “Me mé MeCN, RT

1, catalyst
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4.2 Results and Discussion
4.2.1 Photocatalysis with [(Br)(u-OAc)Co(“*doen)Mg(Me;TACN)][BPh4] (1)

The bimetallic complex 1 was prepared according to a previously reported
procedure.” The complex was shown to function as a pre-catalyst for the electrochemical
reduction of nitrite to N,O by electrolysis at —1.2 V vs SCE with the acid NEt3HCI.
During electrocatalysis, 11 electron equivalents were passed per pre-catalyst equivalent,
resulting in 2.75 turnovers. We have developed a photocatalytic system for the selective
conversion of nitrite to nitrous oxide with greater efficiency (Table 4.1, Entry 1) than that
of reported for the electrocatalytic system. The photosensitizer, [(phen)Ir(ppy)2][PFs] (2),
was initially chosen because the reduction potential (Ei»(27/2*%) = -1.42 V vs SCE)
provided a driving force similar to the electrocatalytic system. The sources of nitrite and
acid were unchanged from those used for electrocatalysis, and triethylamine was used as
a sacrificial reductant because it is also the conjugate base of the acid, and thus least
likely to disrupt the functionality of the overall system. An important advantage offered
by the photochemical system over the electrochemical system is faster time resolution for
the observation of potential intermediates.™

Following the discovery that nitrite reduction could occur photocatalytically on
our bimetallic CoMg system, initial efforts were directed toward the screening of
photosensitizers (PS) based on their reduction potentials®> to maximize the turnover
number (Table 4.1). Satisfyingly, the most efficient photosensitizer was found to be
[(phen)Ir(ppy)2][PFs], which when added at a concentration equal to that of 1 produced
5.8 turnovers of N,O (Table 4.1, Entry 1). Because the absorption bands of 1 and 2

overlap between 400 and 450 nm (see Appendix C), the catalytic turnover might be
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inhibited by a competition for photons between the PS and the Co catalyst 1. To
determine the maximum efficiency for nitrite reduction, the concentration of PS was
increased, with constant [1], until the turnover plateaued; at this point, all the light can be
assumed to be absorbed by the PS (See Appendix C). The concentration of 2 at which the
catalysis maximized at 9.8 turnovers (0.67 mL N;O) is 4.0 mM (Table 4.1, Entry 2). Of
special note is entry 7, which highlights the necessity of a Lewis acid interaction for
productive photocatalysis. The Mg?* cation is known to be essential for nitrite binding,”
which was our first indication that the coordination of nitrite was a requirement for

turnover (vide infra).

Table 4.1: Photocatalytic Nitrite Reduction with a Co co-catalyst

Me, *  [Cat PS] = [Co] = 0.55 mM
<O N 20 [N(n-Bu)4]INO2]
Me>_° Me \M/}N_Me 150 EtzNHCI
:N(c/ D N—o7 ?)_) 150 NEts
NTioN—0" N — » N0 Hy0
Me I|3r mMe Me v h nm
1 MeCN, RT
Entry Conditions Eqr2 (MIM7)? TON/Co®
1 PS=2 142 5.8+0.3
2 PS=40mM2 142 9.8+0.1
3 PS = Ir(ppy)s -2.19 1.7+£0.1
4 PS = [(tpy)Pt(CCPh)][PF¢] -1.21b 1.3+0.1
5 PS = [Ru(bpy)s][PFel2 -1.33 1.7 £0.1
6 PS =2, no Co -1.42 0.7+0.1
7 PS = 2, [(Br),Co(Medoen)]|[BPh,] instead of 1 142 0.8+ 0.1

2 All potentials are given in V vs. SCE.
b This value is for an excited state reduction potential (Eq/2 (M*/M*)).
¢ All TON are the average of 2 or more experiments.

4.2.2 Identification of (NO,)Co(Medoen)Mg(MesTACN) complex under
photochemical conditions
After optimization of the reaction condition for photocatalysis, we sought to

observe reaction intermediates to gain insight into the molecular reaction mechanism(s)
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for the nitrite reduction/protonation reaction. Previously, based on in situ
spectroelectrochemical data for a putative {CoNO}® complex and stoichiometric
reactivity of the corresponding complexes, we proposed that the electrocatalytic system
proceeded through formation of a variety of Co-NO, and Co-NO complexes (Figure 4.1).
Al of the compounds shown in Figure 4.1 were isolated and thoroughly characterized.” It
was proposed that the Co(lll)-acetate pre-catalyst is able to ligand exchange the acetate
for a nitrite and be reduced to Co(I) to make (u-NO)Co(*doen)Mg(MesTACN) (3). The
first N-O bond cleavage step in 3 could generate

[(C1)(NO)Co(Medoen)Mg(MesTACN)(H,0)][BPhJ] (4).

\
N
Me / Me\Mg/))/p?_Me
NZ /[ >N—o~7
Me |+ Me, * : —~col o/ ‘N—)
Me O\\ o \ /7 NI 2N OM/
N— e
Me' M
" o M\O\ N\/7 o Me. _(Me\ g/}N—Me s
e / e Mé’N—Me +NO, +e NZ }N*O7 \ }
—0— [ Co
C NSl 07 ‘N_) -OAc’, -Br- NT ZN=—0O 2H*
NI N—0" Me)—<M &
Me” I “me Me

1.5 H,0, 0.5 N,O

0. |
\\ +
Me N _Me Me\
o, OIS
e, H*, o
2 N 7,

Me (IZI Me H,0

Figure 4.1: Initially proposed mechanism of electrocatalytic nitrite reduction using
complex 1.

We first turned to optical spectroscopy to identify which, if any, of the complexes
in the proposed mechanism in Figure 4.1 were being generated during photocatalysis.
When a catalytic reaction mixture containing 1, 2, triethylamine, triethylammonium

chloride, and [(n-BuN)4][NO,] was irradiated with visible light, an absorption band at
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574 nm was observed (Figure 4.2a). However, this band could be observed even when
only 2 and triethylamine were irradiated, and was not visible when only 2 was present;
thus, this band was assigned to a reduced Ir species. This band is also suggestive of a
reductive quenching mechanism,** wherein the excited state of 2, 2*, can be reduced by
triethylamine to generate the corresponding Ir(1l) complex. While 2 can be quenched by
both NEt; and 1, the catalytic reaction mixture contains much higher concentrations of
NEt; and thus should favor a reductive quenching mechanism (see Appendix C for Stern-
Volmer experiment).

When the catalytic reaction mixture was irradiated without NEt;HCI, a new band
at 700 nm was detected; this band was assigned to the previously-characterized 3 (Figure
4.2b). When NEt;HCI is added to this mixture, the band at 700 nm disappears and
generates a red solution, as would be expected if 3 were reacting with the acid to generate
the {CoNO}® complex 4.2 ESI-MS of the reaction mixture upon addition of acid
indicated the presence of a {CoNO}® complex similar to 4, with an acetate displacing the
chloride ligand, [(OAc)(NO)Co(“doen)Mg(MesTACN)][BPh,] (m/z = 567). Thus, under
photolysis conditions, compound 1 can access the reduced Co(l)-NO, species 3. In the
presence of acid, the N—O bond is cleaved to generate {CoNO}?, which is consistent with

the stoichiometric reactivity of 3.
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Figure 4.2: (a) Appearance of band at 574 nm upon irradiation of the catalytic reaction

mixture with 1 (red and blue traces) and without 1 (teal trace). (b) Appearance of bands at

574 nm and 700 nm upon irradiation of a mixture containing 1, 2, [(n-BuN)4][NO_], and

triethylamine (red, blue, and teal traces). An authentic sample of (u-

NO,)Co(“doen)Mg(MesTACN) is in green.

4.2.3 Characterization and reactivity of a {CoNO}° complex

While optical spectroscopy provided evidence for the generation of 3 and 4 during
catalysis, the reduction and protonation steps of 4, leading to the N-N bond-forming and
N-O bond-cleaving steps, were not understood. Therefore, we first studied the behavior
of the {CoNO}® complex which results from reduction of 4 as this complex is competent
for N,O generation in the presence of acid. While {CoNO}® could not be isolated due to
its high reactivity even at —-80 °C, EPR, IR, UV-Vis spectroscopy along with DFT
calculations were used for the full characterization of this complex. Co—-NO compounds
with this Enemark-Feltham number are rare, and thus understanding the electronic
structure of this compound is of great interest.® *’

Counterintuitively, upon reduction of complex 4, {CoNO}®, the frequency of the

IR band assigned to the N-O bond increases from 1636 cm™ to 1695 cm ™ (Figure 4.3,
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black trace); this stretching frequency is identical to that observed by IR
spectroelectrochemistry during electrocatalysis, and shifts to the expected value of 1665
cm* when the *>NO analog of 4 is prepared (see Appendix C). The binding of a ligand
trans to a NO ligand is known to weaken the metal-nitrosyl c-bond, leading to greater
electron density in the NO n* orbital and reduced NO vibrational frequencies.'® Thus, the
increase in NO stretching frequency upon reduction can be ascribed to the loss of the
trans ligand to NO. Based on this logic, we hypothesized that the unexpected increase in
frequency was due to a change in coordination number upon reduction, in particular the
loss of CI" from the coordination sphere. To test our hypothesis, we synthesized a 5-
coordinate {CoNO}® complex [(NO)Co(“doen)Mg(MesTACN)][(BPhs)2] (5) through
halide abstraction of 4 (Eq 2)*° followed by reduction. The resulting {CoNO}® exhibits an
identical stretching frequency (1695 cm ™) to the one formed from reduction of 4 (Figure

4.3a, red trace).

o) o)
N\
Me. N mMe Me BPh, Me N Me Me (BPha),
N/I “'N—O. \N AgBPh, /l N 0. \N
[N P VAR ———> [ ool o)
NI IZN QL N—Me MeCN NI N 9= N=Me @
Me” & "Mey d N 25°C Me Megd N
/
Me - AgCl Me
4 5

Compound 5 has an NO stretching frequency of 1703 cm™ which shifts to 1672 cm™

when NO is used (expected 1672 cm ™). The <10 cm™* shift in the NO frequency upon
reduction of 5 implies a Co-centered reduction (Figure 4.3a); direct reduction of the NO
moiety when bound to transition metals such as Fe leads to red-shifts in the NO
frequency which are ~100-300 cm * in magnitude.?

The EPR spectrum obtained upon reduction of 4 to the {CoNO}° complex is also
consistent with a Co-centered reduction. The reduction of both 4 and 5 yielded identical

EPR spectra (Figure 4.3b), demonstrating that reduction is accompanied by the loss of the
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chloride ligand.?* The EPR spectrum was simulated (g, = 2.043, 2.044, and g, = 2.209
and A(Co), = 148, 156 and A(Co), = 363.8 MHz) and displayed coupling primarily to
*Co (I = 7/2), with little observable hyperfine coupling to either the macrocyclic ligand
or the NO ligand. Replacement of **NO with *°NO (see Appendix C) sharpened the line
widths associated with the minor NO hyperfine coupling, but the spectrum was
essentially unchanged. The EPR spectra indicate that the {CoNO}® complex is a Co(l1)-
centered paramagnet, and not a nitroxyl radical bound to a diamagnetic Co(l) center. In
other low-spin Co(ll) centers, the unpaired electron can be found in the d;2 orbital,
leading to g, > gy and small values of A,.?? However, parameters similar to those for our
{CoNO}® were recently observed by Harrop and coworkers on a comparable ligand
platform and were attributed to the unpaired electron in the Co-centered dy2.,2 Orbital
based on EPR spectroscopy, XAS spectroscopy, and DFT calculations.!”® The electronic
structure assigned to their {CoNO}° system was an S = 3/2 Co(ll) antiferromagnetically
coupled to an S = 1 NO . Based on the similarity of the EPR spectra for these two
compounds, as well as our DFT-predicted spin-density (65% on Co, 35% on NO; see
Appendix C for broken symmetry calculations), we believe that our {CoNO}° complex

features a similar electronic structure.
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Figure 4.3: (a) FT-IR spectrum of 4, 2, and NEt; in CD3CN (black trace) and 5, 2, and
NEt; (red trace) in CD3CN after irradiation with a blue LED. (b) EPR spectrum in
butyronitrile of 4 (black trace) and 5 (red trace) reduced by cobaltocene. The simulated
EPR spectrum (g = [2.043, 2.044, 2.209]) displays hyperfine to Co (Ac, = [148 156

363.8]).

In the presence of nitrite, the UV-Vis spectrum of the reduction of 4 (Co(lll)) to
the {CoNO}° species reveals the appearance of the Co(1)-NO, intermediate 3, which has
a signature peak at 700 nm (Figure 4.4). Regardless of whether one equivalent of CoCp,
or excess photosensitizer/NEts is used as the reductant, the appearance of this band is
observed. These data suggest that NO- can be labilized from the Co(ll) coordination
sphere (ascertained by EPR spectroscopy) with concomitant reduction to Co(l). This
behavior can also explain the difficulty in obtaining a crystal structure of the {CoNO}°.
Furthermore, upon reduction, the band does not appear until nitrite is added to the
reaction mixture, which is inconsistent with an NO disproportionation pathway in which
nitrogen dioxide is generated and reduced. Further evidence for the loss of NO from
{CoNOY’ is the detection of trace amounts of free NO when 4 is reduced with 1 equiv

CoCp,. This NO disappears with concomitant appearance of a substoichiometric amount
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of N,O (0.07 equiv). When acid is added to this mixture, the amount of N,O released

increases to 0.33 equiv per Co center.?
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Figure 4.4: (a) Appearance of 3 upon irradiation of a reaction containing 4, 2, NEts, and

[N(n-Bu)4][NO,] in MeCN. (b) Appearance of 3 upon reduction of 4 with cobaltocene,

and then addition of [N(n-Bu)4][NO_]. An authentic sample of 3 in MeCN is included in

both figures for comparison.

The products of the reduction and protonation of 4 were determined to be N,O
and H,0.** To measure the amount of water generated as a product, deuterated acid
(NEt;DCI) was used and D,O was measured by °H NMR spectroscopy relative to an
internal C¢Dg calibrated standard. Because 4 is an aquo complex, the protons can
exchange for ?H. Thus, to know whether additional D,O was generated during the
reduction and protonation of 4, a known amount of 4 was reduced with 1 equivalent

CoCp; and protonated with NEtsDCI. The resulting reaction was measured to have 1.29
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equivalents of D,0, indicating that more D,O was being generated than just what is on
the complex.”® The presence of water and the absence of NO, are indicative of a
reductive coupling mechanism and are inconsistent with a dominant NO

disproportionation pathway which would generate NO, and N,O from free NO.?

4.2.4 N-N Coupling Step

To determine whether free nitroxyl (HNO) is formed during catalysis which can
bimolecularly couple to form N,O and H,0,?’ triphenylphosphine was used as a nitroxyl
trap.28 The reaction of HNO with PPh;z has been shown to generate OPPh3 and HNPPhs.
The {CoNO}® complexes synthesized by Walter et al. were shown to release free nitroxyl
upon addition of acid.'® However, the {CoNO}° complex which results from reduction of
4 with CoCp, forms neither OPPh; nor HNPPh; upon protonation; it also forms no
oxidized triphenylphosphine products under photocatalytic conditions.?® If nitroxyl were
being formed in solution, we would expect the rate of trapping by PPh; to be faster than
bimolecular reactivity. While this result by itself does not rule out the generation of
nitroxyl as the main source of N,O, failure to observe oxidized PPhs products led us to
investigate other pathways for N-N bond formation.

We sought to determine the intermediate(s) responsible for N-N bond formation
during photocatalysis. To do so, step-scan time-resolved FT-IR laser spectroscopy at the
nanosecond time scale was used to monitor a mixture containing 4, 2, and NEt; after
irradiation with a 460 nm laser pulse (Figure 4.5).% To simplify the experiment, nitrite
was not included so that only the reduction step was probed and not the regeneration of
4.3 Upon laser excitation of the mixture, a bleach at 1635 cm*, corresponding to the

disappearance 4, was observed along with appearance of a peak at 1690 cm™*, which has
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been previously characterized as the {CoNO}® intermediate. In addition to these peaks of
known identity, two new peaks at 1723 and 1666 cm* also appeared and disappeared
together (Figure 4.5); when the °N-labeled {CoNO}® compound was used, the peaks at
1635 (due to 4), 1690 (due to {CoNO}?), 1723 (new), and 1666 (new) cm* shifted to
1609, 1671, 1699, and 1643 cm*, respectively (see Supporting Information).** These two
new peaks are tentatively assigned to a neutral hyponitrite (cis NO dimer) intermediate
with a weak bonding interaction between the two nitrosyl moieties. Shifts observed in
well-characterized neutral hyponitrite bridges originating from {Co,(NO),}*® (1622 cm™
1% and {Ruz(NO),}** (1605 cm™)***7*** are lower than the values we have observed,
indicating greater activation of NO radical and a stronger N-N interaction in these
species. In these compounds and in ours, the high-energy hyponitrite shift indicates a
substantial degree of neutral nitrosyl radical character on the N=0O groups. In the case of
the neutral Co hyponitrite observed by Chuang et al., the frequency of the N=O vibration
increased by 90 cm™ compared with the monometallic {CoNO}°.° We assign the peak at
1723 cm™* as the one with a weakly bonding interaction with the Co, and thus less
electron density in the = antibonding orbital. A withdrawal of electron density by the
oxophilic Mg®* ion can also have the effect of increasing the N-O stretch, though the data

do not require this type of chelating interaction.
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Figure 4.5: TRIR data collected after phototriggering (Aexc = 460 nm) a reaction mixture

containing 4, 2, and NEts.

The similarity of the NONO frequencies observed experimentally in this
photocatalytic system to the {CoNO}® character indicates that this species likely arises
from the interaction of the {CoNO}® intermediate with free NO rather than {CoNO}® 4
with free NO (Scheme 4.2a vs 4.2c), especially under the reducing conditions of
catalysis.*® A bimolecular mechanism in which two {CoNO}° complexes or a {CoNO}®
and a {CoNO}® complex come together to reductively generate N,O and H,O can also
not been ruled out (Scheme 4.2b), though release of NO from the {CoNO}° intermediate
suggests a monometallic pathway.*® Furthermore, in previous examples of bimetallic
hyponitrite intermediates, only one NO stretching frequency was observed, so observing
two stretching frequencies can rule out a symmetric bimetallic intermediate (Scheme
4.2b). Another possible geometry one could postulate for this intermediate is a 6-
coordinate cis-dinitrosyl intermediate on Co ({Co(NO),}'°). However, other Co

complexes with this configuration are four-coordinate tetrahedral compounds with higher
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IR frequencies than are observed in our experiments. The lowest NO asymmetric and
symmetric frequencies observed for cis-dinitrosyl complexes on Co are 1769 and 1699
cm™?, respectively; ¥ the majority of stretches range from 1730-1798 and 1809-1876 for
the symmetric and asymmetric stretches, respectively.®” This makes it unlikely that the
intermediate we observe would be stable as a six-coordinate dinitrosyl complex. While
these frequencies would also be consistent with a trans-dinitrosyl complex, this puts the
NO in an unfavorable conformation for intramolecular N-N bond formation and N-O
bond cleavage. It is also worth noting that there are no examples of trans dinitrosyl

compounds on Co in the literature.
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Scheme 4.2: Possible mechanistic scenarios in which the observed {CoNO}’
intermediate can react either with (a) the NO released from another {CoNO}® (generates
Co(l) upon NO release, which is not shown here; favored pathway), (b) with another
{CoNO}”® or (c) the released NO can react with 4 to generate a hyponitrite intermediate

that can react with 2 equivalents of NEt3HCI to make N,O and H,0.
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To help resolve the identity of the observed intermediate, DFT calculations® were
performed on several {Co(NO),}'° isomers. To this end, cis-dinitrosyl, trans-dinitrosyl
and neutral hyponitrite complexes were optimized (Figure 4.6). Comparison of the
predicted N-O stretching frequencies to experimental values from TRIR experiments

suggest that a trans-dinitrosyl is unlikely, given the relatively low energies predicted (vno
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= 1650 cm™; 1587 cm™). Similarly, the stretching modes predicted for a CoMg-bridged
neutral hyponitrite complex (vno = 1536 cm™; 1467 cm™) are also too low in energy to
account for the observed bands (Co-hyponitrite-B; Figure 4.6). Attempts to optimize a
cis-dinitrosyl led to stretching frequencies most consistent with the observed data, with
predicted stretches of 1746 cm™ and 1646 cm™. Interestingly, this species optimizes to a
minimum that appears to be electronically in between a true dinitrosyl complex and a
neutral hyponitrite structure (cis-{CoNONO}'; Figure 4.6). The long Co—N (1.80 A and
2.78 A) and N-N distances (2.04 A) are consistent with an intermediate structure in
which the NO is weakly bound to both the Co center and a second NO unit. The N-N
bond length is longer than Arikawa et al.’s Ru hyponitrite, which has a bond length of
1.861 A, but shorter than that of a solid-state cis-NO dimer at low temperature (2.18 A),
indicative of the weak bonding interaction between the two NO molecules.

It is possible that this structure represents a metastable intermediate that either
loses one equivalent of NO- ), to regenerate the {CoNO}®, or couples the NO units to
form the hyponitrite species Co-hyponitrite-A (Figure 4.6). Furthermore, while NO
coupling to form a hyponitrite intermediate in which H,O remains bound to magnesium
(Co-hyponitrite-A; Figure 4.6) is predicted to be thermoneutral with this putative cis-
{CoNONO}* species, formation of a chelated species (Co-hyponitrite-B; Figure 4.6),
with loss of H,0, is predicted to be exergonic by 8.3 kcal/mol. The combined DFT data is
therefore consistent with a mechanism in which NO- g, equilibration with the {CoNO}®
intermediate, to form a cis-{CONONO}° species, is followed by “irreversible” formation

of a chelated hyponitrite species (Co-hyponitrite-B; Figure 4.6).
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Figure 4.6: Summary of DFT data obtained via optimization of three {Co(NO),}*
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and Me3sTACN omitted for clarity). AGcyc values are reported in kcal/mol.
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Scheme 4.3: Outline of a viable mechanistic cycle proposed for photocatalytic nitrite

reduction to nitrous oxide.
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In summary, we have discovered the first homogeneous system for photocatalytic

nitrite reduction, as well as the only photocatalytic system which is selective for nitrous

oxide. Mechanistic work on this system suggests that the proposed pathway in Scheme

4.3 is viable. A Co(l)-nitrite species can react with two equivalents of triethylammonium

chloride to generate a {CoNO}® complex 4 which needs to be further reduced and

protonated to generate N,O. The {CoNO}® product which results from reduction of 4 was

characterized by EPR and IR spectroscopy, and found to be a 5-coordinate, S = 3/2 Co(ll)

metal center coupled to a S =1 NO™ ligand. This complex is able to release free NO and,

in the presence of acid, generate 0.33 equiv N,O. Using TRIR spectroscopy, we observed
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a Co(NONO) intermediate which has been tentatively assigned as a metastable neutral
hyponitrite intermediate with a weak N-N bond that can eventually bridge the CoMg
platform with loss of the aquo ligand from Mg. This complex can generate N,O upon
protonation and subsequent N—O cleavage. The order of bond cleavage and protonation is
still under investigation. Future work will focus on reducing catalyst and photosensitizer

loading, and employing non-noble metals as photosensitizers.
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Chapter 2
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A.1 General Information

Chemicals. Unless otherwise noted, all materials were purchased from
commercial suppliers and used as received. All manipulations of air-sensitive materials
were carried out in oven-dried glassware using standard Schlenk or glovebox techniques
under an N, atmosphere. Solvents were deoxygenated and dried by thoroughly sparging
with argon followed by passage through an activated column in a solvent purification
system. Silicycle SiliaFlash® P60 Silica gel (particle size 40-63 nm) was used for flash
chromatography. Analytical thin layer chromatography was conducted with glass TLC
plates (silica gel 60 F254) and spots were visualized under UV light or after treatment
with standard TLC stains. Carbazole (carbH) was recrystallized from hot ethanol.
Mesitylcopper' and 2-bromo-4-phenylbutane,® were prepared following a reported
procedure. Note: herein carbazolide = carb and they are used interchangeably.

EPR, Infrared, and UV-vis Spectroscopy. X-band EPR measurements were
made with a Bruker EMX spectrometer at 77 K. Simulation of EPR data was conducted
using the software EasySpin.® IR measurements were recorded on a Bruker ALPHA
Diamond ATR. Absorbance spectra were acquired on a Cary 50 UV-vis
spectrophotometer with a Unisoku Scientific Instruments cryostat to maintain
temperature.

NMR spectroscopy. ‘H, ?H, **C, 'Li, P NMR, and DOSY spectra were recorded
on a Bruker Ascend 400, a Varian 300 MHz, a Varian 400 MHz, a Varian 500 MHz, or a
Varian 600 MHz spectrometer, and referencing was done using either the proteo impurity

in a deuterated solvent, or to the deuterium lock signal. Multiplicity and qualifier
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abbreviations are as follows: s = singlet, d = doublet, t = triplet, g = quartet, m =
multiplet, br = broad, app = apparent.

Gas chromatography. Calibrated GC yields were obtained on an Agilent 6890
Series system with an HP-5 column (length 30 m, I.D. 0.25 mm, FID Detector) using
dodecane as an internal standard.

X-ray crystallography. XRD studies were carried out at the Beckman Institute
Crystallography Facility (http://www.its.caltech.edu/~xray/index.html) on a Bruker D8
Venture kappa duo photon 100 CMOS instrument (Mo Ko radiation). Structures were
solved using SHELXT and refined against F? by full-matrix least squares with SHELXL
and OLEX2. Hydrogen atoms were added at calculated positions and refined using a
riding model. The crystals were mounted on a glass fiber or a nylon loop with Paratone N
oil.

Photolytic reactions. Photolytic reactions were performed using a 100-W Blak-
Ray Long Wave Ultraviolet Lamp (Hg), 100-W Blak-Ray B-100Y High Intensity
Inspection Lamp (Hg), or a Luzchem LZC-4V photoreactor equipped with LZC-UVA
lamps centered at 350 nm (Figure A.1). Temperature control was maintained with an
isopropanol bath cooled by an SP Scientific cryostat. For reactions using mercury lamps,
the light source was placed approximately 20 cm above the sample and the reaction

mixture was stirred vigorously using a magnetic stir bar.
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Figure A.1: Emission spectrum of 100-W Blak-Ray Long Wave Ultraviolet Lamp

Photophysical methods. Steady-state fluorimetry and time-resolved transient
absorption and luminescence measurements were performed in the Beckman Institute
Laser Resource Center (BILRC; California Institute of Technology). Samples for room
temperature transient absorption and luminescence measurements were prepared in dry
(passage through alumina three times), degassed (three freeze-pump-thaw cycles)
acetonitrile inside a nitrogen-filled glovebox, and transferred to a 1-cm or 1-mm
pathlength fused quartz or glass cuvette (Starna Cells) which was sealed with a high-
vacuum Teflon valve (Kontes), or a Harrick demountable liquid flow cell (DLC-S25)
with quartz windows and 100 um path length Teflon spacers. Steady-state emission
spectra were collected on a Jobin S4 Yvon Spec Fluorolog-3-11 with a Hamamatsu
R928P photomultiplier tube detector with photon counting.

For luminescence and transient absorption at the nanosecond to microsecond time
scale, a Q-switched Nd:YAG laser (Spectra-Physics Quanta-Ray PRO-Series; 355 nm;

pulse duration 8 ns, operating at 10 Hz) was used as the source of the excitation pulse,
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with laser power at 0.5 mJ/pulse. Probe light for transient absorption Kkinetics
measurements was provided by a 75-W arc lamp (PTI Model A 1010) which was
operated in continuous wave or pulsed modes. The laser light was aligned so as to be
collinear with the arclamp beam, and the scattered excitation light was rejected with
appropriate long pass and short pass filters. Transmitted light from the sample was
detected with a photomultiplier tube (Hamamatsu R928). All instruments and electronics
in these systems were controlled by software written in LabVIEW (National
Instruments).

Transient absorption difference spectra were collected using the same excitation
source (Aex = 355 nm), and a white light flash lamp source with nanosecond durations. All
instruments and electronics in these systems were controlled by software written in
LabVIEW (National Instruments). Data manipulation was performed with
MatlabR2014B.

Fluorescence decay measurements at the picosecond time scale were performed as
previously described.* A mode-locked Nd:YAG laser (Vanguard 2000-HM532; Spectra-
Physics) provided 10 ps pulses that were regeneratively amplified (Continuum) and
frequency tripled (355 nm excitation). Laser power was reduced to 0.5 mJ/pulse.
Fluorescence from the sample was focused onto the entrance slit of a spectrograph
(Acton Research Corp SpectraPro 275) through a 355 nm dielectric mirror to reject
scattered excitation light. Fluorescence decays were obtained at a spectrograph center
wavelength of 420 nm. Decays were collected using a streak camera (C5680; Hamamatsu
Photonics) in photon counting mode over a 50 ns window. Samples were prepared in the

glove box using a flow cell apparatus with quartz windows to allow for UV penetration.



113

A sample path length of 100 um was used by inserting Teflon spacers in between the two
quartz windows. A syringe pump was used to flow sample in between two gas-tight 10

mL syringes (Hamilton) under inert atmosphere.
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A.2 Preparation of Substrates
Yields have not been optimized.
6-bromohept-1-ene [38334-98-4]:

OH PPhs, imidazole, Br, Br

/\/\)\ CH,Cl,, 0 °C /\/\)\

A 500 mL round-bottomed flask was charged with triphenylphosphine (14.5 g, 55 mmol),

imidazole (3.7 g, 55 mmol), and a magnetic stir bar. CH,Cl, (300 mL) was added under a
nitrogen atmosphere and the mixture was cooled to 0 °C. Br; (2.6 mL, 51 mmol) was
added dropwise. The resulting mixture was stirred for 30 minutes at 0 °C before a
solution of hept-6-en-2-ol° (5 g, 44 mmol) in 10 mL CH,Cl, was added dropwise at 0 °C.
The mixture was stirred at 0 °C for 2 hours and allowed to warm to ambient temperature
overnight. The mixture was concentrated under reduced pressure on a rotary evaporator
to an approximate volume of 25 mL, and diluted with hexanes. The resulting solid was
filtered, and the filtrate was concentrated and purified by column chromatography
(hexanes) to yield 6.1 g (78 % yield) of colorless liquid. Spectroscopic data match those
reported in the literature.’

(E)-6-bromohept-1-ene-1-d:

1) Cp2ZrHCI, CD5;0D

2) TBAF

3) (COCl),, DMSO, NEt;

4) MeMgBr

5) PPhs, Brs, imidazole Br

D\M

OTBS

4

In the glovebox under nitrogen atmosphere, Cp,ZrHCI (12 g, 47 mmol) was suspended in

THF (200 mL) in a 500 mL round-bottomed flask. tert-butyl(hex-5-yn-1-
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yloxy)dimethylsilane (8.7 g, 41 mmol) in THF was then added dropwise to the stirring
suspension at ambient temperature. After overnight stirring, excess D,O (9 mL) was
added to the brown solution in one portion at ambient temperature via syringe. The
resulting yellow solution was allowed to stir at ambient temperature for 6 h and diluted
with Et,O (~ 250 mL). The suspension was filtered through a pad of silica over MgSO,,
and concentrated under reduced pressure on a rotary evaporator. The oily residue was
dissolved in anhydrous THF. This solution was added to a solution of
tetrabutylammonium fluoride (30 mL, 1 M in THF) at ambient temperature over 5 min.
After stirring for 2 h, the mixture was extracted with diethyl ether and washed with water
(50 mL). The organic layer was dried over Na,SO,, filtered and concentrated on a rotary
evaporator. The oily residue was passed through a plug of silica gel eluting with diethyl
ether, and the material with the same rf value on the TLC plate as the commercially
available hex-5-en-1-ol was collected. The *H NMR spectrum of the oil matched that of
hex-5-en-1-ol except for the resonances corresponding to the deuterated vinylic proton.
The filtrate was concentrated under reduced pressure on a rotary evaporator. The residue
was dissolved in dichloromethane (10 mL). In a separate flask, DMSO (5.7 mL) in
dichloromethane (5 mL) was added dropwise to a cold solution of oxalyl chloride (4.1
mL) in dichloromethane (150 mL) at —78 °C. After stirring for 15 min, the
dichloromethane solution of the oily residue was added dropwise. Excess trimethylamine
(28 mL) was added after 1 h at 78 °C, and the mixture was allowed to warm to ambient
temperature. 1 M HClq) (100 mL) was added to the mixture, and the aqueous layer was
extracted with dichloromethane (2 x 50 mL). The organic layer was dried over Na,;SOg,

filtered, and concentrated on a rotary evaporator. The oily residue was dissolved in
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anhydrous Et,O and added slowly to a cold solution of methylmagnesium bromide (20
mL, 3 M in Et,O at —10 °C). The solution was allowed to warm to room temperature
overnight and quenched with NH.Clq). The aqueous layer was extracted with Et,O (2 x
50 mL), and the organic layer was dried over Na,SO,, filtered, and concentrated under
reduced pressure on a rotary evaporator. The crude material was purified by column
chromatography (70% Et,O/hexanes), affording 2 g of colorless oil that had the same rf
value on the TLC plate as hept-6-en-2-ol. The *H NMR spectrum of the oil matched that
of hept-6-en-2-ol except for the resonances corresponding to the deuterated vinylic
proton. This oil was subjected to the standard bromination conditions using
triphenylphosphine (5.8 g), imidazole (1.5 g), and bromine (1 mL) to yield 1.2 g of (E)-6-
bromohept-1-ene-1-d as colorless oil (16% yield over 5 steps). The °H NMR spectrum of
this material shows approximately 9.5:1 selectivity of hydrozirconation versus over-
reduction of the alkyne. The hydrozirconation proceeded in 13:1 selectivity to afford the
desired E-isotopomer.

'H NMR (300 MHz, Chloroform-d): & 5.96-5.71 (m, 1H), 5.03-4.96 (m, 1H), 3.86-3.73
(m, 1H), 2.11-1.97 (m, 2H), 1.40-1.49 (m, 4H), 1.19 (d, J = 6.2 Hz, 3H).

3C NMR (75 MHz, Chloroform- d): & 138.08, 114.64 (t), 51.58, 40.47, 32.96, 26.96,
26.46.

?H NMR (61 MHz, Chloroform): & 5.01.

MS (EI) m/z (M-Br") calc for C;H;,DBr: 98, found: 98.
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A.3 Procedures for Photoinduced Cross-Couplings

A.3.1 General procedure for the coupling of alkyl bromides

N-Cu-N
¥ <
B (5 mol%)
Br 100-watt Hg lamp =

N—Li Jq N—(

R" "R2 0 °C, CH5CN R2
1 equiv

1.5 equiv

©

[Li(MeCN),][Cu(carbazolide),] (0.0067 mmol), lithium carbazolide (0.2 mmol), and
alkyl bromide (0.13 mmol) were added to a 4 mL borosilicate vial in the glovebox under
a nitrogen atmosphere. A magnetic stir bar and 4 mL acetonitrile were added to the vial.
The mixture was capped and stirred for 5 minutes and the reaction vessel was fully
submerged in an isopropanol bath kept at 0 °C with a cryostat. The mixture was
irradiated with a 100-watt Hg lamp while stirring for 8 hours, after which time it was
diluted with a solution of dodecane in diethyl ether or ethyl acetate. An aliquot was
filtered through a short pad of silica gel (ethyl acetate eluent) and the sample was injected
for GC analysis. Products were isolated after removing the solvent in vacuo and loading

the crude on silica gel and eluting with hexanes.
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A.3.2 Procedure for the photolytic reaction in the absence of copper

Ph Ph
hv (100-watt Hg lamp)
Li(carb)  Br = carb
. Me CH3CN, 0°C, 8h Me
1.5 equiv 5%
Other products:

Ph Ph Ph  Ph Ph

H % \ carb—carb
Me Me Me Me
32% 4% 3%
E F G

Lithium carbazolide (0.2 mmol) and alkyl bromide (0.13 mmol) were added to a 4 mL
borosilicate vial in the glovebox under nitrogen atmosphere. A magnetic stir bar and 4
mL acetonitrile were added to the vial. The mixture was capped and stirred for 5 minutes
and the reaction vessel was fully submerged in an isopropanol bath kept at 0 °C with a
cryostat. The mixture was irradiated with 100-watt Hg lamp while stirring for 8 hours,
after which time it was diluted with a solution of dodecane in diethyl ether or ethyl
acetate. An aliquot was filtered through a short pad of silica gel (ethyl acetate eluent) and
the sample was analyzed by GC. Typical calibrated GC yields of products are shown in
the scheme above. 9,9’-bicarbazyl (1.2 mg, 3% yield) was quantified by preparative TLC

with hexanes.
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A.3.3 Procedure for standard photolytic reactions at varying reaction

concentrations

5 mol% [Cu(carb)]Li (1)
— hv (100-watt Hg lamp) —
Li(carb) Br = carb
Me CH3CN, 0°C, 8 h carb
1.5 equiv Me Me
H I

62% 10%
4:1 cis: trans

Stock solutions of [Li(MeCN),][Cu(carbazolide),], lithium carbazolide, and 6-
bromohept-1-ene were prepared in acetonitrile. Desired amounts of each were transferred
to a 4 mL borosilicate vial, and the mixture was diluted to a total volume of 4 mL with
acetonitrile. The vial was subjected to the standard photolytic conditions, and the
products were analyzed by GC. Five reaction concentrations were tested: 0.011 M, 0.022
M, 0.033 M, 0.044 M, and 0.055 M in a total of 4 mL of acetonitrile using 6-bromohept-
1-ene as the limiting reagent. The data are summarized in the table below. H/I values
were calculated prior to rounding of yields of products H and I.

Table A.1: Variation of yields of H and I as a function of alkyl bromide concentration.

Alkyl bromide [mM] | Product H (dr) | Product I | H/I
11 70% (4:1) 6.7% 11
22 68% (4:1) 9.1% 7.6
33 62% (4:1) 10% 6.1
44 55% (4:1) 10% 5.5
55 51% (4:1) 10% 5.1

A.3.4 Procedure for stoichiometric coupling of [Cu'(carb),]Li* with 2-bromo-4-
phenylbutane (Eq 4 in Chapter 2)
(0.0067 mmol/mL) of [Li(MeCN),][Cu(carbazolide),] and 2-bromo-4-phenybutane were

prepared in acetonitrile. Then, 0.0067 mmol of each reactant was added to a 4 mL vial
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containing a magnetic stir bar. The mixture was diluted to a total of 4 mL with
acetonitrile. The mixture was capped and stirred for 5 minutes and the reaction vessel
was fully submerged in an isopropanol bath kept at 0 °C with a cryostat. The mixture was
irradiated with 100-watt Hg lamp while stirring for 8 hours, after which time it was
diluted with a solution of dodecane in diethyl ether or ethyl acetate. An aliquot was
filtered through a short pad of silica gel (ethyl acetate eluent) and the sample was

analyzed by GC. Run 1: 95% yield. Run 2: 96% yield.

A.3.5 Procedure for the time-course analysis of reactions with and without
[Li(MeCN)q][Cu(carbazolide),]

Stock solutions of [Li(MeCN),][Cu(carbazolide),], lithium carbazolide, and 2-bromo-4-
phenylbutane were prepared in acetonitrile. Desired amounts of each were transferred to
a 4 mL borosilicate vial as outlined in the general procedure, and the vial was diluted to a
total of 4 mL with acetonitrile. The vial was subjected to the standard photolytic

conditions for the specified amount of time, and the products were analyzed by GC.
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Figure A.2: Time-course analysis of the standard reaction mixture in the absence of Cu.



Table A.2: Yields of debromination, homocoupling, and C—N cross-coupled product

over time in the absence of Cu.
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Time Debromination Homocoupling C-N cross-coupled product
(min) (%) (%) (%)
5 4.3 11 0.7
10 6.8 1.3 1.2
20 11 1.9 1.7
40 16 2.1 2.7
60 19 24 2.9
90 22 3.6 3.4
With Cu
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Figure A.3: Time-course analysis of the standard catalysis reaction mixture.
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Table A.3: Yields of debromination, homocoupling, and C—N cross-coupled product

over time under catalysis conditions.

Time Debromination Homocoupling C-N cross-coupled product
(min) (%) (%) (%)

5 3.4 0.2 2.8

10 4.8 0.4 4.8

20 7.1 0.5 11

40 9 0.6 22

60 11 0.6 34

90 13 0.7 46
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A.4 Preparation of Metal Carbazolides

A.4.1 Preparation of [Li(MeCN),][Cu(carbazolide),]

Mesitylcopper (183 mg, 1 mmol), carbazole (167 mg, 1 mmol), and lithium carbazolide
(2 mmol) were added to a 20 mL scintillation vial in a nitrogen atmosphere glovebox. 10
mL of acetonitrile was added to the vial, and the mixture was stirred overnight at ambient
temperature. The solution was filtered through a pad of Celite and the volatiles were
removed in vacuo. Benzene (1 mL) was added to dissolve the oil and the residue was
triturated with pentane (5 mL). The supernatant was decanted and benzene was added
again. Benzene (1 mL) was added to the solid residue followed by pentane (5 mL) to
precipitate the product. This process was repeated until a free-flowing, off-white powder
was obtained. This powder was isolated atop a sintered glass frit and washed with
benzene (3 x 5 mL) and pentane (3 x 5 mL). The title compound can be further dried
under vacuum overnight to yield the title compound (400 mg) as an acetonitrile adduct as

determined by *H NMR analysis. Spectroscopic data match the literature report.’

A.4.2 Preparation of Li(carbazolide) (13390-92-6)

Carbazole (3.6 g, 22 mmol) was suspended in 150 mL of diethyl ether in a 250 mL flask
in a nitrogen-atmosphere glovebox. After cooling to —78 °C, butyllithium (1.6 M in
hexanes, 15 mL) was added dropwise. The mixture was stirred at —78 °C for 3 h and
allowed to warm to room temperature overnight. The white solid was collected atop a
sintered glass frit, washed with cold diethyl ether and pentane, and then recrystallized in
cold THF. The crystals were then dissolved in minimal acetonitrile and the solution was
dried in vacuo to afford the title compound (2.9 g, 76% yield). Spectroscopic data match

those reported in the literature.®
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A.4.3 Preparation of [K(benzo-15-crown-5),][Cu'(carbazolide)s]

A —70 °C suspension of Cu(OTf), (36 mg, 0.05 mmol) in 2 mL THF was added dropwise
to a pre-chilled stirring solution of potassium carbazolide (3 equiv, 64 mg, 0.15 mmol) in
2 mL at —70 °C. The blue solution was allowed to stir for 5 h. The EPR spectrum of the
crude mixture showed complete conversion of CuBr, to the Cu'(carbazolide)s  anion
(Figure A.4). The solution was then filtered through a PTFE syringe filter, and a THF
solution of benzo-15-crown-5 (2 equiv, 26 mg, 0.1 mmol) in 1 mL THF was added at —70
°C. The mixture was allowed to stand overnight at —70 °C to give a deep blue suspension
containing a deep blue precipitate. The precipitate was collected while cold atop a
sintered glass frit and washed with cold Et;O to vyield [K(benzo-15-crown-
5),][Cu'(carbazolide)s] (30 mg, 26% yield). Crystals were grown by layering Et,O onto

the solution in THF at —70 °C. The blue solid was stored at -30 °C.

26 25 24 23 22 21 20 19 18
9

Figure A.4: X-Band EPR spectra of [K(benzo-15-crown-5),][Cu'(carbazolide)s] in

butyronitrile glass (black trace, 77 K) and in the solid-state (blue trace, 77 K).
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A.5 Procedures for Freeze-Quench EPR Studies

A.5.1 Stoichiometric reaction between [Li(MeCN)][Cu(carb),] and 2-bromo-4-
phenylbutane under irradiation

[Li(MeCN)][Cu(carbazolide),] (4.4 mg, 0.01 mmol) and 2-bromo-4-phenylbutane (10
mg, 0.05 mmol) were added to a 4 mL vial. The mixture was dissolved in 0.3 mL
butyronitrile, and the resulting solution was transferred to an EPR tube. The EPR tube
was sealed and cooled to —78 °C. The EPR tube was irradiated in the Luzchem
photoreactor (350 nm) while being introduced to a quartz Dewar filled with liquid

nitrogen. Irradiation of the freezing solution proceeded for approximately 15 seconds.

A.5.2 Detection of EPR active [Li(CH3;CN),][Cu" (carb)s] in a catalytic reaction
mixture

A 4 mL solution of the standard reaction  mixture containing
[Li(MeCN),][Cu(carbazolide),] (0.0067 mmol), lithium carbazolide (0.2 mmol), and
alkyl bromide (0.13 mmol) was prepared in a 4 mL borosilicate glass vial according to
the standard procedure using butyronitrile as the solvent. A portion of the resulting
solution (300 pL) was transferred to an EPR tube. The tube was sealed and cooled to
0 °C, and irradiated with a 100-watt Hg lamp at 0 °C. Alternatively, an aliquot (0.1 mL)
of the standard reaction mixture in acetonitrile in a 4 mL borosilicate vial that was
irradiated for 1 h was transferred to a pre-cooled EPR tube containing butyronitrile (0.2
mL) under N,. The EPR tube was briefly shaken and cooled to 77 K. Simulation
parameters are as follows: g = [2.318, 2.058, 2.050]; Hstrain (MHz) = [120, 5, 5]; Acu

(MHz) = [350 25 21] Asn (MHz) = [50,35,35].
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A.5.3 Generation and detection of EPR active [Li(CH3;CN),][Cu'(carb)s] via
metallation

A pre-chilled solution of CuBr, (2.2 mg, 0.01 mmol) in 1 mL acetonitrile was added
dropwise to a pre-chilled slurry of lithium carbazolide (5.3 mg, 0.03 mmol) in the
glovebox. The deep blue solution was allowed to stir for 5 min before transferring an
aliquot to a solution of butyronitrile in acetone/dry ice bath. The solution was then

transferred to an EPR tube.

A.5.4 Detection of EPR active [Li(CH3sCN),][Cu" (carb)s] via oxidation of
[Li(MeCN)][Cu(carb),]

[Li(MeCN)][Cu(carbazolide),] (10.0 mg, 0.023 mmol) and lithium carbazolide (8 mg,
0.046 mmol) were mixed in 200 pL of butyronitrile, added to an EPR tube, and frozen at
77 K. To this frozen layer was added a 200 pL solution of tris(4-
bromophenyl)ammoniumyl hexachloroantimonate (“Magic Blue”, 3.4 mg, 0.0042 mmol)
in butyronitrile. The solutions were allowed to mix briefly (~5 s) in thawing butyronitrile

and frozen again.
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— Photolysis
—— [Cu'(carb),]Li + Magic Blue
—— Simulation
3.0 2.8 2.6 24 22 2.0 1.8

g

Figure A.5: EPR spectra (9.4 GHz, 77 K). Black trace: mixture of [Cu'(carb),]Li and 2-
bromo-4-phenylbutane (5 equiv) in freezing butyronitrile upon irradiation at 350 nm; red
trace: mixture of [Cu'(carb),]Li and Magic Blue (0.2 equiv) in butyronitrile at —80 °C;
blue trace: simulation of red trace. Simulation parameters: g = [2.445, 2.060, 1.994];
isotropic linewidth (Gaussian lineshape, FWHM = 10 mT). Coupling to one Cu nucleus

was included with A =[75, 1, 1].
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A.6 Procedures for UV-vis studies

A.6.1 Molar absorptivity of [Li(CH3;CN),][Cu'" (carb)s] at 580 nm

A 20 mL vial was charged with lithium carbazolide (5.5 mg, 0.030 mmol) and a magnetic
stir bar. Acetonitrile (9.0 mL) was added to the vial, and the solution was cooled to
thawing acetonitrile temperature. A separate vial was charged with CuBr; (6.6 mg, 0.030
mmol) and acetonitrile (3.0 mL). 1 mL of the resulting green solution of CuBr, (0.010
mmol) was added dropwise to the thawing acetonitrile solution of lithium carbazolide.
After completed addition, the deep blue solution was allowed to stir vigorously at
thawing acetonitrile temperature for approximately 30 minutes. The solution was
transferred into a prechilled 1 cm pathlength quartz cuvette. The cuvette was capped and
quickly inserted into the —40 °C UV-vis sample holder. The average molar absorptivity at

580 nm was found to be 1100 Mt cm™.

Table A.4: Measured molar absorptivity (580 nm) of [Li(CH3CN),][Cu'"(carb)s] at

various concentrations.

Concentration (mM) | Absorbance | Molar Absorptivity (M™ cm™)

0.103 1.170 1140
0.100 1.092 1092
0.083 1.028 1233

0.050 0.608 1216
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Figure A.6: Absorbance at 580 nm as a function of concentration of Cu(ll); path length =

1cm.

A.6.2 Detection of [Li(CH3CN),][Cu'(carb)s] during catalysis

A 4 mL acetonitrile solution of the standard reaction mixture containing
[Li(MeCN),][Cu(carbazolide),] (2.9 mg, 0.0067 mmol), lithium carbazolide (34 mg, 0.19
mmol), and 2-bromo-4-phenylbutane (28 mg, 0.13 mmol) was prepared in a quartz
cuvette with a stirbar. The reaction mixture was allowed to cool for 10 minutes in the
dark at O °C in an ice bath. Then the mixture was irradiated with a 100-watt Hg lamp
while stirring, and UV-vis spectra were collected at 0 °C at various times after irradiation

until the Cu(Il) absorption at 580 nm was maximized.
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Figure A.7: Appearance of Cu(ll) absorption band at short irradiation times of reaction

mixture.
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Figure A.8: Absorbance at 580 nm at short irradiation times of reaction mixture.

A.6.3 Generation and detection of [Li(CH3CN),][Cu" (carb)s] via oxidation of

[Li(MeCN)][Cu(carb),]

In a glovebox atmosphere, a 4 mL butyronitrile solution containing

[Li(MeCN),][Cu(carbazolide),] (0.037 mmol) and lithium carbazolide (0.074 mmol) was
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prepared in a quartz cuvette with a stirbar and sealed with a septum. Another solution
containing tris(4-bromophenyl)ammoniumyl hexachloroantimonate (“Magic Blue”, 0.012
mmol) was dissolved in 0.2 mL butyronitrile and taken up into a 1 mL Hamilton sample
locked syringe, and the needle was pierced through a septum to prevent the introduction
of air. The cuvette was cooled to -80 °C in the UV-vis sample holder, and the syringe
with Magic Blue was pierced through the cuvette septum. The sample lock was opened
and the solution of Magic Blue was introduced into the mixture with vigorous stirring.
The stirring was stopped and the sample was allowed to stabilize before a spectrum was

acquired.

A.6.4 Molar absorptivity of [Li(MeCN)][Cu(carbazolide),] at 365 nm

A 1.9 mM solution of [Li(MeCN)][Cu(carbazolide),;] was made by dissolving 4.2 mg
(0.0095 mmol) in 5 mL acetonitrile, and this solution was used as a stock to generate
lower concentration solutions of the complex. Each solution was pipetted into a 1 mm
path length cuvette and absorption spectra were acquired at room temperature for each
concentration. The molar absorptivity for [Li(MeCN)][Cu(carbazolide),] at 365 nm was

found to be 4300 Mtcm™.
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Figure A.9: UV-vis spectra of [Li(MeCN)][Cu(carbazolide),] at various concentrations

in CH3CN at room temperature in 1 mm cuvette.
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Figure A.10: Absorbance at 365 nm as a function of [Li(MeCN)][Cu(carbazolide),]

concentration; path length = 1 mm.

A.6.5 Molar absorptivity of lithium carbazolide at 365 nm
A 10 mM solution of lithium carbazolide was made, and this solution was used as a stock

to generate lower concentration solutions of the complex. Each solution was pipetted
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into a 1 mm path length cuvette and absorption spectra were acquired at room
temperature for each concentration. The molar absorptivity at 365 nm for concentrations

of lithium carbazolide greater than 0.4 mM was found to be 2200 M~ cm™.
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Figure A.11: UV-vis spectra of lithium carbazolide at various concentrations in CH3CN

at room temperature in 1 mm cuvette.
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Figure A.12: Absorbance at 365 nm as a function of lithium carbazolide concentration;
path length = 1 mm.
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A.7 Procedures for DOSY Analysis

Equimolar quantities of lithium carbazolide and 1,3,5-trimethoxybenzene (as an internal
standard) were dissolved in 500 uL. CD3CN at concentrations ranging from 0.8 mM to
150 mM lithium carbazolide/1,3,5-trimethoxybenzene. A DOSY spectrum was acquired
on a Varian 500 MHz spectrometer with a probe temperature of 25.0 °C, and the
diffusion constants were calculated by an exponential fit for each of the four lithium
carbazolide resonances in the *H NMR spectrum. Average hydrodynamic radii were
calculated from each of the four diffusion constants using the Stokes-Einstein equation.
The hydrodynamic radius for 1,3,5-trimethoxybenzene was similarly calculated as an
average for both of its 'H NMR resonances.

Table A.5: Measured hydrodynamic radii and volumes.

S Lithium s
[Lithium carbazolide Lithium L3S L35 MeCN MeCN
carbazolide] carbazolide trimethoxybenzene trimethoxybenzene 3
Rn (A), A A A3 Rn (A) vol. (A%
(mM) average of 4 vol. (A°) Rn (A) vol. (A°)
0.8 3.07 121.2 3.03 116.5 1.61 175
2 3.10 124.8 2.96 108.6 1.58 16.5
4 3.52 157.5 3.06 118.8 1.68 19.9
8 3.66 205.4 2.95 107.5 1.62 17.8
49 461 410.4 3.21 138.5 1.73 21.7
98 4.77 454.6 3.26 145.1 1.79 24.0
150 481 466.1 3.3 150.5 1.76 22.8
carbazole (4.8 279 91.0 3.13 128.4 161 175
mM)
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Figure A.13: The hydrodynamic volume of lithium carbazolide increases as a function of

increasing lithium carbazolide concentration.
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A.8 Actinometric Studies

A.8.1 Determination of light intensity

The Hatchard-Parker method was used to make a 0.006 M potassium ferrioxalate solution
in 0.1 N H,SO,4.° A 4 mL ferrioxalate solution in a quartz cuvette was then irradiated at
0 °C for 40 s in three separate runs using a 365 nm LED (Thorlabs, M365L2) and a
focusing lens.

Sample photon flux calculation for 40 s photolysis:

AV,
 edd,tV,

where | is the intensity in einsteins/min, A is the absorbance (at 510 nm) of irradiated
actinometer solution, V; is the volume (in L) of actinometer irradiated, V3 is the volume
(10 mL) of the volumetric flask used for the dilution of the irradiated aliquot, € is the
extinction coefficient of the ferrous 1,10-phenanthroline complex at 510 nm (1.11 x 10* L
mol™ cm™), d is the path length (in cm) of the cuvette used to measure the absorbance,
@, is the quantum yield of ferrous production at 365 nm (1.21), t is the time of irradiation
(in min), and V; is the volume (in mL) of irradiated actinometer solution withdrawn.
(0.19)(0.004 L)(10 mL)

40s
4 V=19 —1 -
(1.11x10* M~cm )(1cm)(1-21)(605/mm

I =

) (0.5 mL)

I =1.7x10"°%Einsteins/minute

A photon flux of 1.7(5) x 10°® Einsteins/minute was calculated by averaging all runs.

A.8.2 Determination of quantum yield for stoichiometric model reaction
A 4 mL acetonitrile solution of the standard reaction mixture containing

[Li(MeCN)][Cu(carbazolide),] (0.0067 mmol), lithium carbazolide (0.2 mmol), and alkyl
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bromide (0.13 mmol) was prepared in a 1 cm path length quartz cuvette with a stirbar.
The reaction mixture was allowed to cool to 0 °C with an internal cooling loop in a
cuvette holder. Then, the mixture was irradiated with the 365 nm LED while stirring.
After irradiation, the reaction mixture was diluted with diethyl ether and dodecane as an
internal standard. An aliquot was filtered through a short pad of silica gel (ethyl acetate
eluent) and the sample was injected for GC analysis. The quantum yield (®) was then
determined by the following equation:

moles of electrophile consumed

" Light intensity * time irradiated (min)

The quantum yield was determined to be 0.099.
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A.9 Stern-Volmer Quenching and Determining Quenching Efficiency

A.9.1 Quenching of [Li(MeCN)][Cu(carbazolide),] with electrophile
[Li(MeCN)][Cu(carbazolide),] was diluted in acetonitrile to make a 0.00335 M solution.
(3-bromobutyl)benzene was also diluted in acetonitrile to make 100, 200, 400, 600, 700,
and 800 mM solutions. In 4 mL vials, a 250 pL aliquot of the solution containing
[Li(MeCN)][Cu(carbazolide),] was mixed with a 250 uL aliquot of either acetonitrile or
one of the solutions containing electrophile, such that the concentration of the copper
catalyst in each solution was equal to the standard reaction concentration, 0.0017 M. The
solutions were pipetted into cuvettes with a path length of 1 mm. The lifetime of a non-
emissive excited state of [Li(MeCN)][Cu(carbazolide),] as a function of electrophile
concentration was measured by transient absorbance spectroscopy (Apump = 355 nm, Aprobe
= 580 nm) (Figure A.13). The lifetime of the short-lived, emissive excited state of
[Li(MeCN)][Cu(carbazolide),] was measured at the picosecond time scale using
luminescence spectroscopy, and was found to be 590 ps (Figure A.14). Data were
analyzed using Matlab R2014A with the default curve fitting function. The rate of

electron transfer was calculated to be 4.8 x 108 M~ cm™.
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Figure A.14: Transient absorbance decays for [Li(MeCN)][Cu(carbazolide);] with

varying electrophile concentrations.

Table A.6: Excited state lifetime of [Li(MeCN)][Cu(carbazolide),] as a function of

electrophile concentration.

[(3-bromobutyl)benzene] (mM) | Lifetime (ns)

0 910

50 760
100 660
200 481
300 410
350 370
400 320
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Figure A.15: Luminescence decay of the emissive excited state of

[Li(MeCN)][Cu(carbazolide),].

A.9.2 Quenching of lithium carbazolide with electrophile

Lithium carbazolide (86.6 mg, 0.5 mmol) was diluted in a 10 mL volumetric flask with
acetonitrile to make 10 mL of a 0.05 M solution (the concentration in the catalytic
reactions). In four other volumetric flasks, the same amount of lithium carbazolide was
weighed out, but only ~5 mL of acetonitrile was added. Then, (3-bromobutyl)benzene
was added to the lithium carbazolide solutions via syringe to make 50, 100, 200, or 400
mM solutions of electrophile in 10 mL acetonitrile, and acetonitrile was added to the
mark. For each run, one of these solutions was syringed into the Harrick flow cell
described above (100 um path length) until there were no gas bubbles, and flowed
through with a syringe pump while fluorescence measurements were being collected.
After each run, the flow cell was cleaned and dried under vacuum, and the next solution
was syringed into the cell. The rate of electron transfer was calculated to be 4.9 x 108 M™

st
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Figure A.16: Luminescence decays for lithium carbazolide with varying electrophile
concentrations.
Table A.7: Excited state lifetime of lithium carbazolide as a function of electrophile

concentration.

[(3-bromobutyl)benzene] (mM) | Lifetime (ns)
0 31
50 19.4
100 14
200 7.1
300 5.8

A.9.3 Self-quenching of [Li(MeCN)][Cu(carbazolide),]
[Li(MeCN)][Cu(carbazolide),] (4.2 mg, 0.0094 mmol) was diluted in 5 mL acetonitrile to
make a 1.9 mM stock solution. This solution was serially diluted to make 0.94, 0.47, and

0.12 mM solutions. The solutions were pipetted into cuvettes with a path length of 1 mm.
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The excited state lifetime of [Li(MeCN)][Cu(carbazolide),] as a function of electrophile
concentration was measured by transient absorbance spectroscopy (Apump = 355 nm, Aprobe
= 580 nm). Logarithmically compressed data were analyzed using Matlab R2014A with
the default curve fitting function. The rate of self-quenching was found to be 2.9 x 10° M~

st

1.0
—0.12mM1
' —0.47 mM 1
08 —0.94 mM 1

—1.9mM1

Normalized AOD

Figure A.17: Transient absorbance decays for [Li(MeCN)][Cu(carbazolide),] at varying

concentrations.

Table A.8: Excited state lifetime of [Li(MeCN)][Cu(carbazolide),] as a function of

concentration.

[[Li(MeCN)][Cu(carbazolide),;] (mM) | Lifetime (pus)

0.12 7.5
0.47 3.6
0.94 2.6

1.9 1.51
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A.9.4 Self-quenching of lithium carbazolide

Lithium carbazolide (43.3 mg, 0.25 mmol) was diluted in 5 mL of acetonitrile to make a
0.05 M solution (the concentration in the catalytic reactions). This solution was serially
diluted to make 4.3, 2.2, 1.1, and 0.50 mM solutions. The solutions were pipetted into
cuvettes with a path length of 1 mm. The excited state lifetime of lithium carbazolide as a
function of electrophile concentration was measured by transient absorbance
spectroscopy (Apump = 355 nm, Apope = 580 nm). Data were analyzed using Matlab
R2014A with the default curve fitting function. The rate of self-quenching was found to
be 2.0 x 10’ M*s™L. It is important to note that in the presence of electrophile quencher,
this long-lived, non-emissive excited state was not observed, and S.E.T. seemed to

proceed from the fluorescent state at a rate faster than that of intersystem crossing.

1.0
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a —— 4.3 mM Li(carb)
9] 0.6 —— 49 mM Li(carb)
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Figure A.18: Transient absorbance decays for lithium carbazolide at varying

concentrations.
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Table A.9: Excited state lifetime of Li(carb) as a function of concentration

[Li(carb)] (mM) Lifetime (ps)
0.5 33
1.1 22
2.2 14
4.3 5.8
49 1.0

A.9.5 Quenching efficiency of lithium carbazolide

The quenching fraction (Q) can be defined as the ratio of the rate at which the excited

state photocatalyst (lithium carbazolide) is quenched productively (by electrophile) to the

sum of the rates of all the other relaxation processes which are available to the excited

state. In the case of lithium carbazolide, in addition to being quenched, the excited state

can luminesce and also self-quench (after intersystem crossing to a lower-energy state;

there is no evidence of self-quenching from the shorter-lived, emissive state). However,

since the rate of self-quenching is only measured in the absence of electrophile, it is

unclear what role self-quenching plays is in the presence of electrophile. Thus, we can

only estimate an upper limit for the quenching fraction.

kq = [electrophile]

Q<

—— + kg * [electrophile]

To,Li

(49 x 108 M~1s71)(0.0325 M)

S—7

<0.33

o=gs + (4.9x 108 M~1571)(0.0325 M)

3.1x1

This value for the quenching fraction implies that 33% of all lithium carbazolide excited

states generated are quenched by electrophile. The remainder may be self-quenched or

guenched by other species in solution.



145

The chain length is the ratio of the quantum yield to the quenching fraction, and a lower

limit can be calculated:

@ :
Chain length > ) > ——2>0.30

This low value for chain length may be due to unproductive back electron transfer. In
principle, the true chain length could be higher than 0.30 if, for example, Q is less than
0.33 due to self-quenching effects that we are unable to measure. Auto-quenching was
observed for the excited state of [Cu'(carb)s]Li with a rate constant of 5 x 10’ M* s*
from the long-lived, non-emissive state. However, this state is not accessible in the
presence of electrophile, possibly because the rate of quenching is greater than the rate of
intersystem crossing. Thus, the auto-quenching rate does not apply to a solution in which

the electrophile is present. On the basis of our flash-quench analysis, we have calculated

the upper limit for the quenching fraction to be 0.33.
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A.10 Reactivity of [Li(CH3;CN),][Cu" (carb)]

A.10.1 Decomposition of [Li(CH3CN),][Cu'(carb)s]

A freshly prepared acetonitrile solution of Li[Cu'(carb)s] in dry-ice/acetone bath was
allowed to warm to room temperature overnight. The mixture was then concentrated in
vacuo and the residue was loaded on a 20 cm x 20 cm Merck TLC plate. Two of many
UV-active bands after developing the TLC in hexanes were identified as the

commercially available 9,9-bicarbazyl and 3,3’-bicarbazole.

A.10.2 Decomposition of [Li(CHsCN),][Cu" (carb)s] in the presence of TEMPO-H

A freshly prepared solution of Li[Cu'(carb)s] was prepared in thawing MeCN. A cold
solution of 2,2,6,6-tetramethylpiperidin-1-ol*° (TEMPO-H, 1 equiv) in MeCN was added
to the cold solution of Li[Cu'"(carb)s], and the mixture was allowed to stir in thawing
MeCN temperature for 30 min. A portion of the reaction mixture was transferred to an
EPR tube and diluted with butyronitrile for X-band EPR measurement at 77 K. The only
EPR active signal was that of 2,2,6,6-Tetramethylpiperidine 1-oxyl, and signals
corresponding to a Cu' species were absent. The analogous reaction conducted in
CDsCN at —45 °C shows the appearance of [Cu'(carb),] signal by *H NMR spectroscopy,

consistent with the delivery of an H atom.
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Figure A.19: EPR spectra (9.4 GHz, 77 K, butyronitrile) of freshly made Li[Cu"(carb)s]

(blue trace), reaction of Li[Cu'"(carb)s] with TEMPO-H (red trace), and TEMPO (black).
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Figure A.20: *H NMR spectra (500 MHz, -40 °C, CDsCN) of a mixture of carbH and
[Li(CHsCN)][Cu'(carb),] (top) and of a mixture of [Li(CHsCN) ,]J[Cu"(carb)s] and

TEMPOH (bottom).
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A.11 Computational Methods

General considerations. The Orca 3.0.1 program was used for all calculations.** All
optimizations and energy calculations were conducted with tight convergence criteria
using the MO06-I functional'® and def2-TZVP basis set."* Open- and closed-shell species
were modeled within the unrestricted and restricted Kohn-Sham formalisms, respectively.
All geometry optimizations were conducted without symmetry constraints using gradient
methods. Ground state geometries were verified as true minima by the absence of
imaginary frequencies. All energies reported are Gibbs free energies at 298.15 K and
include translational, rotational, vibrational, and solvation energy contributions. Solvation
was treated with the conductor-like screening model, using default parameters for
acetonitrile in all cases.** For [Cu'"(carb)s]™, the Loewdin spin density shown in Figure
2.11 was derived from a constrained optimization where the N-Cu-N angles and the C(1)-
C(9a)-N-Cu dihedrals along each carbazole were constrained to match that of the
experimentally determined solid-state crystal structure. The energy was derived from an
unconstrained optimization. Time-dependent DFT calculations were performed using the
MO6I functional within the Tamm-Dancoff approximation employing the def2-TZVP
basis set. The 50 lowest-lying excited states were calculated, based on the same
constrained optimized geometry used for the spin density calculation. Solvation was
treated with the conductor-like screening model, using values of € = 20 and = 1.38 for

butyronitrile.
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Figure A.21: Relaxed surface scan for the reaction between [Cu'(carb),] and carb
radical. Due to the shallow nature of the potential energy surface, a precise transition

state could not be located.
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Figure A.22: Absorbance spectrum of [Cu'/(carb)s]™ calculated by TD-DFT.
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Figure A.23: Difference density plot for the most intense calculated absorption band of
[Cu"(carb)s]” at 623 nm. The donor orbital is shown in red, and the acceptor orbital is

shown in blue.

Table A.10: Free Energies of computed molecules

Compound Gibbs Free Energy (Hartrees)
[Cu'(carb),] -2674.3593
Cu"(carb), -2674.2012
[Cu"(carb)s] -3191.1839
[Cu"(carb),('PN)T -2792.7926
[carb] -516.9644
(carb)- -516.8096
('Pr)- -118.4381
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A.12 Characterization data for new coupling products

9-(hept-6-en-2-yl)-9H-carbazole:

Following the general coupling procedure for 6-bromohept-1-ene, the title compound can
be obtained after column chromatography (hexanes —1% ethyl acetate/hexanes) as a
colorless oil. A typical run produces 10% of the coupling product according to calibrated
GC analysis.

'H NMR (300 MHz, Chloroform-d): & 8.11 (d, J = 7.7 Hz, 2H), 7.65-7.34 (m, 4H), 7.20
(d, J = 7.6 Hz, 2H), 5.86-5.56 (m, 1H), 5.02—4.85 (m, 2H), 4.83-4.71 (m, 1H), 2.38-2.25
(m, 1H), 2.03-1.92 (m, 3H), 1.68 (d, J = 7.0 Hz, 3H), 1.49-1.29 (m, 1H), 1.25-1.13 (m,
1H).

3¢ NMR (101 MHz, Benzene-dg): 6 139.87, 138.14, 125.38, 123.55, 120.48, 118.76,
114.51, 110.00, 50.88, 34.00, 33.29, 25.97, 18.83.

MS (EI) m/z (M") calc for Cy9H21N: 263, found: 263.

FT-IR (film): 2931, 1640, 1625, 1594, 1482, 1451, 1331, 1316, 1223, 1157, 746, 721 cm™

1

9-((2-methylcyclopentyl)methyl)-9H-carbazole:

»
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Following the general coupling procedure for 6-bromohept-1-ene, the title compound can
be obtained as the mixture of diastereomers after column chromatography (hexanes —1%

ethyl acetate/hexanes) as a colorless solid. A typical run produces 60% of the coupling
product according to calibrated GC analysis. NMR resonances of the major diastereomer

are as follows.

'H NMR (400 MHz, Chloroform-d): & 8.13 (d, J = 7.7 Hz, 2H), 7.54-7.38 (m, 4H), 7.27—
7.21 (m, 2H), 4.40 (dd, J = 14.6, 4.6 Hz, 1H), 4.20 (dd, J = 14.6, 10.9 Hz, 1H), 2.74-2.45
(m, 1H), 2.28-2.22 (m, 1H), 1.96-1.72 (m, 2H), 1.53-1.38 (m, 4H), 1.15 (d, J = 7.1 Hz,
3H).

3C NMR (126 MHz, Chloroform-d): 6 140.64, 125.48, 122.85, 120.31, 118.64, 108.88,
43.91, 42.94, 36.06, 33.19, 28.85, 22.53, 15.48.

FT-IR (film): 2954, 2870, 1597, 1484, 1461, 1452, 1326, 1218, 1153, 748, 722 cm™*

MS (EI) m/z (M*) calc for C19H21N: 263, found: 263.

'H NMR resonances were assigned for major and minor diastereomers based on COSY
data. Stereochemistry of the major diastereomer was assigned based on NOESY analysis.

9-((2-methylcyclopentyl)methyl-d)-9H-carbazole:

o

Following general coupling procedure with (E)-6-bromohept-1-ene-1-d, the title
compound can be obtained as the mixture of diastereomers after column chromatography

(hexanes —1% ethyl acetate/hexanes) as colorless solid. A typical run produces 60% of
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the coupling product according to calibrated GC analysis. NMR resonances of the major
diastereomer are as follows.

'H NMR (400 MHz, Benzene-d): & 8.10-8.06 (m, 2H), 7.41-7.45 (m, 2H), 7.28-7.23 (m,
4H), 3.92-3.86 (m, 0.5H) 3.77-3.67 (m, 0.5H) 2.29-2.21 (m, 1H) 1.88-1.78 (m, 1H) 1.58-
1.49 (m, 2H) 1.28-1.11 (m, 4H) 0.81 (d, J = 7.1 Hz, 3H)

13C NMR (126 MHz, Benzene-dg): & 141.11, 125.83, 123.57, 120.82, 119.19, 109.27,
43.56 (t, J = 20.4 Hz), 42.99, 36.18, 33.31, 28.94, 22.74, 15.38.

?H NMR (61 MHz, Benzene): & 3.86, 3.70.

MS (El) m/z (M") calc for Cy9H20DN: 264, found: 264.
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A.13'H, ?H, and *C NMR spectra of new compounds
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Figure A.24: *H NMR spectrum of (E)-6-bromohept-1-ene-1-d (CDCls, 300 MHz, rt).
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Figure A.26: ?H NMR spectrum of (E)-6-bromohept-1-ene-1-d (CHCls, 61 MHz, rt).
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Figure A.27: *H NMR spectrum of 9-(hept-6-en-2-yl)-9H-carbazole (CDCls, 300 MHz,

rt).
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Figure A.28: “C{H} NMR spectrum of 9-((2-methylcyclopentyl)methyl-d)-9H-

carbazole (C¢Ds, 126 MHz, rt).
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Figure A.29: 'H NMR spectrum of 9-((2-methylcyclopentyl)methyl)-9H-carbazole

(CDCls, 400 MHz, rt).
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Figure A.31: “C{*H} NMR spectrum of 9-((2-methylcyclopentyl)methyl-d)-9H-

carbazole (C¢Ds, 126 MHz, rt).
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Figure A.32: *C{*H} NMR spectrum of 9-((2-methylcyclopentyl)methyl-d)-9H-

carbazole (CgDs, 126 MHz, rt).
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Figure A.35: 'H NMR spectrum Li(MeCN)[Cu(carbazolide),] (CDsCN, 300 MHz, rt).



166

49 mM

8 mM

o
e
2 MM JL
o
N

0.8 mM

0.4 mM

0.2 mM

T T T T T T T T T T T T T T T T T T T T T T
.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 -01 -0.2 04 -05 -06 -07 -08 -09 -0 -1 -12 -13 -14

03 -
f1 {(ppm)

Figure A.36: 'Li NMR of lithium carbazolide at various concentrations (CDsCN, rt, 194
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A.14 X-Ray Crystallography Data
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Table A.11: Crystal data and structure refinement for [K(THF)g][Cu(carbazolide)s]

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

o/°

p/e

v/°

Volume/A®

Z

Pcalcglcm3

w/mm™

F(000)

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]

[K(THF)s][Cu(carbazolide)s]
C10H44CU0g 67K0.67N204
685.20

100.05

monoclinic

leln

12.9317(5)

22.3762(9)

18.9484(6)

90

104.763(2)

90

5301.9(3)

6

1.288

1.709

2172.0

CuKo (A= 1.54178)

6.234 to 136.854
-15<h<14,-26<k<26,-22<1<22
57323

9697 [Rint = 0.1553, Rsigma = 0.1076]
9697/0/650

1.043

R; =0.1065, wR;, = 0.2568



Final R indexes [all data]
Largest diff. peak/hole / e A

Table A.12: Fractional atomic coordinates (x10%) and equivalent isotropic

Ri1 =0.1845, wR, = 0.3014
1.19/-0.99
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displacement parameters (A?x10%) for [K(THF)s][Cu(carbazolide)s]. Ueq Is defined

as 1/3 of the trace of the orthogonalised U,; tensor.

Atom
Cu01
K002
NO003
0004
0005
0006
NOO7
0008
NO009
O00A
cooB
coocC
CooD
COOE
OO00F
CooG
COOH
Ccool
CcooJ
COOK
CcooL
CooM
COON
Co000
COooP
Co0Q
COOR
CO00S
CcooT
Coou
coov
coow
COo0X
cooy
Ccooz

X
4786.3(8)
155.6(14)

3640(4)
2166(4)
-1816(4)
724(4)
4909(4)
-10(4)
6048(4)
213(5)
3364(5)
2868(5)
5478(5)
2100(5)
158(6)
2432(5)
6513(5)
6795(6)
2802(5)
6090(5)
6561(5)
5390(5)
6450(5)
7509(6)
4714(5)
7705(6)
4451(5)
3891(5)
1966(6)
5877(5)
3472(6)
1264(5)
6067(6)
2023(6)
2561(6)

5173.8(6)
6827.8(8)
4749(2)
6796(2)
6897(2)
7682(2)
6011(3)
7497(2)
4818(3)
5984(3)
4737(3)
4412(3)
6373(3)
4189(3)
6072(3)
4405(3)
4868(3)
4508(3)
4274(3)
6201(3)
6641(3)
6980(3)
7238(4)
4587(3)
7000(4)
4357(3)
6403(4)
5008(3)
3931(3)
7407(3)
4940(3)
3840(3)
5129(4)
4343(3)
4608(4)

2403.2(5)
2586.4(10)
2613(2)
3057(3)
1959(3)
1949(3)
2337(3)
3587(4)
2281(3)
3441(3)
3280(3)
2140(3)
2893(3)
2483(3)
1667(3)
3231(3)
1692(3)
2805(4)
1414(3)
3587(3)
4072(4)
2709(4)
3895(4)
1832(4)
1960(3)
2562(4)
1776(4)
3936(3)
1042(4)
3205(4)
4531(4)
2100(4)
1004(3)
3844(4)
4480(4)

U(eq)

46.4(4)
56.2(5)
27.6(12)
48.4(13)
53.1(14)
55.6(15)
43.7(16)
72.9(19)
38.9(14)
75(2)
28.4(14)
29.5(14)
37.1(17)
30.7(14)
91(2)
32.1(15)
38.1(17)
38.6(17)
34.4(16)
36.5(16)
39.3(17)
37.2(17)
41.1(18)
40.1(18)
42.6(19)
39.4(17)
49(2)
33.5(16)
43.2(18)
40.4(17)
42.9(18)
41.3(17)
41.9(18)
46.3(19)
48(2)



C010
co11
C012
Co13
Co14
Co15
C016
co17
Co18
C019
CO1A
CO1B
colC
CO1D
CO1E
CO1F
CO1G
CO1H
co1l
Co1J
CO1K
Co1L
CO1M
COIN
C010
CO1P
C01Q
CO1R
Co1S
CO1T
CO1U
Co1V
Co1W
COLX
co1y
C01Z
col{

8071(7)
8445(6)
1198(6)
6630(7)
8528(6)
2794(6)
6724(6)
-2539(6)
2827(6)
7544(7)
-273(6)
3448(6)
-1312(6)
-3206(6)
3795(6)
4340(6)
7615(7)
310(7)
-2981(7)
3402(7)
538(7)
3700(7)
3441(7)
-460(7)
-1150(7)
174(7)
-471(7)
-1045(6)
-2412(7)
1012(8)
546(7)
-285(7)
1496(7)
526(7)
925(10)
963(18)
1510(30)

4574(4)
3869(3)
3711(3)
5103(4)
4036(3)
6294(3)
4345(3)
6409(3)
7310(4)
4032(4)
8494(3)
6519(3)
8185(3)
6635(4)
6253(5)
7451(4)
4828(4)
8261(4)
7298(4)
7182(4)
8046(4)
7298(5)
6724(5)
5480(4)
5547(4)
8314(4)
5874(4)
7537(4)
7433(4)
7904(5)
5956(5)
6185(5)
7605(5)
6049(5)
5623(6)
5441(9)
5740(18)

1294(4)
3700(4)
1378(4)
489(4)
3013(4)
3376(4)
3504(4)
1671(4)
3272(4)
3943(4)
3917(5)
4137(4)
3617(4)
921(4)
1082(4)
1465(4)
625(4)
1768(4)
924(5)
4060(4)
3803(5)
781(4)
600(4)
3290(5)
3839(5)
953(4)
4459(4)
3727(5)
1704(4)
813(4)
555(4)
905(4)
1518(4)
4223(4)
1747(5)
1012(7)
1300(20)

Table A.13: Anisotropic displacement parameters (A?x10°) for
[K(THF)g][Cu(carbazolide)s]. The anisotropic displacement factor exponent takes
the form: -2a’[h%a*?U;+2hka*b*Uso+...].

Atom

Uis

Us3

Uiz

174

50(2)
48.9(19)
43.5(18)

53(2)
49.1(19)
43.3(18)
45.4(19)
46.6(19)
46.6(19)

53(2)

56(2)
49.0(19)

50(2)

51(2)

58(2)

57(2)

59(2)

52(2)

64(2)

57(2)

58(2)

64(3)

65(3)

68(3)

59(2)

59(2)

60(2)

58(2)

61(2)

69(3)

70(3)

69(3)

73(3)

69(3)

107(5)

54(6)

64(12)

U
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cuo1 38.7(6) 79.6(9) 24.3(5) 9.1(5)  13.8(4)  -23.1(6)
K002 485(10)  57.0(11)  63.9(12) 1.4(9)  15.6(9) 0.1(8)
N0O3 26(3) 38(3) 19(2) 0(2) 7(2) 1(2)
0004 44(3) 52(3) 43(3) -2(3) -2(2) -7(2)
0005 56(3) 50(3) 53(3) -1(3) 12(3) 0(3)
0006 57(3) 61(4) 59(3) 19(3) 34(3) 14(3)
N0O7 28(3) 74(5) 29(3) -15(3) 7(2) -13(3)
0008 52(3) 37(3) 147(6) -23(3) 56(4) -6(3)
N009 43(3) 53(4) 25(3) -6(3) 16(3) -20(3)
O00A 92(5) 96(5) 50(3) -21(3) 39(3) -49(4)
C00B 25(3) 35(4) 26(3) 4(3) 8(3) 9(3)
C00C 29(3) 33(4) 24(3) 3(3) 2(3) 6(3)
COo0D 20(3) 66(5) 29(3) -5(3) 14(3) -2(3)
COOE 26(3) 37(4) 28(3) 7(3) 3(3) 2(3)
OO0F 113(5) 126(6) 36(3) 5(3) 23(3) 73(5)
C00G 26(3) 39(4) 30(3) 4(3) 6(3) 5(3)
COOH 43(4) 46(4) 29(4) -14(3) 16(3) -23(4)
o0l 44(4) 41(4) 33(4) -12(3) 14(3) -19(3)
C00J 31(4) 43(4) 28(3) 1(3) 7(3) 13(3)
COOK 26(3) 56(5) 29(3) -5(3) 9(3) -8(3)
CooL 26(4) 61(5) 29(4) 2(3) 3(3) -1(3)
COOM 21(3) 57(5) 34(4) -5(4) 8(3) 6(3)
COON 26(4) 60(5) 37(4) -12(4) 6(3) 5(3)
C000 46(4) 45(4) 33(4) -19(3) 18(3) -20(3)
COOP 21(3) 82(6) 24(4) -6(4) 5(3) 12(4)
C00Q 46(4) 41(4) 32(4) -16(3) 12(3) -15(4)
COOR 28(4) 91(7) 30(4) 4(4) 11(3) 6(4)
C00S 26(3) 45(4) 27(3) 2(3) 3(3) 7(3)
COOT 49(4) 44(4) 31(4) -7(3) -1(3) 10(4)
CooU 31(4) 49(4) 43(4) 0(4) 11(3) 9(3)
CooV 49(4) 55(5) 23(3) -1(3) 6(3) 9(4)
CooOW 33(4) 48(5) 44(4) 0(4) 11(3) -1(3)
C00X 39(4) 63(5) 25(3) -8(3) 12(3) -13(4)
Co0Y 55(5) 55(5) 32(4) 5(4) 18(3) -9(4)
C00Z 50(5) 60(5) 41(4) 13(4) 22(4) 6(4)
C010 58(5) 59(5) 39(4) -11(4) 25(4) -3(4)
co11 51(5) 45(5) 50(5) -6(4) 10(4) -11(4)
C012 35(4) 43(4) 46(4) -3(4) -1(3) 3(3)
C013 60(5) 72(6) 28(4) -8(4) 15(4) -23(5)
C014 57(5) 47(5) 49(5) -13(4) 23(4) -8(4)
Co15 42(4) 46(4) 41(4) 1(4) 7(3) 11(3)

C016 60(5) 47(5) 34(4) -5(4) 22(4) -10(4)
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Co17 48(4) 47(5) 50(4) -4(4) 23(4) -5(4)
Co18 35(4) 57(5) 49(4) 5(4) 13(3) -8(4)
C019 71(6) 54(5) 38(4) -4(4) 18(4) -23(4)
CO1A 53(5) 36(4) 80(6) -10(4) 19(4) 7(4)
CO1B 41(4) 51(5) 51(5) 0(4) 4(4) -12(4)
colic 50(5) 48(5) 54(5) 6(4) 17(4) 7(4)
Co1D 40(4) 60(5) 58(5) 4(4) 21(4) 6(4)
CO1E 35(4) 105(7) 32(4) -22(5) 5(3) -1(4)
CO1F 37(4) 94(7) 39(4) -1(5) 11(4) 21(4)
CO1G 70(6) 82(6) 37(4) -18(4) 34(4) -16(5)
CO1H 58(5) 51(5) 48(5) 2(4) 15(4) -5(4)
Co1l 76(6) 58(6) 61(6) 8(4) 20(5) 10(5)
Co1J 66(5) 55(5) 42(4) -3(4) 0(4) 3(4)
CO1K 54(5) 56(5) 64(5) -4(4) 16(4) -4(4)
Co1L 51(5) 107(8) 30(4) 4(5) 2(4) 29(5)
CO1M 45(5) 122(9) 26(4) 0(5) 4(4) 24(5)
COIN 76(6) 74(6) 62(5) -41(5) 32(5) -39(5)
C010 52(5) 62(5) 71(6) -16(5) 32(4) -13(4)
Co1P 79(6) 48(5) 42(5) 3(4) -1(4) 6(4)
C01Q 67(6) 66(6) 57(5) -5(4) 31(4) -9(5)
COIR 51(5) 55(5) 79(6) 12(5) 37(4) 6(4)
Co1s 73(6) 55(5) 60(5) -12(4) 25(5) -3(5)
CO1T 84(7) 83(7) 46(5) 18(5) 28(5) 6(5)
co1U 79(6) 100(8) 37(4) -2(5) 24(4) 28(6)
Co1V 53(5) 121(9) 34(4) 2(5) 9(4) 14(5)
CO1W 49(5) 132(9) 47(5) 29(5) 27(4) 17(5)
CO1X 48(5) 116(9) 45(5) -17(5) 13(4) -17(5)
colY 142(10)  140(11) 38(5) 12(6) 23(6) 111(9)
C01Z 71(12) 55(10) 37(8) -3(7) 17(7) 22(9)
Co1{ 48(19) 50(20)  100(30) 10(20)  31(19) 25(15)

Table A.14: Hydrogen atom coordinates (Ax10%) and isotropic displacement
parameters (A?x10°) for [K(THF)s][Cu(carbazolide)s].

Atom X y z U(eq)

HOO0J 3325 4415 1183 41
HOOK 6176 5791 3719 44
HOOL 6976 6528 4543 47
HOON 6765 7532 4246 49
HO0S 4524 5234 3971 40
HOOT 1905 3839 543 52
HOOU 5819 7817 3073 49

HOOV 3816 5125 4981 51



HOOW
HOOX
HoOY
H00Z
HO010
Ho11
HO12
HO13
HO14
HO1A
HO1B
HO16
HO1C
HO1D
HO1E
HO1F
HO019
HO1G
HO1H
HO1l
HO1J
HO1K
HO1L
HO1M
HOLN
HOBA
H1BA
H2BA
HO10
HO1P
HO1Q
HOLR
HO1S
HOLT
HO1U
HO1V
H3BA
H4BA
HO1W
HO1X
HO1Y
H01Z

744
5387
1387
2298
8756
9001

626
6338
9143
3275
2330
6114

-3007
-2136
2390
3341
7507
-168
-231
3119
4195
-1598
-1845
-2982
-3978
3604
4515
7985

812

-385
-2523
-3654
4132
3007

874
1105
3440
3002
-219

-1810
-1349
-549

3691
5318
4123
4561
4392
3642
3472
5279
3932
6166
5953
4451
6319
6043
7677
7355
3922
8586
8870
6386
6374
8277
8305
6434
6560
5851
7857
4814
8568
8310
7394
7529
7352
7358
8188
7991
7604
6638
5084
5775
5151
8185

2330
903
3817
4902
1387
4009
1107
25
2853
3073
3429
3670
1999
1614
3232
2968
4421
4442
3649
4528
4247
3092
3883
519
864
950
1587
252
2033
1890
593
770
4177
4393
3419
4260
434
128
3145
3621
3995
680

177

50
50
56
58
59
59
52
63
59
52
52
54
56
56
56
56
64
67
67
59
59
60
60
62
62
69
68
71
63
63
77
77
68
68
69
69
77
78
82
71
71
71
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H 294 8730 814 71
HO1 -283 5616 4899 72
HA -846 6233 4572 72
HOAA -1197 7318 4150 69
H1AA -1927 7780 1733 74
HB -2930 7520 1995 74
H2AA 689 7606 435 83
HC 1560 8133 645 83
H3AA 228 5835 42 85
HD 1110 6258 568 85
HE 804 6273 278 85
HF 277 5615 226 85
H4AA -1025 6029 697 83
H5AA 2249 7723 1762 88
H6AA 1256 5931 4515 83
H7AA 599 5273 1939 128
H8AA 1706 5350 995 65
HG 514 5083 852 65
H9AA 1897 5381 1194 76
HH 2029 6064 1480 76

Table A.15: Bond angles for [K(THF)g][Cu(carbazolide)s].

Atom Atom Atom Angle/® Atom Atom Atom Angle/®

NOO07 Cu01 NOO03 126.7(2) NOO7 COOD COOM 112.7(6)
NO09 Cu01 NOO03 124.4(2) COOM CO0OD COOK 119.4 (6)
NO09 Cu01 NOO7 108.8(2) CO0OC COOE CO0G 105.4(5)
0004 K002 0005 172.63(17) COOWCOOE Co00C 120.4(6)
0004 K002 CO1N 99.0(2) COOWCOOE C00G 134.2(6)
0004 K002 CO1R 112.86(19) CO1V OO0F K002 121.7(6)
0004 K002 CO1V 103.31(19) CO1lY OOOF K002 123.8(6)
0004 K002 COo1w 66.16(18) CO1Y OOOF CO1V 109.1 (o)
0004 K002 C01X 77.03(18) CO0B CO0G COOE 106.0(5)
0004 K002 CO1Y 75.3(3) C00B CO0G CO0Y 119.9(6)
0005 K002 CO1N 86.1(2) CO0Y CO0G COOE 134.1(6)
0005 K002 CO1R 72.44(19) NO09 COOH CO00X 127.7(7)
0005 K002 COo1V 71.19(19) CO00O COOH NOO09 112.0(6)
0005 K002 CO1W 106.87(19) CO0O COOH CO0OX 120.1(6)
0005 K002 C01X 110.06(19) NO0O9 COOlI C00Q 112.0(6)
0005 K002 CO1Y 102.0(2) NO09 COOlI CO016 127.4(7)
0006 K002 0004 77.68(18) CO016 CO0lI C00Q 120.6(7)
0006 K002 0005 96.48(18) CO0T C00J CO0C 118.4(6)
0006 K002 O00A 161.2(2) COOL COOK C00D 118.4(7)



0006 K002 CO1N
0006 K002 CO1R
0006 K002 CO01V
0006 K002 CO1W
0006 K002 C01X
0006 K002 CO1Y
0008 K002 0004
0008 K002 O005
0008 K002 0006
0008 K002 O00A
0008 K002 CO1IN
0008 K002 CO1R
0008 K002 CO1V
0008 K002 CO1W
0008 K002 C01X
0008 K002 CO01Y
OO00A K002 0004
OO00A K002 0005
OO00A K002 COIN
OO00A K002 CO1R
O00A K002 C01V
O00A K002 CO1W
O00A K002 C01X
O00A K002 C01Y
OO00F K002 0004
OO00F K002 0005
OO00F K002 O006
OO00F K002 0008
OO00F K002 O00A
OO00F K002 CO1IN
OO00F K002 CO1R
O00F K002 CO1V
O00F K002 CO1W
OO00F K002 C01X
OO00F K002 CO1Y
CO1IN K002 C01X
CO1R K002 CO1N
CO01R K002 C01V
CO01R K002 CO1W
CO1R K002 C01X
CO1R K002 CO1Y
C01V K002 CO1IN

170.4 (2
101.11(19
82.5(2
21.1(2
146.3(2
103.0(3
91.64 (1
92.87(19
90.1(2
87.3(2
99.1(2
22.38(19
161.4 (2
107.5(2
68.8 (2
158.8(2
83.75(19
102.3(2
19.58(1
83.2(2
105. 1(2
146.
20.
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C00D C00M CooP
COoU C0O0M C00D
COou C0O0M CO0P
COooL COON Ccoou
CO0H C000 C00Q
C010 C00O COOoH
C010 C000O C00Q
COOR COOP COOM
CO1F COOP COOM
CO1F COOP COOR
C00lI' C00Q C000
C014 CO00Q cCool

C014 C00Q CO000O
NOO7 COOR COOP
NOO7 COOR COl1E
COOP COOR CO1E
COOV C00S CooB
C00J CO0T CO012
CO0OM CO0U COON
C00Z CO0V CO00S
C012 COOW COOE
C013 C00X COoH
C00Z CO0Y CO00G
C00Y C00Z Coov
C01G C010 CO00O
C014 CO011 CO019
CO0WCO012 CO0T
C00X C013 CO01G
C00Q C014 CO011
0004 C015 C01B
C019 CO016 CoOOl

0005 CO017 CO1D
0004 C018 K002
0004 C018 CO01J

C01J CO018 K002
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C01C CO1A CO1K
C01J CO01B CO015
CO1A C01C COIR
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C01M CO1E COOR
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C01V K002 CO1W 69.7(2) COOP CO1F CO1L 118.4(9)
C01V K002 C01X 125.0(3) C010 CO1G CO013 121.1(7)
C01W K002 CO1IN 149.5(2) 0006 CO1H CO1P 105.0(6)
C01W K002 C01X 143.0(2) CO1S CO1l CO01D 104.3(7)
C01Y K002 CO1N 67.3(3) CO01B C01J CO018 106.4(6)
C01Y K002 COo1V 39.5(2) 0008 CO1K K002 33.8(3)
CO1lY K002 COo1W 82.8(3) 0008 CO1K CO1A 107.6(6)
CO1Y K002 C01X 91.7(2) COl1A CO1K K002 128.5(5)
C00B NO003 Cu01 126.6(4) COIMCOL1L CO1F 121.5(9)
C00C NOO03 Cu01 127.9(4) CO1L CO1MCO1E 122.3(8)
C00C NO03 C00B 105.5(5) OOOA COIN K002 36.1(4)
C015 0004 K002 126.5(4) OO00A COIN CO010 102.6(6)
C015 0004 CO018 106.2(5) C010 CO1N K002 113.8(6)
C018 0004 K002 124.4(4) C01Q C010 COIN 105.0(6)
C017 0005 K002 127.4(4) CO1T CO1P CO1H 103.5(6)
C01S 0005 K002 126.7(5) C010 C01Q CO1X 105.7(6)
C01S 0005 C017 105.2(6) 0008 CO1R K002 41.0 (4)
C01H O006 K002 133.5(4) 0008 CO1R CO1C 103.2(6)
C01H O006 CO1W 104.1(6) CO1C CO1R K002 119.7(5)
C01W 0006 K002 121.1(5) 0005 C01S CO1l 104.3(6)
C00D NO007 Cu01 124.7(5) COIWCO1T CO1P 106.0(7)
C00D NOO7 COOR 104.6(7) CO1V CO1U CO1{ 101.0(11)
COOR NOO7 Cu01 130.7(5) C01Z CO1U CO1V 101.9(9)
C01K 0008 K002 127.5(5) OO0F CO1V K002 37.3(4)
C01K 0008 CO1R 108.2(6) OO0F CO1V CO1U 103.9(7)
CO1R 0008 K002 116.6(5) CO1U CO1V K002 126.4(6)
COO0H NOO09 Cu01 128.7(5) 0006 CO1W K002 37.8(4)
C00lI' NO09 Cu01 126.3(4) 0006 CO1IWCOLT 105.1(7)
C00lI' N009 COOH 104.4 (6) CO1T CO1WKO02 126.6(6)
CO1N OO00A K002 124.3(5) OO00A C01X K002 36.4(4)
CO1IN OO00ACO1X 106.7(6) OO0A C01X C01Q 103.8(6)
C01X O00A K002 123.4(5) C01Q CO01X K002 117.2(6)
N003 C00B C00G 111.4(5) OO0F COl1Y K002 36.3(4)
C00S C00B NO03 128.1(6) OOOF CO1Y CO01Z 107.1(8)
C00S CO00B C00G 120.4 (6) C01Z CO1Y K002 138.5(8)
N003 C00C COOE 111.7(5) C01{ CO1lY K002 116(2)
N003 C00C C00J 127.9(6) CO1{ CO1lY OOOF 107.5(14)
C00J CO00C COO0E 120.3(6) CO1U C01Z CO1Y 104.4(11)
NOO7 CO0D COOK 127.9(7) CO1Y C01{ CO1U 100 (2)



181

A.15 References

1. Tsuda, T.; Yazawa, T.; Watanabe, K.; Fujii, T.; Saegusa, T. J. Org. Chem. 1981, 46,

192-194.

N

. Gonzéalez-Bobes, F.; Fu, G. C. J. Am. Chem. Soc. 2006, 128, 5360-5361.

w

. Stoll, S.; Schweiger, A. J. Magn. Reson. 2006, 178, 42-55.

o

. (@) Kimura, T.; Lee, J. C.; Gray, H. B.; Winkler, J. R. Proc. Natl. Acad. Sci. U. S. A,
2009, 106, 7834-7839. (b) Yamada, S.; Bouley Ford, N. D.; Keller, G. E.; Ford, W.

C.; Gray, H. B.; Winkler, J. R. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 1606-1610.

ol

. Leijondahl, K.; Borén, L.; Braun, R.; Backvall, J.-E. J. Org. Chem. 2009, 74, 1988—

1993.

(o2}

. Sargent, B. T.; Alexanian, E. J. J. Am. Chem. Soc. 2016, 138, 7520-7523.

\l

. Bissember, A. C.; Lundgren, R. J.; Creutz, S. E. Peters, J. C. Fu, G. C. Angew. Chem.

Int. Ed. 2013, 52, 5129-5133.

o

. Dinnebier, R.; Esbak, H.; Olbrich, F.; Behrens, U. Organometallics 2007, 26, 2604—

2608.

©

. (@) Murov, S. L.; Carmichael, I.; Hug, G. L. Handbook of Photochemistry; CRC Press:
New York, 1993; pp 298—313. (b) Bolton, J. R.; Stefan, M. 1.; Shaw, P.-S.; Lykke, K.
R. J. Photochem. Photobiol., A 2011, 222, 166—169.

10. Wu, A.; Mader, E. A.; Datta, A.; Hrovat, D. A.; Borden, W. T.; Mayer, J. M. J. Am.

Chem. Soc. 2009, 131, 11985-11997.
11. Neese, F. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2012, 2, 73-78.

12. Zhao, Y.; Truhlar, D.G. J. Chem. Phys. 2006, 125, 194101.



182

13. Weigend, F.; Furche, F.; Ahlrichs, R. J. Chem. Phys. 2003, 119, 12753.

14. Klamt, A; Schiiirmann, G. J. Chem. Soc. Perkin Trans. 2 1993, 2, 799-805.



183

Appendix B : Supplementary Information for
Chapter 3



184

B.1 General Information

The following reagents were purchased and used as received: Copper(l) iodide
(Aldrich; 99.999%), tetrabutylammonium cyanide (Aldrich; 95%), 4-chlorotetrahydro-
2H-pyran (Acros), tert-butyl 4-bromopiperidine-1-carboxylate (Aldrich), (1-chloro-2-
methylpropan-2-yl)benzene (Aldrich). CH3CN was deoxygenated and dried by sparging
with nitrogen followed by passage through an activated alumina column (S. G. Water)
prior to use.

'H and 3C spectroscopic data were collected on a Varian 500 MHz spectrometer
or a Varian 400 MHz spectrometer at ambient temperature. GC analyses were carried out
on an Agilent 6890 series system with an HP-5 column (length 30 m, 1.D. 0.25 mm). All
photoreactions were carried out in oven-dried quartz test tubes or a quartz flask, under an
inert atmosphere, with the use of 15W, 120V, UV Germicidal Compact Lamps (Norman
Lamps, Inc.) and a Fantec 172 x 150 x 51 mm Dual Ball Bearing AC high speed fan (240

CFM).
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B.2 Preparation of Electrophiles

These procedures have not been optimized.

General Procedure for the Chlorination of Secondary Alcohols. To an oven-dried
500-mL round-bottom flask containing a stir bar was added dry CH,Cl; (0.2 M) and the
alcohol (1.00 equiv). The mixture was cooled to 0 °C in an ice bath, and PPh3 (1.00
equiv) and NCS (1.00 equiv) were slowly added in turn. The round-bottom flask was
then capped with a rubber septum and placed under a nitrogen atmosphere with the use of
a needle attached to a vacuum manifold. The reaction was allowed to warm to room
temperature as it remained in the water bath. After 5—8 hours, the reaction was quenched
by the addition of saturated aqueous NH4Cl. The organic phase was separated, dried over
anhydrous Na,SQO,, and then concentrated carefully by rotary evaporator (careful
concentration was important for volatile products). The product was purified by column

chromatography (hexanes or Et,O/hexanes).

Cl

mBoc

tert-Butyl 4-(chloro(cyclohexyl)methyl)piperidine-1-carboxylate.
Cyclohexylmagnesium chloride (2.0 M in Et,0; 23.5 mL, 46.9 mmol) was added
dropwise to a solution of tert-butyl 4-formylpiperidine-1-carboxylate (10.0 g, 46.9 mmol)
in THF (230 mL) at =78 °C (dry ice/acetone bath). The resulting solution was allowed to
warm to room temperature while remaining in the acetone bath and stirring for 6 h. Next,
the reaction was quenched by the addition of saturated aqueous NH,CI (100 mL), and the

resulting mixture was extracted with Et,O. The combined organic phases were dried over
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anhydrous Na,SO, and concentrated by rotary evaporator. The residue was passed
through a plug of silica gel (60% Et,O/hexanes), and the resulting filtrate was
concentrated by rotary evaporator and used in the next step without further purification.
The title compound was prepared according to the general procedure for
chlorination of secondary alcohols, wusing the unpurified tert-butyl 4-
(cyclohexyl(hydroxy)methyl)piperidine-1-carboxylate. The product was purified by flash
chromatography (5%—30% Et,0O/hexanes). Off-white solid (1.05 g, 7% over two steps).
'H NMR (500 MHz, CDCls) & 4.21-4.12 (m, 2H), 3.58 (dd, 1H, J = 6.8, 5.5 Hz), 2.73~
2.62 (m, 2H), 1.96-1.75 (m, 5H), 1.73-1.65 (m, 2H), 1.65-1.57 (m, 2H), 1.47 (s, 9H),
1.45-1.17 (m, 7H).
3C NMR (126 MHz, CDCls) § 155.1, 79.8, 74.7, 40.8, 39.9, 31.5, 28.8, 26.6, 26.2.
ATR-IR (neat) 2928, 2848, 1682, 1445, 1417, 1368, 1284, 1265, 1246, 1163, 1121, 773
cm ™.

HRMS (ESI) m/z [M—(isobutylene)+H]" calcd for C13H,3CINO,: 260.1, found: 260.1.
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Cl
A
Iilo

(1S,2S5)-1-(allyloxy)-2-chlorocyclopentane. This procedure was adapted from a
literature procedure.® Cyclopentene (5.00 mL, 56.6 mmol) was added dropwise over 30
minutes to a suspension of N-chlorosuccinimide (7.60 g, 56.6 mmol) in dry CH,Cl, (100
mL). The resulting suspension was stirred at room temperature for 2 h, and then allyl
alcohol (7.70 mL, 113.2 mmol) was added dropwise by syringe pump over 2 h. The
reaction mixture was stirred at room temperature for 6 h. The solvent was then removed
by rotary evaporator, and the crude residue was poured into a separatory funnel
containing H,O (100 mL). The mixture was extracted with Et,O (3 x 50 mL), and the
combined organic phases were washed with water (50 mL), dried over MgSQO,, filtered,
and concentrated by rotary evaporator. The product was purified by column
chromatography (100% hexanes). Clear oil (695 mg, 4% yield).

'H NMR (400 MHz, CDCls) § 5.90 (ddt, 1H, J = 17.2, 10.4, 5.6 Hz), 5.28 (dg, 1H, J =
17.2, 1.7 Hz), 5.21-5.16 (m, 1H), 4.22-4.17 (m, 1H), 4.08-4.01 (m, 2H), 4.00-3.95 (m,
1H), 2.27-2.06 (m, 2H), 1.93-1.72 (m, 3H), 1.70-1.60 (m, 1H).

¥C NMR (100 MHz, CDCl3) 6 134.6, 117.0, 87.2, 70.5, 63.1, 34.2,29.9, 21 4.

ATR-IR (neat) 3100, 2960, 2861, 1651, 1463, 1433, 1341, 1256, 1082, 1013, 922, 793,
702, 655, 560 cm ™,

MS (EI) m/z (M") calcd for CgH413CIO: 160.1, found: 160.1.
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B.3 Photoinduced, Copper-Catalyzed Cyanation Reactions

Four 15 watt, 120 volt UV Germicidal Compact Lamps were suspended from a ring
clamp on a ring stand (Figure B.1). The lamps were spaced approximately evenly around
the circumference of the ring clamp with a diameter of ~14 cm. In a second clamp below

the ring clamp, the top of a wire test tube rack was placed interior to the lamps.

DIAMETER = 14 cm

5
< >

' _,]7 RING CLAMP
é g—l— WIRE TEST TUBE RACK

Figure B.1: Placement of UV Germicidal Compact Lamps around a ring clamp

A stir plate covered in aluminum foil was placed underneath the lamps (Figure B.2). A
cardboard box lined with aluminum foil was placed over the ring stand, lamps, and stir
plate. In one side of the cardboard box, a space was cut out, and a 172 x 150 x 51 mm
high-speed (240 CFM) fan was fitted into this side of the box. In the side of the box
directly opposite the fan, a vent was cut out. Photoreactions were carried out in quartz

tubes or a quartz flask placed approximately in the center of the wire test tube rack,
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ensuring that the reaction vessels were within the line of airflow from the fan and did not

touch the lamps.
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RING STAND
SIDE OF BOX
PARTIALLY
DETACHED RING CLAMP CARDBOARD BOX
i
15W UVC s
. FAN
LAMP R
_ | By .
QUARTZ r
VENT FOR /
AIRFLOW STIR PLATE

Figure B.2: Placement of cardboard box and fan relative to the UV lamps

General Procedure. Inside a glovebox, an oven-dried 20-mL vial equipped with a stir
bar was charged with TBACN (Caution: Highly toxic! 601 mg, 2.24 mmol, 1.60 equiv)
and capped with a PTFE-lined pierceable cap sealed with electrical tape. The vial was
then removed from the glovebox, and MeCN (18.0 mL) was added via syringe. The
mixture was vigorously stirred for 5 minutes, resulting in a colorless suspension. An
oven-dried 20-mL quartz tube containing a stir bar was then charged with Cul (20.0 mg,
0.105 mmol, 0.0750 equiv), capped with a rubber septum, and sealed with electrical tape.
The tube was evacuated and backfilled with nitrogen three times (through a needle

attached to a vacuum manifold), and the TBACN suspension was added via syringe,
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followed by the electrophile (1.40 mmol, 1.00 equiv) via microsyringe (if the electrophile
is a solid, then it was added immediately after the addition of Cul). The reaction mixture
was stirred vigorously for one minute. The quartz tube was then removed from the
manifold, and the resulting mixture was then stirred vigorously and irradiated in the
center of four, 15 watt UVC compact fluorescent light bulbs at room temperature for 24
h. Then, the reaction mixture was transferred to a 100-mL round-bottom flask and
concentrated using a rotary evaporator in a well-ventilated fume hood. The residue was

purified by column chromatography.

CN
Et)\APh

2-Ethyl-4-phenylbutanenitrile (Table 3.2, Entry 1) [1126479-77-3]. The title
compound was prepared according to the General Procedure from (3-
chloropentyl)benzene (258 pL, 1.40 mmol) as the electrophile. The product was purified
by column chromatography on silica gel (5—10% EtOAc/hexanes). Tan oil. First run:
223 mg (92% vyield). Second run: 227 mg (94% vyield).

Gram-scale reaction. In a glove box, a 200-mL quartz flask was charged with TBACN
(3.44 g, 12.8 mmol, 1.60 equiv), and a stir bar was added. The flask was capped with a
rubber septum and sealed with electrical tape and then removed from the glove box. A
separate 250-mL flask (borosilicate glass) was then charged with Cul (114 mg, 0.600
mmol, 0.0750 equiv), and acetonitrile (110 mL) and a stir bar were added. The
Cul/acetonitrile solution was vigorously stirred for 1 minute under a nitrogen atmosphere,
after which the homogeneous solution was cannula transferred to the quartz flask

containing TBACN. Then, the alkyl chloride (1.50 mL, 8.00 mmol, 1.00 equiv) was
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added via syringe. The reaction mixture was irradiated for 24 h using the same
irradiation set-up as described above. Then, the stir bar was removed, and the reaction
mixture was concentrated using a rotary evaporator in a well-ventilated fume hood. The
product was purified by column chromatography on silica gel (10—20% Et,O/hexanes).
Tan oil. 1.30 g, 94% vyield.

'H NMR (500 MHz, CDCl3) § 7.34-7.30 (m, 2H), 7.26-7.19 (m, 3H), 2.91 (ddd, 1H, J =
14.2, 9.1, 5.2 Hz), 2.75 (ddd, 1H, J = 13.8, 8.9, 7.6 Hz), 2.49-2.43 (m, 1H), 2.01-1.92

(m, 1H), 1.90-1.82 (m, 1H), 1.70-1.63 (m, 2H), 1.09 (t, 3H, J = 7.4 Hz).

CN

i-Pr)\APh
2-1sopropyl-4-phenylbutanenitrile (Table 3.2, Entry 2). The title compound was
prepared according to the General Procedure from (3-chloro-4-methylpentyl)benzene
(280 pL, 1.40 mmol) as the electrophile. The product was purified by column
chromatography on silica gel (5—10% EtOAc/hexanes). Tan oil. First run: 220 mg
(84% vyield). Second run: 222 mg (85% vyield).
'H NMR (500 MHz, CDCl3) § 7.33-7.29 (m, 2H), 7.25-7.19 (m, 3H), 2.92 (ddd, 1H, J =
14.1, 9.2, 5.0 Hz), 2.71 (ddd, 1H, J = 13.8, 9.0, 7.6 Hz), 2.40 (dt, 1H, J = 10.4, 5.0 Hz),
1.96 (dddd, 1H, J = 13.9, 10.7, 9.0, 5.0 Hz), 1.89-1.78 (m, 2H), 1.08-1.02 (m, 6H).
3¢ NMR (126 MHz, CDCl3) 6 140.6, 129.0, 128.8, 126.7, 121.3, 38.8, 33.9, 32.2, 30.4,
21.3,19.0.
ATR-IR (neat) 3028, 2964, 2932, 2900, 2874, 2236, 1603, 1497, 1455, 1391, 1373, 751,
701 cm™.

MS (El) m/z (M") calcd for C13H;7N: 187.1, found 187.2.
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CN

t-Bu)\/\Ph
3,3-Dimethyl-2-phenethylbutanenitrile (Table 3.2, Entry 3). The title compound was
prepared according to the General Procedure from (3-chloro-4,4-dimethylpentyl)benzene
(95.0 puL, 0.440 mmol) as the electrophile. The product was purified by column
chromatography on silica gel (hexanes—10% Et,O/hexanes). Yellow oil. First run: 75.0
mg (85% yield). Second run: 74.1 mg (84% yield).
'H NMR (500 MHz, CDCls) & 7.34-7.29 (m, 2H), 7.25-7.20 (m, 3H), 3.01 (ddd, 1H, J =
13.8, 8.9, 4.9 Hz), 2.67 (dt, 1H, J = 13.8, 8.5 Hz), 2.25 (dd, 1H, J = 11.6, 4.3 Hz), 1.92—
1.79 (m, 2H), 1.03 (s, 9H).
3¢ NMR (126 MHz, CDCl3) 6 140.7, 129.0, 128.8, 126.7, 121.6, 43.8, 34.5, 33.3, 29.5,
27.8.
ATR-IR (neat) 3028, 2963, 2938, 2875, 2233, 1602, 1498, 1488, 1472, 1463, 1456, 1399,
1375, 1368, 1317, 1233, 1030, 770, 757, 701 cm ™.

MS (EI) m/z (M") calcd for C14H19N: 201.2, found 201.2.

CN Me
Me WMe
2,6-Dimethylhept-5-enenitrile (Table 3.2, Entry 4) [54088-65-2].
The title compound was prepared according to the General Procedure from 6-chloro-2-
methylhept-2-ene (205 mg, 1.40 mmol) as the electrophile. The product was purified by
column chromatography on silica gel (4% Et,O/hexanes ). Clear oil. First run: 161 mg

(84% yield). Second run: 164 mg (85% yield).
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'H NMR (400 MHz, CDCl3) § 5.09-5.02 (m, 1H), 2.67-2.55 (m, 1H), 2.23-2.11 (m, 2H),

1.72-1.62 (m, 7H), 1.59-1.49 (m, 1H), 1.33-1.29 (m, 3H).

CN
o)

Me
\

4-(Furan-2-yl)-2-methylbutanenitrile (Table 3.2, Entry 5) [71649-14-4]. The title
compound was prepared according to the General Procedure from 2-(3-chlorobutyl)furan
(221 mg, 1.40 mmol) as the electrophile. The product was purified by column
chromatography on silica gel (10% Et,O/hexanes ). Yellow oil. First run: 160 mg (77%
yield). Second run: 148 mg (71% yield).

'H NMR (400 MHz, CDCl3) & 7.33-7.30 (m, 1H), 6.31-6.27 (m, 1H), 6.08-6.04 (m, 1H),

2.92-2.75 (m, 2H), 2.67-2.56 (m, 1H), 2.01-1.85 (m, 2H), 1.36-1.31 (M, 3H).

CN

mBoc

t-Butyl 4-(cyano(cyclohexyl)methyl)piperidine-1-carboxylate (Table 3.2, Entry 6).
The title compound was prepared according to the General Procedure from tert-butyl 4-
(chloro(cyclohexyl)methyl)piperidine-1-carboxylate (442 mg, 1.40 mmol) as the
electrophile.  The product was purified by column chromatography on silica gel
(20>60% Et,O/hexanes). Off-white solid. First run: 392 mg (91% yield). Second run:
406 mg (95% vyield).

'H NMR (500 MHz, CDCl3) & 4.28-4.06 (m, 2H), 2.74-2.61 (m, 2H), 2.22 (t, 1H, J = 7.0
Hz), 1.91-1.84 (m, 2H), 1.83-1.72 (m, 3H), 1.72-1.56 (m, 4H), 1.45 (s, 9H), 1.36-1.10

(m, 7H).
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3¢ NMR (126 MHz, CDCl3) 6 155.0, 120.3, 80.0, 44.9, 36.0, 35.0, 32.0, 28.8, 26.4, 26.3,
26.1.
ATR-IR (neat) 2930, 2923, 2855, 2236, 1692, 1452, 1431, 1365, 1285, 1235, 1179, 1135
cm

HRMS (ESI) m/z [M—(isobutylene)—(CO,)+H]" calcd for C13H23Ny: 207.2, found: 207.2.

Mp: 96.5-99.0 °C.

CN

.

Cycloheptanecarbonitrile (Table 3.2, Entry 7) [32730-85-1]. The title compound was
prepared according to the General Procedure from chlorocycloheptane (193 pL, 1.40
mmol) as the electrophile. The product was purified by column chromatography on silica
gel (10—20% EtOAc/hexanes). Column fractions were analyzed by GC. Clear oil. First
run: 138 mg (80% yield). Second run: 135 mg (78% yield).

'H NMR (500 MHz, CDCls) & 2.79 (tt, 1H, J = 7.9, 4.6 Hz), 1.96-1.82 (m, 4H), 1.80—

1.70 (m, 2H), 1.67-1.53 (m, 6H).
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CN

»

@)

Tetrahydro-2H-pyran-4-carbonitrile (Table 3.2, Entry 8) [4295-99-2]. The title
compound was prepared according to the General Procedure from 4-chlorotetrahydro-
2H-pyran (152 pL, 1.40 mmol) as the electrophile. The product was purified by column
chromatography on silica gel (10—50% EtOAc/hexanes). Column fractions were
analyzed by GC. Tan oil. First run: 103 mg (66% vyield). Second run: 111 mg (71%
yield).

'H NMR (500 MHz, CDCl3) & 3.91-3.85 (m, 2H), 3.62-3.56 (m, 2H), 2.86 (tt, 1H, J =

8.2, 4.3 Hz), 1.96-1.90 (m, 2H), 1.89-1.82 (m, 2H).

CN

N
Boc

t-Butyl 4-cyanopiperidine-1-carboxylate (Table 3.2, Entry 9) [91419-52-2]. The title
compound was prepared according to the General Procedure from tert-butyl 4-
chloropiperidine-1-carboxylate (277 pL, 1.40 mmol) as the electrophile. The product
was purified by column chromatography on silica gel (40—70% Et,O/hexanes). Off-
white solid. First run: 262 mg (89% vyield). Second run: 248 mg (84% yield).

'H NMR (500 MHz, CDCl3) 6 3.69-3.60 (m, 2H), 3.37-3.29 (m, 2H), 2.83-2.76 (m, 1H),

1.91-1.83 (m, 2H), 1.82-1.74 (m, 2H), 1.47-1.43 (m, 9H).
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Mp: 59.0-66.0 °C.

CN
Et)\APh
2-Ethyl-4-phenylbutanenitrile (Table 3.3, Entry 1) [1126479-77-3]. The title
compound was prepared according to the General Procedure from (3-
bromopentyl)benzene (259 pL, 1.40 mmol) as the electrophile. The product was purified
by column chromatography on silica gel (10—~20% Et,O/hexanes). Tan oil. First run:
202 mg (83% vyield). Second run: 205 mg (84% vyield).

The *"HNMR spectrum of the product was identical to that of Table 3.2, Entry 1.

CN
Me )\/\CN
2-Methylpentanedinitrile (Table 3.3, Entry 2) [4553-62-2]. The title compound was
prepared according to the General Procedure from 4-bromopentanenitrile (162 uL, 1.40
mmol) as the electrophile. The product was purified by column chromatography on silica
gel (40—80% Et,O/hexanes). Yellow oil. First run: 124 mg (82% yield). Second run:
122 mg (81% yield).
'H NMR (500 MHz, CDCls) & 2.87-2.79 (m, 1H), 2.65-2.51 (m, 2H), 2.02-1.91 (m, 2H),

1.42-1.39 (m, 3H).

CN

o A~ CO2-Pr
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Isopropyl 5-cyanohexanoate (Table 3.3, Entry 3). The title compound was prepared
according to the General Procedure from isopropyl 5-bromohexanoate (237 pL, 1.40
mmol) as the electrophile. The product was purified by column chromatography on silica
gel (20>60% Et,O/hexanes). Yellow oil. First run: 211 mg (82% yield). Second run:
208 mg (81% vyield).

'H NMR (500 MHz, CDCls) § 5.05-4.96 (m, 1H), 2.66-2.58 (m, 1H), 2.32 (t, 2H, J = 7.2
Hz), 1.89-1.70 (m, 2H), 1.69-1.55 (m, 2H), 1.34-1.31 (m, 3H), 1.23 (d, 6H, J = 6.3 Hz).
B3C NMR (126 MHz, CDCl3) 6 172.5, 122.8, 68.0, 34.0, 33.4, 25.5, 22.5, 22.0, 18.0.
ATR-IR (neat) 2982, 2940, 2878, 2239, 1729, 1457, 1420, 1375, 1340, 1294, 1274, 1253,
1181, 1146, 1110 cm ™,

MS (El) m/z [M — (C3H;0)]" calcd for C;H1oNO: 124.1, found: 124.1.

CN

.

Cycloheptanecarbonitrile (Table 3.3, Entry 4) [32730-85-1]. The title compound was
prepared according to the General Procedure from bromocycloheptane (208 pL, 1.40
mmol) as the electrophile. The product was purified by column chromatography on silica
gel (20—40% Et,O/hexanes). Column fractions were analyzed by GC. Yellow oil. First
run: 157 mg (91% vyield). Second run: 160 mg (93% vyield).

The *"HNMR spectrum of the product was identical to that of Table 3.2, Entry 7.

CN

»

N
Boc
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t-Butyl 4-cyanopiperidine-1-carboxylate (Table 3.3, Entry 5) [91419-52-2]. The title
compound was prepared according to the General Procedure from tert-butyl 4-
bromopiperidine-1-carboxylate (276 uL, 1.40 mmol) as the electrophile. The product
was purified by column chromatography on silica gel (40—80% Et,O/hexanes). Off-
white solid. First run: 242 mg (82% vyield). Second run: 250 mg (85% yield).

'H NMR (500 MHz, CDCI3) & 3.69-3.60 (m, 2H), 3.37-3.29 (m, 2H), 2.83-2.76 (m,

1H), 1.91-1.83 (m, 2H), 1.82-1.74 (m, 2H), 1.47-1.43 (m, 9H).

Mp: 59.0-66.0 °C.

CN
Me

Me Ph

3-Methyl-3-phenylbutanenitrile (eq 2) [17684-33-2]. The title compound was prepared
according to the General Procedure from (1-chloro-2-methylpropan-2-yl)benzene (226
pL, 1.40 mmol) as the electrophile. The product was purified by column chromatography
on silica gel (10»20% EtOAc/hexanes). Tan oil. First run: 184 mg (83% yield).
Second run: 174 mg (78% vyield).

'H NMR (500 MHz, CDCls) § 7.40-7.34 (m, 4H), 7.28-7.24 (m, 1H), 2.62 (s, 2H), 1.52
(s, 6H).

NC Me
Ph Me

2,2-Dimethyl-4-phenylbutanenitrile (eq 3) [75490-38-9]. The title compound was
prepared according to the General Procedure from (3-chloro-3-methylbutyl)benzene (256

mg, 1.40 mmol) as the electrophile.  The product was purified by column
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chromatography on silica gel (hexanes—10% Et,O/hexanes). Clear oil. First run: 149
mg (61% yield). Second run: 153 mg (63% yield).
'H NMR (500 MHz, CDCls) 6 7.35-7.27 (m, 2H), 7.25-7.18 (m, 3H), 2.85-2.76 (m, 2H),

1.88-1.78 (M, 2H), 1.42 (s, 6H).

2-((3aS,6aS)-Hexahydro-2H-cyclopenta[b]furan-3-yl)acetonitrile (eq 7). In an N»-
atmosphere glovebox, a 20-mL vial was charged with TBACN (266 mg, 0.991 mmol)
and a stir bar. To this vial was added 8.3 mL of MeCN, and the solution was stirred
vigorously for 5 minutes. Next, CuCl (9.33 mg) was weighed into an oven-dried 20-mL
quartz test tube, and the TBACN solution was added to the tube. To this suspension was
added trans-1-(allyloxy)-2-chlorocyclopentane (100 mg, 0.622 mmol), and the tube was
capped with a rubber septum and sealed with electrical tape. The solution was stirred for
another 3 minutes, and was then brought out of the glovebox and irradiated in the center
of four, 15 watt UVC compact fluorescent light bulbs at room temperature™ for 24 h. The
ratio of diastereomers was determined by GC analysis of the unpurified reaction mixture.
The product was isolated as a mixture of diastereomers by column chromatography (5%
Et,O/hexanes—Et,0). Clear liquid. First run: 25 mg (27%, 2.3:1). Second run: 28 mg
(30%, 2.1:1).

Major diastereomer. The major diastereomer could be purified by preparative HPLC

(ZORBAX RX-SIL column, 9.4 x 250 mm, 20% EtOAc/hexanes).



201

'H NMR (400 MHz, CDCls) 6 4.56 (td, 1H, J = 5.8, 2.5 Hz), 3.97—3.89 (m, 1H), 3.48 (t,
1H, J = 8.3 Hz), 2.75-2.62 (m, 2H), 2.46-2.33 (m, 2H), 1.87-1.58 (m, 5H), 1.53-1.41
(m, 1H).

2D NOESY (400 MHz, CDCI3) & [4.55 (Hc), 3.91 (Heq)], [4.55 (Hc), 2.68 (Ha/Hg)],
[3.91 (Heg), 4.55 (Ho)l, [3.91 (Heg), 2.68 (Ha/Hg)], [2.68 (Ha/Hg), 3.91 (He)], [2.68
(Ha/Hg), 4.55 (Ho)].

3C NMR (100 MHz, CDCl3) 5 118.9, 86.5, 71.5, 46.1, 39.6, 34.2, 26.2, 25.7, 16.7.
ATR-IR (neat) 2955, 2869, 2246, 1483, 1468, 1451, 1426, 1339, 1307, 1261, 1205, 1154,
1080, 1043, 960, 950, 922, 901, 806, 649 cm .

MS (EI) m/z (M") calcd for CoH13NO: 151.1, found: 151.1.
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B.4 Electrophile Competition Experiments (eq 4 and eq 5)

Inside a glovebox, tetrabutylammonium cyanide (26.8 mg, 0.10 mmol) was added to an
oven-dried 10-mL quartz test tube. Then, CH3CN (0.60 mL) and each alkyl halide (0.50
mmol) were added in turn, along with a stir bar. The reaction mixture was stirred for 2
min, and then a solution of Cul in CH3CN (0.70 mL, 0.011 M) was added. The quartz
test tube was capped with a rubber septum and wrapped with electrical tape, and the
reaction was stirred for 1 min. The quartz tube was removed from the glovebox, and the
resulting mixture was then stirred vigorously and irradiated in the center of four, 15 watt
UVC compact fluorescent light bulbs at room temperature for 24 h. The ratio of products

was determined by GC analysis after 24 h,
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Chapter 4
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C.1 General Information

Chemicals. Unless otherwise noted, all materials were purchased from commercial
suppliers and used as received. All manipulations of air-sensitive materials were carried
out in oven-dried glassware using standard Schlenk or glovebox techniques under an N,
atmosphere. Solvents were deoxygenated and dried by thoroughly sparging with N,
followed by passage through an activated column in a solvent purification system.

EPR, Infrared, and UV-vis Spectroscopy. X-band EPR measurements were made with
a Bruker EMX spectrometer at 77 K. Simulation of EPR data was conducted using the
software EasySpin.' IR measurements were recorded on a Bruker ALPHA Diamond
ATR or a Bruker Vertex 80 spectrometer. Absorbance spectra were acquired on a Cary
50 UV-vis spectrophotometer with a Unisoku Scientific Instruments cryostat to maintain
temperature.

NMR spectroscopy. *H, ?H, and **C spectra were recorded on a Bruker Ascend 400, a
Varian 400 MHz, or a Varian 500 MHz, or a Varian 600 MHz spectrometer. Referencing
was done using either the proteo impurity in a deuterated solvent, or to the deuterium
lock signal. Multiplicity and qualifier abbreviations are as follows: s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplet.

Gas chromatography-mass spectrometry (GC-MS). GC-MS data was collected at the
Environmental Analysis Center at Caltech. Data was recorded on an Agilent MSD 5970
with an Agilent 5890 GC. The mass selective detector was set to 30 and 44 to detect for
NO (m/z = 30) and N,O (m/z = 44, 30). The detector was calibrated before each use with
N0 in the relevant volume of MeCN. Retention times were compared with pure samples

of NO and N,O at similar concentrations.
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Catalytic Reactions (Table 4.1). Photocatalytic reactions were performed with a 500 W
Hg arc lamp (Newport 6285; Oriel 66023 housing) with a 400 nm long pass filter in front
of the lamp. A lens was used to focus the beam upon the reaction mixture, and was
placed the same distance away for each catalytic run to ensure equal light intensities for
each run. Heating of sample was prevented with the use of a fan between the lamp and
the reaction mixture, and temperature readings after the reaction completed were found to
be 25 °C. For Table 4.1. Reaction mixtures contained 0.55 mM [(Br)(p-
OAc)Co(Medoen)Mg(MesTACN)][BPh,] (1), 0.55 mM [(phen)Ir(ppy)2][PFe] (2), 82.5
mM NEts, 11 mM tetrabutylammonium nitrite, and 82.5 mM triethylammonium chloride
dissolved in 5 mL of acetonitrile. Reactions were stirred vigorously during irradiation.
Photophysical Methods. Time-resolved luminescence and step-scan time-resolved
Fourier-transform infrared (SS-TRIR) spectroscopy were performed in the Beckman
Institute Laser Resource Center (BILRC; California Institute of Technology). Samples
for room temperature luminescence measurements were prepared in dry (passage through
alumina three times), degassed (three freeze-pump-thaw cycles) acetonitrile inside a
nitrogen-filled glovebox, and transferred to a 1-cm path length fused quartz cuvette
(Starna Cells) which was sealed with a high-vacuum Teflon valve (Kontes). Steady-state
emission spectra were collected on a Jobin S4 Yvon Spec Fluorolog-3-11 with a
Hamamatsu R928P photomultiplier tube detector with photon counting.

For luminescence and SS-TRIR spectroscopy at the nanosecond to microsecond time
scale, a Q-switched Nd:YAG laser (Spectra-Physics Quanta-Ray PRO-Series; 355 nm;
pulse duration 8 ns, operating at 10 Hz) was used as the source of the excitation pulse,

with variable laser power. The third harmonic (355 nm) was pumped through a tunable
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optical parametric oscillator (OPO, Spectra-Physics Quanta-Ray MOPO-700) to provide
laser pulses at 460 nm. Transmitted light from the sample was detected with a
photomultiplier tube (Hamamatsu R928). All instruments and electronics in these
systems were controlled by software written in LabVIEW (National Instruments). Data
manipulation was performed with MatlabR2014B.

TRIR was collected on a Bruker Vertex 80 spectrometer and the laser pulsing/data
collection was triggered using OPUS software. Samples were prepared in a Harrick
demountable liquid flow cell (DLC-S25) with CaF, windows and 500 pm path length
(Teflon spacers). Time resolution was set to 50 ns, and spatial resolution was set to 8 or
16 cm™. The laser light was aligned so as to be collinear with the source IR beam. At
each point of rest for the moveable mirror, the AC components of the phototriggered
transient interferogram are processed by an external amplifier and Fourier transformed
into a spectrum. CD3CN was used as the solvent to allow for a spectral window between
1600 and 1700 cm™* unobscured by solvent signals. Because of the IR bands from 2 and
CDsCN, the range from 1600 to 1700 cm* was the only window accessible for data
analysis. Furthermore, TRIR runs were expedited (to improve sample longevity) with the

use of an IR filter (Northumbria Optical Coatings Ltd, Serial No. SBP-5937-000296).
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C.2 Procedure for Photocatalytic Nitrite Reduction

A solution of NEt; (0.41 mmol, 57.5 uL) and NEtzHCI (0.41 mmol, 56.4 mg)
dissolved in 2.5 mL MeCN was added to a solution of 1 (varying amounts, see below), 2
(varying amounts, see below), and tetrabutylammonium nitrite (0.055 mmol, 15.8 mg) in
2.5 mL MeCN and stirred vigorously in the dark (foil or an amber glass bottle was used).
The solution was transferred to a 25 mL Schlenk tube which was wrapped in foil. The
foil was then removed and the catalytic reaction mixture was irradiated with an arc lamp
(A>400 nm) for 1 h.

We determined the concentration of ER at which the amount of N,O was
maximized by maintaining [2] at 4.0 mM and varying [1] (Figure C.1b). We chose a
concentration of PS in the “plateau region” (Figure C.1a) to ensure that any changes in
N,O production would not be due to small differences in the concentration of the
photosensitizer. As shown in Figure C.1b and Table C.1, the volume of N,O is
maximized at 0.55 mM 1, but the TON is maximized when [Co] is low. The decrease in
N0 volume as the concentration of 1 is increased can be attributed to 1 competing with 2
for photons. One possible reason for the reduction in TON with increasing [1], a trend
which has been observed in photocatalytic reactions with a Co electron relay, could be an
intermolecular reaction between the reduced Co catalyst and other Co species which

generates complexes which are inactive for catalysis.?



225

@) o] . (b) .
06
B — L]
E ol . 2 04f -
5, ° = ]
z Q
S 4+ n p4 »
£ R
Z ol :
= . 0.0 =
oL." . . . . . ‘ ‘ ‘
0 1 2 3 4 0.0 0.4 0.8 1.2 1.6
[[(phen)Ir(ppy),J[PF I1 (mM) [[(doen)Co(OAC)Mg(TACN)][BPh.]] (mM)

Figure C.1: (a) Variation in turnover number of N,O as a function of photosensitizer
concentration. [1] was kept at 0.55 mM in all cases. (b) Variation in volume of N,O as a
function of [1]. [2] was kept at 4.0 mM in all cases. All reactions were performed in
identical reaction vessels the same distance away from an arclamp light source with a

long pass filter (A > 400 nm).

Table C.1: Effect of [1] on the Amount and Turnover Number of Nitrous Oxide

Generated.

[1] vol N,O (mL)2 TON/Co
0.018 0.072 34
0.035 0.14 33
0.070 0.22 25
0.14 0.32 18
0.28 0.51 15
0.55 0.67 9.8
0.84 0.56 5.5

1.1 0.46 3.4

1.4 0.42 24




226

C.3 UV-Vis Absorbance and Fluorimetry Experiments
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N

o

o

o

o
T

300 400 500
Wavelength (nm)

Figure C.2: UV-vis absorption spectrum of 1 and 2.

N o o =
I o @ =]
T T T T

Normalized intensity

o
N
T

o
o

500 600 700 800
Wavelength (nm)

Figure C.3: Emission spectrum of 2. Excitation wavelength = 400 nm, emission Amax =

600 nm.
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C.4 Stern-Volmer Quenching

2 was diluted in acetonitrile to make four 0.55 mM solutions (3 mL each).
Triethylamine was added to three of these solutions with a microliter syringe to make 50,
100, and 150 mM solutions (21, 42, and 64 pL) to measure quenching rates with this
reductive quencher. In a second, similar, set of experiments, the rate of quenching of 2
with 1 was measured. In this case, a 1.5 mL solution of 1.1 mM 2 was added to solutions
of 1 to make 1, 2, and 4 mM solutions of 1. All solutions were pipetted into cuvettes with
a path length of 1 cm. The lifetime of an emissive excited state of 2 as a function of NEt;
or 1 was measured by luminescence spectroscopy (Apump = 460 nm, Aprone = 600 NM). The
lifetime of the emissive excited state of 2 was found to be 807 ns. The rate of electron
transfer with NEt; was calculated to be 1.5 x 10° M cm™; with 1, it was found to be 1.6

x10° M tem™.

210 20+

@ ——055mMIr

g 08 ——0.55 mM Ir + 50 mM NEt, 164

'5 ——0.55 mM Ir + 100 mM NEt,

o

S o6l ——0.55 mM Ir + 150 mM NEt, 121

8 B

- :

£ Y

E 0.4} <

kel y=117x+0.32

N ool 44 R’ =0.997

® k,=15x10°M"s"

Z OO T T T T T T
0.0 50x107  1.0x10°  1.5x10° 0.00 004 008 012 0.16
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Figure C.4: Luminescence decays for 2 with varying NEt; concentrations.
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Figure C.5: Luminescence decays for 2 with varying [1].
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Table C.2: Excited state lifetime of 2 as a function of NEt; concentration (Figure C.4).

[NEts] (mM) | Lifetime (ns)
0 807
50 105
100 62
150 43

Table C.3: Excited state lifetime of 2 as a function of Co (1) concentration (Figure C.5).

[1] (mM) | Lifetime (ns)
0 806
1 391
2 204
4 132
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C.5 EPR Spectroscopy of {CoNO}’

[(C1)(NO)Co(Mdoen)Mg(MesTACN)(H,0)][BPh,] (4) (2.4 mg, 0.0027 mmol) or 4-°NO
was dissolved in 200 pL of butyronitrile and frozen at 77 K in an EPR tube. CoCp, (0.5
mg, 0.0027 mmol) dissolved in butyronitrile as a stock solution was added to this frozen
glass, and allowed to freeze. Then, the solution was quickly thawed and shaken for 10 s,
causing the reaction mixture to change from red to green, and refrozen at 77 K. An
identical EPR spectrum for {CoNO}® (Figure C.6, red trace) was obtained when 2 and

NEt; were added to a solution of 4 and irradiated for 10 s.

—— Simulation
—— {CoNO}® (4) + CoCp,

2500 3000 3500
Magnetic Field (G)
Figure C.6: EPR spectra (9.4 GHz, 77 K). Red trace: mixture of 4 and CoCp; in frozen
butyronitrile glass; Black trace: simulation parameters: g = [2.0430, 2.044, 2.209];
isotropic linewidth (Gaussian lineshape, FWHM = 3.34 mT). Coupling to one Co

nucleus was included with A = [148 156 363.8].
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——4-"NO + CoCp,
4 + CoCp,

26 24 22 2.0
g-value

Figure C.7: EPR spectra (9.4 GHz, 77 K). Red trace: mixture of 4 and CoCp, in frozen
butyronitrile glass; Black trace: mixture of 4-">NO and CoCp; in frozen butyronitrile

glass.



231

C.6 Infrared Spectroscopy

For solution FTIR spectroscopy, all samples were made in 20 mL scintillation
vials, and then the solution was pulled into a 5 or 10 mL Hamilton gastight syringe with a
Luer lock to ensure air-free sample manipulation. This syringe was then screwed into the
female Luer lock attached to the flow cell tubing, and solution was flowed between two
syringes until there were no bubbles. The solution was irradiated with a blue LED

through a fused silica window and a directing prism.

Figure C.8: Harrick demountable liquid flow cell (DLC-S25) with CaF, windows and

500 um path length Teflon spacers.
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Figure C.9: Background/control solution IR (CD3CN) of 2 and NEt; to assign Ir-based

peaks.
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Figure C.10: Solution IR difference spectrum of 4-°NO irradiated in the presence of 2

and NEts. The peak at 1663 is due to the appearance of {C0o**NO}°.
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Figure C.11: ATR-IR (film) spectra of 5 and 5-°NO. The stretch at 1701 cm* arises

from the **NO vibration; the corresponding *>NO vibration appears at 1670 cm ™.
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C.7 GC-MS Data

In a glove box, a 0.5 mL solution of CoCp; (0.4 mg, 0.0022 mmol) was added by
syringe to a septum-capped 2 mL solution of 4, turning the reaction from brown-red to
dark green. The reaction was stirred quickly at room temperature for 30 s. The solution
was quickly removed from the box and the headspace was sampled after five minutes
(Figure C.12). Free NO and N,O were observed. Upon addition of acid, all free NO is

gone.

7000
60004 — 5 miq after reactiqn ‘»‘
—— 10 min after reaction

5000+ |
‘T 4000 ‘free N.O
c 2
2
@ 3000 -

2000 - free NO

1000 JN%WMT

0 *

10 12 14 16 18 20 22
Retention Time (min)

Figure C.12: Headspace analysis of a reaction of 4 and CoCp; over time.



Figure C.13: Appearance of *>**N,O at m/z = 31 (and m/z = 46) when 4-">NO is

substituted for 4.
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C.8 Step-scan TRIR Data
Flow rates during laser irradiation and laser power (2 mJ/pulse) were optimized on this

system to maximize signal.
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Figure C.14: TRIR data collected after phototriggering (Aexc = 460 nm) a reaction
mixture containing 4 mM 4-°NO, 6 mM 2, and150 mM NEt;. Compare with Figure 4.5

in Chapter 4, which uses 4-**NO.
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Figure C.15: A 3-dimensional rendering of TRIR results in Figure C.14.
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Figure C.16: A 3-dimensional rendering of TRIR results in Figure 4.5 in Chapter 4.
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C.9 Synthesis of [(NO)Co(M*doen)Mg(MesTACN)][(BPhs).] (5)

A suspension of 4 (20 mg, 0.023 mmol) and AgBPh, (10.6 mg, 0.024 mmol) was
stirred for 5 hours. The reaction changes color from dark red to dark orange-brown. The
reaction was filtered through celite, and solvent was removed under vacuum. The solid
was redissolved in dichloromethane, and filtered through celite again. Solvent was
removed under vacuum, and the solution was redissolved in THF. Vapor diffusion of
pentane vapor into the THF solution yielded dark brown needles (0.014 mmol, 65 %
yield). The compound is not stable, and decomposes over the course of a few days. All
studies with this compound were done immediately after purification. A new peak at
1663 cm ! in the IR spectrum arises from decomposition of this product.

'H NMR (400 MHz, CDsCN): & 7.33-7.27 (m, 16H), 7.05-6.99 (m, 16H), 6.89-6.84 (m,
8H), 3.92-3.68 (m, 3H), 3.13-2.53 (m, 11H), 2.52-2.37 (m, 13 H), 2.37-2.26 (s, 6H),
2.24-2.02 (m, 4H).

ATR-IR (film): v(**NO) = 1701, cm™*; v(**NO) = 1670 cm* (Figure C.11).

We were unable to obtain satisfactory CHN analysis on this compound, likely due to
lability of the coordinated NO ligand and the instability of the compound as evidenced by
IR spectroscopy.

EA: Anal. Calc’d. for 5 (aquo ligand) (Cs7H79B2CoMgNsO,): C, 69.06; H, 6.83; N, 9.62.

Found: C, 68.17; H, 7.46; N, 9.44.
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C.10 DFT Calculations

All stationary point geometries were calculated using dispersion corrected DFT-
D4® with a TPSS functional,” a def2-TZVP basis set on Co and a def2-SVP basis set on
all other atoms.> Calculations were performed on the full PsFe scaffolds. Geometries
were optimized using the Orca 3.0.3 package.® All single point energy, frequency and
solvation energy calculations were performed with the Orca 3.0.3 package. Frequency
calculations were used to confirm true minima and to determine gas phase free energy
values (Ggas). Single point solvation calculations were done using an SMD solvation
model” with diethyl ether solvent and were used to determine solvated internal energy
(Esom). Free energies of solvation were approximated using the difference in gas phase
internal energy (Egss) and solvated internal energy (AGsov = Esoln — Egas) and the free
energy of a species in solution was then calculated using the gas phase free energy (Ggas)
and the free energy of solvation (Gsoin = Ggas + AGsolv).

Broken symmetry solutions for the putative {CoNO}® species were found using
the TPSSh functional with the def2-TZVP basis set on Co and the def2-SVP on all other
atoms. An S = 1/2 solution in which an S = 3/2 Co center is antiferromagnetically coupled
to an S =1 NO unit was by optimizing the S = 5/2 species, after which the spin on the NO

unit was flipped using the “flipspin” function in Orca 3.0.3 and an S = % state.
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Figure C.18: Summary of broken symmetry solutions for the putative {CoNO}® species,
with spin occupancies rendered from Kohn-Sham orbitals (left) and a spin density plot

(right) showing unpaired a (blue) and B (green) spins.



C.11 X-Ray Structure of 5
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Table C.4: Crystal data and structure refinement for p16404 (Compound 5).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°

p16404

C71.14 H86.02 B2 Co Mg N8 05.35
1243.60

100 K

1.54178 A

Monoclinic

P121/n1

a=18.856(3) A a=90°

b = 13.8620(19) A b= 100.655(10)°
c=26.097(3) A g=90°
6703.5(16) A3

4

1.232 Mg/m3

2.539 mm1

2643

0.22 x 0.15 x 0.09 mm3

3.190 to 79.335°.

-23<=h<=23, -17<=k<=17, -33<=I<=33
154072

14432 [R(int) = 0.0757]

100.0 %



Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Semi-empirical from equivalents
1.0000 and 0.8224

Full-matrix least-squares on F2
14432/ 0/ 840

1.031

R1=0.0667, wR2 = 0.1705

R1 =0.0848, wR2 = 0.1844

n/a

1.366 and -0.524 e.A-3
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Table C.5: Atomic coordinates (x 109) and equivalent isotropic displacement
parameters (/3\2>< 104) for 5. U(eq) is defined as one third of the trace of the
orthogonalized Ul tensor.

X y z U(eq)
Co(1) 46465(2) 38021(3) 69165(2) 248(1)
Mg(1) 51484(5) 26695(7) 82337(3) 240(2)
0(1) 46916(13) 39633(15) 80315(7) 350(5)
0(2) 51696(12) 21154(17) 75184(7) 361(5)
O(3A) 60690(20) 38350(30) 69770(20) 437(16)
0O(3B) 58220(30) 48320(40) 71560(20) 528(18)
0(4) 61779(14) 32150(20) 83148(11) 588(8)
0o(5) 61830(40) 48310(40) 82950(20) 820(20)
O(4A) 61779(14) 32150(20) 83148(11) 588(8)
N(1) 44524(13) 43027(16) 75614(8) 252(5)
N(2) 41180(13) 48960(20) 66486(9) 319(6)
N(3) 43943(14) 33370(20) 62331(9) 319(6)
N(4) 48768(14) 24786(19) 70636(9) 299(5)
N(5) 55579(15) 42050(20) 69771(10) 357(6)
N(6) 55201(15) 12764(18) 86019(9) 333(6)
N(7) 50146(18) 29820(20) 90526(9) 421(7)
N(8) 40878(15) 19550(20) 82313(10) 391(6)
C@1) 40576(16) 50894(19) 75148(11) 279(6)
C(2) 38246(16) 53900(20) 69729(12) 303(6)
C@3) 40100(20) 50050(30) 60842(13) 583(12)
C(4) 40230(30) 40360(30) 58454(13) 548(11)
C(5) 44195(17) 24200(30) 61784(11) 355(7)
C(6) 47338(19) 19040(20) 66582(11) 360(7)
C(7) 38780(20) 56120(20) 79724(13) 428(8)
C(8) 32740(20) 61610(30) 68357(15) 464(9)
C(9) 41370(20) 18860(30) 56856(13) 526(10)
C(10) 48830(30) 8520(30) 66934(15) 547(10)
C(11) 55660(20) 13490(20) 91774(11) 376(7)
C(12) 55960(20) 23820(20) 93614(11) 426(8)

C(13) 49660(20) 5880(20) 83594(13) 450(9)



C(14)
C(15)
C(16)
c(17)
C(18)
C(19)
C(20)
c(21)
C(26)
c(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
Cc(41)
C(42)
C(43)
C(44)
C(45)
C(46)
Cc(47)
C(48)
C(49)
B(1)

C(50)
C(51)
C(52)

42220(20)
42840(20)
37720(20)
62330(20)
51250(30)
36159(19)
65140(30)
72460(30)
56524(16)
59251(18)
60130(20)
58209(19)
55407(19)
54591(17)
59338(16)
65716(17)
69065(18)
66159(19)
59936(19)
56616(17)
47133(17)
41410(18)
34221(19)
32445(19)
38000(20)
45080(18)
59902(17)
56631(18)
60040(20)
66870(20)
70270(20)
66820(18)
55666(18)
15394(15)
21949(17)
22968(19)

9270(30)
26470(40)
25240(30)

9720(30)
39910(30)
19860(30)
39700(40)
40240(40)
77690(20)
86330(20)
88060(30)
81100(30)
72440(30)
70840(20)
64470(20)
61910(20)
53030(20)
46200(20)
48430(20)
57350(20)
75410(20)
76900(20)
77360(20)
76390(20)
74980(20)
74550(20)
83310(20)
92240(20)
99380(20)
97880(20)
89190(20)
82110(20)
75170(20)
33570(20)
37280(20)
39930(20)

83983(14)
91234(13)
86066(15)
84900(14)
92164(15)
77121(13)
82779(19)
81770(20)
67056(11)
69340(12)
74677(13)
77979(12)
75887(12)
70539(12)
60363(11)
63785(12)
63632(12)
59947(13)
56463(13)
56685(12)
57999(11)
60627(13)
58109(15)
52748(15)
49960(13)
52574(12)
57879(10)
56354(12)
53927(12)
52909(12)
54327(13)
56764(12)
60796(12)
66287(10)
69019(12)
74249(12)

479(9)
569(11)
544(10)
464(9)
684(14)
462(9)
407(14)
427(15)
289(6)
339(7)
405(8)
416(8)
393(7)
346(7)
273(6)
316(6)
351(7)
366(7)
351(7)
311(6)
289(6)
337(7)
393(7)
417(8)
396(8)
343(7)
285(6)
331(7)
379(7)
388(7)
383(7)
326(6)
273(6)
247(5)
331(7)
378(7)
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C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
c(71)
C(72)
C(73)
B(2)

0(6)

C(22)
C(23)
C(24)
C(25)

17398(19)
10821(18)

9891(16)
18048(17)
24271(19)
27720(20)
25090(30)
19050(30)
15570(20)

5631(16)

1231(18)
-6240(20)
-9646(19)
-5560(17)

1930(16)
18419(15)
21384(16)
24269(16)
24361(16)
21626(17)
18808(18)
14379(18)
71270(30)
73940(40)
81730(50)
83370(30)
76240(30)

38960(20)
35560(20)
32920(20)
19110(20)
16440(20)

7680(30)

1180(30)

3420(30)
12250(20)
29650(20)
21780(20)
21940(30)
30020(30)
37930(20)
37640(20)
37270(20)
34340(20)
40890(20)
50630(20)
53770(20)
47190(20)
29820(20)
64150(30)
66850(70)
65430(80)
68050(50)
67750(50)

76989(11)
74435(11)
69205(10)
60070(11)
63611(13)
63365(17)
59534(17)
55928(14)
56193(13)
57796(10)
58542(12)
57041(13)
54691(12)
53817(11)
55354(10)
56710(10)
52418(10)
49284(10)
50368(11)
54630(12)
57718(12)
60181(11)
82791(17)
78070(30)
79460(30)
85090(20)
86950(20)

360(7)
314(6)
257(6)
292(6)
387(7)
529(10)
573(11)
553(11)
433(8)
262(6)
364(7)
456(9)
399(7)
326(7)
265(6)
250(6)
275(6)
296(6)
282(6)
328(6)
325(7)
259(6)
648(13)
800(20)
970(30)
614(17)
628(17)
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Table C.6: Bond lengths [A] and angles [°] for 5.

Co(1)-N(1) 1.917(2)
Co(1)-N(2) 1.877(3)
Co(1)-N(3) 1.873(2)
Co(1)-N(4) 1.908(3)
Co(1)-N(5) 1.786(3)
Mg(1)-0(1) 2.017(2)
Mg(1)-0(2) 2.026(2)
Mg(1)-0(4) 2.057(3)
Mg(1)-O(4A) 2.057(3)
Mg(1)-N(6) 2.213(3)
Mg(1)-N(7) 2.240(3)
Mg(1)-N(8) 2.231(3)
O(1)-N(1) 1.314(3)
0(2)-N(4) 1.313(3)
O(3A)-N(5) 1.091(5)
O(3B)-N(5) 1.065(6)
O(4)-C(20) 1.237(6)
O(5)-H(5) 0.8554

0(5)-C(20) 1.350(8)
O(4A)-H(4AA) 0.9006

O(4A)-H(4AB) 0.8995

N(1)-C(1) 1.313(4)
N(2)-C(2) 1.290(4)
N(2)-C(3) 1.457(4)
N(3)-C(4) 1.480(4)
N(3)-C(5) 1.281(4)
N(4)-C(6) 1.312(4)
N(6)-C(11) 1.492(4)
N(6)-C(13) 1.468(4)
N(6)-C(17) 1.489(5)
N(7)-C(12) 1.489(4)
N(7)-C(15) 1.498(5)
N(7)-C(18) 1.465(5)

N(8)-C(14) 1.498(5)



N(8)-C(16)
N(8)-C(19)
C(1)-C(2)
C(1)-C(7)
C(2)-C(8)
C(3)-H(3A)
C(3)-H(3B)
C(3)-C(4)
C(4)-H(4A)
C(4)-H(4B)
C(5)-C(6)
C(5)-C(9)
C(6)-C(10)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)
C(8)-H(8A)
C(8)-H(8B)
C(8)-H(8C)
C(9)-H(9A)
C(9)-H(9B)
C(9)-H(9C)
C(10)-H(10A)
C(10)-H(10B)
C(10)-H(10C)
C(11)-H(11A)
C(11)-H(11B)
C(11)-C(12)
C(12)-H(12A)
C(12)-H(12B)
C(13)-H(13A)
C(13)-H(13B)
C(13)-C(14)
C(14)-H(14A)
C(14)-H(14B)
C(15)-H(15A)

1.467(5)
1.478(4)
1.462(4)
1.488(4)
1.487(4)
0.9900
0.9900
1.483(6)
0.9900
0.9900
1.469(4)
1.494(4)
1.485(5)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9900
0.9900
1.507(5)
0.9900
0.9900
0.9900
0.9900
1.501(6)
0.9900
0.9900
0.9900
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C(15)-H(15B)
C(15)-C(16)
C(16)-H(16A)
C(16)-H(16B)
C(17)-H(17A)
C(17)-H(17B)
C(17)-H(17C)
C(18)-H(18A)
C(18)-H(18B)
C(18)-H(18C)
C(19)-H(19A)
C(19)-H(19B)
C(19)-H(19C)
C(20)-C(21)
C(21)-H(21A)
C(21)-H(21B)
C(21)-H(21C)
C(26)-C(27)
C(26)-C(31)
C(26)-B(1)
C(27)-H(27)
C(27)-C(28)
C(28)-H(28)
C(28)-C(29)
C(29)-H(29)
C(29)-C(30)
C(30)-H(30)
C(30)-C(31)
C(31)-H(31)
C(32)-C(33)
C(32)-C(37)
C(32)-B(1)
C(33)-H(33)
C(33)-C(34)
C(34)-H(34)
C(34)-C(35)
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0.9900
1.516(6)
0.9900
0.9900
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.455(8)
0.9800
0.9800
0.9800
1.394(4)
1.408(4)
1.649(4)
0.9500
1.393(4)
0.9500
1.385(5)
0.9500
1.383(5)
0.9500
1.393(4)
0.9500
1.404(4)
1.405(4)
1.651(4)
0.9500
1.387(4)
0.9500
1.388(5)



C(35)-H(35)
C(35)-C(36)
C(36)-H(36)
C(36)-C(37)
C(37)-H(37)
C(38)-C(39)
C(38)-C(43)
C(38)-B(1)

C(39)-H(39)
C(39)-C(40)
C(40)-H(40)
C(40)-C(41)
C(41)-H(41)
C(41)-C(42)
C(42)-H(42)
C(42)-C(43)
C(43)-H(43)
C(44)-C(45)
C(44)-C(49)
C(44)-B(1)

C(45)-H(45)
C(45)-C(46)
C(46)-H(46)
C(46)-C(47)
C(47)-H(47)
C(47)-C(48)
C(48)-H(48)
C(48)-C(49)
C(49)-H(49)
C(50)-C(51)
C(50)-C(55)
C(50)-B(2)

C(51)-H(51)
C(51)-C(52)
C(52)-H(52)
C(52)-C(53)

0.9500
1.380(5)
0.9500
1.392(4)
0.9500
1.397(4)
1.402(4)
1.640(5)
0.9500
1.394(5)
0.9500
1.384(5)
0.9500
1.395(5)
0.9500
1.384(5)
0.9500
1.407(4)
1.398(4)
1.647(4)
0.9500
1.395(4)
0.9500
1.379(5)
0.9500
1.382(5)
0.9500
1.394(4)
0.9500
1.405(4)
1.399(4)
1.653(4)
0.9500
1.392(4)
0.9500
1.382(5)
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C(53)-H(53)
C(53)-C(54)
C(54)-H(54)
C(54)-C(55)
C(55)-H(55)
C(56)-C(57)
C(56)-C(61)
C(56)-B(2)

C(57)-H(57)
C(57)-C(58)
C(58)-H(58)
C(58)-C(59)
C(59)-H(59)
C(59)-C(60)
C(60)-H(60)
C(60)-C(61)
C(61)-H(61)
C(62)-C(63)
C(62)-C(67)
C(62)-B(2)

C(63)-H(63)
C(63)-C(64)
C(64)-H(64)
C(64)-C(65)
C(65)-H(65)
C(65)-C(66)
C(66)-H(66)
C(66)-C(67)
C(67)-H(67)
C(68)-C(69)
C(68)-C(73)
C(68)-B(2)

C(69)-H(69)
C(69)-C(70)
C(70)-H(70)
C(70)-C(71)

0.9500
1.378(5)
0.9500
1.392(4)
0.9500
1.403(4)
1.404(5)
1.641(4)
0.9500
1.384(5)
0.9500
1.369(6)
0.9500
1.372(6)
0.9500
1.397(5)
0.9500
1.406(4)
1.399(4)
1.652(4)
0.9500
1.392(5)
0.9500
1.377(5)
0.9500
1.383(5)
0.9500
1.395(4)
0.9500
1.401(4)
1.400(4)
1.649(4)
0.9500
1.398(4)
0.9500
1.379(4)

251



C(71)-H(71)
C(71)-C(72)
C(72)-H(72)
C(72)-C(73)
C(73)-H(73)
0(6)-C(22)
0(6)-C(25)
C(22)-H(22A)
C(22)-H(22B)
C(22)-C(23)
C(23)-H(23A)
C(23)-H(23B)
C(23)-C(24)
C(24)-H(24A)
C(24)-H(24B)
C(24)-C(25)
C(25)-H(25A)
C(25)-H(25B)
N(2)-Co(1)-N(1)
N(2)-Co(1)-N(4)
N(3)-Co(1)-N(1)
N(3)-Co(1)-N(2)
N(3)-Co(1)-N(4)
N(4)-Co(1)-N(1)
N(5)-Co(1)-N(1)
N(5)-Co(1)-N(2)
N(5)-Co(1)-N(3)
N(5)-Co(1)-N(4)
0(1)-Mg(1)-0(2)
0(1)-Mg(1)-0(4)
0(1)-Mg(1)-O(4A)
0O(1)-Mg(1)-N(6)
0O(1)-Mg(1)-N(7)
0O(1)-Mg(1)-N(8)
0(2)-Mg(1)-0(4)
0(2)-Mg(1)-O(4A)

0.9500
1.380(4)
0.9500
1.387(4)
0.9500
1.465(8)
1.389(7)
0.9900
0.9900
1.459(11)
0.9900
0.9900
1.489(10)
0.9900
0.9900
1.513(9)
0.9900
0.9900

81.96(10)
159.57(12)
154.73(11)

84.23(12)

82.47(11)
104.17(10)

98.38(12)
102.49(13)
105.23(12)

95.94(13)
100.16(9)

92.84(12)

92.84(12)
167.25(11)

87.68(10)

93.15(11)

93.15(12)

93.15(12)
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0(2)-Mg(1)-N(6)
0(2)-Mg(1)-N(7)
0(2)-Mg(1)-N(8)
0O(4)-Mg(1)-N(6)
0O(4)-Mg(1)-N(7)
0O(4)-Mg(1)-N(8)
O(4A)-Mg(1)-N(6)
O(4A)-Mg(1)-N(7)
O(4A)-Mg(1)-N(8)
N(6)-Mg(1)-N(7)
N(6)-Mg(1)-N(8)
N(8)-Mg(1)-N(7)
N(1)-0(1)-Mg(1)
N(4)-0(2)-Mg(1)
C(20)-0(4)-Mg(1)
C(20)-0(5)-H(5)

Mg(1)-O(4A)-H(4AA)
Mg(1)-O(4A)-H(4AB)
H(4AA)-O(4A)-H(4AB)

O(1)-N(1)-Co(1)
C(1)-N(1)-Co(1)
C(1)-N(1)-0(1)
C(2)-N(2)-Co(1)
C(2)-N(2)-C(3)
C(3)-N(2)-Co(1)
C(4)-N(3)-Co(1)
C(5)-N(3)-Co(1)
C(5)-N(3)-C(4)
0(2)-N(4)-Co(1)
C(6)-N(4)-Co(1)
C(6)-N(4)-0(2)
0(3A)-N(5)-Co(1)
0(3B)-N(5)-Co(1)
C(11)-N(6)-Mg(1)
C(13)-N(6)-Mg(1)
C(13)-N(6)-C(11)

90.61(10)
167.78(11)
89.97(11)
93.37(11)
95.82(13)
172.66(11)
93.37(11)
95.82(13)
172.66(11)
80.62(10)
79.95(11)
80.19(11)
128.25(17)
127.65(18)
142.2(3)
108.1
111.2
111.4
102.6
127.01(19)
114.59(18)
118.4(2)
116.6(2)
127.7(3)
115.2(2)
115.5(2)
116.1(2)
126.6(3)
126.33(19)
114.6(2)
119.0(3)
133.4(4)
131.1(4)
109.44(19)
103.70(19)
112.5(3)
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C(13)-N(6)-C(17)
C(17)-N(6)-Mg(1)
C(17)-N(6)-C(11)
C(12)-N(7)-Mg(1)
C(12)-N(7)-C(15)
C(15)-N(7)-Mg(1)
C(18)-N(7)-Mg(1)
C(18)-N(7)-C(12)
C(18)-N(7)-C(15)
C(14)-N(8)-Mg(1)
C(16)-N(8)-Mg(1)
C(16)-N(8)-C(14)
C(16)-N(8)-C(19)
C(19)-N(8)-Mg(1)
C(19)-N(8)-C(14)
N(1)-C(1)-C(2)
N(1)-C(1)-C(7)
C(2)-C(1)-C(7)
N(2)-C(2)-C(1)
N(2)-C(2)-C(8)
C(1)-C(2)-C(8)
N(2)-C(3)-H(3A)
N(2)-C(3)-H(3B)
N(2)-C(3)-C(4)
H(3A)-C(3)-H(3B)
C(4)-C(3)-H(3A)
C(4)-C(3)-H(3B)
N(3)-C(4)-C(3)
N(3)-C(4)-H(4A)
N(3)-C(4)-H(4B)
C(3)-C(4)-H(4A)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
N(3)-C(5)-C(6)
N(3)-C(5)-C(9)
C(6)-C(5)-C(9)

109.1(3)
112.8(2)
109.3(3)
101.9(2)
111.2(3)
109.0(2)
115.3(2)
109.0(3)
110.1(4)
108.6(2)
103.5(2)
112.7(3)
110.3(3)
112.2(2)
109.6(3)
113.0(3)
122.6(3)
124.4(3)
113.2(3)
126.1(3)
120.6(3)
110.0

110.0

108.7(3)
108.3

110.0

110.0

110.4(3)
109.6

109.6

109.6

109.6

108.1

113.9(3)
124.9(3)
121.1(3)
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N(4)-C(6)-C(5)
N(4)-C(6)-C(10)
C(5)-C(6)-C(10)
C(1)-C(7)-H(7A)
C(1)-C(7)-H(7B)
C(1)-C(7)-H(7C)
H(7A)-C(7)-H(7B)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
C(2)-C(8)-H(8A)
C(2)-C(8)-H(8B)
C(2)-C(8)-H(8C)
H(8A)-C(8)-H(8B)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
C(5)-C(9)-H(9A)
C(5)-C(9)-H(9B)
C(5)-C(9)-H(9C)
H(9A)-C(9)-H(9B)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
C(6)-C(10)-H(10A)
C(6)-C(10)-H(10B)
C(6)-C(10)-H(10C)

H(10A)-C(10)-H(10B)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)

N(6)-C(11)-H(11A)
N(6)-C(11)-H(11B)
N(6)-C(11)-C(12)

H(11A)-C(11)-H(11B)
C(12)-C(11)-H(11A)
C(12)-C(11)-H(11B)

N(7)-C(12)-C(11)
N(7)-C(12)-H(12A)
N(7)-C(12)-H(12B)

112.5(3)
122.6(3)
125.0(3)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.2
109.2
112.1(2)
107.9
109.2
109.2
112.2(3)
109.2
109.2
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C(11)-C(12)-H(12A)
C(11)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
N(6)-C(13)-H(13A)
N(6)-C(13)-H(13B)
N(6)-C(13)-C(14)
H(13A)-C(13)-H(13B)
C(14)-C(13)-H(13A)
C(14)-C(13)-H(13B)
N(8)-C(14)-C(13)
N(8)-C(14)-H(14A)
N(8)-C(14)-H(14B)
C(13)-C(14)-H(14A)
C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
N(7)-C(15)-H(15A)
N(7)-C(15)-H(15B)
N(7)-C(15)-C(16)
H(15A)-C(15)-H(15B)
C(16)-C(15)-H(15A)
C(16)-C(15)-H(15B)
N(8)-C(16)-C(15)
N(8)-C(16)-H(16A)
N(8)-C(16)-H(16B)
C(15)-C(16)-H(16A)
C(15)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
N(6)-C(17)-H(17A)
N(6)-C(17)-H(17B)
N(6)-C(17)-H(17C)
H(17A)-C(17)-H(17B)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)
N(7)-C(18)-H(18A)
N(7)-C(18)-H(18B)
N(7)-C(18)-H(18C)

109.2
109.2
107.9
109.3
109.3
111.5(3)
108.0
109.3
109.3
112.8(3)
109.0
109.0
109.0
109.0
107.8
109.2
109.2
112.0(3)
107.9
109.2
109.2
112.6(3)
109.1
109.1
109.1
109.1
107.8
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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H(18A)-C(18)-H(18B)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
N(8)-C(19)-H(19A)
N(8)-C(19)-H(19B)
N(8)-C(19)-H(19C)
H(19A)-C(19)-H(19B)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
0(4)-C(20)-0(5)
0(4)-C(20)-C(21)
0(5)-C(20)-C(21)
C(20)-C(21)-H(21A)
C(20)-C(21)-H(21B)
C(20)-C(21)-H(21C)
H(21A)-C(21)-H(21B)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(27)-C(26)-C(31)
C(27)-C(26)-B(1)
C(31)-C(26)-B(1)
C(26)-C(27)-H(27)
C(28)-C(27)-C(26)
C(28)-C(27)-H(27)
C(27)-C(28)-H(28)
C(29)-C(28)-C(27)
C(29)-C(28)-H(28)
C(28)-C(29)-H(29)
C(30)-C(29)-C(28)
C(30)-C(29)-H(29)
C(29)-C(30)-H(30)
C(29)-C(30)-C(31)
C(31)-C(30)-H(30)
C(26)-C(31)-H(31)
C(30)-C(31)-C(26)
C(30)-C(31)-H(31)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
120.0(6)
125.0(6)
114.8(5)
109.5
109.5
109.5
109.5
109.5
109.5
115.0(3)
124.5(3)
120.5(3)
118.6
122.8(3)
118.6
119.8
120.4(3)
119.8
120.5
118.9(3)
120.5
120.1
119.8(3)
120.1
1185
123.1(3)
1185
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C(33)-C(32)-C(37)
C(33)-C(32)-B(1)

C(37)-C(32)-B(1)

C(32)-C(33)-H(33)
C(34)-C(33)-C(32)
C(34)-C(33)-H(33)
C(33)-C(34)-H(34)
C(33)-C(34)-C(35)
C(35)-C(34)-H(34)
C(34)-C(35)-H(35)
C(36)-C(35)-C(34)
C(36)-C(35)-H(35)
C(35)-C(36)-H(36)
C(35)-C(36)-C(37)
C(37)-C(36)-H(36)
C(32)-C(37)-H(37)
C(36)-C(37)-C(32)
C(36)-C(37)-H(37)
C(39)-C(38)-C(43)
C(39)-C(38)-B(1)

C(43)-C(38)-B(1)

C(38)-C(39)-H(39)
C(40)-C(39)-C(38)
C(40)-C(39)-H(39)
C(39)-C(40)-H(40)
C(41)-C(40)-C(39)
C(41)-C(40)-H(40)
C(40)-C(41)-H(41)
C(40)-C(41)-C(42)
C(42)-C(41)-H(41)
C(41)-C(42)-H(42)
C(43)-C(42)-C(41)
C(43)-C(42)-H(42)
C(38)-C(43)-H(43)
C(42)-C(43)-C(38)
C(42)-C(43)-H(43)

114.8(3)
120.3(3)
125.0(3)
118.4
123.1(3)
118.4
119.9
120.1(3)
119.9
120.6
118.8(3)
120.6
119.8
120.4(3)
119.8
118.6
122.8(3)
118.6
114.5(3)
124.6(3)
120.9(3)
118.4
123.2(3)
118.4
119.9
120.3(3)
119.9
120.8
118.4(3)
120.8
120.1
119.9(3)
120.1
118.1
123.7(3)
118.1
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C(45)-C(44)-B(1)
C(49)-C(44)-C(45)
C(49)-C(44)-B(1)

C(44)-C(45)-H(45)
C(46)-C(45)-C(44)
C(46)-C(45)-H(45)
C(45)-C(46)-H(46)
C(47)-C(46)-C(45)
C(47)-C(46)-H(46)
C(46)-C(47)-H(47)
C(46)-C(47)-C(48)
C(48)-C(47)-H(47)
C(47)-C(48)-H(48)
C(47)-C(48)-C(49)
C(49)-C(48)-H(48)
C(44)-C(49)-H(49)
C(48)-C(49)-C(44)
C(48)-C(49)-H(49)
C(26)-B(1)-C(32)

C(38)-B(1)-C(26)

C(38)-B(1)-C(32)

C(38)-B(1)-C(44)

C(44)-B(1)-C(26)

C(44)-B(1)-C(32)

C(51)-C(50)-B(2)

C(55)-C(50)-C(51)
C(55)-C(50)-B(2)

C(50)-C(51)-H(51)
C(52)-C(51)-C(50)
C(52)-C(51)-H(51)
C(51)-C(52)-H(52)
C(53)-C(52)-C(51)
C(53)-C(52)-H(52)
C(52)-C(53)-H(53)
C(54)-C(53)-C(52)
C(54)-C(53)-H(53)

120.5(3)
115.0(3)
124.5(3)
118.7
122.6(3)
118.7
119.8
120.3(3)
119.8
1205
119.0(3)
120.5
119.9
120.2(3)
119.9
1185
122.9(3)
1185
107.0(2)
110.2(2)
112.1(2)
107.5(2)
110.3(2)
109.8(2)
122.6(3)
114.8(3)
122.6(3)
118.6
122.9(3)
118.6
120.0
120.1(3)
120.0
120.5
119.0(3)
120.5
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C(53)-C(54)-H(54)
C(53)-C(54)-C(55)
C(55)-C(54)-H(54)
C(50)-C(55)-H(55)
C(54)-C(55)-C(50)
C(54)-C(55)-H(55)
C(57)-C(56)-C(61)
C(57)-C(56)-B(2)

C(61)-C(56)-B(2)

C(56)-C(57)-H(57)
C(58)-C(57)-C(56)
C(58)-C(57)-H(57)
C(57)-C(58)-H(58)
C(59)-C(58)-C(57)
C(59)-C(58)-H(58)
C(58)-C(59)-H(59)
C(58)-C(59)-C(60)
C(60)-C(59)-H(59)
C(59)-C(60)-H(60)
C(59)-C(60)-C(61)
C(61)-C(60)-H(60)
C(56)-C(61)-H(61)
C(60)-C(61)-C(56)
C(60)-C(61)-H(61)
C(63)-C(62)-B(2)

C(67)-C(62)-C(63)
C(67)-C(62)-B(2)

C(62)-C(63)-H(63)
C(64)-C(63)-C(62)
C(64)-C(63)-H(63)
C(63)-C(64)-H(64)
C(65)-C(64)-C(63)
C(65)-C(64)-H(64)
C(64)-C(65)-H(65)
C(64)-C(65)-C(66)
C(66)-C(65)-H(65)

119.9
120.2(3)
119.9
1185
123.0(3)
1185
115.0(3)
122.1(3)
122.7(3)
1185
123.0(4)
1185
120.0
120.1(4)
120.0
120.1
119.7(3)
120.1
119.9
120.1(4)
119.9
118.9
122.2(4)
118.9
122.2(3)
114.9(3)
122.7(3)
118.6
122.8(3)
118.6
119.9
120.1(3)
119.9
1203
119.4(3)
1203
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C(65)-C(66)-H(66)
C(65)-C(66)-C(67)
C(67)-C(66)-H(66)
C(62)-C(67)-H(67)
C(66)-C(67)-C(62)
C(66)-C(67)-H(67)
C(69)-C(68)-B(2)

C(73)-C(68)-C(69)
C(73)-C(68)-B(2)

C(68)-C(69)-H(69)
C(70)-C(69)-C(68)
C(70)-C(69)-H(69)
C(69)-C(70)-H(70)
C(71)-C(70)-C(69)
C(71)-C(70)-H(70)
C(70)-C(71)-H(71)
C(70)-C(71)-C(72)
C(72)-C(71)-H(71)
C(71)-C(72)-H(72)
C(71)-C(72)-C(73)
C(73)-C(72)-H(72)
C(68)-C(73)-H(73)
C(72)-C(73)-C(68)
C(72)-C(73)-H(73)
C(56)-B(2)-C(50)

C(56)-B(2)-C(62)

C(56)-B(2)-C(68)

C(62)-B(2)-C(50)

C(68)-B(2)-C(50)

C(68)-B(2)-C(62)

C(25)-0(6)-C(22)

0(6)-C(22)-H(22A)
0(6)-C(22)-H(22B)

H(22A)-C(22)-H(22B)

C(23)-C(22)-0(6)

C(23)-C(22)-H(22A)

120.2
119.7(3)
120.2
118.4
123.1(3)
118.4
123.4(3)
114.8(3)
121.7(2)
118.8
122.4(3)
118.8
119.7
120.5(3)
119.7
120.6
118.8(3)
120.6
120.0
120.1(3)
120.0
1183
123.4(3)
1183
109.1(2)
112.0(2)
108.5(2)
107.3(2)
110.5(2)
109.4(2)
106.2(5)
110.9
110.9
109.0
104.1(6)
110.9
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C(23)-C(22)-H(22B)
C(22)-C(23)-H(23A)
C(22)-C(23)-H(23B)
C(22)-C(23)-C(24)
H(23A)-C(23)-H(23B)
C(24)-C(23)-H(23A)
C(24)-C(23)-H(23B)
C(23)-C(24)-H(24A)
C(23)-C(24)-H(24B)
C(23)-C(24)-C(25)
H(24A)-C(24)-H(24B)
C(25)-C(24)-H(24A)
C(25)-C(24)-H(24B)
0(6)-C(25)-C(24)
0(6)-C(25)-H(25A)
0(6)-C(25)-H(25B)
C(24)-C(25)-H(25A)
C(24)-C(25)-H(25B)
H(25A)-C(25)-H(25B)

110.9
111.1
111.1
103.3(7)
109.1
111.1
111.1
110.6
110.6
105.9(5)
108.7
110.6
110.6
105.7(5)
110.6
110.6
110.6
110.6
108.7

Symmetry transformations used to generate equivalent atoms:
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Table C.7: Anisotropic displacement parameters (Azx 10%) for 5. The anisotropic
displacement factor exponent takes the form: -2p2[ h2 a*2Ull + . +2hka*b* Ul2]

Ull U22 U33 U23 U13 U12
Co(l)  243(2) 349(3) 150(2) 43(2) 31(2) 11(2)
Mg(l)  280(5) 294(5) 131(4) 32(3) 1(3) -19(4)
0(1) 511(14) 360(11) 149(9) 10(8) -16(9) 48(10)
0(Q2)  448(13) 453(12) 173(9) 43(8) 35(9) 159(10)
O(3A)  260(30) 460(30) 620(30) 190(20) 170(20) 70(20)
O(3B)  430(30) 570(40) 620(40) -60(30) 170(30) -190(30)
0(4) 394(14) 800(20) 515(15) 283(14) -63(12) -160(14)
0(5)  1120(50) 510(30) 740(40) -190(30) -70(30) 80(30)
O(4A)  394(14) 800(20) 515(15) 283(14) -63(12) -160(14)
N(1) 306(13) 246(11) 185(10) 33(9) -2(9) -49(10)
N(2) 262(13) 458(15) 246(12) 133(11) 74(10) 31(11)
N(3) 305(13) 455(15) 191(11) 52(10) 31(10) -54(11)
N(4) 329(13) 428(14) 140(10) -4(9) 43(9) 89(11)
N(5) 274(15) 492(17) 312(13) 54(12) 75(11) -24(14)
N@B)  426(15) 321(13) 206(11) 28(9) -65(10) -24(11)
N(7) 670(20) 394(15) 171(11) -4(10) 15(12) 40(14)
N(8) 342(15) 557(17) 270(12) 87(12) 52(11) -81(13)
c(1) 339(16) 209(13) 279(14) 9(11) 31(11) -50(11)
c(2) 286(15) 297(14) 334(15) 90(12) 78(12) -26(12)
c@) 700(30) 820(30) 270(16) 224(18) 208(17) 410(20)
c() 820(30) 530(20) 204(15) 131(14) -142(16)  -220(20)
C(5) 343(17) 570(20) 164(12) -8(13) 80(11) -33(15)
C(6) 438(19) 420(17) 228(14) -54(12) 76(13) 94(14)
c(7) 650(20) 261(15) 374(17) -60(13) 91(16) 2(15)
c(8) 540(20) 402(19) 460(20) 169(15) 134(17) 119(16)
C(9) 710(30) 660(20) 220(15) -75(15) 103(16) -180(20)
C(10)  780(30) 490(20) 384(19) -72(16) 139(19) 200(20)
C(11)  510(20) 364(16) 207(14) 66(12) -55(13) 77(14)
C(12)  650(20) 410(18) 172(13) 46(12) -54(14) -24(16)
C(13)  610(20) 340(17) 330(16) 43(13) -88(15) -114(16)
C(14)  530(20) 540(20) 347(17) 87(15) 3(15) -252(18)



C(15)
C(16)
c(17)
C(18)
C(19)
C(20)
c(21)
C(26)
c(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
Cc(41)
C(42)
C(43)
C(44)
C(45)
C(46)
Cc(47)
C(48)
C(49)
B(1)

C(50)
C(51)
C(52)
C(53)

660(30)
460(20)
510(20)
1240(40)
314(17)
420(30)
270(30)
267(14)
411(18)
470(20)
394(18)
383(18)
344(17)
311(15)
368(17)
371(17)
490(20)
456(19)
356(16)
347(16)
376(17)
359(18)
368(18)
500(20)
420(18)
389(16)
406(18)
530(20)
550(20)
436(19)
384(17)
309(17)
293(14)
328(16)
392(18)
530(20)

830(30)
800(30)
460(20)
430(20)
700(20)
480(30)
550(30)
329(15)
337(16)
427(18)
620(20)
530(20)
394(17)
264(13)
296(15)
374(16)
247(14)
253(14)
282(14)
199(13)
267(14)
263(15)
231(14)
244(14)
273(14)
267(14)
271(14)
261(15)
308(16)
360(17)
297(15)
275(15)
251(13)
401(17)
430(18)
327(15)

269(16)
420(19)
375(18)
287(18)
353(17)
270(20)
450(30)
280(14)
276(15)
309(16)
236(14)
297(15)
321(15)
272(13)
306(15)
342(15)
417(17)
384(16)
316(14)
321(14)
375(16)
570(20)
600(20)
390(17)
329(15)
205(12)
325(15)
349(16)
326(15)
386(17)
308(14)
242(14)
202(12)
271(14)
285(15)
210(13)

67(18)
92(19)
13(15)

-82(15)

83(16)
80(20)
20(30)

-40(11)
-58(12)
-131(13)
-74(14)

34(14)

-36(13)
-26(11)
-22(11)

76(13)
31(12)

-55(12)
-28(12)
-25(11)

6(12)
72(14)
71(14)
-9(12)

-45(12)
-85(10)
77(12)
-28(12)
-43(12)
-30(13)
-21(12)
-55(12)

49(10)
31(12)

-18(13)
-39(11)

209(17)
192(17)
-25(16)

-110(20)

10(14)
-90(20)
40(20)
71(11)
77(13)
49(14)
72(13)
144(13)
121(13)
125(11)
120(13)
154(13)
242(15)
182(14)
119(12)
65(12)
94(13)
111(15)
-52(16)
-46(15)
53(13)
74(11)
90(13)
81(14)
139(15)
159(14)
90(13)
73(12)
62(11)
74(12)
-10(13)
38(13)

140(20)
40(20)
134(17)
120(20)

-124(17)
-140(20)
-130(20)

33(12)
23(13)
22(15)
62(16)
62(15)
-15(13)
-31(12)
-31(12)
34(13)
32(13)
-46(13)
-44(12)
-23(11)
14(13)
31(13)
-18(13)
-44(14)
-53(13)
-59(12)
-43(13)
-48(14)

-129(15)

-69(14)
-22(13)
-25(13)
23(11)
-57(13)

-136(14)

-95(14)
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C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
c(71)
C(72)
C(73)
B(2)

0(6)

C(22)
C(23)
C(24)
C(25)

397(17)
316(15)
410(17)
401(18)
540(20)
820(30)
1060(40)
720(30)
337(15)
425(19)
430(20)
327(17)
341(16)
309(15)
244(14)
332(15)
344(16)
271(15)
396(17)
410(17)
326(17)
720(30)
680(50)
810(60)
450(30)
660(40)

330(15)
250(13)
283(14)
340(16)
410(20)
363(19)
290(17)
316(16)
313(14)
359(16)
550(20)
560(20)
382(16)
292(14)
305(14)
308(14)
400(16)
342(15)
262(14)
302(15)
287(15)
600(30)
1220(70)
1440(80)
740(40)
720(40)

232(13)
209(12)
213(12)
436(18)
660(30)
620(20)
372(18)
270(15)
140(11)
272(14)
353(17)
277(15)
239(14)
196(12)
198(12)
176(12)
149(12)
233(13)
349(15)
304(14)
172(13)
600(30)
460(30)
620(40)
640(40)
490(30)

11(11)
11(10)
83(11)
131(14)
168(18)
199(18)
37(14)
55(12)
-3(10)
105(12)
95(15)
-14(14)
-57(12)
-28(10)
51(10)
21(10)
24(11)
96(11)
61(12)
46(12)
35(11)
0(20)
-20(40)
-40(50)

-110(30)

-80(30)

106(12)
59(11)
135(12)
114(15)
161(19)
330(20)
300(20)
112(16)
48(10)
-26(13)
-25(14)
-26(12)
11(12)
47(11)
33(10)
26(11)
53(11)
44(11)
130(13)
174(13)
68(12)
40(20)
30(30)
-20(40)
60(30)
60(30)

265

-40(13)
-21(11)
53(12)
55(14)
157(17)
250(20)
90(20)
103(16)
-12(12)
-56(14)

-167(17)

-66(15)
32(13)
13(12)
64(11)
0(12)
5(13)
5(12)
36(13)
59(13)
35(13)

-130(20)

130(40)

-280(50)

40(30)
10(30)
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Table C.8: Hydrogen coordinates (Ax10%) and isotropic displacement parameters (Azx
10°) for p16404.

X y z U(eq)
H(5) 6502 5274 8308 123
H(4AA) 6467 2813 8176 88
H(4AB) 6395 3240 8652 88
H(3A) 4397 5412 5989 70
H(3B) 3541 5322 5954 70
H(4A) 3523 3816 5714 66
H(4B) 4277 4071 5546 66
H(7A) 3677 5158 8195 64
H(7B) 3523 6117 7852 64
H(7C) 4317 5905 8172 64
H(8A) 3467 6773 6989 70
H(8B) 2839 5991 6972 70
H(8C) 3151 6226 6456 70
H(9A) 3719 1497 5732 79
H(9B) 4515 1463 5600 79
H(9C) 3991 2348 5401 79
H(10A) 5357 740 6912 82
H(10B) 4880 593 6344 82
H(10C) 4511 528 6847 82
H(11A) 6003 1006 9356 45
H(11B) 5140 1029 9275 45
H(12A) 5549 2397 9733 51
H(12B) 6071 2660 9334 51
H(13A) 5057 -46 8533 54
H(13B) 4999 504 7988 54
H(14A) 3863 510 8178 58
H(14B) 4153 859 8764 58
H(15A) 4079 3121 9339 68
H(15B) 4333 2023 9312 68

H(16A) 3326 2203 8668 65



H(16B)
H(17A)
H(17B)
H(17C)
H(18A)
H(18B)
H(18C)
H(19A)
H(19B)
H(19C)
H(21A)
H(21B)
H(21C)
H(27)
H(28)
H(29)
H(30)
H(31)
H(33)
H(34)
H(35)
H(36)
H(37)
H(39)
H(40)
H(41)
H(42)
H(43)
H(45)
H(46)
H(47)
H(48)
H(49)
H(51)
H(52)
H(53)

3637
6222
6338
6609
5605
5088
4756
3606
3126
3803
7273
7579
7378
6057
6205
5881
5404
5264
6784
7336
6841
5791
5233
4247
3053
2756
3692
4876
5192
5764
6920
7497
6928
2586
2750
1809

3169
998
312

1408

4202

4049

4395

2643

1791

1543

3676

3730

4701

9126

9404

8226

6759

6485

6648

5162

4009

4385

5869

7763

7834

7668

7431

7363

9345

10532
10273

8804

7621

3801

4241

4061

8456
8113
8615
8668
9169
9585
9005
7573
7743
7476
7854
8468
8141
6716
7606
8162
7809
6918
6633
6605
5983
5390
5425
6431
6008
5101
4627
5058
5700
5297
5126
5364
5771
6722
7594
8058

65
70
70
70
103
103
103
69
69
69
64
64
64
41
49
50
47
41
38
42
44
42
37
40
47
50
48
41
40
45
47
46
39
40
45
43
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H(54)
H(55)
H(57)
H(58)
H(59)
H(60)
H(61)
H(63)
H(64)
H(65)
H(66)
H(67)
H(69)
H(70)
H(71)
H(72)
H(73)
H(22A)
H(22B)
H(23A)
H(23B)
H(24A)
H(24B)
H(25A)
H(25B)

691
531
2621
3192
2743
1723
1139
346
-901
-1475
-784
464
2144
2618
2627
2167
1705
7182
7277
8432
8304
8550
8682
7657
7483

3502
3056
2083

617
-485
-105
1367
1611
1646
3016
4353
4314
2766
3861
5510
6045
4953
6267
7366
6968
5864
7459
6340
6348
7429

7625
6754
6630
6586
5937
5324
5367
6014
5764
5368
5218
5471
5161
4639
4822
5545
6067
7510
7712
7738
7892
8555
8706
9003
8791

38
31
46
63
69
66
52
44
55
48
39
32
33
36
34
39
39
96
96
117
117
74
74
75
75
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Table C.9: Torsion angles [°] for 5.

Co(1)-N(1)-C(1)-C(2) 2.5(3)
Co(1)-N(1)-C(1)-C(7) -177.0(2)
Co(1)-N(2)-C(2)-C(1) 9.3(3)
Co(1)-N(2)-C(2)-C(8) -167.5(3)
Co(1)-N(2)-C(3)-C(4) 27.5(4)
Co(1)-N(3)-C(4)-C(3) 6.6(4)
Co(1)-N(3)-C(5)-C(6) -7.5(4)
Co(1)-N(3)-C(5)-C(9) 170.2(3)
Co(1)-N(4)-C(6)-C(5) -0.4(4)
Co(1)-N(4)-C(6)-C(10) 179.3(3)
Mg(L)-O(1)-N(1)-Co(1) -14.8(3)
Mg(L)-O(1)-N(1)-C(1) 167.9(2)
Mg(1)-O(2)-N(4)-Co(1) 23.8(4)
Mg(L)-0(2)-N(4)-C(6) -157.7(2)
Mg(1)-0(4)-C(20)-0(5) 20.1(8)
Mg(1)-O(4)-C(20)-C(21) -155.2(4)
Mg(L)-N(6)-C(11)-C(12) -19.0(4)
Mg(L)-N(6)-C(13)-C(14) -52.1(3)
Mg(L)-N(7)-C(12)-C(11) -51.7(3)
Mg(L)-N(7)-C(15)-C(16) -19.4(4)
Mg(L)-N(8)-C(14)-C(13) -17.5(3)
Mg(L)-N(8)-C(16)-C(15) -51.0(4)
0(1)-N(1)-C(1)-C(2) -179.9(2)
0(1)-N(1)-C(1)-C(7) 0.6(4)
0(2)-N(4)-C(6)-C(5) -179.1(3)
0(2)-N(4)-C(6)-C(10) 0.7(5)
N(1)-Co(1)-N(2)-C(2) -6.5(2)
N(1)-Co(1)-N(2)-C(3) -178.5(3)
N(L)-Co(1)-N(3)-C(4) 64.0(4)
N(1)-Co(1)-N(3)-C(5) -101.5(3)
N(1)-Co(1)-N(5)-O(3A) 122.2(5)
N(1)-Co(L)-N(5)-O(3B) -32.9(5)
N(1)-C(1)-C(2)-N(2) -7.6(4)

N(1)-C(1)-C(2)-C(8) 169.4(3)



N(2)-Co(1)-N(3)-C(4)
N(2)-Co(1)-N(3)-C(5)
N(2)-Co(1)-N(5)-O(3A)
N(2)-Co(1)-N(5)-O(3B)
N(2)-C(3)-C(4)-N(3)
N(3)-Co(1)-N(2)-C(2)
N(3)-Co(1)-N(2)-C(3)
N(3)-Co(1)-N(5)-O(3A)
N(3)-Co(1)-N(5)-O(3B)
N(3)-C(5)-C(6)-N(4)
N(3)-C(5)-C(6)-C(10)
N(4)-Co(1)-N(2)-C(2)
N(4)-Co(1)-N(2)-C(3)
N(4)-Co(1)-N(3)-C(4)
N(4)-Co(1)-N(3)-C(5)
N(4)-Co(1)-N(5)-O(3A)
N(4)-Co(1)-N(5)-O(3B)
N(5)-Co(1)-N(2)-C(2)
N(5)-Co(1)-N(2)-C(3)
N(5)-Co(1)-N(3)-C(4)
N(5)-Co(1)-N(3)-C(5)
N(6)-C(11)-C(12)-N(7)
N(6)-C(13)-C(14)-N(8)
N(7)-C(15)-C(16)-N(8)
C(2)-N(2)-C(3)-C(4)
C(3)-N(2)-C(2)-C(1)
C(3)-N(2)-C(2)-C(8)
C(4)-N(3)-C(5)-C(6)
C(4)-N(3)-C(5)-C(9)
C(5)-N(3)-C(4)-C(3)
C(7)-C(1)-C(2)-N(2)
C(7)-C(1)-C(2)-C(8)
C(9)-C(5)-C(6)-N(4)
C(9)-C(5)-C(6)-C(10)
C(11)-N(6)-C(13)-C(14)
C(12)-N(7)-C(15)-C(16)

6.9(3)

-158.6(3)
-154.3(5)

50.7(5)
-20.7(5)
152.3(2)
-19.7(3)
-66.9(5)
138.1(5)
5.1(4)

-174.6(3)

102.8(4)
-69.3(4)
171.3(3)
5.8(2)
16.9(5)

-138.2(5)
-103.3(2)

84.6(3)
-94.5(3)
100.0(3)
50.2(4)
48.7(4)
49.6(5)

-143.6(4)
-179.7(3)

3.4(6)

-171.2(3)

6.6(5)
170.3(3)
171.9(3)
-11.0(5)

-172.7(3)

7.6(5)
66.1(3)

-131.0(3)
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C(13)-N(6)-C(11)-C(12)
C(14)-N(8)-C(16)-C(15)
C(15)-N(7)-C(12)-C(11)
C(16)-N(8)-C(14)-C(13)
C(17)-N(6)-C(11)-C(12)
C(17)-N(6)-C(13)-C(14)
C(18)-N(7)-C(12)-C(11)
C(18)-N(7)-C(15)-C(16)
C(19)-N(8)-C(14)-C(13)
C(19)-N(8)-C(16)-C(15)
C(26)-C(27)-C(28)-C(29)
C(27)-C(26)-C(31)-C(30)
C(27)-C(26)-B(1)-C(32)
C(27)-C(26)-B(1)-C(38)
C(27)-C(26)-B(1)-C(44)
C(27)-C(28)-C(29)-C(30)
C(28)-C(29)-C(30)-C(31)
C(29)-C(30)-C(31)-C(26)
C(31)-C(26)-C(27)-C(28)
C(31)-C(26)-B(1)-C(32)
C(31)-C(26)-B(1)-C(38)
C(31)-C(26)-B(1)-C(44)
C(32)-C(33)-C(34)-C(35)
C(33)-C(32)-C(37)-C(36)
C(33)-C(32)-B(1)-C(26)
C(33)-C(32)-B(1)-C(38)
C(33)-C(32)-B(1)-C(44)
C(33)-C(34)-C(35)-C(36)
C(34)-C(35)-C(36)-C(37)
C(35)-C(36)-C(37)-C(32)
C(37)-C(32)-C(33)-C(34)
C(37)-C(32)-B(1)-C(26)
C(37)-C(32)-B(1)-C(38)
C(37)-C(32)-B(1)-C(44)
C(38)-C(39)-C(40)-C(41)
C(39)-C(38)-C(43)-C(42)

-133.7(3)

66.0(4)
64.4(4)

-131.5(3)

104.9(3)

-172.5(3)
-174.0(3)

108.1(4)
105.3(3)

-171.2(3)

-0.6(5)
-0.9(5)
130.4(3)

-107.5(3)

11.0(4)
-0.1(5)
0.2(5)
0.2(5)
1.1(5)

-48.3(4)
73.9(3)

-167.6(3)

0.5(5)
0.5(4)
-39.2(3)

-160.2(3)

80.4(3)
0.2(4)
-0.6(4)
0.2(5)
-0.8(4)
141.6(3)
20.6(4)
-98.8(3)
-0.5(5)
-0.9(4)
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C(39)-C(38)-B(1)-C(26)
C(39)-C(38)-B(1)-C(32)
C(39)-C(38)-B(1)-C(44)
C(39)-C(40)-C(41)-C(42)
C(40)-C(41)-C(42)-C(43)
C(41)-C(42)-C(43)-C(38)
C(43)-C(38)-C(39)-C(40)
C(43)-C(38)-B(1)-C(26)
C(43)-C(38)-B(1)-C(32)
C(43)-C(38)-B(1)-C(44)
C(44)-C(45)-C(46)-C(47)
C(45)-C(44)-C(49)-C(48)
C(45)-C(44)-B(1)-C(26)
C(45)-C(44)-B(1)-C(32)
C(45)-C(44)-B(1)-C(38)
C(45)-C(46)-C(47)-C(48)
C(46)-C(47)-C(48)-C(49)
C(47)-C(48)-C(49)-C(44)
C(49)-C(44)-C(45)-C(46)
C(49)-C(44)-B(1)-C(26)
C(49)-C(44)-B(1)-C(32)
C(49)-C(44)-B(1)-C(38)
B(1)-C(26)-C(27)-C(28)
B(1)-C(26)-C(31)-C(30)
B(1)-C(32)-C(33)-C(34)
B(1)-C(32)-C(37)-C(36)
B(1)-C(38)-C(39)-C(40)
B(1)-C(38)-C(43)-C(42)
B(1)-C(44)-C(45)-C(46)
B(1)-C(44)-C(49)-C(48)
C(50)-C(51)-C(52)-C(53)
C(51)-C(50)-C(55)-C(54)
C(51)-C(50)-B(2)-C(56)
C(51)-C(50)-B(2)-C(62)
C(51)-C(50)-B(2)-C(68)
C(51)-C(52)-C(53)-C(54)

-3.9(4)
115.2(3)

-124.0(3)

-0.1(5)
0.2(5)
0.4(5)
1.0(4)
172.9(3)
-68.0(3)
52.7(3)
0.2(5)
0.0(4)
-81.2(3)
161.2(3)
39.0(3)
0.0(5)
-0.2(5)
0.2(5)
-0.2(4)
98.2(3)
-19.4(4)

-141.6(3)
-177.7(3)

177.9(3)
179.9(3)
179.7(3)
177.9(3)

-178.0(3)

179.3(3)

-179.4(3)

0.1(5)
-1.0(4)
77.6(3)

-160.8(3)

-41.6(4)
-1.5(5)
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C(52)-C(53)-C(54)-C(55)
C(53)-C(54)-C(55)-C(50)
C(55)-C(50)-C(51)-C(52)
C(55)-C(50)-B(2)-C(56)
C(55)-C(50)-B(2)-C(62)
C(55)-C(50)-B(2)-C(68)
C(56)-C(57)-C(58)-C(59)
C(57)-C(56)-C(61)-C(60)
C(57)-C(56)-B(2)-C(50)
C(57)-C(56)-B(2)-C(62)
C(57)-C(56)-B(2)-C(68)
C(57)-C(58)-C(59)-C(60)
C(58)-C(59)-C(60)-C(61)
C(59)-C(60)-C(61)-C(56)
C(61)-C(56)-C(57)-C(58)
C(61)-C(56)-B(2)-C(50)
C(61)-C(56)-B(2)-C(62)
C(61)-C(56)-B(2)-C(68)
C(62)-C(63)-C(64)-C(65)
C(63)-C(62)-C(67)-C(66)
C(63)-C(62)-B(2)-C(50)
C(63)-C(62)-B(2)-C(56)
C(63)-C(62)-B(2)-C(68)
C(63)-C(64)-C(65)-C(66)
C(64)-C(65)-C(66)-C(67)
C(65)-C(66)-C(67)-C(62)
C(67)-C(62)-C(63)-C(64)
C(67)-C(62)-B(2)-C(50)
C(67)-C(62)-B(2)-C(56)
C(67)-C(62)-B(2)-C(68)
C(68)-C(69)-C(70)-C(71)
C(69)-C(68)-C(73)-C(72)
C(69)-C(68)-B(2)-C(50)
C(69)-C(68)-B(2)-C(56)
C(69)-C(68)-B(2)-C(62)
C(69)-C(70)-C(71)-C(72)

1.7(5)
-0.4(5)
1.2(4)

-99.6(3)
22.0(3)

141.2(3)
0.2(6)
0.4(5)

-34.5(4)

-153.1(3)

86.0(3)
0.4(6)
-0.6(6)
0.2(6)
-0.5(5)
150.9(3)
32.2(4)
-88.7(3)
0.3(5)
0.8(4)
-84.2(3)
35.6(3)
155.9(3)
0.3(5)
-0.4(5)
-0.2(4)
-0.9(4)
89.2(3)

-151.1(2)

-30.7(3)
0.7(5)
2.5(5)

149.9(3)
30.3(4)

-92.2(3)
0.7(4)
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C(70)-C(71)-C(72)-C(73)
C(71)-C(72)-C(73)-C(68)
C(73)-C(68)-C(69)-C(70)
C(73)-C(68)-B(2)-C(50)
C(73)-C(68)-B(2)-C(56)
C(73)-C(68)-B(2)-C(62)
B(2)-C(50)-C(51)-C(52)
B(2)-C(50)-C(55)-C(54)
B(2)-C(56)-C(57)-C(58)
B(2)-C(56)-C(61)-C(60)
B(2)-C(62)-C(63)-C(64)
B(2)-C(62)-C(67)-C(66)
B(2)-C(68)-C(69)-C(70)
B(2)-C(68)-C(73)-C(72)
0(6)-C(22)-C(23)-C(24)
C(22)-0(6)-C(25)-C(24)
C(22)-C(23)-C(24)-C(25)
C(23)-C(24)-C(25)-0(6)
C(25)-0(6)-C(22)-C(23)

-0.4(5)
-1.3(5)
-2.2(4)
-33.3(4)

-152.9(3)

84.6(3)

-176.2(3)

176.4(3)

-175.6(3)

175.4(3)
173.0(3)

-173.0(3)

174.8(3)

-174.5(3)

-34.1(9)
-27.8(7)
17.6(9)
6.2(8)
39.7(8)

Symmetry transformations used to generate equivalent atoms:
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Table C.10: Hydrogen bonds for 5 [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)

0(5)-H(5)...0(6) 0.86 1.98 2.831(7) 1718

Symmetry transformations used to generate equivalent atoms
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