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Abstract

The selective oxidation of organic compounds is a prominent challenge in organic chemistry.
Towards this goal, molecular oxygen is an ideal oxidant. Uncatalyzed aerobic oxidation reactions
have found important application in the commodity scale synthesis of certain compounds.
However, such autoxidation reactions are intrinsically substrate-controlled. More frequently,
selective aerobic oxidations are achieved by using a catalyst to promote the desired
transformation. Under such a regime the identity of the catalyst — and therefore the reaction
mechanism — dictates the chemical outcome of the reaction. The development of new catalysts
which promote aerobic oxidation reactions is therefore of great significance.

This thesis highlights two classes of catalyst that promote selective aerobic oxidation
reactions. Chapters 1-4 describe the development of a family of o-quinone catalysts based on o-
quinone cofactors found in certain oxidase and dehydrogenase enzymes. Unlike the natural
cofactors, which have limited substrate scope, we find evidence for an unnatural reaction
pathway that broadens the synthetic utility of these reagents. This family of bioinspired o-

quinone catalysts is particularly effective in the aerobic dehydrogenation of C—N bonds.



ii
Subsequently, in chapters 5 and 6 I discuss the application of Cu-based catalysts to aerobic
oxidation reactions, emphasizing an apparent mechanistic bifurcation between single electron
transfer-based mechanisms and organometallic mechanisms within the published literature.

Further work describes an application of Cu" reagents in the aerobic oxidative cyclization of
pp g y

enamides to oxazoles.
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Chapter 1

Quinone-Catalyzed Oxidations of Organic Substrates



1.1. Abstract

Quinones are important reagents in organic synthesis. High potential quinones such as 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and chloranil typically react via hydride
abstraction mechanisms, and have found broad application as stoichiometric oxidants in
oxidative functionalization and dehydrogenation reactions of organic molecules. Many of these
transformations can be rendered catalytic in quinone by using transition metal salts, anodic
oxidation or molecular oxygen to regenerate the catalyst in sifu. Concurrently, numerous recent
studies have led to the development of novel quinone catalysts that resemble Copper Amine
Oxidase o-quinone cofactors. These bioinspired quinones are highly selective and efficient
catalysts for aerobic and anodic dehydrogenation of amines, and likely proceed through
electrophilic transamination and/or addition-elimination reaction mechanisms, rather than
hydride abstraction pathways. These observations align with broader findings that quinone
structure significantly influences reaction mechanism, and has important implications for the

development of new quinone reagents and quinone-catalyzed transformations.



1.2 Introduction

The selective oxidation of organic compounds is a prominent chemical challenge. Transition
metal catalysts are commonly employed to promote these reactions, and enormous progress has
been made in this area.' Though used less frequently than transition metals, redox-active organic
molecules are increasingly recognized as robust and efficient (co)catalysts in oxidative
transformations. One of the most broadly used classes of organic catalyst is nitroxyl radicals. For
example, 2,2,6,6-tetramethylpiperidine N-oxyl (TEMPO, Eq 1.1) and its derivatives promote a
range of oxidative transformations, notably including alcohol oxidation reactions.” Additionally,
pthalimide N-oxyl (PINO, Eq 1.2) — generated in situ from N-hydroxyphthalimide (NHPI) — is
widely employed in aerobic autoxidation reactions.’ Both reagents are amenable to industrial
scale oxidation processes.’ The use of organic catalysts and co-catalysts provides access to
reaction mechanisms distinct from those mediated by transition metal catalysts, leading to
complementary reactivity, enhanced selectivity, and often milder reaction conditions. Selective
oxidation reactions promoted by organic catalysts and co-catalysts represent promising targets

for future development.
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Quinones are important redox-active organic molecules with applications in diverse redox
processes, including in the manufacture of industrial chemicals, in oxidation reactions for
organic synthesis, and as electron carriers, antioxidants and cofactors in biological processes.
Like nitroxyl radicals, quinones are capable of mediating both closed- and open-shell processes,
via three oxidation states: fully-oxidized quinone, one electron-reduced semiquinone, and two
electron-reduced hydroquinone (Eq 1.3). In contrast to nitroxyl radicals, however, quinones
have been much less extensively developed as catalysts in the oxidation of organic compounds.

Cycling between oxidized and reduced quinone species forms the conceptual basis for the
anthraquinone-mediated industrial synthesis of hydrogen peroxide.’ Hydrogen peroxide is
produced in near quantitative yields by the stoichiometric autoxidation of 2-alkyl-9,10-
anthrahydroquinone (Scheme 1.1, autoxidation step). The resulting oxidized anthraquinone co-
product is subsequently reduced in a separate step via catalytic hydrogenation (Scheme 1.1,
hydrogenation step). This sequence affords the net conversion of molecular oxygen and
hydrogen into hydrogen peroxide (Scheme 1.1, net reaction). Over 95% of the world supply of
hydrogen peroxide is made using this quinone-mediated process. While the fundamental
incompatibility of the oxidation and reduction steps requires the sequential operation of two
stoichiometric half reactions in this case, the use of a quinone mediator common to both half

reactions suggests broader potential for engaging quinones as catalysts in redox processes.
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Scheme 1.1. The anthraquinone oxidation (AQO) process for industrial synthesis of H,O,.

Nature provides a framework for the use of catalytic quinones as redox shuttles in oxidative
transformations: plastoquinone and ubiqginone act as electron carriers in the photosynthetic and
mitochondrial electron transport chains (ETC), respectively. In the mitochondrial ETC a series of
cofactors shuttle electrons from a sacrificial reductant (NADH) to molecular oxygen. The
reduction of molecular oxygen to water ultimately serves as the thermodynamic driving force for
the synthesis of ATP via oxidative phosphorylation. Conceptually-related synthetic systems
popularized by Bickvall and others employ quinones as catalytic redox shuttles (also referred to
as "electron transfer mediators" or ETMs) in the aerobic transition-metal catalyzed oxidation of
organic molecules, such as the Pd-catalyzed aerobic allylic acetoxylation shown in Scheme 1.2.°
Efficient reactivity is proposed to involve a series of "coupled catalytic cycles." Substrate
oxidation first occurs via a transition metal-mediated step. A quinone (typically benzoquinone7
or derivatives®) subsequently acts as a redox shuttle to transfer protons and electrons from the
transition metal catalyst to a metal macrocycle co-catalyst, such as Co(salophen) (salophen =
N,N-salicylidene phenylenediamine), Fe(pc) (pc = phthalocyanine), or Co(tpp) (tpp = 5,10,15,20-
tetraphenylporphyrin). Finally, the metal macrocycle co-catalyst is re-oxidized by molecular

oxygen, the terminal oxidant (Scheme 1.2).In addition to serving as a redox shuttle between Pd



and a metal macrocycle, benzoquinone additives may also promote oxidatively-induced
reductive elimination of the substrate from Pd". Applications of quinones as redox
shuttles/ETMs are the subject of a recent review, and will not be discussed here.” However, many
of the fundamental principles established through the development of quinone-based coupled
catalytic cycles for transition metal-catalyzed reactions have been leveraged in the quinone-
catalyzed oxidation reactions found herein.

O OAc
/50, LM @ [Pd] @
o)
OH
e

OH

+HOACc

Scheme 1.2. Pd-catalyzed allylic acetoxylation reaction featuring Pd, quinone, and metal
macrocycle coupled catalytic cycles.

The present review highlights recent progress in the development of quinone-catalyzed
oxidations of organic substrates. We limit our discussion to examples involving direct oxidation
of organic substrates by quinone catalysts, and to the reaction of quinones in their ground state.'’
These quinone catalysts can be divided into two families: high-potential quinones, such as 2,3-
dichloro-5,6-dicyano-1.,4-benzoquinone (DDQ) and chloranil; and o-quinone catalysts inspired
from quinone cofactors found in Copper Amine Oxidases (CAOs) and other enzymes.

o) o cl o)
cl CN  ClI cl ¢l cl
cl CN cl cl o
o) o o o)
DDQ p-chloranil o-chloranil benzoquinone

DDQ is the most prominently featured high potential quinone, and is typically thought to

promote hydride abstraction mechanisms. DDQ has found broad application as a stoichiometric



oxidant in the functionalization of activated C-H bonds and the dehydrogenation of saturated C-
C, C-0O and C-N bonds, including in several process-scale pharmaceutical syntheses. In response
to concerns over the cost and toxicity of DDQ, recent efforts have led to the development of
strategies for employing catalytic quantities of DDQ in these transformations. In section 1.3 of
this review we provide an overview of the types of reactions and the corresponding reaction
mechanisms promoted by stoichiometric DDQ and chloranil oxidants. While not an exhaustive
summary of DDQ-mediated transformations, this overview provides important context for the
range of transformations accessible using this class of reagent. From this foundation, we then
discuss strategies for using these quinones as catalysts, summarizing the examples of DDQ- and
chloranil-catalyzed reactions, and highlighting the potential for future development in this area.
In general, the types of reactions promoted by catalytic DDQ very closely parallel those achieved
using the stoichiometric reagent, although in several instances we note reactions that can be
achieved only using catalytic amounts of DDQ.

Concurrent with the development of DDQ-catalyzed transformations, has been the
development of a second family of quinone catalysts inspired from the o-quinone cofactors
found in oxidase and dehydrogenase enzymes. These bioinspired quinones have a more moderate
thermodynamic potential than DDQ or chloranil, and react through distinct C-H bond cleavage
mechanisms. Consequently, distinct reactivity and reaction scope is observed in comparison with
DDQ. In section 1.4, we provide mechanistic context for copper amine oxidases and other
quinoenzymes found in nature, highlighting the biochemical mechanisms proposed for
enzymatic quinone-catalyzed oxidations of organic substrates. We subsequently describe the
development of bioinspired o-quinone catalysts and their applications in aerobic and

electrochemical C-N bond dehydrogenation reactions.



1.3. DDQ-Catalyzed Oxidations of Organic Substrates
1.3.1. Survey of DDQ-Mediated Transformations and Mechanistic Insights

High potential quinones — notably DDQ and chloranil — are important stoichiometric reagents
for the oxidation of organic compounds.'' As the literature in this area has not been
comprehensively reviewed since 1967,'> a brief summary of archetypal stoichiometric
transformations — with an emphasis on reaction mechanism — is provided here. Careful
consideration of reactivity trends and mechanistic pathways of DDQ-mediated substrate
oxidation provides a lens through which to frame our subsequent discussion of quinone-
catalyzed transformations.

The synthetic applications of DDQ fall neatly into several categories of reactions. These
include: (a) C-O, C-N and C-C bond dehydrogenation reactions, such as p-methoxybenzyl
(PMB) ether deprotections, the oxidation of benzylic and allylic alcohols, and the synthesis of
unsaturated arenes and heteroarenes; (b) oxidative functionalization of activated C-H bonds; and

(c) dehydrogenation of ketones to o,3-unsaturated ketones.

PMB Ether Deprotection

The oxidative cleavage of p-methoxybenzyl (PMB) and 3,4-dimethoxybenzyl (DMB) ether
protecting groups is among the most broadly implemented application of DDQ in organic
synthesis."? Selective deprotection is accomplished in the presence of other standard protecting
groups (e.g. MOM, TBDPS, Ac, Bn, etc). For example, Yonemitsu reported the selective
deprotection of a PMB ether in complex dihydropyran 1, a synthetic intermediate en route to

tylonolide (Scheme 1.3)."
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Scheme 1.3. Selective DDQ-mediated PMB ether deprotection.

The reaction of DDQ with electron-rich organic substrates, such as PMB ethers, is thought to
proceed through the formation of a quinone-substrate m—m charge transfer complex, typically
observed as a significant color change during the early stages of the reaction. This charge
transfer complex is thought to be a true intermediate — rather than an off-cycle species — by the

. . . 15,16
observation of negative reaction entropy.

Following formation of the charge transfer
complex, substrate oxidation occurs via net hydride transfer from substrate to quinone, giving an
ion-paired product.'” In the case of PMB ether cleavage, hydrolysis of the oxocarbenium

intermediate liberates deprotected alcohol with p-methoxybenzaldehyde and DDQH, as

stoichiometric byproducts (Scheme 1.4).

+ R
|
-H - + H,O ROH + DDQH
/@) + DDQ <= @%;pl CN| —> MeO (0] 42> | X + + 2
MeO MeO 7 ) c CN MeO &
Cl CN
0 Cl CN
OH
Charge Transfer Complex L _

Scheme 1.4. Proposed mechanism for DDQ-mediated PMB ether deprotection.

DDQ and chloranil are considered to be hydride-abstracting reagents, although the specific
mechanism of hydride abstraction has been the subject of some controversy. Depending on the
specific substrate, several plausible reaction pathways have been suggested. These include (a)

single electron transfer followed by hydrogen atom abstraction (SET-HAT, Scheme 1.5A); '® (b)
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hydrogen atom transfer followed by SET (HAT-SET, Scheme 1.5B);'" or by (c) direct hydride
transfer (polar pathway, Scheme 1.5C).”° Polar reaction mechanisms are typically favored, and
have gained increasing support. Recent mechanistic studies by Mayr have demonstrated the
potential generality of polar reaction pathways in the reaction of diverse quinones with hydride

21
donors.

SET HAT
)
IMeO
Q - - .
_R _R|QH
o] : .
: J HAT J, | SET Q}
MeO [MeO MeO

polar pathway
-H

Scheme 1.5. Proposed reaction pathways for net hydride abstraction, including (A) SET-HAT,
(B) HAT-SET, and (C) polar reaction pathways.

Oxidation of Allylic, Benzylic and Other Activated Alcohols

DDQ is also used to oxidize activated alcohols to aldehydes and ketones.** This reaction
bears conceptual similarity to PMB ether deprotection (e.g. R=H in Schemes 1.4 and 1.5, with
deprotonation by QH). The reactivity of DDQ with alcohol substrates follows the trend
benzylic>allylic>>aliphatic. As a result, activated alcohols can be selectively oxidized in the
presence of aliphatic alcohols. For example, Ganem reported the selective oxidation of the allylic
alcohol of shikimic acid in 60% yield; no oxidation or epimerization of the remaining

stereocenters is observed (Scheme 1.6). %
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OH (0]
HOO\ 3eq DDQ Ho;-ij\
—_—
THF, 65 °C
HO CO,H HO CO,H
shikimic acid 60% yield

Scheme 1.6. Selective DDQ-mediated oxidation of allylic alcohols.

More contemporary applications of DDQ involve formation of new C-C and C-X bonds by
intercepting the intermediate oxocarbenium or iminium species with a nucleophile. ** For
example, Li and coworkers have reported the cross-dehydrogenative coupling (CDC) of
isochroman with various ketone coupling partners by employing a slight excess of DDQ under
neat conditions at 100 °C (Scheme 1.7A).”°> Analogously, Todd has reported the CDC-type
coupling of tetrahydroisoquinolines with nitronates, isolating intermediate iminium species,

which precipitates during the course of the reaction (Scheme 1.7B).*

DDQH-
A (0] 1.2 eq DDQ o
—_—
o) * )]\Ph neat, 100 °C _0 ’
4
1.0 equiv 3.0 equiv 78% yield
O
B .
1.1 equiv DDQ DDQH =
N _ > + _— > | N
*Ph MeNO,, t,3h /N\Ph = “Ph
(isolated as ppt) O:N" 95% yield

Scheme 1.7. DDQ-mediated cross-dehydrogenative coupling of (A) isochroman and (B)
tetrahydroisoquinoline.

Floreancig and coworkers have presented several reports of DDQ-mediated synthesis of

2728 For example,

pyranones and piperidines via intramolecular oxidative cyclization reactions.
allylic ether 3 undergoes oxidation by 2.0 equiv DDQ in the presence of 4.0 equiv 2,6-
dichloropyridine and 0.1 equiv LiClOy4, at room temperature in DCE in the presence of 4A

molecular sieves. Interception of the oxocarbenium intermediate by pendant vinyl acetate gives

desired 4-pyranone 4 in 81% yield (Scheme 1.8).
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OAc (0]
2.0 equiv DDQ
4.0 equiv 2,6-dichloropyridine
N 07 CgHy g 10 Mol % LICIO,, 4A MS, DCE N0 NCghig
3 rn2h 4, 81% yield

Scheme 1.8. DDQ-mediated intramolecular oxidative annulation reaction.

Dehydrogenation Leading to (Hetero)Arenes
DDQ has been used extensively in C-C and C-X dehydrogenation reactions for the synthesis

29,30

of arenes and heteroarenes. For example, Taylor has reported a synthetic route to furo[2,3-

b]pyridine derivatives, employing 2.0 equiv DDQ in the final step of the synthesis (Scheme 1.9).

31

| AN 2 eq DDQ m
—_—

“~g dioxane, reflux Ph N/ o

63% yield

Scheme 1.9. DDQ-mediated C-C bond dehydrogenation

The mechanism of DDQ- and chloranil-mediated dehydrogenation of model hydroaromatic
compounds (such as dihydroanthracene, acenaphthene, tetralin, etc) has been extensively studied
by Linstead’” and others.> Collectively, these studies establish a two step reaction mechanism
consisting of rate limiting hydride abstraction to form a substrate cation/DDQH™ ion pair,
followed by deprotonation by DDQH ™ to afford the corresponding dehydrogenated product.’
Subsequent studies by Trost, using 1,2-cis-dideuteroacenaphthene as a substrate, reported
preferential formation of cis-elimination products and the observation that the ratio of cis/trans
elimination products depends on reaction solvent polarity.”” These findings support the two-step
reaction mechanism initially proposed by Linstead, where deprotonation occurs directly from the
initially-formed ion pair (preferential cis-elimination) unless reaction conditions favor separation

of the ion pair (leading to both cis- and trans-elimination).”
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1,2-cis-dideutereo-  Octahydro-octamethyl-
acenaphthene anthracene

These mechanistic studies have several important implications for understanding the reactivity
of high potential quinones and for subsequent reaction development. First, while DDQ is a
strongly oxidizing reagent, the hydride abstraction mechanism limits dehydrogenation reactions
to substrates containing activated (e.g. benzylic, allylic) C-H bonds. For example, no
dehydrogenation is observed in the case of octahydro-octamethylanthracene, as the benzylic
positions are blocked. Second, the formation of a carbocationic intermediate suggests the
possibility of out-competing the elimination process (which leads to dehydrogenation) by intra-
or intermolecular rearrangements and addition reactions. For example, Wagner-Meerwein
rearrangement is observed in the DDQ-mediated oxidation of 1,1-dimethyltetralin (Scheme
1.10)*® and the addition of nucleophiles to the cationic intermediate has been exploited to
achieve oxidative C-H functionalization reactions.

Me_ Me Me

jé 2.2 equiv DDQ “/Me
(/ PhH, 80 °C, 5h OO
84% yield
lDDQ T -H*
DDQH- Me DDQH-

Me

Me Me_ Me "
x DDQ N + {_Me
CO™|C0
Scheme 1.10. Alkyl shift observed in the DDQ-mediated oxidation of 1,1-dimethyltetralin.

Functionalization of Activated Positions
In some cases dehydrogenation can be avoided by trapping the initially formed benzylic

carbocation with a nucleophile. Typically solvent H;O or AcOH is used as a nucleophile.*’ For
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example, Yonemitsu has reported the selective oxygenation of tetrahydrocarbazole using 2.0
equiv DDQ in THF/H,0O mixture (Scheme 1.11A),*® and Petrini and colleagues disclosed a
benzylic acetoxylation in the course of their studies on podophyllotoxin analogs (Scheme
1.11B).*” More recent applications have used this approach to generate new C-C bonds using

.40
non-solvent nucleophiles.

A o)
2 equiv DDQ x
—_—
N THF/H,0, 0 °C E )
N Z N )
H H 83% yield

B QAc
<Oj©/\(\o 1.1 equiv DDQ <Oj©/\(\o
o HN~( ACOH, 60 °C o) HN~—(
0 86% yield, 3:2 dr 0
Scheme 1.11. Selective DDQ-mediated oxidative C-H bond (A) oxygenation and (B)
acetoxylation.

In certain instances covalent quinone/substrate adducts are observed.*' For example, Crabtree
and Batista have reported the isolation of a quinol ether formed between DDQ and toluene
(Scheme 1.12).* Treating the quinol ether with PPh; or triethyl phosphite led to the
corresponding benzyl triphenylphosphonium salt or diethyl benzylphosphonate, respectively.
These types of adducts may be formed by collapse of the ion paired intermediate, which may
compete kinetically with dehydrogenation and/or nucleophilic addition steps. Other types of
adducts, such as those resulting from Diels-Alder reactions of quinone and substrate, have also

been observed.
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DDQH-
cl 1.4 equiv. PPhg + —‘
T — PPh3
0 cl OH mesitylene, 150 °C
CH; Cl CN 93% yield
+ — (6] CN ——
reflux, 16 h ]
cl CN CH, CN
o 78% yield P(OEt)3 IIIT'(OEt)g
neat, reflux, 18 h
93% yield

Scheme 1.12. Formation of DDQ benzyl quinol ether from reaction with toluene and subsequent
transformations.

Dehydrogenation of ketones to a,p-unsaturated ketones

DDQ and chloranil have also been applied to the dehydrogenation of ketones and silyl enol
ethers to o,B-unsaturated ketones.® Extensive historical effort was directed towards the
dehydrogenation of steroids. ** A notable example is the reaction of A’-3-ketosteroids with
stoichiometric DDQ or chloranil (Scheme 1.13). In reaction with DDQ, dehydrogenation gives A

1%_3-ketosteroid.*> When treated with excess chloranil, the A*°-3-keto product predominates.*

' Cl CN !

M8 s 1

1.5 equiv DDQ ' Cl CN !
— " s | |

. M8 PhH, reflux ! O ppq |
(@) e '

2 4
O/l/z/ 5 Me 0
4 6 excess Chloranil + Cl Cl
L= > ; ‘
xylenes, reflux 1 1

Scheme 1.13. Divergent reactivity of DDQ and chloranil with A*-3-ketosteroids.

Divergent reactivity in this case highlights the differences between DDQ, chloranil and other
high potential quinone reagents. The rationale in this case is thought to be the difference between
the reaction with the kinetic and thermodynamic enolates. DDQ, a stronger oxidant than

chloranil, reacts readily with the kinetic A**-enolate to abstract the C1 hydride. Chloranil, on the
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other hand, reacts exclusively with the thermodynamic A’ -enolate by abstraction of C7 hydride.
Indeed, reaction with DDQ in the presence of anhydrous HCI gives the A*®-3-keto product, as

the thermodynamic A*’-enolate is readily established under these conditions.

OTMS
Cl
Me CO,H
1.0 equiv DDQ Cl
4.0 equiv BSTFA o, Me|
_— [ z
Dioxane /E\
¢ Ny
T™MS
1. reflux
2. hydrolysis
CO,H No reaction

85% yield
Scheme 1.14. DDQ-mediated dehydrogenation of azasteroid in the process scale synthesis of
Finasteride.

A particularly fascinating example comes from the commercial synthesis of finasteride, where
it was found that the dehydrogenation of azasteroid could be accomplished using 1.0 equiv DDQ
and 4.0 equiv of the silylating agent N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) in
refluxing dioxane (Scheme 1.14). Closer examination of the reaction revealed that at room
temperature starting material was consumed to form covalent C-C and C-O adducts between
substrate at quinone.?’ Dehydrogenation products were not observed until the reaction was
heated to reflux, and were discovered to arise exclusively from C-C adducts; C-O adducts were
found to be unreactive. Analogous C-C adduct formation was observed in the reaction of enol
ethers with other quinones, such as p-chloranil and benzoquinone, however no

elimination/dehydrogenation reaction occurs, even under forcing conditions with these reagents.
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The discovery of these covalent intermediates proved to be critical to the development of the
optimized process-scale route to finasteride.*®

Mayr and coworkers carried out a comprehensive study on the reaction of various mn-
nucleophiles, including silyloxy alkenes and enamines, with several quinone derivatives.* In
particular, they highlight the presence of competing polar and electron-transfer (ET) pathways in
the reaction of DDQ with silyl enol ethers and silyl ketene acetals.”® For example, in the
stoichiometric reaction of DDQ with 1-trimethylsilyloxycyclohexene two adducts are observed:
a C-C linked adduct resulting from reversible polar conjugate addition of silyl enol ether to
quinone, and a C-O linked quinol ether resulting from irreversible single electron transfer and
radical coupling (Scheme 1.15). The ratio of C-C and C-O products is a consequence of reaction
conditions (solvent, temperature, concentration) as well as the nature of the quinone and
reactants. Consistent with the findings of Grabowski and coworkers at Merck in the case of
finasteride, decomposition of the C-C adducts formed from polar addition of nucleophile to
quinone results in the dehydrogenation products, however the C-O products formed by ET

pathways are not intermediates to dehydrogenation.

TMS
O+ 0
0} @) (e}
fast in MeCN cl
polar - s — >
pathway slow in CH.Cl, CN

o / cl cl CN
OTMS OTMS
Cl CN f

Cl CN %

(0] \ TMSO + OI)
pathway O 0

: i CI: i :CN _
_— > ——> No reaction
Cl CN

OTMS

Scheme 1.15. Competing polar and SET pathways lead to C-C coupled and C-O coupled
adducts, respectively.
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The electrophilic (rather than oxidizing) character of DDQ clearly plays an important
mechanistic role in some DDQ-mediated substrate oxidation reactions. Nonetheless, the
generality of adduct-intermediates in DDQ-mediated dehydrogenation reactions more broadly

has yet to be elucidated.

1.3.2 DDQ- and Chloranil-Catalyzed Reactions

Despite the versatility of DDQ as a stoichiometric reagent, there are numerous limitations to
the use of DDQ on scale. These include: relatively high toxicity (LDso 82 mg/kg rat); relatively
high cost (>$500/mol); environmental hazard (i.e. H,O-mediated liberation of HCN); and
complicated reaction workup due to challenging removal of DDQH,. Because of the differential
reactivity of DDQ, chloranil and other quinones, the application of alternative, more-benign
reagents is not always possible or desirable. Despite these limitations, DDQ has nonetheless
proven to be an important reagent in the production-scale synthesis of several recent
pharmaceutical drugs and drug candidates.”®'"* Citing the high cost of DDQ in the process
scale synthesis of Finasteride, Merck isolates spent hydroquinone from the aqueous waste (96%

recovery) and regenerates DDQ by HNOs/AcOH (75% yield) in a subsequent step.**>
P

Transition Metal Salts as Stoichiometric Terminal Oxidant

The development of strategies for the use of catalytic amounts of DDQ or choranil in
otherwise quinone-mediated reactions is a subject of interest. Catalytic quantities of DDQ can be
used by addition of an alternative stoichiometric terminal oxidant, such as FeCl;, MnOAcs;,

PbO,, or MnO; (Scheme 1.16). Though these reactions are catalytic in DDQ, catalyst loadings
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remain quite high (10-20 mol %), and a large excess of the terminal oxidant is typically

employed.

(0]

[Mn] | 4R Sub

+ 2H* H,
(0]
OH

[M“*‘Z] | \_R Xsubo

=
OH

Scheme 1.16. Generic concept of using catalytic quinone for oxidation of organic substrate.

Cacchi and coworkers reported the first DDQ-catalyzed transformation in 1978, showing that
the oxidation of allylic alcohols to a,B-unsaturated ketones could be accomplished using 10 mol
% DDQ in the presence of 30 mol % periodic acid under slightly acidic,>* biphasic conditions at
room temperature (Scheme 17).>> In the absence of periodic acid, only stoichiometric substrate

oxidation (with respect to DDQ) was observed; no reaction was observed in the absence of DDQ.

OH 10 mol % DDQ 0

/\)\ 30 mol % HslOg /\)J\

NN —_—— X

Ph Me PhH/O.IMHCI ~ Ph Me
4h,RT 80% yield

Scheme 1.17. Catalytic oxidation of activated alcohols using catalytic DDQ in combination with
periodic acid under biphasic conditions.

Helquist and colleagues subsequently demonstrated similar reactivity employing Mn(OAc); as
the stoichiometric oxidant. Using 20 mol % DDQ and 6.0 equiv Mn(OAc)s, allylic alcohols and
electron-rich benzylic alcohols are oxidized to the corresponding aldehydes and ketones under
mild conditions (Scheme 1.18A).°° Good chemoselectivity for allylic alcohols over benzylic

alcohols was observed (Scheme 1.18B). Again, no reaction was observed in the absence of DDQ.
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A . 20 mol % DDQ

)\ 6.0 equiv Mn(OAc)3 /g
R™ "OH CH,Cl,, 3 h, RT R™ ~0O

R = NMe,, 91%
0 2 PhMO

o)
R = OMe, 79%
Et R=Ph, 78% 95%
— O,
R R=H, 7% WO

R =NO,, 0%
90% 95%

B
A X
K©/\/\OH as above K(j/\/QO
_—
85% yield
OH OH

Scheme 1.18. (A) Catalytic oxidation of activated alcohols using catalytic DDQ with Mn(OAc);
as the terminal oxidant, and (B) selective oxidation of allylic alcohols.

Chandrasekhar demonstrated the deprotection of PMB (4-methoxybenzyl) and DMB (3,4-
dimethoxybenzyl) ethers using 10 mol % DDQ in combination with 3.0 equiv FeCl; under
biphasic conditions (Scheme 1.19A).°” While the substrate scope is limited, these catalytic
conditions allow for the selective removal of PMB ether protecting groups in the presence of Ac,
THP, TBDPS, MOM, and Bn protecting groups (as with stoichiometric application of DDQ). To
avoid incompatibility with acid-sensitive substrates, Sharma has subsequently reported neutral
conditions for PMB ether deprotection using 10 mol % DDQ and 3.0 equiv Mn(OAc); in CH,Cl,

at room temperature (Scheme 1.19B).”®

A 10 mol % DDQ
3.0 equiv FeCly

o) .PMB .0
R WO 10:1 CH,Cly/Hy0, 2-7 h, RT R WOH

R = Ac, THP, MOM, TBDPS, Bn 65-80% yields

OPMB OH

B
AN 10mol % DDA
@) 3.0 equiv Mn(OAc); )
! CH,Cly, 24 h, RT /0

o)
BnO BnO -,
n O/%\ nC O/%\
61% yield

Scheme 1.19. Catalytic deprotection of PMB ethers using DDQ in combination with (A) 3.0
equiv FeCls, or (B) 3.0 equiv Mn(OAc); as the (super)stoichiometric terminal oxidant.
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Florenacig reported several examples of novel DDQ-mediated oxidative C-C bond forming
reactions, including the intramolecular dehydrogenative-coupling of allylic ethers to form
pyranone as well as piperidine-derivatives (cf, Scheme 1.8).>” In conjunction with this broader
program, Floreancig and Liu have reported conditions for carrying out some of these reactions
catalytically, using 15-20 mol % DDQ with either PbO, or MnO; in superstoichiometric excess

(Scheme 1.20).”°

OAc (0]
}j\jms 15 mol % DDQ, 6.0 equiv MnO, /K/ESVOTBS
/K/\O 2,6-CloPy, CHgNO,, RT, 24-48h AN\ )
B H
79% yield
o) o) o o
N > NN
o X
207 Cathis 0 0" 4 \J\l o
92% 81%  Me 83% 87%

Scheme 1.20. Stoichometric DDQ-mediated oxidative intramolecular synthesis of pyranone

derivatives, and subsequently-developed catalytic conditions.

Demonstrating the versatility of replacing stoichiometric DDQ-mediated transformations with
catalytic conditions, the authors also demonstrated efficient PMB ether deprotection (Scheme
1.21A), arene and heteroarene dehydrogenation reactions (Scheme 1.21B and C, respectively),
and a cross-dehydrogenative coupling type reaction of isochroman with acetophenone (Scheme
1.21D) originally developed as a stoichiometric DDQ-mediated reaction by Li (vida supra).”

Ghosh and coworkers reported a similar DDQ-catalyzed intramolecular C-C bond forming
reaction for the synthesis of tetrahydropyran derivatives, based on a stoichiometric DDQ-
mediated transformation developed in their efforts towards the natural product (-)-Zampanolide
(Scheme 1.22A).°° A variety of substituted tetrahydropyran derivatives were obtained using 20
mol % DDQ, 2.0 equiv PPTS, 2.0 equiv ceric ammonium nitrate (CAN), and 4A MS in MeCN at

-38 °C (Scheme 1.22B).
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A 15 mol % DDQ
6.0 equiv MnO OH
/\/O 2 N
Ph PMB  "MeOH, CHNO,, 60°C ™"
48 h 90% vyield
B 10 mol % DDQ
6.0 equiv MnO,
CH3NO,, RT, 24 h
96% yield
(o] 20 mol % DDQ
i” 6.0 equiv MnO, i/\>
TSNV
py” O PhH, 80 °C, 48 h pn” O
86% yield
D o 20 mol % DDQ
@@ + )L 6.0 equiv MnO, 0
0 Me™ “Ph CHgNO,, 100 °C, 48 h
42% yield

(0]

Scheme 1.21. Examples of DDQ-catalyzed transformations including (A) PMB deprotection, (B)
arene and (C) heteroarene dehydrogenation reactions, as well as (D) CDC reaction of isochroman
with acetophenone.

TBDPS TBDPS
1.5 equivDDQ Ph

L/ 15 equw PPTS 12 steps
MeCN 3h,-38°C

81% yield

B 20 mol % DDQ (-)-Zampanolide
Ph 2.0 equiv CAN Ph
LO | 2.0 equiv PPTS | |
MeCN, <24 h, -38 °C
4A MS

79% yield

82% 79% 73% 79% 81%

Scheme 1.22. (A) Stoichiometric DDQ-mediated oxidative cyclization reaction, and (B)
subsequently developed DDQ-catalyzed conditions employing 2.0 equiv CAN as terminal
oxidant.




23

20 mol % DDQ o)
o)
Y J\ 5.0 equiv MnO, OJ\R
' _—
Ar” A" T HOT R DCE, 100 °C, 24 h P
(4.0 equiv) Ar Ar
i R =H, 93% i R = C;Hys, 76%
0" “Me R=0OMe, 85% ~~g R=Bn,50%

R = Me, 98% )\ R =Ph, 92%
R =F, 66% R = C5Hgz, 92%
Ph Ph 3
R =Cl, 63%
R R=NO,, 0%

Scheme 1.23. DDQ-catalyzed oxidative C-O coupling employing MnO; as the terminal oxidant.

Lei and coworkers reported a DDQ-catalyzed oxidative C-O coupling of diaryl methane C-H
bonds with carboxylic acids. Good yields of cross-coupled product could be obtained by using

20 mol % DDQ and 5.0 equiv MnO; in dichloroethane at 100 °C (Scheme 1.23). %>

A 1.1-1.3 equiv DDQ
—_——
@O{ PhCl, 0-80 °C, 3h @Q{
then Ar-MgBr
X =0, N-PMP Ar

20 mol % DDQ

B 1.0 equiv PIFA
—_—
o DCE, 80 °C, 3h o)

then
R-Mgl, -20 °C, 3h Ar
R = 2-Me, 82%
R =2-OMe, 80% fo) 0
O R=4-Cl, 90%
84% Me 86% S\
N
| R o OMe
75% \__- 54% Ph

Scheme 1.24. Cross-dehydrogenative coupling of activated C-H bonds with aryl Grignard
reagents using (A) stoichiometric DDQ or (B) catalytic DDQ with PIFA as stoichiometric

oxidant.
Muramatsu and Nakano reported a DDQ-catalyzed cross-dehydrogenative coupling-type
reaction based on an earlier transformation employing stoichiometric DDQ (Scheme 24A).%

New C-C bonds are formed from oxidation of isochroman or tetrahydroisoquinoline substrates,
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followed by addition of aryl Grignard reagents. Catalytic DDQ (20 mol %) can be employed
with 1.0 equiv [bis(trifluoroacetoxy)iodo]-benzene (PIFA) as the stoichiometric oxidant (Scheme

1.24B).%

Electrochemical regeneration of DDQ/quinones

2H+ O
ﬁ:}R SubH,
( o]
OH
| \—R Subox
g4

OH

moozZz>»

Scheme 1.25. Generic electrocatalytic quinone-mediated oxidation of organic substrates.

Authoritative previous reviews have discussed the use of redox mediators in the
electrochemical oxidation of organic substrates, and quinones such as DDQ are among the
mediators which have been employed (Scheme 1.25).°> While the electrochemistry of quinones
has been extensively studied, only a handful of examples of DDQ-catalyzed electrochemical
reactions have been reported to date. In addition to stoichiometric chemical recycling of DDQH,,
the external electrochemical regeneration of DDQ has also been reported. *>%’

In the course of their synthetic studies on the euglobal family of natural products, Chiba and
colleages found that stoichiometric DDQ (2.0 equiv) could effect a desired Diels-Alder reaction
between grandinol and pinene derivatives (Scheme 1.26A).° Under these stoichiometric
conditions, however, the reaction of grandinol model compound § with a-phellandrene, lead to
undesired Diels-Alder reaction of DDQ with o-phellandrene in quantitative yield and no
formation of desired product (Scheme 1.26B). To solve this problem, Chiba subsequently

developed an electrocatalytic, DDQ-catalyzed oxidation of 5 to an intermediate quinone methide
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species at a polytetrafluoroethylene (PTFE)-fiber coated working electrode at 0.70 V (NHE) in
Et;NOTs (50 mM in MeNO,). Subsequent Diels-Alder reaction with a-phellandrene or a- or 8-
pinene was used to generate a desired euglobal analogue (Scheme 1.26C).%° An elegant

demonstration of challenging stoichiometric transformations made plausible by catalytic

conditions, six distict euglobal natural products could be obtained using this electrochemical

approach.
A (0] 0}
HO OH HO
2.0 equiv DDQ
o + quiv o
Me MeNO,, 1 h, 50 °C
OH OH
5 f-pinene 84% yield
B 0
(0]
HO OH cl CN
o 2.0 equw DDQ
Me MeNO,, RT cl
OH 0 CN
5 a-phellandrene 96% yield
c o
HO OH 20 mol % DDQ HO
+ 0.70 V (NHE)
(0]
Me PTFE-fiber coated electrode
OH MeNO,, Et;,NOTs (50mM)

a-phellandrene
(0]

HO 0)

+DDQ

88% yield
+ a-phellandrene {

OH

quinone methide
Scheme 1.26. Stoichiometric DDQ-promoted Diels-Alder reaction of compound 5 leads to
desired product with (A) -pinene, but not with (B) a-phellandrene. (C) Reaction with a-
phellandrene is successful when electrochemical catalytic DDQ conditions are employed.
Utley and Rosenberg employed DDQ as an electrocatalyst for the benzylic oxidation of

electron-rich 2-alkylnaphthalenes.4lf’ 70 Crabtree reported conditions for electrochemical DDQ

regeneration in the context of "virtual hydrogen storage" research. Using 15 mol % DDQ in
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MeCN (0.5 M NaClO,) at room temperature, N-phenylbenzylidine could be obtained from N-
phenylbenzylamine in 95% yield (Scheme 1.127) after 6 hour controlled potential electrolysis at

0.964 V NHE.”!

15 mol % DDQ
_Ph _Ph
HN 0.964 V (NHE) N 2o+ 1)
MeCN, NaClO, (0.5M) gy *
Ph 6h, 95%

Scheme 1.27. Electrochemical DDQ-catalyzed dehydrogenation of C-N bonds.

Aerobic regeneration of DDQ/quinones

Molecular oxygen is an ideal terminal oxidant.”* Accordingly, attempts to develop aerobic
quinone-catalyzed methods for organic substrate oxidation reactions have been reported. While
the direct aerobic oxidation of high potential hydroquinones is not typically feasible,”” several
strategies for mediating the aerobic re-oxidation of hydroquinone species have emerged,
typically requiring co-catalytic amounts of an electron transfer mediator (ETM, Scheme 1.28A).
A notable co-catalytic system enabling aerobic DDQ-catalyzed transformations involves the use

of an NO/NO; redox cycle (Scheme 1.28B).
A o
1,0, [ETMred] E;}R SubH,
0
X OH
H,0 [ETMOx] @R Subex
OH
B Ho0
1, ozY NO X DDQ SubH,
NO, DDGH, Subox
Scheme 1.28. A aerobic regeneration of hydroquinones employing (A) an electron transfer
mediator (ETM) or (B) NO/NO; redox couple.
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Extensive literature has also focused on the stoichiometric, aerobic oxidation of
hydroquinones to quinones, either uncatalyzed (autoxidation) or using co-catalysts such as metal
macrocycles’* including catecholase mimics.”” Examples employing high potential quinones,
such as DDQ or chloranil, are rare. Miyamura, Kobayashi and coworkers reported the aerobic
oxidation of a wide variety of hydroquinone derivatives with heterogeneous, styrene-based
polymer-incarcerated Au’® (PI Au) and Pt'’ (PI Pt) nanoclusters. Reaction conditions are mild,
proceeding with very low catalyst loadings at room temperature in CHCl3/H,O under 1 atm O,
(Scheme 1.29). Remarkable substrate scope is demonstrated: tetrachlorohydroquinone can be

oxidized to choranil in 99% yield at room temperature within 3 h using 1 mol % PI-Pt catalyst.
OH 0

Cl Cl 01-20mol%Pipt Cl Cl
HCl3/H,0, rt h
ci o CHClMO. 1 O30 ci

OH O 99% yield

OH R R = Me, 99%
= OMe, 75%
R Bu, 99%
R =Ph, 94%
R =Cl, 93%
R=

OH @59, 1"BU ggoy, OH ggo, OH Br, 80%

Scheme 1.29. Aerobic oxidation of p-chloranil-H, and other hydroquinone derivatives to
corresponding quinones using polymer incarcerated Pt (PI Pt) nanoclusters.

In subsequent application of this concept, Miyamura, Kobayashi and coworkers demonstrated
that a catalyst system composed of catalytic o-chloranil, and co-catalytic organic/inorganic
hybrid platinum nanocluster catalyst (HB Pt) can be employed in the oxidation of organic
substrates using molecular oxygen as the terminal oxidant. Efficient oxidation of Hantzsch-type
dihydropyridines to substituted pyridines could be accomplished using 5-10 mol % o-chloranil in
combination with 0.5-1.0 mol % HB Pt in CH,Cl,/H,O solvent at room temperature under 1 atm
O, (Scheme 1.30A).”® Dehydrogenation of 2-methylindoline to the corresponding indole could

also be accomplished using this catalyst system (Scheme 1.30B). Efficient PMB ether
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deprotection could be accomplished as well, under modified reaction conditions consisting of 1

mol % oxidation-resistant polymer-incarcerated Pt catalyst (RPI Pt) and 10 mol % o-chloranil in

DCE/H,0 at 100 °C, (Figure 1.30C).

A

Q RO 5-10 mol % o-chloranil Q R O
MeO OMe _0.5-1.0mol % HB Pt MeO X OMe
| CH,CIy/H,0, rt, Oy, 6h | P
Me H Me Me N Me
R = Et, 82% yield
R = Ar, 90-99% yields
B 10 mol % o-chloranil
S Ve 1 mol % HB Pt mMe
Z~N CH,CI>/H50, rt, Oy, 6h N
H H
93% yield
C 10 mol % o-chloranil
1 mol % RPI Pt
Ph/\/OPMB h/\/OH

DCE/H,0, 100 °C, O,, 7h )
78% yield

Scheme 1.30. Aerobic, o-chloranil-catalyzed dehydrogenation of (A) dihydropyridines to
pyridines, (B) 2-methylindoline to 2-methylindole, and (C) a PMB ether.
When stoichiometric chloranil (3.0 equiv) was used in the oxidation of tetrahydroquinoline
derivative 6, substrate/chloranil ketal adduct 8 was obtained as the major product. Under

catalytic conditions, on the other hand, the desired oxygenated compound, 7, could be obtained

in 88% yield (Scheme 1.31).

Me Ph Me Ph Me Ph
condmons
CHZCIZ/HZO
O,, RT, 24 h
conditions
3.0 eq. o-chloranil 9% yield 68%
20 % o-chloranil 88% yield ND
2.0 % HB Pt

Scheme 1.31. An example of catalytic technology enabling a reaction that was not feasible under
stoichiometric conditions.
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Heteropolyacids are also effective co-catalysts in the aerobic regeneration of high potential
quinones. For example, Neumann and coworkers reported an aerobic oxidation of allylic and
benzylic alcohols using 5 mol % o-chloranil with 1.5 mol % NasPV;Mo;004 at 90 °C in
H,0O/decalin under 1 atm O,.”

Reports by Kochi and coworkers in 1994 demonstrated the quantitative aerobic oxidation of
hydroquinone to benzoquinone using 1 mol % NO, in CH,Cl, at -10 °C under 1 atm O, (Scheme

1.32). % A range of substituted quinone species could be generated in this way. '

OH 0]
1.0 mol % NO,
CH,Cly, -10 °C, Oy, 12 h
OH O 99% yield

Scheme 1.32. NO,-catalyzed aerobic oxidation of hydroquinones to quinones.

The observation that a NO/NO, redox couple could be employed to promote the aerobic
oxidation of DDQH,; to DDQ (cf Scheme 1.28B) was first reported by Xu and coworkers. Using
a catalyst system consisting of 5 mol % DDQ and 5 mol % NaNO; under 1.3 MPa O, at 120 °C,
dihydroanthracene could be dehydrogenated to anthracene in >99% yield after 8 h reaction time

. 82
(Figure 1.33).
5 mol % DDQ
U0 e CLC
1.3 MPa Oy, 120 °C

> 99% yield

Scheme 1.33. DDQ-catalyzed aerobic dehydrogenation of dihydroanthracene employing co-
catalytic NaNO,.
The observation that a NO/NO; redox couple can enable an aerobic DDQ-catalyzed reaction
is an important finding. Traditional electron transfer mediators (ETMs), which couple the

oxidation of hydroquinone with the reduction of O, to H,O, are not effective with DDQ, as the
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thermodynamic potential of DDQ/DDQH,; (E° = 0.750 V NHE) is greater than that of the 2e-
reduction of O, to H,O, (0.670 V NHE). Because of the unique mechanism of O, reduction by
NO, which results in the net 4e” reduction of O, to H>O, more of the oxidizing potential of O, is
utilized, thus enabling favorable thermodynamics for the oxidation of DDQH; to DDQ.

Mo, Hu and coworkers have reported a similar catalyst system for the oxidation of activated
alcohols, using 5 mol % DDQ and 5 mol % tBuNO; in dichloroethane at 80 °C under 0.2 MPa
O, pressure. Excellent yields of the corresponding aldehydes or ketones were obtained (Scheme
1.34A). ¥ Under modified reaction conditions (ethylene glycol diethylether as solvent, 140 °C),
the authors found that methyl aryl ethers could also be transformed to the corresponding benzylic
aldehydes (Scheme 1.34B). Additionally, selective PMB ether deprotection could be
accomplished under similar reaction conditions (Scheme 1.34C). As usual, aliphatic alcohols are
inert under the reaction conditions; alcohol products were obtained from the deprotection of

aliphatic PMB ethers in excellent yield.

A R 5 mol % DDQ R
5 mol % tBuNO, /g
Ar” "OH Ar” ™0
DCE, 80 °C, 0.2 MPa O,
B 5 mol % DDQ
Ar/\O’Me 5 mol % tBuNO, Ar/§o

EGDE, 140 °C, 0.2 MPa O,

c 12 mol % DDQ
12 mol % tBuNO,

~n~-PM AN
Alkyl™ ~O EGDE, 120 °C,02MPa O,  Alkyl” "OH

Scheme 1.34. DDQ-catalyzed aerobic oxidation of (A) alcohols and (B) ethers, and (C) selective
deprotection of PMB.

Shortly thereafter, Gao and colleagues reported a DDQ-catalyzed (1-20 mol %) method for

the aerobic oxidation of allylic and benzylic alcohols to corresponding aldehydes. ** The

reaction, which requires 10 mol % NaNO; to proceed, is carried out in a CH>Cl,/AcOH solvent
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mixture at ambient temperatures under an O, balloon (Figure 1.35). Reactions could also be

carried out under air in good yields.

R' 1-20 mol % DDQ R
10 mol % NaNO,

OH  CH,CI,/ACOH, 1, O, balloon R ~O

PhMO Ph%\ WO
92% 95% 70°/o

R OH, 90%

R = OMe, 97% ’

R = Me, 53% Q
R R=Cl, 6% 78%

Scheme 1.35. DDQ-catalyzed aerobic oxidation of activated alcohols to aldehydes employing
co-catalytic NaNO..

Following their initial report,*> Shen, Hu and colleagues reported a milder aerobic DDQ-
catalyzed deprotection of PMB ethers, affording the corresponding alcohol in excellent yield. *
Conditions were similar to those employed by Gao (5 mol % DDQ, 5 mol % NaNQO,); however,
reaction temperature was increased to 100 °C in chlorobenzene solvent. Moody has subsequently
reported even milder conditions for PMB ether deprotection, employing 1.5-5 mol % DDQ, 3-10
mol % NaNO, in AcOH at room temperature under 1 atm O, (balloon) *°

Yan and coworkers reported aerobic DDQ-catalyzed oxidative coupling of diarylpropenes
with 1,3-diketones.®”” A range of new C-C coupled products could be obtained in good to
excellent yields using 1 mol % DDQ and 10 mol % NaNO; in MeNO,/HCO;H at room

temperature under O, balloon (Scheme 1.36).

o o 1 mol % DDQ o 0
10 mol % NaNO,
Ph Ph
\ —_—
PhM Ph + Ph/\/\ Ph NO,Me/HCO,H Ph ™ Ph
(1.2 equiv) rt, 0.5 h, O, 98% yield

0 O 0 O 0O o
Ph X" pp Ph X" pp PhX">pp

80% yield 83% yield 99% yield
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Scheme 1.36. DDQ-catalyzed aerobic C-C coupling of diarylpropenes and 1,3-dicarbonyls
employing co-catalytic NaNO,.
Finally, Westwood applied DDQ-catalyzed alcohol oxidation using O,/NOy co-catalyst
system to lignin depolymerization applications,® and related systems have been reported for
aerobic alcohol oxidation,™ cross-dehydrogenative coupling-type reactions,”” and porphyrin

synthesis.”!

1.4. Bioinspired o-Quinone Catalysts
1.4.1. Enzymatic Context

Quinones play an important role as cofactors in the enzymatic oxidation of organic substrates.
Several families of so-called "quinoenzymes"®* are known, and include: copper amine oxidases
(containing active-site cofactors TPQ” and LTQ"*), methylamine dehydrogenase (TTQ’’), and

methanol and glucose dehydrogenases (PQQ).

' copper am ne oxidases P 3 ' methanol and glucose
:copper amine oxidases ] | Q | | methancl and gluco
LT Tyr ys | ! b
0 ! HNT> 1 Trp 1
| HN__ '
] p Trp !
OH o i 4 O :
‘ ° 0 B N 0 1
Trihydroxyphenylalanine Lysyl Tyrosylquinone ! o) '
quinone (TPQ) (LTQ) J tryptophan tryptophylquinone |
N SO ame) j

Copper amine oxidases (CAOs) convert primary amines to aldehydes using molecular oxygen
(Scheme 1.37A).°° While copper is present in the active site of these enzymes, substrate
oxidation takes place exclusively at an o-quinone cofactor (eg TPQ and LTQ), which is formed
by copper-mediated post-translational modification of an active-site tyrosine residue.”’ Substrate
oxidation occurs through a transamination mechanism, which involves initial condensation of

primary amine substrate with the quinone cofactor to give an imine adduct, 9.°* Imine 9
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undergoes a tautomerization (or net prototropic rearrangement) to give a second imine species,
10. Hydrolysis liberates aldehyde product and reduced aminohydroquinone cofactor, 11. Aerobic
reoxidation to an iminoquinone species, 12, followed by transamination with another equivalent
of amine, closes the catalytic cycle (Figure 1.37B).

Klinman, ** Sayre, ' Itoh'” and others developed biomimetic model quinone cofactors in
connection with their fundamental biochemical mechanistic studies of CAO and methylamine
dehydrogenase quinoenzymes (Figure 1.38). These model quinones carry out selective aerobic
oxidation of primary amines to imines and aldehydes through a transamination mechanism akin

to the enzymatic mechanism.

A copper amine
R™NH, + Op + H0 __oxidases R7N0 + Ha0, + NHg

"Transamination"

B imine intermediates
OH o OH ~ar s OH
)NHQ
R
(0] o _ . OH
e H,O N N
cu 9 10 )
R R
NHg H0
(0]
PN
R™ "NH, o R/[LH
HO0, 0O, OH
o OH
Cu'' NH Cull NH,

Scheme 1.37. Copper amine oxidases carry out (A) the aerobic oxidation of primary amines in
vivo, via a (B) transamination mechanism.
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OH
A | tB :
Py 10mol%TBHBQ 1 MY |
2 Ph™ "NHy —————> pp” "N ph | ;
MeCN, rt, 50 h o
1 atm O, 70% vyield TBHBQ O :
B T OH
2.0 mol % Piv-TPQ . PivHN
Ph” >NH, P g | ~
phosphate buffer ! !
pH=10 63% yield ! 0!
r, 48 h, 1 atm O, 1 Piv-TPQ O |
c @
2 ph N, SOOI MeTTA | | HN_ 2~ e !
19 mol 7 Me-T7% . :
2 MeOH,t,24h N Pho Me |
1 atm O, quantitative | / O :
! N 3
. H 0
Me-TTQ o

Scheme 1.38. Model quinone cofactors (a) TBHBQ, developed by Klinman, (b) Piv-TPQ,
developed by Sayre, and (c)Me-TTQ, developed by Itoh.

In addition to model substrate oxidation, Itoh further examined mechanistic features of the C-
H bond-cleaving step in tryptophan tryptophylquinone (TTQ) model quinone Me-TTQ.'"'® The
authors carried out kinetic measurements, where k,,s was proposed to reflect imine
rearrangement step on the basis of large KIE (7.8 — 9.2). They proposed that ko reflects two
competing C-H bond cleavage processes: a slow "spontaneous" intramolecular prototropic
rearrangement, k;; and a faster bimolecular "base-catalyzed" rearrangement step, k;' (Scheme
1.39). These findings suggest a distinction between these biomimetic o-quinone catalysts, which
involve deprotonative C-H bond cleavage, and high potential quinones which involve hydridic

C-H bond cleavage.
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"spontaneous"
VAN -~
— ki FANS N p—
HN A ~Me o~ Nﬁz: v
M
< R ONH, 2 \(go Kobs R FJ\)\OH
7 —— | N H —
N o P N\,<H NHzR Y
Ho T H ky' o R
NaH -
Me-TTQ TH A—H\N
R 2 w

"base-catalyzed" ?
Scheme 1.39. Mechanistic proposal for C-H bond breaking step in biomimetic model quinone-
catalyzed aerobic oxidation of primary amines to imines.

Pyrroloquinoline quinone (PQQ) is a quinone cofactor found in bacterial alcohol
dehydrogenases, including methane dehydrogenase and glucose dehydrogenase. Biochemical
studies of the PQQ cofactor established a complementary mechanism for substrate oxidation.'*
In this case an "addition-elimination" mechanism has been proposed, wherein substrate oxidation

(typically an alcohol, such as methanol) occurs from a hemiacetal intermediate (Scheme 1.40).'”?

Cytochrome C

Pyrroloquinoline quinone L b
(PQQ)

Scheme 1.40. Proposed mechanism of alcohol oxidation mediated by cofactor PQQ.

In model studies, Itoh, Fukuzumi and coworkers showed that the oxidation of low molecular
weight alcohols such as ethanol and methanol are oxidized to the corresponding aldehydes using
the tri-methyl ester of PQQ (Scheme 1.41).""* PQQ is not an aerobic cofactor in nature, but this
synthetic system employs molecular oxygen as the terminal oxidant. The thermodynamic

potential of PQQ-30Me is low, estimated at 0.05 V (NHE, MeCN; cf free PQQ -0.05 V NHE,
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DMF).""" DDQ, on the other hand, is a significantly stronger oxidant from a thermodynamic
perspective (0.750 V NHE, MeCN).'”” Yet DDQ is not known to oxidize methanol; in fact, many
DDQ-mediated substrate oxidations take place in methanol as solvent. That efficient methanol
dehydrogenation is achieved by PQQ is an impressive example of the importance of reaction

kinetics, and consequently catalyst design, in quinone-mediated transformations of organic

substrates.
CO,Me CO,Me
16 equiv DBU MeO,C HN \
56.6 equiv Ca(ClO,) 0]
+ EtOH v P . =
CH4CN, O,, RT Me” “H | P
) MeO,C~ N OH
(14,667 equiv) 65h 1450 % yield (14.5 TON) 2 OH
PQQ-30Me j)\ quantitative
+ MeOH H H
(14,667 equiv) 65h (20% as DNPH adduct)

Scheme 1.41. Biomimetic PQQ-30Me-catalyzed aerobic oxidation of methanol and ethanol.

Itoh, Ohshiro and coworkers additionally demonstrated the PQQ-mediated oxidation of simple
sugars to the corresponding carboxylic acids (eg glucose to gluconic acid), modeling the activity

of PQQ quinoenzyme glucose dehydrogenase. '*°
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Scheme 1.42. (A) PQQ and PQQ model compounds, (B) different mechanism lead to different

reduction products, and (C) adduct formation.

Unlike other quinone cofactors, PQQ is not covalently bound to the enzyme. In fact, glucose

dehydrogenase can be reconsitituted with simplified derivatives (related to 1,7- and 4,7-

phenanthroline quinones) to give an active, albeit attenuated, enzyme.'®’ Bruice has carried out a

series of mechanistic studies using PQQ, and simplified PQQ-like structures, such as di-

decarboxy-PQQ and 1,10-, 1,7-, and 4,7-phenanthroline-derived quinones (Scheme 1.42A) on

the oxidation of alcohols and amines.

physical and chemical similarities with PQQ, including similar electrochemical potential (cf

108

Phenanthroline-derived quinones share a number of

Scheme 1.42A), facile formation of covalent adducts with water, methanol, and acetone, and

stoichiometric oxidation of simple organic substrates.

109,110,111
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In a series of mechanistic studies, Bruice showed that the stoichiometric reduction of PQQ
phenanthroline-derived model quinones by primary amines (cyclohexylamine and glycine)
results in the formation of aminohydroquinone products, consistent with a transamination

mechanism. 2

In the presence of the secondary amine morpholine, a much slower reaction
occurred, leading to the identification of substrate-quinone adduct as the predominant product
(Scheme 1.42C), also suggesting a transamination-type mechanism. Oxidation of the tertiary
amine N,N-dimethylbenzylamine was also significantly slower than primary amine oxidation,
and led to the formation of hydroquinone as well as benzaldehyde and formaldehyde products.
Bruice also tested the stoichiometric oxidation of p-methylbenzylalcohol with these
phenanthroline-derived quinones. No reaction was observed after 7 days at 60 °C with 1,10- and
1,7-phenanthrolinedione, and only 6% yield was observed using 4,7-phenanthrolinedione. (In
contrast 90% yield was obtained when DDQ was employed as the oxidant under otherwise
identical conditions). Across each of these substrate classes Bruice found that quinones
containing a nitrogen atom adjacent to the quinone carbonyls (eg, 1,7- and 4,7-
phenanthrolinedione) were found to carry out substrate oxidation more rapidly that 1,10-
phenanthrolinedione, despite nearly identical electrochemical potential.

In contrast to phenanthroline-derived quinones, secondary and tertiary amines are not
substrates for the didecarboxy-PQQ model compound, and endproduct analysis of the reaction of
didecarboxy-PQQ with primary amines reveals the formation of hydroquinone, rather than

aminohydroquinone (cf Scheme 1.42B).'"

These findings are consistent with the work of Itoh,
Ohshiro, and coworkers, who proposed that oxidation of primary amines by PQQ proceeds

through an "addition-elimination"-like mechanism.''* The authors provide some kinetic evidence
g p

for this pathway in addition to the observation of mixtures of aminohydroquinone
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(transamination product) and hydroquinone (addition-elimination product) species isolated at the
end of model reactions. Reaction endproduct analyses of this kind are complicated by redox
scrambling of the quinone and hydroquinone species, and are therefore difficult to interpret.
Interconversion of aminoquinol and quinol catalyzed by the presence of even a small amount of
quinone occurs even under anaerobic conditions, and the ratios of products are found to depend

significantly on reaction conditions.'"

1.4.2 0-Quinone Catalyzed C-N Bond Dehydrogenation Reactions

Based on the fundamental mechanistic and model studies of enzyme quinone cofactors
discusses above, a number of biomimetic quinone-mediated transformations have been
developed. In particular, biomimetic o-quinones are recognized as selective and efficient
catalysts for C-N bond dehydrogenation reactions. '*°

Prior to the elucidation of quinone cofactors in amine oxidase enzymes, Corey demonstrated
that branched primary amines could be treated with stoichiometric 3,5-di-fert-butyl-o-quinone in
MeOH to give a tautomeric imine adduct.''” Upon hydrolysis, ketone products could be obtained
in excellent yields (Figure 1.43). Unbranched primary amines were not effective substrates in

. . 118
this case, as benzoxazole products were obtained.

i t-Bu
t-Bu t-Bu !
NH, MeOH then HyO* O :
)\ ' + 0.5h )‘J\ . 3 t-Bu N
R R tBu o t-Bu N R™ "R" | 0
_ o Ho | .
1.0 equiv 1.0 equiv R ! obtained if B = H

Scheme 1.43. Stoichiometric oxidation of branched primary amines to ketones.

Wanner and Koomen applied this methodology to the divergent synthesis of a variety of

alkaloid natural products, including anabasine, lupinamine, and sparteine (Scheme 1.44).'"
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Instead of hydrolysis, the intermediate quinone-imine adduct undergoes intramolecular

transamination with pendant secondary amine. Subsequent tautomerization affords enamine as a

common intermediate.

N
“
H |
NN
NH _NH;
/ anabasine H :
.................. es
N ! .
., N-ome “Bu ://N OMe | lupinamine

7 ’ . H |
+ —_ '
NH ! N~ : 7R
t-Bu @) ! ; \ H -

sparteine

Scheme 1.44. Application of Corey's quinone to synthesis of alkaloid natural products.

A t-Bu

t-Bu

air t-Bu N
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Scheme 1.45. (A) Aerobic oxidation of aminohydroquinone results in formation of dimeric

species 13, and (B) additional attempts at regeneration of quinone from reduced
aminohydroquinone.

Independent attempts at regenerating the 3,5-di-fert-butylquinone from the reduced

aminophenol by O, in neutral media led to dimeric compound 13 (Scheme 1.45A), while
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electrochemical regeneration and chromate regeneration in acidic media gave quinone in 64%
and 56% yields, respectively (Scheme 1.45B).'*

The catalytic aerobic oxidation of primary amines to ketones and aldehydes was demonstrated
by Itoh using PQQ as a catalyst under aqueous micellar conditions: 1 mol % of the quinone
PQQ, 10 mol % hexadecyltrimethylammonium bromide (CTAB), in pH 9-10 aqueous solution

under ambient air at room temperature (Scheme 1.46)."!

In subsequent report, Itoh and
coworkers extended this reaction to the oxidative decarboxylation of amino acids, and oxidative

dealdolation or B-hydroxy amino acids, to give aldehydes. '*>*'** Aerobic PQQ-catalyzed

oxidation of thiols to disulfide is also achieved under similar conditions.'**

NH, 1 mol % PQQ 0}

R "R'" 10mol % CTAB,pH9-10 R R’
air, RT, 24 h

Scheme 1.46. Catalytic oxidation of primary amines to aldehydes and ketones.

Largeron and Fleury developed o-quinones Q1™! and Q2™! as catalysts for the
electrochemical oxidation of primary amines to imines. '>> Controlled potential electrolysis of
benzylic or aliphatic primary amines could be accomplished using only 2 mol % of precatalyst
Q1™ or Q2" at 0.60 V SCE with a Pt anode in MeOH at room temperature (Scheme 1.47A).
While good -catalyst turnover numbers could be obtained, products were isolated as
dinitrophenylhydrazone adducts, limiting the synthetic value of this transformation. To address
this limitation, Largeron and coworkers generated cross-coupled imine compounds by carrying

out the oxidation of benzylamine in the presence of a second, less-readily oxidized amine.
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Following electrolysis, the Pt anode is replaced with a Hg pool cathode. Electrolysis at -1.6 V for
1 h reduced the cross-coupled imine species to a secondary amine, which could be isolated after
workup (Scheme 1.47B)."?° If this reaction was run in the presence of a Cu(I) co-catalyst, 0.2
mol % Cu'(MeSal) (MeSal = methylsalicylate), Q2" can also be employed as a catalyst in the
aerobic oxidation of primary amines.'”’ Under these ambient conditions, at room temperature
under ambient air, dimeric and cross-coupled imine products could be directly obtained in

excellent yields (Scheme 1.47C).

R__O
A 2 mol % Q1red or Q2red } OH
o~ Pt anode: 0.6 V (SCE) PN ' i
R™ "NH, MeOH, rt, 2-7 h R™ N R ! NH;
' OH :
R = aryl, alkyl 3 R = Ph, Qired 3
| R=Me, Q2red
B 4 mol % Q2red switch to:
Ph/\NHz Pt anode R Hg cathode R
-1.6V E
+ L(SCE), PhANJ\R‘ w, Ph/\NJ\R‘
R'YNHZ MeOH, 1t, 3 h N
R 51-80% yields
C 2.0 mol % Q2red
0.2 mol % Cu'MeSal S~
R NH, RSN R

MeOH, rt, air, 10 h
R =Aryl, up to 97%

Scheme 1.47. (A) Electrochemical oxidation of amines to imines and (B) secondary amines, as
well as (C) Cu'-cocatalyzed aerobic oxidation of primary amines by CAO mimic Q1" and
ered.

Wendlandt and Stahl subsequently demonstrated the aerobic oxidation of a diversity of
benzylic amines to the corresponding secondary imines using TBHBQ, a model quinone initially

developed by Mure and Klinman (Scheme 1.48)."**'* Selective cross-coupling products could

be obtained by running the reaction in the presence of a second, unactivated amine.
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1.5 mol % TBHBQ ~
= A~ N Ar OH
MeCN, O, rt .
up to 93% yield AN
A ONH, —— |
2 H.NR o
(1.5 - 3.0 equiv) AN/R
B —— e O
5 mol % TBHBQ .
up to 92% vyield TBHB
MeCN, Oy, rt P °Y Q
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Ar”TSNT A PhAN/\/\N/ OH - JM\e
Ar = 4-OMeCgH,, 93% 92% yield | - J: Ph™ SN” > Ph
Ar = 4-CICgH,4, 90% Ph N” > Ph 89% yield
Ar = 1-naphthyl, 81% 80% yield

Scheme 1.48. Aerobic oxidation of primary amines to imines using biomimetic o-quinone
catalyst TBHBQ.
While unbranched substrates are readily oxidized by these aerobic quinone catalysts, both the
methods reported by Stahl and Largeron suffer limitation with respect to a-branched substrates.
Luo and colleagues have recently reported that branched benzylic primary amines are readily

dehydrogenated to imines by 4-methoxy-5-tert-butyl-o-quinone, Q3.'*°

Excellent yields of
dimeric imine products were obtained using 10 mol % Q3 at room temperature under O,

atmosphere (Scheme 1.49).

Me Me Me
10 mol % Q3 PN OMe
_ 9mol7e s
PR "NHz  “MeCN, O, 1t, 481 " N “Ph
99% vyield
Me Me Ar=4-CICeHy, 97% Ph  Ph o
)\ Ar = 4-NO,CgHy, 99% PP 0
Ar \N Ar Ar = 3-OMeCgH,, 89%  Ph N Ph Q3
Ar = 4-MeCgH,, 75% 96% yield

Scheme 1.49. Aerobic oxidation of a-branched primary amines to imines using a biomimetic o-
quinone catalyst.

In the biomimetic systems developed by Largeron and Stahl, exceptional selectivity for
primary amine oxidation is observed. Secondary and tertiary amines are not substrates for these
quinone catalysts, and primary alcohols are not oxidized under these reaction conditions. This
exquisite selectivity is likely a consequence of the transamination mechanism, which requires the

formation of an imine adduct for substrate oxidation to occur. Secondary amines have been
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shown to be mechanism-based inhibitors of quinones such as TBHBQ."*' Formation of iminium

adducts ultimately results in irreversible modification of the catalyst (Figure 1.50).

B OH | X
t-B t-Bu
t-Bu H !
(0] — +
N
A

OH
t-Bu
[, 0 =
N+
0 Ph, H (_Z B w
2-3 equiv R R Ph, H

quantitative

Scheme 1.50. Irreversible pyrrolation of TBHBQ catalyst via transamination-type mechanism.

While secondary and tertiary amines are not substrates for quinones that proceed via a
transamination mechanism, the oxidation of these substrates should be possible using quinones
which proceed via an addition-elimination mechanism. The shift between these two mechanistic

paradigms, while subtle, has important implications for reaction scope.

A 0.5 mol % PI/CB-PY/r B }
15-60 % 4-t-butylcatechol ; X y z

Ph/\N'Bn Ph/QN,Bn 1 ;
H 9:1 CHCly/H,0 (0.25M) 3 1

O, (1atm), 30 °C, 16 h ; |

OH:

c o | ojﬂo 07,

R' v ! i
R N R NS (yz=333829) J
~ H- transfer X0 H
| ‘\O H\v - > | ; \V
(o} o
PY/Ir Pt/Ir

Scheme 1.51. (A) Dehydrogenation of C-N bonds using Pt/Ir alloy incarcerated (B) coblock
polymer catalyst used in combination with co-catalytic catechol additives. (C) Proposed
mechanism involving hemiaminal intermediates.

Kobayashi and coworkers reported a method for the aerobic dehydrogenation of C-N bonds,
employing 0.5 mol % of a co-block polymer-incarcerated Pt/Ir alloy catalyst in combination with

a 15-60 mol % catechol co-catalyst (Scheme 1.51A and B).'** While C-H bond cleavage is

proposed to occur at the Pt/Ir nanocluster, Kobayashi suggests a crucial role for substrate
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activation at the quinone cofactor — implicating a hemiaminal intermediate reminiscent of the
addition-elimination mechanism (Scheme 1.51C). Very recently, Doris and coworkers have
reported that carbon nanotube-supported Rh nanoparticles (Rh-CNT) are efficient co-catalysts in
4-tert-butylquinone-catalyzed aerobic dehydrogenations of N-heterocycles as well.'>?

Using a PQQ model compound, 1,10-phenanthroline-5,6-dione (phd), Wendlandt and Stahl
have demonstrated the aerobic quinone-catalyzed oxidation of secondary amines and N-
heterocycles (Scheme 1.52A). Using 5 mol % phd, 2.5 mol % Znl,, and 15 mol % pyridinium p-
toluenesulfonic acid (PPTS) in MeCN at room temperature under 1 atm O, (balloon), a diverse
range of N-heterocyclic compounds are dehydrogenated (Scheme 1.52B).

Through spectroscopic studies, Stahl has shown that substrate oxidation proceeds via the
addition-elimination, rather than transamination, mechanism (Scheme 1.52C). 3% The addition of
Znl, is proposed to play two roles. First, N-N coordination of Zn*" to the phenanthroline-derived
quinone enhances the rate of substrate oxidation. Second, I counterions promote aerobic catalyst
turnover, and the authors suggest that iodide may play a redox role in hydroquinone oxidation
(Scheme 1.52C). This subtle shift in transamination versus addition-elimination reaction

mechanism results in a dramatically enhanced substrate scope for biomimetic o-quinone-

catalyzed C—N bond dehydrogenation reactions.
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Scheme 1.52. (A) Aerobic phd-catalyzed oxidation of (B) a variety of secondary amines, and (C)
proposed mechanism.

Subsequent work by Wendlandt and Stahl focused on leveraging catalyst system modularity
to develop improved reaction conditions. Stahl examined the influence of transition metal/Lewis
acid promoter on the reaction of 1,2,3,4-tetrahydroquinoline to quinoline. Homoleptic Fe(phd);*
and Ru(phd);*" complexes promoted enhanced reaction rate compared to the Zn>'-promoted
reaction, with Ru”" affording the best results (Scheme 1.53, black versus blue trace). Changing
the co-catalyst from /15" to Co(salophen) resulted in a marked improvement in reaction rate as
well (Scheme 1.53, blue versus red trace), and allowed the reaction to be carried out using
ambient air in place of an O, balloon. A broad range of quinoline products can be obtained using

the optimized reactions conditions of 2.5 mol % Ru(phd);(PFs), and 5 mol % Co(salophen) in
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MeCN under ambient air. Using these second generation conditions previously sluggish

substrates can be obtained in good yields and with improved reaction rates.'*

©jj conditions m
o
H 0,, MeCN, 27 °C N7

0.450 mmol
500 ~
theoretical 02 consumption at 100% yield
...... ;. aaas Cpnace
400 [ 2.5% [Ru(phd)s] +5% Co(salophen)

2.5% [Ru(phd)3]2+ +1% Bu NI

5% phd + 2.5% Znl
+15% PPTS 2

200 600 800 1000 1200
time (m)

PR S '
0 200

Scheme 1.53. Influence of different Lewis acid promoters and co-catalysts on the quinone-
catalyzed aerobic dehydrogenation of tetrahydroquinoline to quinoline.

Finally, PQQ and related phenanthroline-derived quinones, including phd and metal-phd
coordination complexes have seen extensive application in the aerobic and electrochemical
oxidation of NADH to NAD+. *® *7 While thermodynamic potential of NADH is quite low (E°
=-0.320 V NHE), uncatalyzed electrochemical NADH oxidation requires >1.0 V overpotential.
Using quinone catalysts such as phd and related complexes, the catalytic oxidation takes place at
~0.25 NHE, reducing overpotential by ~0.5 V. Applications have included aerobic and
electrochemical NADH regeneration for synthetic enzymatic transformations,”® as well as in

. . . 139,140
applications as biosensors. ~
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1.5 Summary and Outlook

This review has summarized the development of quinone-catalyzed oxidations of organic
substrates, identifying two complementary approaches. On one hand we highlighted high
potential quinones, such as DDQ and chloranil, which have traditionally been employed as
stoichiometric reagents. These reagents are typically thought to operate via hydride-abstraction
mechanisms, and consequently typically only react with electron rich substrates. Through the
contributions of a number of different researchers new methodologies have been developed
which enable these reagents to be used catalytically. These findings may have important
implications for the development of DDQ-mediated transformations on scale.

On the other hand, we discussed the development of biomimetic o-quinone catalysts for C-N
bond dehydrogenations. This family of quinones has been adapted from biological origins to
electrochemical and aerobic oxidation reactions of synthetic value. Mechanistic studies have
found that these quinones engage in electrophilic reaction pathways such as transamination and
addition-elimination mechanisms. While these reagents have significantly lower thermodynamic
potential than DDQ or chloranil, we highlight several cases in which they are kinetically more
efficient oxidants.

By organizing this review in this way, we are able to contrast the types of reactions carried out
using each class of reagent. Several important observations arise from this comparison, notably
the importance of catalyst control over reaction mechanism — and consequently reaction scope.
In the case of DDQ and chloranil, reactivity differences observed in the dehydrogenation of
steroidal ketones (cf Scheme 1.13) have been justified on the basis of the differential
electrochemical potential of the two reagents. However, a systematic examination of halogenated

quinones by Mayr and coworkers suggests that structure/activity relationship in high-potential
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quinones may be more complicated than just electrochemical potential.*’ This observation is
more conspicuous in the case of bioinspired quinones. For example, phenanthroline-derived
quinones, didecarboxy-PQQ have similar electrochemical potentials, however the former oxidize
secondary and tertiary amines, while the latter only reacts with primary amines. Further,
substantial differences in reaction scope arise from quinones which react via addition-
elimination, rather than transamination reaction mechanisms, however the structural features
which control the bifurcation between these two mechanisms remain to be elucidated.

These observations emphasize the importance of continued development of novel quinone
catalysts, and the potential for the development of novel synthetic methodologies using such

reagents.
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Chapter 2

Chemoselective Organocatalytic Aerobic Oxidation of Primary

Amines to Secondary Imines

This work has been published:

Wendlandt, A. E.; Stahl, S. S. Org. Lett. 2012, 14, 2850-2853.
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2.1 Introduction

Imines are valuable synthetic intermediates,' and a range of methods for the preparation of
secondary imines from primary or secondary amines is known.” Typical strategies employ
transition-metal catalysts with a stoichiometric oxidant, and these include methods capable of
using molecular oxygen as the terminal oxidant.**" In biology, copper amine oxidases mediate
aerobic oxidation of primary amines to aldehydes using ortho-quinone cofactors, such as
topaquinone (TPQ) and lysine tyrosylquinone (LTQ). Biochemical studies suggest that copper is
required for biosynthesis of the quinone cofactors, but it is not involved in amine oxidation.
Indeed, model quinones have been shown to mediate amine oxidase activity ex vivo in the
absence of metals, using simple amine substrates.* The synthetic scope of such reactions has
received little attention, however, and, in connection with our broader interest in aerobic
oxidation catalysis,” we sought to explore this class of reactions. In the present study, we report a
highly chemoselective method for aerobic oxidative homo- and heterocoupling of benzylic
amines to secondary imines using the TPQ analog, 4-fert-butyl-2-hydroxybenzoquinone
(TBHBQ) as the catalyst.® Like the amine oxidases noted above, the reactions proceed

effectively in the absence of Cu or another redox-active co-catalyst.

OH

TBHBQ

2.2 Results and Discussion
Important precedents to our work include the use of quinones as stoichiometric reagents’ and

catalysts® in the oxidation of primary amines to aldehydes and ketones, and as electrocatalysts for
y p y y y
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the oxidation of primary amines to secondary imines’ and amines."’ And, during preparation of
this manuscript, Largeron et al. reported a study very similar to the one presented here using an
iminoquinone catalyst in combination with a copper co-catalyst, which facilitates aerobic
reoxidation of the quinone."

Building upon the work of Mure and Klinman,*" we evaluated the oxidation of benzylamine
1a to N-benzylidenebenzylamine 1b with TBHBQ. Efficient oxidation takes place with 1.5 mol
% TBHBQ in a number of solvents, including 1,4-dioxane, THF, DMF, and MeCN (76%, 76%,
76% and 87% yields, respectively) at room temperature under 1 atm O,. The reactions can be
carried out with ambient air as the oxidant, but the reactions are slower. For example, 26%
unreacted 1a was observed after 24 h.

Under the optimized conditions, a range of ortho- meta-, and para-substituted benzylamines
undergo oxidation to their secondary imine dimers under these conditions (Table 2.1). Electon-
rich amines, such as p-methoxybenzylamine (93%, entry 3) and piperonylamine (91%, entry 12),
and some electron-deficient amines, such as p-chlorobenzylamine (90%, entry 4) and p-
fluorobenzylamine (91%, entry 5) are readily converted to the secondary imines in high yields.
More electron-deficient benzylamines, such as p-trifluoromethylbenzylamine (78%, entry 6) and
m-chlorobenzylamine (72%, entry 7) oxidize more slowly and require 48 h for complete
conversion. The observation that electron-withdrawing substituents react more slowly is evident
from an initial-rate study of substrates 1a—3a, Sa, and 6a, from which a substantial negative
Hammett correlation was determined (p = —1.3; see Supporting Information).

The free amino group of p-aminobenzylamine does not inhibit dimerization; however, the
yield is slightly lower than some of the other derivatives (76%, entry 2). As noted above, halogen

substituents, including m-iodobenzylamine, are well tolerated (entries 4,5, 7 and 8, respectively).
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Sterically bulky groups, such as 1-naphthyl (81%, entry 11) and ortho substitution on the
aromatic ring (entries 9, 10) cause only a slight diminution in yield. The heterocycle
furfurylamine (80%, entry 13) undergoes oxidative dimerization, but 2- and 4-(aminomethyl)-
pyridines are not efficient substrates (not shown). The hydrochloride salt of benzylamine does
not react, but good reactivity can be recovered upon addition of a Brgnsted base, such as Et;N
(entry 14).

Table 2.1. Quinone-catalyzed aerobic oxidation of primary benzylic amines.”

1.5 mol % TBHBQ

S NS
2 A NH INT,
' 2 MeCN, rt, O, balloon, 20 h A~ "N Ar
1a' 1b’
entry substrate product yieldP

1b,R=H 87%
/@/\ /\©\ 2b,R = NH, 76%
R R 3b,R=OMe 93%

4b, R=ClI 90%
5b,R=F 91%
6b, R=CF3 78%°

NH, 7b,R=Cl  72%¢
8b,R=1 70%

R

9 NH, N 9b,R=Me 86%
10 10b, R = OMe 73%
R

1 ‘ 81%
NH,
11b

12 0 NH N 91%
PR @ﬁ U>
o) 0 12b o}
N0 @13@7
gNH3CI ©/\ @ 0% (77%)

“Conditions: amine substrate (1.0 mmol), TBHBQ (0.015 mmol, 1.5 mol %), O, balloon, MeCN
(3.5 mL), rt, 20 h. ’Yield determined by 'H NMR spectroscopy versus internal standard. °
Reaction time was 48 h. ¢ Carried out in the presence of 1.0 equiv Et;N.

o OO WN =
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Secondary amines, such as N-phenylbenzylamine and indoline (Table 2.1, entries 15, 16), and
tertiary amines, such as Et;N and N,N-dimethybenzylamine (not shown), are not oxidized under
the reaction conditions. This selectivity for primary amines is readily explained by the reaction
mechanism (Scheme 2.1), which has been elucidated in previous biochemical model studies.’
Condensation of the primary amine 1a with TBHBQ leads to the iminoquinone intermediate 14.
Tautomerization of this species to form 135 results in net two-electron oxidation of the amine.
Addition of a second equivalent of amine 1a to imine 15 generates an aminal that can react
further to liberate the product 1b and reduced aminohydroquinone 17. Aerobic oxidation of 17
generates iminoquinone 18, which can undergo transimination with substrate 1a to liberate NH,

and close the catalytic cycle.

o) OH OH
t-Bu t-Bu ; t-Bu
a
Ph/1;NH2
TBHBQ | OH __» f OH ¥+ ) g:’
H,0 N o
N 14 N 15 Y6
NHg Ph Ph HN

Ph
1a 0 0, OH
+Bu +-Bu Ph SN Ph
|| 1b
OH on

NH H,0, NH,
1

18 7

Scheme 2.1. Proposed Mechanism of Quinone-Catalyzed Aerobic Oxidation of Primary Amines

Aliphatic primary amines are not oxidized by TBHBQ under these reactions conditions,

probably because this quinone is not sufficiently oxidizing to promote the reaction. The sec-
primary amine a-methylbenzylamine is also not oxidized under these mild reaction conditions.
In this case, the lack of reactivity must be a steric effect because the a-C-H bond should be

weaker than that of the parent benzylamine. Reactivity is observed under more forcing
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conditions, using 10 mol % TBHBQ and with 1.0 equiv sodium formate as a Brgnsted base in

DMF for 48 h, 69% of the imine dimer is obtained (eq 2.1).

Me 10 mol % TBHBQ Me Me
NH 1.0 equiv NaOCHO \N
2 DMF 1t,0,48h 2.1
69 % yield

The exquisite selectivity for primary benzylic amines suggested that selective heterocoupling
could be achieved by combining a benzylic amine with a less readily oxidized amine. Upon
increasing the catalyst loading to 5 mol %, cross-coupled products were formed in very good
yields, often with excellent selectivities (Table 2.2). The coupling of benzylamine and o-
methylbenzylamine is facile (89%, entry 1), forming N-benzylidene-a-methylbenzylamine 19 as
the exclusive product. Linear and branched aliphatic amines, such as cyclohexylamine (91%,
entry 2), hexylamine (83%, entry 5) and 2-ethylhexylamine (85%, entry 6) are also good
substrates for cross-product formation, though in the latter cases small amounts of N-
benzylidenebenzylamine are also observed.

Primary amines that contain a tertiary amine (92%, entry 4) or primary alcohol (80%, entry 4)
undergo effective heterocoupling with benzylamine, with no background oxidation of the tertiary
amine or primary alcohol fragment. These observations highlight a potential advantage of the
organocatalytic oxidation method described here, as transition-metal catalysts are unlikely to
demonstrate comparable chemoselectivity. The sterically hindered tritylamine serves as an
effective coupling partner (78%, entry 7), with the product crystallizing out of the reaction
mixture. Aniline affords N-benzylidene aniline in good yield after 48 h (76%, entry 8), provided

a second 5 mol % portion of the catalyst is added after 24 h.
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Table 2.2. Quinone-catalyzed aerobic cross-coupling of primary amines.”

5 mol % TBHBQ

N ., -R
Ph™ "NH, +  NH:R  “\ieCN, nt, O, balloon Ph™ °N
1.5 - 3.0 equiv
entry amine equiv product yieldb

Me Me

H,N PR SN
1 2.0 19 89%
NS
H,N” : Ph” N’ :
2 20

HN">">N" Ph SN
3 | 1.5 21 | 92%¢
OH OH

NS
H,N Ph" N
4 2.0 22 80%(5.5%)04

N
HZNW Ph/\NW

91%

5 R 20 R 23,R=H 83%(6.5%)%d
6 2.0 24, R = Et 85%(2.0%)%d
Ph Ph
)< Ph “ )< Ph
N
H,N" >Ph Ph”. "N~ “Ph
7 2 2.0 25 78%¢
9 GO
H,N Ph" N
8 3.0 26 76%(11%)cd

“ Conditions: benzylamine (1.0 mmol), amine (1.5 — 3.0 mmol), TBHBQ (0.05 mmol), O,
balloon, MeCN (3.5 mL), rt, 20-48 h. ” Yield determined by '"H NMR spectroscopy versus
internal standard  After 24 h an additional ali;luot of TBHBQ (5.0 mol %) was added and the
reaction was run for a total of 48 h. Number in parentheses indicates yield N-
benzylidenebenzylamine also obtained.® Isolated yield.

In order to explore the origin of the excellent cross-product selectivity, two heterocoupling
reactions were monitored by 'H NMR spectroscopy (Figure 2.1). In the reaction of benzylamine
with 2.0 equiv of a-methylbenzylamine (Figure 2.1A), the time course reveals parallel formation
of homo- and heterocoupled products 1b and 19 at early stages of the reaction. As the reaction
progresses, the homocoupled product 1b is progressively consumed, and the reaction converges

to exclusive formation of 19 at the end of the reaction. A different profile is evident in the

reaction of benzylamine and 2.0 equiv of aniline (Figure 2.1B). In this case, the time course
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reveals that the homocoupled dimer 1b is formed exclusively and accumulates in good yield at
early stages of the reaction (t < 300 min). This observation is consistent with the tolerance of an
aromatic amine in the oxidative homocoupling reactions noted above (cf. Table 2.1, entry 2). At

longer reaction times, the homodimer 1b is slowly converted into the cross-product 26.

5 mol % TBHBQ

x> >~ .R
P >NHy+ NHR "N oo Ph" N"Ph t PRTON
1a T2 1b 19, R = CH(Me)Ph
‘ 26, R = Ph
! [-Ph” >NH, ] '+ NHR X
12
*1b
. +26
\~
~ o — 2 4
L7T T A
e
7
4
5008 500 ™ 1000 L
Time (min) Time (min)

Figure 2.1. A 'H NMR timecourse of the TBHBQ-catalyzed oxidation of (A) benzylamine and
methylbenzylamine, and (B) benzylamine and aniline. Reaction conditions: benzylamine (0.28
M), a-methylbenzlamine (0.57 M), TBHBQ (0.014 M), trimethoxybenzene (internal standard,

0.078 M), MeCN-d;, O, balloon, rt.

The cross-coupling results depicted in Figure 2.1 can be rationalized by three considerations:
(1) the relative nucleophilicity of the two amines with the catalytic intermediate 15, (2)
equilibrium exchange of the amine substrates with the secondary imine products, and (3) the
relative reactivity of the amine substrates toward oxidation.

The parallel formation of 1b and 19 in Figure 2.1A suggests that benzylamine and o-
methylbenzylamine can react with catalytic intermediate 15 to afford the homo- and

heterocoupled dimers, respectively. Control experiments show that 1b and 19 equilibrate readily
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under the reaction conditions in the presence of the amine substrates (eq 2.2), and the equilbrium
constant (K., ~ 0.7) shows a slight preference for 1b. The substantially higher reactivity of
benzylamine toward oxidation by TBHBQ (see above), however, causes the equilibrium mixture

to be driven toward formation of the hetero-coupled product 19.

Me Me
NS NS
Ph” N Ph + HQNJ\Ph oSN ph + Ph” > NH, 22)
1b Koy~ 0.7 19 1a )

eq .

Similar considerations rationalize the reactivity observed with benzylamine and aniline in
Figure 1B. Exclusive formation of homodimer 1b early in the reaction is readily explained by the
higher reactivity of benzylamine relative to aniline with imine-hydroquinone intermediate 15.
Formation of N-benzylidene aniline 26 at longer reaction times is relatively sluggish. Formation
of 26 via condensation of aniline with 1b is thermodynamically unfavorable (K., << 1; eq 2.3).
Nevertheless, its formation can be driven by continuous oxidation of the benzylamine generated,
albeit in small quantities, from this exchange reaction.

X

Xy Ph
P SN Ph + N ~==— P SN+ Ph”NH, 2.3)

1b Keq <<1 26 1a

The ability of a dynamic equilibrium mixture of species to converge toward a single product
by consumption of one of the species has been termed “self-sorting.”'* With the pair of substrates
shown in Figure 2.1A, oxidatively promoted self-sorting overcomes the slight thermodynamic
preference of 1b over 19, enabling exclusive formation of 19. With the substrate pair in Figure
1B, the kinetically preferred product may be obtained in good yield at short reaction times, or

oxidative self-sorting can be exploited to obtain the otherwise strongly disfavored product. This
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oxidative strategy to achieve imine self-sorting is complementary to other approaches being

pursued in the field of dynamic covalent chemistry'*"

(e.g., through the use of templates) to
promote selective product formation within an equilibrating mixture.

In summary, we have identified a highly chemoselective method for the aerobic oxidative
coupling of primary benzylic amines to afford secondary imines, and dynamic self-sorting of the
imine products enables selective formation of heterocoupled imines. The mild reaction

conditions, the functional group compatibility, the use of O, as the oxidant, and the low catalyst

loadings compare favorably with previously reported metal-catalyzed methods.
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2.4 Experimental Details and Supporting Information

24.1. General Considerations

All commercially available compounds were purchased from Sigma-Aldrich, and used as
received unless otherwise indicated. Solvents were dried over alumina columns prior to use. 'H
and "C NMR spectra were recorded on Bruker AC-300 MHz or Varian Mercury-300 MHz
spectrometers. Chemical shift values are given in parts per million relative to residual solvent
peaks or TMS internal standard. High-resolution, exact mass measurements were obtained by the
mass spectrometry facility at the University of Wisconsin. Melting points were taken on a Mel-
Temp II melting point apparatus. Flash chromatography was performed using SilicaFlash® P60

(Silicycle, particle size 40-63 pum, 230-400 mesh) from Sigma Aldrich.

2.4.2. Synthesis of TBHBQ
o
/k(:;\OH
o)
4-tert-butyl-2-hydroxy-p-benzoquinone, TBHBQ
The quinone catalyst, TBHBQ, was prepared in two steps from commercially available
resorcinol. Resorcinol was alkylated to 4-tert-butylresorcinol according to the method of Sayre.'®

4-tert-butylresorcinol was converted to TBHBQ according to the method of Klinman,* with the

following additional detail.

Without further purification, 4-tert-butylresorcinol (2.0 g, 12 mmol) was dissolved in a solution
of water (30 mL) containing K,HPO, (2.1 g, 9.2 mmol). This mixture was added over the course

of 5 min to a solution of water (240 mL) containing K,HPO, (2.1 g, 9.2 mmol) and Fremy’s salt
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(8.0 g, 30 mmol) at room temperature. The purple solution of Fremy’s salt turns dark red upon
addition of the 7-butylresorcinol, and is stirred at rt for an additional 5 min. Concentrated sulfuric
acid (3 M) is added dropwise (to quench any remaining Fremy’s salt) until a yellow suspension
appears and the yellow color of the solution persists. The aqueous mixture is then extracted into
Et,0, dried over MgSO,, and concentrated to give dark yellow solids. TBHBQ can be dissolved
in hot cyclohexanes, and separated from a red-brown residue. Concentration of the cyclohexanes
(or recrystallization) affords pure TBHBQ as a yellow solid (1.45 g, 67% yield). We recommend
storing TBHBQ in the dark, as slow discoloration (to red/brown) is observed when the catalyst is
left exposed to ambient light for prolonged periods. Control experiments carried out in both the
light and the dark have confirmed that catalyst efficiency and stability is not influenced by
running amine oxidation reactions in the light. TBHBQ can be stored on the bench for long

periods if protected from the light. Characterization data matched those previously reported.” 'H
NMR (300 MHz, CDCl3) 8 6.97 (br s, 1H), 6.62 (s, 1H), 6.03 (s, 1H), 1.29 (s, 9H); °C NMR (75
MHz, CDCl;) 6 188.06, 184.58, 159.80, 153.61, 127.48, 110.25, 36.04, 29.71; EMM (ESI) Calc

for CioH1203; (M+H): 180.0781, found 180.0778.

Fremy’s salt can be prepared from NaNO, according to the procedure of Cram.'” However
authentic material was highly unstable in our hands and could not be dried and stored without
decomposition. We found that the most reliable results were obtained by using commercially
obtained (Sigma Aldrich) Fremy’s salt, which can be stored for long periods without apparent

deleterious effect.
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2.4.3. Procedures for Amine Oxidation

Typical procedure for the oxidation of homo-coupled amines is as follows. A flame-dried 25 mL
flask was flushed with O, and equipped with an O, balloon. Benzylamine (110 uL, 1.0 mmol)
was added to the flask followed by a solution of TBHBQ (2.7 mg, 0.015 mmol) in anhydrous
MeCN (3.5 mL). The yellow solution immediately became intensely red, which faded to a lighter
orange color over the first 20 min of the reaction. The reaction was stirred at room temperature
for 20 h or until TLC indicated completion. (At this point internal standard was added, for yield
determination). The reaction mixture was then concentrated by rotary evaporation. In cases
where purification was necessary, the reaction crude was plugged though a pipette containing

Et;N-washed silica gel using hexanes or 1:10 EtOAc/Hexanes.

Typical procedure for the oxidation of cross-coupled amines is as follows. A flame-dried 25 mL
flask was flushed with O, and equipped with an O, balloon. Benzylamine (110 uL, 1.0 mmol)
and methylbenzylamine (260 uL, 2.0 mmol) was added to the flask followed by a solution of
TBHBQ (9.0 mg, 0.05 mmol) in anhydrous MeCN (3.5 mL). The yellow solution immediately
became intensely red, which either faded or persisted during the course of the reaction depending
on the substrates. The reaction was stirred at room temperature for 24 h, at which point the
reaction was either concentrated as above, or a second aliquot (9.0 mg, 0.05 mmol) or TBHBQ
was added to the reaction mixture and the reaction allowed to stir for an additional 24 h. In cases
where purification was necessary, the reaction crude could be (A) plugged though a pipette
containing Et;N-washed silica gel wusing hexanes or EtOAc/Hexanes, (B) rapidly
chromatographed by Et;N-washed silica column, or (C) purified by preparative TLC on plates

which had been previously run with Hexanes/Et;N.
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Procedure for the oxidation of methylbenzylamine to N-(1-phenylethyl-1-phenylethanimine):

A flame-dried 25 mL flask was flushed with O, and equipped with an O, balloon. NaOCHO (65
mg, 1.0 mmol) and TBHBQ (18.0 mg, 0.10 mmol) were dissolved in anhydrous DMF (0.5 mL).
Methylbenzylamine was added (130 uL, 1.0 mmol) and the reaction was stirred at RT for 48 h.
DMF was removed by vacuum and the material re-suspended in chloroform and the precipitates
were removed by filtration. The crude filtrate was concentrated, suspended in chloroform, and
pushed through a short pipette containing Et;N-washed Silica gel using 1:10 EtOAc/Hexanes to
give N-(1-phenylethyl-1-phenylethanimine) in high purity; characterization data matched those

previously reported.'®

2.4.4. Hammett Correlation Studies

Gas Uptake Kinetic Studies:

A standard procedure was as follows: A series of volume-calibrated 25mL round bottom flasks
equipped with stirbars were attached to a gas-uptake apparatus. The flasks were alternately
evacuated and then re-filled with O, (to 500 Torr) 5 times, and then final pressure was set to 550
Torr. A solution of amine in MeCN (0.3 M, 1.0 mmol, 3.25 mL) was added by syringe into each
flask, and the pressure was allowed to equilibrate at 27 °C for 3-4 h. The reactions were initiated
by the addition of TBHBQ in MeCN (0.015 mmol, 0.25 mL), and the instantaneous pressure of
each flask was collected using a LabVIEW software program for 16 h. Initial rates were

measured in Excel.
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Hammett Correlation Initial Rate determination
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Figure 2.2. Measurement of O, consumption in the oxidation of electronically substituted
benzylic amines by TBHBQ.
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Figure 2.3. Linear free energy relationship (Hammett Plot) between the initial rates of oxidation
of electronically substituted benzylic amines by TBHBQ versus Hammett sigma parameter.
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2.4.5. Synthesis and Characterization of Homo-coupled imine products

o0

N-benzylidenebenzylamine, 1b

Spectroscopic data match those previously reported.'” '"H NMR (300 MHz, CDCls) & 8.37 (s,
1H), 7.78 (m, 2H), 7.21-7.41 (m, 8H), 4.81 (s, 2H); >C NMR (75 MHz, CDCl3) § 162.21,

139.56, 136.42, 131.00, 128.83, 128.73, 128.52, 128.22, 127.22, 65.29; EMM (ESI) Calc for

Ci4Hi3N (M+H): 196.1121, found 196.1111.

N
H,N NH

N-(4-aminobenzylidene)-4-aminobenzylamine, 2b

2

Isolated as a white solid mp: 185-188 °C; 'H NMR (300 MHz, DMSO-d;) & 8.11 (s, 1H), 7.37
(d, 2H, J = 8.4 Hz), 6.89 (d, 2H, J = 8.1 Hz), 6.52 (m, 4H), 5.53 (br s, 2H) 4.88 (br s, 2H), 4.43
(s, 2H); °C NMR (75 MHz, DMSO-ds) & 160.82, 151.87, 147.97, 130.06, 129.34, 127.89,
124.81, 114.44, 113.95, 64.64; EMM (ESI) Calc for Ci4H;sN3 (M+H): 226.1339, found

226.1333.

™
MeO OMe

N-(4-methoxybenzylidene)-4-methoxybenzylamine, 3b
Spectroscopic data match those previously reported.” 'H NMR (300 MHz, CDCls) & 8.30 (s,
1H), 7.73 (d, 2H, J = 8.4 Hz), 7.25 (d, 2H, J = 8.4 Hz), 6.8-6.9 (m, 4H), 4.73 (s, 2H) 3.83 (s, 3H),

3.79 (s, 3H); C NMR (75 MHz, CDCl;) 8 161.90, 161.12, 158.87, 131.92 130.02, 129.39,
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114.19, 114.12, 64.62, 55.56, 55.51; EMM (ESI) Calc for C;sHi7sNO, (M+H): 256.1333, found

256.1323.

N-(4-chlorobenzylidene)-4-chlorobenzylamine, 4b

Spectroscopic data match those previously reported.” 'H NMR (300 MHz, CDCls) & 8.33 (s,
1H), 7.71 (m, 2H), 7.2-7.4 (m, 6H), 4.76 (s, 2H); °C NMR (75 MHz, CDCl3) 8 161.16, 137.78,
137.15, 134.62, 133.08, 129.70, 129.50, 120.17, 128.87, 64.36; EMM (ESI) Calc for Ci4H,;CLN

(M+H): 264.0342, found 264.0344.

N-(4-fluorobenzylidene)-4-fluorobenzylamine, Sb

Spectroscopic data match those previously reported.” 'H NMR (300 MHz, CDCls) & 8.32 (s,
1H), 7.75 (m, 2H), 7.27 (m, 2H), 7.01-7.11 (m, 2H), 4.74 (s, 2H); *C NMR (75 MHz, CDCl;)
0 165.07 (d, Jor = 185 Hz), 161.77 (d, Jcr = 178 Hz) 163.83, 162.96, 160.73, 160.58, 135.20 (d,
Jerp=2.5Hz) 132.59 (d, Jcr = 2.7 Hz), 130.39 (d, Jcr= 8.8 Hz) 129.69 (d, Jcr= 7.7 Hz), 115.95
(d, Jcrp= 21.9 Hz) 115.50 (d, Jcr= 21.7 Hz), 64.36; EMM (ESI) Calc for C;4H;F,N (M+H):

232.0933, found 232.0939.

NS
IORAST
F4C CF

3
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N-(4-trifluoromethylbenzylidene)-4-trifluoromethylbenzylamine, 6b

Spectroscopic data match those previously reported.”* 'H NMR (300 MHz, CDCl3) & 8.47 (s,
1H), 7.91 (d, 2H, J = 8.1 Hz) 7.69 (d, 2H, J = 8.4 Hz), 7.62 (d, 2H, J = 8.4 Hz), 7.48 (d, 2H, ] =
7.8 Hz), 4.90 (s, 2H); >C NMR (75 MHz, CDCl3) § 161.42, 143.25, 139.21, 132.75 (q, 32.5 Hz),
129.6 (q, Jcr = 32.1 Hz), 128.75, 128.34, 125. 83 (q, Jcr = 3.8 Hz), 125.68 (q, Jcr = 3.9 Hz),

124.5 (q, Jer = 270 Hz) 124.14 (q, J = 270 Hz), 64.53; EMM (ESI) Calc for C;6H;1FsN (M+H):

332.0869, found 332.0857.

S

Cl Cl
N-(3-chlorobenzylidene)-3-chlorobenzylamine,7Tb
Spectroscopic data match those previously reported.”’ 'H NMR (300 MHz, CDCl3) & 8.32 (s,
1H), 7.80 (s, 1H), 7.62 (m, 1H), 7.2-7.5 (m, 6H), 4.77 (s, 2H); >C NMR (75 MHz, CDCl;) §
161.23, 141.20, 137.86, 135.10, 134.62, 131.15, 130.13, 130.01, 128.26, 128.21, 127.49, 126.88,

126.27, 64.45; EMM (ESI) Calc for C;4sHCI,N (M+H): 264.0342, found 264.0348.

X
| I
N-(3-iodobenzylidene)-3-iodobenzylamine, 8b
Spectroscopic data match those previously reported.”’ '"H NMR (300 MHz, CDCls) & 8.26 (s,

1H), 8.15 (s, 1H), 7.6-7.7 (m, 3H), 7.59 (d, 1H, J = 7.8 Hz), 7.29 (d, 1H, J = 7.5 Hz), 7.123 (t,

1H, J = 7.8 Hz) 7.07 (t, lH, J = 7.8 Hz); °C NMR (75 MHz, CDCl5) 8 160.89, 141.56, 139.97,
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138.13, 137.12, 137.09, 136.42, 130.53, 130.51, 127.95, 127.46, 94.80, 64.40; EMM (ESI) Calc

for C14H1112N (M+H) 4479054, found 447.9068.

N-(2-methylbenzylidene)-2-methylbenzylamine, 9b

Spectroscopic data match those previously reported.” 'H NMR (300 MHz, CDCls) & 8.65 (s,
1H), 7.90 (d, 1H, J = 7.5 Hz), 7.1-7.3 (m, 7H), 4.81 (s, 2H), 2.48 (s, 3H), 2.37 (s, 3H); °C NMR
(75 MHz, CDCl3) 8 160.97, 137.89, 137.85, 136.37, 134.41, 131.05, 130.57, 130.38, 128.58,
127.92, 127.34, 126.45, 126.33, 63.43, 19.59, 19.52; EMM (ESI) Calc for CicHi7N (M+H):

224.1434, found 224.1431.

N-(2-methoxybenzylidene)-2-methoxybenzylamine, 10b

Spectroscopic data match those previously reported.”” '"H NMR (300 MHz, CDCls) & 8.87 (s,
1H), 8.06 (d, 1H, J = 7.5 Hz), 7.2-7.4 (m, 3H), 6.8-7.0 (m, 4H), 4.86 (s, 2H), 3.87 (s, 3H), 3.86
(s, 3H); °C NMR (75 MHz, CDCl3) § 159.02, 158.53, 157.30, 132.00, 129.37, 128.44, 128.15,
127.74, 125.18, 120.99, 120.76, 11.24, 110.43, 59.90, 55.76, 55.59; EMM (ESI) Calc for

C16H17N02 (M+H) 2561333, found 256.1337.

SN E
SAR®
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N-(I-naphthalenylmethylene)-1-naphthalenemethanamine, 11b

Spectroscopic data match those previously reported.” 'H NMR (300 MHz, CDCls) & 9.09 (s,
1H), 8.89 (d, 1H, J = 8.1 Hz), 8.24 (d, 1H, J = 8.4 Hz); 7.8-7.9 (m, 5H), 7.4-7.6 (m, 7H), 5.42 (s,
2H); "C NMR (75 MHz, CDCl3) § 161.94, 135.49, 133.83, 133.78, 131.64, 131.32, 131.12,
129.16, 128.67, 128.59, 127.78, 127.18, 126.10, 126.01, 125.84, 125.68, 125.60, 125.20, 124.43,

123.94, 63.24; EMM (ESI) Calc for Co,H 7N (M+H): 296.1434, found 296.1427.

o) SN X -0
SO
N-(1,3-benzodioxol-5-ylmethylene)-1,3-benzodioxole-5-methanamine, 12b
Spectroscopic data match those previously reported.”® '"H NMR (300 MHz, CDCls) & 8.24 (s,
1H), 7.37 (s, 1H), 7.14 (dd, 1H, J = 8.4, 1.8 Hz), 6.7-6.8 (m, 4H), 5.99 (s, 2H), 5.93 (s, 2H), 4.67

(s, 2H); °C NMR (75 MHz, CDCl3) § 160.96, 150.04, 148.35, 147.81, 146.59, 133.46, 131.04,

124.67, 131.09, 108.66, 108.27, 108.13, 106.67, 101.55, 100.98, 64.52; EMM (ESI) Calc for

CisHi3NO4 (M+H): 284.0918, found 284.0907.

~r N 0
T
N-(2-furanylmethylene)-2-furanylmethanamine, 13b
Spectroscopic data match those previously reported.”® "H NMR (300 MHz, CDCl;) & 8.11 (s,
1H), 7.51 (s, 1H), 7.37 (s, 1H), 6.78 (d, 1H, J = 3.3 Hz), 6.47 (m, 1H), 6.33 (d, 1H, J = 1.8 Hz)
6.26 (d, J = 1.5 Hz), 4.75 (s, 2H); >C NMR (75 MHz, CDCl;) § 152.02, 151.64, 151.51, 145.17,

142.52, 114.77, 111.89, 110.59, 108.15, 56.99; EMM (ESI) Calc for Cio(HoNO, (M+H):

176.0707, found 176.07009.
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2.4.6. Synthesis and Characterization of Cross-coupled Imines.
Me
NS
N-benzylidenemethylbenzylamine, 19
Spectroscopic data match those previously reported.”® "H NMR (300 MHz, CDCls) & 8.34 (s,
1H), 7.77 (m, 2H), 7.2-7.4 (m, 8H), 4.51 (q, 1H, J = 6.6 Hz), 1.58 (d, 3H, J = 6.9 Hz); °C NMR
(75 MHz, CDCls) 8 159.37, 145.18, 136.40, 130.52, 128.49, 128.22, 126.78, 126.59, 69.69,

24.86; EMM (ESI) Calc for C;sH;sN (M+H): 209.1199, found 209.1194.

@NO

N-benzylidenecyclohexanamine, 20

Spectroscopic data match those previously reported.”” 'H NMR (300 MHz, CDCls) & 8.31 (s,
1H), 7.72 (m, 2H), 7.38 (m, 3H), 3.19 (m, 1H), 1.2-1.8 (m, 10H); >C NMR (75 MHz, CDCls)
0 158.55, 136.64, 130.29, 128.50, 128.04, 69.99, 34.37, 25.65, 24.81; EMM (ESI) Calc for

Ci3Hi7N (M+H): 188.1444, found 188.1442.

@NMN/
|

N-benzylidene-N’,N -dimethyl-1,3-propanediamine, 21
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Spectroscopic data match those previously reported.* 'H NMR (300 MHz, CDCls) & 8.29 (s,
1H), 7.72 (m, 2H), 7.40 (m, 3H), 3.64 (t, 2H, J = 7.2 Hz), 2.35 (t, 2H, J = 7.2 Hz), 2.23 (s, 6H),
1.87 (pent, 2H, J = 7.2 Hz); °C NMR (75 MHz, CDCls) & 161.30, 136.53, 130.70, 128.78,
128.24, 59.85, 57.79, 45.74, 29.18; EMM (ESI) Calc for Ci,HsN, (M+H): 191.1543, found

191.1542.

OH

X
N | N
o

B-(phenylmethylene)amino]-benzeneethanol, 22

Spectroscopic data match those previously reported.”” 'H NMR (300 MHz, CDCL,)
0 8.23 (s, 1H), 6.64 (m, 2H), 7.16-7.37 (m, 8H), 4.42 (dd, 1H,J =8.7,4.5 Hz), 3.95 (dd, 1H,J =
114,87 Hz) 3.82 (dd, 1H, J = 11.4, 3.9 Hz), 3.11 (br s, 1H); "C NMR (75 MHz, CDCl,) d
162.99, 140.89, 136.13, 131.21, 128.92, 128.81, 128.68, 127.71, 127.61, 7691, 67.96; EMM

(ESI) Calc for C,sH,;NO (M+H): 226.1227, found 226.1221.

AN N
@/\N

N-benzylidene-1-hexanamine, 23

Spectroscopic data match those previously reported.” '"H NMR (300 MHz, CDCl;) & 8.27 (s,
1H), 7.73 (m, 2H), 7.40 (m, 3H), 3.61 (td, 2H, J = 6.9, 1.2 Hz), 1.70 (m, 2H), 1.2-1.4 (m, 6H),
0.89 (br t, 3H, J = 6.9 Hz); °C NMR (75 MHz, CDCl;) 8 160.87, 136.63, 130.62, 128.77,
128.22, 62.05, 31.90, 31.12, 27.26, 22.84, 14.29; EMM (ESI) Calc for C;3H;oN (M+H):

190.1591, found 190.1591.
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©AN§M

N-benzylidene-2-ethyl-1-hexanamine, 24

Spectroscopic data match those previously reported.”> 'H NMR (300 MHz, CDCls) & 8.26 (s,
1H), 7.74 (m, 2H), 7.40 (m, 3H), 3.54 (m, 2H), 1.70 (m, 1H), 1.2-1.4 (m, 8H), 0.8-0.9 (m, 6H);
C NMR (75 MHz, CDCl;) 8 160.92, 136.74, 130.54, 128.75, 128.21, 65.38, 40.75, 31.60,

29.20, 24.79, 23.28, 14.33, 11.20; EMM (ESI) Calc for CisHyN (M+H): 218.1904, found

218.1908.

Ph
Ph
OA NJ<Ph
N-benzylidene-a, a-diphenylbenzylamine, 25
Spectroscopic data match those previously reported.”® Highly crystalline white solid, mp: 147-
150 °C (lit. 153-159 °C); 'H NMR (300 MHz, CDCls) & 7.85 (m, 3H), 7.43 (m, 3H), 7.2-7.3 (m,

15H); °C NMR (75 MHz, CDCl;) § 159.87, 146.07, 137.00, 130.97, 130.04, 128.85, 128.80,

128.37, 128.14, 127.98, 127.01, 78.52; EMM (ESI) Calc for Ci;sHi3NOs (M+H): 348.1747,

found348.1748.

@NQ

N-benzylideneaniline, 26
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Spectroscopic data match those previously reported.'” '"H NMR (300 MHz, CDCls) & 8.46 (s,

1H), 7.92 (m, 2H), 7.26-7.5 (m, 5H), 7.23 (m, 3H); °C NMR (75 MHz, CDCl;) & 160.62,

152.34, 136.47, 131.60, 129.37, 12905, 129.00, 126.16, 121.10; EMM (ESI) Calc for Ci;3sHiiN

(M+H): 182.0965, found 182.0964.
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3.1 Introduction

Enzymatic transformations have provided the inspiration for numerous advances in synthetic
chemistry and catalysis. In connection with widespread interest in the development of aerobic
oxidation reactions, numerous researchers have turned to metalloenzymes as a starting point for
development of small-molecule transition-metal catalysts. Organic cofactors are also common in
naturally occurring oxidases and oxygenases, but these have been less extensively developed for
use in synthetic applications. Copper amine oxidases promote aerobic oxidation of primary
amines to aldehydes in nature (Figure 3.1)."' Copper is present in the enzyme, but substrate
oxidation is promoted exclusively by a quinone cofactor in the active site. The mechanism of the
reaction was the subject of considerable historical debate and focused on two possible
pathways: >*° a "transamination" pathway involving the formation and oxidation of an
iminoquinone intermediate (Figure 3.1A), and an "addition-elimination" pathway involving
substrate oxidation via a hemiaminal intermediate (Figure 3.1B). Extensive mechanistic studies
of the enzyme and model systems by Klinman, Sayre and others convincingly demonstrated that

the reaction proceeds via the transamination pathway.*”
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copper amine
R SNH, + Op + H0 — 298585 p g 4 H0, + NHg
A "Transamination"” . B "Addition-Elimination"
) imine intermediates ‘ - hemiaminal intermediate
0] ~a - OH v OH ‘ o
)NHZ :
R : ||
OH o OH 1
N N i
cur O Hz0 N ﬁ 1 cut ©
R R }
H,0 1
NFa ? ! H20,
o
A~ |
R™NH, HJ\H |
O 1o, o, OH | 0,
OH OH : OH
Cu'  NH Cu'  NH, ! Cu'  OH

Figure 3.1. Mechanism of aerobic amine oxidation mediated by copper amine oxidase enzymes.
(A) "Transamination" mechanism involving covalent imine intermediates. (B) "Addition-
elimination" mechanism of amine oxidation, involving a hemiaminal intermediate.

Recently, several groups have begun to explore quinone-based catalysts®” as alternatives to
metal-based catalysts for amine dehydrogenation.'”'* Use of quinones Q1° and Q2 (Scheme 3.1)
enables efficient and selective production of homo- and heterocoupled imines under mild
reaction conditions (Scheme 3.1). These catalysts show exquisite selectivity for primary amines,
similar to the native enzymes. Secondary amines are not compatible with the transamination

mechanism, and they often serve as inhibitors via formation of irreversible covalent adducts.""*
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Scheme 3.1. Biomimetic pre-catalysts Q1 and Q2 and their synthetic application to oxidative
homo- and cross-coupling of primary amines.

S o
Q-1,0, ¢ +-Bu ‘
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The function of quinone cofactors in nature is not limited to primary amine oxidation. For
example, pyrroloquinoline quinone (PQQ)-dependent alcohol dehydrogenases (Figure 3.2)
mediate alcohol oxidation via a mechanism that involves a hemiacetal intermediate, resembling
the addition-elimination mechanism in Figure 3.1B."" Identification of new quinone-based
catalysts that operate via an addition-elimination mechanism could significantly enhance the
synthetic scope of such oxidation reactions. Kobayashi proposed the involvement of hemiaminal
intermediates in diverse amine oxidation reactions that use Pt/Ir nanoclusters and 4-tert-
butylcatechol as cocatalysts.® Here, we expand this concept by showing that 1,10-
phenanthroline-5,6-dione (phd) (Figure 3.2) is an effective catalyst for secondary amine
oxidation. Fundamental studies provide direct evidence for the addition-elimination pathway,
including spectroscopic characterization of the hemiaminal intermediate. We further show that
coordination of the distal nitrogen atoms to Zn>* enhances phd amine oxidation activity, and that
a catalyst system composed of phd/Znl, promotes efficient aerobic oxidation of a variety of

secondary amines and nitrogen heterocycles.
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substrate
oxidation site

tunable
metal-binding
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pyrroloquinoline quinone 1,10-phenanthroline-5,6-dione
(PQQ) (phd)

Figure 3.2. Pyrroloquinoline quinone (PQQ), and phd: a modular, bifunctional catalyst for amine
oxidation. The o-quinone moiety is responsible for substrate oxidation, while remote metal-
binding sites can be used to tune the quinone reactivity.

3.2. Results and Discussion

Stoichiometric secondary amine oxidation and characterization of a hemiaminal adduct. In
an effort to expand upon our earlier studies of quinone-mediated amine oxidation,” we were
drawn to the structure of 1,10-phenanthroline-5,6-dione (phd) as a potential catalyst because of
its bifunctional character associated with the o-quinone and distal chelating nitrogen atoms
(Figure 3.2). Independently, the coordination chemistry of phd with a number of different metals
has been investigated.”™ We speculated that these two features could be combined to achieve
unique amine oxidation reactivity.”' The dehydrogenation of cyclic secondary amines was
targeted because these substrates have been ineffective with traditional amine oxidase mimics.
For example, Bruice and coworkers have studied isomeric phenanthroline-derived o-quinones as
models of the cofactor pyrroloquinoline quinone (PQQ), and they observed stoichiometric
oxidation of various amines, including the secondary amine morpholine. No catalytic reactivity
was observed, however, and the reaction with morpholine led to formation of an irreversible
covalent adduct."” Catalytic dehydrogenation of secondary amines is also an important target
because the unsaturated heterocyclic products are prevalent in pharmaceuticals and other

biologically active molecules.
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Our initial studies probed the stoichiometric reaction of 1,2,3 4-tetrahydroisoquinoline 1 with
phd in MeCN. The reaction proceeded quantitatively at room temperature within 18 h to afford
34-dihydroisoquinoline 2 and 1,10-phenanthroline-5,6-diol (phd-H,) as a yellow-green
precipitate (eq 1). The effectiveness of this reaction was better than expected in light of Bruice's
precedent showing that secondary amines could form irreversible covalent adducts with phd

analogs."

OH
OH
ssE_areise
+ _— | P + N
HN__ rt N = X (1)
| 2

| 1 phd-Hy N
(6 equiv) 100% yleld

The reaction of 1 with phd was monitored by 'H NMR spectroscopy to determine whether
intermediates could be observed. Upon addition of 6 equiv of 1 in MeCN-d; at room
temperature, the characteristic phd resonances disappeared with concomitant formation of new
broad peaks. Variable temperature studies demonstrated that these broad peaks were associated
with an equilibrium exchange process occurring on the NMR time scale. The broad peaks
resolved at lower temperature (Figure 3.3 and 3.7) to reveal the presence of a new species, and
the chemical exchange process was sufficiently slow at -40 °C to enable full characterization of
this intermediate by NMR spectroscopy. It was identified as hemiaminal A (Figure 3A) on the
basis of 'H-"C and 'H-"N gHSQC and gHMBC as well as 1D NOESY data (see Supporting
Information, Figures 3.8-3.12).

NMR titration studies of phd with 1 in MeCN-d; (Figure 3.13) were used to establish the
equilibrium constant for hemiaminal formation: K = 0.10 mM"' at -40 °C. Exchange

spectroscopy (EXSY) experiments were carried out with 6 equiv of 1 and revealed exchange
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between 1 and the hemiaminal, and between the hemiaminal and free phd (Figures 3.14 and

3.15).

A key data
) NOE: from H-4 to H-A/H-C
EXSY: from 1 to H-A
from H-4 to phd and H-7
13C NMR:
| C-5:88.8 ppm
phd N 1 A 3 C-6: 199.8 ppm
(6 equiv) 2 gHMBC: coupling of H-A
observed at low T and C-5

M M JU v -40°C

-20°C

:

0°C

e e
ol

1 only

[ JM

9.4 9.2 9.0 88 86 84 82 80 7.8 7.6 7.4 72 7.0 6.8 6.6 6.4
f1 (ppm)
Figure 3.3. Observation of hemiaminal intermediate A by variable temperature '"H NMR.

3

Zn**-promoted amine oxidation and characterization of Zn-phd complexes. The prospect
that metal ions could promote phd-mediated amine oxidation was tested by adding various
quantities of Zn(OTTf), to the reaction mixture. The most significant rate enhancement was
observed with 0.5 equiv of Zn(OTf¥), (i.e., phd/Zn** = 2:1), which led to an 11-fold increase in the
initial rate of the oxidation of 1 by phd (Figure 3.4). Formation of large quantities of precipitate,
presumably corresponding to a Zn**/phd-H, coordination polymer, slowed the reaction after

approx. 40-50% conversion under these conditions.
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Figure 3.4. Rates for the stoichiometric reaction of 1 with phd at -10 °C in acetonitrile with and
without 0.5 equiv Zn(OTf),. Reaction conditions: [phd] = 19 mM (0.019 mmol), [1] = 114 mM
(0.114 mmol), [Zn(OTf),] = 9.5 M (0.095 mmol), MeCN (1 mL), -10 °C.
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Figure 3.5. "H NMR titration and speciation plot at different Zn(OTf),/phd ratios. Lines do not
represent fits, but are included to guide the eye.
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NMR titration studies of Zn(OTf), and phd in MeCN-d, revealed sequential formation of three
discrete species in solution, corresponding to [Zn(phd),]**, [Zn(phd),]** and [Zn(phd)]** (Figures
3.5 and 3.16). 'H-"N HMBC experiments reveal that the phd N resonances shift from 313 ppm
to 251 ppm in the presence of Zn(OTf), (Figures 3.17 and 3.18), consistent with coordination of
the pyridyl nitrogen atoms to Zn. X-ray quality crystals of a [Zn(phd),]** species were obtained

from a 2:1 mixture of phd/Zn(OTf), in MeCN, confirming phd coordination to Zn (Figure 3.6).

—‘+
1O __Me
_— N
(@) — \Z| e
_Zn
(0] 0 ;N \ N7
LN
~ o)
0

Figure 3.6. X-ray crystal structure of [Zn(phd),(MeCN)(OTf)]* shown with 50% probability
ellipsoids. All H atoms and disorder are omitted for clarity (see Supporting Information for
details).

Catalytic aerobic oxidation of secondary amines. The oxidation of tetrahydroisoquinoline 1 to
the dihydroisoquinoline 2 was then tested with catalytic quantities of phd (5 mol %) and different
Zn** sources (2.5 mol %) under 1 atm of O, (Table 3.1). Negligible catalytic turnover was
observed in the oxidation of 1 by phd in the absence of Zn®* ions (7% yield), and little
improvement was achieved by including Zn(OTf),, Zn(OAc),, ZnCl,, or ZnBr, (Table 1, entries
1-5). Use of Znl,, however, resulted in significant catalytic turnover (55% yield; entry 6). The
yield further improved upon adding catalytic quantities of a Brgnsted acid (75% yield with 15

mol % pyridinium p-toluenesulfonic acid, PPTS; entry 7). Control experiments showed that no
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amine oxidation occurred in the absence of phd under these conditions (entry 8), and removal of
the Znl, leads to only stoichiometric oxidation (7%; entry 9). Replacement of phd with 1,10-
phenanthroline also results in no substrate oxidation (entry 10).

Table 3.1. Optimization of the reaction conditions for the catalytic aerobic oxidation of
tetrahydroisoquinoline, 1.

| X Conditions | X
_—
Pz NH O (1 atm) AN
1

MeCN, rt, 24 h 2
Entry quinone additive additive % yield 2
1 5% phd 7
2 5% phd  2.5% ZnOTf, 7
3 5% phd  2.5% ZnOAc, 7
4 5% phd 2.5% ZnCl, 7
5 5% phd 2.5% ZnBr, 10
6 5% phd 2.5% Znl, 55
7 5% phd 2.5% Znl, 15% PPTS 75
8 2.5% Znl, 15% PPTS NR
9 5% phd 15% PPTS 7
10 5% phen 2.5% Znl, 15% PPTS NR

* Reaction conditions: 1,2,3 4-tetrahydroisoquinoline (0.130 mmol), MeCN (0.5 mL), O,
atmosphere, 24 h. PPTS, Pyridinium p-toluenesulfonic acid. Yields determined by 'H NMR
spectroscopy.

Further studies of the oxidation of 1 to 2, as well as the oxidation of dibenzylamine 3 to N-
benzylidene benzylamine 4, revealed that both Zn** and iodide are important to the success of the
catalytic reactions. Oxidation of 3 under the optimized reaction conditions resulted in an 80%
yield of 4 (Table 3.2, entry 1). Upon replacement of Znl, with tetrabutylammonium iodide
(Bu,NI), significant catalytic activity was retained in the oxidation of 1, but only stoichiometric
reactivity was observed in the oxidation of 3 (entry 2). A similar observation was made when
Znl, was replaced with molecular iodine (entry 3). Use of catalytic I, in the absence of phd led to

negligible reactivity, even in the reaction of 1 (entry 4).
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Table 3.2. Beneficial effect of Zn>* and iodide on catalytic aerobic amine oxidation.*

_—
©©NH Conditions =N
1

O, (1 atm) 2
MeCN, rt, 24 h
o
PA">N"Ph ——— pn" >N Ph
3 H 4

Entry quinone additive additive % yield 2 % yield 4

1 5%phd 2.5%Znl, 15% PPTS 75 80
2  5%phd 5%BusNl 15% PPTS 61 6
3 5%phd 25%l, 15%PPTS 52 8
4 25%l, 15%PPTS 2 3

* Reaction conditions: amine (0.130 mmol), MeCN (0.5 mL), O, atmosphere, 24 h. PPTS,
Pyridinium p-toluenesulfonic acid. Yields determined by 'H NMR spectroscopy.

The unique beneficial effect of iodide counterions raised the possibility of a catalytic redox
role for iodide, and use of a starch-iodine test provides evidence for the formation of I, in the
absence of substrate under the standard reaction conditions. On the basis of this result, at least
two reasonable mechanisms could be considered for the amine oxidation reactions (Scheme 3.2).
Mechanism A involves phd-mediated amine oxidation, similar to the stoichiometric reactivity
shown in eq 1 and Figure 4. Catalytic turnover involves an iodide/triiodide cycle* that mediates
aerobic reoxidation of phd-H, (Scheme 3.2A). Mechanism B reflects literature precedents for
stoichiometric oxidation of certain amines by molecular iodine,”* and the catalytic cycle involves
L/I;-promoted amine oxidation coupled to a phd-based redox cycle that mediates aerobic
reoxidation of iodide (Scheme 3.2B). The latter pathway resembles metal-catalyzed oxidation
reactions in which quinones have been used to facilitate aerobic oxidation of the reduced

catalyst.”
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Scheme 3.2. Two proposed reaction mechanisms.
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Kinetic isotope effect experiments were carried out in order to distinguish between these

possibilities (Scheme 3). The reaction of 1-d, was subjected to three different reaction
conditions, including those employing (a) stoichiometric phd as the oxidant under anaerobic
conditions, (b) stoichiometric iodine as the oxidant under anaerobic conditions, and (c) the
optimized catalytic conditions with 5 mol % phd/2.5 mol % Znl, under aerobic conditions.
Comparison of the KIEs from these experiments showed that the KIE obtained under catalytic
conditions matched that obtained with stoichiometric phd (KIE = 6.4 in both cases), and differed
from the KIE observed with I, as the oxidant (KIE = 3.8). These results provide strong support

for the quinone-mediated amine oxidation pathway associated with Mechanism A in Scheme 2A.
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Scheme 3.3. Intramolecular competition kinetic isotope effect experiments.

conditions E\
NH
MeCN, rt /2 =N
1
H. D H.D
6.0 equiv
stoichiometric reactions:

(a) 1.0 equiv phd, 0.5 equiv Zn(OTf),, 3.0 equiv PPTS
KIE = 6.4 = 0.2, 80% yield

(b) 1.0 equiv I, 0.5 equiv Znl,, 3.0 equiv PPTS
KIE = 3.8 £0.2, 45% yield
catalytic reaction:
(c) 5 mol % phd, 2.5 mol % Znl,, 15 mol % PPTS, 1 atm O,

KIE = 6.4 £ 0.2, 52% yield

Substrate scope and synthetic applications. The optimized catalytic conditions were tested
with a number of different substrates (Table 3.3), ranging from simple dibenzyl amines (A) to
various nitrogen heterocycles, such as tetrahydroisoquinolines (B), tetrahydro-f-carbolines (C),
and tetrahydroquinazolines (D), as well as indolines (E). Substrate classes (B)—(D) are particular
appealing because the saturated heterocycles may be accessed readily via simple condensation
and Pictet-Spengler reactions (Table 3.3B-3.3D).

Substituted tetrahydroisoquinolines were smoothly converted to 3.,4-dihydroisoquinolines
under these conditions (Table 3.3B). Electron-donating groups improved reaction yields and
diminished reaction times. 6,7-Dimethoxytetrahydroisoquinoline ~ was  oxidized to
dihydrobackebergine 6 in 91% isolated yield and proceeds more rapidly than the parent substrate
1. Aryl and alkyl substitution at the 1-position is well-tolerated: 1-phenyl- and 1-cyclohexyl-
substituted 6,7-dimethoxy-3.4-dihydroisoquinolines were isolated in excellent yields (98% and
90% yields of 7 and 8, respectively). The 3,4-dihydroisoquinoline products of these reactions
have been widely used as precursors to chiral tetrahydroisoquinolines, which are widely
represented in natural products and pharmaceuticals. For example, 1-(4-chlorophenyl)-34-

dihydro-6,7-dimethoxyisoquinoline 9, which is obtained in 94% yield under our aerobic
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oxidation conditions, is an intermediate to the phase III antiepileptic AMPA receptor agonist
10

Substituted tetrahydro-f3-carbolines are readily converted to 3.,4-dihydro-f-carbolines using the
same optimized conditions (Table 3.3C). Aryl substitution in the 1-position is again tolerated,
with yields slightly improved for substrates containing electron-rich substituents (13, R = OMe,
88% yield), relative to those containing electron-deficient substituents (11, R = Cl, 70% yield).
o-Methyl substitution is also well-tolerated (14, 91% yield), and the natural product
isoeudistomin U (15) was obtained in 63% isolated yield (85% NMR yield).

Quinazolines were formed in good yields from tetrahydroquinazolines (Table 3.3D). Unlike
other substrate classes, wherein electron-donating substituents improved yields, quinazoline
products containing electron-withdrawing substitution at the 2-position were better substrates.
Ring-chain tautomerism in 2-substituted tetrahydroquinazolines could occur, and the improved
yields of electron-deficient quinazolines may reflect the stabilization of the ring tautomer in the
respective tetrahydroquinazoline substrates.

With slight modification to the reaction conditions (5 mol % phd, 1.0 mol % Znl,, and 1.0
mol % PPTS) indoline could be converted to indole 25 (Table 3.3E) in 81% isolated yield. 3-
Methyl, and 2-methyl indolines were also oxidized to the corresponding indoles in good yields
(80% and 73% isolated yields, 26 and 27 respectively). Even the tertiary amine substrate, 1-
methyl indoline, afforded the indole product 28 in 48% yield (Table 3.3E); however, the

electron-deficient N-tosylindoline 29 was not oxidized under these conditions.
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Table 3.3. Substrate scope and synthetic applications.

A. Synthesis of imines

5.0 mol % phd
2.5 mol % Znl, SN
15 mol % PPTS
“MeCN. 1t 24h > R R
eCN, rt, 24 h 4
O, balloon 5

B. Synthesis of 3,4-dihydroisoquinolines
Condensation, Pictet-Spengler

1RCHO N
NHo o e

5.0 mol % phd

2.5 mol % Znl,

15 moI % PPTS

NH  MeCN, rt, 240
O, balloon

@

6 91%
dihydrobackebergine

ﬁ@

7, 98%

weey
©

90%

AMPA receptor agonist
phase Il anti-convulsant

C. Synthesis of 3,4-dihydro-B-carbolines
Condensation, Pictet-Spengler

5.0 mol % phd

NH, 2.5 mol % Znl, N\
{ 1.ACHO A N 15 mol% PPTS 8 N
> —_—
N 2 H+ | A\ R MeCN, rt, 48 h N R
H H O, balloon
\ N Me
N D NH
11,R=H,81% R 14,91% 15, 63% (85%)
12, R =Cl, 70%
13, R = OMe, 88% Isoeudistomin U
D. Synthesis of quinazolines
Condensation 5.0 mol % phd
2.5 mol % Znl, =
EI\NHZ RCHO /'\ﬂ* 15 mol % PPTS JN\
= IO 70 AP _
NH, N" >R  MeCN,rt, 24 h N>R
H 0, balloon

16,R = H84i/o\<j\

17, R = Bu, 85%
18, R =Cl, 82%
19, R = OMe, 64%P

20, R = NMe,, (56%)° 23, 76%

\N 21, Si;Q

22, 8j°/o\©

24, 72%

E. Synthesis of indoles

o

5.0 mol % phd
1.0 mol % Znl,

_—
1.0 mol % PPTS
H MeCN, rt, O, balloon, 48 h

: !
N
H

N
oD @\« Oy CLY \
H Me \Ts

I=z

25, 81% (85%) 26, 80% 27,73% (

(85%)

28, (48%) 29, No Reaction

* Reaction conditions: substrate amine (1.0 mmol), phd (0.05 mmol), Znl, (0.025 mmol), PPTS
(0.15 mmol), MeCN (4.0 mL), O, balloon, 24-48 h. " 48 h reaction time. Yields are reported as
isolated yields, numbers in parenthesis indicate NMR yields.
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3.3. Conclusion

In conclusion, we have identified a new strategy for aerobic oxidation of secondary amines,
employing 1,10-phenanthroline-5,6-diones as a bifunctional o-quinone catalyst. The success of
these reactions can be traced to the non-biomimetic reaction mechanism, which involves an
addition-elimination pathway, rather than the transamination pathway employed by copper
amine oxidase enzymes and many quinone model systems. Direct spectroscopic evidence was
obtained for the hemiaminal intermediate. The bifunctional character of the phd catalyst was
exploited in the use of Zn* to promote amine oxidation, and iodide was fortuitously discovered
to promote aerobic catalytic turnover. Control experiments and mechanistic studies reveal that
iodide plays a critical redox role in mediating aerobic reoxidation of the reduced quinone
catalyst. Collectively, these results provide a foundation for broader exploration of quinones and

related redox-active organic catalysts in selective aerobic oxidation reactions.
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3.5. Experimental Details and Supporting Information
3.5.1 General Considerations.

All commercially available compounds were purchased from Sigma-Aldrich, and used as
received unless otherwise indicated. Solvents were dried over alumina columns prior to use. 'H
and "C NMR spectra for compound characterization were recorded on Bruker AC-300 MHz,
Avance-400 MHz, Avance-500 MHz or Varian Mercury-300 MHz spectrometers. Chemical shift
values are given in parts per million relative to residual solvent peaks (‘H and "°C) or liquid NH,
("N). High-resolution, exact mass measurements were obtained by the mass spectrometry
facility at the University of Wisconsin. Melting points were taken on a Mel-Temp II melting
point apparatus. Gas chromatographic analysis of reactions was conducted with a Shimadzu GC-
2010Plus gas chromatograph with either a DB-Wax or a RTX-5 column. Flash chromatography

was performed using SilicaFlash® P60 (Silicycle, particle size 40-63 um, 230-400 mesh).

3.5.2. Procedure for Stoichiometric Reaction of phd with 1,2,3 4-tetrahydroisoquinoline.

To a solution of phd (4.0 mg, 0.019 mmol) in MeCN-d; (1.0 mL) containing internal standard
(1,3,5-trimethoxybenzene) was added 6.0 equiv of 1,23 4-tetrahydro-isoquinoline (14.5 uL,
0.114 mmol). Reaction progress was monitored by 'H NMR until completion, at which point
solids had formed along the walls of the NMR tube. (The liquids could be decanted, and the
solids reconstituted in DMSO-dg + 1 drop TFA to give a spectrum which matched authentic

1,10-phenanthroline-5,6-diol, prepared according to the literature procedure®).



114

3.5.3. Low Temperature NMR Characterization of Hemiaminal Intermediate A: General

considerations for NMR studies

Low temperature characterization data was obtained using Bruker Avance 500 MHz or Varian
INOVA 600 MHz spectrometers. Low temperature correlation spectroscopy was acquired using
the following pulse parameters: 'H-""C HSQC spectral window (2) of 230 ppm centered at 105
ppm, jlxh = 140.0 Hz, ni = 256, and ns = 2; '"H-"C HMBC spectral window (f2) of 230 ppm
centered at 105 ppm, jnxh = 8.0 Hz, jlxh = 140.0 Hz, ni = 256, ns = 4; 'H-"N HMBC spectral
window (f2) of 400 ppm centered at 150 ppm, jnxh = 7.0 Hz, j1xh = 95.0 Hz, ni = 256, and ns =
128. Chemical shift values are given in parts per million relative to residual solvent peaks (‘H
and "C) or liquid NH; (“N). Unless otherwise indicated, temperature calibrations were

determined using a 4% MeOH in CD,OD external standard.

3.5.4. General Procedure for NMR sample preparation

A solution of phd (4.0 mg, 0.019 mmol) in 1.0 mL MeCN-d; was loaded into an NMR tube.
1,2,3 4-Tetrahydroisoquinoline (14.5 uL, 0.114 mmol, 6.0 equiv) was added, and the sample was
frozen in a dry ice/acetone bath to prevent further reaction. The sample was quickly thawed prior
to loading into a spectrometer already cooled to -40 °C. When relevant, percent yield was
determined from quantitative 'H NMR spectra (relaxation delay: 25 s) based on 1.3.5-

trimethoxybenzene internal standard.
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3.5.5. General Procedure for NMR time courses.

A solution of (a) phd (4.0 mg, 0.019 mmol), or (b) phd (4.0 mg, 0.019 mmol) and 0.5 equiv
Zn(OTf), (3.45 mg, 0.0095 mmol) in 1.0 mL MeCN-d, was loaded into an NMR tube. The
sample was locked, tuned and shimmed in an NMR spectrometer already at -10 °C. The sample
was quickly ejected, 1,2,3 4-tetrahydroisoquinoline (14.5 uL, 0.114 mmol, 6.0 equiv) was
added, and the sample was re-injected into the spectrometer. Quantitative (1 scan) 'H spectra

were acquired every 60 or 120 seconds.

3.5.6. Procedures for aerobic reaction screening

In a disposable culture tube, 1,10-phenanthroline-5,6-dione (5 mol %, 0.065 mmol), Znl, (2.5
mol %, 0.00325 mmol), and PPTS (15 mol %, 0.0195 mmol) were dissolved in 0.5 mL MeCN.
1,2,3,4-Tetrahydroisoquinoline or dibenzylamine (0.130 mmol) was added, and the reaction tube
was placed into an aluminum block mounted on a Large Capacity Mixer (Glas-Col) that enabled
several reactions to be performed simultaneously under a constant pressure of (approx.) 1 atm O,
with orbital agitation. The headspace above the tubes was filled and purged with oxygen gas
multiple times, and then left under constant pressure of O, for 24 h. Upon completion, the tube
was removed and internal standard was added. The reaction solvents were removed, and the

residue suspended in CDCl; and filtered through a short plug of Celite for NMR analysis.
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Mono-deuterated 1,2,3,4-tetrahydroisoquinoline, 1-d;, was prepared with >99:1 deuterium

incorporation according to the literature procedure.

Stoichiometric Reactions: Quinone-mediated oxidation

0]
()
(\ 3.0 equiv PPTS
N7 N ‘ - MeCN, rt
+  4hUTp + NH N
Nx 15h 7
phd H D H,D
- . 2iH )
1.0 equiv 0.5 equiv 6.0 equiv

after 1.5 h, 80% yield: KIE = 6.4 £0.14

To a solution containing 1.0 equiv phd (10.0 mg, 0.047 mmol), 0.5 equiv Zn(OTf), (8.6 mg,

0.023 mmol) and 3.0 equiv PPTS (35.6 mg, 0.141 mmol) in 2.5 mL MeCN was added 6.0 equiv

1-d; (36 uL, 0.284 mmol). After 1.5 h, a stock solution of 1,3,5-trimethoxybenzene was added

and the reaction was concentrated, resuspended in CDCl3, and filtered through a celite plug into

an NMR tube. Quantitiative NMR analysis showed the reaction yield to be 80% based on phd.

The intrinsic KIE was determined to be 6.4 +/- 0.14 (mean +/- s.e.m.) based on three independent

experiments.
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Stoichiometric Reactions: Iodine/Triiodide-mediated oxidation.

3.0 equiv PPTS

| 20l E\ MeCN, rt
2 +ooenlp + N _NH
15h =N

H D
1-d, H,D
1.0 equiv 0.5 equiv 6.0 equiv

after 1.5 h, 45% yield: KIE = 3.8 = 0.20

To a solution containing 1.0 equiv I, (12.1 mg, 0.047 mmol), 0.5 equiv Znl, (7.6 mg, 0.023
mmol) and 3.0 equiv PPTS (35.6 mg, 0.141 mmol) in 2.5 mL MeCN was added 6.0 equiv 1-d;
(36 uL, 0.284 mmol). After 1.5 h a stock solution of 1,3,5-trimethoxybenzene was added to the
reaction mixture and the reaction was diluted with EtOAc and washed with a saturated solution
of sodium thiosulfate. The organic phase was dried, concentrated and redissolved in CDCl; for
NMR. Quantitiative NMR analysis showed the reaction yield to be 45% based on phd. The
intrinsic KIE was determined to be 3.8 +/- 0.20 (mean +/- s.e.m.) based on five independent

experiments.

Catalytic Reactions: Optimized aerobic conditions.
5.0 mol % phd

2.5 mol % Znl, N
15 mol % PPTS |
NH > AN
MeCN, rt, O, balloon

H D H.D
1-d, 240

after 24 h, 52% yield: KIE = 6.4 + 0.19

To a solution containing 5 mol % phd (4.14 mg, 0.0195 mmol), 2.5 mol % Znl, (3.14 mg,
0.00975 mmol), and 15 mol % PPTS (14.9 mg, 0.585 mmol) in 1.6 mL MeCN containing 1,3,5-
trimethoxybenzene and under an O, atmosphere (balloon) was added 1-d; (50 uL, 0.39 mmol).

After 24 h the reaction was concentrated, redissolved in CDCls, and filtered through a Celite
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plug. Quantitiative NMR analysis showed the reaction yield to be 52% based on 1 (>10 catalyst
turnovers). The intrinsic KIE was determined to be 6.4 +/- 0.19 (mean +/- s.e.m.) based on three
independent experiments. A sample run to earlier conversion, stopped after 7 h, was measured to

have KIE = 6.5.

3.5.8. Procedures for catalytic secondary amine oxidation

Typical procedure for the oxidation of secondary amines is as follows. A 25 mL flask was
charged with 1,10-phenanthroline-5,6-dione (10.5 mg, 0.05 mmol, 5 mol %) and amine substrate
(1.0 mmol) and 3.0 mL anhydrous MeCN was added. The flask was flushed with O, and
equipped with an O, balloon. A well-dissolved solution of Znl, (7.98 mg, 0.025 mmol, 2.5 mol
%) and pyridinium p-toluenesulfonic acid, PPTS (37.7 mg, 0.15 mmol, 15 mol %), in 1.0 mL
anhydrous MeCN was then added. (Depending on the substrate, once Znl, was added the mixture
was observed to change color and/or form a heterogeneous component over the course of the
reaction). The reaction was stirred vigorously at room temperature for 24 h or 48 h, or until TLC

indicated completion.

Workup A: Following reaction completion, the mixture was concentrated by rotary evaporation,
suspended in a minimum of chloroform, and directly chromatographed over SiO, using

EtOAc/Hexanes or EtOAc.

Workup B: Following reaction completion, the mixture was diluted in 50 mL EtOAc and
washed with 25 mL of 1M NaOH. The aqueous phase was extracted with additional EtOAc (2 x

25 mL). The combined organic phases were washed with 25 mL brine, dried over Na,SO,,
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filtered, and concentrated. The reaction crude was then chromatographed over SiO, using

EtOAc/Hexanes or EtOAc.

Figure 3.7. Variable Temperature stackplot of phd with 6.0 equiv 1 from 27 °C to -40 °C,

resolving species A from the dynamic exchange of phd with 1.
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Figure 3.8. Characterization of Hemiaminal species, A 'H NMR at -40 °C.
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Figure 3.9. Characterization of Hemiaminal species, A 'H — °C HSQC at -40 °C.
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Figure 3.10. Characterization of Hemiaminal species, A 'H-"C HMBC at -40 °C.
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Figure 3.11. Characterization of Hemiaminal species, A 'H-"N HMBC at -40 °C.
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Figure 3.12. Characterization of Hemiaminal species, A 1D-NOESY at -40 °C.

Selective irradiation at 8.12 ppm, mix time 0.3 s. NOE is observed from 4 to 3, A and C. (NOTE:
Positive NOE is also observed to free 1 due to the exchange of positively magnetized A/C in

species A with free 1 — see exchange dynamics).
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Figure 3.13. NMR titration of phd with 1, demonstrating equilibrium formation of

Hemiaminal species, A 'H-NMR stackplot at -40 °C.
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Figure 3.14. Low Temperature Exchange Dynamics EXSY-1D at -40 °C.

Selective irradiation at 3.88 ppm with arrayed mix time. Magnetization transfer from free 1 (*) to

species A (A) indicates exchange.
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Figure 3.15. Low Temperature Exchange Dynamics EXSY-1D at -40 °C.

Selective irradiation at 8.12 ppm with arrayed mix time. Magnetization transfer from species A

(2) to free phd () to species A’ (9) indicates exchange.
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Figure 3.16. Zn(OTf),/phd NMR Titration stackplot and speciation plot.
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Figure 3.17.'H-"N HMBC: Zn(phd),OTf, Indirect measurement of "N chemical shift of free

phd is 251 ppm (vs NH;)
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Figure 3.18.'H-"N HMBC: phd only. Indirect measurement of '°N chemical shift of free phd is
0

313 ppm (vs NH;)
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3.5.9. Synthesis of 1,10-phenanthroline-5,6-dione, phd

1,10-phenanthroline-5,6-dione, phd

The quinone catalyst, phd, was prepared from commercial 1,10-phenanthroline (Sigma Aldrich)
according to the method of Eisenberg.”” 1,10-phenanthroline (4.0 g, 22.0 mmol) and KBr (4.1 g,
34.4 mmol) were combined in a flask, and an ice-cooled mixture of H,SO, (40 mL) and HNO,
(20 mL) was slowly added to the solids. The mixture was heated to reflux for 3 h, and then
dumped onto 500 mL ice. The yellow aqueous solution was carefully neutralized with NaOH to
pH =6 - 7, extracted into CHCl,, dried over MgSO,, and concentrated to give nearly quantitative
1,10-phenanthroline-5,6-dione. The yellow solids were recrystallized from ethanol to give pale
yellow, flat needles (1.65 g, 35%): mp (EtOH): 263-264 °C; '"H NMR (400 MHz, DMSO)
09.01 (dd, 2H, J = 4.8, 1.6 Hz), 8.40 (dd, 2H, J = 7.6, 1.6 Hz), 7.69 (dd, 2H, J = 7.6, 4.8 Hz);
C NMR (101 MHz, DMSO) § 178.25, 154.83, 152.79, 136.16, 129.60, 125.72; EMM (ESI)
Calc for C2HgN2O, (M+H): 211.0503, found 211.0500. 1,10-phenanthroline-5,6-dione is also

commercially available (Sigma Aldrich).
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3.5.10 Synthesis and Characterization of Substrates
Acyclic Secondary Amines

Dibenzylamine was obtained from commercial sources (Sigma Aldrich) and was used as
obtained, without further purification. Other acyclic secondary amines were synthesized by
reductive amination, according to the literature method.
N
| H o

= Z

MeO OMe

N,N-bis-(4-methoxybenzyl)amine

Synthesized according to the representative procedure to give a colorless oil whose spectroscopic
data matched those previously reported: *' "H NMR (400 MHz, CDCl,) d 7.29 (d, J = 8.6 Hz, 1H),
691 (d,J = 8.6 Hz, 1H), 3.84 (s, 6H), 3.77 (s, 4H), 1.55 (s, 1H); "C NMR (101 MHz, CDCl,) d
158.61, 132.58, 129.34, 113.78, 55.30, 52.51.

Tetrahydroisoquinolines

MeO i. MeOH, rt, 16h MeO
m + RCHO — >
MeO NH, ii. TFA, reflux, 3-16 h MeO NH

R

1,2,3 4-tetrahydroisoquinoline was obtained from commercial sources (Sigma Aldrich) and was
used without further purification. 6,7-dimethoxy-1,2,3 4-tetrahydroisoquinoline was prepared by
basification of an aqueous solution of 6,7-dimethoxy-1,2,3 4-tetrahydroisoquinoline
hydrochloride (available from Sigma Aldrich) and extraction of the neutralized compound into
organic solvent. 1-substituted tetrahydroisoquinolines were prepared according to the following

representative procedure.



133

1-(4-chlorophenyl)-1,2,3 4-tetrahydro-6,7-dimethoxyisoquinoline

Representative Procedure for Imine Formation: 4-Chlorobenzaldehyde (2.5 g, 17.8 mmol)
was dissolved in 100 mL MeOH, and 3 4-dimethoxyphenethylamine (3.0 mL, 17.8 mmol) was
added. The reaction was stirred at room temperature for 16 h, forming a white precipitate over
this time. The white solids were collected by vacuum filtration, rinsed with 5 mL. MeOH, and
dried to afford the desired imine as a fine white solid (4.29 g, 79% yield). The filtrate was
concentrated, and the remaining solids were suspended in a minimum of methanol, and similarly
collected to give an additional 0.548 g, or 89.6% combined yield of the corresponding imine: 'H
NMR (500 MHz, CDCl,) 6 8.09 (s, 1H), 7.65 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.4 Hz, 2H), 6.6-
6.8 (m, 3H), 3.8-3.9 (m, 8H), 2.97 (t, J = 7.2 Hz, 2H); “C NMR (126 MHz, CDCl;) 6 160.12,
148.62, 147.36, 136.53, 134.66, 132.40, 129.19, 128.88, 120.86, 112.41, 111.12, 63.33, 55.89,
55.73, 36.93. [In some instances, when imine products did not precipitate from solution, the
solvents were evaporated and the residue triturated with - or recrystallized from - hexanes,

diethyl ether, EtOH, or another suitable solvent].

Representative Procedure for Pictet-Spengler: The thus obtained imine (1.67 g, 5.5 mmol)
was dissolved in TFA (10 mL) and heated to reflux for 3 h, or until TLC indicated completion.

The reaction was cooled, diluted with water and the solution basified by the addition of 1M
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NaOH. The aqueous solution was extracted (3 x 75 mL EtOAc or CH,Cl,), dried over MgSO,,
and concentrated to give 1.67 g of the title compound as a white solid whose spectroscopic data
match those previously reported:** '"H NMR (500 MHz, CDCL,) 6 7.30 (d, J = 8.1 Hz, 2H), 7.22
(d,J=8.2Hz,2H), 6.65 (s, 1H), 6.22 (s, 1H), 5.05 (s, 1H), 3.89 (s, 3H), 3.67 (s, 3H), 3.20 (dt, J
=11.2,5.2 Hz, 1H), 3.06 (ddd, J = 12.5,8.5,4.9 Hz, 1H), 2.94 (dd, J = 12.3, 59 Hz, 1H), 2.6-
2.85 (m, 1H), 2.26 (s, 1H); "C NMR (126 MHz, CDCl,) 6 147.76, 147.13, 143.25, 133.14,
130.31, 129.16, 128.55, 127.59,111.45,110.70, 60.74, 55.88, 55.85, 41.79, 29.14.
MeO
MeomNH

Ph

1-phenyl-1,2,3 4-tetrahydro-6,7-dimethoxyisoquinoline

Spectroscopic data match those previously reported.” '"H NMR (400 MHz, CDCL,) d 7.1-7.5 (m,
S5H), 6.63 (s, 1H), 6.25 (s, 1H), 5.05 (s, 1H), 3.87 (s, 3H), 3.63 (s, 3H), 3.22 (dt,J = 12.1, 5.2 Hz,
1H), 3.05 (ddd, J = 123, 8.2, 4.6 Hz, 1H), 2.93 (ddd, J = 14.0, 8.2, 5.3 Hz, 1H), 2.75 (dt, J =
16.0, 4.9 Hz, 1H), 1.87 (br s, NH); "C NMR (101 MHz, CDCl,) d 147.61, 147.05, 144.90,
129.87, 12891, 128.41, 127.68,127.37,111.42,110.96, 61.49, 55.87, 55.86,41.90, 29.35.
MeO
MeOD?NH

Cy

1-cyclohexyl-1,2,3 4-tetrahydro-6,7-dimethoxyisoquinoline

Spectroscopic data match those previously reported.” 'H NMR (400 MHz, CDCL,) d 6.64 (s, 1H),
6.56 (s, 1H), 3.87 (s, 3H), 3.83 (s, 3H), 3.26 (ddd, J =12.1,5.2,3.6 Hz, 1H), 2.90 (ddd, J = 12.1,

9.8,4.2Hz, 1H),2.76 (ddd, J=154,9.8,5.3 Hz, 1H), 2.58 (dt,J = 15.8,4.0 Hz, 1H), 1.5-2.0 (m,
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6H), 1.0-1.5 (m, 6H); °C NMR (101 MHz, CDCl,) d 147.09, 147.06, 130.27, 128.40, 111.71,

109.29, 60.40, 56.10, 55.81,43.27,42.50, 30.93,29.83,27.09,26.72,26.61,26.38.

1,2,3 4-Tetrahydro- B -carbolines

NH; i. MeOH, rt, 16h NH
A\ + RCHO - A\
N ii. AcOH, rt or reflux
H

Ir=z

Tetrahydro-b-carbolines were prepared from tryptamine using the general procedure outlined for

the preparation of tetrahydroisoquinolines with the modifications described below.

Ph

I=

1-phenyl-1,2,3 4-tetrahydro- B -carboline

Representative Procedure for Pictet-Spengler: Following imine formation as indicated above,
N-benzylidene tryptamine (2.0 g, 8.0 mmol) was dissolved in 20 mL AcOH, and brought to
reflux for 30 min. The reaction was cooled, diluted with water, neutralized with 1M NaOH, and
extracted into EtOAc (3 x 75 mL). The organic phases were combined, washed with brine, and
then dried with Na,SO, to give 1.96 g (7.89 mmol, 98% yield) of the title compound.
Spectroscopic data match those previously reported.” 'H NMR (400 MHz, CDCl,) & 7.5-7.6 (m,

2H), 7.28-7.4 (m, 5H), 7.2-7.25 (m, 1H), 7.07-7.17 (m, J =7.1,5.5 Hz, 2H), 5.17 (t, J = 1.8 Hz,
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1H),3.38 (ddd, J =12.5,5.3,3.7 Hz, 1H), 3.15 (ddd, J = 12.9,8.9,4.7 Hz, 1H), 2.7-3.0 (m, 2H),
1.85 (br s, NH); "C NMR (101 MHz, CDCl,) & 141.85, 135.86, 134.55, 128.85, 128.51, 128.21,
12743, 121.74, 11942, 118.26, 110.84, 110.27, 58.20, 42.98, 22.59; EMM (ESI) Calc for

C,,H,,CIN, (M+H): 247.1230, found 247.1224.

®

NH

Iz

OMe
1-(4-methoxyphenyl)-1,2,3 4-tetrahydro- B -carboline

Spectroscopic data match those previously reported.” '"H NMR (400 MHz, CDCL,) 6 7.98 (s, 1H),
7.5-7.6 (m, 1H), 7.0-7.25 (m, 5H), 6.86 (d, J = 8.3 Hz, 2H), 5.06 (s, 1H), 3.80 (s, 3H), 3.33 (dt, J
= 12.5, 4.5 Hz, 1H), 3.10 (ddd, J = 12.9, 8.8, 4.8 Hz, 1H), 2.7-3.0 (m, 2H), 1.78 (s, 1H); *C
NMR (101 MHz, CDCIl;) 6 159.49, 13591, 134.90, 134.03, 129.71, 127.44, 121.64, 119.32,
118.21, 114.13, 110.90, 110.08, 57.45, 55.38, 42.83, 22.59; EMM (ESI) Calc for C,;H;N,O
(M+H): 279.1492, found 279.1482.

C

NH

Iz

Cl
1-(4’-chlorophenyl)-1,2,3 4-tetrahydro- B -carboline

Prepared according to the representative procedure with the following modifications: the reaction
was stirred at room temperature for 1.5 h. Spectroscopic data match those previously reported.*

'H NMR (400 MHz, CDCl,) 6 7.74 (s,NH), 7.59 (d,J = 8.4 Hz, 1H), 7.3-7.4 (m, 2H), 7.0-7.3 (m,
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SH, overlaps with CDCI, residual peak), 5.14 (t, J = 1.8 Hz, 1H), 3.36 (dt, J = 12.6,4.6 Hz, 1H),
3.16 (ddd, J = 12.8, 8.6, 4.8 Hz, 1H), 2.75-3.0 (m, 2H), 1.91 (br s, NH); "C NMR (101 MHz,
CDCl,) 6 140.40, 13593, 134.01, 133.87, 129.92, 128.98, 127.33, 121.94, 119.54, 118.35,
11091, 110.45, 57.39, 42.68, 22.50; EMM (ESI) Calc for C;H,;CIN, (M+H): 283.0997, found

283.0995.
| X
%

1-(2-methylphenyl)-1,2,3 4-tetrahydro- B -carboline

NH
Me

IZ_

This compound has been previously reported.” 'H NMR (400 MHz, CDCl;) 6 8.11 (br s, NH),
7.62 (dd,J =5.7,3.1 Hz, 1H), 7.3-7.4 (m, 3H), 7.15- 7.3 (m, 3H, overlaps with CDCI, residual
peak), 7.06 (d, J = 7.6 Hz, 1H), 5.39 (t, J = 1.8 Hz, 1H), 3.33 (dt, J = 12.7, 4.7 Hz, 1H), 3.13
(ddd, J = 129, 8.4, 4.9 Hz, 1H), 2.8-3.0 (m, 2H), 2.48 (s, 3H), 1.64 (br s, NH); "C NMR (101
MHz, CDCly) 6 139.59, 137.13, 135.94, 134.79, 131.07, 128.89, 128.04, 127.44, 126.25, 121.62,
119.34, 118.15, 110.93, 110.42, 54.71, 42.73, 22.68, 19.12; EMM (ESI) Calc for C;H 4N,
(M+H): 263.1543, found 263.1533.

(\

NH

\
Iz
\

NH

1-(indol-3-yl)-1,2,3 4-tetrahydro- B -carboline
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Synthesized according to the literature method.*® A suspension of tryptamine (2.0 g, mmol ) and
indole-3-carboxaldehyde (1.99 g, mmol) in 5 mL toluene was heated to reflux for 1 h. After this
time, the solvents were removed in vacuo, and the viscous residue dissolved in 20 mL CHCI,.
Trifluoroacetic acid (10 mL) was added, and the reaction was stirred for 24 h. The reaction was
then neutralized by the addition of Na,CO; (aq) and extracted into CHCI; (3 x 100 ml). The
combined organic phases were dried over NaSO,, concentrated, and chromatographed to afford a
pale yellow solid, mp: decomposed at 170 °C; 'H NMR (500 MHz, DMSO-d,) d 10.99 (s, 1H),
10.39 (s, 1H), 744 (d,J =7.5 Hz, 1H), 7.37 (dd, J = 7.8, 2.6 Hz, 2H), 7.20 (d, J = 7.7 Hz, 1H),
716 (d,J =24 Hz, 1H),7.05 (t,J =7.5 Hz, 1H), 6.97 (p,J = 7.1 Hz, 2H), 6.88 (t,J = 7.5 Hz,
1H),5.44 (s,1H),3.20(dd,J=11.0,6.0 Hz, 1H),3.00 (ddd,J=12.4,7.6,4.7 Hz, 1H),2.80 (q, J
=74, 63 Hz, 1H), 2.6-2.7 (m, 1H); "C NMR (126 MHz, DMSO-d,) d 137.02, 136.67, 136.20,
127.44,126.84,124.87,121.42, 120.66,119.93, 118.78, 118.48,117.89, 116.30, 111.85, 111 .49,

107.92,50.16, 4241, 22.82; Calc for C,,H,,N; (M+H): 288.1496, found 288.1495.

Tetrahydroquinazolines

©\ANH2 MeOH, rt, 6-16h ©\A'\|‘ NH
+ RCHO > —
NH NHER H)\R

2
Tetrahydroquinazolines were prepared by condensation of 2-aminobenzylamine with the

corresponding aldehyde in MeOH, according to the representative procedure for imine
formation, above. Tetrahydroquinazolines exhibit ring-chain tautomerism, resulting in NMR
spectra that reflect an equilibrium mixture of species. NMR peak data is given only for the

major, ring tautomer unless otherwise indicated.
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2-phenyl-1,2,3 4-tetrahydroquinazoline

Spectroscopic data match those previously reported.” Ratio of Ring to Chain (CDCL,): 15:1; 'H
NMR (400 MHz, CDCl;) d 7.56 (m, J = 8.8 Hz, 2H), 7.3-7.5 (m, 3H), 7.10 (t, J = 7.7 Hz, 1H),
699 (d,J=74Hz,1H),6.77 (t,J =74 Hz, 1H), 6.63 (d, /=79 Hz, 1H), 5.29 (s, 1H), 4.32 (d,
J=16.6 Hz, 1H), 4.04 (d,J = 16.7 Hz, 1H), 3.48 (s, 3H); "C NMR (126 MHz, CDCl,) d 143.70,

14149, 128.78, 128.60, 127.33, 126.63, 126.26, 121.20, 118.22, 115.06, 69.60, 46.45.

©\/\NH
N N

H | P
t-Bu

2-(4-tert-butylphenyl)-1,2,3 ,4-tetrahydroquinazoline

Ratio of Ring to Chain: 13:1 (CDCL,); mp: 119-122 °C; 'H NMR (400 MHz, CDCl;) d 7.4-7.5
(m, 5H), 7.10 (t,J =7.3 Hz, 1H), 699 (d,J =7.4 Hz, 1H), 6.77 (t,J =74 Hz, 1H), 6.62 (d, J =
8.0 Hz, 1H), 5.26 (s, 1H), 4.31 (d,J = 16.6 Hz, 1H, overlaps with broad peak at 4.24),4.24 (br s,
1H), 4.04 (d, J = 16.6 Hz, 1H), 2.05 (br s, 1H), 1.38 (s, 9H); "C NMR (126 MHz, CDCL,) d
151.59, 143.86, 138.66, 127.27, 126.27, 126.24, 125.68, 121.31, 118.10, 115.03, 69.44, 46.65,

34.65, 31.38. EMM (ESI) Calc for C,;H,,N, (M+H): 267.1856, found 267.1844.

@(\NH
N X

H I/
Cl
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2-(4-chlorophenyl)-1,2,3 4-tetrahydroquinazoline

Spectroscopic data match those previously reported.” Ratio of Ring to Chain (CDCL,): 13:1; 'H
NMR (400 MHz, CDCl,) d 7.50 (d, J = 8.3 Hz, 2H), 7.40 (d, J = 8.3 Hz, 2H), 7.10 (t, J = 8.0 Hz,
1H), 698 (d,J =74 Hz, 1H),6.77 (td, J = 7.5, 1.2 Hz, 1H), 6.63 (d, J = 7.9 Hz, 1H), 5.26 (s,
1H), 4.26 (d,J = 16.7 Hz, 1H), 3.99 (d, J = 16.7 Hz, 1H); "C NMR (126 MHz, CDCl,) d 143.37,

140.15, 134.20, 128.88, 128.12, 127.38, 126.26, 121.28, 11842, 115.17, 68.86, 46.15.

@CNH
N X

H I/
OMe

2-(4-methoxyphenyl)-1,2,3 4-tetrahydroquinazoline

Spectroscopic data match those previously reported.” Ratio of Ring to Chain (CDCL): 6:1; 'H
NMR (400 MHz, CDCl,) d 747 (d, J = 8.5 Hz, 2H), 7.09 (t, J = 7.6 Hz, 1H), 6.9-7.0 (m, 3H),
6.76 (t,/ =74 Hz, 1H),6.61 (d,J=8.0 Hz, 1H),5.22 (s, 1H),4.30 (d,J = 16.6 Hz, 1H), 4.22 (br
s, 1H), 4.02 (d, J = 16.6 Hz, 1H), 3.86 (s, 3H), 1.97 (br s, 1H); *C NMR (126 MHz, CDCL,) d
159.71, 143.86, 133.93, 127.78, 127.26, 126.23, 121.26, 118.10, 115.02, 114.05, 69.21, 55.36,

46.60.

@(\NH
N X
H | P
NM62

2-(4-N,N-dimethylaminophenyl)-1,2,3 ,4-tetrahydroquinazoline
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Spectroscopic data match those previously reported.” Ratio of Ring to Chain (CDCL,): 2:1; 'H
NMR (400 MHz, CDCl,) d 8.26 (s, 1H chain tautomer), 7.65 (d, J = 8.8 Hz, 2H chain tautomer),
741 (d, J = 8.6 Hz, 2H ring tautomer), 7.05-7.15 (m, 1H ring tautomer + 1H chain tautomer),
6.98 (d, J = 7.4 Hz, 2H chain tautomer), 6.8-6.65 (m, 4H ring tautomer + 3H chain tautomer),
6.60 (d, J = 7.9 Hz, 1H, ring tautomer), 5.20 (s, 1H ring tautomer), 4.74 (s, 2H chain tautomer),
432 (d,J=16.6 Hz, 1H ring tautomer), 4.19 (s, 1H ring tautomer), 4.04 (d, J = 16.5 Hz, 1H ring
tautomer), 3.05 (s, 6H chain tautomer), 3.00 (s, 6H ring tautomer). °C NMR (126 MHz, CDCl,)
d 161.17, 152.13, 150.79, 145.93, 144.10, 129.66, 129.50, 129.15, 128.21, 127.34, 127.19,
126.21, 125.11, 124 .24, 121.24, 118.16, 117.87, 115.84, 11491, 112.55, 111.61, 111.55, 69.40,
63.68,46.81,40.65, 40.24 (includes both ring and chain tautomers).

(;(\NH
o)

N
H |l
2-(furan-2-yl)-1,2,3 4-tetrahydroquinazoline

Spectroscopic data match those previously reported.” Ratio of Ring to Chain (CDCL,): 18:1; 'H
NMR (400 MHz, CDCl;) d 7.45 (t,J =12 Hz, 1H),7.09 (td, J=7.7,1.5 Hz, 1H), 6.95 (dd, J =
7.6,15Hz,1H),6.77 (td,J =7.4,1.2 Hz, 1H), 6.61 (dd, J = 8.0, 1.2 Hz, 1H), 6.35-6.5 (m, 2H),
5.34 (s, 1H), 4.40 (s, 1H), 4.18 (d, J = 16.7 Hz, 1H), 3.96 (d, J = 16.7 Hz, 1H), 2.07 (s, 1H); °C
NMR (101 MHz, CDCly) d 154.12, 142.89, 142.35, 127.35, 126.23, 121.46, 118.48, 115.35,

110.33,106.70, 63.78, 45 .49.

o

N
H
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2-(2’-bromophenyl)-1,2,3 4-tetrahydroquinazoline

Isolated as a viscous pale yellow oil. Ratio of Ring to Chain (CDCL,): 48:1; 'H NMR (500 MHz,
CDCly)d7.64 (d,J=8.3Hz,1H),7.38 (t,/J=7.6 Hz, 1H),7.24 (td,J=7.7,1.7 Hz, 1H), 7.11 (¢,
J=72Hz,1H),6.99 (d,J=7.5Hz, 1H),6.79 (t,J =7.4 Hz, 1H), 6.62 (d, J = 8.0 Hz, 1H), 5.60
(s,1H),4.28 (d,J=16.5Hz, 1H),3.99 (d,J = 16.6 Hz, 1H), 3.0-3.8 (br s, 2H); "C NMR (126
MHz, CDCl,) d 143.79, 140.15, 133.30, 133.29, 129.95, 127.90, 127.88, 127.39, 126.37, 123.30,
121.32,118.42,115.26, 68.56, 46.24; EMM (ESI) Calc for C,,H,;BrN, (M+H): 289.0335, found

289.0339.

(j\/\NH
N OMe

N
H |
S

2-(3-methoxyphenyl)-1,2,3 4-tetrahydroquinazoline

Viscous yellow oil. Ratio of Ring to Chain (CDCL,): 4:1; '"H NMR (400 MHz, CDCL,) d 7.3-7 4
(m, 1H), 7.05-7.2 (m, 3H), 6.99 (dt, J = 7.5, 1.2 Hz, 1H), 6.94 (ddd, J = 8.3, 2.6, 1.0 Hz, 1H),
6.77 (td,J =74,12 Hz, 1H), 6.63 (dd, J = 8.1, 1.2 Hz, 1H), 5.24 (s, 1H), 4.30 (d, J = 16.6 Hz,
1H), 4.03 (d, J = 16.6 Hz, 1H), 3.86 (s, 3H); "C NMR (101 MHz, CDCl,;) d 159.99, 143.68,
143.18, 129.84, 127.33, 126.27, 121.24, 11892, 118.23, 115.11, 114.29, 111.96, 69.58, 55.34,

46.51. Calc for C;sH;(N,O (M+H): 241.1336, found 241.1334.

2-cyclohexyl-1,2,3 ,4-tetrahydroquinazoline
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Chain tautomer not observed (CDCL,); mp: 65-67 °C; 'H NMR (400 MHz, CDCl,) d 7.04 (t, J =
73 Hz,1H),6.92 (d,J =74 Hz, 1H),6.70 (t,J =74 Hz, 1H),6.55 (d,J =8.0 Hz, 1H),4.15 (d, J
= 16.6 Hz, 1H), 3.99 (d, J = 15.7 Hz, 1H, overlaps with peak at 3.98), 3.98 (s, 1H), 1.9-2.0 (m,
1H), 1.7-1.9 (m, 4H), 1.4-1.6 (m, 1H), 1.0-1.4 (m, 5H); "C NMR (126 MHz, CDCl,) d 144.04,
127.15, 126.09, 121.74, 117.74, 114.96, 71.04, 46.74, 42.87, 28.27, 27.99, 26.52, 26.21, 26.18.

EMM (ESI) Calc for C,,H,,N, (M+H): 217.1700, found 217.1699.

Indolines

Indoline was obtained from commercial sources (Sigma Aldrich), and was used as received
without further purification. Methylindolines were prepared by reduction of the corresponding

indole using excess NaCNBH, in acetic acid, according to literature methods.*
: N
Me
1-methylindoline

Spectroscopic data match those previously reported.* "H NMR (400 MHz, CDCl,) 6 7.1-7.2 (m,
2H), 6.75 (t,J =7.6 Hz, 1H), 6.53 (d, J = 8.0 Hz, 1H), 3.32 (t, / = 8.1 Hz, 2H), 2.97 (t,J = 8.1
Hz, 2H), 2.79 (s, 3H); "C NMR (101 MHz, CDCl,) 6 153.41, 130.37, 127.36, 12431, 117.88,
107.35,56.22,36.37,28.80.

St
N

H

2-methylindoline
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Spectroscopic data match those previously reported.” 'H NMR (400 MHz, CDCl,) 6 7.08 (d, J =
8.8 Hz, 1H),7.02 (td,J=7.7,14 Hz, 1H), 6.70 (td, /=74, 1.0 Hz, 1H), 6.61 (d,J = 7.7 Hz, 1H),
4.00 (ddq, J =8.6,7.8,6.2 Hz, 1H), 3.78 (br s, NH), 3.15 (dd, J/ = 154, 8.5 Hz, 1H), 2.65 (dd, J
=15.5,7.8 Hz, 1H), 1.30 (d, J = 6.2 Hz, 3H); "C NMR (101 MHz, CDCl,) 8 150.98, 12891,
127.25,124.74,118.54,109.19, 55.25,37.79, 22 .32.

Me

Cry

3-methylindoline

Spectroscopic data match those previously reported.” "H NMR (400 MHz, CDCl;) 6 7.10 (d, J =
72 Hz,1H),7.04 (t,J=7.6 Hz,1H),6.75 (td,J=7.4,1.0 Hz, 1H), 6.66 (d,J = 7.8 Hz, 1H),
3.71 (t,J = 8.6 Hz, 1H, overlaps with NH), 3.5-3.3 (m, 1H),3.12 (t,/=8.6 Hz, 1H), 1.34 (d,J =
6.8 Hz, 3H); "C NMR (101 MHz, CDCL,) 6 151.25, 134.35, 127.30, 123.38, 118.70, 109.52,

55.47,36.66, 18.66.

Co

Ts
N-toluenesulfonylindoline

Spectroscopic data match those previously reported.* '"H NMR (300 MHz, CDCl,) & 7.7-7.6 (m,
3H), 7.24-7.13 (m, 3H), 7.07 (ddd,J =74, 1.5,0.7 Hz, 1H), 6.96 (td,J = 7.4, 1.0 Hz, 1H), 391
(t,J = 8.4 Hz, 2H), 2.87 (t, J = 8.8 Hz, 2H), 2.36 (s, 3H); "C NMR (75 MHz, CDCl,) § 144 .23,

142.22,134.27,131.96, 129.85, 12791, 127.53,125.30, 12391, 115.23, 50.15, 28.10, 21.74.
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3.5.11 Characterization of Products

Acyclic imines

X

SRS

N-benzylidenebenzylamine, 4

Spectroscopic data match those previously reported.® '"H NMR (300 MHz, CDCls) & 8.37 (s, 1H),

7.78 (m, 2H), 7.21-7.41 (m, 8H), 4.81 (s, 2H); °C NMR (75 MHz, CDCl;) § 162.21, 139.56,

136.42, 131.00, 128.83, 128.73, 128.52, 128.22, 127.22, 65.29.

=
/©/\N©
MeO OMe

N-(4-methoxybenzylidene)-4-methoxybenzylamine, 5

Spectroscopic data match those previously reported.® 'H NMR (300 MHz, CDCls) & 8.30 (s, 1H),
7.73 (d, J= 8.4 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 6.8-6.9 (m, 4H), 4.73 (s, 2H) 3.83 (s, 3H), 3.79
(s, 3H); °C NMR (75 MHz, CDCl;) 8 161.90, 161.12, 158.87, 131.92 130.02, 129.39, 114.19,
114.12, 64.62, 55.56, 55.51.

3,4-Dihydroisoquinolines

L

3,4-dihydroisoquinoline, 2

Spectroscopic data matches those reported in the literature.* '"H NMR (400 MHz, CDCl;) § 8.28
(brs, 1H), 7.2-7.3 (m, 3H, overlaps with CDCI; residual peak), 7.08 (d, J = 8.8 Hz, 1H), 3.70 (td,
J=18.0, 1.6 Hz, 2H), 2.68 (t, J = 8.0 Hz, 2H); °C NMR (101MHz, CDCl;) & 160.83, 136.37,

131.30, 128.45, 127.49, 127.44, 127.17, 47.34, 25.06.
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N
MeO 2

3,4-dihydro-6,7-dimethoxyisoquinoline, 6
Using workup method B. From 194.6 mg substrate, 176.1 mg (91% yield) of the title compound
was collected as a viscous oil. Spectroscopic data matches those reported in the literature.” 'H
NMR (400 MHz, CDCls) 8 8.21 (br s, 1H), 6.79 (s, 1H), 6.65 (s, 1H), 3.90 (s, 3H), 3.88 (s, 3H),
3.71 (t,J = 7.6 Hz, 2H), 2.66 (t, J = 7.6 Hz, 2H); *C NMR (101 MHz, CDCL;) § 159.69, 151.23,
147.85, 129.90, 121.54, 110.40, 110.38, 56.15, 56.07, 47.35, 24.78; EMM (ESI) Calc for
C11H13NO; (M+H): 192.1020, found 192.1019.
MeO
MeODQN

Ph
1-phenyl-3,4-dihydro-6,7-dimethoxyisoquinoline, 7T
Using workup method B. From 269.0 mg of starting material, 260.7 mg (97.5%) of the title
compound was obtained as a white solid, mp: 119-121 °C. Spectroscopic data matches those
reported in the literature.** "H NMR (400 MHz, CDCls) & 7.60 (m, 2H), 7.43 (m, 3H), 6.79 (d, J
= 5.6 Hz, 2H), 3.95 (s, 3H), 3.81 (t, J = 7.2 Hz, 2H), 3.72 (s, 3H), 2.73 (t, J = 7.2 Hz, 2H); °C
NMR (101 MHz, CDCls) 6 166.72, 150.90, 147.10, 139.24, 132.63, 129.32, 128.80, 128.20,
121.63, 111.56, 110.28, 56.18, 56.07, 47.76, 26.05; EMM (ESI) Calc for C;7;H;7;NO, (M+H):
268.1333, found 268.1327.
MeO
Meoﬁi(\N

Cy

1-cyclohexyl-3,4-dihydro-6,7-dimethoxyisoquinoline, 8
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Using workup method B. From 274.8 mg starting material, 244.3 mg (89.5% yield) was obtained
as a colorless oil that eventually solidifies to an off-white solid; mp: 78-80 °C. Spectroscopic
data matches those reported in the literature™ "H NMR (400 MHz, CDCl3) § 6.99 (s, 1H), 6.65
(s, 1H), 3.87 (s, 6H), 3.58 (t, /= 7.2 Hz, 2H), 2.77 (t, J = 10 Hz, 1H), 2.53 (t, J = 7.2 Hz, 2H),
1.6-1.9 (m, 5H), 1.2-1.5 (m, 5H); >C NMR (101 MHz, CDCl;) & 170.15, 150.55, 147.43,
132.09, 121.69, 110.48, 108.68, 56.38, 55.94, 46.96, 42.27, 31.35, 26.62, 26.32, 26.04; EMM

(ESI) Calc for C;7H23NO, (M+H): 274.1802, found 274.1795.
_0O
~0 O N

Cl

1-(4-chlorophenyl)-3,4-dihydro-6,7-dimethoxyisoquinoline, 9

Using workup method B. From 304.8 mg starting material, 284.9 mg (94.0% yield) was obtained
as a white crystalline solid, mp: 125-127 °C. Spectroscopic data matches those reported in the
literature*® "H NMR (500 MHz, CDCls) § 7.55 (d, J = 8.0 Hz, 2H), 7.40 (d, J = 8.5 Hz, 2H), 6.77
(s, 1H), 6.73 (s, 1H), 3.94 (s, 3H), 3.79 (t,J = 8.0 Hz, 2H), 3.73 (s, 3H), 2.72 (t, J = 8.0 Hz, 2H);
C NMR (126 MHz, CDCl3) 8 165.77, 151.09, 147.18, 137.58, 135.39, 132.67, 130.20, 128 .45,
121.20, 111.18, 110.35, 56.18, 56.09, 47.69, 25.96; EMM (ESI) Calc for C;7;H;sCINO, (M+H):

302.0943, found 302.0934.

3,4-Dihydro-f-carbolines
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N
N\ /)

\ Ph
1-phenyl-3,4-dihydro-p-carboline, 11

Using workup method A or B. From 249.1 mg of starting material, 200.0 mg collected (80.9%
yield) as a pale yellow solid, mp: 211-214 °C. Spectroscopic data matches those reported in the
literature” "H NMR (400 MHz, CDCl3) § 8.23 (s, NH), 7.77 (m, 2H), 7.69 (d, J = 8.0 Hz, 1H),
7.5-7.6 (m, 3H), 7.39 (d, J = 8.0 Hz, 1H), 7.32 (t, /= 7.2 Hz, 1H), 7.21 (t, J = 7.6 Hz, 1H), 4.08
(t, J = 8.4 Hz, 2H), 3.01 (t, J = 8.4 Hz, 2H); C NMR (101 MHz, CDCL) § 159.33, 137.67,

136.47, 130.00, 128.90, 127.85, 127.81, 125.63, 124.63, 120.46, 120.06, 117.89, 112.01, 48.98,

19.29; EMM (ESI) Calc for C;7H14N, (M+H): 247.1230, found 247.1224.

1-(4°-chlorophenyl)-3,4-dihydro--carboline, 12

Using workup method A. From 283.9 mg of starting material, 197.3 mg were collected (70%
yield) as a light yellow solid, mp: 220-222 °C. Spectroscopic data matches those reported in the
literature* "H NMR (400 MHz, CDCl;) & 8.08 (br s, NH), 7.65-7.7 (m, 3H), 7.46 (d, J = 8.4 Hz,
2H), 7.37 (d, J = 8.4 Hz, 1H), 7.30 (t, J = 7.2 Hz, 1H), 7.19 (t, /= 7.2 Hz, 1H), 4.04 (t, /= 8.4
Hz, 2H), 2.97 (t, J = 8.4 Hz, 2H); °C NMR (101 MHz, CDCl;) & 158.31, 136.55, 136.14,
136.04, 129.23, 129.14, 12745, 125.61, 124.88, 120.64, 120.12, 118.32, 112.03, 48.99, 19.24;

EMM (ESI) Calc for C,;H;CIN, (M+H): 281.0841, found 281.0835.
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1-(4-methoxyphenyl)-3,4-dihydro-p-carboline, 13

Using workup method A or B. From 277.6 mg of starting material; 241.4 mg collected (87.6%
yield) as a pale white solid, mp: 196-197 °C. Spectroscopic data matches those reported in the
literature*” "H NMR (400 MHz, CDCl5) & 8.18 (br s, NH), 7.70 (d, J = 8.8 Hz, 2H) 7.65 (d, J =
8.0 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 7.28 (t, J = 7.2 Hz, 1H overlaps with CDCIl; residual
peak), 7.18 (t, J = 7.2 Hz, 1H) 7.00 (d, J = 8.8 Hz, 2H), 4.00 (t, J = 8.4 Hz, 2H), 3.86 (s, 3H),
2.95 (t, J = 8.4 Hz, 2H); ’C NMR (101 MHz, CDCl3) 8 161.10, 158.70, 136.40, 130.24, 129.33,
127.97, 125.68, 124.52,120.42,120.01, 117.89, 114.22, 111.98, 55.46, 48.81, 19.30; EMM

(ESI) Calc for CigH1sN,O (M+H): 277.1336, found 277.1326.

1-(2-methylphenyl)-3,4-dihydro-f3-carboline, 14

Using workup method B. From 263.7 mg of starting material, 240.7 mg (91% yield) were
collected as an off-white solid, decomposed above 180 °C. This compound has been previously
reported, but full spectroscopic data have not been reported.”> 'H NMR (500 MHz, CDCl;)
8 7.87 (s, NH), 7.66 (d, J = 8.0 Hz, 1H), 7.38 (m, 2H), 7.25-7.35 (m, 4H, overlaps with CDCl;
residual peak), 7.18 (m, 1H), 4.12 (t, J = 8.5 Hz, 2H), 3.04 (t, J = 8.5 Hz, 2H), 2.28 (s, 3H); "°C

NMR (125 MHz, CDCls) 6 160.45, 136.96, 136.56, 136.23, 130.89, 129.21, 128.63, 128.28,
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126.10, 125.67, 120.46, 120.12, 116.80, 111.99 48.90, 19.50, 19.33; EMM (ESI) Calc for

C18H16N2 (M+H) 2611308, found 261.1303.

Isoeudistomin U, 15

Using workup method B. Bright yellow solid, slow decomposition >200 °C; Spectroscopic data
match those previously reported.’®** "H NMR (400 MHz, MeOD-d, + 1 drop TFA-d;) 8 8.30 (s,
1H), 7.93 (d, /= 7.2 Hz, 1H), 7.74 (d, J = 8.0 Hz, 1H), 7.61 (d, /= 7.6 Hz, 1H), 7.52 (d, ] = 8.4
Hz, 1H), 7.3-7.45 (m, 3H), 7.19 (t, J = 7.6 Hz, 1H), 4.00 (t, J = 8.0 Hz, 2H), 3.29 (m, 2H,
overlaps with MeOD-ds residual peak); BC NMR (101 MHz, MeOD-ds + 1 drop TFA-d))
d 157.04, 137.78, 141.44, 136.53, 128.00, 125.22, 124.98, 124.92, 124.41, 124.92, 124.41,
124.35, 122.89, 121.44, 120.97, 119.57, 112.98, 112.84, 106.00, 41.25, 19.26; EMM (ESI) Calc

for Ci9H;sN3 (M+H): 286.1339, found 286.1350.

Quinazolines

L
N/)\©
2-phenylquinazoline, 16
Spectroscopic data matches those reported in the literature”® Using workup method A. From

210.2 mg of starting material, 174.0 mg (84.4% yield) were isolated as a bright yellow flaky

solid, mp: 96-100 °C. 'H NMR (400 MHz, CDCls) 8 9.45 (s, 1H), 8.61 (dd, J = 8.0, 1.2 Hz, 2H),
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8.08 (d, J = 8.4 Hz, 1H), 7.8-7.9 (m, 2H), 7.48-7.62 (m, 4H); °C NMR (101 MHz, CDCL) &
161.13, 160.55, 150.83, 138.09, 134.16, 130.66, 128.70, 128.62, 127.32, 127.18, 123.66; EMM

(ESI) Calc for Ci4HoN> (M+H): 207.0917, found 207.0921.

2-(4-tert-butylphenyl)-quinazoline, 17

Using workup method B. From 270 mg of starting material, 226.8 mg (85.3% yield) were
collected as a white crystalline solid, mp: 90-91 °C. '"H NMR (400 MHz, CDCls) § 9.45 (s, 1H),
8.53 (d, J=8.4 Hz, 1H), 8.08 (d, J = 8.8 Hz, 1H), 7.8-7.9 (m, 2H), 7.5-7.6 (m, 3H), 1.39 (s, 9H);
C NMR (101 MHz, CDCl3) 8 161.20, 160.48, 153.99, 150.88, 135.37, 134.04, 128.67, 128.40,
127.16, 127.06, 125.68, 123.56, 34.93, 31.33; EMM (ESI) Calc for CisHisN, (M+H): 263.1543,

found 263.1548.

|
4 N)\Q\
Cl

2-(4-chlorophenyl)-quinazoline, 18

Spectroscopic data matches those reported in the literature™ From 248.1 mg of starting
materials, 199.6 mg (81.8% yield) were collected as a fine white crystalline solid; mp: 136-137
°C; '"H NMR (400 MHz, CDCl3) § 9.48 (s, 1H), 8.62 (d, J = 8.4 Hz, 2H), 8.10 (d, J = 8.0 Hz,
1H), 7.94-7.98 (m, 2H), 7.66 (t, J= 7.2 Hz, 1H), 7.35 (d, J = 8.4 Hz, 2H); *C NMR (101 MHz,
CDCls) 8 160.59, 160.11, 150.75, 136.89, 136.58, 134.32, 129.94, 128.88, 128.66, 127.52,

127.21, 123.68; EMM (ESI) Calc for C4HoCIN, (M+H): 241.0528, found 241.0524.
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2-(4-methoxyphenyl)-quinazoline, 19

Spectroscopic data matches those reported in the literature™® From 240 mg of starting material,
151.4 mg (64% yield) as a pale yellow crystalline solid; mp: 92-94 °C; '"H NMR (400 MHz,
CDCls) 6 9.45 (s, 1H), 8.61 (d, J=9.2 Hz, 2H), 8.07 (d, J = 8.4 Hz, 1H), 7.89-7.93 (m, 2H), 7.60
(t, ] =7.2 Hz, 1H), 7.35 (d, J = 8.8 Hz, 2H), 3.93 (s, 3H); °C NMR (101 MHz, CDCl5) § 161.88,
160.92, 160.44, 150.89, 134.07, 130.78, 130.25, 128.47, 127.18, 126.83, 123.36, 114.02, 55.44;

EMM (ESI) Calc for C;sH2N,O (M+H): 237.1023, found 237.1025.

CLA
NM62

2-(4-(N,N-dimethylamino)-phenyl)-quinazoline, 20
This compound has been previously reported.” Bright yellow needles, mp: 136-138.5 °C; 'H
NMR (400 MHz, CDCls) 8 9.36 (s, 1H), 8.51 (d, / =9.2 Hz, 2H), 8.00 (d, J = 8.4 Hz, 1H), 7.8-
7.9 (m, 2H), 7.49 (t, J = 8.0 Hz, 1H), 6.82 (d, J= 9.2 Hz, 2H), 3.06 (s, 6H); °C NMR (101 MHz,
CDCls) & 161.53, 160.27, 152.20, 151.07, 133.86, 129.93, 128.23, 127.17, 126.14, 125.74,
123.11, 111.79, 40.31; EMM (ESI) Calc for C;¢H;sN3 (M+H): 250.1339, found 250.1334.
L

N \ O/

2-(Furan-2-yl)quinazoline, 21
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Using workup method A. From 200.7 mg of starting materials, 159.0 mg (81% yield) of the title
compound was collected as pale orange needles, mp: 128-130 °C. Spectroscopic data match
those previously reported.”® "H NMR (400 MHz, CDCls) § 9.37 (s, 1H), 8.09 (d, J=9.2 Hz, 1H),
7.8-7.9 (m, 2H), 7.68 (dd, J = 3.6, 2.4 Hz, 1H), 7.59 (td, J = 6.9, 0.8 Hz, 1H), 7.45 (dd, J = 3.6,
0.8 Hz, 1H), 6.61 (dd, J = 3.6, 2.0 Hz, 1H); °C NMR (101 MHz, CDCls) & 160.79, 154.16,
152.56, 150.48, 145.40, 134.56, 128.45, 127.32, 123.42, 114.14, 112.37; EMM (ESI) Calc for

C12HsN>O (M+H): 197.0710, found 197.0707.

2-(2-bromophenyl)-quinazoline, 22

From 303 mg of starting material, 254.1 mg (85% yield) of the title compound was obtained as a
pale yellow viscous oil; 'H NMR (400 MHz, CDCls)  9.51 (s, 1H), 8.11 (dd, J = 8.4, 0.8 Hz,
1H), 7.9-8.0 (m, 2H), 7.77 (dd, J = 7.6, 1.6 Hz, 1H), 7.71 (dd, J = 8.4, 1.2 Hz, 1H), 7.66 (dt, J =
8.0, 1.2 Hz, 1H), 7.44 (dt, J = 7.6, 1.2 Hz, 1H), 7.28 (dt, J = 7.6, 1.6 Hz, 1H); >C NMR (101
MHz, CDCls) 6 162.85, 160.30, 150.31, 140.22, 134.47, 133.75, 131.74, 130.47, 128.66, 128.13,
127.53, 127.21, 123.33, 121.97; EMM (ESI) Calc for C;4H9BrN, (M+H): 285.0022, found

285.0013.

L
N/)\O
2-cyclohexylquinazoline, 23

From 216.3 mg starting material, 161.9 mg (76.3% yield) of the title compound was recovered as

a glassy colorless solid, mp: 34-37 °C; '"H NMR (400 MHz, CDCls)  9.27 (s, 1H), 7.90 (d, J =



154

8.8 Hz, 1H), 7.7-7.8 (m, 2H), 7.49 (t, J = 6.8 Hz, 1H), 2.97 (it, J = 11.6, 3.6 Hz, 1H), 2.00 (m,
2H), 1.6-1.8 (m, 5H), 1.2-1.4 (m, 3H); '°C NMR (101 MHz, CDCls) & 170.97, 160.42, 150.44,
133.87, 128.08, 127.07, 126.84, 123.31, 47.99, 31.99, 26.36, 26.07; EMM (ESI) Calc for
Ci4H 6N, (M+H): 213.1387, found 213.1387.

Y7 N

2-(3-methoxyphenyl)-quinazoline, 24

Spectroscopic data matches those reported in the literature”' From 239.3 mg starting material,
169.8 mg (72% yield) of the title compound was obtained as a white crystalline solid, mp: 78-80
°C; "H NMR (400 MHz, CDCl3) § 9.45 (s, 1H), 8.14 (dt, J= 8.0, 1.2 Hz, 1H), 8.10 (m, 1H), 8.00
(d, J= 8.4 Hz, 1H), 7.8-7.85 (m, 2H), 7.51 (td, J = 7.6, 1.2 Hz, 1H) 7.36 (t, /= 8.0 Hz, 1H), 6.97
(ddd, J = 8.4, 2.8, 0.8 Hz, 1H), 3.86 (s, 3H); °C NMR (101 MHz, CDCl;) & 160.88, 160.48,
160.07, 150.07, 139.56, 134.14, 129.69, 128.72, 127.35, 127.16, 123.70, 121.20, 117.30, 113.06,

55.50; EMM (ESI) Calc for C1sH;2N,0O (M+H): 237.1023, found 237.1032.

Indoles
The reaction procedure for the oxidation of indoles was identical to that described above, except
that 1.0 mol % Znl, and 1.0 mol % PPTS were used. Workup method A was employed in all

instances.

@\B
N
H

Indole, 25
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From 112 ul of indoline, using workup method A, obtained 95.1 mg (81.2% yield) of indole.
Spectroscopic data were identical to commercially available material. '"H NMR (400 MHz,
CDCl;) 6 8.01 (br s, NH), 7.64 (d, J = 7.6 Hz, 1H), 7.35 (d, J = 8.4 Hz, 1H), 7.1-7.25 (m, 3H),
6.54 (t, J=2.0 Hz, 1H); °C NMR (101 MHz, CDCl3) & 135.84, 127.91, 124.26, 122.06, 120.82,
119.90, 111.14, 102.65; EMM (EI) Calc for CsH,N (M+H): 117.0573, found 117.1579.

Me

o

H
3-methylindole, 26
From 135.4 mg of 3-methylindoline, using workup method A, obtained 106.6 mg (79.9% yield)
of 3-methylindole as a white solid; mp 95-97 °C to red oil; "H NMR (400 MHz, CDCl3) § 7.73
(m, 2H), 7.41 (d, J= 7.6 Hz, 1H), 7.34 (t, J = 6.8 Hz, 1H), 7.28 (t,J = 7.2 Hz, 1H), 7.01 (s, 1H),
2.48 (s, 3H); °C NMR (101 MHz, CDCl3) & 136.36, 128.39, 121.99, 121.79, 119.25, 118.98,
111.74, 111.13, 9.82; EMM (EI) Calc for CoHoN (M+H): 131.0730, found 131.0726.

Spectroscopic data were identical to commercially available material.

Iz /g
<
(0]

2-methylindole, 27

From 137.6 mg of the corresponding 2-methylindoline, using workup method A, obtained 124.9
mg as a mixture of product and starting material. This mixture was dissolved in hot hexanes,
precipitating out 99.0 mg (73% yield) of title compound as white crystals; mp 58-59°C; 'H NMR
(500 MHz, CDCl3) & 7.65 (br s, NH), 7.52 (d, J = 7.5 Hz, 1H), 7.29 (d, J = 8.0 Hz, 1H), 7.05-

7.15 (m, 2H), 6.23 (br s, 1H), 2.45 (s, 3H); °C NMR (125 MHz, CDCl3) & 136.07, 135.06,
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129.10, 120.96, 119.66, 110.22, 100.43, 13.77; EMM (EI) Calc for CoHoN (M+H): 131.0730,

found 131.0726. Spectroscopic data were identical to commercially available material.
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Chapter 4

A Modular Ortho-Quinone Catalyst System for
Dehydrogenation of Tetrahydroquinolines Under Ambient

Conditions

This work has been published:
Wendlandt, A. E.; Stahl, S. S. J. Am. Chem. Soc. 2014, 136, 11910-11913.
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4.1. Introduction
Copper amine oxidases contain a tyrosine-derived ortho-quinone in their active site that

mediates aerobic oxidation of primary amines to aldehydes (e.g., topaquinone, Scheme 4.1A).'
Biomimetic o-quinones such as Q1 and Q2 (Scheme 4.1A) have been shown to be effective
synthetic catalysts for aerobic dehydrogenation of primary amines, typically affording
homocoupled imines.” Both topaquinone and the biomimetic quinone catalysts mediate amine
oxidation via a "transamination" pathway, initiated by formation of an imine adduct of the
substrate with the quinone. This mechanism accounts for the highly selective oxidation of
primary over secondary and tertiary amines. We recently reported that 1,10-phenanthroline-5,6-
dione (phd, Scheme 4.1A) promotes amine oxidation by a non-biomimetic "addition-
elimination" pathway involving a hemiaminal intermediate (Scheme 4.1B). This novel
mechanism enabled the substrate scope to be expanded to include secondary amines. Aerobic
dehydrogenation of a number of different nitrogen heterocycles was achieved by using phd in

combination with Znl, and pyridinium p-toluene sulfonate (PPTS) as a cocatalyst (Scheme

4.10).

This phd/Znl, catalyst system demonstrated the feasibility of aerobic secondary amine
dehydrogenation, but reactions often required up to 48 h to reach completion and certain product
classes were not accessible. For example, quinolines are an important class of heterocycles, but
even the parent tetrahydroquinoline underwent dehydrogenation to quinoline in only 18% yield
(Scheme 4.1C). Here, we describe an octahedral [Ru(phd),]** catalyst that shows considerably
higher activity for amine oxidation, including successful aerobic dehydrogenation of diverse
tetrahydroquinolines at room temperature with ambient air as the source of O,.* This work

highlights the modular nature of the phd o-quinone catalyst that makes it readily amenable to
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optimization and adaptation to different applications. Replacement of iodide with Co(salophen)
(salophen = N,N'-bis(salicylidene)-1,2-phenylenediamine) as a redox co-catalyst contributes

significantly to the efficiency of the reactions.

Scheme 4.1. Ortho-Quinone Catalyzed Dehydrogenation of Saturated C—N Bonds.

enzymatic . 1 selective primary amine oxidation: | secondary
qumone cofactors: ; ‘ ; 1 amine oxidation:
OH ]
(0]
/
T
N
eg. Topaqumone : 2fed ; phd

i X
5.0 mol % phd RE (j\A Y i :
2.5 mol % Znl, L so~eN N“ R | :

1 R \ 1

RN 15mol% PPTS  Poy N R :E:(j :
' N\ h ~ )

' MeCN, t, 0, balloon U ! N @C/) : N”
R 24 -48 h ' N R H v 18% yield ;

typichlly 80-90% yields

4.2. Results and Discussion
In our initial studies, we compared the previously optimized phd/Znl, catalyst system with
simple octahedral [Fe(phd);]* and [Ru(phd);]** complexes in the oxidation of
tetrahydroquinoline to quinoline (Figure 4.1). The time course traces (Figure 4.1) show the low
activity and conversion of the previously reported employing phd/Znl, catalyst (red trace); the
catalyst loses activity approx. 6-7 h into the reaction after reaching <20 % conversion to the
quinoline product. The Fe and Ru complexes (2.5 mol %) were also tested (green and blue

traces, respectively). The use of Bu,NI (1 mol %) as a cocatalyst reflected previous observations
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showing that the 1/I; redox couple promotes aerobic oxidation of the reduced, hydroquinone
form of the phd catalyst.” [Fe(phd),]** showed a similar initial rate to the Znl, catalyst, but it
exhibited somewhat improved stability. In contrast, [Ru(phd);]** exhibited a significant increase
in activity and a 93% yield of quinoline was obtained after 24 h. On the basis of this result, we
characterized [Ru(phd);](ClO,), via X-ray crystallography (Figure 4.2).%”

Ejj conditions m

o

Z N 0,, MeCN, 27 °C N*
H

0.450 mmol

500 -
i theoretical O2 consumption at 100% yield
400 -
~ 2.5% [Ru(phd) ]** + 1% Bu NI
O 300 [ 5% [Ru(phd)_ b Bu,
£
= 200 - 2.5% [Fe(phd) I°* + 1% Bu NI
100 |-
— 5% phd + 2.5% Znl
i +15% PPTS 2
0

T S T I T S TS T M Y SO R AN SN SO SR NS |
0 200 400 600 800 1000 1200
time (m)

Figure 4.1. Rate comparison of Zn-, Fe-, and Ru-based catalyst systems in the oxidation of
tetrahydroquinoline to quinoline.

This [Ru(phd),]**/Bu,NI catalyst was tested with a series of challenging N-heterocyclic
substrates that had required 48 h to reach completion with the phd/Znl, catalyst (Scheme 4.2).
Improved yields and significantly decreased reaction times were observed in each case, with the

most dramatic improvement observed in the dehydrogenation of tetrahydroquinoline.
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Figure 4.2. X-ray crystal structure of [Ru(phd);](CIO,), shown with 50% probablility elipsoids.
All H atoms and acetonitrile solvent molecules are omitted for clarity (see Supporting
Information, SI).

Iodide was previously shown to mediate aerobic oxidation of the reduced hydroquinone form
of the catalyst, and a catalyst sequence for the present dehydrogenation reactions is depicted in
Scheme 3, where Co-Cat™¥** = 3I/I,. We speculated that alternative co-catalysts could lead to
even better catalytic reactivity. Bickvall and others have highlighted the role of co-catalysts for
aerobic oxidation of benzoquinone in multicomponent catalytic reactions,’ and molecular
catecholase mimics have been identified for aerobic oxidation of hydroquinones.” Drawing on
these precedents, we tested a number of possible co-catalysts as replacements for Bu,NI,
including Cu(pc), Fe(pc), Co(salophen), and Co(salpr) (pc = phthalocyanine; salpr =
bis(salicylideneiminato-3-propyl)methylamine).'” Co(salophen) proved to be particularly

effective, enabling full conversion within 3 h (Figure 4.3).



Scheme 4.2. Aerobic N-Heterocycle Dehydrogenation with phd/Znl, and [Ru(phd),](PF;),/Bu,NI
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Scheme 4.3. Proposed Catalytic Sequence for [Ru(phd),]**-Mediated Dehydrogenation of
Tetrahydrodroquinolines.
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Figure 4.3. Rate comparison of different co-catalysts on the Ru(phd),-catalyzed aerobic
oxidation of tetrahydroquinoline.

Subsequent studies showed that Co(salophen) enabled the reactions to proceed efficiently
under ambient conditions (at room temperature with ambient air as the oxidant). The
[Ru(phd),]** catalyst structurally resembles Ru-polypyridyl complexes commonly used as
photoactive catalysts, but control experiments show that the reactions exhibit identical behavior
in the presence and absence of light."" In addition, no reaction was observed in the absence of
[Ru(phd);]**, suggesting that Co(salophen) is not a competent dehydrogenation catalyst under

these conditions.

This catalyst system was then demonstrated in the dehydrogenation of a number of other

tetrahydroquinolines (Table 4.1). 6-Methylquinoline 3 was obtained cleanly after 6 h (91%
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yield), but the more-electron rich 6-methoxyquinoline 4 was isolated in only 74% yield and
considerable side-product formation was observed. Excellent yields of this product could be
obtained when the reaction was carried out using 1.0 mol % Bu,NI as the co-catalyst, suggesting
that Co(salophen) co-catalyst contributes to side product formation in this reaction. The electron-
deficient 6-chloroquinoline 5 was obtained in excellent yield (95%) with the original

[Ru(phd);]**/Co(salophen) catalyst system.

Substitution at the 2, 3, and 4 position was well-tolerated; 4-methylquinoline 6 (97%), and 3-
methylquinoline 7 (92%), were obtained after short reaction times (5-6 h). The sterically-
hindered 2-methyl-quinoline 8 (83%) was obtained after slightly longer reaction time if MeOH
was used as the solvent instead of MeCN. Other effective 2-substituted tetrahydroquinoline
substrates included 2-butyl, 2-phenyl, and 2-styrenyl derivatives, affording quinolines 10, 11,
and 12 in 82%, 87% and 60% yields, respectively. The medicinally-relevant quinolines, 4-(p-
fluorophenyl)-7-methylquinoline 16, an intermediate en route to nM leukotriene biosynthesis
inhibitor'> 17, was obtained in 65% yield, and the advanced intermediate 18 toward BRD4

inhibitor'" 19 was obtained in 96% yield.

When probing the reactivity of polycyclic substrate 20 (Scheme 4.4), both dehydrogenation
and benzylic oxygenation occurred to afford product 21 in 68% isolated yield. This reaction
provides concise access to the indeno[2,],c]quinoline substructure present in numerous
biologically active compounds,' including antiprotozoal agent 22" and phase II topoisomerase

inhibitor, TAS-103."
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Table 4.1. Substrate scope®

2.5 mol % [Ru(phd)3](PFg)»

Rl N 5.0 mol % Co(salophen) R AN
" N MeCN, rt, ambient air " N/
H
o o ~ o
N N N N
2, 5h, 89% 3,6h,91% 4, 24 h, (74%) 5, 48 h, 95%
5h, (93%)P Ru/l-/Oy: 72 h, 99%°¢

XX

Xy _ 6,R=4-Me, 55h,97% ||
JR 7,R=3Me,55h, 92% NN
—-o. o, d
N 8, R = 2-Me, 8 h, 83% Me 9,24 h, (59%)
Ru/I-/Oy: 72 h, 86%°

4

Me
CQL. OO
N/ n-Bu N/ Ph
10, 24 h, 82%4 11, 28 h, 87%
Ph Ph
— —
N N
13, 6.5 h, 94% 14, 7 h, 90%

.............................................................

€...M BRD4 inhibitor

E N\n/ N\ﬂ/ E
; O 0 O 0 ;
E ref12 -
oL T ’
i P +, H
: N N :
; 18, 17 h, 96%¢ 19 O~ :

* Conditions: tetrahydroquinoline (1.0 mmol), [Ru(phd),;](PF,), (25.5 mg, 0.025 mmol),
Co(salophen) (18.7 mg, 0.05 mmol) in MeCN (4.0 mL), air, r.t. Isolated yields (yields in
parentheses determined by 'H NMR). ° Performed in the dark. ¢ Conditions: std conditions, but
Bu,NI (3.7 mg, 0.01 mmol) used instead of Co(salophen) and 1 atm O, instead of air. * MeOH
solvent.
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Scheme 4.4. Synthesis of indeno[2,1 ,c]quinoline 21.*

O 2.5 % [Ru(phd)sI(PFo): O
. 5 % Co(salophen)
_— >
O MeCN, rt, 48 h . %
ambient air O
N e
N N
20

68% yield

........................................................

22 TAS-103
antiprotozoal topoisomerase inhibitor

* Reactions conditions: tetrahydroquinoline 20 (221.3 mg, 1.0 mmol), Ru(phd);(PF), (25.5 mg,
0.025 mmol), Co(salophen) (18.7 mg, 0.05 mmol) in MeCN (4.0 mL), stirring under air balloon
at room temperature.

In conclusion, these results demonstrate the utility of [Ru(phd),]** as a novel o-quinone catalyst
for dehydrogenation of N-heterocycles. The results show that the substitutionally inert Ru*" ion is
more effective than Zn** in activating phd toward secondary amine dehydrogenation.
Replacement of iodide with Co(salophen) as a redox cocatalyst to promote aerobic oxidation of
the hydroquinone catalyst leads to substantial improvement in catalyst activity and enables the
reactions to proceed under ambient conditions. The modular nature of the catalyst system
described here has important implications for future studies targeting other aerobic quinone-

mediated oxidation reactions.
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4.4. Experimental Details and Supplementary Information

4.4.1. General Considerations.

All commercially available compounds were purchased from Sigma-Aldrich, and used as
received unless otherwise indicated. Solvents were dried over alumina columns prior to use. 'H
and "C NMR spectra for compound characterization were recorded on Bruker AC-300 MHz,
Avance-400 MHz, Avance-500 MHz or Varian Mercury-300 MHz spectrometers. Chemical shift
values are given in parts per million relative to residual solvent peaks (‘H and “C). High-
resolution, exact mass measurements were obtained by the mass spectrometry facility at the
University of Wisconsin. C, H, N elemental analyses were carried out by Robertson Microlit
Laboratories. Melting points were taken on a Mel-Temp II melting point apparatus. Flash
chromatography was performed using SilicaFlash® P60 (Silicycle, particle size 40-63 pm, 230-

400 mesh).

4.4.2. Procedure for Multiwell Gas Uptake Kinetics Measurements (Figures 4.1 and 4.3)

Each set of data was collected using a 6-well gas uptake apparatus which holds individually
calibrated 50 mL round bottom flasks, each connected to a pressure transducer designed to
measure the gas pressure within each sealed reaction vessel. Five vessels contained various

reaction mixtures, and the sixth well used as a solvent control for variations in pressure. The
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apparatus was evacuated and filled with O2 to 600 torr three times. The pressure was established
at 600 torr with the flasks heated to 27 °C. Solution A (see below) was added via syringe
through a septum, and the pressure and temperature allowed to equilibrate. When the pressure
(approximately 700 torr) and temperature (27 °C) stabilized, solution B (see below) was added
via syringe through a septum. Data were acquired using custom software written within

LabVIEW (National Instruments).

Specific conditions for Figure 1

- "5% phd + 2.5% Znl, + 15% PPTS"

Solution A: phd (4.74 mg, 0.0225 mmol, 0.05 equiv) in 1.0 mL MeCN. Solution B: PPTS (16.98
mg, 0.0676 mmol, 0.15 equiv), Znl, (359 mg, 0.0112 mmol, 0.025 equiv) and

tetrahydroquinoline (60.1 mg, 0.451 mmol, 1.0 equiv) in 1.0 mL MeCN.

- "2.5% Fe(phd); + 1% Bu,/NI"

Solution A: Bu,NI (1.66 mg, 0.0045 mmol, 0.01 equiv) and tetrahydroquinoline (60.1 mg, 0.451
mmol, 1.0 equiv) in 1.0 mL MeCN. Solution B: Fe(phd); 2PF, (11.0 mg, 0.0113 mmol, 0.025

equiv) in 1.0 mL MeCN.

- "2.5% Ru(phd), + 1% Bu,NI"

Solution A: Bu,NI (1.66 mg, 0.0045 mmol, 0.01 equiv) and tetrahydroquinoline (60.1 mg, 0.451
mmol, 1.0 equiv) in 1.0 mL MeCN. Solution B: Ru(phd), 2PF, (11.5 mg, 0.0113 mmol, 0.025

equiv) in 1.0 mL MeCN.
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Specific conditions for Figure 3

- "no co-catalyst"

Solution A: tetrahydroquinoline (60.1 mg, 0.451 mmol, 1.0 equiv) in 1.0 mL MeCN. Solution B:

Ru(phd), 2PF, (11.5 mg, 0.0113 mmol, 0.025 equiv) in 1.0 mL MeCN.

- "1% Bu,NI"

As "2.5% Ru(phd), + 1% Bu,NI" in Figure 1.

- "5% Co(salophen)"

Co(salophen) (8.41 mg, 0.0225 mmol, 0.05 equiv) was added as a solid to the flask prior to
evacuating/backfilling with O,. Solution A: tetrahydroquinoline (60.1 mg, 0.451 mmol, 1.0
equiv) in 1.0 mL MeCN. Solution B: Ru(phd),; 2PF, (11.5 mg, 0.0113 mmol, 0.025 equiv) in 1.0

mL MeCN.

4.4.3. Procedures for aerobic reaction screening

In a disposable culture tube, a solution of [Ru(phd);]2PFs (2.5 mol %, 0.065 mmol) in 0.25 mL
was added to BusNI (0.5 to 2.5 mol %), Co(salophen) (5.0 mol %), or other co-catalyst (5.0 mol
%) in 0.25 mL MeCN. 1,2,3,4-Tetrahydroquinoline (15 uL, 0.130 mmol) was added, and the
reaction tube was placed into an aluminum block mounted on a Large Capacity Mixer (Glas-Col)

that enabled several reactions to be performed simultaneously under a constant pressure of
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(approx.) 1 atm O, with orbital agitation. The headspace above the tubes was filled and purged
with oxygen gas multiple times, and then left under constant pressure of O, for 24 h. Upon
completion, the tube was removed and 1,3,5-trimethoxybenzene was added as an internal
standard. The reaction solvents were removed under vacuum, and the residue was suspended in
CDCl, and filtered through a short plug of Celite for NMR analysis. The yield was determined

by 'H NMR spectroscopy (relaxation delay >25 s) versus the internal standard.

4.4.4. Additional Tables and Figures

Table 4.2. Additional Co-catalyst Screening Data (see above for conditions)

@j 2.5 mol % Ru(phd)s 2PFg X
N X % Co-catalyst N/

H MeCN, rt, O,, 24 h

entry co-catalyst NMR Yields
1 -—-- 16 %
2 0.5 % TBAI 82 %
3 1.0 % TBAI 93 %
4 1.5 % TBAI 74 %
5 2.0 % TBAI 61 %
6 2.5 % TBAI 48 %
7 5.0 % Cu(pc) 7 %
8 5.0 % Fe(pc) 79 %
9 5.0 % Co(salpr) 33 %

10 5.0 % Co(salophen) 89 %
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Figure 4.4. Multiwell gas uptake plot for 1% to 5% Co(salophen)
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4.4.5. Synthesis and Characterization of Catalysts

1,10-Phenanthroline-5,6-dione, phd, was prepared according to the method previously reported,’
and is also commercially available. Co(salophen) was prepared according to the method of

Backvall,” and is also commercially available.

[Fe(phd);](PF,), H,O

[Fe(phd);]2PF, was prepared based on the method reported previously.” To a solution of phd
(695 mg, 3.3 mmol, 3.2 equiv) in 1:1 EtOH/H,0O was added (NH,),Fe(SO,),"6H,0 (405 mg, 1.03
mmol, 1.0 equiv). The reaction was stirred for 60 minutes at room temperature, and then

precipitated with a saturated aqueous solution of NH,PF,. The solids were collected and washed
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sequentially with H,O, EtOH, and Et,0. The complex was then dissolved in a minimum of
MeCN, filtered through celite, and reprecipitated by slow addition of Et,O to give 772 mg (76%
yield) of the title complex as a black crystalline solid. 'H NMR (500 MHz, CD,CN) 6 8.66 (dd, J
=79, 13 Hz, 6H),7.81 (dd,J =5.6, 1.4 Hz, 6H), 7.73 (dd, J = 7.9, 5.6 Hz, 6H). "C NMR (126
MHz, CD,CN) & 17555, 160.32, 158.70, 138.30, 131.37, 129.50; Anal. Calc for

C;H, F,FeN,O,P,: C,43.48; H, 2.03; N, 8.45. Found: C,42.89; H,2.30; N, 8.71.

[Ru(phd),]2PF

Ru(dmso),Cl, was prepared from RuCl, according to a previously reported procedure.'
Ru(dmso),Cl, (598 mg, 1.23 mmol) and phd (870 mg, 4.13 mmol, 3.3 equiv) were loaded into a
round bottom flask and 25 mL of 1:1 EtOH/H,O was added. The sample was quickly frozen and
degassed three times by the method of freeze-pump-thaw. The sample was the equipped with a
condenser and refluxed under nitrogen overnight. After cooling to room temperature, the sample
was precipitated by the addition of a saturated aqueous solution of NH,PF,. Solid was collected,
washed with water, EtOH, then Et,O and dried under vacuum. The sample was then redissolved
in a minimum of MeCN and filtered through a pad of celite. The pad was washed with MeCN,
and Et,O was slowly added to the collected filtrate to give 693 mg (55% yield) of

[Ru(phd),]2PF, as a brown solid: '"H NMR (500 MHz, CD,CN) 6 8.62 (dd, J = 8.1, 1.4 Hz, 6H),
P
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8.13(d,J =5.1 Hz, 6H), 7.72 (dd, J = 8.0, 5.6 Hz, 6H); °C NMR (126 MHz, CD,CN) § 175.54,
157.65,156.78, 137.50, 131.46, 129.56; Anal. Calc for C;;H(F,,N.O.P,Ru: C,42.33; H, 1.78; N,

8.23. Found: C,42.12; H,2.03; N, 8.13.

4.4.6. Synthesis and Characterization of Substrates

1,2,3 4-Tetrahydroquinoline, 6-methyltetrahydroquinoline, 6-methoxytetrahydroquinoline, 6-
chlorotetrahydroquinoline were obtained from commercial sources and used as received. 2-
methyltetrahydroquinoline, 3-methyltetrahydroquinoline, 4-methyltetrahydroquinoline, and 8-
methyltetrahydroquinoline were obtained by high-pressure hydrogenation of the corresponding
quinoline (commercial) according to literature procedure.” 4-phenyltetrahydroquinoline and 3-
methyl-4-phenyltetrahydroquinoline were obtained according to literature procedure.” 2-
butyltetrahydroquinoline, 2-styrenyltetrahydroquinoline were obtained from the method of
Miyata.” 4-methyl-2-phenyltetrahydroquinoline and 4-methyl-2-(p-chlorophenyl)-

tetrahydroquinoline were obtained according to a literature method.*

The synthesis of 4-(p-fluorophenyl)-7-methyltetrahydroquinoline, 4-(m-acetamido-phenyl)-2-
methyltetrahydroquinoline, and compound 20 were synthesized according to the following
common method. Desired benzylic azide was obtained from the appropriate benzylic bromide
based on literature procedure. > The hetero-Diels-Alder reaction was carried out according to the

procedure of Pearson.”
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R
/ N
—
R R vk
Rl X Br NaN N N, TfOH
L dmso,rt R P CH,Cl,

To 400 mL of DMSO was added NaN; (1.45g, 22 mmol, 1.1 equiv), and the suspension was
allowed to stir for 1 h or until completely dissolved. The appropriate benzylic bromide was then
added (20 mmol, 1.0 equiv), and the mixture was stirred at room temperature overnight. After
completion, 400 mL. H,0O was added and the solution was allowed to cool to room temperature.
The mixture was then extracted with 3 x 200 mL Et,O, and the organic phase was washed with 2
x 100 mL H,O followed by 1 x 100 mL brine. The organic phase was then dried over MgSO,,
and concentrated to give the corresponding azides (yields >90%), which were used without

further purification.

A solution of the appropriate benzylic azide was added to CH,Cl, and cooled to O °C. TfOH (1.1
equiv) was added, and the solution allowed to stir for 10 min at room temperature. Indene or the
appropriate styrene (2.0 equiv) was then added (either at room temperature, or at 0 °C) and the
reaction stirred at the indicated temperature until completion (see below). The reaction was
quenched by addition of saturated aqueous Na,COs;, and extracted into EtOAc (3 x 100 mL). The
organic phase was washed with brine, dried over MgSO,, concentrated, and purified by column

chromatography.
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From 3-methylbenzyl azide. 4-fluorostyrene was added at room temperature, and stirred for 1 h
at room temperature. 'H NMR (500 MHz, CDCL,) 6 7.15 — 7.06 (m, 2H), 7.03 — 6.92 (m, 2H),
6.61 (d,J=7.6 Hz, 1H), 6.46 — 6.35 (m, 2H), 4.10 (t,J = 6.1 Hz, 1H), 3.87 (s, 1H), 3.29 (ddd, J
=110,72,3.6 Hz, 1H),3.21 (ddd,J =115, 8.1,3.4 Hz, 1H), 2.24 (s, 3H), 2.18 (dddd, J = 13.3,
8.1, 5.4, 3.5 Hz, 1H), 1.99 (dtd, J = 13.0, 7.1, 3.4 Hz, 1H); "C NMR (126 MHz, CDCl,)
161.33 (d,J =243.9 Hz), 144.74, 14246 (d, J = 3.2 Hz), 137.18, 130.20, 129.96 (d, J = 7.8 Hz),
12043, 118.16, 115.08, 114.84 (d, J = 17.3 Hz), 41.81, 39.17, 31.46, 21.18; MS: Calc for

C,¢H ,FN: 242.1340; Meas: 242.1333.

From (1-azidoethyl)benzene. 3-acetamidostyrene was added at room temperature and stirred at
reflux overnight. Mp = 175-180 °C; '"H NMR (400 MHz, CDCL,) 6 7.60 — 7.49 (m, 1H), 7.29 (m,
overlaps with CHCl,, 1H), 7.22 (t,J = 1.8 Hz, 1H), 7.14 (br s, 1H), 7.06 — 6.94 (m, 2H), 6.69 —
6.47 (m, 3H), 4.15 (dd, J = 12.4,5.5 Hz, 1H), 3.81 (br s, 1H), 3.60 (dtt, J = 12.5, 6.3, 3.1 Hz,

1H), 2.32 — 2.08 (m, 4H), 1.82 (td, J = 12.6, 11.1 Hz, 1H), 1.24 (d, J = 6.2 Hz, 3H); °C NMR
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(101 MHz, CDCly) 6 168.13, 146.97, 145.32, 138.04, 129.75, 129.19, 127.17, 124.75, 124 .49,
11981, 118.06, 117.32, 114.09, 47.62, 4444, 41.18, 24.67, 22.56; MS: Calc for C H,N,O:

281.1649; Meas: 281.1649.

J

O b

From benzyl azide. Indene was added at O °C, and the reaction stirred for 1 h at this temperature.
Mp = 89-90 °C. 'H NMR (500 MHz, CDCL,) 8 7.36 (m, 2H), 7.29 — 7.21 (m, 1H), 7.18 — 7.11
(m, 2H), 7.04 (td, J =79, 1.5 Hz, 1H), 6.79 (td,J = 7.4, 1.2 Hz, 1H), 6.57 (dd, J =79, 1.2 Hz,
1H),4.32 (d,J=6.0 Hz, 1H), 3.84 (br s, 1H), 3.30 — 3.13 (m, 2H), 2.93 — 2.78 (m, 2H), 2.72 (dd,
J =157, 1.8 Hz, 1H); "C NMR (126 MHz, CDCl,)  146.58, 144.81, 141.39, 130.78, 127.07,

126.52, 126.33, 125.25, 124.53,122.22,117.60, 114.87,45.64,43.14,37.14, 36.11; MS: Calc for

C,¢HsN: 222.1278; Meas: 222.1277.

4.4.7. Synthesis and Characterization of Products
General procedure for oxidation of tetrahydroquinolines to quinolines.

A 25 mL round bottom flask equipped with a stir bar was loaded with tetrahydroquinoline (1.0
mmol), [Ru(phd),]2PF, (0.025 mmol, 25.5 mg), and Co(salophen) (0.05 mmol, 18.7 mg). MeCN
(4.0 mL) or MeOH (if indicated) was added and the reaction was stirred open to ambient air until

TLC indicated completion. (Typically, for reaction times longer than 8 h, the reaction was
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equipped with an air balloon to minimize solvent evaporation). The crude reaction mixture was
then diluted with EtOAc and filtered through a pad of celite. The celite pad was subsequently
washed with EtOAc (5 x 50 mL) and the combined filtrate was concentrated in vacuo.

Purification using SiO, chromatography afforded the desired quinoline product.

Characterization data matched those of authentic material.”> "H NMR (500 MHz, CDCl;) & 8.89
(dd, J=4.2, 1.7 Hz, 1H), 8.09 (dd, J = 8.3, 1.5 Hz, 2H), 7.76 (dd, J = 8.1, 1.4 Hz, 1H), 7.68
(ddd, J = 8.4, 6.9, 1.4 Hz, 1H), 7.50 (ddd, J = 8.0, 6.8, 1.1 Hz, 1H), 7.34 (dd, J = 8.2, 4.2 Hz,
1H); >C NMR (126 MHz, CDCls) & 150.42, 148.28, 136.02, 129.46, 129.44, 128.26, 127.79,

126.52, 121.06.

O
N/
Characterization data matched those of authentic material.” "H NMR (500 MHz, CDCls) & 8.82
(dd, J=4.3, 1.7 Hz, 1H), 8.00 (t, J=9.7 Hz, 2H), 7.57 — 7.45 (m, 2H), 7.30 (dd, /= 8.2, 4.2 Hz,

1H), 2.49 (s, 3H); °C NMR (126 MHz, CDCls) & 149.53, 146.90, 136.34, 135.32, 131.71,

129.11, 128.29, 126.58, 121.04, 21.57; MS: Calc for C;oHoN: 144.0808; Meas: 144.0809.

N/

Characterization data matched those of authentic material.”> "H NMR (400 MHz, CDCL;) & 8.76

(dd, J=4.2, 1.7 Hz, 1H), 8.03 (dd, J = 8.4, 1.3 Hz, 1H), 7.99 (d, J = 9.2 Hz, 1H), 7.43 —7.27 (m,
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2H), 7.06 (d, J = 2.8 Hz, 1H), 3.92 (s, 3H); °C NMR (101 MHz, CDCl;) & 157.71, 147.96,
144.45, 134.76, 130.88, 129.29, 122.27, 121.36, 105.10, 55.53; MS: Calc for C;oHsNO:

160.0757; Meas: 160.0759.

Characterization data matched those of authentic material.”> Mp = 35-37 °C; '"H NMR (500
MHz, CDCl) 6 8.91 (dd, J = 4.2, 1.7 Hz, 1H), 8.14 — 7.99 (m, 2H), 7.80 (d, J = 2.3 Hz, 1H),
7.65 (dd, J = 9.0, 2.3 Hz, 1H), 7.42 (dd, J = 8.3, 4.2 Hz, 1H); °C NMR (126 MHz, CDCl;) &
149.59, 145.62, 134.10, 131.26, 130.10, 129.39, 127.80, 125.39, 120.89; MS: Calc for CoHsCIN:

164.0262; Meas: 164.0260.

O
N/
Characterization data matched those of authentic material.”> "H NMR (400 MHz, CDCl;) & 8.78
(d, J=4.4Hz, 1H), 8.11 (d, J = 8.5 Hz, 1H), 8.00 (dd, J= 8.3, 0.9 Hz, 1H), 7.71 (ddd, J = 8.4,
6.8, 1.4 Hz, 1H), 7.57 (ddd, /= 8.2, 7.0, 1.2 Hz, 1H), 7.23 (dd, /= 4.4, 1.2 Hz, 1H), 2.71 (s, 3H);

C NMR (101 MHz, CDCl3) § 150.20, 147.99, 144.31, 130.03, 129.12, 128.29, 126.29, 123.82,

121.87, 18.69; MS: Calc for C10HoN: 144.0808; Meas: 144.0812.
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N/
Characterization data matched those of authentic material.”> "H NMR (500 MHz, CDCl;) & 8.77
(d, J=2.2 Hz, 1H), 8.06 (dd, J=8.3, 1.1 Hz, 1H), 7.90 (d, J= 1.1 Hz, 1H), 7.73 (dd, J= 8.1, 0.7
Hz, 1H), 7.64 (ddd, J = 8.4, 6.8, 1.5 Hz, 1H), 7.50 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 2.51 (s, 3H);

C NMR (126 MHz, CDCl3) § 152.44, 146.57, 134.66, 130.47, 129.19, 128.43, 128.13, 127.13,

126.55, 18.77 MS: Calc for C10HyoN: 144.0808; Meas: 144.0807.

L
N~ Me

Characterization data matched those of authentic material.”> "H NMR (500 MHz, CDCl;) & 8.02
(d, J = 8.7 Hz, 2H), 7.77 (dd, J = 8.0, 1.3 Hz, 1H), 7.68 (ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 7.48
(ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.28 (d, J = 8.4 Hz, 1H), 2.75 (s, 3H);"’C NMR (126 MHz,
CDCl3) 6 159.01, 147.89, 136.17, 129.43, 128.65, 127.49, 126.49, 125.67, 122.01, 25.43; MS:

Calc for CioHoN: 144.0808; Meas: 144.0810.

\

Me

Characterization data matched those of authentic material.”> '"H NMR (400 MHz, CDCl;) & 8.95
(dd, J=4.3, 1.8 Hz, 1H), 8.13 (dd, J = 8.2, 1.7 Hz, 1H), 7.67 (d, J = 8.4 Hz, 1H), 7.57 (dt, J =
7.0, 1.3 Hz, 1H), 7.47 — 7.34 (m, 2H), 2.83 (s, 3H); °C NMR (101 MHz, CDCl3) & 149.27,
147.40, 137.12, 136.30, 129.61, 128.28, 126.30, 125.87, 120.84, 18.15; MS: Calc for C;oHoN:

144.0808; Meas: 144.0809.
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L
N~ >n-Bu

Characterization data matched those previously reported.”® "H NMR (400 MHz, CDCls) & 8.11 —
8.00 (m, 2H), 7.77 (dd, J = 8.2, 1.2 Hz, 1H), 7.67 (ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 7.47 (ddd, J =
8.1,6.9, 1.2 Hz, 1H), 7.29 (d, J = 8.5 Hz, 1H), 3.10 — 2.89 (m, 2H), 1.89 — 1.71 (m, 2H), 1.54 —
1.34 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H); °C NMR (101 MHz, CDCl;) § 163.12, 147.93, 136.15,
129.30, 128.85, 127.48, 126.71, 125.62, 121.38, 39.15, 32.22, 22.71, 14.02; MS: Calc for

Ci3Hi5N: 186.1278; Meas: 186.1276.

@fl
N~ >Ph

Characterization data matched those of authentic material.*® "H NMR (400 MHz, CDCls) & 8.17
(ddd, J = 9.8, 8.3, 1.4 Hz, 3H), 8.05 — 7.97 (m, 1H), 7.73 (d, J = 1.4 Hz, 2H), 7.61 — 7.49 (m,
3H), 7.47 (m, 1H), 2.78 (s, 3H); °C NMR (101 MHz, CDCl;) § 157.09, 148.16, 144.79, 139.85,
130.33, 129.32, 129.19, 128.78, 127.54, 127.27, 126.02, 123.61, 119.77, 19.03; MS: Calc for

Ci6H13N: 220.1121; Meas: 220.1124.

~
T

Characterization data matched those previously reported.”” 'H NMR (500 MHz, CDCls) § 8.05
(d, J=8.5Hz, 1H), 8.01 (dd, J=8.5, 1.1 Hz, 1H), 7.75 — 7.68 (m, 1H), 7.67 — 7.53 (m, 5H), 7.42

(ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 7.38 — 7.30 (m, 3H), 7.28 — 7.22 (m, 1H); °C NMR (126 MHz,
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CDCl;) 6 156.01, 148.29, 136.53, 136.35, 134.43, 129.75, 129.23, 129.05, 128.81, 128.64,

127.51, 127.36, 127.28, 126.18, 119.28; MS: Calc for C;7H3N: 232.1121; Meas: 232.1117.

@fﬁ
N/

Characterization data matched those previously reported.”® "H NMR (500 MHz, CDCls) § 8.95
(d, J=4.4 Hz, 1H), 8.18 (dd, J = 8.5, 1.2 Hz, 1H), 7.93 (dd, J = 8.6, 1.4 Hz, 1H), 7.73 (ddd, J =
8.4, 6.8, 1.4 Hz, 1H), 7.59 — 7.44 (m, 6H), 7.34 (d, J = 4.3 Hz, 1H); °C NMR (126 MHz, CDCl5)
o 150.01, 148.71, 148.48, 138.01, 129.88, 129.56, 129.32, 128.59, 128.43, 126.77, 126.63,

125.89, 121.35; MS: Calc for C;sH1N: 206.0965; Meas: 206.0969.

P
N

Characterization data matched those previously reported.” Mp = 83-85 °C. '"H NMR (400 MHz,
CDCl3) 6 8.78 (s, 1H), 8.04 (d, J = 8.4 Hz, 1H), 7.56 (td, J = 6.8, 1.8 Hz, OH), 7.52 — 7.27 (m,
5H), 7.20 (d, J = 6.9 Hz, 2H), 2.19 (s, 3H); °C NMR (101 MHz, CDCl3) § 152.66, 146.91,
146.25, 136.90, 129.37, 129.25, 128.60, 128.18, 128.03, 127.89, 127.56, 126.42, 125.88,17.60;

MS: Calc for C;¢H3N: 220.1121; Meas: 220.1120.
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Me
(\ X
NN

Cl

Mp = 65-67 °C."H NMR (500 MHz, CDCl3) & 8.15 (d, J = 8.5 Hz, 1H), 8.12 (d, J = 8.6 Hz, 2H),
8.01 (dd, J= 8.3, 1.3 Hz, 1H), 7.73 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.69 (q, J = 1.1 Hz, 1H), 7.56
(ddd, J= 8.2, 6.8, 1.3 Hz, 1H), 7.49 (d, J = 8.8 Hz, 2H), 2.78 (d, J = 1.0 Hz, 3H); *C NMR (126
MHz, CDCls) § 155.73, 148.08, 145.08, 138.21, 135.39, 130.27, 129.51, 128.96, 128.79, 127.30,

126.25, 123.65, 119.34, 19.08; MS: Calc for C¢H,CIN: 254.0732; Meas: 254.0727.

F

AN
P
Me N

Compound has been previously reported.'” Mp = 115-118 °C; 'H NMR (500 MHz, CDCl3) &
8.82 (d, J=4.4 Hz, 1H), 7.88 (s, 1H), 7.69 (d, J= 8.5 Hz, 1H), 7.51 — 7.35 (m, 2H), 7.27 (dd, J =
8.6, 1.7 Hz, 1H), 7.22 — 7.05 (m, 3H), 2.50 (s, 3H); °C NMR (126 MHz, CDCl;) & 162.88 (d, J
= 248.1 Hz), 149.94, 148.95, 147.13, 139.74, 134.12 (d, J = 3.3 Hz), 131.20 (d, J = 8.0 Hz),
129.03, 128.92, 125.25, 124.73, 120.64, 115.63 (d, J = 21.6 Hz), 21.73; MS: Calc'd for

CisH1oFN: 238.1027; Meas: 238.1032.
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\
I N~

Characterization data matched those previously reported.”” Mp = 188-190 °C; 'H NMR (500
MHz, CDCl;) 6 8.07 (d, J = 8.4 Hz, 1H), 7.84 (d, J = 8.5 Hz, 1H), 7.73 — 7.56 (m, 4H), 7.48 —
7.38 (m, 2H), 7.25 — 7.18 (m, 2H), 2.76 (s, 3H), 2.20 (s, 3H); °C NMR (126 MHz, CDCL;) &
168.50, 158.49, 148.29, 148.04, 138.91, 138.22, 129.42, 129.19, 128.89, 125.86, 125.58, 125.38,
124.95, 122.19, 120.77, 119.70, 25.30, 24.65; MS: Calc for C;sHi¢N,O: 277.1336; Meas:

277.1334.

Compound has been previously reported.”® mp = 223-224 °C; '"H NMR (500 MHz, CDCl;) &
9.17 (s, 1H), 8.50 (dd, J = 8.4, 1.0 Hz, 1H), 8.19 (dt, J = 8.5, 0.8 Hz, 1H), 8.14 (d, /= 7.5 Hz,
1H), 7.86 (ddd, J = 8.2, 6.7, 1.3 Hz, 1H), 7.79 (dt, J = 7.4, 0.9 Hz, 1H), 7.71 (ddd, J = 8.1, 6.8,
1.3 Hz, 1H), 7.64 (td, J = 7.6, 1.2 Hz, 1H), 7.51 (td, J = 7.4, 0.9 Hz, 1H); °C NMR (126 MHz,
CDCls) 6 193.08, 152.66, 151.20, 144.90, 142.57, 134.74, 134.04, 132.18, 131.17, 131.15,
128.26, 125.05, 124.93, 124.87, 124.58, 123.69; MS: Calc for C;cHoNO: 232.0757; Meas:

232.0759.
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Chapter 5

Copper-Catalyzed Aerobic Oxidative C—H Functionalizations.

Recent Trends and Mechanistic Insights
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5.1 Abstract

The selective oxidation of C—H bonds and the use of O, as a stoichiometric oxidant represent
two prominent challenges in organic chemistry. Copper(Il) is a versatile oxidant, capable of
promoting a wide range of oxidative coupling reactions initiated by single-electron transfer
(SET) from electron-rich organic molecules. Many of these reactions can be rendered catalytic in
Cu by employing molecular oxygen as a stoichiometric oxidant to regenerate the active
copper(Il) catalyst. Meanwhile, numerous other recently reported Cu-catalyzed C—H oxidation
reactions feature substrates that are electron-deficient or appear unlikely to undergo single-
electron transfer to copper(II). In some of these cases, evidence has been obtained for the
involvement of organocopper(Ill) intermediates in the reaction mechanism. Organometallic C-H
oxidation reactions of this type represent important new opportunities for the field of Cu-

catalyzed aerobic oxidations.

5.2 Introduction and Historical Context.

The selective oxidation of organic molecules is a topic of critical importance to laboratory
and industrial chemical synthesis,"" and oxidative functionalization of C-H bonds is one of the
most challenging classes of oxidation reactions.””’ Molecular oxygen is the ideal oxidant because
of its abundance, low cost and lack of toxic by-products, but aerobic oxidation methods often
face significant limitations with respect to selectivity and scope. Radical-chain autoxidation
reactions are used in the production of important commodity organic molecules, such as
terephthalic acid and fert-butyl hydroperoxide, but such methods are intrinsically limited to

substrates that undergo selective radical chemistry. Consequently, they find limited use in the
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synthesis of complex organic molecules, such as pharmaceuticals, or in laboratory-scale
oxidations.

Within the field of homogeneous catalysis, palladium-catalyzed reactions are perhaps the
most versatile methods for selective aerobic oxidation of organic molecules,m and they include
methods ranging from alcohol oxidation to oxidative C-C, C-N and C-O bond formation.
Advances in this field have occurred in parallel with a rapid growth in Pd-catalyzed methods for
C—H oxidation;'*! however, many of the latter methods are not compatible with the use of O, as
the stoichiometric oxidant. Instead, other oxidants such as PhI(OAc),, benzoquinone, Cu" or Ag'
are required to achieve catalytic turnover. Mechanistic studies suggest that these oxidants are
often required to promote reductive elimination of the product from the Pd center via the

formation of high-valent intermediates.”

New Pd catalyst systems may be capable of
overcoming this limitation,® but another, complementary solution may involve the use of other
transition-metal catalysts. In particular, recent advances in homogeneous copper catalysis
highlight opportunities to achieve selective aerobic oxidative functionalization of C—H bonds.
Copper is found in the active site of many metalloenzymes that catalyze aerobic oxidation
reactions. These enzymes include "oxygenases", which mediate oxygen-atom transfer to organic
substrates, and "oxidases", which couple the reduction of O, to H,O (or H,0,) to the oxidation of
diverse substrates. The latter reactions range from outer-sphere oxidations (e.g., of lignin and
Fe’*) to the dehydrogenation of alcohols and amines. Extensive studies in the fields of
mechanistic enzymology and bioinorganic chemistry have provided valuable insights into
fundamental mechanisms of O, activation and substrate oxidation mediated by these enzymes."”’

Independent of the biological reactions, the facile aerobic oxidation of Cu' ions to Cu" is

widely recognized,” and a number of important synthetic Cu-catalyzed aerobic oxidation
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reactions exist, including industrial applications.”’ These include Glaser-Hay coupling of
terminal alkynes (Scheme 5.1A);""” oxidative polymerization of 2,6-dimethylphenol to produce
polyphenylene oxide, a commodity-scale, high-temperature thermoplastic (Scheme 5.1B);""
synthesis of 2,5,6-trimethyl-p-quinone, an intermediate in the commercial synthesis of vitamin E
(Scheme 5.1C);""* oxidative carbonylation of methanol to dimethycarbonate (Scheme 5.1D);!"”!
and numerous methods for aerobic alcohol oxidation (Scheme 5.1E).""*"”! Each of these examples
formally corresponds to an "oxidase" reaction in which the formation of a new carbon-carbon or
carbon-heteroatom bonds is coupled to the reduction of O,. Despite this common feature, the
mechanisms by which copper mediates the different substrate oxidation reactions exhibit
considerable diversity.

5 mol % CuCl
TMEDA
— > — = H
A) 2R H + 120, acetone, RT R R+ H0

CpE}r
pyridine

B) n OH +n/2 0, 30-50 °C

H O}»H + nH,0O
n
polyphenylene oxide
OH OH O
1 eq. CuCl ]
excess LiCl . .
C) THO H—20> — » Vitamin E
0,, 60 °C
Cl o

0]

CuCl
D 2CHOH + CO + 120, ————> + Hy0
) s 2 100°C CH30J\OCH3 ?

OH 0
L.C
E) Ar)VHH o, M

Ar + Hy05 (H20)

H

Scheme 5.1. Synthetic copper "oxidase" reactions.

Copper(Il) is an effective one-electron oxidant, and it has been used in a number of
oxidative-coupling reactions initiated by single-electron transfer from electron-rich organic

molecules."”’ The oxidative dimerization of phenols and naphthols is a reaction that can be
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traced to the work of Pummerer in 1914”7 in which the oxidative coupling of 2-naphthols was
accomplished with silver oxide or potassium ferricyanide as a one-electron oxidant.
Subsequently, analogous reactions were demonstrated with a wide range of other oxidants.""® In
1959, Hay and coworkers reported that the oxidative polymerization of 2,6-disubstituted phenols
could be accomplished by bubbling O, through a solution of a phenol derivative, 5 mol %

(115,19 When substituents are small, as with

copper(I) chloride and pyridine at room temperature.
2,6-dimethylphenol, carbon-oxygen coupling occurs, allowing preparation of linear, high-
molecular-weight polyphenylene oxide (Scheme 5.2, top pathway).'! The presence of large
substituents leads to carbon-carbon coupling products (Scheme 5.2, bottom pathway). Substrates
that lack ortho substituents form complex mixtures of ortho and para carbon-carbon and carbon-
oxygen coupling products, in addition to the formation of quinone-like products.”*** Ortho-
hydroxylation is often observed in phenol oxidations mediated by Cu/O,/amine systems *'*
suggesting that oxygenase-type reactivity can compete with the oxidase (oxidative-coupling)
reactions. Overall, these observations are rationalized by mechanisms that involve the formation

phenoxyl radical intermediates, where the copper(I) species formed upon one-electron oxidation

of the phenols can be reoxidized to copper(Il) by molecular oxygen.

R
R =Me
—> (0] + nH,0
R R n

n QOH + n/20,

R

R =1{Bu

R R
. oo
R R

Scheme 5.2. Aerobic, oxidative polymerization or dimerization of 2,6-disubstituted phenols.
Single-electron-transfer (SET) mechanisms similar to those noted above explain many

copper-mediated oxidation reactions, but other reactions are not readily rationalized by such
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mechanisms. The aerobic, oxidative dimerization of terminal alkynes (Scheme 5.1A) was first
reported in 1869 by Glaser, who demonstrated that diphenyldiacetylene could be obtained by
treating copper(I) phenylacetylide with air.*! A thorough survey of Glaser coupling reactions,
including their historical development, applications and mechanistic studies, are the subject of an
excellent recent review."'”’ Several points are worth repeating here. In 1937, Zalkind and
Aizikovich found that copper(I) acetylides could be generated in situ,** and, in 1962, Hay
reported that these reactions could carried out with catalytic Cu, if the reaction was performed in
the presence of the N,N,N’,N -tetramethylethylene diamine (TMEDA) under an atmosphere of
0,.25)

Despite the nearly 150-year history of this reaction, the mechanism remains poorly
understood. Until the 1960s, mechanistic proposals typically featured the formation and coupling
of alkynyl radicals. /n situ deprotonation of the teminal alkyne could afford acetylides
susceptible to one-electron oxidation by Cu" to afford the alkynyl radicals. Subsequent kinetic
studies, investigation of alkyne electronic effects, and consideration of the low activation barriers

for these reactions’>”

caused these proposals to be abandoned in favor of organometallic
pathways. m-Complexation of the alkyne to Cu' or Cu", for example, should facilitate
deprotonation of the alkyne and formation of Cu-acetylide intermediates. The copper oxidation
states involved in different steps of the mechanism remain unclear, and both Cu' and Cu" species
have been proposed.””’ One widely accepted mechanism involves formation of dimeric

copper(Il)-acetylides that undergo coupling of the alkynyl fragments to afford the diyne product

(Scheme 5.3).1¢

2+

QUL2X
2R—H — >

= 3
—2HX |R7T . F
+ L,CuXsy ‘c& + 2 L,CuX

R » R——=—-R
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Scheme 5.3. Proposed mechanism for the Glaser Reaction.

The aerobic oxidative coupling of phenols and alkynes proceed with similar Cu catalysts
under similar conditions; however, the above discussion suggests that the mechanisms for these
reactions are quite different. This conclusion aligns with the observation that a variety of
oxidants that promote SET reactions promote the oxidative coupling of phenols,* whereas other
transition metals that mediate the oxidative coupling of alkynes, such as Pd" and Ni", typically

employ organometallic pathways.!""

This divergence between single electron transfer and
organometallic mechanisms provides a framework for the consideration of recent advances in
copper-catalyzed aerobic C—H oxidation, and it underlies the organization of this review. Section
5.3 surveys copper-based SET reactions that have been achieved with aerobic catalytic turnover.
The content focuses on the different synthetic transformations, but it includes recent insights into
the mechanisms of these reactions. Section 5.4 surveys reactions that qualitatively resemble
organometallic C—H oxidation reactions catalyzed by Pd and other transition metals. The
mechanisms for most of these reactions have not been fully elucidated, but the substrates tend
not to be electron-rich molecules commonly associated with SET reactions, and in many cases
they are highly electron-deficient. These features suggest that organometallic mechanisms may
be involved. The relevance of organocopper intermediates is even more plausible in light of
recent insights into the formation and reactivity of organocopper(Il) and -copper(Ill) complexes.
The organometallic chemistry of Cu" and Cu™ and its prospective role in catalytic oxidation
reactions are considered in Section 5.5, together with possible mechanistic similarities between

oxidative and non-oxidative Cu-catalyzed coupling reactions. The research summarized in this

review includes material published through early May 2011, and emphasizes results from the
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past five years. Collectively, the recent advances in this area highlight a wealth of new

opportunities to achieve selective aerobic oxidative functionalization of C—H bonds.

5.3. C-H Oxidation Initiated by Single-Electron Transfer

A number of electron-rich substrates, in particular, tertiary amines, enolates, phenols, and
electron-rich arenes and heterocycles, are susceptible to one-electron oxidation. Many oxidants,
including Cu", are capable of promoting oxidative coupling reactions with these substrates,
initiated by single-electron transfer. Copper(Il) is especially attractive as an oxidant in these
reactions because, under appropriate conditions and with suitable substrates, the reactions can be
carried out with catalytic Cu using ambient air or O; as the stoichiometric oxidant. Recent work
has demonstrated this principle in the oxidative coupling reactions of electron-rich arenes, a-

functionalization of tertiary amines and cyclic ethers, and reactions of stabilized enolates.

5.3.1. Homocouplings of Electron-Rich Arenes

Chiral 1,1'-bi-2-naphthol (BINOL) derivatives are a useful class of chiral ligands and
auxiliaries, which may be accessed through oxidative homo- or cross-coupling of naphthols. This
well-developed strategy capitalizes on the facile one-electron oxidation of phenols and
naphthols, which can be accomplished using a number of different oxidants under relatively mild
conditions.””” Recent research efforts on oxidative binaphthol coupling have focused on
replacing stoichiometric oxidants with catalytic methods using first-row transition metals, such
as V,B% Fe,PY M, and Cu*?? in particular, for the formation of enantioenriched products

: : . [30c-i, 31a,c-d,34-37,39].
via asymmetric catalysis 1206 318.¢-03437.39]
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Copper-based procedures for the oxidative dimerization of naphthols and phenols have been
studied extensively, and many of these methods are capable of using O, as the terminal oxidant
(Scheme 5.4).5%2° These reactions have been the subject of several previous reviews,*”! but the
recent results presented here provide a valuable segue to some of the other results discussed
herein. Conditions for the aerobic, copper-catalyzed oxidative dimerization of naphthols are
quite mild, commonly involving 1-10 mol % Cu catalyst loading, 2-10 mol % chiral amine
ligand, and an O, or air atmosphere at ambient temperatures (Scheme 5.4). Though high yields
and excellent ee's have been obtained, the best results almost universally feature naphthol
substrates containing a methyl ester substituent at the C3 position (e.g., 1, Scheme 5.4). Some of
the highest yields and enantioselectivities to date have been achieved by Kozlowski and
coworkers with a computationally designed 1,5-diaza-cis-decalin ligand."® Recently, this

catalyst system has been applied in the aerobic copper-catalyzed enantioselective coupling of

[41]

functionalized 2-naphthols to prepare binaphthyl polymers™" and homochiral biaryl natural

products, such as Nigerone (3) and Elsinochrome A (4).1*"*

OMe OH O Nigerone
3 4
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2-10 mol% ligand

CO,Me
1-10 mol% Cu catalyst OO
COMe O, or Air OH
OH
OH CH,Cl,, 1-48 h, RT/reflux OO
1
COQMG
2
v = 2@7
2
N _ \ SS
OO N N-Ph N N (SS)

Et H
94% ee; 88% yield 70%ee, 78% yield 47%ee, 38% yield 90-93%ee, 85% yield
R = 3-pentyl
Ha, 2004 Nakajima, 1995 Nakajima, 1999 Kozlowski, 2001

Scheme 5.4. Aerobic, copper-catalyzed, oxidative dimerization of naphthol derivatives using
chiral amine ligands.

The prevailing mechanistic proposal for these reactions features formation of a Cu'-
naphthoxide (6) species that undergoes intramolecular electron transfer from the coordinated
naphthoxide to Cu" to form a Cu'-naphthoxyl radical (7).**! The chiral diamine ligand provides
the basis for the enantioselective C—C coupling from this species. Details of the C—C coupling
step are not well understood, but possibilities include attack of a second naphthol substrate on the
naphthoxyl radical or bimolecular coupling of two Cu'-naphthoxyl radicals. Evidence for
binuclear Cu intermediates and their potential involvement in the C—C coupling step have been
obtained from gas-phase studies of the reaction, catalyzed by Cu(TMEDA)(OH)CL"*" A

simplified catalytic cycle featuring the diaza-cis-decalin ligand is shown in Scheme 5.5.
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52
N Cu’OH
X=Cl |
11, 0,

B x

N Cu” Oy OMe
N_Cul..--'o\ OMe
" C

T g
O / 6

Scheme 5.5. Proposed mechanism for catalytic naphthol dimerization.

Copper(I) and copper(Il) 1,5-diaza-cis-decalin complexes [(N,)Cu] are effective pre-catalysts
for aerobic oxidative coupling of naphthol substrates, but recent mechanistic studies by
Kozlowski and Stahl reveal that these complexes are not the reactive form of the catalyst under
steady-state conditions.!*"! Rather, the active catalyst forms in a pre-steady-state self-processing
step that involves oxygenation of the naphthol substrate, 1, to form an oxygenated "cofactor",
NapH®*. The identity of this cofactor was not firmly established; however, orthoquinone
derivatives of 1 were obtained under single-turnover conditions. Formation of NapH®* is
correlated with a kinetic "burst" of O, consumption, after which the (N,)Cu/NapH®* catalyst
effects highly selective, steady-state oxidase reactivity (i.e., aerobic oxidative biaryl coupling)
(Scheme 5.6). These observations implicate a striking similarity between this synthetic catalyst
system and certain biological copper oxidases, such as copper amine oxidases (CAOs),*! which
also undergo preliminary oxidative self-processing to generate an oxygenated cofactor (e.g.,

topaquinone'*®) that is required for subsequent oxidase-type oxidation catalysis.
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COzMe

COQMG
X )
H

+ 1/2 02

N 1 + 02

|
N-Cu' N Cu NapHOX COZMe
H \ Catalyst

! "Self-Processing"
Oxygenase Reactivity

Steady-State
Oxidase Reactivity CO,Me
+ 20

Scheme 5.6. Oxygenase vs. oxidase reactivity identified from mechanistic studies of Cu-
catalyzed oxidative coupling of naphthol substrate, 1.
5.3.2. Oxidative Bromination and Chlorination of Electron-Rich Arenes.

The facile single-electron oxidation of phenols and other electron-rich arenes and
heteroarenes has led to the development of copper-catalyzed halogenation protocols for these
substrates. Gusevskaya and coworkers reported a highly selective method for oxidative
halogenation of phenols under aerobic copper-catalyzed conditions.*” Para-chlorinated phenols
could be obtained with high selectivity'** using 12.5 mol % CuCl, and 2 equiv LiCl in AcOH
under 1 atmosphere of O, (Scheme 5.7A). Para-brominated phenols were obtained with excellent
selectivity and good yields under similar reaction conditions (12.5 mol % Cu(OAc),, 2 equiv
LiBr, AcOH under 1 atm O,) (Scheme 5.7B).*"!

In both reactions, more-electron-rich phenols undergo oxidative halogenation with faster
rates, and electron-deficient substrates, such as p-nitrophenol, and non-phenolic arenes are
unreactive. On the basis of these observations, the authors propose that high selectivity for
monochlorination arises from the electron-withdrawing effect of a chlorine substituent, which
deactivates the substrate toward further reaction. The phenolic O—H group is proposed to be
crucial to substrate activation. A detailed mechanism of these reactions is not known, but the

proposed pathway features formation of a Cu'—phenolate, followed by intramolecular electron
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transfer to afford a phenoxyl radical. Halogen-atom transfer to the para position of the phenoxyl
radical by CuCl, or CuBr; and tautomerization of the dienone generates the para-halogenated

phenol (Scheme 5.8).

A OH OH

H OMe 12,5 mol% CuCl,, 2egLicl  Cl OMe
1 atm O,, AcOH, 4-8 h, 60 °C
\ N 99%
OH
OMe
Me Me
Cl 909 Cl 979 Cl 59 Cl 999

B OH OH

" H OMe Br. OMe

12.5 mol% Cu(OAc),, 2 eq LiBr
1 atm O,, AcOH, 6-12 h, 80 °C

N A 99%
OH OH OH OH
OMe
Me Me
Br 80% Br 96% Br g29 Br 959
(17% ortho) (3% ortho) (17% ortho) (4% ortho)

Scheme 5.7. Aerobic oxidative chlorination (A) and bromination (B) of phenols.

cu' -cu!
OH - ocy! ——» QO'
-H

+CU”X2
x~{_)-on o g |-()=o

Scheme 5.8. Proposed mechanism for the oxidative halogenation of phenols.
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In subsequent studies, Gusevskaya demonstrated that anilines and indoles are also effective
substrates for oxidative bromination.”” Using conditions similar to those developed for the
halogenation of phenols, they achieved bromination of unprotected anilines with high
regioselectivity. Unlike phenol halogenation, however, monobrominated aniline products could
undergo further bromination. Though aniline itself was an excellent substrate under these
conditions, N-methyl aniline showed almost no reactivity. The chlorination of anilines proved to
be much less effective than bromination; formation of N-acetylated byproducts competes with
chlorination of the heterocycle.

Stahl and coworkers reported a complementary copper-catalyzed method for the
regioselective chlorination and bromination of electron-rich arenes that lack O—H or N-H
groups.”!! Under conditions similar to those reported by Gusevskaya (25 mol % CuBr, 1 equiv
LiBr, in AcOH under an O, atmosphere), regioselective monobromination of a range of electron-
rich arenes and heteroarenes was achieved (Scheme 5.9A).°* Arene chlorination was also
achieved, but more forcing conditions were typically required (Scheme 5.9B). Appropriate
selection of the reaction conditions enabled selective mono- or di-halogenation of the arenes. Li
and coworkers have reported a method for aerobic oxidative bromination of arenes, using 1 mol
% Cu(NOs),, and 1.1 equiv HBr at 100 °C in water under air.”* Excellent conversions and
selectivities were achieved for a range of simple arenes, including toluene, anisole and cresole.
The results by Stahl and Li reveal that substrate depronation to form a Cu'-bound adduct, as in
formation of a Cu'-phenoxide or -anilide (cf. Scheme 5.8), is not a prerequisite to achieve

oxidative halogenation of arenes.
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A /@ 25 mol % CuBr;, 1 eq LiBr /@Br
1 atm O,, AcOH
MeO OMe 54 40100°c MO OMe

Cl Br Br X
MeO OMe MeO 0, 48%

100% 78% Br NTs, 66%

B. O\ 25-200 mol% CuCl,, 6 eq LiCl /@C'
1 atm O,, AcOH -
MeO OMe 24 h, 80-110 °C MeO OMe

Cl Cl Cl s
Y
MeO OMe MeO

88% 76% Cl 63%

Scheme 5.9. Representative copper-catalyzed oxidative bromination (A) and chlorination (B)
reactions of electron-rich arenes.

Preliminary mechanistic studies by Stahl and coworkers into these reactions suggest that
bromination and chlorination occur through different pathways (Scheme 5.10). The bromination
reactions turn red-brown, and the disproportionation of CuBr; into CuBr and Br, has been
described under similar conditions.”" Accordingly, the arene bromination reactions could
proceed via electrophilic bromination by in-situ-generated Br,. Molecular oxygen will reoxidize
CuBr to CuBr; in the presence of LiBr (Scheme 5.10A). In support of this proposal, exposure of
cyclooctene to the arene bromination conditions resulted in the formation of trans-1,2-
dibromocyclooctane in 75% yield (Scheme 5.10B). The disproportionation of CuCl, into CuCl
and Cl, is much less favorable, and chlorination of cyclooctene was not observed under the arene
chlorination conditions (Scheme 5.10B). In light of these observations, an SET mechanism was

suggested for the arene chlorination reactions (Scheme 5.10C)."®" An arene radical-cation
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formed in this step could undergo chorination of the ring via reaction with CuCl, and loss of a

proton.
A. 2 CuBry ————» 2 CuBr + Br, (1)
Ar—H + Br, —— Ar—Br + HBr (2)
2 CuBr+2HBr+ 120y —— > 2 CuBr, + H,O 3)
Ar—H + HBr+1/20, —— > Ar—Br + H,O 4)

. . o Br
B arene bromination
' conditions
Br
O 72% yield

arene chlorination

— » No Reaction
conditions
C.
~r M+ cucl, H1  +cuch | e
|// — CuCl @ — CuCl, HCI //
R R Cl- R

Scheme 5.10. Proposed mechanism for electrophilic bromination of electron-rich arenes (A),
divergent outcomes for the reaction of cyclooctene under the arene bromination and chlorination
reaction conditions (B), and proposed SET mechanism for oxidative chlorination of electron-rich

arenes (C).
5.3.3. Other Oxidative C—H Functionalization Reactions of Electron-Rich Arenes.
Electron-rich arenes and heteroarenes have been shown to undergo other C-H
functionalization reactions. Itami and coworkers reported the arylation of electron-rich arenes
with boronic acids using 1 equiv Cu(TFA),, under aerobic conditions at 80 °C.”> The reaction
was selective for formation of cross-coupled products; no homocoupled products arising from

the trimethoxybenzene or boronic acid reagents were observed. Reactions with nitrogen

heterocycles led to products arising from multiple C—H arylations (Scheme 5.11).
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OMe OMe
H 1 eq Cu(TFA),, TFA, Ar
+  ABOH:R o CICH,CH,CI, 13 h, 80 °C
MeO OMe (2 equiv) MeO OMe
OMe @ R = p-CHa, 58% Ph Ph.  Ph
R -Cl, 45%
X Pt 4070 N\
p-Br. 51% Ph /N
oo ou m-CHs, 66% N Ph™ >N~ "Ph
e e . 9 |
moh 85t 5% 1%

Scheme 5.11. Arylation of trimethoxybenzene and nitrogen heterocycles with aryl boronic acids.

Trimethoxybenzene was also reported to undergo oxidative C—S coupling with disulfides in
the presence of 20 mol % Cul, in DMF under air (Scheme 5.12).°" Substituted phenyl, allyl,
and benzyl disulfides were used to thiolate 1,3,5-trimethoxybenzene in variable yields. Aryl
thioethers were obtained with 1,2,4-trimethoxybenzene and 1,3-dimethoxybenzene, but the
yields were relatively low, and other electron rich arenes were not effective. Examples of mono-
and diselenylation of trimethoxybenzene in 70 and 30% yields, respectively, with
diphenylselenide were also reported. The synthetic scope of these reactions was rather limited,

but they represent an intriguing example of C—S coupling under aerobic conditions.

OMe OMe
. R Y. 20 mol % Cul, N “R
YR 1 atm O,, DMF, 120 °C
MeO OMe MeO OMe
. Y =S, Se
(1.3 equiv.) R = aryl, allyl, benzyl 25% - 98% yields

Scheme 5.12. Oxidative functionalization of trimethoxybenzene with disulfides and diselenides.

5.3.4. o.-Functionalization of Tertiary Amines.
Tertiary amines are electron rich and susceptible to one-electron oxidation, and this reactivity
has been used to enable the oxidative functionalization of C—H bonds adjacent to 3° amines with

Ru,”” Fe® and Cu"” catalysts, typically with oxidants such as tert-butylhydroperoxide (TBHP)
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or 2J3-dichloro-5,6-dicyano-1.4-benzoquinone (DDQ). Li and coworkers pioneered the
development of many different methods within this class of "cross dehydrogenative coupling"
reactions, and have written several recent reviews in this area.’” Recently, a number of these
reactions have been shown to be amenable to aerobic catalytic turnover, and these will be the
subject of the following discussion. The mechanistic principles that establish when O, can be
used as an oxidant, rather than TBHP, DDQ or other oxidant, have not yet been established.

These methods are believed to be initiated by SET from a tertiary amine to form an amine
radical-cation (Scheme 5.13). Subsequent loss of a hydrogen atom (or H and an electron) from
the alpha position, which is often a benzylic position, generates an iminium ion that is
susceptible to attack by a wide range of soft nucleophiles. Klussmann and coworkers have
recently obtained X-Ray crystal structures of tetrahydroisoquinolinium cuprates having
dichlorocuprate and (Cu,Br,)> counterions, 8 and 9, resulting from oxidation of the
tetrahydroisoquinoline by CuCl, and CuBr, respectively, and O, (Scheme 5.13B).°" Both
iminium species react smoothly with added nucleophiles to give expected cross-coupling
products. A similar ionic crystal structure was obtained from similar studies where DDQ is used
as the oxidant, instead of Cu/O,.1”

Cu' cu', B: Nu-H
CQW o mw cul BH" QQ\TW E Ej;)\l‘m
H H Nu

Scheme 5.13. Proposed mechanism for cross-dehydrogenative coupling.

©O+ CuCly ©©+ Cu,Br,>
ZN-pp, ZNepp

8 9
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In one of the earliest reported Cu-catalyzed methods compatible with O, as the oxidant, Li
and coworkers described the coupling of stabilized carbon nucleophiles with N-phenyl-1,2,3.4-
tetrahydroisoquinoline.'”” The reaction utilizes 5 mol% CuBr at 60 °C in H,O under ambient air
(Scheme 5.14). Various nitroalkanes served as competent substrates, though over-alkylation, in
the case of N,N-dimethyl anilines, was a problem. Dialkyl malonate derivatives were effective

nucleophiles in reactions with N-phenyltetrahydroisoquinoline as well as cyclic benzyl ethers !

R
k R, R
NO N
2 R1/ N02 + Hzo
Rz R3
N 5 mol % CuBr
R Y 1 atm O,, H,O COsR
2, Ha
Rs  16h,60°C § Rz CO.R
CO-R _N + H0
L2 . g, CO.R
Rs
N N/ N
*Ph R \ *Ph
NO RO OR
R™ "NO, 2
R = H, 90% R = H, 30% o O
Me, 90% Me, 75% R = Me, 82%
Et, 95% Et, 80%

Scheme 5.14. Aerobic Cu-catalyzed oxidative cross-dehydrogenative coupling (CDC) reaction.

Li and coworkers reported the aerobic phosphonation of 2-aryl tetrahydroisoquinolines to
afford (-aminophosphonates.® Using diethyl phosphonate and N-phenyltetrahydroisoquinoline,
a variety of copper salts (CuBr, CuBr,, CuOTf, CuCl, Cul) catalyzed C—P bond formation under
an O, atmosphere in excellent yields (Scheme 5.15). Dimethyl-, diisopropyl-, and dibenzyl-
phosphonates ~ were  also  effective  coupling partners. In  addition to N-

phenyltetrahydroisoquinoline, N-p-methoxy and N-o-methoxy derivatives could be used.
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N H-p(OR), 5 mol % CuBr
N O 1atm O,, MeOH, 16h,60°C  “N” ~P(OR),
Ar (2 equiv) Ar O
Ar=Ph,PMP,OMP R =Me, Et, iPr, Bn 65 - 95% yields

Scheme 5.15. Oxidative synthesis of (-aminophosphates from tertiary benzylamines.

Guo, Tan, and coworkers reported the reaction of tetrahydroisoquinolines with simple methyl
ketones using 5 mol % Cul and 4A molecular sieves at 80 °C under O, (Scheme 5.16).1%
Aliphatic ketones and aryl methyl ketones are competent substrates; however, unsymmetrical

ketones, such as 2-butanone, can lead to a mixture of regioisomeric products.

(0]
5 mol % Cul, 5 equiv AcOH, N
EI)\, + N - : - *Ph
*Ph 1 atm O,, 4A MS, 80 °C

R=H, 62%} O n=1,62% 5
R Me, 58% 3, 55% 70%
OMe, 51% 4 41%

Scheme 5.16. Oxidative functionalization of tetrahydroisoquinolines with methyl ketones.

Finally, Zhang and coworkers reported the copper-catalyzed oxidative coupling of N,N-
dimethylanilines with heteroarenes using 5 mol% CuBr in MeCN at 50 °C under air (Scheme
5.17)." A range of methoxy- and nitrile-substituted indolizines underwent cross-coupling under
these conditions. Indoles, too, were acceptable substrates, though mixtures of products of mono-
and bis-heteroarylation products of N,N-dimethylaniline were obtained. Only a small number of
simple N,N-dimethylanilines were explored, and the presence of substituents on the aniline were

found to have a significant impact on reaction yield.
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CN CN
|
A\
NS, | 5 mol % CuBr b \
R N\ - > N
HN_ ) ArMeCN 12h,50°C R _
R = H, Me, Et, tBu, Cl 44 - 93% yields

Scheme 5.17. CDC reaction between N,N-dimethylaniline and substituted indolizines.

5.3.5. Reactions of Amide-Enolates.

A number of important examples of stoichiometric oxidative coupling reactions of enolates
with stoichiometric Cu" salts have been reported;°*®”' however, these reactions are not typically
amenable to aerobic catalytic turnover. Two groups have recently described copper-mediated C—
H oxidation routes for the synthesis of oxindoles from anilides."”” Taylor and coworkers reported
the Cu-catalyzed cyclization of anilides to form 3,3-disubstituted oxindoles using 5 mol%
Cu(OAc),H,0 in refluxing mesitylene under air (Scheme 5.18)."% Yields were best when R'

was an electron-withdrawing group.

2
H R R1 1_
A 5 mol % Cu(OAG)*H,0 N R =EWG (COR, CN, Ph)
T )K(Fp > R4 o R2 = alkyl, allyl
N Air, mesitylene, 1-3 h, 165 °C Z~N R3 = Me, Bn
RS R2 R3 83.08% R*= EWG or EDG
= (o]

Scheme 5.18. Cyclization of anilides to give oxindoles.

The proposed mechanism begins with single-electron oxidation of the amide-enolate moiety
by Cu", followed by cyclization, oxidation, and aromatization (Scheme 5.19). Consistent with
this mechanism, an earlier stoichiometric study by Kiindig and coworkers revealed the presence
of a secondary isotope effect of 1.25, which the authors suggest indicates that C—H bond

cleavage is not involved in the rate-determining step (Scheme 5.20).7"’
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Scheme 5.19. Proposed mechanism involving a radical amide-enolate.

D 2.2 equiv CuCly Ph
@[ o) 5.0 equiv t-BuONa
N&Ph Ny, DMF, 5 h, 110 °C N ©
I D H
H(D)

kH/kD =1.25

Scheme 5.20. Intramolecular competition experiment reveals a secondary isotope effect.

A subsequent stoichiometric study was carried out by Taylor and coworkers in which the
anilide substrate contained a cyclopropyl radical probe (Scheme 5.21).7*! Oxindole products
were not detected in this case. Instead, the dienyl anilide was produced, resulting from the radical
fragmentation of the cyclopropyl substituent and further supporting the likelihood of a radical

amide-enolate intermediate.

o) 1.0 equiv Cu(OAc),*H,0 0
N 1.1 iv t-BuOK N
Ph N _ equn; t1J1 . Ph N NG
I CouEt 2 DMF, 1h, 110°C | Co,Et  65%
l base then -e T -e"then -H*
(0]
Ph. . » Ph.
N N =
| Co,Et I Co,Et

Scheme 5.21. Radical probe experiment suggests SET-initiated mechanism.

5.3.6. Summary of Cu-Catalyzed C—H Oxidation Reactions Initiated by SET.
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Each of the reactions highlighted in Section 5.3 is consistent with a mechanistic pathway
wherein a Cu" catalyst mediates the one-electron oxidation of an electron-rich substrate —
naphthol, phenol, methoxyarene, tertiary amine, or enolate — followed by reaction with of the
oxidized intermediate with a suitable nucleophile, before or after loss of another electron. In
many of these transformations, copper is one of several viable oxidants capable of promoting the
reaction. However, copper is appealing as a reagent because of its low cost and toxicity and,
perhaps more importantly, because the Cu' byproduct of these SET steps is capable of
undergoing efficient oxidation to Cu" in the presence of O,. Much work remains to understand
the mechanism of these reactions, particularly with respect to understanding the factors that will
enable stoichiometric Cu" or undesirable stoichiometric oxidants such as DDQ, to be replaced

with catalytic Cu in combination with O,.

5.4. C-H Ogxidations that Resemble Organometallic Reactions.

Over the past five years, a number of copper-catalyzed aerobic oxidation reactions have
emerged that resemble organometallic C-H oxidation reactions mediated by 2™ and 3" row
transition metals. In most cases, mechanisms have not been established; however, the reactions
employ substrates that are electronically neutral or electron-deficient and, therefore, differ from
classical substrates for SET-initiated reactions. Several early studies provided a foundation for
the ensuing developments in this area: Yu reported chelate-directed oxidative C-H
functionalization reactions of 2-phenylpyridine; " the groups of Buchwald and Nagasawa
developed oxidative annulation reactions of N-aryl amidines and amides for the synthesis of 2-

72,73

substituted benzimidazoles and benzoxazoles, respectively; >”*! Stahl described the oxidative

741

amidation of terminal alkynes; "™ and Daugulis reported "aromatic Glaser-Hay" reactions for the
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homocoupling of electron-deficient arenes and heteroarenes. "' These reports provide the basis
for the four general reaction classes surveyed below: (1) chelate-directed C-H oxidation
reactions, (2) oxidative annulation reactions, (3) heterofunctionalization reactions of alkynes and
electron-deficient (hetero)arenes, and (4) homo- and cross-coupling reactions of electron-

deficient arenes.

54.1. Chelate-Directed C-H Oxidation Reactions.
In 2006, Yu and co-workers reported a Cu'-catalyzed chelate-directed oxidative

functionalization of 2-phenylpyridine derivatives."”"

Their report largely focused on ortho-
chlorination reactions and demonstrated that a variety of 2-arylpyridines could be chlorinated in
the presence of 20 mol % CuCl, in CLLCHCHC],, under 1 atm O, at 130 °C (Scheme 5.22A). The
solvent serves as an in situ source of the chloride nucleophile. High yields of monochlorinated
products could be obtained when the pyridyl-directing group was ortho-substituted, and
monosubstitution could be additionally improved by reducing the reaction temperature and time.
Bromination of the arene ring was achieved by using Br,CHCHBr, as a solvent instead of
tetrachloroethane and by switching the copper source to Cu(OAc),. Use of 1 equiv of Cu(OAc),
and a range of different nucleophiles enabled diverse functional groups to be introduced into the
aryl ring (Scheme 5.22B). The hydroxylation reaction was run under anaerobic conditions with
H,"®0, and a lack of label incorporation into the product prompted the authors to propose that the
reaction proceeds via Cu(OAc),-mediated acetoxylation of the arene. Subsequent in situ
hydrolysis of the acetate to affords the phenol. The reaction could be carried out with catalytic

Cu(OAc), (10 mol %) by performing the reaction in a mixture of acetic acid and acetic

anhydride, resulting in formation of the aryl acetate product.
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o o~ R=H92%
A ) | Me, 86%
20 mol % CUC|2, (ClzCH)g‘ \N OMe, 93%
P CHO, 82%
1 atm 02, 24 h, 130 °C cl CF3, 20%

CO,Me, 81%

X = Br, 65%
Nucleophile I(,:SVZOZ 675
i , - (]
1 equiv Cu(OAc),, . TsNH. 74%
Air, Solvent, 24 h, 130 °C PhS, 40%
H R X MeS, 51%
OH, 67%

Scheme 5.22. Cu-catalyzed chlorination of 2-phenylpyridine derivatives (A) and Cu"-promoted
functionalization of 2-phenylpyridine with various nucleophiles (B).

Cheng and coworkers subsequently expanded upon these results in the acyloxylation of 2-
arylpyridines with a range of alkyl and aryl anhydrides.””® The reactions conditions featured 10
mol % Cu(OAc), in toluene under O, at 145 °C (Scheme 5.23), and a range of mono- and di-
acetoxylated 2-arylpyridines were accessed in this manner. In a subsequent study, the
acyloxylation of 2-phenylpyridine was accomplished using acyl chlorides, which can undergo in-
situ formation of anhydrides.”””! The procedure is similar to that for anhydrides, but employs 2
equiv of acyl chloride, 20 mol % Cu(OAc),, and 2 equiv KOfBu in toluene under O, at 145 °C
for 48 h. The latter protocol enables access to an expanded scope of aryl acyloxylated products

due to the broad availability of acyl chloride reagents.
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7N N
/N ' —
H o o 10 mol % Cu(OAck, . "N\ _o N
. -
H AL O,, toluene, 24 h, 145 °C 0 o)
R~ ~07 "R \R
R (3 equiv) R o]
R =H, Me, OMe, F R' = Ar, Me .
» Me, F , Ids from 40 - 859
¢l COOMs N yields from 40 - 85%

Scheme 5.23. Pyridyl-directed acyloxylation of 2-phenylpyridine.

Concurrent with the original study of Yu, Chatani and coworkers reported chelate-directed
amination of 2-phenylpyridine derivatives with aniline, using stoichiometric Cu(OAc),,"*™ and
Ohno and coworkers later described the use of tetrahydropyrimidine rather than pyridine as a
directing group to achieve ortho hydroxylation and amidation (with BocNH, and TsNH,) using
stoichiometric Cu(OAc),.* Nicholas and coworkers recently reported conditions for the
catalytic amidation of 2-phenylpyridine, using 20 mol % Cu(OAc), under 1 atm O, in
DMSO/Anisole (1:39) at 160 °C for 48 h. (Scheme 5.24).®"' Modest catalytic turnover numbers
were observed (from 1.2 to 3.3 turnovers; yields from 26-65%) in the amidation/amination of 2-

phenylpyridine with several sulfonamides, carboxamides, and p-nitroaniline.

7N 7N
=N HN. 20 mol % Cu(OAc),, N =N
bt TS 1 atm 0,, 1:39 DMSO/Anisole, H
(2 equiv) 48 h, 160 °C Ts

65%

Scheme 5.24. Catalytic amidation of 2-phenylpyridine.

Related reactions employing oxidants other than O, have been reported, including the
amidation of 2-phenylpyridine and indole derivatives with di-fert-butylperoxide, and
methylthiolation of 2-phenylpyridines with dimethylsulfoxide as the source of methylthiolate and

K,S,05 as the oxidant.™ Yao and coworkers reported a chelate-directed oxidative C-H
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halogenation of pyrazole-3,5-dicarboxylic acid with stoichiometric CuCl,, KOH, and halide
salts.™ After 3 days at 160 °C, halogenated pyrazoles were isolated as Cu" coordination

complexes (Scheme 5.25).*"

0
1.2 equiv CuCl,*2H,0 OH
H 1.6 equiv KOH o) 7] OHZO“C'u/éHz
HOOCA/COOH 2.0 equiv KBr or 0.8 equiv KI N-NGl N 0
\ > O-~/ ~O N7
N-NH H,0, 3 d, 160 °C cu, O 1y~ "o
H.o VL7OH, X = Br, 91%
2 OH2 o) X = ;

Scheme 5.25. Copper-mediated halogenation of pyrazole -3,5-dicarboxylic acid.

These reactions qualitatively resemble Pd-catalyzed chelate-directed C—H functionalization
reactions,*! but preliminary mechanistic insights suggest the reactions proceed by a different
mechanism. Yu and coworkers noted that Cu-catalyzed chlorination reactions in Scheme 5.21A
exhibit a first-order dependence on substrate and CuCl, and that electron-withdrawing groups
lower the rate of the reaction. No deuterium kinetic isotope effect was observed in an
intramolecular competition experiment with substrate 10. The lack of isotopic sensitivity in the
C-H cleavage step contrasts observations from Pd-catalyzed reactions. On the basis of these
results, Yu and coworkers propose that the reactions are initiated by a SET step (Scheme 5.26),
similar to those described in Section 5.3 of this review (cf. Scheme 5.10C). Intramolecular
chloride transfer to a radical-cation intermediate is proposed to occur, followed by another SET
step and loss of a proton, to afford the chloroarene product. The Cu" catalyst can be regenerated
by oxidation of Cu' by O,. A mechanism initiated by electrophilic activation of the arene was not
considered in this work, but also could explain the available results.

D &

N

N

kH/kD =1
H 10
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SET
\T . sy~ _SET Sy
I cl H*
a1 Cl

Scheme 5.26. Proposed mechanism for pyridyl-directed monochlorination of 2-phenylpyridine.

5.4.2. Oxidative Annulation Reactions.

Buchwald and coworkers described the aerobic oxidative cyclization of amidines to give
benzimidazoles using 15 mol % Cu(OAc), and 5 equiv AcOH at 100 °C in DMSO under an
oxygen atmosphere (Scheme 5.27)."*! Cyclization was tolerant of both electron-donating and
electron-withdrawing substituents, including halogen substituents. Best yields were obtained
with substrates that afforded 5- and 6- substituted benzimidazoles; low conversions were
obtained for reactions leading to 4-substituted and 4,6-disubstituted products. For reasons that
are not clear, amidines with aryl groups lacking ortho-substitution showed little conversion to the
desired benzimidazole. N-methyl-2-phenylbenzimidazoles could be prepared by slight

modification of the reaction conditions, and 2-z-butyl-benzimidazoles were also accessible

(Scheme 5.28).
H
N NTAr 15 mol % Cu(OAc),, 5 equiv HOAc RG_, X N\>_Ar
" _J_ NH 1 atm O,, DMSO, 18 h, 100 °C 5 "N
H 4 H
N N N N
0 LD LD L0
R N R N R N R N
H mé H E,c Hmeo A VE
R=H, 89% R=H, 87% R=H, 68% R=H, 85%
OMe, 70% OMe, 74% Cl, 75% Br, 88%
F, 86% CO,tBu, 88%
Cl, 89% I, 89%
Br, 89%

Scheme 5.27. Synthesis of 2-arylated benzimidazoles.
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H = 0
N\n/tBu 15 mol % Cu(OAc),, 5 equiv HOAc /@[N\>—t8u R I;Aesessé,%
/@: NH 1 atm O,, DMSO, 18 h, 100 °C R N OMe, 83%
R H H Br, 89%

Scheme 5.28. Synthesis of 2-tert-butylbenzimidazoles.

The Nagasawa group reported a similar protocol for the preparation of benzoxazoles.””!
Various benzanilides underwent cyclization to the desired benzoxazole products in high yields

using 20 mol % Cu(OTfY), at 140 °C in o-xylene under oxygen atmosphere (Scheme 5.29).

H

N. _Ph 20 mol % Cu(OTf, @[N%Ph
@ \[O]/ 1 atm O,, o-xylene, 28 h, 140 °C (o)
H 89%
N N R N
o UL o
R o o o O: DA
R = Me, 92% 75% R = Me, 86% °
Ph, 72% R OMe, 93% Ar = 4-Et-Ph, 85%
4-OMe-Ph, 89%
OEt, 91% N 4-CI-Ph, 78%
OPh, 63% S—Ph 4-1-Ph, 81%
o N, 2-Me-Ph, 42%
CO,Me, 40% . »—Ph Thiphen-2-yl, 44%
F, 80% R '\O/I:/I 515/500/ °
Cl, 76% €, 997%
Br 61% CO,Me, 61% 70%

Scheme 5.29. Synthesis of 2-arylated benzoxazoles from anilides.

The highest yields were reported for meta- or para- substituted benzanilides, while ortho-
substituted substrates gave lower yields. Electron-withdrawing substituents resulted in lower
conversion, with recovered starting material reported in some cases. Regioselectivity of meta-
substituted benzanilides exclusively favors the least sterically hindered position, resulting in 2,5-
disubstituted benzoxazoles. However, when the meta-substituent is a pyrrolidinone, benzoyl,
acetyl or other directing group, the reaction exclusively forms the more sterically hindered 2,7-

disubstituted benzoxazoles (Scheme 5.30).
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\J

When R = OMe, CI, Br, F R N
S—Ph
H | o
R N\H/Ph 20 mol% Cu(OTf),
o Air, 0-DCB, 110-160 °C
H When R = N,
>—Ph
o]

(@]
Ay e

Scheme 5.30. Directing-group effect on benzoxazole cyclization regiochemistry.

\J

The mechanism for benzoxazole and benzimidazole formation is still uncertain. Buchwald
postulated three possible mechanisms for oxidative annulation, each originating with
coordination of the pendant amidine to the Cu center (Scheme 5.31). Pathway A involves attack

of the arene m-system on the Cu-coordinated amidinate ligand, followed by rearomatization to

produce benzimidazole. In pathway B, addition of the arene m-system to the Cu center affords an
organocopper intermediate, which can then undergo aromatization and reductive elimination to
produce desired product. Pathway C involves generation of a Cu-nitrene species that inserts into
the arene C—H bond. The Cu is proposed to be in the +2 or +3 oxidation state, although no
information is provided into specific redox steps. Both Buchwald and Nagasawa note that the
reactions proceed more rapidly with electron-rich substrates. Nagasawa also reported the lack of
a deuterium isotope effect in an intramolecular competition study with a mono-ortho-deuterated
substrate. On the basis of these observations, Nagasawa suggests that Buchwald's electrophilic
metalation pathway (Pathway B, Scheme 5.31) is the most reasonable mechanism for the
reaction. An SET mechanism (cf. Scheme 5.26) is also consistent with the reported data;

however, this mechanism was not considered in these reports.
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H
H Ar + N Ar H
R \ﬁ —_— R \|( - = R‘@ />—Ar + Cu2
H “oun 4y Ci N

Scheme 5.31. Proposed mechanisms considered for benzoxazole/benzimidazole formation.

Punniyamurthy and coworkers have recently reported an alternative strategy for the
preparation of benzoxazoles by rearrangement of bisaryloxime ethers using 20 mol % Cu(OTf),
under O in toluene at only 80 °C (Scheme 5.32).*%! Though the substrate scope is abbreviated
relative to the method reported by Nagasawa, the reaction conditions are much more mild.
Punniyamurthy suggests a mechanism beginning with N-O bond scission followed by

rearrangement to a copper-containing metallacycle and reductive elimination, possibly via a Cu'

intermediate.
/ |
R! 7R
X H S 20 mol % Cu(OTf), >_<:> = H, Me, ClI, Br, Allyl
O: |N O, balloon, Toluene, 1-4 h, 80 °C R =H, Me, OMe, CI
o
T 80 - 90% yields
cu Cu” CuII
5 @ B\
\ e
‘O\”N\\(Ar O \\ Ar
C
H

Scheme 5.32. Rearrangement of aryl oximes to give 2-aryl benzoxazoles.
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Nagasawa and Ueda reported a copper-catalyzed tandem addition/oxidative cyclization
reaction leading to the formation of 1,2,4-triazoles. Aryl nitriles were coupled to substituted 2-
aminopyridines with 5 mol % CuBr, 5 mol% 1,10-phenanthroline, and 10 mol % Znl, in

dichlorobenzene at 130 °C under O, atmosphere (Scheme 5.33).*7]

R
5 mol % CuBr, 10 mol % Znl,, R
N NH, 5 mol% 1,10-Phenanthroline, (/\r/N :/<
/
CN( Air, DCB, 24 h, 130 °C A N‘N
7
N

R = CF3, 90%
. Cl, 82%
(1.2 equiv) OMe, 71%
=N . =N Y Cl AN
Ny < > NN\ N N\N/>_®
R=F, 80% 3% 60%
Cl, 88%
Br, 81% =~ /N/>_<SJ =N
Me, 78% N N o N-
OMe, 70%

69% 87%

Scheme 5.33. Tandem addition-oxidative coupling of aminopyridines with aryl nitriles.

Mechanistically, the reaction is suggested to proceed via addition of the 2-amino group to the
nitrile to form an N-2-pyridylamidine, followed by copper-catalyzed oxidative N-N coupling.
The oxidative cyclization of a pre-formed amidine proceeds smoothly in the absence of zinc,
implying that Znl, assists only in amidine formation. Also, cyclization can also be achieved
using stoichiometric Cu(OAc), under an argon atmosphere, suggesting that molecular oxygen is
only involved in the reoxidation of Cu' to complete the catalytic cycle. The authors do not
speculate on the mechanism of N-N bond formation.

A modified procedure, employing 5 mol % CuBr, 3 equiv Cs,CO; in DMSO with an air
atmosphere at 120 °C, provided the addition and oxidative cyclization of aryl nitriles with
amidines to give 1H-1,2,4-triazoles. In all instances, electron-deficient benzonitriles gave best

yields (Scheme 5.34). Bao and colleagues have developed a similar strategy for the preparation
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of benzimidazoles and quinazolines. Their cascade strategy begins with C—N bond formation

between carbodiimides and various amines, followed by Cu(OAc),/O;-catalyzed oxidative

annulation to give desired product.™™
R 5 mol % CuBr,
WNHZ + 3.0 equiv CspCO;3, \r/N/: ::> R
NH HCI Air, DMSO, 24 h 120°C N
NC Ir, s s R= H, 78%
. Cl, 83%
(1.5 equiv) Br 730/‘;
Ph N Phe N _
HN/ % < > R I />_<\://\N =" R
N N HN<
R=H, 76% 70% R=H, 63%
CF3, 82% =N Phe N Cl, 71%
CI — 0,
HN\N/>—< >7 e p OMe, 55%
HN<
69% 52%

Scheme 5.34. Oxidative coupling and cyclization of aryl nitriles with amidines.

Another tandem strategy, developed by Chiba and coworkers, involves the one-pot, two-step
synthesis of phenanthridine derivatives from biaryl-2-carbonitriles.™” Initial Grignard addition to
biaryl nitrile substrates (followed by addition of MeOH) was shown to produce N-H imine
intermediates, which, upon treatment with 10 mol % Cu(OAc), in DMF under O,, undergo

intramolecular C—H amination to give annulated products in high yields (Scheme 5.35).

O H R-MgBr, O NH 10 mol % Cu(OAc),, _ O N

CN Et,0,2h,60°C R 1 atm O,, DMF, 24 h, 80 °C | R
O then MeOH O ‘

R = aryl, alkyl 54 - 99% yields

Scheme 5.35. One pot synthesis of phenanthridines from biaryl-2-nitriles.

Zhu and coworkers demonstrate the oxidative annulation of N-aryl-2-aminopyridines using

20 mol % Cu(OAc),, with 10 mol % Fe(NO3);*9H,0, and 5 equiv PivOH in DMF under O, at
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130 °C (Scheme 5.36).””! Without Fe", the product yield is diminished from 88% to 58%, even

when Cu loading is increased to 2 equiv.”"

20 mol % Cu(OAc),,

N H 10 mol % Fe(NO3)3 9H,0, ~N

R@ j@—a 50equivPvOH, R N@
Z7H 0, balloon, DMF, 36 h, 130 °C R
R, Ry = Me, OMe, X, t-Bu 70-88% yields

Scheme 5.36. Oxidative annulation of N-aryl-2-aminopyridines.

Zhu and coworkers have subsequently extended this method from arene C—H bonds to vinyl
C-H bonds; however, instead of obtaining the expected oxidative amination products,
aminooxygenation products were observed (Scheme 5.37).°*! Using 20 mol % copper(II)
hexafluoroacetylacetonate (hfacac) in DMF under O, at 105 °C, a range of imidazo[l,2-
a]pyridine-3-carbaldehydes were formed from simple acyclic precursors (Scheme 5.37).
Addition of iron nitrate, which proved essential in the previous study, had no beneficial effect on
yield in this case. With slight modification of the reaction conditions, 1,2-disubstituted
imidazole-4-carbaldehydes could be similarly obtained (Scheme 5.36).

20 mol % Cu(hfacac), xH;0, C//N o
CN( L 1 atm O,, DMF, 105 °C N N{H

=N = ~_N S | _
x N{ “ N7 \ “ .
H R = 4-Cl, 64%
O R=H,70% o 46% 3-OMe, 62%
Cy, 65% 2-Cl, 70%
R Ph.
. 20 mol % Cu(OTf),, N
PhTN 1.5 equiv. KsPOy, \Nf p
HN Hk 1 atm O,, DMA, 105 °C R =Ph, 45%
H Bn, 65%
0 Me, 63%

Scheme 5.37. Aminooxygenation for preparation of imidazo[1,2-a]pyridine carbaldehydes, and
imidazole carbaldehydes.
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Finally, Li and coworkers reported an aerobic, copper-catalyzed oxidative C—H acylation
procedure for the preparation of indoline-2,3-diones.”””! N-methyl-2-oxo-N-phenylacetamide
could be cyclized in 90% yield using 20 mol % CuCl, and 1 atm O, in THF at 100 °C (Scheme
5.38). A range of N- and aryl-substituted substrates could be cyclized, with electron rich

substrates affording higher yields than electron deficient substrates.

H 0
| N (0] 10 mol % CuCly, X
H g 0
RN 1.atm O,, THF, 4 h, 100 °C R'// N
R" O R!

30-90% yields

Scheme 5.38. Aerobic, copper-catalyzed synthesis of indoline-2,3-diones.

5.4.3. Hetero-Functionalization of Terminal Alkynes and Electron-Deficient Heteroarenes.

In 2008, Stahl and coworkers reported the oxidative coupling of terminal alkynes with a wide
range of nitrogen nucleophiles using 20 mol % CuCl,, 2 equiv of Na,CO; and 2 equiv of pyridine
in toluene under an O, atmosphere (Scheme 5.39)."" The use of excess amine nucleophile (5
equiv) minimized the quantity of Glaser alkyne homocoupling byproduct. Screening results
showed that Cu(OAc), is also an effective catalyst, and a respectable yield of the ynamide (69%)
can be obtained with a 1:1 stoichiometry of alkyne and amine under catalytic conditions. Cyclic
carbamate, amide, and urea nucleophiles, as well as substituted indoles and N-alkyl
benzenesulfonamides, were all good coupling partners. Effective substrates all had a pK,
between 15-23 (DMSO), although not all amines within this pK, range were effective. For
example, acyclic nucleophiles other than sulfonamides exhibited poor reactivity. Terminal
alkynes substituted with aryl, alkyl, and silyl groups were effective, with electron-rich alkynes

being the most effective.
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Alkynyl chloride byproducts were isolated from the reaction mixture, suggesting that C—N
bond formation may originate through an alkynyl chloride intermediate, but, when alkynyl
chlorides were subjected to the reaction conditions, little conversion to the ynamides was
observed. The authors invoked a simplified mechanism involving the sequential activation of
alkyne C-H and nucleophile N-H groups at a Cu" center, followed by C-N bond formation to
give ynamide product. Details of the C—N coupling process and aerobic reoxidation of the

catalyst were not addressed.

20 mol % CuCl,,

2.0 equiv pyridine, R4
Ri 2.0 equiv Na,CO N
/H +  H-N U = R
R = R, 1 atm Oy, toluene, 4 h, 70 °C R
i 0 ©
[\ Ou st 0
=z N \$OR1 E/J
= N / :
sR / H
Ph Z R R Ry = Me; 78% R Bn
R = 3-Ac, 78% Ph Ry=NO,, R, =Me; 86% R =Ph, 82%
3-CO,Me, 89% R4 = OMe, R, = Me; 92% TIPS, 78%
2-CO,Et, 56% R R = Me, R, = Bn; 68% 4-MeOCgHg, 84%
= OYNMe
/N N\)
= =
TIPS R/
R = 3-Ac, 62% R = Ph, 79%

_ o
3-COzMe, 90% 4-MeOCgH,, 80%

Scheme 5.39. Aerobic copper-catalyzed synthesis of ynamides from terminal alkynes.

This reactivity expands upon an early report by Peterson in 1968, who described the

oxidative coupling of phenylacetylene with simple secondary amines.”””

Dimethylamine,
diethylamine, and piperidine were reported to react with phenylacetylene in the presence of 20
mol % Cu(OAc),-H,O in benzene under a steady stream of oxygen (Scheme 5.40). Isolation of

the products is complicated by the reactivity of these products toward hydrolysis, which forms

the corresponding N,N-dialkylamides. When primary amines, such as ethylamine, were used as
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the nitrogen nucleophile, N-ethyl-2-phenylacetamide was obtained instead of the ynamide. In
some cases the amide product may be desired;”””' however, the ability to stop at the intermediate

ynamide expands the synthetic versatility of the reactions.

M 20 mol % E WH R
4 . HN'R CU(OAC)z-Hzo, // ‘Rl + HZO '|\l
R  Opstream, CgHg R
1h,5°C o

H
= 20 mol % Cu(OAC),-H,0, N~
+ H2N/\ > ©/Y

O, stream, benzene, 1 h, 5 °C o

Scheme 5.40. Ynamidation of phenylacetylene with simple secondary and primary amines.

Jiao et al. reported an aerobic copper-catalyzed ynamination reaction with concomitant
dioxygenation of the alkyne using 10 mol % CuBr,, 10 mol % TEMPO, and 4 equiv pyridine in

®® This tandem amination-

toluene and water under an O, atmosphere (Scheme 5.41).
diketonization was effective with both electron rich and electron deficient alkynes with a variety
of anilines. Electron-deficient anilines performed more efficiently, and halo-substituted anilines
were partially compatible with the reaction conditions, affording products in low yields. The
reaction is performed with 10 equiv H,O, but '®O-labeling studies revealed that both oxygen
atoms in the diketone come from O,, and not H,O. Under the reaction conditions, oxidative
coupling of the anilines was also observed, forming trans-1,2-diphenyldiazene; this reactivity

was the subject of a later independent report.”””!

10 mol % CuBr,, 10 mol % TEMPO,

@\ s H——pn 4.0 equiv pyridine, 10 equiv H,0, _ @ o)
NH, 1 atm O,, toluene, 18 h, 60 °C N

Scheme 5.41. Tandem ynamidation-diketonization reaction.
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Other alkyne heterofunctionalization reactions have also been developed. Han and coworkers
reported the oxidative phosphonation of terminal alkynes under aerobic conditions.”® Using 10
mol % Cul or Cu(OAc),, 2 equiv Et;N or Et,NH, in DMSO under dry air, H-phosphonates could
be coupled to terminal alkynes to yield alkynylphosphonates in excellent yields (Scheme 5.42).
A wide range of terminal alkynes could be used, including aliphatic, aryl, and highly
functionalized alkynes, giving high yields of desired alkynylphosphonate diethyl, diisopropyl,
dibutyl, and dibenzyl esters. Interestingly, only very small quantities (10%) of Glaser
dimerization products are formed under these reaction conditions. When oxygen was excluded
from the reaction mixture, hydrophosphorylation occured to give alkenylphosphorus
compounds.”” The authors report that a copper acetylide precipitates at the beginning of the
reaction and disappears over the course of the reaction. Subjection of the Cu-acetylide to the
reaction conditions was reported to give both alkynylphosphonate and Glaser diyne coupling
products. If coordination of H-phosphonate to copper acetylide is fast relative to the reaction of

copper acetylide with oxygen, the formation of Glaser products can be minimized.

o 10 mol % Cul, 20 mol % Et;N 0
R—=—H + RO-p_, : . e =P~0RrR
RO dry Air, DMSO, overnight, 55 °C OR
(1.2 equiv)
R (0]
Q Q
R—=—P-oipr = P~oiPr C NH
OiPr OiPr ph%r.lvo N&O
. R = OH, 93% oipr 9
R =Ph, 93 /c;0 Cl, 94% 90%
nBu, 85% CN, 99% o)
CH,0H, 95% C _ I
CH,Bz, 98% — 1 ~0iPr
oipr 9%

Scheme 5.42. Synthesis of alkynylphosphonates.

Qing et al. reported the oxidative trifluoromethylation of alkynes using 1 equiv Cul, 1 equiv

phenanthroline, and 5 equiv Me,SiCF, in DMF under air atmosphere.!"”” A range of aryl
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alkynes, and a few aliphatic alkynes, were trifluoromethylated using this procedure in good-to-
excellent yields (Scheme 5.43). When O, was used instead of air, Glaser alkyne dimers were the
sole product. The authors speculate that this effect arises from the quenching of a CuCF; species

in the presence of high concentrations of O,.

P H 1.0 equiv Cul, 5.0 equiv KF, P CF;
©/ +  MesSiCF 1.0 equiv 1,10-phenanthroline, ©/
3 3 >
(5.0 equiv) Air, DMF, 100 °C 93%
CF3 R = OMe, 65% CF3 CF3 CF3
= OPh, 82% = Z A/
NMey, 58% [ N 7] Ph
. Ph, 91% _N s
0,
tBBru ’7?%’ 72% 71% 78%

Scheme 5.43. Aerobic copper-mediated trifluoromethylation of alkynes.

Alkynes, heteroaromatics, and electron-deficient arenes share very similar C—-H bond
acidities. For example, the pK, values of pentafluorobenzene, benzoxazole, benzothiazole, and
phenylacetylene are 21, 24, 27, and 28.8, respectively. Reactions across these classes of
molecules show remarkable similarities, and a number of oxidative heterofunctionalization
reactions for electron-deficient heteroaromatics and arenes analogous to those described for
alkynes have also been developed.'*"

In 2009, Mori and coworkers reported conditions for the oxidative intermolecular coupling of
benzothiazole with N-methylaniline with 20 mol % Cu(OAc),, 40 mol % PPh,, 4 equiv NaOAc,

at 140 °C in xylenes under an O, atmosphere (Scheme 5.44).'%

The substrate scope
encompassed benzoxazoles and benzimidazoles, and aromatic and some aliphatic amines were

effective in the amination reactions.



N 20 mol % Cu(OAc),, 40 mol % PPhj N R
©: S—H + HNR{R, _ NI
X : « i
(4 equiv) 1atm Oy, xylene, 24 h, 140 °C ,
N Ph N Ph N Ts Me s Me
OIS O T
X Me X Ph S nPr Me” N Ph
65% 73%
X=S,81% X=S,47% N
B, W T o0
NMe, 51% 5 o

Scheme 5.44. Synthesis o

f 2-aminobenzimidazoles, oxazoles, and thiazoles.
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Shortly after the report by Mori, Schreiber and coworkers reported a similar procedure for

the preparation of 2-aminobenzimidazoles, using 20 mol % Cu(OAc), and 2 equiv Na,CO;, with

pyridine as an additive in toluene.'” Homocoupling of the heteroarene was observed as a

byproduct under many conditions, but could be suppressed by the use of 5 equiv of the nitrogen

nucleophile. Under these conditions various cyclic amide, urea, and carbamate nucleophiles

afforded the desired aminobenzimidazoles (Scheme 5.45). N-Methylbenzenesulfonamide was

also an effective nucleophile; however, other acyclic secondary amide derivatives were not

effective. In contrast, a number of primary amides were successful in the reactions. Other

aromatic and heterocyclic C—H bonds were also investigated; benzothiazole, oxazole derivatives,

and 1,2 4 5-tetrafluorobenzene derivatives were included in the substrate scope.

20 equiv pyridine, 2 equiv Na,COg,

20 mol % Cu(OAc),

N
@ S—H + HNR{R,
N

Me (5 equiv) Me Me
3 > (> 3
N N 2 N R
@[ S—N In >N f ©:N\>_N\R ©: SN,
N N )) Me N H
Me Me g Me
n=1,82% (10%) X =NMe, R = H, 45% (40%) R =Me, 50% (38%) R = C(CHa)3, 58%
2, 55% (35%) X=0,R=H,72% H, 97% H, 97%
4, 55% (40%) X =0, R =Bn, 64% Ar, 67-91%
Scheme 5.45. Synthesis of 2-aminobenzimidazoles.

O, (balloon), toluene, 12 h, 120-140 °C

N Ry
- \>_ N +
N R,
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Subsequently, Su and colleagues described the C—H amination of perfluorinated arenes as
well as heteroarenes with simple nitroanilines using 20 mol % Cu(OAc),, 2-3 equiv tBuOK, 50
mol % TEMPO, under O, in DMF. 104 1n reactions with electron-deficient arenes (Scheme 5.46),
a number of tetra- and pentafluoroarenes underwent coupling with various electron-deficient
anilines. In the absence of a Cu catalyst, nucleophilic aromatic substitution of a fluoro group by
the amine nucleophile was observed. The C—H amination of benzoxazoles and benzothiazoles
can be carried out using the same conditions, albeit at slightly higher temperature. Though the
substrate scope is limited to amination with simple nitroaniline derivatives, this reaction

proceeds under milder conditions than the earlier methods developed by Mori and Schreiber.

20 mol % Cu(OAc),,

F P oH
F H H,N 0.5 equiv TEMPO, F N
* \©\ 2.5 - 4.0 equiv t-BuOK, \©\
MeO F NO, ~  MeO F NO,
F

1 atm O,, DMF, 24 h, 40 °C

: F
(3 equiv) 83% yield
Foy X Foy Fo, X Foy
MeO F NO, MeO F CN F NO, F NO,
F x=0Me, 77% F 29% F o x=oMe56% F 35%
Me, 59% H, 65%

Cl, 40%

Scheme 5.46. C—H amination of electron-deficient arenes.

Other heterocoupling reactions of electron deficient arenes and alkynes have also been
reported. For example, polyfluoroarenes and electron-deficient arenes will undergo aerobic,
copper-catalyzed sulfoximation."”” Fukuzawa and colleagues showed that benzoxazoles could
also be thiolated with aryl disulfides using 20 mol% Cul, 20 mol % 2,2’-bipyridine, and 4 equiv
Cs,CO; in DMF under an O, atmosphere (Scheme 5.47).[106] And, Huang and coworkers have

shown that tertiary amines can be used in the amination of benzoxazole in the presence of 20 mol
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% CuBr,, and 10 mol % AcOH under O, to give N,N-dialkyl-2-aminobenzoxazoles (Scheme
5.48)."7 The latter reactions presumably arise from oxidative degradation of the tertiary amine
to a secondary amine, followed by oxidative coupling of the benzoxazole with the secondary

amine.
20 mol % Cul, 20 mol % 2,2'-bipy,

N 4 equiv CsCOj, N Ar
S—H + ArSSAr > H—s
o] 1 atm O,, DMF, 2 h, 80 °C (¢}

(2.4 equiv) Ar=Ph, 81%
Scheme 5.47. Thiolation of benzoxazole.

N o, o, N
X 10 mol % CuBry, 20 mol % AcOH X /T
RE T S+ EN 0 CBr 20 MARAOR_ o T YN
Z~0 1 atm O,, dioxane, 16 h, 120 °C Z~0 N
R = Me, CI, Br, (2 equiv) 82-98%
Ph, NO,

Scheme 5.48. Oxidative amination of benzoxazole using tertiary amines.

5.4.4. Homo- and Cross-Coupling Reactions of Terminal Alkynes and Electron-Deficient
Arenes

The similarity in C—H bond acidity between alkynes and electron-deficient arenes appears to
provide the basis for a number of oxidative coupling reactions that resemble the Glaser-Hay
reaction. Daugulis and coworkers reported an aerobic copper-catalyzed method for the
homocoupling of electron-deficient (hetero)aromatics, so-called "aromatic Glaser-Hay"
reactions.””" Using only 1-3 mol% CuCl, and a Zn/Mg amide base, in THF at room temperature
under an O, atmosphere, good yields of arene homodimers could be obtained (Scheme 5.49). The
reaction exhibited good tolerance of functional groups. Cross-coupling reactions were not

examined in this report.!'*
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F
H 1 mol % CuCly, 1.2 - 1.5 equiv base,
9 -
E 1 atm O,, THF, 1-2 h, 0-50 °C
S
SV&N\
\ N
71%
S S
Cl QA
\_/

74% 51%

Scheme 5.49. Aerobic oxidative copper-catalyzed homodimerization of functionalized arenes.

Bao recently reported an aerobic Cu(OAc),-mediated homo- and cross-coupling reaction at
the 2-position of a range of azoles."”” The homocoupling reactions were achieved with 20 mol
% Cu(OAc), in xylenes at 140 °C under an air or O, atmosphere. This method was applied to the
oxidative homocoupling of imidazoles, benzimidazoles, thiazoles, oxadiazoles and benzoxazoles
(Scheme 5.50). Moderate yields of cross-coupling products could be obtained, but the selectivity
was not high. Generally, not more than 50-60% yields were achieved for cross-coupling
products.

Su, Hong and coworkers described oxidative cross-coupling reactions of terminal alkynes
with electron-deficient arenes and heteroarenes (Scheme 5.51)."'”" The reactions employed 3
equiv of -BuOLi, 30 mol % CuCl,, 30 mol % 1,10-phenanthroline, and 15 mol % DDQ in
DMSO with O, as the oxidant at 40 °C. Excess fluoroarene (5 equiv) was used to enhance the
cross-coupling selectivity. When Brgnsted bases weaker than fBuO™ were used, such as NaHCO,
and K,PO,, Glaser dimerization products dominated. The addition of catalytic DDQ also

improved the reaction by suppressing diyne formation. The mechanistic origin of this effect is
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not understood, and other quinones did not exhibit a similar effect. Under these conditions,
pentafluorobenzene could be coupled to a variety of simple arylalkynes; both electron-rich and
electron-deficient alkynes were effective. Other polyfluorinated aromatics could be coupled to
terminal alkynes as well. Di- and trifluoroarenes were unreactive, presumably due to the

difference in acidity of the aryl C—H bonds and phenylacetylene.
X 20 mol % Cu(OA RiseX X
5 I />—H mo| u(OAc), N I ) / I
Ry N Air, xylenes, 12 h, 140 °C R; N N

R R
N N N N Ros. N
L~ 10 G 1<
N N N N N s g
R R

R = Me, 90% R=H, 80% R=H, 79%
Ph, 91% Bn, 83% Me, 79%
Bn, 88%
o N Ph. N N__Ph
<1 Io~<I
NoO PN NTpn
86% 81%

Scheme 5.50. Aerobic oxidative copper-catalyzed dimerization of 2-H azoles, oxazoles, and
thiazoles.

30 mol % CuCl,,

F R’ 30 mol % 1,10-phenanthroline,
F H 15 mol % DDQ, 3 equiv t-BuOLi,
+ >
R F ’ = 1 atm O,, DMSO, 12 h, 40 °C
F
(5 equiv) R'= Me, tBu, OMe, NMe,, CF3,

R =F, CF3, OMe, CgHs F, Br, CN, etc

| X O/>
e o o
F 7 F A~
|
R F F F N el
F R=H,72% F 42% Cl 41%
CF3, 61%

Scheme 5.51. Sonagashira-type aryl-alkynyl coupling reaction.
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In a concurrent study, Miura and coworkers reported the aerobic cross-coupling of terminal
alkynes with heteroarenes.!'"! The 2-position of 1,3 4-oxadiazoles could be functionalized with a
range of terminal alkynes using 1 equiv CuCl, and 2 equiv Na,CO; in N, N’—dimethylacetamide
under 1 atm O,. When run under air the reaction was sluggish; no reaction occurred under N,.
Oxazoles, too, could be coupled to terminal alkynes in slightly lower yields using a similar
procedure, which required increased temperatures and the use of DMSO as a solvent. Electron-
rich alkynes were more effective substrates than electron-deficient alkynes, which is attributed to
the increased rate of alkyne dimerization with electron-poor alkynes. Aliphatic alkynes and
alkynes bearing heterocyclic substituents were also fine coupling partners (Scheme 5.52) in each

of these reactions.

N-N N-N

7\ . . (A\
R/®/<O)\H b He— R 1eqU|vCuCI2,2eqU|vNa2003,‘ R/®/<O)\§\R1

1 atm O,, DMAc, 1 h, 120 °C
R =H, Me, CF; R' = alkyl, aryl 43-70% yields

Scheme 5.52. Aerobic copper-mediated oxidative coupling of coupling of alkyness and azoles.

Immediately thereafter, Miura et al. reported methods for the oxidative coupling of
polyfluorobenzenes with arylalkynes using 20 mol % Cu(OTf),, 40 mol % 1,10-phenanthroline,

(21 Once

and 1 equivalent LiO7Bu in DMSO at room temperature under air (Scheme 5.53).
again, electron-rich arylalkynes gave higher yields than electron-poor derivatives; use of the

latter substrates led to significant formation of diyne byproducts. This study also described a Ni-

catalyzed method for aerobic oxidative coupling of alkynes and azoles.
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20 mol % Cu(OTf),
1.0 equiv t-BuOLi

4 1 % 1,10-ph throli
X H+H:<>R0mo/,0penanrome X:R
Air, DMSO, 6-24 h, RT

F F F F  R=H,60%
Me, 68%
X=F, CFy OMe, 76%
(3 equiv) NMe,, 72%
F, 54%

CO,Me, 25%

Scheme 5.53. Cu-catalyzed oxidative coupling of polyfluorinated arenes and arylalkynes.

5.4.5. Summary of C-H Oxidations that Resemble Organometallic Reactions.

This section has highlighted a number of oxidative C—H functionalization reactions with
substrates that are electronically neutral or electron-deficient, properties not typically associated
with SET reactions mediated by Cu". The similarity between some of these reactions and those
mediated by Pd and Rh (e.g., chelate-directed C—H functionalizations and annulation reactions in
Sections 5.4.1 and 5.4.2) make it tempting to propose an electrophilic C—H activation pathway
by the Cu center, followed by organometallic functionalization of a Cu—C bond. Preliminary
mechanistic insights, however, do not necessarily support such a pathway. For example, the lack
of deuterium isotope effects from intramolecular competition experiments seem more consistent
with electrophilic activation of the arene m-system or SET-initiated C-H functionalization.
Further studies will be needed to clarify the mechanisms of these reactions. Sections 5.4.3 and
5.4.4 highlight a wealth of new C—H oxidation reactions involving substrates with acidic C—H
bonds. These reactions closely resemble Glaser-Hay couplings; however, they employ substrates
and achieve transformations for which the Glaser-Hay analogy was not previously recognized.
The mechanisms of these reactions are not well understood, but they seem almost certain to
proceed via organometallic intermediates, presumably involving Cu in the +2 or +3 oxidation
states. Some insights can be gleaned from recent fundamental studies of the organocopper

chemistry.
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5.5. Organometallic Copper Chemistry Relevant to C—H Oxidation Reactions.

The organometallic chemistry of Cu" and Cu' is still in a nascent stage of development, but a
number of advances in recent years have important implications for the chemical reactions
described above. Organocopper(Ill) intermediates have been widely proposed in non-oxidative
Cu-mediated reactions, with prominent examples including conjugate additions and nucleophilic

substitution reactions mediated by Cu' organocuprates''”
y g p

and Ullmann-type coupling reactions
of aryl halides."' In contrast, the role of organocopper species in Cu-catalyzed oxidative

coupling reactions has received much less consideration.

5.5.1. Survey of High-Valent Organocopper Complexes in Non-Oxidative Reactions.

Experimental characterization of organocopper(Ill) intermediates in the reactions of cuprates
were reported for the first time in 2007 by Bertz and Ogle!"">"'*" and Gschwind,!"'”" using low-
temperature NMR techniques. Subsequent work has led to spectroscopic characterization of a
number of related reactive intermediates (Scheme 5.54).!"'*!

OTMS Lit .

N | Lt Bt | Li*

. Et | Li
N Y ‘/ Me /
& Me. Me Cu, <<—Cui YCU\
/ eu, Me Me Me mMe Me

" Qu Me Me Me
e

Scheme 5.54. Examples of organocopper(Ill) species observed using low-temperature NMR
spectroscopy.

Ullmann-type cross-coupling reactions of aryl halides are commonly proposed to proceed via
a Cu'/Cu" catalytic cycle (Scheme 5.55),"'*'"”! analogous to the well-established Pd”/Pd" cycle
for Pd-catalyzed cross-coupling reactions. The involvement of arylcopper(Ill) intermediates in
these reactions was recently challenged,"*” and subsequently defended,"*"! on the basis of DFT

computational studies. In addition, the first direct experimental evidence for the involvement of
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a Cu" intermediate in an Ullmann-type coupling reactions was reported by Ribas and Stahl in

I

2010, using a macrocyclic aryl-halide substrate."*” Aryl-Cu™-halide species were independently

synthesized and characterized by X-ray crystallography, and they were shown to undergo
reversible reductive elimination/oxidative addition of the aryl halide at the Cu center. Aryl-Cu"'-

Br species 11 was directly detected by NMR and UV-visible spectroscopy as an intermediate in

an Ullmann-type coupling reaction with pyridone as a nitrogen nucleophile.

cat. L,Cu'X
Ar—=X + H-Nu + B ————— > Ar—Nu + BH*X"
|||’Ar
L,Cu
) " \Nu
BH* X
Ar-X
+ Ar—Nu
Nu-H + B: L,Cu'

Scheme 5.55. Simplified mechanism commonly proposed for Ullmann-type cross-coupling
reactions.

5.5.2. Formation of Organocopper(II) and Copper(III) Complexes via Cu"-Mediated C-H
Activation.

Many of the Cu-catalyzed aerobic oxidation reactions described in this review can be carried
out under anaerobic conditions by employing Cu" as a stoichiometric reagent. This observation,
together with the thermodynamic stability of the +2 oxidation state of copper in the presence of
molecular oxygen, suggests that C—H activation steps in the catalytic reactions will be initiated

by Cu". Consequently, the ensuing discussion will emphasize the formation of organocopper
y q y g p g
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species originating from Cu". Organometallic C—H activation reactions mediated by Cu' and

Cu™, relevant to other (non-aerobic) catalytic reactions, have been discussed elsewhere.!'*'*"!

A number of organocopper(Il) and -copper(Ill) complexes have been synthesized and

[128-134]

crystallographically characterized in recent years, and these results provide a useful starting

point for the consideration of such intermediates in Cu-catalyzed oxidation reactions. Several of

these complexes have been prepared via Cu(ll)-mediated activation of a C—H bond within a

130] [131]

macrocycle. Starting in 2000, the groups of Latos-Grazynski>” and Otsuka and Furuta
reported a number of organocopper(Il) and copper(Ill) complexes derived from N- and O-
confused porphyrins. The first crystallographically characterized example of an organocopper(Il)

complex, reported by Furuta and coworkers in 2001,!"*'!

was obtained by direct metalation of
the ligand by Cu(OAc), (13, Scheme 5.56)."*" Similarly, N-confused porphyrins with meso-aryl
groups (aryl = Ph, Cg¢Fs) undergo metalation in the presence of Cu(OAc), to afford the

1302,131de] Tpa pentafluorophenyl

corresponding macrocyclic organocopper(I) complexes 15.
derivative of 15 was later shown to undergo oxidation to organocopper(Ill) derivative 16,
coupled with the loss of the N-H proton, upon treatment with a chemical oxidant (DDQ)

(Scheme 5.56).°'*l The reverse reaction was accomplished by the reaction of 16 with a

reductant (p-toluenesulfonylhydrazide).

Cu(OAc),
—_
CHCI3, reflux

12 13

Scheme 5.56. First crystallographically characterized organocopper(Il) and its preparation via
C-H metalation.
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Ar . Ar Ar HN A\ Ar
= N

Cu(OAc), -e, -H*
+e, +H*

Ar Ar Ar = Ph Ar Ar

Latos-Grazynski Ar = CgFs 16
14 Ar = CgF5 15 Furuta
Furuta

Scheme 5.57. C—H metalation of N-confused porphyrins to afford well-defined organocopper(Il)
species, and the reversible formation of an organocopper(I1l) derivative (Ar = C(Fs).

In 2002, Ribas, Llobet, Stack and coworkers reported a different Cu"-mediated C-H

activation mechanism."*** Reaction of the macrocyclic arene 17 with 1 equiv Cu'"(ClO,), in

acetonitrile at room temperature resulted in formation of 0.5 equiv of aryl-Cu™

species 18 and
0.5 equiv of a ligated Cu' product 19 (Scheme 5.58). Evidence was provided for formation of an
arene C-H agostic complex 20 prior to C-H activation, and insights into the C-H--Cu"
interaction were recently provided through pulsed-EPR spectroscopic studies and DFT
computational methods."*” The C—H activation step was initially proposed to proceed via a base-
assisted electrophilic activation of the arene C—H bond by Cu" (20 — 21). A subsequent Cu'-
disproportionation reaction between the aryl-Cu" species 21 and another equivalent of the ligated
Cu" species 20 would afford the 1:1 product ratio of 18 and 19 (Scheme 5.58). Recently,
however, a thorough kinetic and mechanistic study provided evidence that formation of the aryl-
Cu™ complex 18 proceeds via concerted proton-coupled electron transfer (PCET) directly from
20. Additional support for this mechanism, which represents a novel route to reactive aryl-Cu™

species, was obtained from the reaction of 20 with 2.2,6,6-tetramethylpiperidine-1-oxyl

(TEMPO) 1"
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via20) .
2+ +

— 0.5 HCIO,
HN H NH+cuClOs), ————— 0.5 |HN—Cu'"—NH|+ 0.5|HN—Cu'-HN

D R
17 18  (CIOs ), 19  Clo,~

concerted
proton-coupled
electron
transfer

+0.5 [L-Cu'j2* (20)
+ Cu'l/base

0
N
or
o4 TEMPO +
(CIO47)2
Ho +B:
HN—Cu" —NH - > 0.5 |HN—Cu'—NH
,\\l — BH*CIO,~ <\/ |
{ ] N. )
| |
20 21 ClO4”

Scheme 5.58. Possible mechanistic pathways for disproportionation of Cu" macrocycle 20 to
give aryl-Cu™ 19 and Cu'-macrocycle 19.

The reaction of another macrocyclic arene substrate, reported by Wang and coworkers, reacts
with Cu" very similarly to 17."** The azacalix[1]arene[3]pyridine 22 reacts with Cu"(ClO,), to
afford the aryl-Cu"™ complex 23. An important observation from this study was the improved
yields of 23 that could be obtained by performing the reaction under an aerobic atmosphere.

Stahl and Ribas made similar observations in the aerobic synthesis of aryl-Cu™

complex 18 (see
further discussion below). The beneficial effect of O, in these reactions can be rationalized by

the ability of O, to promote the oxidation of Cu' that forms upon disproportionation of Cu" (i.e.,

Scheme 5.58,19 — 20 — 18).
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o+
Q \NJ?LN/ (CI0, ),
<:i i:> + CU'(CIO,), . \_ N—Cu”'-N/ N\
CHCl3/MeOH (1:1) Qf | >>:—

Oy, rt. N_ _N_ _N
/ | N AN
oy AR
22 23

Scheme 5.59. Synthesis of a macrocyclic aryl-Cu™ complex under aerobic conditions.

5.5.3. Reactivity of Organocopper(IIl) Complexes and Cu-Catalyzed C-H Oxidations.
The fundamental insights into Cu"-mediated C-H activation reactions described above have
been complemented recently by systematic reactivity studies of organometallic copper(Ill)

complexes."**"**137 131 Thig work includes the first direct evidence for the involvement of an

I [140]

aryl-Cu" intermediate in a Cu-catalyzed C-H oxidation reaction.

In 2008, Huffman and Stahl reported the reaction of a number of different nitrogen

1

nucleophiles with the triazamacrocyclic aryl-Cu™ complex 18, which closely resembles high-

141 and non-oxidative!"'*! Cu-catalyzed coupling

valent Cu intermediates proposed in oxidative
reactions. The reactions proceed readily from room temperature to 50 °C, even in the absence of
added base and despite the stabilizing effect of the macrocyclic ligand. These observations
highlight the innate reactivity of organocopper(Ill) species relative to isoelectronic Pd"
complexes. The reaction exhibited bimolecular reaction kinetics, and no intermediate was
observed in the reaction. The reactions were faster with more-acidic nucleophiles, implicating
proton loss as a key step prior to C—N bond formation (Scheme 5.60). In a later study carried out

[138]

jointly by Stahl and Ribas groups, analogous reactions with oxygen nucleophiles were
investigated. Carboxylic acids and phenols reacted considerably more rapidly than the nitrogen

nucleophiles, and spectroscopic evidence was obtained for the formation of adducts between the
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1

nucleophile and aryl-Cu™ that precede C—O bond formation. Wang and coworkers demonstrated

1II

similar reactions with the macrocyclic aryl-Cu™ complex 23. A diverse scope of anionic

nucleophiles was shown to react very efficiently to afford the C,,—Nu coupling products

(Scheme 5.61).1"*

///* N clo,
CH3CN,N2 H\ ®

Nu + Cu'(NCMe),* |

Amldes

& O o e o

R =H, CHj3, OCH3
Carboxyllc acids

OH \%OH >HL0H O)i H, CHs, OCH,, CF3, NO,

Phenols
Alcohols

OH P
/@/ X=H, OCHj, F, CI, O/OH FsC™ "OH OH
CF3, CN, NO
X s 2 BryC”~ “OH >r

Scheme 5.60. Reductive elimination from macrocyclic aryl-Cu™

N |ci04,
\N N/
— CH3CN, r.t.
\ N—cul-n Y | en® T
d</ | >>3— ~ICUNCCHg Q >>3

complexes.

N_ _N__N
avh avs
Nu = CI, Br, I, SCN, CN,
— Z - OCOPH, OCOCH=CH, Z
23

Scheme 5.61. Reductive elimination from macrocyclic aryl-Cu" complexes.

Stahl and Ribas recently demonstrated that the macrocyclic arene 17 can undergo catalytic

C-H oxidation under 1 atm O, with 10 mol % Cu(ClO,), or CuBr, (Scheme 5.62).""*" Kinetic and
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spectroscopic analysis of the methoxylation reaction, employing simultaneous O,-uptake
methods and UV-visible spectroscopy, provided direct evidence for the formation and
disappearance of an aryl-Cu™-Br intermediate in the reaction. These and related observations
from the catalytic reactions, together with independent studies of the formation and reaction of
the aryl-Cu" intermediate, provide the clearest mechanistic insights to date into a Cu-catalyzed
aerobic C-H oxidation reaction. The proposed mechanism (Scheme 5.63) is initiated by
complexation of the macrocyclic arene to Cu" (step i), followed by C—H activation via Cu"

I

disproportionation to give the aryl-Cu™ intermediate (step ii) (cf. Scheme 5.58). Subsequent

" with methanol results in formation of the methoxylated arene and Cu'

reaction of the aryl-Cu
(step iii) (cf. Scheme 5.60). Rapid reoxidation of Cu' to Cu" by O, (step iv) completes the

catalytic cycle; the same aerobic reoxidation of Cu' occurs in the stoichiometric synthesis of the

10% [Cu"Xy] | ]

HN Nu NH + H,0

I

aryl-Cu" complex (dashed arrows).

HN H NH + Nu-H + 1/20,

MeOH
N (tatm)  rp (N
| |
17
Nu-H 10% Cu(ClO,)»6 H;O  10% CuBr,
MeOH (solvent) 72% 81%
o)
| N (5 equiv) 77% 84%
—

Scheme 5.62. Cu-Catalyzed Aerobic Oxidative C—H Functionalization of Arene 17.

The catalytic cycle in Scheme 5.63 exhibits distinct similarities to the Cu'/Cu™ catalytic cycle

commonly proposed for Ullmann-type coupling reactions. (cf. Scheme 5.55). Aryl-Cu"

species
can form via oxidative addition of aryl halides to Cu' in Ullmann-type reactions, whereas the

analogous aryl-Cu"™ intermediate arises here from a Cu"-disproportionation C—H activation
g y prop
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process (cf. Scheme 5.58). Subsequent reductive elimination from the aryl-Cu™ intermediate

accounts for product formation in both the oxidative and non-oxidative reactions.

! cat. [Cu"X,] ;
! Ar-H (17) + MeOH + 1/2 0y —————— > Ar-OMe + H,0 !

Ar-H Ar-OMe
i 1/2 H,0
[Cu"X, ArOMe] [Cu'"%; ArHl=._ #
112 H,0 CulXy s, ArH +
\ 1/4 0,
iv ii !
1/4 O, + HX Cu'X + H)’(
[Cu'X Ar-OMe] [Ar-Cu'"-X]X
iii
HX MeOH

Scheme 5.63. Proposed Catalytic Cycle for Cu-Catalyzed Aerobic Oxidative Methoxylation of
Arene 17.

This organometallic mechanism for C-H oxidation of an arene represents an intriguing
alternative to SET mechanisms commonly proposed Cu-catalyzed oxidative coupling reactions.
Steps ii and iii of the mechanism in Scheme 5.63 involve loss of a proton from the Ar-H and
MeO-H coupling partners. This feature may explain the observation that many Cu-catalyzed
oxidative coupling reactions, such as those in Sections 5.4.3 and 5.4.4, utilize substrates with
acidic C—H bonds (alkynes, fluoroarenes, electron-deficient heterocycles). Despite the extensive

" intermediates have never been

history of Glaser-Hay reactions of alkynes, alkynyl-Cu
proposed, to our knowledge; however, the results summarized here suggest that such a pathway

might be viable.
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5.6. Summary and Outlook

This review highlights the broad array of Cu-catalyzed aerobic C—H oxidation reactions that
have been developed in recent years, and it also clarifies key challenges that lie ahead. The
emphasis of the content above on synthetic advances largely reflects the relatively poor
mechanistic understanding of many of these reactions. For example, many SET-based oxidative
coupling reactions are not yet capable of using O, as the oxidant. The factors that control the
success or failure of different oxidants in these reactions are not well understood. In addition, the
vast majority of the reactions discussed here represent "oxidase"-type reactions, but oxygen-
atom-transfer ("oxygenase") reactions were also noted (see Schemes 5.6, 5.37 and 5.41). Recent
studies of fundamental Cu/O, reactivity have largely focused on work relevant to enzymatic and
bioinorganic chemistry. Elucidating principles of Cu/O, reactivity relevant to important synthetic
transformations could provide an important foundation for expanding the scope of useful aerobic
oxidation reactions.

This review was generally divided into Cu-catalyzed aerobic oxidation reactions initiated by
SET from the substrate to Cu" and those that resemble organometallic C-H oxidation reactions.
The line dividing these two reaction classes is not especially clear, however, and the importance
of organocopper chemistry in aerobic oxidation reactions remains an open question. The
reactions that provide direct evidence for an organometallic mechanism generally feature
macrocyclic substrates that impose rather significant constraints on the reaction pathway. As the
field expands, it will be important to begin bridging the gap between experimental model studies,
of the type described in Section 5.5, and the synthetically useful catalytic oxidation reactions.
Despite the uncertainties that exist, the organometallic aerobic oxidation pathways supported by

recent studies are quite exciting because they represent a significant departure from classical Cu-
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catalyzed oxidative coupling mechanisms, and they offer new modes of reactivity that could
enable new types of synthetic transformations. If the rapid pace of advances in this field over the
past five years is a representative guide, it seems reasonable to expect that these challenges will
be addressed and many new opportunities in Cu-catalyzed aerobic C-H oxidation will be

realized.
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Chapter 6

Copper(ll)-Mediated Oxidative Cyclization of Enamides to

Oxazoles

This work has been published:

Wendlandt, A. E.; Stahl, S. S. Org. Biomol. Chem. 2012, 10, 3866-3870.
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6.1. Introduction

Copper(II)-mediated C—H oxidation reactions have been the focus of extensive attention in
recent years.''> Many applications of these reactions are oxidative cyclizations involving
heterofunctionalization of arene C—H bonds.’ Two early examples, reported by the groups of
Buchwald®™ and Nagasawa,”™ feature copper-catalyzed oxidative cyclization of substituted
benzamidines and benzanilides to benzimidazoles (Eqn 6.1) and benzoxazoles (Eqn 6.2),
respectively. In connection with our broader interest in the oxidative functionalization of
alkenes,’ we wondered whether analogous C—H oxidation reactions could be achieved with
enamides (Eqn 6.3). Here, we present a method for the synthesis of 2,5-disubstituted oxazoles
via sequential anti-Markovnikov hydroamidation of terminal alkynes, followed by Cu-mediated

cyclization of the resulting enamides.

Buchwald et al.
H 15 mol % Cu(OAc),

N_ _Ph . N
\[( 5 equiv HOAc Q
> Ph
@H e Dl (6.1)
H

18h

Nagasawa et al.
H

N_ _Ph N
20 mol % Cu(OTf),
©i \(HD/ I ° \; Ph (62)
H o-xylene, 140 °C, O, o

28h

T this work | N\>_ph
H© © (6.3)
1 2

Oxazoles are an important class of heterocycles that are ubiquitous in biologically active

molecules, including pharmaceuticals and natural products.” Annulation methods are among
numerous approaches used in the preparation of substituted oxazoles. Recent examples include

multicomponent coupling reactions,’® intramolecular additions to alkynes,” and oxidative and
p pling y
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non-oxidative condensation and substitution reactions.® Several methods are particularly relevant
to the work described here. Yoshimura and coworkers™ developed a heterocyclization method
involving base-mediated O-vinylation via O-addition/HBr-elimination of f-bromoenamides. A
similar method was later implemented by Pattenden et al.*® Glorius and coworkers have reported
a method for copper-catalyzed coupling of primary amides with 1,2-dihalogenated olefins, which
affords mixtures of 2,4- and 2,5-disubstituted oxazoles.* Buchwald et al. have developed a two-
step, one-pot method for copper-catalyzed cross-coupling of vinyl halides with primary amides,
followed by intramolecular O-vinylation via iodine-mediated O-addition to the alkene and
elimination of HI.*

Each of the methods just noted requires access to vinyl halide precursors. We envisioned a
complementary route to oxazoles originating from readily available terminal alkynes and
primary amides (Scheme 6.1). This strategy draws upon recent work of Goofen and coworkers,
who have shown that enamides may be accessed efficiently via Ru-catalyzed anti-Markovnikov
hydroamidation of alkynes.’

.
o~ NR M, HN R
R&/N:RN\WO(:R/+ T

Scheme 6.1. Retrosynthetic strategy for the synthesis of oxazoles.

6.1. Results and Discussion

Our efforts to develop Cu-mediated methods for oxidative cyclization of enamides were
initiated with N-[(E)-2-phenylethenyl]benzamide 1 as the substrate. Use of the catalytic
conditions reported previously for oxidative cyclization of aromatic substrates (Eqns 1 and 2)
were not successful with 1. These conditions led to complete consumption of 1, but only trace

quantities of the desired 2,5-diphenyloxazole product 2 (see Supplementary Information, Table
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6.3). Subsequent efforts to identify alternative conditions compatible with the use of catalytic
quantities of Cu were similarly unsuccessful (see Supp. Info.). Measurable yields of the desired
product 2 were obtained, however, by using stoichiometric CuCl, in toluene (Table 6.1, entry 1).
Further screening of reaction conditions revealed that higher product yields could be obtained
with dioxane as the solvent. Addition of various amine bases significantly improved the reaction
outcome (Table 6.1, entries 2-6), and imidazole was the optimal base in the initial experiments
(31% vyield, entry 6). The amine bases appear to serve as ligands for Cu", evidenced by
significant color changes and improved Cu solubility upon their addition to the reaction mixture.
Use of chelating ligands, such as 2,2'-bipyridine and 1,10-phenanthroline, led to lower yields of
2 relative to reactions with imidazole (Table 6.3). Whereas a Cu:base stoichiometry of 4:1 was
optimal for some bases (e.g., DMAP; see ESI) the best results with imidazole were obtained with
a 1:1 Cu:base stoichiometry (59%, entry 7). Screening of alternate Cu sources [e.g., Cu(OAc),,
Cu(OTY),] failed to improve the yield (entries 8 and 9). Subsequent screening showed that
replacement of imidazole with N-methylimidazole, NMI (Cu:NMI = 1:1) led to the highest
observed yield of 2 (67%, entry 10).

Efforts to lower the Cu loading and achieve catalytic turnover were not successful, despite
the use of aerobic (ambient air) conditions in these reactions (entries 11 and 12). Nevertheless,
the use of an air atmosphere is beneficial to the reaction. The product yield diminished to 54%
when the reaction was performed under anaerobic (N,) conditions, and the use of pure O; (1 atm)
also led to a lower yield (50%). The latter result correlates with an increase in the formation of

unidentified side-products in the reaction.
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Table 6.1 Optimization of copper-mediated annulation of enamides.”

H
N Ph copper source O Ph
PR \ﬂ/ 1,4-dioxane, 140 °5 Ph ‘<\/\”N/
1 © 2

Enty  Copper Source Additive Yield?

1 2.0equivCuCl, 8%°¢

2 2.0 equiv CuCl, 0.5 equiv pyridine 23%

3 2.0 equiv CuCl, 0.5 equiv EtgN 26%

4 2.0 equiv CuCl, 0.5 equiv DMAP? 22%

5 2.0 equiv CuCl, 0.5 equiv DBU® 24%

6 2.0 equiv CuCl, 0.5 equiv imidazole 31%

7 2.0 equiv CuCly 2.0 equiv Imidazole 59%

8 2.0 equiv Cu(OAc), 2.0 equiv Imidazole 6.8%

9 2.0 equiv Cu(OTf), 2.0 equiv Imidazole 10%

10 2.0 equiv CuCl, 2.0 equiv NMIf 67% (74%)9

11 1.0 equiv CuCl, 1.0 equiv NMI 56%

12 0.5 equiv CuCl, 0.5 equiv NMI 40%

“ Reaction conditions: reactions were run on 0.05 mmol scale, at 0.1 M in a sealed vessel at 140
°C under air. ” GC yield. ¢ In toluene. ¢ 4-Dimethyl-aminopyridine. ¢ 1,8-Diazabicyclo[5.4.0]Jun-
dec-7-ene.” N-methylimidazole. * NMR yield, 0.2 mmol scale.

The optimized conditions were employed with a number of different substrates to explore
the reaction scope (Table 6.2). The Ru-catalyzed hydroamidation protocol of Goofen et al.

%310 The enamides obtained

enabled efficient access to diverse secondary enamide substrates.
from this method are obtained initially with (Z)-alkene stereochemistry, but (E)-enamides may
be obtained by Et;N-promoted isomerization of the crude hydroamidation product at elevated
temperatures. The geometry of the starting enamide did not influence the outcome of the
oxidative cyclization reactions; both (Z)- and (E)-1 afforded the oxazole 2 in the same yield

(78% and 74%, respectively; Table 6.1, entry 10 and Eqn 6.4). A control experiment showed that

(£)-1 isomerizes to (E)-1 in the absence of CuCl, under the cyclization conditions.
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Ph 4 2 equiv NMI Ph
\\_N__Ph  2equvCuCl, o~
z -di i ° N 4
2 ) 1,4-dioxane, air, 140 °C Ph/g/ (6 )
(2)1 2 78% NMR yield

Substrates were varied at both the amide- or alkyne-derived portion of the molecule. In
general, good yields were obtained with substrates bearing aromatic substituents, particularly
electron-rich groups (Table 6.2, entries 1-6 and 8—10). A modest reduction in yield was observed
for substrates bearing electron-deficient aromatic substituents (entries 5 and 8). Poor yields were
obtained with substrates derived from alkyl-substituted amides. For example, the pivalamide
derivative (entry 7) led to only 29% yield of the oxazole, and no desired product was obtained
with the corresponding iPr derivative (not shown). In contrast, a f-nBu-enamide derived from 1-
hexyne underwent cyclization in moderate yield (58%, entry 12).

The S-cyclohexyl enamide 3 underwent cyclization to the desired oxazole 4 in 38% yield
(Eqn 6.5); however, a significant amount of the vinylic chlorination product S was observed as a
side product (41% yield). Vinylic chlorination is not a significant side-reaction with the other
substrates in Table 6.2. Chlorination of the f C-H bond of 3 resembles CuCl,-mediated
chlorination of electron-rich arene C—H bonds, which are believed to be initiated by single-
electron transfer from the arene to Cu"."™"' By analogy, we speculate that the present reactions
involve initial Cu"-mediated one-electron oxidation of enamide. Addition of the amide oxygen to
the radical-cation intermediate, followed by loss of two protons and another electron, affords the
oxazole product (Scheme 6.2). This mechanism seems more plausible than an organometallic
pathway involving directed C—H activation.'> Single-electron-transfer mechanisms have also

been proposed in another Cu"-mediated arene annulation reaction.™
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Table 6.2 Substrate scope of copper-mediated annulation of enamides.”

2 equiv NMI R'
ﬁ\/n R’ 2 equiv CuCl, _ O/\<N
R \ﬂ/ 1,4-dioxane, air, 140 °C R&/
1 ° 2
Entry Product Yield?
R
1 R=H 67%°
o] R=0Me 74%¢°
O
R
3 R=H 72%
4 0 R=0OMe 69%
5 MeO m, R=NO, 49%
\_N
6 67%
0
MeO |
\_N
MeO

7 07)< 29%
M'N

R=Cl  57% (52%)°
0 R=Me 69%
0 R-MIN R=Bu 73%

11 N 38%
- \\,’,\l/\/ o

12 58%
o]
NN

“ Reaction conditions: 0.4 mmol enamide, 0.8 mmol CuCl,, and 0.8 mmol NMI in 0.1 M 1,4-
dioxane in a sealed tube under air for 20 h at 140 °C. ” Isolated yield. © Average of two runs. ¢ 0.9
mmol enamide, 1.8 mmol CuCl,, and 1.8 mmol NMI in a sealed tube under air for 20 h at 140
°C.

= ©

2 equiv NMI Ph Cl H
H 2 equ CuCl, o/\< e /\/N Ph
~N__Ph "1 a-dioxane AN Y2 T (6.5)
) air, 140°C ~ Cy o ’
3 O 4

79% vyield
isolated as 1.0 : 1.1 mixture 4:5
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CuCl, —|CI‘ O. _R cr
/\/H R ;T, /\./}H R _— + NH
R bl R b R
CuCl
R CuCl R CI-
O’\< 47_42 H O_/>< -~ y (0] R_‘
AN o ANH -HCl RXQN\H
-Cu
- HCI

Scheme 6.2 Proposed mechanism for oxazole synthesis.

In summary, we have developed an efficient route for the preparation of 2,5-disubstituted
oxazoles from simple alkyne and amide precursors. These methods, based on oxidative
cyclization of enamides, complement the growing collection of Cu'-based methods for

heterofunctionalization of C—H bonds.
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6.4 Experimental Details and Supplementary Information
6.4.1 General Considerations

All commercially available compounds were purchased from Sigma-Aldrich, and used as
received unless otherwise indicated. Solvents were dried over alumina columns prior to use;
anhydrous 1,4-dioxane was used as received. 'H and >C NMR spectra were recorded on Bruker
AC-300 MHz or Varian Mercury-300 MHz spectrometers. Chemical shift values are given in

parts per million relative to residual solvent peaks or TMS internal standard. Exact mass
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measurements were obtained by the mass spectrometry facility at the University of Wisconsin.
Melting points were taken on a Mel-Temp II melting point apparatus. Gas Chromatography was
done on a Shimadzu GC-17A using Shimadzu RTX-5MS (15m) column and referenced to an
internal standard (trimethoxybenzene). Flash chromatography was performed using SilicaFlash®
P60 (Silicycle, particle size 40-63 pm, 230-400 mesh) from Sigma Aldrich.
6.4.2 Procedure for Reaction Screening

Reaction screening was carried out as follows. Under ambient air, a 1.5 dr vial containing a
flea stirbar was loaded with 10 mg (0.045 mmol) of N-[(E)-2-phenylethenyl]benzamide, 1,
followed by the addition of 12.1 mg (0.09 mmol) of anhydrous CuCl,. Anhydrous 1,4-dioxane
was added (0.5 mL), followed by 7.2 uL of N-methylimidazole. The vial was sealed firmly with
a Teflon cap, and a dark blue coloration was observed. (If N, or O, atmosphere was desired the
vial was equipped at this point with a septum, and flushed for 5-7minutes with dry O, or N,
before being sealed with a Teflon cap. The vial(s) were then clamped in an oil bath already
stabilized at 140 °C, and heated with gentle stirring for 20 h (although timecourse studies
indicate that reaction is 90% complete after around 6 hrs). Within 5 minutes of heating, the
reaction had turned from dark blue to green. By the end of the reaction vials contained a clear to
pale yellow solution with a black residue at the bottom. Vials were removed from heat and
allowed to cool. Samples were diluted with 3 mL EtOAc, and 1 mL of internal standard stock
solution (1,3,5-trimethoxybenzene in EtOAc) was added. Approximately 0.5 to 1.0 mL of
saturated Na,S solution was then added and the vial was shaken vigorously to precipitate out
CusS salts. An aliquot of the organic phase was then filtered through celite and analyzed by Gas
Chromatography. Yields were determined by comparision with internal standard, with retention

factor corrections previously ascertained though calibration curves.
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6.4.3. Additional Screening Data
Table 6.3. Additional Screening Data for Enamide Cyclization to Oxazoles.

Table S1. Additional Screening Data®

H " o _Ph
Ph/\/N \H/Ph Conditions Ph\<\/\l)/
o N
1a 2a
Entry Cu Source Solvent Additive Temp % yield®
1. 15% Cu(OAc), DMSO 5eq AcOH 100C <1%
2. 20% Cu(OTf), o-xylene = s 140C <1%
3 20% Cu(OTf), toluene - 140C <1%
4 20% Cu(OAc), toluene = eeee- 140C 1.7%
5. 20% Cu(OAc), toluene 2.0 eq pyridine 140C <1%
6. 20% Cu(OAc), toluene 2.0 eq NaOAc 140C <1%
7 20% Cu(OAc), toluene 5.0 eq AcOH 140C <1%
8 200% Cu(OAc), toluene - 140C 5.8 %
9 200% CuCl, toluene - 140C 7.9 %
10. 200% CuCl, toluene 3.0 eq NaHCO; 140C 7.9%
11. 200% CuCl, toluene 3.0 eq Na,CO, 140C 4.1%
12. 200% CuCl, toluene 3.0 eq K,CO; 140C 5.1%
13. 200% CuCl, toluene 3.0 eq Cs,CO; 140C 2.5%
14. 200% CuCl, toluene 3.0 eq NaOAc 140C 9.4%
15. 200% CuCl, toluene 0.8 eq pyridine 140C 14.4%
16. 200% CuCl, toluene 0.8 eq imidazole 140C 19.2%
17. 200% CuCl, toluene 0.8 eq DBU® 140C 17.8%
18. 200% CuCl, toluene 0.8 eq DABCO¢ 140C 2.3%
19. 200% CuCl, toluene 0.8 eq pyrrolidine  140C 18.6%
20. 200% CuCl, toluene 0.8 eq bipy 140C 3.5%
21. 200% CuCl, toluene 0.8 eq phen 140C 1.9%
22. 200% CuCl, toluene 0.4 eq bipy 140C 3.9%
23. 200% CuCl, toluene 0.4 eq phen 140C 5.0%
24, 200% CuCl, toluene 0.3 eq DMAP 140C 16.3%
25. 200% CuCl, toluene 0.5 eq DMAP 140C 19.1%
26. 200% CuCl, toluene 0.8 eq DMAP 140C 15.4%
27. 200% CuCl, toluene 1.0 eq DMAP 140C 13.9%
28. 200% CuCl, toluene 2.0 eq DMAP 140C 6.4%

29. 200% CuCl, 1,4-dioxane 0.5 eq DMAP 140C 23.7%
30. 200% CuCl, 1,4-dioxane 0.5 eq imidazole 140C 31%

31. 200% CuCl, 1,4-dioxane 2 eq imidazole 140C 57.4%

32, 100% CuCl, 1,4-dioxane 2 eq imidazole 140C 1.7%
33. 100% CuCl, 1,4-dioxane 1 eq imidazole 140C 53.8%
34. 50% CuCl, 1,4-dioxane 2 eq imidazole 140C 2.3%

35. 50% CuCl, 1,4-dioxane 0.5 eq imidazole 140C 39.4%

2 Reaction Conditions: reactions were run on 0.05mmol scale, at 0.1M in a sealed vessel
at 140 C under air unless otherwise specified. ® GC Yield. ¢ 1,8-Diazabicyclo[5.4.0]undec-
7-ene.  DABCO.
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6.4.4. Substrate Synthesis

All enamides substrates were prepared using the procedure developed by GooPen et al.”
Characterization data for substrates not reported therein are included below. Though not noted in
their initial report, we found that trace carboxylic acid impurities in the amide substrates
poisoned the catalyst; an additional base wash (10 % Na,COs) was utilized on commercial
amides containing these impurities. Ru(mta),cod is commercially available, but was prepared
from RuCl; according to the procedure of Genet et al.'> An alternative, metal-free preparation of

N-[(E)-2-phenylethenyl]benzamide, 1, was adapted from Katritzky and coworkers.'

OMe
H
fonund
MeO

0
4-methoxy-N-[(E)-2-(4-methoxyphenyl)ethenyl] benzamide
Isolated as a cream-colored solid, mp = 200-203 °C. '"H NMR (300 MHz, DMSO-dq): 8 10.37 (d,
NH, 9.9 Hz), 7.95 (d, 2H, J = 8.7 Hz), 7.49 (dd, 1H, J = 14.4, 9.6 Hz), 7.30 (d, 2H, J= 8.7 Hz),
7.05 (d, 2H, J = 8.7 Hz), 6.88 (d, 2H, J = 8.8 Hz), 6.37 (d, 1H, J =14.7Hz), 3.83 (s, 3H), 3.74 (s,
3H); °C NMR (75 MHz, DMSO-dq): & 163.93, 162.73, 158.58, 130.18, 129.87, 127.01, 126.25,
123.22, 114.91, 114.37, 112.81, 56.11, 55.75; EMM (ESI) m/z caled for C17H;7NO; [M+H]':

284.1282, meas: 284.1288.

NO»
H
o e
MeO

(0]

N-[(E)-2-(4-methoxyphenyl)ethenyl]-4-nitrobenzamide
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Isolated as a yellow solid, decomposition to red oil at 217 °C. '"H NMR (300 MHz, DMSO-dq): &
10.83 (d, NH, 9.3 Hz), 8.37 (dt, 2H, J=6.9, 2.1 Hz), 8.20 (dt, 2H, J = 9.0, 2.1 Hz), 7.50 (dd, 1H,
14.4, 9.3 Hz), 7.36 (d, 2H, J = 6.6 Hz), 6.90 (d, 2H, J = 6.9 Hz), 6.47 (d, 1H, ] = 14.7 Hz); °C
NMR (75 MHz, DMSO-de): 6 162.81, 158.89, 149.93, 139.74, 129.74, 129.35, 127.34, 124.31,
122.60, 114.94, 114.77, 55.77; EMM (ESI) m/z calcd for CisH14N2O4 [M]": 298.0949, meas:

298.0953.

OMe
MeO
H
i
(o}

N-[(Z)-2-(3,4-dimethoxyphenyl)ethenyl] benzamide

Isolated as a white solid, mp 132-133 °C. 'H NMR (300 MHz, DMSO- d): & 9.94 (d, NH, J =
9.3 Hz), 7.95 (m, 2H), 7.58 (t, 1H, J = 7.2 Hz), 7.50 (t, 2H, J = 7.5 Hz), 7.09 (d, 1H, J = 1.5 Hz),
7.03 (dd, 1H, J = 8.4, 1.5 Hz), 6.97 (d, 1H, J = 8.4 Hz), 6.85 (t, 1H, J = 9.6 Hz), 5.81 (d, I1H, J =
9.9 Hz), 3.79 (s, 3H), 3.77 (s, 3H); °C NMR (75 MHz, DMSO-d): & 165.81, 149.24, 148.38,
134.19, 132.44, 129.21, 129.04, 128.43, 122.05, 121.72, 113.72, 112.76, 112.62, 56.22, 55.99;

EMM (ESI): m/z calcd for C17H;7NO; [M]': 283.1203, meas 283.1212.

cl
; Ve
N
o)
N-[(Z)-2-(4-chlorophenyl)ethenyl] benzamide

Isolated as a white solid, Mp = 131-133°C; "H NMR (300 MHz, DMSO-di): 6 10.05 (d, NH, J =

9.3 Hz), 7.91 (d, 2H, J = 6.9 Hz), 7.38-7.59 (m, 6H), 6.94 (t, 1H, J = 9.6 Hz), 5.75 (d, 1H, J = 9.6



280

Hz); °C NMR (75 MHz, DMSO-d%): & 166.15, 135.42, 134.06, 132.55, 131.48, 130.85, 129.12,
129.02, 128.61, 124.29, 112.06; EMM (ESI) m/z caled for C;sH;,CINO [M+Na]: 280.0500,

meas: 280.0504.

N-[(E)-2-(4-methylphenyl)ethenyl] benzamide

Isolated as a white solid, Mp = 178-179 °C. 'H NMR (300 MHz, DMSO-ds): & 10.55 (d, NH, J =
9.9 Hz), 7.94 (d, 2H, J = 6.9 Hz), 7.47-7.61 (m, 4H), 7.27 (d, 2H, J = 8.1 Hz), 7.10 (d, 2H, J =
7.8 Hz), 6.42 (d, 1H, J = 15 Hz), 2.25 (s, 3H); °C NMR (75 MHz, DMSO-dj): & 164.63, 136.14,
134.38, 134.09, 132.51, 130.00, 129.14, 128.26, 125.86, 123.99, 113.64, 21.40. EMM (ESI) m/z

caled for C1sH sNO [M+Na]:260.1046, meas: 260.1053.

N-[(E)-2-(4-tert-butylphenyl)ethenyl] benzamide

Isolated as a white solid, Mp = 196-199°C. '"H NMR (300 MHz, DMSO-ds): § 10.56 (d, NH, J =
9.9 Hz), 7.95 (d, 2H, J = 6.6 Hz), 7.47-7.63 (m, 4H), 7.30 (virtual s, 4H), 6.42 (d, 1H, J = 14.4
Hz), 1.25, (s, 9H); °C NMR (75 MHz, DMSO-d): 5 164.64, 149.43, 134.38, 134.08, 132.52,
129.15, 128.26, 126.16, 125.67, 124.12, 113.49, 34.87, 31.77. EMM (ESI) m/z calcd for

C19H,NO [M+H]":280.1696, meas: 280.1697.
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N-[(Z)-2-cyclohexylethenyl|benzamide

Isolated as an oil which solidified over time, mp: 90-93 °C."H NMR (300MHz, CDCl;): & 7.79
(d, 2H, J = 6.9 Hz), 7.67 (br d, 1H, J = 9.3 Hz), 7.41-7.59 (m, 3H), 6.79 (t, 1H, ] = 10.2 Hz),
475 (t, 1H, T = 9.3 Hz), 2.20 (m, 1H), 1.69 (m, 5H), 1.14-1.34 (m, 5H); C NMR (75 MHz,
CDCls): & 164.58, 134.31, 132.08, 128.96, 127.25, 119.63, 118.52, 35.80, 33.26, 26.10, 26.01.

EMM(ESI) m/z caled for C15sH;oNO [M+Na]': 252.1359, Meas (M+Na): 252.1353.

6.4.5. Kinetic Isotope Effect Determination

N - [2’-Deutero-(Z)-2-phenylethenyl]benzamide, 1-d;

Deuterated enamide substrate 1-d; was prepared from benzamide-d, according to the method of
Goossen,” with slight modifications to the standard protocol. A Schlenk flask, which had been
washed three times with a D,O solution acidified with a few drops of aqueous DCI, then flame
dried under vacuum, was introduced into a glovebox. The solid reaction components,
benzamide-d, (0.485 g, 4.0 mmol), 1,4-bis(dicyclohexylphosphino)butane (0.108 g, 0.32 mmol),
Ru(mta),cod (0.064 g, 0.20 mmol), and ytterbium triflate (0.099 g, 0.16 mmol) were then added
under inert atmosphere, followed by the addition of dry, degassed DMF (12 mL). After the

reaction was removed from the glovebox, phenylacetylene (0.878 mL, 8.0 mmol) and degassed



282

D,0 (0.432 mL, 24 mmol) was added in place of H,O. The reaction was subsequently carried out
according to the literature procedures. After repeated purification, the title compound was
obtained (224 mg, 25%) with 93% deuterium incorporation based on 'H NMR. 'H NMR
(300MHz, CDCLs): & 8.36 (br s, 1H), 7.74 (d, 2H, J = 6.9 Hz), 7.1-7.5 (m, 9H); °C NMR (75
MHz, CDCls): & 164.58, 135.95, 133.62, 132.38, 129.48, 129.07, 128.08, 127.30, 122.55, 110

.83 (t, J=24.9Hz); EMM (ESI) m/z calcd for C;sH;;DNO [M+H]: 225.1133, meas: 225.1138.

A kinetic isotope effect was determined by independent rate measurements of (Z)-1 and (2)-1-d;.
A comparison of the initial linear region of the reaction timecourse (t=0 to t=10 min) results in a

measured ky/kp of 0.96.

70
60

o : :

40

on

®(2)-1

30
™ H(2)-1-d1
20

10

GCYield / based on internal standard

0 5 10 15 20 25 30 35 40 45 50
Time / min

Figure 6.1. Reaction Timecourse of (£)-1 and (£)-1-d;.
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Appendix 1

NMR Spectra for Chapter 2
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Appendix 2

Supplemental Information for Chapter 3

This work has been published:

Wendlandt, A. E.; Stahl, S. S. J. Am. Chem. Soc. 2014, 136, 506-512.
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X Ray Crystallographic Data for Zn(phd),’* complex, Stahl171

A molecular drawing of the Zn complex of phd shown with 50% probability ellipsoids. All H
atoms and disordered parts are omitted for clarity.

Crystallographic Experimental Section

Data Collection

A red crystal with approximate dimensions 0.733 x 0.133 x 0.119 mm’ was selected
under oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©. The
crystal was mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by
using a video camera.

The crystal evaluation and data collection were performed on a Bruker Quazar SMART
APEXII diffractometer with Mo K, (A = 0.71073 A) radiation and the diffractometer to crystal
distance of 4.96 cm.

The initial cell constants were obtained from three series of w scans at different starting
angles. Each series consisted of 12 frames collected at intervals of 0.5° in a 6° range about
with the exposure time of 10 seconds per frame. The reflections were successfully indexed by an
automated indexing routine built in the APEXII program suite. The final cell constants were

calculated from a set of 9785 strong reflections from the actual data collection.
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The data were collected by using the full sphere data collection routine to survey the
reciprocal space to the extent of a full sphere to a resolution of 0.70 A. A total of 153282 data
were harvested by collecting 6 sets of frames with 0.5° scans in w and ¢ with exposure times of
20 sec per frame. These highly redundant datasets were corrected for Lorentz and polarization
effects. The absorption correction was based on fitting a function to the empirical transmission

surface as sampled by multiple equivalent measurements. [1]

Structure Solution and Refinement

The systematic absences in the diffraction data were consistent for the space groups
Pnma and Pna2,. The E-statistics strongly suggested the centrosymmetric space group Pnma
that yielded chemically reasonable and computationally stable results of refinement [2-4].

A successful solution by the direct methods provided most non-hydrogen atoms from the
E-map. The remaining non-hydrogen atoms were located in an alternating series of least-squares
cycles and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic
displacement coefficients. All hydrogen atoms were included in the structure factor calculation
at idealized positions and were allowed to ride on the neighboring atoms with relative isotropic
displacement coefficients.

The asymmetric unit contains one Zn complex as well as a heavily disordered non-
coordinated triflate anion and two partially occupied acetonitrile molecules. Ligand N3 of the
Zn complex is disordered over two positions (major component: 82.0(10)%). Triflate ligand S1
is also disordered over two positions (major component: 92.8(2)%). Bond distance and thermal
parameter restraints and constraints were applied to the disordered species to enable a
computationally stable and chemically reasonable refinement.

A significant amount of time was invested in identifying and refining the disordered non-
coordinated triflate anion and acetonitrile molecules. Bond length restraints were applied to
model the diffuse species but the resulting isotropic displacement coefficients suggested that the
species were mobile. In addition, the refinement was computationally unstable. Option
SQUEEZE of program PLATON [5] was used to correct the diffraction data for diffuse
scattering effects and to identify the species. PLATON calculated the upper limit of volume that

can be occupied by the species to be 1828 A%, or 27.3% of the unit cell volume. The program
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calculated 820 electrons in the unit cell for the diffuse species. This approximately corresponds
to one triflate anion (592 electrons/cell) and 1.4 molecules of acetonitrile (246 electrons/cell) in
the asymmetric unit. It is very likely that these species are disordered over several positions.
Based on  these results, the formula for the asymmetric unit is:
[(C,H(N,0,),(0,SCF;)(C,H;N)Zn]*; [O,SCF,]; 1.4 (C,H;N). Please note that all derived results
in the following tables are based on the known contents. No data are given for the diffusely
scattering species.

The final least-squares refinement of 551 parameters against 7908 data resulted in
residuals R (based on F* for I>20) and wR (based on F* for all data) of 0.0365 and 0.0939,

respectively.

Summary

Crystal data for C;,3H,9,N¢,0,0FS,Zn (M =882.41): orthorhombic, space group Pnma (no. 62),
a=21.111(7) A, b=22086(6) A, c = 14.348(6) A, V= 6690(4) A>, Z= 8, T= 100.0 K, (Mo
Ka) = 0963 mm™, Dcalc = 1.752 g/mm3, 153282 reflections measured (3.384 < 20 < 55.094),
7908 unique (R, = 0.0451) which were used in all calculations. The final R, was 0.0429 (I >

nt

20(I)) and wR, was 0.1159 (all data).
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A molecular drawing of the Zn complex of phd showing the disordered component. All atoms
are drawn with 50% probability ellipsoids. All H atoms are omitted for clarity.
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Table A2.1. Crystal data and structure refinement for Stahl171

Identification code Stahl171

Empirical formula [(C12H6N202)2(03SCF3)(C2H3N)Zn]+,’ [OgSCF3]'; 1.4 (C2H3N)
Formula weight 882.41
Temperature/K 100.0

Crystal system orthorhombic

Space group Pnma

a/A 21.111(7)

b/A 22.086(6)

c/A 14.348(6)

a/° 90

B/° 90

v/° 90

Volume/A3 6690(4)

Z 8

Pcale Mg/ mm3 1.752

p/mm-1 0.963

F(000) 3558.0

Crystal size/mm?3 0.733 x0.133 x0.119
20 range for data collection 3.384 to 55.094°
Index ranges -27<h<27,-28<k<28,-18<1<18
Reflections collected 153282

Independent reflections 7908[R(int) = 0.0451]
Data/restraints/parameters 7908/616/551
Goodness-of-fit on F? 1.077

Final R indexes [[>=20 (I)] R1=0.0365, wRz =0.0898
Final R indexes [all data] R1=0.0431, wR2 = 0.0939
Largest diff. peak/hole / e A3 0.44/-0.50
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Table A2.2. Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement
Parameters (A2x103) for Stahl171. Ueq is defined as 1/3 of of the trace of the orthogonalised

Uy tensor.

Atom X y z U(eq)
Zn1l 1396.9(2) 5124.1(2) 2854.6(2) 19.22(7)
S1 2005.5(3) 4292.8(3) 4677.4(4) 21.07(15)
F1 2759.1(8) 3782.1(8) 3458.2(11) 42.7(4)
F2 2865.4(10) 3452.7(10) 4854.8(15) 57.1(7)
F3 2057.4(11) 3191.5(8) 4056.4(15) 59.2(6)
06 2471.9(9) 4753.5(9) 4840.5(13) 34.6(4)
07 1696.0(8) 4055.2(8) 5493.2(12) 29.6(4)
05 1578.4(8) 4428.4(8) 3914.5(12) 28.0(4)
C27 2447.0(13) 3644.4(12) 4230.9(18) 32.4(6)
01 4320.4(7) 4906.9(8) 1310.4(12) 31.3(4)
02 4340.2(8) 5996.6(9) 2211.6(12) 36.5(4)
N1 2127.5(8) 4709.9(8) 2047.8(11) 19.1(3)
N2 2184.9(8) 5700.2(8) 3110.3(12) 19.8(3)
C1 2086.7(10) 4196.8(10) 1559.2(14) 23.3(4)
C2 2605.0(11) 3927.6(10) 1131.1(15) 25.6(4)
C3 3184.3(11) 4208.5(10) 1183.6(15) 24.8(4)
C4 3235.6(10) 4750.9(9) 1675.0(14) 20.7(4)
C5 2695.0(9) 4982.4(9) 2109.2(13) 18.5(4)
C6 3835.7(10) 5090.7(10) 1701.8(15) 23.6(4)
C7 3853.4(10) 5688.4(11) 2224.7(15) 25.1(4)
C8 3278.8(9) 5879(1) 2733.9(14) 20.8(4)
C9 2721.9(9) 5538.7(9) 2669.5(13) 18.2(4)
C10 3274.7(10) 6398.3(10) 3287.0(15) 25.9(4)
C11 2726.3(11) 6560.7(10) 3739.3(15) 26.1(4)
C12 2190.1(10) 6201.5(10) 3632.1(14) 23.6(4)
03 -1002.7(17) 5743.0(19) -23(2) 48.5(10)
04 -1287.7(14) 4626(2) 650(3) 50(1)
N3 953(3) 5678(2) 1794(5) 24.2(8)
N4 627(3) 4571(3) 2421(5) 23.7(9)
C13 1130(2) 6215(2) 1484(4) 32.8(9)
C14 769(2) 6551.1(19) 848(3) 35.8(9)
C15 200(2) 6326(2) 547(3) 34.7(9)
C16 -5.4(19) 5757(2) 864(3) 31.2(8)
C17 395.1(18) 5447(2) 1491(3) 25.1(8)



C18
C19
C20
C21
C22
C23
C24
03A
04A
N3A
N4A
C13A
C14A
C15A
C16A
C17A
C18A
C19A
C20A
C21A
C22A
C23A
C24A
N5
C25
C26
S1A
05A
07A
06A
C27A
F2A
F1A
F3A

-593.9(18)
-751.2(18)
-340.9(19)
228(2)
-475(2)
-67(3)
484(3)
-748(8)
-1155(8)
1058(13)
647(16)
1286(10)
988(10)
436(10)
181(8)
529(9)
-412(8)
-656(8)
-280(9)
290(11)
-457(11)
-85(13)
448(16)
819.6(8)
429.8(10)
-68.3(11)
1774(5)
1580(7)
1556(7)
1753(7)
2636(5)
2912(6)
2932(6)
2759(7)

5482(2)
4908(2)
4578(2)
4850(2)
3990(2)
3713(2)
4018(3)
6008(9)
4859(9)
5746(11)
4626(13)
6280(9)
6665(8)
6476(8)
5912(8)
5549(9)
5678(8)
5091(9)
4718(9)
4963(10)
4140(10)
3794(10)
4080(13)
5556.3(8)
5752.3(10)
6002.7(12)
3986(5)
4572(7)
3835(7)
3499(7)
4090(6)
3587(9)
4236(9)
4532(9)

577(3)
891(3)
1514(3)
1818(4)
1829(4)
2423(4)
2704(5)
-145(10)
340(15)
1850(20)
2310(30)
1599(18)
960(15)
587(13)
797(13)
1442(17)
418(13)
710(15)
1353(17)
1710(20)
1597(16)
2166(17)
2550(30)
3889.3(13)
4343.7(15)
4929.7(16)
4427(7)
4082(10)
5353(8)
3755(12)
4605(10)
4929(16)
3811(12)
5217(12)

35.4(9)
35.8(9)
30.3(9)
25.1(8)
35.6(10)
35(1)
29.2(9)
59(4)
64(4)
25(2)
26(3)
29(2)
36(3)
32(3)
32(2)
27(2)
39(3)
34(3)
30(2)
26(2)
34(3)
33(3)
31(3)
24.3(4)
23.6(4)
30.0(5)
58(3)
58(3)
58(3)
58(3)
58(3)
58(3)
58(3)
58(3)
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Table A2.3. Anisotropic Displacement Parameters (A2x103) for Stahl171. The Anisotropic

displacement factor exponent takes the form: -2m?[h2a*2U1+...+2hkaxbxU1;]

Atom
Znl
S1
F1
F2
F3
06
07
05
Cc27
01
02
N1
N2
C1
C2
C3
C4
C5
Ccé6
Cc7
C8
Cc9
C10
C11
C12
03
04
N3
N4
C13
C14
C15
Cl6
C17
C18

U1
15.36(11)
18.0(3)
47.0(9)
56.0(12)
81.1(14)
29.2(9)
29.5(9)
24.6(8)
37.8(14)
19.8(7)
21.3(8)
20.0(8)
20.8(8)
25.6(10)
33.6(12)
28.6(11)
21.7(10)
19.3(9)
21(1)
20.8(10)
19.1(9)
17.9(9)
26.3(11)
32.5(11)
26(1)
34.4(16)
22.5(13)
23(2)
17.0(12)
31(2)
38(3)
35(2)
23.8(17)
19.0(17)
22.4(17)

U2z
21.75(12)
23.6(3)
52.2(10)
72.6(15)
25.4(9)
37(1)
33.4(10)
30.1(9)
29.1(13)
38.9(9)
50.6(11)
20.5(8)
19.3(8)
22.9(10)
21.1(10)
23.8(10)
21.6(10)
19.2(9)
27.8(11)
33.3(12)
24.4(10)
20.5(9)
26.1(11)
22.4(10)
23.3(10)
74(2)
65(2)
26.4(16)
29.8(18)
33.5(18)
32.8(18)
38(2)
43(2)
33.5(19)
50(2)

Usz

20.54(12)

21.7(3)
28.8(8)
42.7(10)
71.0(13)
37.7(10)
26.0(9)
29.3(9)
30.2(13)
35.2(9)
37.7(9)
16.8(8)
19.3(8)
21.5(10)
22.1(10)
22.1(10)
18.8(9)
16.9(9)
22.2(10)
21(1)
18.9(9)
16.2(9)
25.3(10)
23.5(10)
21.5(10)
37.5(14)
62(2)
23.4(15)
24(2)
34.1(19)
36.8(18)
31.4(15)
26.6(14)
22.8(14)
33.5(17)

Uzs
11.34(9)
.0.8(2)
-2.0(7)
13.1(10)
113.7(9)
-10.5(8)
3.3(7)
8.6(7)
-0.7(10)
0.7(7)
-8.1(8)
0.0(6)
-2.3(7)
-1.0(8)
-3.5(8)
.0.1(8)
2.8(8)
2.1(7)
3.9(8)
0.7(9)
1.3(8)
0.8(7)
-0.5(9)
-5.4(8)
12.6(8)
12.6(14)
22.3(17)
-1.5(14)
4.8(12)
1.1(14)
6.8(15)
-1.5(15)
-8.1(14)
-8.1(13)
13.4(17)

Uis
-0.05(8)
2.1(2)
9.5(7)
1.6(9)
2.7(11)
4.6(8)
4.9(7)
-0.8(7)
-0.9(11)
4.6(7)
1.5(7)
-0.8(6)
0.2(6)
.0.2(8)
3.2(9)
6.2(8)
1.3(8)
-1.0(7)
-1.9(8)
-3.1(8)
-2.5(7)
-1.2(7)
:3.0(8)
2.2(9)
2.2(8)
18.1(12)
113.0(13)
4.3(14)
1.2(14)
-7.5(15)
.6.9(18)
-8.2(15)
14.9(13)
13.0(13)
-8.9(13)

U1z
-0.46(9)
1.9(2)
23.4(8)
40.9(11)
-2.0(9)
-7.3(8)
1.4(7)
4.5(7)
11.6(11)
5.4(7)
11.4(7)
-0.7(7)
-0.1(7)
13.2(8)
.0.1(9)
4.4(9)
0.9(8)
0.7(7)
3.0(8)
-0.4(9)
1.4(8)
1.1(7)
-5.8(9)
:3.1(9)
2.6(8)
20.8(15)
-0.9(13)
1.3(12)
1.8(12)
0.0(15)
1.7(17)
10.8(17)
8.6(14)
3.5(13)
8.4(17)



C19
C20
C21
C22
C23
C24
03A
04A
N3A
N4A
C13A
C14A
C15A
C16A
C17A
C18A
C19A
C20A
C21A
C22A
C23A
C24A
N5
C25
C26

22.0(16)
19.7(14)
18.7(15)
24.7(15)
29.6(15)
24.9(16)
45(7)
46(8)
21(5)
24(4)
30(5)
36(6)
30(5)
25(4)
26(4)
25(5)
16(4)
24(4)
19(4)
24(4)
26(4)
27(4)
19.4(8)
20.1(10)
23.8(11)

44(2)
35(2)
30(2)
36(2)
31.2(19)
28.7(18)
87(9)
73(9)
28(4)
27(4)
26(4)
34(5)
33(5)
40(4)
32(4)
52(5)
46(5)
32(4)
33(4)
38(5)
34(5)
33(5)
26.4(9)
25.9(11)
37.5(13)

42(2)
36(2)
26.4(18)
47(3)
44(3)
34(3)
45(6)
73(9)
26(4)
28(5)
31(4)
37(5)
34(5)
32(4)
24(4)
40(5)
41(5)
35(4)
26(4)
40(5)
40(5)
33(5)
27.2(9)
24.8(10)
28.7(11)

Table A2.4. Bond Lengths for Stahl171.
Atom Atom Length/A

Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl

05
N1
N2
N3
N4
N3A
N4A
N5

2.1956(17)
2.1344(18)
2.1263(18)
2.166(4)
2.126(5)
2.11(2)
2.08(2)
2.1449(19)

Atom Atom Length/A

C13
C14
C15
Cle
Cle
C17
C18
C19

C14
C15
Cle
C17
C18
C21
C19
C20

1.402(5)
1.368(5)
1.406(5)
1.412(4)
1.443(5)
1.445(5)
1.386(5)
1.442(5)

-18.7(16)
-13.1(15)
-9.1(14)
-13.8(17)
-9.3(17)
-5.6(14)
14(6)
-18(7)
-4(4)
-4(4)
8(4)

8(4)

8(4)
-7(4)
-3(4)
-11(4)
-10(5)
-11(4)
-8(4)
-14(5)
-6(4)
-5(4)
-2.6(7)
1.1(8)
-2.7(10)

-4.8(14)
-0.6(14)

0.8(13)
0.6(17)
4.1(19)
4.0(15)
-20(6)
-28(7)
-4(4)
1(4)
-6(4)
-9(5)
-11(5)
-6(4)
1(4)
-8(4)
-14(4)
0(4)
-4(4)
-2(5)
2(5)
2(4)
0.7(7)
-4.7(8)
1.8(9)
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1.2(14)
1.2(14)
1.0(13)
-7.2(16)
-4.4(14)
-2.1(15)
-5(7)
4(7)
2(4)
-1(4)
1(4)
3(5)
1(5)
7(4)
5(4)
6(4)
3(5)
1(4)
5(4)
0(5)
-4(4)
3(4)
-0.4(7)
-2.5(8)
6.2(9)
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Znl O5A 2.177(9) €20 C21 1.412(4)
S1 06 1.4351(19) C20 C22 1.403(5)
S1 07 1.4396(18) C22 (23 1.359(5)
S1 05 1.4495(18) C23 (24 1.403(5)
S1 €27 1.825(3) 03A C18A 1.300(13)
F1 C27 1.325(3) 04A C19A 1.287(13)
F2 €27 1.327(3) N3A C13A 1.326(14)
F3 €27 1.319(3) N3A C17A 1.335(14)
01 C6 1.236(3) N4A C21A 1.360(14)
02 C7 1.233(3) N4A C24A 1.323(15)
N1 Cl1 1.335(3) C13A C14A 1.399(14)
N1 C5 1.344(3) C14A C15A 1.349(14)
N2 C9 1.346(3) C15A C16A 1.389(13)
N2 C12 1.337(3) C16A C17A 1.428(13)
Cl C2 1.389(3) C16A C18A 1.459(13)
C2 €3 1373(3) C17A C21A 1.444(13)
C3 C4 1.394(3) C18A C19A 1.455(13)
C4 C5 1.397(3) C19A C20A 1.470(13)
C4 C6 1473(3) C20A C21A 1.416(13)
C5 C9 1469(3) C20A C22A 1.375(14)
C6 C7 1519(3) C22A C23A 1.369(15)
C7 C8 1477(3) C23A C24A 1.406(15)
C8 €9 1.398(33) N5 (25 1.136(3)
C8 C10 1.395(3) (€25 (26 1.456(3)
C10 C11 1.375(3) S1A O5A 1.4450
Cl11 C12 1.391(3) S1A O7A 1.4449
03 C18 1.349(4) S1A O06A 1.4453
04 C19 1.338(4) S1A C27A 1.8515
N3 C13 1.319(5) C27A F2A 1.3386
N3 C17 1.356(4) C27A F1A 1.3385
N4 C21 1.355(4) C27A F3A 1.3381
N4 (24 1.322(5)

Table A2.5. Bond Angles for Stahl171.
Atom Atom Atom Angle/° Atom Atom Atom Angle/’
N1 Znl 05 87.11(7) C21 N4 Znl 113.7(3)



N1
N1
N1
N2
N2
N2
N2
N2
N2
N3
N4
N4
N4
N4
N3A
N3A
N3A
N3A
N4A
N4A
N4A
N4A
N4A
N5
N5
N5
06
06
06
07
07
05
S1
F1
F1
F2
F3

Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
S1

S1

S1

S1

S1

S1

05

Cc27
Cc27
Cc27
Cc27

N3
N5
0O5A
05
N1
N3
N4
N5
05A
05
05
N1
N3
N5
N1
N2
N5
0O5A
N1
N2
N3A
N5
0O5A
05
N3
0O5A
07
05
Cc27
05
Cc27
Cc27
Znl
S1
F2
S1
S1

100.0(2)
167.61(7)
94.1(4)
99.37(7)
77.57(7)
96.96(12)
172.9(2)
93.37(7)
93.3(5)
163.27(13)
86.22(13)
98.5(3)
77.80(14)
91.4(3)
98.9(11)
89.6(5)
89.4(11)
167.1(12)
96.8(15)
167.5(10)
80.2(7)
93.7(15)
98.3(8)
86.06(7)
89.4(2)
77.9(4)
115.93(11)
113.79(12)
105.27(12)
114.01(11)
103.37(12)
102.40(11)
140.91(12)
111.56(18)
107.9(2)
110.70(19)
110.08(19)

C24 N4
C24 N4
N3 (C13
C15 C14
C14 C15
C15 C16
C15 C16
C17 C16
N3 C17
N3 C17
Cle (17
03 (18
03 (18
C19 (18
04 (19
04 (19
C18 (19
C21 C20
C22 C20
C22 C20
N4 C21
N4 C21
C20 C21
C23 (C22
C22 (23
N4 C24
C13A N3A
C13A N3A
C17A N3A
C21A N4A
C24A N4A
C24A N4A
N3A C13A
C15A C14A
C14A C15A
C15A C16A
C15A C16A

Znl
C21
C14
C13
Cl6
C17
C18
C18
Cl6
C21
C21
Cl6
C19
Cl6
C18
C20
C20
C19
C19
C21
C17
C20
C17
C20
C24
C23
Znl
C17A
Znl
Znl
Znl
C21A
C14A
C13A
C16A
C17A
C18A

128.0(3)
118.3(4)
122.8(3)
119.3(3)
119.6(3)
117.0(3)
123.4(3)
119.5(3)
122.8(3)
116.9(3)
120.2(3)
123.5(4)
116.5(3)
119.9(3)
123.0(3)
115.7(3)
121.3(3)
119.2(3)
123.1(3)
117.7(3)
118.1(3)
122.2(3)
119.7(3)
119.4(3)
119.3(4)
123.1(4)
130.0(13)
118.1(15)
111.9(11)
111.6(13)
128.4(15)
119.4(17)
123.9(15)
117.4(14)
121.7(13)
116.3(12)
124.7(13)
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F3
F3
C1
C1
C5
Cc9
C12
C12
N1
C3
C2
C3
C3
C5
N1
N1
C4
01
01
C4
02
02
C8
Cc9
C10
C10
N2
N2
C8
C11
C10
N2
C13
C13
C17

C27
C27
N1
N1
N1
N2
N2
N2
C1
C2
C3
C4
C4
C4
C5
C5
C5
Cé
Cé
Cé
C7
C7
C7
C8
C8
C8
Cc9
Cc9
Cc9
C10
C11
C12
N3
N3
N3

F1
F2
Znl
C5
Znl
Znl
Znl
Cc9
C2
C1
C4
C5
Ccé6
Ccé6
C4
Cc9
Cc9
C4
Cc7
Cc7
Ccé6
C8
Ccé6
Cc7
Cc7
Cc9
C5
C8
C5
C8
C12
C11
Znl
C17
Znl

109.0(2)
107.5(2)
127.01(14)
118.16(18)
114.64(13)
114.79(13)
126.78(14)
118.41(18)
123.0(2)
118.9(2)
119.0(2)
118.44(19)
121.18(19)
120.31(19)
122.37(18)
116.42(17)
121.21(18)
122.2(2)
119.3(2)
118.47(18)
119.5(2)
122.3(2)
118.16(18)
120.29(19)
121.40(19)
118.32(19)
116.48(17)
122.30(18)
121.21(18)
119.2(2)
119.0(2)
122.8(2)
128.5(3)
118.4(3)
112.8(3)

C17A C16A
N3A C17A
N3A C17A
C16A C17A
03A (C18A
03A (C18A
C19A C18A
04A C19A
04A C(C19A
C18A C19A
C21A C20A
C22A C20A
C22A C20A
N4A C21A
N4A C21A
C20A C21A
C23A C22A
C22A C23A
N4A C24A
C25 N5

N5 C25

O5A S1A

O5A S1A

07A S1A

07A S1A

07A S1A

06A S1A

S1A O5A
F2A C27A
F1A C27A
F1A C27A
F3A C27A
F3A C27A
F3A C27A

C18A
C16A
C21A
C21A
C16A
C19A
C16A
C18A
C20A
C20A
C19A
C19A
C21A
C17A
C20A
C17A
C20A
C24A
C23A
Znl
C26
06A
C27A
0O5A
06A
C27A
C27A
Znl
S1A
S1A
F2A
S1A
F2A
F1A

119.0(12)
122.4(13)
117.7(13)
119.8(13)
120.1(13)
119.0(12)
120.8(11)
121.8(13)
118.5(14)
119.2(11)
118.3(13)
122.2(13)
119.5(13)
117.8(13)
119.3(13)
122.8(13)
120.9(15)
116.4(16)
123.9(18)
168.17(17)
179.7(3)
115.5
102.4
115.6
115.5
102.4
102.4
146.0(10)
111.9
111.9
107.0
111.9
107.0
107.0
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Table A2.6. Torsion Angles for Stahl171.

A B C D Angle/° A
Zn1 N1 C1 C2 -173.20(16) C14
Zn1N1 C5 C4 175.89(15) Cl4
Zn1N1 C5 C9 -3.5(2) C15
Zn1N2 C9 C5 -2.2(2) C15
Zn1N2 C9 (€8 177.70(15) C15
Zn1 N2 (C12 C11 -178.17(16) C15
Zn1 N3 (C13 C14 -174.3(5) C16
Zn1 N3 C17 C16 174.2(4) C16
Zn1 N3 C17 C21 -7.7(7) C16
Zn1 N4 C21 C17 5.1(8) C16
Zn1 N4 C21 C20 -174.3(5) C17
Zn1 N4 C24 C23 174.8(6) C17
Zn1 N3A C13A C14A -176(3) C17
Zn1 N3A C17A C16A 175(2) C18
Zn1 N3A C17A C21A-2(4) C18
Zn1 N4A C21A C17A 10(4) C18
Zn1 N4A C21A C20A -173(3) C18
Zn1 N4A C24A C23A 177(3) C19
06 S1 05 Znl 1.3(2) C19
06 S1 C27 F1 -58.8(2) C19
06 S1 C27 F2 61.3(2) C20
06 S1 C27 F3 -179.96(19) C21
07 S1 05 Znl1 137.29(16) C21
07 S1 C27 F1 179.11(18) (22
07 S1 C27 F2 -60.8(2) C22
07 S1 C27 F3 58.0(2) C22
05 S1 C27 F1 60.4(2) C24
05 S1 C27 F2 -179.5(2) (24
05 S1 C27 F3 -60.7(2) 03A
C27S1 05 Znl -111.78(18) O3A
01 C6 C7 02 3.7(3) 04A
01 C6 C7 (C8 -176.33(19) 04A
02 C7 C8 C9 1750(2) N3A
02 C7 C8 C10 -5.0(3) N3A
N1 Cl1 C2 C3 -21(3) N3A

B
C15
C15
Cle
Cle
Cle
Cle
C17
C17
C18
C18
N3
Cle
Cle
Cle
Cle
C19
C19
C20
C20
C20
C22
N4
C20
C20
C20
C23
N4
N4

C18A C19A O4A

C
Cle
Cle
C17
C17
C18
C18
C21
C21
C19
C19
C13
C18
C18
C17
C17
C20
C20
C21
C21
C22
C23
C24
C22
C21
C21
C24
C21
C21

D
C17
C18
N3
C21
03
C19
N4
C20
04
C20
C14
03
C19
N3
C21
C21
C22
N4
C17
C23
C24
C23
C23
N4
C17
N4
C17
C20

Angle/°
0.4(5)
-179.4(4)
0.5(7)
-177.5(4)
0.1(6)
177.3(4)
-179.9(6)
-0.5(7)
-179.8(4)
0.8(6)
-0.8(9)
-179.6(4)
-2.4(5)
-179.8(5)
2.2(6)
0.9(6)
-178.4(4)
178.4(6)
-1.0(7)
-179.3(4)
-0.5(7)
-1.2(12)
1.5(7)
-2.4(8)
178.3(5)
0.3(11)
-178.4(7)
2.2(11)
9(3)

C18A C19A C20A -179(2)
C19A C20A C21A 176(2)
C19A C20A C22A -2(4)
C13A C14A C15A 0(4)
C17A C21A N4A -6(5)
C17A C21A C20A 177(3)
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N1
N1
C1
C1
C1
C2
C2
C3
C3
C3
C3
C4
C4
C4
C4
C5
C5
C5
Cé
Cé
Cé
Cé
C7
C7
C7
C8
Cc9
Cc9

C5
C5
N1
N1
C2
C3
C3
C4
C4
C4
C4
C5
C5
Cé
Cé
N1
C4
C4
C4
C4
C7
C7
C8
C8
C8
C10
N2
C8

C10 C8
C10 C8
C10 C11
C12 N2
C12 N2

03
03
04
04

C18
C18
C19
C19

Cc9
Cc9
C5
C5
C3
C4
C4
C5
C5
Cé
Cé
Cc9
Cc9
C7
C7
C1
Cé
Cé
C5
C5
C8
C8
Cc9
Cc9
C10
C11
C12
C10
Cc9
Cc9
C12
Cc9
Cc9
C19
C19
C20
C20

N2
C8
C4
Cc9
C4
C5
Cé
N1
Cc9
01
C7
N2
C8
02
C8
C2
01
C7
N1
Cc9
Cc9
C10
N2
C5
C11
C12
C11
C11
N2
C5
N2
C5
C8
04
C20
C21
C22

3.8(3)
-176.05(18)
0.6(3)
-178.75(17)
0.8(3)
1.1(3)
-176.0(2)
-1.8(3)
177.49(18)
-1.5(3)
178.09(19)
-175.57(18)
4.6(3)
-175.9(2)
4.0(3)
1.4(3)
-178.5(2)
1.1(3)
175.23(18)
-5.4(3)
-5.0(3)
175.07(19)
-179.00(18)
0.8(3)
179.3(2)
0.0(3)
-0.2(3)
-0.7(3)
0.9(3)
-179.20(18)
0.4(3)
179.61(18)
-0.5(3)
-2.3(6)
178.3(4)
-178.6(4)
2.2(6)
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C13AN3A C17A C16A -5(5)
C13AN3A C17A C21A 179(3)
C13A C14A C15A C16A -3(3)
C14A C15A C16A C17A 1(3)
C14A C15A C16A C18A -180(2)
C15A C16A C17A N3A 2(4)
C15A C16A C17A C21A 179(2)
C15A C16A C18A 03A -1(3)
C15A C16A C18A C19A -177(2)
C16A C17A C21AN4A 178(3)
C16A C17A C21A C20A 1(4)
C16A C18A C19A 04A -175(2)
C16A C18A C19A C20A -3(3)
C17AN3A C13A C14A 3(5)
C17A C16A C18A 03A 178(2)
C17A C16A C18A C19A 2(3)
C18A C16A C17AN3A -177(3)
C18A C16A C17A C21A 0(3)
C18A C19A C20A C21A 4(3)
C18A C19A C20A C22A -175(2)
C19A C20A C21A N4A -180(3)
C19A C20A C21A C17A -3(4)
C19A C20A C22A C23A 177(2)
C20A C22A C23A C24A 6(4)
C21A N4A C24A C23A 7(7)
C21A C20A C22A C23A -1(4)
C22A C20A C21A N4A -1(4)
C22A C20A C21A C17A 176(3)
C22A C23A C24A N4A -9(5)
C24A N4A C21A C17A -179(4)
C24A N4A C21A C20A -1(6)
0O5A S1A C27AF2A -180.0
05A S1A C27AF1A -60.0
05A S1A C27AF3A 60.0
07A S1A O5A Znl -155.6(14)
07A S1A C27AF2A 60.0
07A S1A C27AF1A 180.0



N3 C13 C14
N3 C17 C21
N3 C17 C21
C13 N3 C17
C13 N3 C17
C13 C14 C15

C15
N4

C20
Cle
C21
Cle

1.6(7)
1.9(9)

-178.7(6)

-0.3(9)

177.8(6)

-1.4(6)

07A
06A
06A
06A
06A

S1A
S1A
S1A
S1A
S1A

C27A S1A

C27AF3A -60.0
05A Znl -16.3(14)
C27AF2A -60.0
C27AF1A 60.0
C27AF3A -180.0
05A Znl 94.0(14)
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Table A2.7. Hydrogen Atom Coordinates (Ax104) and Isotropic Displacement Parameters
(A2x103) for Stahl171.

Atom

H1
H2
H3
H10
H11
H12
H13
H14
H15
H22
H23
H24
H13A
H14A
H15A
H22A
H23A
H24A
H26A
H26B
H26C

1685
2560
3545
3646
2714
1812
1518
917
-53
-848
-153
766
1674
1168
215
-844
-180
679
-416
102
-227

X

y

4007
3555
4036
6637
6913
6317
6380
6931
6554
3788
3316
3819
6410
7044
6735
3980
3381
3870
6149
6340
5688

1502
807

889

3350
4119
3943
1700
628

127

1628
2646
3117
1867
795

171

1366
2291
3021
4537
5296
5351

V4

28
31
30
31
31
28
39
43
42
43
42
35
35
43
39
41
40
37
45
45
45

U(eq)
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Appendix 3

Supplementary Information for Chapter 4

This work has been published:

Wendlandt, A. E.; Stahl, S. S. J. Am. Chem. Soc. 2014, 136, 11910-11913.
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V. X Ray Crystallographic Data

Data Collection

A dark red crystal with approximate dimensions 0.27 x 0.12 x 0.07 mm’ was selected
under oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©. The
crystal was mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by
using a video camera.

The crystal evaluation and data collection were performed on a Bruker Quazar SMART
APEXII diffractometer with Mo K, (A = 0.71073 A) radiation and the diffractometer to crystal
distance of 4.96 cm.

The initial cell constants were obtained from three series of w scans at different starting

angles. Each series consisted of 12 frames collected at intervals of 0.5° in a 6° range about
with the exposure time of 10 second per frame. The reflections were successfully indexed by an
automated indexing routine built in the APEXII program suite. The final cell constants were
calculated from a set of 9849 strong reflections from the actual data collection.

The data were collected by using the full sphere data collection routine to survey the
reciprocal space to the extent of a full sphere to a resolution of 0.70 A. A total of 77039 data
were harvested by collecting 4 sets of frames with 0.5° scans in w and ¢ with an exposure time
40 sec per frame. These highly redundant datasets were corrected for Lorentz and polarization
effects. The absorption correction was based on fitting a function to the empirical transmission

surface as sampled by multiple equivalent measurements.'
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Structure Solution and Refinement

The systematic absences in the diffraction data were uniquely consistent for the space
group P2,2,2, that yielded chemically reasonable and computationally stable results of
refinement.”*

A successful solution by the direct methods provided most non-hydrogen atoms from the
E-map. The remaining non-hydrogen atoms were located in an alternating series of least-squares
cycles and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic
displacement coefficients. All hydrogen atoms were included in the structure factor calculation
at idealized positions and were allowed to ride on the neighboring atoms with relative isotropic
displacement coefficients.

There were two fully occupied molecules of acetonitrile solvent in the asymmetric unit.
There was a disordered and partially occupied acetonitrile solvent molecule which was set to a
chemical occupancy of 50%. Bond distance restraints and thermal parameter constraints were
applied to the disordered solvent molecule to ensure a chemically reasonable and
computationally stable refinement. The carbonyl (C30, O6) of one of the quinone ligands was
disordered over two positions with a major component occupancy of 52(7)%. Two perchlorate
ions were also in the asymmetric unit. One of them was disordered over two positions with a
major component occupancy of 57(2)%. The oxygen atoms of the disordered perchlorate were
refined isotropically and bond distance constraints were applied to ensure a chemically
reasonable and computationally stable refinement.

The structure was refined as an inversion twin with a minor component contribution of

37(3) %.
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The final least-squares refinement of 672 parameters against 12129 data resulted in
residuals R (based on F* for I>20) and wR (based on F”* for all data) of 0.0383 and 0.0934,
respectively. The final difference Fourier map had one noticeable peak (ca. 1.00 e/A%) in the
vicinity of the disordered acetonitrile molecule and could not be accounted for with a chemically

reasonable and computationally stable model.
Summary

Crystal Data for C,,H,; ;Cl,N; ;0,,Ru (M =1033.17): orthorhombic, space group P2,2,2, (no.
19),a = 13.744(5) A, b = 14.024(6) A, ¢ = 20.665(8) A, V=3983(3) A>,Z=4,T=1000K,
wWMoKa) = 0.613 mm™', Dcalc = 1.723 g/mm’, 76925 reflections measured (3.51 <20 <

61.044), 12129 unique (R, = 0.0586,R

nt

=0.0427) which were used in all calculations. The

sigma

final R, was 0.0383 (I > 20(I)) and wR, was 0.0934 (all data).
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Figure A3.1. A molecular drawing of the Ruthenium complex of Stahl194 shown with 50%
probability ellipsoids. All H atoms, acetonitrile solvent molecules, and minor components of
the disordered atoms are omitted for clarity.



Table A3.1 Crystal data and structure refinement for stahl194.

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

B/°

Y/° ]

Volume/A3

Z

Pealcmg/mm?

m/mm-1

F(000)

Crystal size/mm?3
Radiation

20 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=20 (I)]
Final R indexes [all data]

stahl194
Ru(C12H6N202)3(C104)2(CHgCN)2,5
1033.17

100.0

orthorhombic

P212121

13.744(5)

14.024(6)

20.665(8)

90

90

90

3983(3)

4

1.723

0.613

2084.0

0.274 x 0.124 x 0.074

MoKa (A=0.71073)

3.51 to 61.044°
-17<h<19,-19<k<19,-29<1< 26
76925

12129 [Rint = 0.0586, Rsigma = 0.0427]
12129/50/632

1.038

R1 =0.0383, wR2 = 0.0880

R1 =0.0489, wRz = 0.0934

Largest diff. peak/hole / e A3 1.00/-0.73

Flack parameter

0.37(3)
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Table A3.2 Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement
Parameters (A2x103) for stahl194. Ueq is defined as 1/3 of of the trace of the orthogonalised

Uy tensor.

Atom X y z U(eq)
Rul 7108.6(2) 5103.9(2) 5633.4(2) 11.90(7)
Cl1 8453.5(7) 4844.6(8) 8014.8(5) 22.9(2)
01 5274(3) 3952(2) 8414.0(17) 28.5(8)
02 5290(3) 5887(2) 8478.1(17) 28.1(8)
03 11162(3) 3087(3) 4822.6(17) 31.7(8)
04 9835(3) 2070(2) 4115.2(17) 29.2(7)
07 7552(2) 4819(3) 8381.8(15) 27.2(7)
08 8533(3) 5753(2) 7693.6(17) 31.2(8)
09 8458(3) 4090(3) 7541.2(19) 33.9(8)
010 9263(2) 4730(3) 8449.9(17) 34.5(9)
N1 6783(3) 4127(2) 6346.3(17) 13.4(7)
N2 6822(2) 5993(2) 6412.6(18) 14.2(7)
N3 8559(2) 4819(2) 5781.8(15) 14.9(6)
N4 7350(2) 4112(2) 4923.2(17) 13.8(7)
N5 7346(3) 6141(2) 4939.1(17) 15.8(7)
N6 5699(2) 5406(2) 5353.4(17) 14.2(6)
N8 9220(4) 1805(3) 5718(2) 45.2(13)
C1 6893(3) 3177(3) 6315(2) 17.1(8)
C2 6626(3) 2576(3) 6818(2) 18.6(8)
C3 6205(3) 2959(3) 7367(2) 19.4(9)
C4 6101(3) 3943(3) 7413(2) 16.2(8)
C5 5648(3) 4404(3) 7982(2) 19.6(9)
C6 5643(3) 5502(3) 8010(2) 19.4(9)
C7 6071(3) 6034(3) 7462(2) 17.0(8)
C8 6129(3) 7026(3) 7472(2) 18.6(8)
C9 6548(3) 7486(3) 6948(2) 19.9(8)
C10 6880(3) 6949(3) 6430(2) 16.6(8)
C11 6424(3) 5543(3) 6932(2) 14.2(7)
C12 6418(3) 4505(3) 6898(2) 13.9(7)
C13 9152(3) 5189(3) 6235.7(19) 18.5(7)
C14 10127(3) 4947(3) 6288(2) 22.8(8)
C15 10518(3) 4310(3) 5849(2) 23.9(9)
C16 9926(3) 3919(3) 5382(2) 20.7(8)
C17 10308(4) 3237(3) 4892(2) 22.6(9)



C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
05

C30
06

C31
C32
C33
C34
C35
C36
N7

C37
C38
C39
C40
Cl2

011
012
013
014
Cl3

015
016
017
018
N9

9562(3)
8541(3)
7848(4)
6924(3)
6699(3)
8271(3)
8949(3)
8213(3)
8294(4)
7458(4)
6575(3)
5658(4)
5634(3)
4723(12)
3979(8)
4733(3)
3887(3)
3958(3)
4873(3)
5624(3)
6538(3)
5640(4)
6048(4)
6550(4)
9156(4)
9091(5)
3298(6)
3863(6)
3088(8)
2539(6)
4034(7)
3195(9)
3633(11)
2396(7)
3731(8)
2723(10)
8502(11)

2714(3)
3061(3)
2689(3)
3061(3)
3764(3)
3772(3)
4176(3)
6478(3)
7143(3)
7467(3)
7119(3)
7434(3)
7960(3)
7207(17)
7608(18)
6354(4)
5962 (4)
5297(3)
5040(3)
6065(3)
6460(3)
8501(4)
9056(4)
9780(4)
1692(4)
1560(6)
5109(6)
5915(5)
5195(8)
4772(8)
4352(6)
4997(8)
5901(9)
5189(9)
4204(6)
4854(10)
9224(10)

4455(2)
4457(2)
4039(2)
4052(2)
4501(2)
4895(2)
5364.0(19)
4736(2)
4241(2)
3937(2)
4133(2)
3832(2)
3364.7(17)
4176(14)
4023(13)
4633(2)
4888(3)
5375(2)
5599(2)
4876(2)
4637(2)
5092(2)
5393(3)
5776(3)
6255(3)
6942(3)
7075(4)
6826(5)
7765(4)
6635(4)
7098(4)
7131(5)
7077(8)
6731(5)
6916(5)
7736(5)
6654(6)

22.2(9)
18.0(8)
22.1(8)
23.1(9)
19.1(8)
16.6(8)
15.8(7)
19.5(9)
24.5(10)
24.3(9)
21.2(9)
28.4(10)
35.3(9)
25(4)
37(4)
26.8(10)
29.8(10)
26.2(9)
19.4(7)
17.1(8)
16.9(8)
40.4(12)
31.5(11)
44.6(14)
32.8(11)
63(2)
22.6(11)
42(2)
67(3)
51(2)
43(2)
29(2)
67(4)
44(3)
34(3)
58(4)
77(3)
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C41
C42
C30A
06A

8739(14)
8911(14)
4651(16)
3893(14)

8761(12)
8141(11)
6950(30)
7210(40)

7086(7)
7660(7)

4071(13)
3843(14)
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77(3)
77(3)
32(5)
53(8)

Table A3.3 Anisotropic Displacement Parameters (A2x103) for stahl194. The Anisotropic
displacement factor exponent takes the form: -2m?[h2a*2U1+2hka*b*U12+...].

Atom
Rul
Cl1
01
02
03
04
07
08
09
010
N1
N2
N3
N4
N5
N6
N8
C1
C2
C3
C4
C5
Ccé6
Cc7
C8
Cc9
C10
C11

U1
11.31(12)
20.5(5)
32(2)
29(2)
21.6(18)
34.5(19)
20.7(14)
37(2)
29(2)
23.9(17)
13.6(17)
10.6(17)
14.0(14)
14.7(18)
18.1(19)
11.4(15)
57(3)
18(2)
20(2)
19(2)
13(2)
14(2)
16(2)
12(2)
16(2)
20(2)
16(2)
9.5(18)

U2z
11.01(11)
29.1(5)
32.5(17)
33.0(18)
42.2(19)
19.3(14)
35.8(17)
32.9(18)
40(2)
52(2)
12.7(14)
14.2(15)
16.2(13)
14.1(14)
14.4(14)
13.8(14)
48(3)
14.2(17)
11.4(16)
19.7(18)
22.3(18)
26(2)
23.2(19)
19.8(18)
19.5(18)
13.0(17)
14.8(17)
15.8(16)

Uss
13.36(12)
19.1(4)
20.6(17)
22.8(18)
31.3(19)
33.9(19)
25.0(15)
23.2(18)
33(2)
28.1(18)
14.0(17)
17.8(18)
14.6(15)
12.7(16)
15.1(17)
17.4(16)
31(3)
19(2)
24(2)
20(2)
13(2)
19(2)
19(2)
19(2)
20(2)
27(2)
19(2)
17(2)

U2z

-0.15(10)

2.3(4)
3.4(14)
-6.3(14)
-2.9(15)
-2.7(13)
0.1(14)
8.6(14)
-8.0(16)
7.4(16)
-0.3(12)
1.6(12)
0.8(12)
0.3(11)
-0.8(12)
-0.9(12)
13(2)
-0.7(14)
1.0(14)
6.1(15)
0.8(14)
0.1(16)
-1.0(16)
-2.9(15)
-6.2(15)
-4.7(15)
-2.6(14)
0.7(14)

Uis U1z
0.09(11)  0.26(10)
2704) -21(4)
79(15)  -4.1(14)
7.6(15)  -1.3(14)
3.7(15)  14.7(14)
12.1(16)  4.0(13)
05(12)  -4.4(14)
14(16)  -1.3(15)
14(17)  03(16)
7.7(14)  -3.8(16)
1.8(13)  -0.9(11)
17(13)  -1.7(11)
0.0(11)  2.5(12)
0.8(13)  0.9(11)
27(14)  -13(12)
0.4(13)  2.0(11)
12(2) 17(2)
38(15)  0.1(13)
4.6(18)  -23(14)
4.6(17)  -4.4(15)
1.0(16)  -3.1(14)
1.0(17)  -2.6(15)
0.4(18)  -0.9(15)
24(17)  0.5(14)
1.7(17) 2.1(15)
0.8(18)  2.8(14)
3.6(15)  -0.2(13)
21(16)  0.4(13)



C12
C13
C14
C15
Cle
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
05

C30
06

C31
C32
C33
C34
C35
C36
N7

C37
C38
C39
C40
Cl2

Cl3

N9

C41
C42

11.5(18)
18.7(18)
17.2(17)
16(2)
18(2)
25(2)
25(2)
24(2)
31(2)
27(3)
19(2)
19(2)
17.1(19)
17(2)
25(2)
35(3)
26(2)
33(3)
46(2)
25(5)
25(4)
16(2)
16(2)
12.9(19)
17.0(16)
16.6(19)
18(2)
45(3)
28(3)
37(3)
28(3)
52(4)
21.2(15)
36(4)
76(6)
76(6)
76(6)

15.4(16)
20.8(17)
28(2)
29(2)
20.8(19)
20.9(19)
17.4(17)
15.4(16)
17.0(17)
20.8(19)
20.4(18)
15.6(17)
16.2(16)
22.2(19)
27(2)
17.5(18)
19.6(19)
30(2)
35.1(18)
21(7)
37(8)
39(3)
40(3)
29(2)
17.6(16)
17.5(17)
15.5(17)
43(3)
36(3)
49(3)
37(3)
115(6)
26(2)
23(2)
80(7)
80(7)
80(7)

14.7(19)
16.2(17)
22.9(19)
26(2)
23(2)
22(2)
24(2)
15(2)
19(2)
21(2)
18(2)
16(2)
13.9(18)
19(2)
22(3)
21(2)
18(2)
22(2)
24.4(18)
30(9)
47(8)
25(2)
34(3)
37(2)
23.6(18)
17.2(19)
18(2)
33(3)
30(3)
48(3)
34(3)
22(3)
20.8(18)
28(3)
74(7)
74(7)
74(7)

-0.5(13)
-1.0(15)
-0.9(18)
-0.3(17)
0.6(16)
0.8(16)
0.9(16)
0.2(14)
-2.8(14)
-5.0(16)
-1.1(14)
1.5(14)
1.9(13)
0.6(16)
1.4(17)
3.5(16)
0.1(15)
8.5(18)
10.6(15)
6(5)
17(6)
6.1(19)
3(2)
-1.2(18)
-0.2(18)
-0.8(14)
-1.4(14)
1(2)
6(2)
-2(3)
2(2)
6(3)
-5.3(16)
2.3(17)
-33(5)
-33(5)
-33(5)

-1.1(16)
0.9(14)
-5.0(15)
-1.8(17)
3.2(17)
2.3(18)
7.3(18)
6.1(17)
5(2)
-0.5(18)
-1.9(16)
3.2(16)
1.7(15)
-0.3(16)
5.6(18)
4.4(19)
3.3(18)
3(2)
0.4(16)
-9(5)
-11(4)
-1.1(18)
-1.2(19)
-1.0(18)
-0.3(15)
0.3(16)
4.3(16)
12(2)
9(2)
12(2)
2(2)
3(3)
-2.4(13)
1(2)
-5(6)
-5(6)
-5(6)
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-0.3(13)
-2.4(15)
-0.7(17)
6.0(16)
5.6(15)
10.1(16)
4.0(15)
2.9(14)
-0.8(18)
-7.0(16)
-1.4(15)
-1.1(14)
0.8(14)
-2.3(15)
-7.9(17)
-0.1(17)
3.2(16)
11.5(19)
15.1(16)
4(4)
5(4)
8.1(18)
5.4(19)
-2.3(16)
-4.0(13)
3.4(14)
3.4(14)
16(2)
14(2)
5(3)
6(2)
40(4)
6.2(14)
9(2)
23(5)
23(5)
23(5)
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C30A 30(6) 40(10) 27(7) 4(7) 3(5) 17(7)
06A  31(6) 79(18) 49(9) 25(10) -6(5) 21(7)

Table A3.4. Bond Lengths for stahl194.

Atom Atom Length/A Atom Atom Length/A
Rul N1 2061(3) CI5 C16 1.377(6)
Rul N2 2.074(4) Cl6 C17 1.489(6)
Rul N3 2.057(3) Cl6 C24 1.390(6)
Rul N4 2.049(3) C17 C18 1.549(7)
Rul N5 2.069(3) C18 C19 1.486(6)
Rul N6 2.065(3) C19 C20 1.387(6)
C1 07 1453(3) C19 €23 1.397(5)
Cl1 08 1441(4) C20 C21 1.373(7)
Cl1 09 1441(4) C21 C22 1.389(6)
Cl1 010 1439(3) C23 C24 1.459(6)
01 €5 1.209(5) C25 €26 1.390(6)
02 C6 1.210(6) C26 C27 1.386(7)
03 C17 1.201(6) C27 C28 1.369(7)
04 €18 1.205(5) C28 C29 1.473(7)
N1 C1 1.342(5) C28 C36 1.394(6)
N1 C12 1.354(5) €29 05 1.215(5)
N2 C10 1.344(5) C29 C30 1.50(2)
N2 C11 1.360(5) C29 C30A 1.62(3)
N3 C13 1.346(5) C30 06 1.209(9)
N3 (24 1.358(5) C30 C31 1.52(2)
N4 (22 1341(5) C31 €32 1.390(7)
N4 (23 1.354(5) C31 €35 1.385(6)
N5 €25 1.349(5) C31 C30A 1.44(3)
N5 €36 1.350(6) C32 €33 1.375(7)
N6 C34 1.346(5) C33 C34 1.387(6)
N6 €35 1.356(5) C35 C36 1.458(6)
N8 €39 1.124(7) N7 C37 1.142(7)
C1  C2 1388(6) C37 C38 1.462(8)
C2 €3 1382(6) C39 C40 1.435(8)
C3 C4 1390(6) Cl2 011 1.464(10)
C4 C5 1479(6) Cl2 012 1.461(10)



C4
C5
Cé
C7
C7
C8
Cc9
C11
C13
C14

C12
Cé
C7
C8
C11
Cc9
C10
C12
C14
C15

1.395(6) Cl2
1.541(6) Cl2
1.477(6) ClI3
1.393(6) CI3
1.382(6) CI3
1.385(6) Cl3
1.386(6) N9
1.456(5) C41
1.387(6) C30A
1.383(6)

013
014
015
016
017
018
C41

C42

06A

1.462(9)

1.467(9)

1.407(12)
1.401(11)
1.406(11)
1.423(12)
1.150(12)
1.490(13)
1.200(10)

Table A3.5 Bond Angles for stahl194.
Atom Atom Atom Angle/’

N1
N1
N1
N3
N3
N3
N3
N4
N4
N4
N4
N4
N5
N6
N6
08
08
09
010
010
010
C1
C1

Rul
Rul
Rul
Rul
Rul
Rul
Rul
Rul
Rul
Rul
Rul
Rul
Rul
Rul
Rul
Cl1
Cl1
Cl1
Cl1
Cl1
Cl1
N1
N1

N2
N5
N6
N1
N2
N5
N6
N1
N2
N3
N5
N6
N2
N2
N5
07
09
07
07
08
09
Rul
C12

78.66(13)
175.76(14)
97.64(14)
88.54(13)
100.67(13)
95.02(13)
172.25(13)
95.49(13)
174.12(13)
79.51(13)
87.43(12)
95.18(13)
98.39(13)
85.20(14)
79.01(14)
109.1(2)
109.6(2)
109.9(2)
109.3(2)
109.2(2)
109.8(2)
126.9(3)
118.1(4)

Atom Atom Atom Angle/’

C15
C24
03
03
Cle
04
04
C19
C20
C20
C23
C21
C20
N4
N4
N4
C19
N3
N3
Cle
N5
C27
C28

Cl6 C(C24
Ci6 C17
C17 C16
C17 C18
C17 C18
c18 C17
C18 (19
c18 C17
C19 (18
C19 (C23
C19 (18
C20 C19
C21 C22
€22 C21
C23 (19
C23 C(C24
C23 C(C24
C24 C16
C24 C23
C24 C23
C25 C26
C26 C25
C27 C26

119.1(4)
119.3(4)
122.6(5)
119.6(4)
117.8(4)
119.3(4)
122.7(4)
118.0(4)
121.6(4)
119.3(4)
119.1(4)
118.7(4)
119.3(4)
123.0(4)
121.8(4)
115.6(4)
122.6(4)
122.4(4)
115.4(4)
122.2(4)
122.4(4)
119.1(4)
119.0(4)
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C12
C10
C10
C11
C13
C13
C24
C22
C22
C23
C25
C25
C36
C34
C34
C35
N1
C3
C2
C3
C3
C12
01
01
C4
02
02
C7
C8
C11
C11
Cc9
C8
N2
N2
N2
C7

N1
N2
N2
N2
N3
N3
N3
N4
N4
N4
N5
N5
N5
N6
N6
N6
C1
C2
C3
C4
C4
C4
C5
C5
C5
Cé
Cé
Cé
C7
C7
C7
C8
Cc9
C10
C11
C11
C11

Rul
Rul
C11
Rul
Rul
C24
Rul
Rul
C23
Rul
Rul
C36
Rul
Rul
C35
Rul
C2
C1
C4
C5
C12
C5
C4
Ccé6
Ccé6
C5
Cc7
C5
Ccé6
Ccé6
C8
Cc7
C10
Cc9
Cc7
C12
C12

114.9(2)
127.5(3)
117.7(4)
114.2(3)
128.0(3)
117.4(3)
114.6(3)
127.2(3)
117.9(4)
114.9(3)
126.9(3)
117.8(4)
115.1(3)
127.4(3)
118.1(3)
114.5(3)
122.5(4)
119.2(4)
119.1(4)
122.1(4)
118.5(4)
119.4(4)
122.4(4)
119.6(5)
117.9(4)
118.5(4)
123.1(4)
118.4(4)
121.1(4)
119.6(4)
119.3(4)
118.5(4)
119.2(4)
122.9(4)
122.4(4)
115.3(4)
122.3(4)

C27
C27
C36
C28
C28
05
05
05
C29
06
06
C32
C32
C35
C35
C35
C33
C32
N6
N6
N6
C31
N5
N5
C28
N7
N8
011
012
012
012
013
013
015
016
016
016

C28
C28
C28
C29
C29
C29
C29
C29
C30
C30
C30
C31
C31
C31
C31
C31
C32
C33
C34
C35
C35
C35
C36
C36
C36
C37
C39
Cl2

Cl2

Cl2

Cl2

Cl2

Cl2

Cl3

Cl3

Cl3

Cl3

C29
C36
C29
C30
C30A
C28
C30
C30A
C31
C29
C31
C30
C30A
C30
C32
C30A
C31
C34
C33
C31
C36
C36
C28
C35
C35
C38
C40
014
011
013
014
011
014
018
015
017
018

121.8(4)
119.3(4)
118.9(4)
117.9(7)
118.6(7)
122.7(5)
118.8(7)
118.2(8)
116.9(10)
120.1(17)
122.3(18)
122.6(7)
118.2(11)
117.5(7)
119.1(4)
122.2(10)
119.1(4)
119.0(4)
122.6(4)
122.0(4)
116.1(4)
121.8(4)
122.4(4)
115.2(4)
122.5(4)
178.6(6)
178.8(8)
101.8(7)
112.6(7)
119.5(8)
99.4(7)
114.1(7)
106.2(7)
113.0(11)
96.7(10)
112.1(10)
100.9(9)
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N1
N1
C4
N3

C12 C4
€12 C11
€12 C11
C13 C14
C15 C14 cC13
Cl6 C15 C14
C15 Cle C17

122.4(3)
115.5(4)
122.0(4)
123.0(4)
118.9(4)
119.2(4)
121.6(4)

017 CI3
017 CI3

N9

C41

C31 C30A
06A C30A
06A C30A

Table A3.6. Torsion Angles for stahl194.

A B C D Angle/
Rul N1
Rul N1
Rul N1
Rul N2
Rul N2
Rul N2
Rul N3
Rul N3
Rul N3
Rul N4
Rul N4
Rul N4
Rul N5
Rul N5
Rul N5
Rul N6
Rul N6
Rul N6

01
01
02
02
03
03
04
04

C5
C5
Cé
Cé

Cl C2 -178.2(3)
C12C4 175.8(3)
C12 C11-7.3(5)
C10C9 171.1(3)
C11C7 -171.5(3)
C11 C12 9.8(5)
C13 C14 -179.6(3)
C24 C16 178.1(3)
C24 €23 -2.0(4)
€22 C21-177.3(3)
€23 C19 177.1(3)
C23 C24 -1.2(4)
C25 €26 176.6(3)
C36 €28 -176.4(3)
C36 C35 3.6(4)
C34 €33 179.7(3)
C35 C31-179.8(4)
C35 €36 -0.2(4)
C6 02 2.5(8)
C6 C7 -177.6(4)
C7 C8 3.0(7)
C7 C11-177.4(4)

C17 C18 04 10.1(7)
C17 C18 C19 -167.4(4)
C18 C19 €20 -3.2(7)
C18 C19 €23 176.0(4)

A
C17
C17
C17
C17
C18
C18
C18
C19
C19
C19
C20
C20
C20
C22
C22
C23
C23
C24
C24
C24
C25
C25
C25
C26
C26
C27

B C
Cl6 C24
Cl6 C24
C18 C19
C18 C19
C19 C20
C19 C23
C19 C23
C20 C21
C23 C24
C23 C24
C19 C23
C19 C23
C21 C22
N4 C23
N4 C23
N4 C22
C19 C20
N3 C13
Cle6 C17
Cle6 C17
N5 C36
N5 C36
C26 C27
C27 C28
C27 C28
C28 C29

015
018
C42
C29
C29
C31

N3

C23
C20
C23
C21
N4

C24
C22
N3

Cle
N4

C24
N4

C19
C24
C21
C21
C14
03

C18
C28
C35
C28
C29
C36
05

117.6(11)
113.8(9)
173(2)
115.0(13)
119.8(19)
124(2)

Angle/°
-177.7(4)
2.4(6)
174.3(4)
-6.5(6)
-178.1(4)
-179.5(4)
-1.3(6)
-3.0(6)
-176.2(4)
3.7(6)
-0.3(6)
177.9(4)
0.9(6)
-1.8(6)
179.9(4)
1.5(6)
2.7(6)
0.4(6)
169.5(4)
-10.1(6)
-0.3(6)
179.6(4)
-0.1(7)
179.9(4)
0.8(7)
5.6(7)
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N1
N2
N2
N3
N4
N4
N5
N6
N6
C1
C1
C1
C2
C2
C3
C3
C3
C3
C4
C4
C5
C5
C5
C5
Cé
Cé
Cé
C7
C7
C7
C8

Cl C2 C3 1.9(6)
C11C12 N1 -1.8(6)
C11C12C4 175.1(4)
C13 C14 C15 1.2(7)
C23 C24 N3 2.1(5)
C23 C24 C16 -178.0(4)
C25 €26 C27 -0.8(7)
€35 C36 N5 -2.2(5)
C35 €36 C28 177.7(4)
N1 C12C4 -4.0(6)
N1 C12C11172.9(4)
C2 C3 C4 -3.0(6)
C3 C4 C5 179.4(4)
C3 C4 C120.7(6)
C4 C5 01 -6.1(7)
C4 C5 C6 175.1(4)
C4 C12N1 2.9(6)
C4 C12C11-173.8(4)
C5 C6 02 -178.7(4)
C5 C6 C7 1.2(7)
C4 C12N1 -175.9(4)
C4 C12 C11 7.4(7)
C6 C7 C8 -177.0(4)
C6 C7 C112.7(7)
C7 C8 C9 179.2(4)
C7 C11N2 179.7(4)
C7 C11C12-1.8(7)
C8 C9 C101.0(7)
C11C12 N1 179.6(4)
C11C12C4 -3.5(7)
C7 C11N2 -0.7(6)
C8 C7 C11C12177.9(4)
C8 C9 CION2 -0.6(7)
C10 N2 C11C7 1.1(6)
C10 N2 C11C12-177.6(4)
C11 N2 C10C9 -0.5(6)
C11C7 C8 C9 -0.4(6)

C27
C27
C27
C27
C28
C28
C28
C28
C29
C29
C29
C29
C29
05

05

05

05

C30
C30
C30
C30
C30
C30
C30
06

06

06

C31
C31
C31
C32
C32
C32
C32
C32
C34
C34

€28 C29 (30
C28 C29
C28 C36
C28 C36
C29 C30 06

C29 C30 C31
C29 C30A C31
C29 C30A O6A
C28 C36 N5

C28 C36 C(C35
C30C31 C32
C30C31 C(C35
C30 C31
C29 C30 06

C29 C30 C31
C29 C30A C31
C29 C30A O6A
C29 C30A C31
C29 C30A 0O6A
C31C32 (33
C31C35 N6

C31C35 C36
C31 C30A C29
C31 C30A O6A
C30C31 C32
C30C31 C35
C30 C31
C32 C33
C35C36
C35C36
C31C35 N6

C31C35 C36
C31 C30A C29
C31 C30A O6A
C33C34 N6

N6 C35 C31
N6 C35 C36

N5
C35

C34
N5
C28

379

-165.4(13)

C30A 177.4(15)

-0.7(6)
179.4(4)
164.9(12)
-25(2)
9(3)
178.4(18)
-179.7(4)
0.4(6)
-168.0(12)
22(2)

C30A -89(6)

-6.4(18)
163.9(13)
-179.0(15)
-9(2)
-83(5)
87(4)
-169.6(14)
170.6(13)
-8.9(14)
66(6)
-103(6)
2(2)
-167.5(13)

C30A 81(5)

0.3(7)
177.3(4)
-2.8(6)
0.5(7)
-179.0(4)
176.4(13)
7(2)
-0.9(7)
-1.1(6)
178.4(4)
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CI2N1 Cl1 C2 15(6) €35 N6 C34 C33 1.3(6)
Cl2C4 C5 01 172.6(4) C35 C31C32 C33 -0.1(8)
Cl2C4 C5 C6 -6.2(7) €35 C31C30AC29 -12(3)
C13 N3 C24C16-1.9(6) €35 C31C30A06A 179.5(18)
C13 N3 C24(C23178.0(3) C36 N5 C25 C26 1.0(6)
C13 C14C15C16-1.3(7) C36 C28C29 05 -175.4(4)
C14 C15C16 C17 179.4(4) C36 C28C29 C30 13.6(14)
C14 C15C16 C240.0(7)  C36 C28C29 C30A -3.5(15)
C15 C16 C17 03 -10.0(7) C30AC29C30 06 -98(5)
C15 C16 C17 C18 170.5(4) C30AC29 C30 C31 72(4)
C15 C16 C24 N3 1.7(6)  C30AC31C32 C33 172.3(17)
C15 C16 C24 C23 -178.2(4) C30AC31C35 N6 -171.5(18)
C16 C17 C18 04 -170.3(4) C30AC31C35 C36 9.0(19)
C16 C17 C18 C19 12.1(6)

Table A3.7 Hydrogen Atom Coordinates (Ax104) and Isotropic Displacement Parameters
(A2x103) for stahl194.

Atom X y z U(eq)
H1 7164 2907 5934 21
H2 6732 1908 6786 22
H3 5990 2556 7708 23
H8 5888 7379 7830 22
H9 6608 8160 6944 24
H10 7161 7271 6071 20
H13 8890 5637 6534 22
H14 10519 5214 6620 27
H15 11188 4143 5869 29
H20 8009 2186 3750 27
H21 6444 2840 3758 28
H22 6055 4010 4510 23
H25 8789 6252 4939 23
H26 8915 7374 4112 29
H27 7496 7923 3598 29
H32 3268 6150 4728 36
H33 3390 5018 5555 31

H34 4918 4587 5940 23



H38A
H38B
H38C
H40A
H40B
H40C
H42A
H42B
H42C

6842
7062
6083
8572
8945
9711
8720
8524
9603

10254
9478
10095
1104
2172
1315
7485
8374
8157

5486
6035
6064
7040
7150
7106
7558
8026
7775

67
67
67
94
94
94
115
115
115

381



382

Appendix 4

NMR Spectra for Chapter 6

This work has been published:

Wendlandt, A. E.; Stahl, S. S. Org. Biomol. Chem. 2012, 10, 3866-3870.



383

'H and *C NMR Spectra of Substrates
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'H and “CNMR Spectra of Products
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