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ABSTRACT
Chapter One. Introduction to Catalytic C–C-Bond-Forming
Reactions of Alkylcopper(I) Nucleophiles
This chapter provides a brief historical perspective on the development of Cucatalyzed C–C-bond-forming reactions and an overview of the general facets of
organocopper reactivity that are most important to the work documented in
subsequent chapters.
Chapter Two: Asymmetric Copper-Hydride-Catalyzed Markovnikov
Hydrosilylation of Vinylarenes and Vinyl Heterocycles
Copper hydride complexes catalyze highly enantioselective Markovnikov
hydrosilylation of vinylarenes and vinyl heterocycles. This method has a broad
scope and enables both the synthesis of isolable silanes and the conversion of crude
products to chiral alcohols. DFT calculations support a mechanism proceeding by
hydrocupration followed by !-bond metathesis with a hydrosilane.
Chapter Three: Asymmetric Cu-Catalyzed 1,4-Dearomatization
of Pyridines and Pyridazines without
Preactivation of the Heterocycle or Nucleophile
A chiral copper hydride complex catalyzes C-C bond-forming dearomatization of
pyridines and pyridazines at room temperature. The catalytic reaction operates
directly on free heterocycles and generates the nucleophiles in situ, eliminating the
need for stoichiometric preactivation of either reaction partner; further, it is one of
very few methods available for the enantioselective 1,4-dearomatization of
heteroarenes. Combining the dearomatization with facile derivatization steps
enables one-pot syntheses of enantioenriched pyridines and piperidines.
Chapter Four: Evidence for Simultaneous Dearomatization of Two
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Arenes Under Mild Conditions in Cu(I)-Catalyzed Direct Asymmetric
Dearomatization of Pyridine
Bis(phosphine) copper hydride complexes are uniquely able to catalyze the direct
dearomatization of unactivated pyridines with carbon nucleophiles, but the
mechanistic basis for this result has been unclear. Here we show that, contrary to
our initial hypotheses, the catalytic mechanism is monometallic and proceeds via
dearomative rearrangement of the phenethylcopper nucleophile to a Cparametalated form prior to reaction at heterocycle C4. Our studies support an
unexpected heterocycle-promoted pathway for this net 1,5-Cu-migration beginning
with a doubly dearomative imidoyl-Cu-ene reaction. Kinetics, substituent effects,
computational modeling, and spectroscopic studies support the involvement of this
unusual process. The CuL2 fragment subsequently mediates a stepwise Cope
rearrangement of the doubly dearomatized intermediate to give the C4functionalized 1,4-dihydropyridine, lowering a second barrier in the pathway that
otherwise prohibit efficient asymmetric catalysis.
Thesis Supervisor: Stephen L. Buchwald
Title: Camille Dreyfus Professor of Chemistry
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Chapter One.
Introduction to Catalytic C–C-Bond-Forming
Reactions of Alkylcopper(I) Nucleophiles
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1. Discovery and Early Synthetic Applications of Alkylcopper
Nucleophiles.
Syntheses of neutral alkylcopper(I) complexes via transmetalation of copper(I)
salts with main group organometallics was attempted as early as 1859,1,2 but study
of the structure and reactivity of these compounds was seriously hampered for
about 100 years by their very poor stability.2-3,5 Early preparative efforts were
rewarded with explosions, deposition of metallic copper, and, in favorable cases
(Figure 1, A), formation of highly insoluble materials unsuited to spectroscopic
study or use in organic transformations.1-3,5 The synthesis of arylcoppers, e.g.,
PhCu(I), proved somewhat more tractable (Figure 1, B),4 although their poor
reactivity and extreme sensitivity nevertheless gave organic chemists little basis for
interest in potential synthetic applications.5
Figure 1. Early syntheses of organocopper nucleophiles.

(A) Gilman,1952
CuI

1 equiv MeLi
Et2O

(p-Me2NC4H6)2CO

LiMeCuO

Me

MeCu
explosive, insoluble
yellow powder;
unstable at T > 0 °C

colorimetric test
for active R–metal
nucleophile

Me2N

NMe2

(B) Costa, 1965
Li
+

CuBr
(excess)

Cu

Et2O

“more stable than MeCu but
almost as difficult to manipulate”

(C) Gilman,1952
CuI

2 equiv MeLi
Et2O

(p-Me2NC4H6)2CO

LiMeCuO

Me

Me2CuLi
Me2N

colorless solution
relatively stable
“Gilman organocuprate”

NMe2

Sustained interest in the synthetic use of alkylcopper compounds only
commenced in the decade following Gilman’s discovery (Figure 1, C) that Cu(I)
halides react with excesses of main group organometallics to generate soluble,
relatively stable cuprates (Gilman cuprates)3 that, unlike their neutral congeners,
were demonstrably reactive toward organic electrophiles (Figure 1, C).3,5-6
Beginning in the late 1960’s, a remarkable series of methodological disclosures
established alkylcopper nucleophiles as one of the most broadly useful and
important classes of organometallic reagents. In a seminal paper from 1966,7
Whitesides and House showed that Gilman cuprates react with !,!-unsaturated
13

carbonyl compounds with virtually complete reversal of the 1,2-addition selectivity
observed with, e.g., Grignard regents (Scheme 1). In subsequent years, other
researchers, principally Johnson, Anderson, and Crabbe, extended this unique
reactivity to other ambident electrophile classes, including allylic and propargylic
acetates, and vinyl epoxides (Scheme 1).8-9 Corey and Posner reported efficacious
cross-coupling between Gilman cuprates and organic halides10 in 1967 (Scheme 1) –
a transformation that was notably impractical or impossible with main-group
alkylmetals. And shortly after, other groups demonstrated that organocopper
complexes can be particularly advantageous reagents for substitution reactions of
more conventional electrophiles,8,11-12 like aliphatic epoxides and acyl halides
(Scheme 1).
Scheme 1. Representative synthetic transformations of Gilman Cuprates.13
Whitesides and House (1966)
O

Me
Me

O

Posner (1970)

Me

R

R’

Corey and Posner (1967)
Whitesides and House (1970)

O

R
Cl

R
OH

Me
O

Me

Me

Johnson (1970)

O

Me

R

R’

OH
Johnson (1970)
Anderson (1970)

I
O

R2CuLi
I
Me

H

R

R’
H

Corey and Posner (1967)

Me

OAc

AcO

R

R’
Anderson (1969)

H

H

C

R

CuRLi

crabbe (1968)

Alexakis (1976)

R

2. Properties and Mechanistic Pathways of Alkylcopper Nucleophiles.
The chemical basis for the distinct differences in reactivity between cuprates
and main group organometallics is important throughout the remainder of this
work. Due to the low electronegativity of magnesium (1.31) and lithium (0.98)
relative to carbon (2.55), the metal–C bonds in s-block organometallics are very
polarized. They localize considerable excess negative charge on the nucleophilic
carbon, making these species extremely reactive. As a result, their addition
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reactions are characterized by relatively early transition states that are stabilized
most importantly by complementary electrostatic interactions between the reaction
partners; thus, an organolithium undergoing reaction with an !,!-unsaturated
ketone preferentially approaches the very electron-deficient carbonyl carbon, rather
than the more weakly polarized !–carbon of the vinyl group. Alkylcopper
nucleophiles differ from s-block organometallics in two critical respects. First,
copper’s greater electronegativity (1.95) results in modest polarization and strong
covalent character of C–Cu bonds. Their reactivity and the degree to which charge
alignment influences their selectivity are both consequently attenuated. Instead,
these nucleophiles prefer transition states having optimal partial covalent bonding.
Second, Cu(I) complexes display transition-metal-specific reactivity, including
formation of olefin !-complexes and 2-electron redox processes coupled to formation
or elimination of bonds at the metal center (i.e., oxidative addition and reductive
elimination reactions). These features dominate the contemporary mechanistic
picture of how Gilman cuprates react with organic electrophiles. Additions to
Michael acceptors in particular (Figure 2, A) involve formation of a !-complex with
the vinyl group (1, Figure 2, A), construction of a new C-Cu covalent bond at the !carbon via oxidation addition with concomitant !-complexation at the incipient
enolate (2, Figure 2, A), and, finally, rate-determining reductive elimination to form
the enolate !-complex of the neutral alkylcopper (3, Figure 2, A).6,14 Reactions with
allylic electrophiles follow a similar pattern, beginning with oxidative addition to
form an !3 !-complex (4, Figure 2, B), followed by regiodetermining C–C bond
reductive elimination, usually at the less hindered allylic terminus.6,14
Figure 2. Modern mechanisms of conjugate addition and allylic substitution for
simple dialkylcuprate compounds.
(A) Bimetallic conjugate addition to enones via 2-electron redox chemistry
(coordination and bridging interactions involving the second R2CuLi fragment are suppressed for clarity)
R
R
R
R
oxidative
reductive
Li
Li
Cu(I)
2 R2CuLi
addition
O
elimination
Cu(III)
R
CuLi
R
CuLi
•
• 2
2
O
O
R'
R'
1
2
R'

Li

R
Cu(I)

O

R

• R2CuLi

3

R'

(B) Substitution of allylic electrophiles via an η-3 allylcopper(III) intermediate
OAc
Me

+

R2CuLi

oxidative
addition

R

R
Cu(III)

R

reductive
elimination

Cu(I)
Me

Me

4

R
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Apart from their greater mechanistic diversity and often different
regioselectivity, alkylcopper nucleophiles differ from their s-block counterparts in
another very important respect. Whereas Grignard and organolithium reagents are
strongly basic and very adept at destroying sophisticated molecules, the attenuated
polarization Cu–C bond makes organocopper complexes tolerant of moderately
electrophilic (e.g., cyano or carboalkoxy) or mildly acidic (e.g., hydroxyl)15 functional
groups; in this respect, organocopper compounds are much like other late transition
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metals. Consequently, alkylcoppers are broadly compatible with sensitive
substrates15 and even tolerate incorporation of electrophilic functional groups into
the nucleophile itself (vide infra).
Two methodological advances since Gilman’s time have profoundly extended
the applicability of cuprate reactivity. The first has to do with the principal
limitation of the classical Gilman cuprates. In the interest of efficiency, it is
generally desirable for syntheses to be highly convergent – i.e., to proceed as much
as possible via fragment-coupling reactions between two or more substrates of
comparable size and complexity. Gilman reagents are excellent for, e.g., adding an
ethyl group to a carbonyl function embedded in a complex substrate, but they are
not good for fragment-coupling. Although Gilman cuprates are much more stable
than their neutral binary congeners, they are still not very stable.15 Further, only
one of the nucleophilic alkyl substituents is transferrable. Thus, good-yielding
syntheses of alkylated product generally requires 3-5 equiv of the nucleophilic
component, which is unacceptable if that component is reasonably structurally
complex. The use of mixed cuprates bearing one non-transferable substituent on
Cu15 has been instrumental in resolving this difficulty; Figure 3 provides two
impressive examples of their use in natural-product synthesis.
Figure 3. Applications of mixed cuprates in complex-molecule synthesis.15-17
(A) Knochel, 2004

NC

I

CuCN-2LiCl
ZnCH2SiMe3

(EtO)2(O)P
O
99:1 er

NC

CN

Me
Me

I
Me

Cu(CN)Li•LiCl
THF, NMP

97.5:2.5 er,
73% yield

Me

(B) Smith, 2002
Me
Li(Th-2)Cu

OTBS
OTBS

O
Me

DMB = 2,4-dimethoxybenzyl
PMB = 4-methoxybenzyl
TBS = (tert-buty)dimethylsilyl
2-Th = 2-thienyl

Me
Et2O/THF
-45 to 0°C

+
OPMB

OTBS
OTBS

O
PMBO

Me

OH
69-72% yield

DMBO

DMBO

O
(1.5 equiv)

3. Cuprate-Catalyzed C–C-Bond-Forming Reactions.
The second major advance has been the development of an exceptionally broad
repertoire of cuprate-mediated organic transformations that use catalytic amounts
of Cu – although it should be noted that Cu-catalyzed nucleophilic addition
reactions18 in fact predate both the discovery of cuprates and their use as
stoichiometric reagents (Figure 4, A). Copper is not a particularly expensive
substance (currently valued at $2.17 per pound, versus $2.10 per pound for
magnesium); the importance of cuprate-mediated catalysis mostly derives from the
fact that it permits enantioselective C–C-bond-formation using catalytic quantities
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of chiral supporting ligands. Since the original report of Karasch and Tawney in
1941,18 many variants of cuprate-catalyzed alkylation reactions have been
developed (Figure 4, B–E). The mechanistic work of Feringa on Cu-catalyzed 1,4addition of alkylmagnesiums (Scheme 2)19 illustrates basic principles of how these
and related cuprate-catalyzed reactions operate. The oxidative addition and
reductive elimination steps occur analogously to those in the general mechanism for
addition of Gilman reagents (Figure 2, A),6,19 with the notable difference that the
catalytic intermediates are instead heterobimetallic complexes in which the Lewis
acidic metal center of the main group nucleophile (here, magnesium) serves to
activate the carbonyl group (7, Scheme 2). Catalytic turnover is then achieved via
reductive elimination and regeneration of the active nucleophile (6, Scheme 2) via
reaction of the RCu(I) liberated (refer to intermediate 3, Figure 2, A) with a second
equivalent of the main-group organometallic. Because cuprate-regeneration steps
are highly general, it has been possible to develop catalytic versions of most of the
fundamental reaction types shown in Scheme 1. Select examples,20 notable for their
historical significance or synthetic utility, are provided in Figure 4, B–E.
Figure 4. Representative cuprate-catalyzed C–C-bond-forming transformations.
(A) Kharasch, 1941
O
MeMgBr

MeMgBr
+

Me
Me

Me

O

Me

HO

Me
Me

Me

Me

1 mol%
CuCl

Me
Me

1.1:1 (diene):(carbinol)
90% total yield

Me
Me

Me
Me

82:7 (1,4):(1,2)-addition
90% total yield

(B) Linstrumelle, 1979
OH

O
+

Bu

10% CuI

BuMgCl

THF

(C) Comins, 1982
Cl

EtMgBr
5% CuI

THF

H2, Pd/C

N

O

EtO

N

Et

Et

Cl–
+

58% yield
(6% without CuI)

EtO

N

N
O

EtO

EtO

O

O

95:5 (1,4):(1,2)-addition
79% yield

(D) Lipshutz, 1995

O

O
IZn

Ph

Ph

O

1. MeLi, -78 °C

O

2. 5 mol% Me2Cu(CN)Li2
3. 3 equiv TMSCl

(E) Sawamura, 2010
Bu

OP(O)(OEt)2
Ph

+

Ph

9-BBN

10% Cu(OAc)
1 equiv t-BuOK

Bu
Ph

60 °C, THF
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Ph

80% yield
> 99:1 E:Z

Especially prolific development of protocols for asymmetric cuprate-catalysis
began in the 1990’s. As the simple Gilman reagents illustrate, ancillary ligands are
not strictly required to impart either reactivity or selectivity to cuprate catalytic
intermediates; rather, the most important function of chiral ancillary ligands in
cuprate-catalyzed reactions is to discriminate between different enantiofacial forms
of key transition-state structures. Consequently, a great deal of chemical diversity
exists among the kind of chiral ligands used in cuprate catalysis. Further,
structural models and exact compositions for stereodetermining transition states
are frequently either unclear or unknown.21 Cuprate intermediates and transitionScheme 2. Mechanism of copper-catalyzed conjugate addition of alkylmagnesium
reagents.
Me

O

MgO

H

R

Me
Me

L2CuBr•RMgBr

complexation
Me

6

Me

Br

transmetalation,
reductive elimination

Mg

Br

R
CuL2

Me

Br

RMgBr
MgO

Me

H

Fe

PCy2
PPh2

Me

O

R

L2 =

7

Cu(III)L2

oxidative
addition

Me
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structures are often bi- or multi-metallic species in which the copper center is
associated with the main group metal(s) through a network of bridging interactions
with anionic ligands associated with the stoichiometric nucleophile21 (intermediate
7 in Scheme 2 is a relatively simple example). The structures of these aggregates
appear to be highly dependent on the identity of the main group metal, the identity
of the bridging ligands, and the identity of the electrophile itself.21 Designing
reaction systems capable of efficient chiral discrimination therefore requires
empirical optimization of a large number of reaction parameters for a new
transformation with any given electrophile class. Nevertheless, some intelligible
trends are evident. BINOL-derived chiral phosphoramidites (Figure 5, A–B)22a-b,23
are easily the most privileged ligands for asymmetric cuprate additions to
conjugated electrophiles. Feringa’s application of these ligands to the first
examples of organozinc additions that achieve high enantioselectivity with both
cyclic and acyclic enones (Figure 5, A)22a stands as a foundational achievement in
the field, as does Alexakis’s use of BINOL phosphoramidites in engineering the first
robustly enantioselective allylic alkylation reactions (Figure 5, B).22b Hoveyda’s
peptidic ligands have had notable applications in extending asymmetric alkylation
to more highly conjugate substrates (Figure 5, C),22c,24 and C2-symmetric
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bis(phosphine) ligands have also proven valuable, as in Charette’s highly
enantioselective 1,2-alkylation of activated imines (Figure 5, D).22d
4. CuH-Catalyzed Asymmetric C–C-Bond-Forming Reactions.
Although they are now indispensible tools for synthesis, cuprate-catalyzed
nucleophilic additions are neither optimally synthetically efficient nor particularly
empowering with regard to the choice of nucleophile. Cuprate-based catalysis
primarily serves to mediate the reaction of a pre-generated nucleophile with the
electrophile, and in that sense, it merely defers the problem of obtaining the desired
nucleophile. It does not enable the synthetic practitioner to generate a nucleophile
of choice from a more desirable precursor molecule via the action of the catalyst.
The emergence of new modes of reactivity involving neutral alkylcopper
intermediates has fundamentally changed this picture, enabling the use of a single
Cu catalyst for stereo- and regio-controlled formation of a desired carbon
nucleophile in tandem with stereocontrolled reaction of that species with a
Figure 5. Asymmetric C–C-bond-forming reaction involving cuprate catalytic
intermediates.
(A) Feringa, 1996
O
+

Ph

Et

3% Cu(OTf)2

Et2Zn

O

6.5% L1
PhMe, -15 °C

iPr

O

Ph

P N
iPr

O
L1

88% yield, 90% ee

(B) Alexakis, 2004

cat

O

OMe

+ L2
O

S

Me

Me

O

Cu

Cl

P N
MgBr

Me

O
72% yield,
94% ee
91:9 SN2’:SN2

Me

OMe
L2

(C) Hoveyda, 2004

OtBu
5% Cu(OTf)2
10% L3

Me
OP(O)(OEt)2
Ph

Et2Zn

Et Me

O
N

Ph
64% yield
92% ee
> 30:1 SN2’:SN2

(D) Charette, 2003

H
N
O

OH

N

H

5% Cu(OTf)2
5.5% L2

L3

+

Et2Zn

HN

P(O)Ph2

P
Me

Et

PhMe, 0 °C

P
96% NMR yield
93% ee

Me
L4
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NHnBu
iPr

Me
P(O)Ph2

O

Me

chosen electrophile.
Figure 6. Phosphine effects on the stability and
However, as noted at the reactivity of CuR and CuH compounds.
outset of this chapter,
(A) Yamamoto,1974 (synthesis); Caulton, 1989 (X-ray crystal structure)
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Me
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excess Ph3P
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Me
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advances, historically
distributed over four
(B) Yamamoto,1977
PPh3
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iBu Al(OMe)
stable up to 60 °C
2
Cu
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Cu(acac)2
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Me
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PPh3
use in asymmetric
Me
catalysis could be
(C) Whitesides,1969
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4.1. Stabilization and
solubilization of
neutral
organocopper(I)
complexes and their
Cu(I) hydride analogs
by ancillary sigmadonor ligands.

Me2CuLi (ca. 3 equiv)
LiI, Et2O, rt, 2.5 h

I

Me

conditions A

70% yield
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75% yield
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MeCu(PBu3)
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PPh3

Whereas
H Cu H
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NaHB(OMe)3
Cu
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[(Ph3P)CuCl]4
[(Ph3P)CuH]6 =
CuH
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Cu
Cu
solution, explodes,
9
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PPh3
Ph
P
3
unstable
H Cu
H
emits flammable gas,
above
and imbues whatever
–20 °C
PPh3
it was in with a
red crystals, stable at rt
hydrides on front of upper face and back
metallic sheen,2-3 all
of lower face are omitted for clarity
without giving any
sign of synthetic promise along the way,5 Yamamoto’s group showed in 1974 that
exposing this substance to triphenylphosphine (Figure 6, A) generates a freely
soluble, easily isolable crystalline species of formula (Ph3P)3CuMe,25a which is stable
at temperatures up to 70 °C2,25a and now known to exist as a tetrahedral,
monometallic complex.26 They went on to describe a family of related, relatively
thermally stable alkylcopper phosphine complexes of the type RCu(PPh3)2 (Figure 6,
B), and demonstrated using freezing point depression that these compounds are
monomeric in solution.25b In addition to having a dramatic stabilizing effect, there
were also early indications that phosphine-ligation could modulate the reactivity of
neutral alkylcoppers – potentially inducing them to undergo usefully cuprate-like
transformations. Whitesides’s report on the methylation of iodonaphthalene with
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Bu3PCuMe was particularly instructive in this regard (Figure 6, C).10b It was also
critically important to the ultimate development of catalysis involving neutral
organocopper intermediates that this phosphine-stabilizing effect extends to Cu(I)
hydrides. CuH itself is a polymeric solid that decomposes to its elements above -20
°C,27 but in 1970, again with the aid of Ph3P, Churchill and Osborn prepared the
first example of an isolable copper hydride,28-29a the hexameric compound
[(Ph3P)CuH]6 (9, Figure 6, D),
Figure 7. Phosphine-ligated CuH complexes
which exhibits an octahedral
as catalysts for conjugate reduction.
core of CuPPh3 units29a and
displays overall prismatic
(A) Stryker, 1988
symmetry when the bridging
O
hydrides are taken into
29b
account. This deep-red
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Me
6
crystalline solid would also go
O
2.7 mol%
Me
Me
81% yield
on to show very valuable
Me
after 20 h
reactivity toward organic
Me
Me
electrophiles.
OCu(PPh3)

4.2. Catalytic conjugate
reduction of enones and
acrylates with CuH phosphine
complexes.
In 1988, Stryker reported
that the Osborn complex, now
generally known as Stryker’s
reagent, effects highly selective
conjugate reduction enones.30
Remarkably, the same study30
described a catalytic version of
this conjugate reduction
(Figure 7, A) occurring under
forcing hydrogenation
conditions (200-1000 psi) via
heterolytic dihydrogen
activation by the Cu-enolate
intermediate (10, Figure 7, A).
Lipshutz later showed that
turnover could be achieved
much more conveniently via
facile !-bond-metathesis
between the Cu-alkoxide
intermediate and mild
hydrosilanes (Figure 7, B).31
This finding set the stage for
Buchwald’s use of BINAP-

H2
1000 psi

Me
Me

Me

10

6

(B) Lipshutz, 1998
O

O

5% [Ph3PCuH]6
1.5 equiv PhSiH3

99% yield

PhMe, rt
Me

Me

Me

Me

(C) Buchwald, 1999
5% CuCl
5% NaOtBu
10% (S)-p-tol-BINAP

Me
CO2Et

Me
CO2Et

4 equiv PHMS
rt, 22h

P(p-Me-C6H4)2
P(p-Me-C6H4)2

89% yield
92% ee
H Me

Me3Si

O

Si

O

SiMe3
n

PMHS
(S)-p-tol-BINAP

(D) Lipshutz, 1999
O
O

PAr2
PAr2

O

Cu(OAc)2
2 equiv PMHS
PhMe, rt
tBu

O

OMe

DTBM-SEGPHOS

Ar =
tBu

21

“

O
O

Ar
Ar

P

”

CuH

O

P

O

Ar

Ar
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commercially available

derived CuH catalysts in the first example of enantioselective conjugate reduction
(Figure 7, C),32 and, in turn, Lipshutz’s own report (Figure 7, D) that CuH
complexes derived from the related ligand DTBM-SEGPHOS are both optimal
catalysts for carbonyl reductions and indefinitely stable in solution.28,33 The latter
finding is all the more extraordinary given that such hydride solutions in fact
contain mostly dissociated ligand.34,35

4.3. Asymmetric hydrocupration of unactivated (i.e., non-Michael-acceptor) olefins
with in situ electrophilic trapping and CuH regeneration.
Stryker’s complex was notable for its chemoselectivity: it was never found to
reduce unconjugated olefins during the studies described above. This is highly
useful if one wishes to achieve chemoselective reduction of a polyfunctional
substrate, but it also limits the kinds of catalytic cycles one might envisage for such
complexes. The 2009 report from Yun’s group of a CuH-catalyzed hydroboration of
Figure 8. Asymmetric Cu-catalyzed hydroboration of an unactivated olefin: Yun,
2009.
5% CuCl, 6% NaOtBu
5.5% (S,S,R,R)-tangphos
1.2 equiv HBPin
PhMe, rt, 48 h

MeO

H H

BPin
Me

P
tBu

MeO

P
tBu

(S,S,R,R)-tangphos
CuL2
Me

Via
MeO

HBPin

11

BPin

MeO

Me
L2CuH

MeO

styrenes (Figure 8)36 was thus a pivotal development in the transition from CuHcatalyzed hydrogenation to CuH-catalyzed hydrofunctionalization. In particular,
they demonstrated that CuH complexes derived from bulky, strongly electronreleasing bis(phosphines) like (S,S,R,R)-tangphos hydrocuprate styrenes efficiently
and with very high levels of regio- and diastereo-selectivity; further, the resulting
chiral !-phenethylcopper intermediates (e.g., 11, Figure 8) were evidently
configurationally stable long enough to undergo stereospecific !-bond metathesis
with HBPin.36 Because the CuH catalyst is regenerated in this reaction via direct
reaction of the alkylcopper with the hydride source, this constitutes a minimal
catalytic cycle for olefin hydrofunctionalization (Figure 8). Independent reports
from Miura37a and Buchwald37b in 2013 on highly enantioselective olefin
hydroamination (Figure 9) marked a decisive next step toward the discovery of a
general platform for catalytic hydrofunctionalization of unactivated olefins.38 The
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Figure 9. Cu-Catalyzed asymmetric hydroamination of styrenes.
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hydroamination reactions similarly employed the unique ability of bulky
bis(phosphine)CuH complexes to generate !-stereogenic organocopper
nucleophiles,37 but the trapping of these species by an electrophilic coupling
partner, benzoylhydroxylamine 12 (Figure 10, A) occurs prior to hydride
regeneration.34,37 In the ensuing years, our group has shown that mechanistically
analogous asymmetric transformations, spanning both addition- and substitutionbased C–C-bond-forming processes (Figure 10, B), are possible with a very wide
variety of carbon electrophiles,39 including most of the substrate classes employed in
classical cuprate reactions.
Two unifying themes of the original research presented in the subsequent
chapters are (1) the application of CuH catalysis to asymmetric functionalization of
heterocyclic compounds, which are among the most important substructures of
pharmaceutical and natural-product molecules, and (2) the application of CuHcatalysis to hydrofunctionalization with electrophiles that are not generally viable
in cuprate catalysis. Transformations of the latter type represent a major
advantage associated with neutral organocopper catalysis that is distinct from the
ability to generate chiral nucleophiles in situ. Unexpectedly, the hydrosilane
reductants so widely employed28 in CuH catalysis belong to this category of
electrophiles, and the second chapter of this thesis documents the first example of a
Cu-catalyzed olefin hydrosilylation reaction.40 Although not a C–C-bond-forming
reaction, silicon’s presence immediately below carbon in group 14 make it germane
to the discussion in this chapter, particularly given that silasubstitution – the
synthesis of new drug analogs in which silicon replaces specific carbon atoms that
result in undesirable molecular properties41 – has emerged as a very fascinating
new application of organosilicon chemistry to drug design. The hydrosilylation
reaction is also highly enantio- and regio-selective, and we have leveraged this
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result to achieve the first example of an asymmetric net C–O bond-formation using
our group’s CuH-based methodology.
Figure 10. Mechanism of the asymmetric
Pyridine, arguably the
hydroamination and generalization to C–C-bondmost important of all
forming processes.
heterocyclic compounds, is
unprecedented as an
R3SiOBz
(A)
electrophile for direct
L2CuH
addition reactions involving
copper nucleophiles; indeed,
R3SiH
it is even resistant to
CuL2
addition of much more
L2CuOBz
Me
powerful nucleophiles (e.g,
Grignard reagents).20b,42-43
Nevertheless, the research
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in Chapter 3 shows that
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Me
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processes
processes
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H R3 R4
at room temperature under
SiR3
X
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LnCu H
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hydrofunctionalization
H SiR3
H SiR3
conditions.42 The
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H R R
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research identified two
R
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E X = R
X
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=
OPO2R
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R3
H
R2N OBz
R3
reactivity that had no
H
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extensive prior research on CuH catalysis, including a surprisingly facile doubledearomatization event, and our first observation of C–C-bond-formation occurring
via a Cu-mediated formal 5,5-sigmatropic rearrangement.44
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Chapter Two.
Asymmetric Copper-Hydride-Catalyzed
Markovnikov Hydrosilylation of Vinylarenes
and Vinyl Heterocycles
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1. Introduction

Metal-catalyzed Olefin Hydrosilylation:
(a)

Chiral silanes undergo a
number of useful
transformations1a,b and
possess more desirable
toxicological and
environmental characteristics
than many related maingroup reagents.2a,b However,
they can be difficult to
prepare due to the scarcity of
broadly applicable methods
for the construction of C(sp3)Si bonds in functionalized
molecules.3a,b This limitation
also discourages the pursuit
of silane drug-candidates,
despite the promise
organosilicon compounds hold
for a variety of therapeutic
applications.3a-c Since
functionalized alkylsilanes
are additionally important to
many modern materials and
industrial processes,4a,b
selective new C–Si bondforming reactions have the
potential to be enabling
technologies for researchers
across a wide range of
disciplines.
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Fi gu re 1 . aMetal-catalyzed hydrosilylation of olefins;

Late transition metalbPd-catalyzed asymmetric Markovnikov
catalyzed olefin
hydrosilylation
hydrosilylation (Figure 1, a)
of vinylarenes; c,dCuH-catalyzed asymmetric
is one of the core synthetic
hydrosilylation of styrenes; eProposed mechanism
for the hydrosilylation.
transformations of
organosilicon chemistry.4b,c
The archetypal Pt-catalyzed variant4b is among the highest-volume industrial
applications of homogenous catalysis,4b,5c,i and the need to replace Pt in this role
with more abundant metals has spurred the discovery of many anti-Markovnikov
hydrosilylation catalysts based on iron,5a-f cobalt5g-j , and nickel.5k-q In contrast,
Markovnikov olefin hydrosilylation catalysts are uncommon, and the synthetic
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capabilities of the reactions are presently limited.5e,6 Hayashi’s discovery that PdMOP complexes catalyze highly enantioselective Markovnikov hydrosilylation with
trichlorosilane7a-e was a milestone achievement in asymmetric catalysis.8 While
this reaction is of exceptional fundamental importance, its reported scope is limited;
in particular, we are aware of no applications of this methodology to the
hydrosilylation of heterocyclic or appreciably Lewis-basic olefins, presumably
because they are incompatible with the sensitive trichlorosilyl group.
Our group has recently developed several functional group-tolerant
Markovnikov hydrofunctionalization reactions that proceed through electrophilic
interception of alkylcopper intermediates generated by asymmetric hydrocupration
of vinylarenes9a-e with an active chiral copper hydride catalyst (I, Figure 1, e, step i).
We reasoned that an asymmetric Markovnikov hydrosilylation could be achieved if
the alkylcopper species II (Fig 1, e) could undergo stereoretentive transmetallation
with a hydrosilane (Fig 1, e, step ii).10,11a,b The hypothesized transformation would
constitute an attractive alternative to Pd catalysis if it could provide isolable silanes
and silane-derivatives with high generality using readily available catalyst
precursors. However, to our knowledge, copper-catalyzed olefin hydrosilylation has
not been described in the primary literature,12 despite pervasive use of hydrosilane
reductants in copper hydride catalysis.9a,13a-c This observation suggested that the
proposed metathesis step could be challenging and that competitive side reactions
might present challenges.
Table 1. Optimization of the CuH-catalyzed
hydrosilylation of styrene.
2. Results and
Discussion
Ph
4.0% Cu(OAc)2
4.4% (S,S)-Ph-BPE

SiR3

Ph
P

P
With styrene as our
Me
silane (n equiv.)
Ph
model substrate, we
40 °C, solvent, time
Ph
observed clean formation of
(S,S)-Ph-BPE
the desired Markovnikov
entrya
silane
n
solvent (0.5 M) time (d) product (%)b ee (%)c
hydrosilylation product
2
86
79
using either PhSiH3 or
Ph2SiH2
1
THF
3.0
dioxane
2
82
92
Ph
SiH
2
3.0
Ph2SiH2, but the
2
2
2
Ph2SiH2
3
92
88
MTBE
3.0
enantioselectivity obtained
Ph2SiH2
5
70
THF
4
24
1.2
with Ph2SiH2 was modest
Ph2SiH2
5
2-Me-THF
5
72
17
1.2
(Table 1, entry 1). The
5
toluene
Ph2SiH2
23
6
76
1.2
selectivity with Ph2SiH2
none
2
94
79
Ph2SiH2
7
3.6
varied with change in the
2
PhSiH3
91e
THF
96
8d
3.0
solvent, although without
_
nd
Me
PhSiH
2
9
THF
3.0
2
_
an obvious correlation with
nd
10
2
Me(EtO)2SiH
THF
3.0
solvent properties.
Reducing the concentration of silane was deleterious for enantioselectivity, whereas
conducting the reaction neat resulted in excellent levels of asymmetric induction
(Table 1, entries 4 and 7). These observations suggest that rapid trapping of the
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alkylcopper intermediate by
the silane may be a key
factor for obtaining high
levels of enantioselectivity,
particularly since the
hydrocupration step is known
to be highly
enantioselective9a-e in a
variety of solvents. This
notion was further supported
by the observation that the
more reactive PhSiH3
underwent hydrosilylation in
96% ee even in THF solution
(Table 1, entry 8).

Table 2. Hydrosilylation of vinylarenes.
X

4.0% Cu(OAc)2
4.4% (S,S)-Ph-BPE

SiHPh2

X

Me

3.0 equiv. Ph2SiH2
rt - 40 °C, neat, time (t)

1 mmol
SiHPh2

OMe SiHPh2

Me

F

Me

1b,c
84% yielda
94% eea
t = 24 h

SiHPh2
Me

2d
75% yield
98% ee
t = 48 h

3c,f
81% yield
97% ee
t = 48 h

SiHPh2

SiHPh2

SiHPh2

SiHPh2

Me

Me

Me

Me
MeN
N

With the goal of
5c,f
4d,f
6d
7d
generating easily isolable
g
67-80% yield
77% yield
86% yield
88% yield
products, we chose to use
87% ee
86% ee
92% ee
92% ee
Ph2SiH2 in our exploration of
t = 72 h
t = 48 h
t = 48 h
t = 24 h
the vinylarene scope. The
SiHPh2
SiHPh2
SiHPh2
results of these studies are
Me
Me
presented in Table 2. The
Me
hydrosilylation occurred in
AcO
MeO
F
b,c,e,f
b,c,f
high yield and with good to
8
10b,c
9
83%
yield
83%
yield
89%
yield
excellent enantioselectivity
97% ee
95%
ee
96%
ee
with substrates containing
t = 12 h
t = 24 h
t = 12 h
either electron-withdrawing
or electron-donating groups and aUnless otherwise noted, yields and enantiomeric
excesses are the averages for two runs; bReaction
accommodated substituents at
was conducted with 2.0 mol% Cu(OAc)2 and 2.2
any of the three positions on
c
the aryl ring. The highest levels mol% (S,S)-Ph-BPE; Reaction mixture was stirred
d
in a 40 °C oil bath; Reaction was conducted at
of enantioselectivity were
ambient temperature; e1.5 equiv. silane were used;
obtained with π- donor
fEnantiomeric excesses were determined for the
substituents at either the pararespective silanol derivatives;14 gExtrema are the
or ortho-positions (e.g.,
results from two experiments.14
examples 2 and 9, Table 2).
Electron-withdrawing groups were tolerated at the meta-position, and we noted
that conducting the reaction at room temperature benefited the selectivity in those
cases. Certain functional groups,
SiHPh2
2.0% Cu(OAc)2
2.2% (S,S)-Ph-BPE
such as the nitro group and
(eq 1)
Me
halogens other than fluorine,
3.0 equiv. Ph2SiH2
1
40 °C, 24 h
2.19 g
were incompatible with the
10 mmol
76% yield
93% ee
reaction, as were sterically
CO2PMB
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CF3

SO2Me

demanding orthosubstituents. Underscoring
the utility of the protocol, we
conducted a reaction on 10
mmol scale without
significant loss of yield or
enantioselectivity (eq 1).

Table 3. Hydrosilylation of Vinyl Heterocycles.
(A)a

4.0% Cu(OAc)2
4.4% (S,S)-Ph-BPE
Het

SiHPh2

1.5 equiv. Ph2SiH2
neat, temp (T), time (t)

n = 1,2

0.5 mmol

Ph2HSi

SiHPh2

Me

Het

n = 1,2

SiHPh2

Me

Me

MeO2C

Me

N
PMB

N
Boc

11
68% yieldb (79% NMR yield)c
41:1 rr (23:1 crude rr by NMR)
97% ee14
T = 40 °C, t = 48 h

MeO

12
61% yield
90% ee
T = 40 °C, t = 36 h

N

13
77% yield
70% ee
T = rt, t = 36 h

SiHPh2
Me
N
O

N

14d
83% yield
88% ee
T = rt, t = 16 h

(B)a

ORTEP diagram of 14

4.0% Cu(OAc)2
4.4% (S,S)-Ph-BPE

Het

5.0 equiv. PhSiH3
neat, rt, 12 h

n = 1,2

KF, H2O2
KHCO3
K2EDTA

SiH2Ph
Me

Het

OH

THF:MeOH
rt, 20 h

n = 1,2

Me

Het

n = 1,2

(not isolated)

1 mmol
OH
N
N

OH

Me

OH

Me

N

N

Me

N

MeO

O
15
85% yield
98% ee
OH

17
80% yield
96% ee

16
64% yield
96% ee
HO

Me

N

HO

HO

Me

Me

Me

N
N
F
18e,f
75% yield
96% ee

N
Boc
19e,f
67% yield
90% ee

O
20
74% yield
97% ee

S
21
66% yield
57-66% ee14

aYields

and enantiomeric excess values are averages
from two runs; bIsolated yield pertains to the regioisomer
mixture; cNMR yield pertains to the major regioisomer;
d2.0 equiv. silane used; eMTBE used as the solvent;
fReaction run for 36 h.
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Table 3 illustrates that a
variety of vinyl heterocycles
proved to be viable substrates
for the reaction. Silanes 11
and 12 (Table 3, A) were
formed with high
enantioselectivity, whereas a
less electronically biased
heterocycle gave product with
modest asymmetric induction
(example 13, Table 3, A).
These results mirrored the
enantioselectivity trends
evident in Table 2 and those
our group has observed in the
CuH-catalyzed
hydroamination of
vinylarenes.9e A crystal
structure of 14 (Table 3, A)
showed the absolute
stereochemistry of the major
enantiomer to be (S), which is
consistent with the
mechanism shown in Figure
1, e.9c,d However, we noted
that several entries in Tables
1 and 2 exhibited lower ee’s
than were obtained in
previously reported reactions
thought to proceed by the
same hydrocupration
step.9c,d We considered two
mechanistic hypotheses that
might account for these
discrepancies: one posits a
racemization step occurring

after hydrocupration (i.e., affecting intermediate II of Figure 1, e); the second
invokes gradual formation of an undesired catalytically active species that
undergoes hydrocupration with poor selectivity in the presence of certain
substrates. In either case, one would expect that accelerating the transmetallation
(Figure 1, e, step ii), e.g., by employing the more reactive PhSiH3, would result in
higher enantioselectivity. PhSiH3 would also be ideal for derivatization attempts
using crude products, since it could be easily evaporated beforehand.
Hydrosilylation with PhSiH3 occurred in <12 h at room temperature in most
examples, and we were able to perform Tamao oxidations15 on the crude products by
incorporating EDTA into the reaction mixtures (Table 3, B), which suppresses
copper-catalyzed disproportionation of hydrogen peroxide. The enantioinduction
obtained with PhSiH3 was indeed broadly superior to that observed with Ph2SiH2
and further appeared to be less sensitive to substrate electronic bias (compare 16,
17 [Table 3, B] and 13 [Table 3, A]).
To sharpen our
ΔG in kcal/mol
TS-C
mechanistic hypothesis,16 we
Me Ph
+21.8 (+32.6)
performed DFT calculations
2.27
2.51
H
P
Si 1.73 Cu
on the CuH-catalyzed
Ph
H 1.66 P
H
hydrosilylation of styrene
with PhSiH3 using
bis(dicyclohexylphosphino)et
TS-C
hane (DCyPE) as the model
C
ligand (Figure 2). After
LCuH
B
–0.7 (+8.2)
A
–9.1 (–3.2)
+ SiHPh
hydrocupration, we located a
SiH2Ph
0.0 (0.0)
PhSiH3
Me
Ph
!-complex C upon interaction
H
LCuH +
D
CuL
PhSiH3 +
+ CuL
of copper with phenylsilane.
–11.9 (–13.7)
Ph
Me
Ph
From here, !-bond
Me
Ph
metathesis may proceed
Fi gu re 2 . DFT model for copper-catalyzed
irreversibly through a
hydrosilylation of styrene (L = DCyPE). M06/6thermally accessible four311+G(d,p) SDD/SMD(THF)//B3LYP/6-31G(d)-SDD
membered transition state
Gibbs free energy values displayed in kcal/mol.
TS-C (+30.9 or +35.8
Corresponding PBE0/6-311+G(d,p)kcal/mol relative to B). The
SDD/SMD(THF)//B3LYP/6-31G(d)-SDD values shown
net reaction is energetically
in brackets. Key bond distances shown in units of Å.
favorable (A vs. D).
Carbon-bonded hydrogen atoms are omitted for clarity.
In summary, we have
developed a broadly
applicable base-metal-catalyzed asymmetric hydrosilylation that provides access to
bench-stable silanes and chiral alcohol derivatives. The method uses mild
conditions, employs commercially available catalyst-precursors, and enables the
functionalization of a variety of medicinally relevant heterocyclic olefins. While our
mechanistic hypotheses remain speculative at this time, we believe they provide a
useful framework for rationalizing the observed selectivity trends. We also believe
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that a thorough mechanistic investigation will be of value to our group’s ongoing
efforts to develop new CuH-catalyzed transformations.
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4. Experimental Section.

4.1 General Reagent Information
Unless noted otherwise, reagents and starting materials were purchased from
commercial vendors and used as supplied. Diphenylsilane (Aldrich) and
phenylsilane (TCI America) were degassed by a freeze-pump-thaw sequence using a
dual manifold (this process was repeated three times) and stored under nitrogen in
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dry Schlenk tubes sealed with screw-in Teflon plugs. The (+)-(2S,5S) and (–)(2R,5R) isomers of 1,2-bis(2,5-diphenylphospholano)ethane (i.e., Ph-BPE) were
obtained through Strem, Aldrich, or Namëna Chemicals. Cu(OAc)2 was either
obtained through Strem (amorphous powder, 97% min.) and used directly or
obtained though Aldrich (microcrystalline powder, 99.99% metals basis) and
crushed inside a dry glass vial with a stainless steel spatula to give a fine powder
prior to use. The latter material was used exclusively for examples 11-21
(Procedure C and D).1 THF and toluene were obtained from J.T. Baker in CYCLETAINER® delivery kegs and purified by successive filtrations though packed
columns of neutral alumina and copper(II) oxide under argon pressure;
dichloromethane used as a reaction solvent was purified in the same manner.
MTBE, 2-Me-THF and dioxane were obtained from Aldrich in SureSeal® bottles
and vigorously sparged with argon prior to use. EtOAc used in chromatography
eluents for hydrosilylation products and their derivatives was HPLC grade (Aldrich
HPLC plus, 99.9%, Aldrich catalog number 650528); EtOAc used in all other
applications was ACS reagent grade (Aldrich, 99.5%). Flash chromatography was
performed on wet-loaded, manually eluted silica columns using SiliCycle
SiliaFlash® F60 silica gel (40-63 µm, 230-400 mesh, 60 Å pore diameter). Analtech
Uniplate™ preparative thin-layer chromatography (TLC) plates (silica gel GF, 1000
micron, UV254 indicator, 20x20 cm) were employed in preparative TLC
purifications. Hydrosilylation reactions were performed in glass culture tubes with
threaded ends (oven dried at 140 °C for at least 16 h prior to use) that were sealed
with screw-thread caps fitted with PTFE/silicone septa (see general procedures for
sizes and part numbers). An illustration of the reaction apparatus used in the
hydrosilylation of vinylarenes is provided in figure SI-1.
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Figure SI-1. Reaction apparatus for hydrosilylation reactions: glass culture tube
with threaded end (Fisher scientific part # 14-959-35A), phenolic screw-thread
open-top cap (Kimble-Chase part # 73804-15425), PTFE-lined silicone septum
(Thermo Fisher scientific part # B7995-15), and a small Teflon-coated stir bar.
General Analytical Information
Proton and Carbon NMR spectra were recorded using Bruker 400 MHz, Bruker 600
MHz, and Varian 500 MHz instruments. Fluorine NMR spectra were recorded
using a Varian 300 MHz spectrometer. Chemical shifts of 1H NMR signals are
referenced to the indicated residual solvent peak (CDCl3, δ = 7.26; CD2Cl2, δ = 5.32;
benzene-d6, δ = 7.16; acetone-d6, δ = 2.05) and reported in ppm relative to
tetramethylsilane. All 13C spectra are proton-decoupled, and 13C shifts are reported
in ppm with reference to the indicated solvent shifts at δ = 77.16 (CDCl3), 53.84
ppm (CD2Cl2), or 206.26 (acetone-d6). Fluorine NMR shifts were recorded on a 300
MHz Varian instrument and indirectly referenced to CFCl3 by way of external
hexafluorobenzene (δ = –164.9). Acetone-d6, benzene-d6, CDCl3, and CD2Cl2 were
obtained from Cambridge Isotope Laboratories; the latter three were stored over
activated 3 Å molecular sieves for 48 h prior to use. IR spectra were acquired from
neat samples using a Thermo Scientific Nicolet iS5 spectrometer equipped with an
iD5 diamond laminate ATR accessory, and representative peaks are reported as
wavenumbers in units of cm–1. Specific optical rotations were recorded for
chloroform solutions at a standard concentration of 5 mg/mL using a Jasco 1010
polarimeter operating at 589 nm. High-resolution mass spectrometry was
performed using a Bruker Daltonics APEXIV 4.7 Tesla Fourier transform ion
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cyclotron resonance mass spectrometer. Elemental analyses were performed for
carbon and hydrogen by Atlantic Microlabs Inc., Norcross, GA. Enantiomeric
excesses (ee’s) were determined either by chiral HPLC analysis using Agilent 1200
Series chromatographs or by chiral SFC analysis using a Waters Acquity UPC2
instrument; specific columns and analytic methods are provided in the experimental
details for individual compounds; the wavelengths of light used for chiral analyses
are provided with the associated chromatograms (see pp 75-96). Gas
Chromatography (GC) was performed using an Agilent 7890A gas chromatograph
equipped with an FID detector and a J&W DB-1 column (10 mm, 0.1 mm I.D.).
Analytical TLC was performed using Silicycle SiliaPlate® glass-backed extra-hardlayer TLC plates (60 Å, 250 µm thickness, 20x20 cm, UV-254 indicator) and
visualization with 254 nm light. Melting ranges of crystalline solids were
determined using a Mel-Temp capillary melting point apparatus and are
uncorrected.

4.2. General Hydrosilylation Procedures
X

4.0% Cu(OAc)2
4.4% (S,S)-Ph-BPE

X

3.0 equiv. Ph 2SiH2
rt - 40 °C, neat, time (t)

SiHPh2
Me

(eq. 1)

Procedure A: Hydrosilylation of Styrene Derivatives:
Caution: According to the National Institutes of Health National Toxicology
Program,3 Styrene is “‘reasonably anticipated to be a human carcinogen’ based on
sufficient animal evidence and limited evidence in humans.” As the toxicological
properties of most of the vinylarenes and vinyl heterocycles used in this paper are
either unknown or poorly characterized, we recommend handling all of them with
the presumption of carcinogenicity.
Inside a nitrogen-atmosphere glovebox, a borosilicate glass culture tube with a
threaded end (Fisher Scientific part # 14-959-35A; oven-dried at 140 °C for 16 h
prior to use) was charged with Cu(OAc)2 (7.2 mg, 0.040 mmol) and (S,S)-Ph-BPE
(22.2 mg, 0.044 mmol) and equipped with a small Teflon-coated stir bar. The
reaction tube was charged with diphenylsilane (0.560 mL, 556 mg, 3.02 mmol) and
then securely sealed with a phenolic screw-thread open-top cap (Kimble-Chase part
# 73804-15425) fitted with a PTFE-lined silicone septum (Thermo Fisher scientific
part # B799515; See Figure SI-1 for a picture of the apparatus). The reaction
mixture was removed from the glovebox and stirred at rt, taking care to ensure that
all particulate solids remained suspended in the bulk mixture. After 80 min, a
homogeneous orange-red or orange-brown solution was obtained, and at this
juncture the septum was penetrated with an inlet needle connected to a glass
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manifold pressurized with nitrogen at ca. 2 psi via a well-purged length of Tygon
tubing. The vinylarene (1.0 mmol; weighed by difference) was added to the tube
using a tared disposable plastic 1 mL syringe from which all air had been excluded,
and the resulting reaction mixture was stirred at the indicated temperature under a
nitrogen atmosphere. After the specified amount of time, the mixture was allowed
to cool to rt (if applicable) and was loaded onto a plug of silica gel (ca. 15 g) that had
been wetted with hexanes. The plug was flushed under vacuum with EtOAc (ca. 200
mL), and the filtrate was concentrated to give a residue that was purified by column
chromatography. The fractions containing the pure product were combined,
concentrated in vacuo, and finally dried under high vacuum for at least 16 h to
provide the desired diphenylsilane adduct.

Procedure B: Hydrosilylation of Styrene Derivatives, Alternative Method:
Inside a nitrogen-atmosphere glovebox, a borosilicate glass culture tube with a
threaded end (Fisher Scientific part # 14-959-35A; oven-dried at 140 °C for 16 h
prior to use) was charged with Cu(OAc)2 (3.6 mg, 0.020 mmol) and (S,S)-Ph-BPE
(11.1 mg, 0.022 mmol) and equipped with a small Teflon-coated stir bar. The
reaction vessel was charged with diphenylsilane (0.560 mL, 556 mg, 3.02 mmol) and
then securely sealed with a phenolic screw-thread open-top cap (Kimble-Chase part
# 73804-15425) fitted with a PTFE-lined silicone septum (Thermo Fisher scientific
part # B7995-15). The reaction mixture was removed from the glovebox and stirred
in an oil bath at 40 °C until it became deep orange in color. The reaction vessel was
then charged with the vinylarene (1.0 mmol) via syringe. The mixture was stirred
in a 40 °C oil bath for the indicated amount of time, allowed to cool to rt, and
subjected to the filtration and chromatography protocols described in procedure A.4
4% Cu(OAc)2
4.4% (S,S)-Ph-BPE
Het
n = 1,2

1.5 equiv. Ph 2SiH2
neat, temp (T), time (t)

SiHPh2
Het

Me

(eq. 2)

n = 1,2

Procedure C: Hydrosilylation of vinyl heterocycles with diphenylsilane:
Inside a nitrogen-atmosphere glovebox, a borosilicate glass culture tube with a
threaded end (Fisher Scientific part # 14-959-35C; oven-dried at 140 °C for 16 h
prior to use) was charged with Cu(OAc)2 (3.6 mg, 0.020 mmol), (S,S)-Ph-BPE (11.1
mg, 0.022 mmol), and the heterocycle (0.50 mmol) and was equipped with a small
Teflon-coated stir bar. The reaction vessel was charged with diphenylsilane (0.140
mL, 556 mg, 0.75 mmol) and then securely sealed with a phenolic screw-thread cap
with a Teflon/silicone septum (Thermo Scientific part number C4015-66A). The
reaction mixture was removed from the glovebox and stirred at the indicated
temperature under a nitrogen atmosphere. After the specified amount of time, the
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mixture was allowed to cool to rt (if applicable) and subjected to the filtration and
chromatography protocols described in procedure A.
4% Cu(OAc)2
4.4% (S,S)-Ph-BPE
Het
n = 1,2

5.0 equiv. PhSiH 3
neat, rt, 12 h

SiH2Ph
Het

Me
n = 1,2

KF, H 2O2
KHCO3
K 2EDTA
THF:MeOH
rt, 20 h

OH
Het

Me (eq. 3)
n = 1,2

(not isolated)

Procedure D: Hydrosilylation/Tamao oxidation sequence:
Inside a nitrogen-atmosphere glovebox, Cu(OAc)2, (7.2 mg, 0.040 mmol) (S,S)-PhBPE (22.2 mg, 0.044 mmol), and the indicated heterocycle (1.0 mmol) were weighed
into an oven-dried glass culture tube with a threaded end (Fisher Scientific part #
14-959-37A). An oven dried stir bar and phenylsilane (0.620 mL, 5.02 mmol) were
added to the vial, and it was sealed with a phenolic screw-thread open-top cap
(Kimble-Chase part # 73804-18400) fitted with a PTFE-lined silicone septum
(Thermo Fisher scientific part # B7995-18). Stirring of the reaction mixture at rt
was begun immediately. Once all of the solid reactants had dissolved, the orangebrown reaction mixture was removed from the glovebox and stirred at rt under a
nitrogen atmosphere. After a total reaction time of 12 h, excess phenylsilane was
removed using a dual-manifold with a liquid nitrogen-cooled solvent trap by
outfitting the reaction vessel with a 24/40 gas adapter with a greased ground-glass
stopcock by way of a connecting adapter (Chemglass part numbers CG-1318-10 and
CG-1318-23) whose threads were wound with Teflon tape (see Figure SI-2 for a
picture of the apparatus). Further drying under high vacuum yielded the crude
hydrosilylation product as a viscous brown oil.
The crude product was transferred as a solution in THF (6 mL) to a flask containing
KF (232 mg, 3.99 mmol), K2EDTA•(H2O)2 (404 mg, 1.00 mmol) and KHCO3 (400
mg, 4.00 mmol). The resulting suspension was stirred at rt while MeOH (6 mL) was
gradually added to it via syringe (caution! vigorous gas evolution occurs during
this manipulation). After 40 min, the pale blue-green suspension was treated
dropwise with H2O2 (50% w/w, 0.51 mL, 8.7 mmol) and then stirred at rt for 20 h.
Excess oxidant was quenched by addition of sodium thiosulfate (anhydrous, 4.0 g,
25.3 mmol) and MeOH (6 mL) followed by vigorous stirring until starch-iodine
testing indicated total destruction of peroxides. (caution! Potentially explosive
organic peroxides are generated during the Tamao oxidation, and the reaction
mixture must be thoroughly quenched prior to any attempt to isolate the crude
product. It is mandatory to use an analytical test for confirming the destruction of
peroxides at this stage, since inefficient stirring of the mixture can result in
incomplete reduction even when superstoichiometric quantities of sodium
thiosulfate are present for extended times. Note, however, that the copper-
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containing solids present in the fully quenched mixture give a false positive for
peroxides using starch-iodine strips; it is therefore important to sample only the
liquid phase during peroxide analysis.) The quenched mixture was taken up into
EtOAc, dried over Na2SO4, filtered, and concentrated to give a residue that was
purified by flash column chromatography on silica gel. The fractions containing the
pure product were combined and the solvent was removed in vacuo to provide the
desired alcohol.

Figure SI-2: apparatus for solvent removal from the hydrosilylation mixture
Procedure D.

4.3 General Procedure for the Synthesis of Silanol Derivatives (Procedure E)

X

SiHPh2
Me

0.1 equiv. PhC(O)CF 3
2.2 equiv. H 2O2
2.7 equiv. MeCN
K 2CO 3/EDTA buffer
t-BuOH/EtOAc, rt

HO
X

SiPh2
Me

(eq. 4)

Direct chiral analysis of several diphenylsilane adducts by HPLC or SFC was
challenging due to a lack of enantiomer separation. To permit the determination of
enantiomeric excesses for these compounds, we converted them to the corresponding
silanols, the enantiomers of which were generally much more easily resolved, using
a slightly modified version of the procedure described by Kokotos, et al.5 Thus, the
diphenylsilane of interest (0.20 mmol) was weighed into a 10 mL conical roundbottom flask equipped with a small Teflon stir bar. The flask was sequentially
charged with 2,2,2-trifluoroacetophenone (3.0 µL, 0.02 mmol), tert-butyl alcohol
(0.38 mL), EtOAc (0.12 mL), MeCN (0.030 mL, 0.57 mmol, 2.7 equiv.), and 0.40 mL
of aqueous buffer (0.6 M in potassium carbonate, 4x10-5 M in tetrasodium EDTA).
H2O2 (50% w/w in water, 25 µL, 0.43 mmol, 2.15 equiv.) was added dropwise and the
resulting cloudy biphasic reaction mixture was vigorously stirred at ambient
temperature for the reaction period specified and then partitioned between EtOAc
and water. The organics were washed with brine, dried over MgSO4, filtered, and
concentrated in vacuo to give a crude residue that was purified by preparative TLC
with the specified eluent. Extraction of silica containing the product band with
EtOAc, filtration, and concentration in vacuo provided the desired silanol.
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4.4. Synthesis and Characterization of Hydrosilylation Products and Their
Derivatives
SiHPh2
Me

( S )-diphenyl(1-phenylethyl)silane (1): Prepared according to procedure A
using styrene (105.1 mg, 1.009 mmol) and a reduced loading of Cu(OAc)2 (3.6 mg,
0.020 mol) and (S,S)-Ph-BPE (11.1 mg, 0.022 mmol). The reaction mixture was
stirred in a 40 °C oil bath for 24 h. The crude residue was purified by flash column
chromatography (20 g silica gel, 55 mm outer-circumference column, gradient of
100% hexanes [150 mL] → 1:99 CH2Cl2:hexanes [150 mL] → 2:98 CH2Cl2:hexanes
[400 mL] → 4:96 CH2Cl2:hexanes [150 mL]) to provide the title compound as clear
oil (260 mg, 89% yield). 1 H NMR (500 MHz, CDCl3) δ 7.57 – 7.50 (m, 2H), 7.45 –
7.39 (m, 1H), 7.39 – 7.32 (m, 5H), 7.30 – 7.26 (m, 2H), 7.24 – 7.16 (m, 2H), 7.14 –
7.07 (m, 1H), 7.02 (d, J = 8.2 Hz, 2H), 4.85 (dd, J = 3.4, 1.2 Hz, 1H), 2.84 (qd, J = 7.5,
3.3 Hz, 1H), 1.48 (d, J = 7.6 Hz, 3H). 13 C NMR (126 MHz, CDCl3) δ 144.5, 135.8,
135.7, 133.1, 129.8, 129.7, 128.3, 128.0, 127.8, 127.8, 125.0, 27.1, 16.6. Note that
two signals overlap. IR (neat) 3067, 3022, 2952, 2868, 2118, 1598, 1489, 1427,
1111, 798, 729, 694 cm–1. EA Calcd. for C20H20Si: C, 83.28; H, 6.99. Found: C, 83.58;
H, 7.00. Specific Rotation [α]!"
–45.4 (c 0.50, CHCl3). Chiral HPLC analysis
!
(25 cm OJ-H column, isocratic hexanes over 30 min, 1.0 mL/min flow rate, tM =
14.90 min, tm = 11.24 min) indicated 94% ee. Duplicate Experiment 80% yield,
94% ee.
Large-scale synthesis of ( S )-diphenyl(1-phenylethyl)silane (1): This
example was conducted according to procedure A, albeit on tenfold scale and with a
reduced catalyst loading. Thus, inside a nitrogen-atmosphere glovebox, Cu(OAc)2
(36.0 mg, 0.200 mmol) and 111.0 mg of (S,S)-Ph-BPE (0.220 mmol) were weighed
into an oven-dried borosilicate glass culture tube with a threaded end (Fisher
Scientific part # 14-959-37C) that contained an oven-dried Teflon-coated stir bar.
Diphenylsilane (5.60 mL, 30.2 mmol) was added to the tube via syringe. The vessel
was sealed with a phenolic screw-thread open-top cap (Kimble-Chase part # 7380418400) fitted with a PTFE-lined silicone septum (Thermo Fisher scientific part #
B7995-18) and removed from the glovebox. The reaction mixture was stirred at rt
for 80 minutes. The septum was then punctured with a nitrogen inlet needle, and
the mixture was charged with styrene (1.046 g, 10.0 mmol), stirred in a 40 °C oil
bath for 24 h, allowed to cool to rt, and then filtered through a pad of silica gel (ca.
50 g). The filtrate was concentrated to give a residue that was purified by flash
column chromatography (125 g silica gel, gradient of 100% hexanes (400 mL) →
2:98 CH2Cl2:hexanes (1200 mL) → 3:97 CH2Cl2:hexanes (400 mL) → 4:96
CH2Cl2:hexanes (800 mL) to provide the title compound as a slightly turbid,
colorless oil (2.191 g, 76% yield). The 1H NMR spectrum of this compound matched
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that of samples prepared on 1 mmol scale. Chiral HPLC analysis (25 cm OD-H
column, isocratic hexanes over 30 min, 1.0 mL/min flow rate, tM = 23.72 min [very
broad], tm = 12.65 min) indicated 93% ee.
OMe SiHPh2
Me

( S )-(1-(2-methoxyphenyl)ethyl)diphenylsilane (2): Prepared according to
procedure A using 2-vinylanisole (136.4 mg, 1.017 mmol). The reaction mixture was
stirred at ambient temperature for 48 h. The crude residue was purified by flash
column chromatography (110 g silica gel, 1:7.5:91.5 EtOAc:CH2Cl2:hexanes) to give
the title compound as a colorless oil (237.1 mg, 74% yield). 1 H NMR (500 MHz,
Benzene-d6) δ 7.63 – 7.57 (m, 2H), 7.47 – 7.40 (m, 2H), 7.19 – 7.14 (m, 3H), 7.12 (dd,
J = 7.5, 1.7 Hz, 1H), 7.10 – 7.03 (m, 3H), 7.01 (td, J = 7.8, 1.7 Hz, 1H), 6.88 (t, J =
7.5, 1H), 6.45 (d, J = 8.1 Hz, 1H), 5.06 (d, J = 3.4 Hz, 1H), 3.52 (qd, J = 7.6, 3.4 Hz,
1H), 3.11 (s, 3H), 1.47 (d, J = 7.5 Hz, 3H). 13 C NMR (151 MHz, CDCl3) δ 156.2,
135.8, 135.4, 134.1, 134.0, 133.3, 129.6, 129.3, 127.9, 127.5, 127.4, 125.7, 120.6,
110.0, 54.9, 19.0, 15.8. IR (neat) 3067, 2953, 2115, 1488, 1427, 1239, 1113, 793, 729,
696 cm–1. EA Calcd. for C21H22OSi: C, 79.20; H, 6.96. Found: C, 79.09; H, 7.05.
Specific Rotation [α]!"
–13.5 (c 0.50, CHCl3). Chiral SFC analysis (25 cm OJ!
H column, 5:95 IPA:scCO2 to 10:90 IPA:scCO2 linear gradient over 6 min with 1 min
hold time, 210-400 nm detection, 2.5 mL/min flow rate, 40 °C, tM = 5.19 min, tm =
4.82 min) indicated 99% ee. Duplicate experiment 77% yield, 98% ee.
F

SiHPh2
Me

( S )-(1-(2-fluorophenyl)ethyl)diphenylsilane (3): Prepared according to
procedure B using 2-fluorostyrene (120 µL, 1.01 mmol) and an increased loading of
Cu(OAc)2 (7.2 mg, 0.040 mmol) and (S,S)-Ph-BPE (22.2 mg, 0.044 mmol). The
reaction mixture was stirred in a 40 °C oil bath for 48 h. The crude product was
purified by flash chromatography (18 g silica, 350 mL hexanes) to give the title
compound as colorless oil (262.4 mg, 85% yield). 1 H NMR (500 MHz, CDCl3) δ 7.56
– 7.51 (m, 2H), 7.43 – 7.29 (m, 6H), 7.27 – 7.22 (m, 2H), 7.07 – 6.95 (m, 3H), 6.88
(ddd, J = 9.5, 8.0, 1.3 Hz, 1H), 4.81 (t, J = 3.2 Hz, 1H), 3.16 (qd, J = 7.5, 3.5 Hz, 1H),
1.42 (d, J = 7.5 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 161.3, 158.9, 135.8, 135.4,
133.0, 132.8, 131.9, 131.7, 129.9, 129.7, 128.7, 128.7, 128.1, 127.9, 126.3, 126.2,
124.1, 124.0, 115.2, 115.0, 18.7, 18.7, 15.9, 15.9. Note that eight signals are doubled
due to 19F,13C-coupling. 19 F NMR (282 MHz, CDCl3) δ –120.1. IR (neat) 3068, 2958,
2870, 2122, 1487, 1428, 1225, 1107, 797 cm–1. EA Calcd. for C20H19FSi: C, 78.39; H,
6.25. Found: C, 78.66; H, 6.28. Specific Rotation [α]!"
–44.4 (c 0.50, CHCl3). The
!
enantiomeric excess of this compound was determined as 97% by chiral HPLC
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analysis of silanol derivative 22 (see page 56). Duplicate experiment 77% yield
of silane 3, analysis of silanol 22 indicated 97% ee.
SiHPh2
Me

CO2PMB

4-methoxybenzyl ( S )-3-(1-(diphenylsilyl)ethyl)benzoate (4): Prepared
according to procedure A, with one modification: the substrate, 4-methoxybenzyl 3vinylbenzoate (27, 264.6 mg, 0.986 mmol), was weighed into the reaction tube
inside the glovebox along with the catalyst precursors. The reaction mixture
obtained upon addition of the silane was removed from the glovebox and stirred at
ambient temperature for 48 h.
The crude residue was purified by flash
chromatography (60 g silica, gradient of 1:19 to 1:7 EtOAc:hexanes) to provide the
title compound as a very viscous colorless oil (331.0 mg, 74% yield). 1 H NMR (600
MHz, CDCl3) δ 7.80 (dt, J = 7.7, 1.4 Hz, 1H), 7.73 (t, J = 1.8 Hz, 1H), 7.52 (dt, J =
6.6, 1.4 Hz, 2H), 7.44 – 7.39 (m, 1H), 7.39 – 7.32 (m, 7H), 7.29 – 7.24 (m, 2H), 7.22 (t,
J = 7.7 Hz, 1H), 7.15 (dt, J = 7.7, 1.5 Hz, 1H), 6.97 – 6.88 (m, 2H), 5.30 – 5.24 (m,
2H), 4.84 (d, J = 3.4 Hz, 1H), 3.84 (s, 3H), 2.90 (qd, J = 7.5, 3.4 Hz, 1H), 1.49 (d, J =
7.5 Hz, 3H). 13 C NMR (151 MHz, CDCl3) δ 166.8, 159.7, 144.9, 135.8, 135.6, 132.7,
132.6, 132.4, 130.2, 130.1, 130.0, 129.8, 128.9, 128.5, 128.2, 128.1, 127.9, 126.5,
114.1, 66.5, 55.4, 27.1, 16.5. IR (neat) 3068, 2955, 2870, 2120, 1714, 1612, 1514,
1428, 1277, 1245, 1172, 1106, 1083, 1034, 799, 757, 696 cm–1. EA Calcd. for
C29H28O3Si: C, 76.96; H, 6.24. Found: C, 77.16; H, 6.24. Specific Rotation [α]!"
–
!
29.3 (c 0.50, CHCl3). The enantiomeric excess of this compound was determined as
93% by chiral HPLC analysis of silanol derivative 23 (see page 56). Duplicate
experiment 80% yield of silane 4, analysis of silanol 23 indicated 92% ee.
SiHPh2
Me

CF 3

( S )-diphenyl(1-(3-(trifluoromethyl)phenyl)ethyl)silane
(5):
Prepared
according to procedure A using 3-(trifluoromethyl)styrene (171.4 mg, 0.996 mmol).
The reaction mixture was stirred in a 40 °C oil bath for 72 h. The crude product
was purified by flash chromatography (75 g silica gel, 700 mL of 1:39
CH2Cl2:hexanes followed by sufficient 1:19 CH2Cl2:hexanes to elute all product) to
provide the title compound as a colorless oil (284.1 mg, 80% yield). 1 H NMR (500
MHz, CDCl3) δ 7.55 – 7.49 (m, 2H), 7.47 – 7.41 (m, 1H), 7.41 – 7.32 (m, 6H), 7.32 –
7.26 (m, 3H), 7.18 – 7.14 (m, 2H), 4.83 (d, J = 3.2 Hz, 1H), 2.91 (qd, J = 7.5, 3.2 Hz,
1H), 1.50 (d, J = 7.5 Hz, 3H). 13 C NMR (151 MHz, CDCl3) δ 145.5, 136.0, 135.7,
135.6, 132.3, 131.0, 131.0, 131.0, 131.0, 130.8, 130.6, 130.4, 130.1, 130.1, 130.0,
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128.6, 128.2, 128.0, 127.1, 125.3, 124.5, 124.5, 124.5, 124.4, 123.5, 121.8, 121.8,
121.8, 121.8, 121.7, 27.4, 16.2. Note that five signals are perceptibly split as
quartets due to 19F,13C-coupling. These quartets occur at δ = 131 (4J = 1.1 Hz),
130.7 (2J = 32 Hz), 124.5 (3J = 4 Hz), 124.4 (1J = 272 Hz), 121.8 (3J = 4 Hz). 19 F
NMR (282 MHz, CDCl3) δ –65.8. IR (neat) 3070, 2958, 2872, 2122, 1429, 1328,
1162, 1117, 801, 696 cm–1. EA Calcd. for C21H19F3Si: C, 70.76; H, 5.37. Found: C,
70.71; H, 5.33. Specific Rotation [α]!"
–35.3 (c 0.50, CHCl3). The enantiomeric
!
excess of this compound was determined as 87% by chiral HPLC analysis of silanol
derivative 24 (
57). Duplicate experiment 67% yield of 5, analysis of silanol derivative 24
indicated 88% ee. The product of this reaction possesses a very weak chromophore
and elutes in a broad band which has some overlap with another broad band
associated with a diphenylsilane-derived byproduct. The analytically challenging
nature of this purification resulted in slightly greater variability in the isolated
yield than typically observed for CuH-catalyzed hydrosilylation reactions.
SiHPh2
Me

SO2Me

( S )-(1-(3-(methylsulfonyl)phenyl)ethyl)diphenylsilane
(6):
Prepared
according to procedure A, with the following modification: the mixture of catalyst
precursors in diphenylsilane was stirred at ambient temperature in a sealed
reaction tube inside the glovebox rather than in a fumehood. After 80 min, the
reaction tube was uncapped, and the substrate, 1-(methylsulfonyl)-3-vinylbenzene
(28, 182.1 mg, 0.999 mmol), was weighed into it as the solid. The vial was resealed,
and the reaction mixture was removed from the glovebox and stirred at ambient
temperature for 48 h. The crude residue was purified by flash chromatography (80
g silica gel, gradient of 3:17 [50 mL] to 1:4 [300 mL] EtOAc:hexanes followed by
sufficient 1:3 EtOAc:hexanes to elute all product) to provide the title compound as a
clear oil (313.5 mg, 86% yield). 1 H NMR (500 MHz, CDCl3) δ 7.64 (dt, J = 7.7, 1.4
Hz, 1H), 7.55 – 7.50 (m, 2H), 7.46 – 7.40 (m, 2H), 7.40 – 7.32 (m, 6H), 7.32 – 7.25 (m,
3H), 4.81 (d, J = 3.4 Hz, 1H), 2.97 (qd, J = 7.5, 3.5 Hz, 1H), 2.80 (s, 3H), 1.52 (d, J =
7.4 Hz, 3H). 13 C NMR (151 MHz, CDCl3) δ 146.5, 140.3, 135.7, 135.5, 132.7, 132.2,
132.1, 130.2, 130.0, 129.1, 128.3, 128.1, 126.4, 123.8, 44.5, 27.7, 15.9. IR (neat)
3068, 3017, 2955, 2869, 2120, 1594, 1454, 1299, 1142, 1108, 956, 802, 732, 668 cm–1.
EA Calcd. for C21H22O2SSi: C, 68.81; H, 6.05. Found: C, 69.04; H, 6.05. Specific
Rotation [α] !"
–39.4 (c 0.50, CHCl3). Chiral HPLC analysis (25 cm AD-H
!
column, isocratic 5:95 IPA:hexanes over 30 min, 1.0 mL/min flow rate, tM = 11.61
min, tm = 13.89 min) indicated 85% ee. Duplicate experiment 86% yield, 87% ee.
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SiHPh2
Me
MeN
N

( S )-5-(1-(diphenylsilyl)ethyl)-1-methyl-1 H -indazole
(7):
Prepared
according to the modification of procedure A described in the synthesis of sulfone 6,
using 1-methyl-5-vinyl-1H-indazole (29, 158.3 mg, 1.001 mmol). The reaction
mixture was stirred at ambient temperature for 48 h. The crude product was
purified by flash silica chromatography (gradient of 1:9 to 1:4 acetone:hexanes) to
provide the title compound as a pale yellow-beige oil (314.6 mg, 92% yield). 1 H
NMR (500 MHz, Benzene-d6) δ 7.84 (s, 1H), 7.58 – 7.51 (m, 2H), 7.45 – 7.40 (m, 2H),
7.28 (s, 1H), 7.21 – 7.14 (m, 3H), 7.13 – 7.04 (m, 3H), 7.03 (dd, J = 8.6, 1.7 Hz, 1H),
6.78 (d, J = 8.6 Hz, 1H), 5.14 (d, J = 3.3 Hz, 1H), 3.41 (s, 3H), 2.87 (qd, J = 7.5, 3.4
Hz, 1H), 1.52 (d, J = 7.5 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 138.6, 136.7, 135.8,
135.7, 133.3, 133.2, 132.3, 129.8, 129.7, 128.1, 127.9, 127.6, 124.6, 118.7, 108.6, 35.6,
26.7, 17.3. IR (neat) 3067, 2950, 2867, 2117, 1505, 1427, 1224, 1107, 987, 803, 731,
697 cm–1. EA Calcd. for C22H22N2Si: C, 77.15; H, 6.47. Found: C, 77.15; H, 6.51.
Specific Rotation [α]!"
–49.1 (c 0.50, CHCl3). Chiral HPLC analysis (25 cm
!
OD-H column, isocratic 1:99 IPA:hexanes over 15 min, 1.0 mL/min flow rate, tM =
9.96 min, tm = 9.33 min) indicated 92% ee. Duplicate experiment 85%, 93% ee.
SiHPh2
Me
MeO

( S )-(1-(4-methoxyphenyl)ethyl)diphenylsilane (8): prepared according to
procedure A using 4-methoxystyrene (136.6 mg, 1.018 mmol) and a reduced silane
loading (280 µL, 1.51 mmol). The reaction mixture was stirred in a 40 °C oil bath
for 24 h. The crude product was purified by flash column chromatography (20 g
silica gel, 55 mm outer circumference column, 1:39 CH2Cl2:hexanes [200 mL] → 1:19
CH2Cl2:hexanes [400 mL] → 1:4 CH2Cl2: hexanes [400 mL]) to provide the title
compound as a clear oil (270.7 mg, 83% yield). 1 H NMR (600 MHz, CDCl3) δ 7.54
(dt, J = 6.7, 1.4 Hz, 2H), 7.45 – 7.40 (m, 1H), 7.40 – 7.33 (m, 5H), 7.32 – 7.26 (m,
2H), 6.97 – 6.90 (m, 2H), 6.79 – 6.74 (m, 2H), 4.84 (d, J = 3.4 Hz, 1H), 3.78 (s, 3H),
2.78 (qd, J = 7.5, 3.4 Hz, 1H), 1.45 (d, J = 7.6 Hz, 3H). 13 C NMR (126 MHz, CDCl3)
δ 157.2, 136.4, 135.8, 135.7, 133.3, 133.3, 129.8, 129.6, 128.7, 128.0, 127.8, 113.8,
55.4, 25.9, 17.0. IR (neat) 3067, 2952, 2867, 2832, 2115, 1609, 1508, 1428, 1243,
1177, 1113, 1037, 830, 797, 731, 696 cm–1. EA Calcd. for C21H22OSi: C, 79.20; H,
6.96. Found: C, 79.37; H, 7.03. Specific Rotation [α]!"
–39.9 (c 0.50, CHCl3). The
!
enantiomeric excess of this compound was determined as 96% by chiral HPLC
analysis of the silanol derivative 25 (see page 58). Duplicate experiment 83%
yield of 8, analysis of silanol 25 indicated 95% ee.
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SiHPh2
Me
AcO

( S )-4-(1-(diphenylsilyl)ethyl)phenyl acetate (9): Prepared according to
procedure B using 4-acetoxystyrene (155 µL, 1.013 mmol). The reaction mixture
was heated in a 40 °C oil bath for 12 h. The crude product was purified by flash
column chromatography (12 g silica gel, 55 m outer circumference column, 1:19 to
1:1 CH2Cl2:hexanes gradient) to provide the title compound as a colorless oil (326.3
mg, 94% yield). 1 H NMR (500 MHz, CDCl3) δ 7.55 – 7.49 (m, 2H), 7.44 – 7.39 (m,
1H), 7.39 – 7.32 (m, 5H), 7.32 – 7.30 (m, 2H), 7.01 – 6.94 (m, 2H), 6.94 – 6.86 (m,
2H), 4.82 (d, J = 3.3 Hz, 1H), 2.83 (qd, J = 7.5, 3.4 Hz, 1H), 2.27 (s, 3H), 1.45 (d, J =
7.6 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 169.7, 148.2, 142.0, 135.8, 135.7, 132.9,
129.9, 129.8, 128.5, 128.1, 127.9, 121.2, 26.6, 21.3, 16.6 (one signal missing due to
overlap). IR (neat) 3068, 2954, 2869, 2118, 1764, 1504, 1187, 1009, 731, 697 cm–1.
EA Calcd. for C22H22O2Si: C, 76.26; H, 6.40. Found: C, 76.28; H, 6.32. Specific
Rotation [α]!"
–38.7 (c 0.50, CHCl3). The enantiomeric excess of this compound was
!
determined as 97% by chiral HPLC analysis of silanol derivative 26 (see page 58).
Duplicate experiment 84% yield of silane 9, analysis of silanol 26 indicated 95%
ee.

SiHPh2
Me
F

( S )-(1-(4-fluorophenyl)ethyl)diphenylsilane (10): Prepared according to
procedure A using 4-fluorostyrene (123.0 mg, 1.007 mmol) and a reduced catalyst
loading of 3.6 mg Cu(OAc)2 (0.02 mmol) and 11.1 mg (S,S)-Ph-BPE. The reaction
mixture was stirred in a 40 °C oil bath for 12 h. The crude product was purified by
flash chromatography (20 g silica column, 55 mm outer-circumference, 200 mL 1:39
CH2Cl2:hexanes followed by sufficient 1:19 CH2Cl2:hexanes to elute all product) to
provide the tile compound as a colorless oil (255.4 mg, 83% yield). 1 H NMR (500
MHz, CDCl3) δ 7.57 – 7.50 (m, 2H), 7.47 – 7.41 (m, 1H), 7.41 – 7.34 (m, 5H), 7.32 –
7.27 (m, 2H), 6.97 – 6.92 (m, 2H), 6.92 – 6.85 (m, 2H), 4.83 (d, J = 3.4 Hz, 1H), 2.82
(qd, J = 7.5, 3.4 Hz, 1H), 1.46 (d, J = 7.5 Hz, 3H). 13 C NMR (151 MHz, CDCl3) δ
161.6, 160.0, 140.0, 140.0, 135.8, 135.6, 132.9, 132.9, 129.9, 129.8, 129.0, 128.9,
128.1, 127.9, 115.1, 114.9, 77.2, 26.3, 16.8. Note that four aryl resonances are
doubled due to 19F,13C-coupling. 19 F NMR (282 MHz, CDCl3) δ –122.0. IR (neat)
3068, 2956, 2868, 2119, 1505, 1428, 1221, 1158, 1107, 1008, 834, 797, 730, 696 cm-1.
EA Calcd. for C20H19FSi: C, 78.39; H, 6.25. Found: C, 78.43; H, 6.40. Specific
Rotation [α] !"
–42.2 (c 0.50, CHCl3). Chiral HPLC analysis (25 cm OD-H
!
column, isocratic hexanes over 30 min, 1.0 mL/min flow rate, tM = 13.27 min, tm =
9.32 min) indicated 97% ee. Duplicate experiment 83% yield, 97% ee.
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Methyl ( S )-4-(1-(diphenylsilyl)ethyl)-1-(4-methoxybenzyl)-1 H -pyrrole-2carboxylate and methyl 4-(2-(diphenylsilyl)ethyl)-1-(4-methoxybenzyl)1 H -pyrrole-2-carboxylate, 41:1 regioisomer mixture (11): Prepared
according procedure C using Methyl 1-(4-methoxybenzyl)-4-vinyl-1H-pyrrole-2carboxylate (31, 138.8 mg, 0.512 mmol). The reaction mixture was stirred in a 40
°C oil bath for 48 h. The filtration step was omitted in this experiment. Instead, the
crude product was distributed evenly over two preparative TLC plates, using small
aliquots of dichloromethane to complete the transfer. The plates were jointly eluted
in a solvent chamber containing 400 mL 1:9 acetone:hexanes. When elution was
complete, the plates were removed and air dried. A second elution was performed
after 200 mL of 1:4 acetone:hexanes were added the solvent chamber. Drying and
re-elution were performed a third time after adding a second 200 mL portion of 1:4
acetone hexanes to the chamber. The plates were visualized with 254 nm light, and
the intensely fluorescent blue-purple band immediately below the black product
band was stripped away from the plate with an industrial flat-edged razor blade
and discarded. The silica containing the product band was similarly stripped from
the plate, pulverized, and stirred in the presence of ca. 10 mL EtOAc for 1 h. The
mixture was filtered, copiously rinsing the filter cake with EtOAc. The filtrate was
concentrated in vacuo to give an extremely viscous colorless oil that crystallized as a
white solid over the course of several days (163.7 mg, 70% yield, 39:1 regioisomer
ratio). 1 H NMR (500 MHz, CD2Cl2) Major regioisomer: δ 7.57 – 7.51 (m, 2H), 7.47 –
7.43 (m, 2H), 7.43 – 7.33 (m, 4H), 7.31 (t, J = 7.3 Hz, 2H), 6.97 – 6.88 (m, 2H), 6.82 –
6.77 (m, 2H), 6.72 (d, J = 2.0 Hz, 1H), 6.48 (d, J = 2.0 Hz, 1H), 5.34 (s, 2H), 4.81 (d, J
= 3.5 Hz, 1H), 3.78 (s, 3H), 3.71 (s, 3H), 2.72 (qd, J = 7.5, 3.5 Hz, 1H), 1.37 (d, J = 7.5
Hz, 3H); Unobscured minor regioisomer signals: 6.85 – 6.82 (m, 2H), 6.67 – 6.64 (m,
= 1H), 5.39 (s, 2H, R2NCH2PMP), 4.85 (t, J = 3.8 Hz, 1H, Si-H), 3.77 (s, 3H, OCH3),
3.74 (s, 3H, OCH3), 2.63 – 2.56 (m, 2H, ArCH2CH2SiHPh2), 1.49 – 1.44 (m, 2H,
ArCH2-CH2SiHPh2). A ratio of 41:1 for the major and minor regioisomers was
determined from the integrals of the diagnostic signals at 2.72 and ca. 2.59 ppm of
the major and minor regioisomers, respectively. 13 C NMR (151 MHz, CD2Cl2) δ
Major regioisomer: 161.7, 159.3, 135.9, 135.9, 134.0, 133.8, 131.1, 130.0, 130.0,
128.5, 128.3, 128.2, 126.7, 126.4, 121.5, 117.4, 114.2, 55.6, 51.6, 51.1, 18.1, 16.9.
Visible minor regioisomer signals: 135.5, 128.8, 128.4, 114.2, 51.5, 21.7, 14.0. IR
(neat) 3071, 2948, 2836, 2126, 1703, 1514, 1445, 1426, 1185, 1105, 1301, 1093, 797,
723, 639 cm–1. EA Calcd. for C28H29NO3Si: C, 73.81; H, 6.42. Found: C, 73.55; H,
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6.38. m.p. 56-58 °C. Specific Rotation [α]!"
–10.8 (c 0.50, CHCl3). Chiral HPLC
!
analysis (25 cm OD-H column, isocratic 1:99 IPA:hexanes over 30 min, 1.0 mL/min
flow rate, tM = 15.23 min, tm = 14.09 min) indicated 97% ee.6 Duplicate
experiment 66% yield, 97% ee, 41:1 regioisomer ratio. The innate regioselectivity
of the reaction was determined as follows: a reaction mixture containing 136.0 mg of
the pyrrole substrate was prepared according to the procedure above and aged at 40
°C for 78 h. Afterward, the mixture was diluted with EtOAc and filtered through a
plug of silica gel. The filtrate was concentrated to give a crude residue that was
redissolved in CD2Cl2 in the presence of the internal standard 1,2bis(trimethylsilyl)benzene (12.5 mg, 0.0562 mmol), and the resulting mixture was
analyzed by 1H NMR. Integration of the diagnostic signals at δ = ca. 2.71 and 2.60
ppm for the major and minor regioisomers, respectively, indicated a ratio of 96.5:3.5
= ca. 28:1. Integration of the diagnostic signal of the major diastereomer to the
ArSi(CH3) signal of the internal standard indicated an 81% yield of the major
diastereomer. A duplicate experiment gave a regioisomer ratio of 95:5 = 19:1 and a
78% yield for the major regioisomer.
Ph 2HSi

Me

N
Boc

Tert -butyl ( S )-3-(1-(diphenylsilyl)ethyl)-1 H -indole-1-carboxylate (12):
Prepared according to procedure C using tert-butyl 3-vinyl-1H-indole-1-carboxylate
(32, 122.1 mg, 0.502 mmol). The reaction mixture was heated in a 40 °C oil bath for
36 h. The crude product was purified by flash silica chromatography (3:7
CH2Cl2:hexanes) to provide the title compound as an extremely viscous colorless oil
(130.1 mg, 61% yield). 1 H NMR (500 MHz, Benzene-d6) δ 8.52 (br. s, 1H), 7.55 –
7.47 (m, 4H), 7.42 (d, J = 7.8 Hz, 1H), 7.38, (br. s, 1H) 7.28 (ddd, J = 8.3, 7.2, 1.2 Hz,
1H), 7.18 – 7.13 (m, 1H), 7.13 – 7.08 (m, 4H), 7.06 (dd, J = 7.9, 6.4 Hz, 2H), 5.18 (d, J
= 2.6 Hz, 1H), 2.95 (qd, J = 7.5, 2.5 Hz, 1H), 1.44 (d, J = 7.5 Hz, 3H), 1.34 (s, 9H).
13 C NMR (151 MHz, CD Cl ) δ 150.0, 136.1, 135.8, 133.7, 133.4, 130.7, 130.2,
2
2
130.1, 128.3, 128.3, 124.4, 124.0, 122.3, 122.2, 119.8, 115.4, 83.6, 28.3, 16.8, 16.5. IR
(neat) 3068, 2975, 2868, 2122, 1727, 1450 1367, 1249, 1154, 1084, 780, 731, 697 cm–
1. HRMS (m/z, DART-TOF, +’ve) Calcd. For [C H NO Si + H]+: 428.2040. Found:
27 29
2
!"
428.2031. Specific Rotation [α] ! –23.3 (c 0.50, CHCl3). The enantiomeric excess
of this compound was determined as 90% by analysis of the alcohol derivative 19.
Duplicate Experiment 62% yield of silane 12, analysis of 19 indicated 90% ee.
SiHPh2
Me
MeO

N
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( S )-5-(1-(diphenylsilyl)ethyl)-2-methoxypyridine (13): Prepared according
to procedure C, with the following modification: inside a nitrogen-atmosphere
glovebox, Cu(OAc)2 (3.6 mg, 0.020 mmol) and (S,S)-Ph-BPE (11.1 mg, 0.022 mmol)
were weighed into a dry reaction tube, which was then equipped with a stir bar,
sealed with a septum cap, and finally removed from the glovebox. The septum was
penetrated with a nitrogen inlet needle, and diphenylsilane (0.140 mL, 556 mg, 0.75
mmol) was added via syringe followed immediately by the substrate, 2-methoxy-5vinylpyridine (33, 69.9 mg, 0.517 mmol). The resulting mixture was stirred at
ambient temperature for 36 h. The filtration step was omitted. Instead, the crude
reaction mixture was distributed over two preparative TLC plates, which were then
jointly eluted four times in a solvent chamber (once with 3:97 acetone:hexanes, 3X
with 4:96 acetone:hexanes). The product bands were stripped from the plate and
extracted as described in the synthesis of pyrrole 11 to provide the title compound
as a colorless oil (132.8 mg, 80% yield). 1 H NMR (500 MHz, Benzene-d6) δ 8.02 (d, J
= 2.5 Hz, 1H), 7.47 (dd, J = 7.8, 1.6 Hz, 2H), 7.40 – 7.35 (m, 2H), 7.20 – 7.10 (m, 4H),
7.10 – 7.03 (m, 2H), 6.94 (dd, J = 8.5, 2.6 Hz, 1H), 6.56 (d, J = 8.4 Hz, 1H), 4.97 (d, J
= 3.4 Hz, 1H), 3.82 (s, 3H), 2.50 (qd, J = 7.6, 3.4 Hz, 1H), 1.28 (d, J = 7.6 Hz, 3H).
13 C NMR (101 MHz, CDCl ) δ 162.2, 145.4, 138.2, 135.8, 135.6, 132.7, 132.7, 132.5,
3
130.0, 129.9, 128.2, 128.1, 110.3, 53.4, 23.2, 16.8. IR (neat) 3068, 3010, 2945 2118,
1602, 1488, 1461, 1387, 1295, 1274, 1114, 1029, 798, 730, 696 cm–1. EA Calcd. for
C20H21NOSi: C, 75.19; H, 6.63. Found: C, 75.36; H, 6.74. Specific Rotation [α]!"
–
!
18.8 (c 0.50, CHCl3). Chiral HPLC analysis (25 cm AD-H column, isocratic 1:99
IPA:hexanes over 15 min, 1.0 mL/min flow rate, tM = 6.46 min, tm = 5.87 min)
indicated 71% ee. Duplicate experiment 75% yield, 69% ee.
SiHPh2
Me
N

N

O

( S )-4-(5-(1-(diphenylsilyl)ethyl)pyridin-2-yl)morpholine (14): Prepared
according to procedure C using 4-(5-vinylpyridin-2-yl)morpholine (34, 95.9 mg,
0.504 mmol) and an increase diphenylsilane loading (190 µL, 1.02 mmol, 2.03
equiv.). The reaction mixture was stirred at ambient temperature for 16 h. The
crude product was purified by flash column chromatography (40 g silica gel, 15:85
acetone:hexanes) to provide the product as a viscous oil that became an off-white
solid upon drying under high vacuum (151 mg, 80% yield). 1 H NMR (500 MHz,
CDCl3) δ 7.96 (d, J = 2.5 Hz, 1H), 7.59 – 7.50 (m, 2H), 7.46 – 7.39 (m, 3H), 7.39 –
7.33 (m, 3H), 7.38 – 7.32 (m, 2H), 7.12 (dd, J = 8.7, 2.6 Hz, 1H), 6.50 (d, J = 8.6 Hz,
1H), 4.84 (d, J = 3.4 Hz, 1H), 3.91 – 3.72 (m, 4H), 3.45 – 3.38 (m, 4H), 2.72 (qd, J =
7.6, 3.4 Hz, 1H), 1.42 (d, J = 7.5 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 157.9,
147.0, 137.1, 135.8, 135.7, 133.0, 132.9, 129.9, 129.9, 129.8, 128.2, 128.0, 106.9, 67.0,
46.3, 23.0, 16.9. IR (neat) 2954, 2855, 2126, 1602, 1492, 1301, 1191, 1185, 1114,
945, 825, 801, 743, 704 cm–1. EA Calcd. for C23H26N2OSi: C, 73.75; H, 7.00. Found:
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C, 73.65; H, 6.94. Specific Rotation [α]!"
–15.2 (c 0.50, CHCl3). Chiral HPLC
!
analysis (25 cm AD-H column, isocratic 10:90 IPA:hexanes over 15 min, 0.8
mL/min flow rate, tM = 6.60 min, tm = 7.23 min) indicated 89% ee. Duplicate
experiment 86% yield, 88% ee.
Highly compounded block-like white crystals of 14 suitable for X-Ray diffraction
were grown by vapor diffusion of hexanes into a solution of ca. 70 mg 14 in 0.5 mL
Ph Ph
Si H
O

N
N

H
Me

14

Figure SI-3: ORTEP diagram of 14

THF.
The crystals were submitted to diffraction analysis without further
manipulation. The crystal used in the diffraction experiments was recovered, repurified away from the mounting oil by preparative TLC on an analytical TLC plate
using the chromatography eluent above, and analyzed by chiral HPLC. Its
enantiomeric composition (88% ee) was identical to that of the bulk sample. The
Fock parameter for the crystal structure indicated zero probability that the
enantiomer in the asymmetric unit (S) was the minor enantiomer in the crystal,
transitively confirming (S) absolute configuration for the major enantiomer
produced by the reaction. A second crystal grown in this manner and submitted to
X-ray analysis also resulted in an X-ray structure of the (S) enantiomer. The
absolute configurations for all other compounds obtained by hydrosilylation with
diphenylsilane were assigned by analogy to 14 (Figure SI-3).
See the
supplementary CIF file for crystal data.
OH
N
N

Me
N

( S )-1-(2-(piperidin-1-yl)pyrimidin-5-yl)ethan-1-ol (15): Prepared according
to procedure D using 2-(piperidin-1-yl)-5-vinylpyrimidine (35, 190.0 mg, 1.004
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mmol). The reaction mixture was stirred at ambient temperature for 12 h. The
crude product was purified by flash column chromatography (80 g silica gel,
isocratic 1:1 EtOAc:hexanes) to provide the title compound as a pale yellow oil (178
mg, 86% yield). 1 H NMR (500 MHz, CDCl3) δ 8.31 (s, 2H), 4.77 (apparent q, J = 6.3
Hz, 1H), 3.85 – 3.71 (m, 4H), 1.72 (br. s, 1H), 1.70 – 1.64 (m, 2H), 1.63 – 1.56 (m,
4H), 1.49 (d, J = 6.5 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 161.7, 156.0, 125.5,
66.6, 45.1, 25.9, 25.0, 24.5. IR (neat) 3345, 2930, 2851, 1601, 1500, 1442, 1399,
1324, 1226, 945, 798, 657 cm–1. HRMS (m/z, DART-TOF, +’ve) Calcd. For
[C11H17N3O + H]+: 208.144. Found: 208.143. Specific Rotation [α]!"
–41.9 (c 0.50,
!
CHCl3). Chiral HPLC analysis (25 cm AD-H column, isocratic 10:90
IPA:hexanes over 15 min, 1.0 mL/min flow rate, tM = 9.09 min, tm = 8.20 min)
indicated 98% ee. Duplicate experiment 84% yield, 98% ee.
OH
Me
N

N

O

( S )-1-(6-morpholinopyridin-3-yl)ethan-1-ol (16): Prepared according to
procedure D using 4-(5-vinylpyridin-2-yl)morpholine (34, 189.2 mg, 0.995 mmol).
The reaction mixture was stirred at ambient temperature for 12 h. The crude
product was purified by flash column chromatography (80 g silica gel, 3:1
EtOAc:hexanes) to provide the title compound as a faintly discolored oil that
crystallized as a white solid upon storage in a –30 °C freezer (129.0 mg, 62% yield).
1 H NMR (500 MHz, CDCl ) δ 8.16 (d, J = 2.4 Hz, 1H), 7.57 (dd, J = 8.8, 2.5 Hz, 1H),
3
6.64 (d, J = 8.7 Hz, 1H), 4.84 (q, J = 6.5 Hz, 1H), 3.88 – 3.75 (m, 4H), 3.57 – 3.42 (m,
4H), 1.81 (br. s, 1H), 1.48 (d, J = 6.4 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 159.5,
145.7, 135.4, 130.8, 107.0, 68.1, 66.9, 45.9, 24.8. IR (neat) 3366, 3309, 2968, 2854,
1604, 1498, 1407, 1239, 939, 812, 623 cm–1. EA Calcd. for C11H16N2O2: C, 63.44; H,
7.74. Found: C, 63.55; H, 7.84. m.p. 64-66 °C. Specific Rotation [α]!"
–41.3 (c
!
0.50, CHCl3). Chiral HPLC analysis (25 cm OJ-H column, isocratic 25:75
IPA:hexanes over 30 min, 0.88 mL/min flow rate, tM = 14.51 min, tm = 16.55 min)
indicated 96% ee. Duplicate experiment 65.0% yield, 97% ee.
OH
Me
MeO

N

( S )-1-(6-methoxypyridin-3-yl)ethan-1-ol
(17):
Prepared according to
procedure D with the following modification: the Cu(OAc)2 (7.2 mg, 0.040 mmol) and
(S,S)-Ph-BPE (22.2 mg, 0.044 mmol) were weighed into a dry reaction tube inside a
nitrogen-atmosphere glovebox, and the reaction tube was equipped with a stir bar,
sealed with a septum-cap, removed from the glovebox, and maintained under a
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nitrogen atmosphere using a nitrogen-inlet needle. The substrate, 2-methoxy-5vinylpyridine (33, 134.7 mg, 0.997 mmol) was added to the mixture via syringe,
immediately followed by phenylsilane (0.62 mL, 5.0 equiv.). The reaction mixture
was stirred at ambient temperature for 12 h. The crude product was purified by
flash column chromatography (3:7 to 2:3 gradient of EtOAc in hexanes) to provide
the title compound as a semi-volatile colorless oil (122.7 mg, 80% yield). 1 H NMR
(500 MHz, CDCl3) δ 8.12 (d, J = 2.4 Hz, 1H), 7.64 (dd, J = 8.5, 2.5 Hz, 1H), 6.74 (d, J
= 8.5 Hz, 1H), 4.89 (qd, J = 6.4, 3.4 Hz, 1H), 3.93 (s, 3H), 1.76 (d, J = 3.6 Hz, 1H),
1.50 (d, J = 6.4 Hz, 3H). 13 C NMR (101 MHz, CDCl3) δ 163.9, 144.3, 136.5, 133.8,
111.0, 68.0, 53.6, 25.0. IR (neat) 3338, 2972, 1607, 1574, 1492, 1389, 1281, 1251,
1073, 1025, 896, 830, 761 cm–1. HRMS (m/z, DART-TOF, +’ve) Calcd. For
[C8H11NO2 + H]+: 154.086. Found: 154.087. Specific Rotation [α]!"
–41.6 (c 0.50,
!
!"
CHCl3); Literature value for (R) enantiomer (98.0% ee): [α] ! + 33.7 (c 2.7, CHCl3).7
The sign of the optical rotation indicated that the hydrosilylation with PhSiH3 also
occurs to give the (S) enantiomer of the silane. This is consistent with both
reactions sharing a common stereodetermining hydrosilylation step. See also the
optical rotation data for 20 and 21. Chiral HPLC analysis (25 cm OJ-H column,
isocratic 10:90 IPA:hexanes over 20 min, 1.0 mL/min flow rate, tM = 7.98 min, tm =
8.48 min) indicated 96% ee. Duplicate experiment 80% yield, 96% ee.
OH
Me

N
N
F

( S )-1-(1-(3-fluorophenyl)-1 H -pyrazol-4-yl)ethan-1-ol
(18):
Prepared
according to procedure D using 1-(3-fluorophenyl)-4-vinyl-1H-pyrazole (36, 186.8
mg, 0.993 mmol) and implementing the following modification: Cu(OAc)2 (7.2 mg,
0.040 mmol), (S,S)-Ph-BPE (22.2 mg, 0.044 mmol), and the vinyl heterocycle were
weighed into a dry reaction tube containing a dry stir bar inside the glovebox, and
MTBE (0.620 mL) was added to the tube via syringe, followed by phenylsilane
(0.620 mL, 5.0 mmol). The tube was sealed, and the reaction mixture was stirred at
rt until an orange brown solution containing no particulates was obtained. The
mixture was removed from the glovebox at that juncture and stirred at ambient
temperature for 36 h, after which it was cooled in an ice-water bath so as to prevent
flash-boiling and the solvent was removed as described in procedure D. The residue
was subjected to the Tamao oxidation protocol in procedure D, and the crude
product was purified by flash column chromatography (80 g silica gel, 3:7
EtOAc:hexanes [225 mL] → 4:6 EtOAc:hexanes [500 mL] → 9:11 EtOAc: hexanes
[300 mL]) to provide the title compound as a colorless oil (153.5 mg, 75% yield). 1 H
NMR (500 MHz, Benzene-d6) δ 7.54 (s, 1H), 7.36 (dt, J = 10.2, 2.3 Hz, 1H), 7.25 –
7.22 (m, 2H), 6.79 (td, J = 8.2, 6.2 Hz, 1H), 6.58 (td, J = 8.3, 2.5 Hz, 1H), 4.57 – 4.46
(m, 1H), 1.23 (d, J = 6.4 Hz, 3H), 1.02 (d, J = 4.6 Hz, 1H). 13 C NMR (151 MHz,
CDCl3) δ 162.6, 141.6, 141.5, 139.4, 130.9, 130.8, 129.5, 124.3, 114.3, 114.2, 113.4,
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113.2, 106.9, 106.7, 62.8, 24.8. Notes that five signals are doubled due to 19F,13Ccoupling. 19 F NMR (282 MHz, CDCl3) δ –111.6. IR (neat) 3341, 2972, 1612, 1601,
1498, 1394, 1257, 1181, 1151, 1074, 1030, 968, 862, 774, 677 cm–1. HRMS (m/z,
DART-TOF, +’ve) Calcd. For [C11H11FN2O + H]+: 207.093. Found: 207.093. Specific
Rotation [α] !"
–2.1 (c 0.50, CHCl3). Chiral HPLC analysis (25 cm AD-H
!
column, isocratic 5:95 IPA:hexanes over 30 min, 1.0 mL/min flow rate, tM = 24.55
min, tm = 22.15 min) indicated 96% ee. Duplicate experiment 75% yield, 97% ee.
HO

Me

N
Boc

Tert -butyl (S)-3-(1-hydroxyethyl)-1H-indole-1-carboxylate (19): This
compound was synthesized according to procedure D implementing the modification
described for the synthesis of pyrazole 18 and using tert-butyl 3-vinyl-1H-indole-1carboxylate (32, 243.8 mg, 1.002) as the substrate. The crude product was purified
by flash column chromatography (85 g silica gel, isocratic 1:4 EtOAc:hexanes) to
provide the product as an extremely viscous colorless oil (176 mg, 67% yield). 1 H
NMR (500 MHz, CD2Cl2) δ 8.14 (d, J = 8.3 Hz, 1H), 7.68 (d, J = 7.8, 1H), 7.54 (s,
1H), 7.32 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 7.24 (td, J = 7.5, 1.1 Hz, 1H), 5.14 (q, J = 6.5
Hz, 1H), 2.18 (s, 1H), 1.67 (s, 9H), 1.63 (d, J = 6.5 Hz, 3H). 13 C NMR (151 MHz,
CD2Cl2) δ 150.1, 136.4, 129.1, 125.8, 124.7, 122.8, 122.2, 120.2, 115.7, 84.1, 64.1,
28.3, 23.8. IR (neat) 3390, 2975, 1729, 1450, 1368, 1252, 1154, 1131, 855, 744 cm–1.
HRMS (m/z, DART-TOF, +’ve) Calcd. For [C15H19NO3]+: 261.136. Found: 261.135.
Specific Rotation [α]!"
–16.7 (c 0.50, CHCl3). Chiral SFC analysis (25 cm AD!
H column, 5:95 MeOH:scCO2 to 40:60 MeOH:scCO2 linear gradient over 6 min with
1 min hold time, 210-400 nm detection, 2.5 mL/min flow rate, 40 °C, tM = 3.47 min,
tm = 3.34 min) indicated 91% ee. Duplicate experiment 68% yield, 90% ee.
Synthesis of tert -butyl (S)-3-(1-hydroxyethyl)-1H-indole-1-carboxylate
(19) from diphenylsilane adduct 12: A solution of 12 (117.1, 0.274 mmol) in
THF (1.6 mL) was transferred to a round-bottom flask containing KF (64.0 mg, 1.09
mmol, 4.0 equiv.) and potassium bicarbonate (110 mg, 1.09 mmol, 4.0 equiv.) and a
Teflon stir bar. MeOH (1.6 mL) was used to complete the transfer. H2O2 (50% w/w
in water, 0.14 mL, 2.46 mmol, 9.0 equiv.) was added dropwise to the mixture while
it was stirred at ambient temperature. The stirred mixture was aged at rt for 28 h,
after which the excess oxidant was quenched by addition of anhydrous sodium
thiosulfate (2.0 g) and MeOH (3.0 mL) followed by vigorous stirring until starchiodine testing showed that all peroxides had been destroyed. The mixture was
diluted with EtOAc, dried over Na2SO4, filtered, and concentrated in vacuo to give a
crude residue that was purified by flash column chromatography (10 g silica
column, isocratic 1:4 EtOAc:hexanes) to give the title compound (57.7 mg, 81%
yield). The proton NMR spectrum was identical to that obtained from material
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generated according to procedure D. Chiral HPLC analysis (25 cm OD-H
column, isocratic 10:90 IPA:hexanes over 20 min, 1.0 mL/min flow rate, tM = 10.37
min, tm = 7.89 min) indicated 90% ee. A second experiment with the duplicate lot of
12 also furnished the alcohol 19 with 90% ee.
HO

Me

O

( S )-1-(benzofuran-3-yl)ethan-1-ol (20): Prepared according to the procedure D
using 3-vinylbenzofuran (37, 144.9 mg, 1.005 mmol). The product was purified by
flash chromatography (80 g silica gel, gradient of 3:17 to 1:4 EtOAc:hexanes) to
provide the product as a semi-volatile pale yellow oil (126.4 mg, 78% yield). 1 H
NMR (500 MHz, Benzene-d6) δ 7.64 – 7.57 (m, 1H), 7.40 – 7.33 (m, 1H), 7.12 (s, 1H),
7.11 – 7.05 (m, 2H), 4.64 (q, J = 6.5 Hz, 1H), 1.30 (d, J = 6.5 Hz, 3H), 1.00 (br. s, 1H).
13 C NMR (101 MHz, CDCl ) δ 155.9, 140.9, 126.2, 125.3, 124.6, 122.7, 120.6, 111.8,
3
63.3, 23.6. IR (neat) 3341, 2975, 1579, 1451, 1278, 1187, 1071, 857, 742 cm–1.
HRMS (m/z, DART-TOF, +’ve) Calcd. For [C10H10O – H]+: 161.060. Found: 161.059.
Specific Rotation [α]!"
–14.2 (c 0.50, CHCl3); literature value for (R) enantiomer
!
!"
(>99% ee): [α] ! +18.9 (c 1.00, CHCl3).8 Chiral SFC analysis (25 cm OJ-H
column, 5:95 MeOH:scCO2 to 40:60 MeOH:scCO2 linear gradient over 12 min with 2
min hold time, 210-400 nm detection, 2.5 mL/min flow rate, 40 °C, tM = 3.96 min, tm
= 4.11 min) indicated 97% ee. Duplicate experiment 71% yield, 98% ee.
HO

Me

S

( S )-1-(benzo[ b ]thiophen-3-yl)ethan-1-ol
(21):
prepared according to
procedure D using 3-vinylbenzo[b]thiophene (38, 161.2 mg, 1.006 mmol). The crude
product was purified by flash column chromatography (80 g silica gel, 1:9
EtOAc:hexanes [100 mL] → 3:17 EtOAc:hexanes [700 mL] → 1:4 EtOAc:hexanes
[200 mL]) to provide the title compound as a colorless oil (116.4 mg, 65.0% yield). 1 H
NMR (600 MHz, CDCl3) δ 7.92 (dd, J = 7.8, 1.2 Hz, 1H), 7.87 (dd, J = 7.7, 1.2 Hz,
1H), 7.42 – 7.33 (m, 3H), 5.29 (qd, J = 6.4, 4.3 Hz, 1H), 1.88 (t, J = 4.4 Hz, 1H), 1.68
(d, J = 6.5 Hz, 3H). 13 C NMR (151 MHz, CDCl3) δ 141.2, 140.9, 137.4, 124.6, 124.2,
123.1, 122.5, 121.6, 66.0, 23.6. IR (neat) 3320, 2971, 1427, 1368, 1254, 1118, 1069,
889, 839, 759, 731 cm–1. HRMS (m/z, DART-TOF, +’ve) Calcd. For [C10H1OS]+:
178.045. Found: 178.045. Specific Rotation [α]!"
–23.9 (c 0.50, CHCl3); literature
!
!"
value for (R) enantiomer (>99% ee): [α] ! + 27.1 (c 1.00, CHCl3).8 Chiral HPLC
analysis (25 cm OB-H column, isocratic 1:19 IPA:hexanes over 30 min, 0.95
mL/min flow rate, tM = 21.50 min, tm = 17.40 min) indicated 67% yield, 66% ee.
Duplicate Experiment 57% ee. The duplicate experiment was performed after
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the starting material had been stored in a –8 °C refrigerator for ca. 24 h, and the
purity of the starting material had degraded slightly during that time, as assessed
by TLC. We believe the accumulation of low-level impurities in the starting
material was responsible for the lower ee observed in the duplicate run. It would
appear that this substrate is intrinsically problematic for the reproducibility of the
hydrosilylation reaction.
HO

SiPh2
Me

F

( S )-(1-(2-fluorophenyl)ethyl)diphenylsilanol (22): Prepared according to
procedure E using (S)-(1-(2-fluorophenyl)ethyl)diphenylsilane (3, 62.7 mg, 0.205
mmol) and a reaction time of 25 h. The crude product was purified by preparative
TLC (1:9 EtOAc:hexanes eluent) to provide the title compound as an extremely
viscous oil (51.1 mg, 77% yield). 1 H NMR (600 MHz, CD2Cl2) δ 7.64 – 7.59 (m, 2H),
7.51 – 7.44 (m, 3H), 7.43 – 7.36 (m, 3H), 7.34 – 7.29 (m, 2H), 7.13 – 7.06 (m, 2H),
7.05 – 7.00 (m, 1H), 6.97 – 6. 90 (m, 1H), 3.20 (q, J = 7.6 Hz, 1H), 2.54 (s, 1H), 1.45
(d, J = 7.6 Hz, 3H). 13 C NMR (151 MHz, CD2Cl2) δ 161.5, 159.9, 135.3, 135.0, 134.8,
134.7, 131.5, 131.4, 130.4, 130.4, 129.6, 129.6, 128.2, 128.1, 126.7, 126.6, 124.5,
124.4, 115.3, 115.2, 21.3, 21.3, 15.1. Note that as in the 13C spectrum of the parent
compound 3, seven signals are doubled due to 19F,13C-coupling. IR (neat) 3618,
3417, 3070, 2961, 2872, 1488, 1451, 1428, 1226, 1116, 997, 819, 735, 698 cm–1. EA
Calcd. for C20H19FOSi: C, 74.50; H, 5.94. Found: C, 74.39; H, 5.90. Specific
Rotation [α] !"
–42.4 (c 0.50, CHCl3). Chiral HPLC analysis (25 cm OJ-H
!
column, isocratic 5:95 IPA:hexanes over 30 min, 1.0 mL/min flow rate, tM = 17.10
min, tm = 14.62 min) indicated 97% ee. A second experiment performed using the
duplicate lot of 3 also gave silanol 22 with 97% ee.
HO
PMBO 2C

SiPh2
Me

4-methoxybenzyl ( S )-3-(1-(hydroxydiphenylsilyl)ethyl)benzoate (23):
Prepared according to procedure E using 4-methoxybenzyl (S)-3-(1(diphenylsilyl)ethyl)benzoate (4, 91.0 mg, 0.20 mmol) and a reaction time of 12 h.
The crude product was purified by preparative TLC (1:4 EtOAc:hexanes eluent) to
provide the title compound as a colorless glass upon evaporation as a thin film from
Et2O (73.1 mg, 78% yield). 1 H NMR (600 MHz, CDCl3) δ 7.79 (dt, J = 7.5, 1.6 Hz,
1H), 7.76 (t, J = 1.7 Hz, 1H), 7.59 – 7.56 (m, 2H), 7.46 – 7.43 (m, 2H), 7.43 – 7.41 (m,
1H), 7.40 – 7.32 (m, 5H), 7.31 – 7.27 (m, 2H), 7.21 (t, J = 7.6 Hz, 1H), 7.18 (dt, J =
7.8, 1.6 Hz, 1H), 6.98 – 6.87 (m, 2H), 5.34 – 5.09 (m, 2H), 3.83 (s, 3H), 2.90 (q, J =
7.5 Hz, 1H), 2.83 (br. s, 1H), 1.48 (d, J = 7.6 Hz, 3H). 13 C NMR (151 MHz, CDCl3) δ
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166.9, 159.7, 144.2, 134.8, 134.7, 134.5, 134.2, 132.7, 130.1, 130.1, 130.1, 130.0,
129.2, 128.4, 128.2, 127.9, 127.8, 126.5, 114.0, 66.5, 55.4, 29.3, 15.4. IR (neat) 3455,
3069, 2956, 2871, 1713, 1695, 1612, 1514, 1428, 1279, 1245, 1173, 1109, 1087, 1033,
822, 739, 694 cm–1. HRMS (m/z, DART-TOF, +’ve) Calcd. For [C29H28O4Si + NH4]+:
486.209. Found: 486.209. Specific Rotation [α]!"
–30.1 (c 0.50, CHCl3). Chiral
!
HPLC analysis (25 cm OD-H column, isocratic 10:90 IPA:hexanes over 20 min,
1.0 mL/min flow rate, tM = 11.36 min, tm = 9.53 min) indicated 93% ee. A second
experiment conducted using the duplicate lot of 4 gave silanol 23 with 92% ee.
HO
F 3C

SiPh2
Me

( S )-diphenyl(1-(3-(trifluoromethyl)phenyl)ethyl)silanol (24): Prepared
according
to
procedure
E
using
(S)-diphenyl(1-(3(trifluoromethyl)phenyl)ethyl)silane (5, 89.0 mg, 0.25 mmol) with the following
modifications: the EtOAc was omitted in this example. Instead 0.40 mL tertbutanol was used. The quantities of reagents were 2,2,2-trifluoroacetophenone (4.0
µL, 0.27 mmol, 1.1 equiv.), MeCN (0.040 mL, 0.77 mmol, 3.1 equiv.), and 0.030 mL
H2O2 (0.51 mmol, 2.0 equiv.). The reaction mixture was stirred at rt for 12 h. The
crude product was purified by preparative TLC using 1:9 EtOAc:hexanes eluent to
give the title compound as an extremely viscous oil (75.8 mg, 81% yield). 1 H NMR
(600 MHz, CD2Cl2) δ 7.61 – 7.56 (m, 2H), 7.50 – 7.39 (m, 6H), 7.37 (d, J = 7.8 Hz,
1H), 7.36 – 7.32 (m, 2H), 7.30 (d, J = 7.7 Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H), 7.22 (s,
1H), 2.93 (q, J = 7.5 Hz, 1H), 2.49 (s, 1H), 1.49 (d, J = 7.5 Hz, 3H). 13 C NMR (151
MHz, CD2Cl2) δ 145.4, 135.0, 135.0, 134.6, 134.4, 131.8, 131.8, 131.8, 131.8, 130.7,
130.6, 130.5, 130.3, 130.1, 128.8, 128.3, 128.2, 127.6, 125.8, 125.1, 125.1, 125.1,
125.0, 124.0, 122.1, 122.1, 122.0, 122.0, 122.0, 29.8, 15.4. The coupling patterns
observed here are essentially the same as those in the NMR spectrum for the parent
silane 5; i.e., there are quartets arising from 19F-coupling at 131.83 (4J = 1.2 Hz),
130.43 (2J = 31.7 Hz), 125.09 (3J = 3.8 Hz), 124.86 (1J = 272 Hz), 122.01 ppm (3J =
3.9 Hz). One inner line of the quartet signal of aryl C3 is obscured by a larger peak
at 130.54 ppm. 19 F NMR (282 MHz, CDCl3) δ –65.0. IR (neat) 3385, 3070, 2959,
2872, 1428, 1328, 1161, 1117, 1075, 854, 800, 739, 698 cm–1. EA Calcd. for
C21H19F3OSi: C, 67.72; H, 5.14. Found: C, 67.56; H, 5.15. Specific Rotation [α]!"
–
!
35.2 (c 0.50, CHCl3). Chiral HPLC analysis (25 cm OD-H column, isocratic 5:95
IPA:hexanes over 15 min, 1.0 mL/min flow rate, tM = 7.49 min, tm = 6.34 min)
indicated 87% ee. A second experiment performed using the duplicate lot of 5 gave
silanol 24 having 88% ee.

57

HO

SiPh2
Me

MeO

( S )-(1-(4-methoxyphenyl)ethyl)diphenylsilanol (25): Prepared according to
procedure E using (S)-(1-(4-methoxyphenyl)ethyl)diphenylsilane (8, 65.2 mg, 0.205)
and a reaction time of 18 h. The crude product was purified by preparative TLC
(1:9 EtOAc:hexanes eluent) to provide the title compound as a colorless glass (45.7
mg, 67% yield). 1 H NMR (500 MHz, CD2Cl2) δ 7.62 – 7.55 (m, 2H), 7.51 – 7.43 (m,
3H), 7.43 – 7.37 (m, 3H), 7.36 – 7.30 (m, 2H), 7.00 – 6.92 (m, 2H), 6.78 – 6.71 (m,
2H), 3.74 (s, 3H), 2.79 (q, J = 7.6 Hz, 1H), 2.46 (s, 1H), 1.42 (d, J = 7.6 Hz, 3H). 13 C
NMR (126 MHz, CD2Cl2) δ 157.6, 135.8, 135.5, 135.2, 135.0, 135.0, 130.2, 129.1,
128.1, 128.1, 128.1, 113.9, 55.5, 28.1, 16.0. IR (neat) 3417, 2954, 2868, 2834, 1608,
1508, 1427, 1242, 1178, 1114, 1035, 997, 828, 738, 698 cm–1. HRMS (m/z, DARTTOF, +’ve) Calcd. For [C21H22O2Si + NH4]+: 352.173. Found: 352.174. Specific
Rotation [α] !"
–25.5 (c 0.50, CHCl3). Chiral HPLC analysis (25 cm OD-H
!
column, isocratic 5:95 IPA:hexanes over 20 min, 1.0 mL/min flow rate, tM = 9.79
min, tm = 8.52 min) indicated 96% ee. A second experiment preformed using the
duplicate lot of 8 provided silanol 25 with 95% ee.
HO

SiPh2
Me

HO

( S )-(1-(4-hydroxyphenyl)ethyl)diphenylsilanol (26): Prepared according to
procedure E using (S)-4-(1-(diphenylsilyl)ethyl)phenyl acetate (9, 70.3 mg, 0.203
mmol) and a reaction time of 27 h. Saponification of the acetate ester occurred
concomitantly with oxidation under these conditions. The crude product was
purified by preparative TLC (1:3 EtOAc:hexanes eluent) to provide the title
compound as a colorless glass (45.7 mg, 74% yield). 1 H NMR (600 MHz, CDCl3) δ
7.59 – 7.53 (m, 2H), 7.48 (dd, J = 7.8, 1.5 Hz, 2H), 7.46 – 7.42 (m, 1H), 7.41 – 7.35
(m, 3H), 7.32 (t, J = 7.4 Hz, 2H), 6.90 – 6.83 (m, 2H), 6.66 – 6.59 (m, 2H), 4.85 (s,
1H), 2.77 (q, J = 7.6 Hz, 1H), 2.35 (s, 1H), 1.42 (d, J = 7.6 Hz, 3H). 13 C NMR (151
MHz, CDCl3) δ 153.1, 135.6, 134.9, 134.8, 134.5, 130.1, 130.0, 129.0, 127.9, 127.9,
115.3, 28.1, 15. 8. Note that two signals overlap. IR (neat) 3308, 3069, 2958, 2869,
1610, 1589, 1509, 1427, 1261, 1223, 1191, 1110, 997, 830, 748, 727, 698 cm–1.
HRMS (m/z, DART-TOF, +’ve) Calcd. For [C20H20O2Si + NH4]+: 338.157. Found:
338.157. Specific Rotation [α]!"
–29.3 (c 0.50, CHCl3). Chiral HPLC analysis
!
(25 cm OJ-H column, isocratic 15:85 IPA:hexanes over 40 min, 1.0 mL/min flow
rate, tM = 25.76 min, tm = 21.86 min) indicated 97% ee. A second experiment using
the duplicate lot of 9 gave silanol 26 with 95% ee.
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4.5. Synthesis and Characterization of Hydrosilylation Substrates
HO 2C

PMBOH

EDCI, DMAP
DCM

PMBO 2C

(eq. 5)

4-methoxybenzyl 3-vinylbenzoate (27): Solid N-(3-Dimethylaminopropyl)-N′ethylcarbodiimide hydrochloride (EDCI, 3.30, 17.2 mmol, 1.50 equiv.) was added
portionwise to a stirred rt solution of 3-vinylbenzoic acid (1.70 g, 11.5 mmol) and 4methoxybenzyl alcohol (1.80 mL, 14.4 mmol, 1.26 equiv.) in anhydrous CH2Cl2 (58
mL). N,N-dimethylpyridin-4-amine (4.21 g, 34.4 mmol, 3.00 equiv.) was added to
the resulting solution, and it was stirred at ambient temperature for 15 h under an
argon atmosphere. The mixture was then partitioned between CH2Cl2 and 1 M
aqueous HCl (ca. 100 mL). The organic layer was sequentially washed with 1 M
HCl (2X), water, saturated NaHCO3, and brine. The organics were dried over
MgSO4, filtered and concentrated in vacuo to give a crude residue that was further
purified by flash chromatography (125 g silica, 1:19 to 1:9 gradient of EtOAc in
hexanes). The fractions containing the pure product were combined in the presence
of the radical inhibitor 4-tert-butylcatechol (TBC, 9.1 mg, 0.055 mmol) and
concentrated to give the title compound as a clear viscous oil that weighed (2.106 g,
68% yield corrected for 0.70 mol% TBC present). 1 H NMR (600 MHz, CDCl3) δ 8.09
(t, J = 1.7 Hz, 1H), 7.95 (dt, J = 7.8, 1.3 Hz, 1H), 7.59 (dt, J = 7.7, 1.5 Hz, 1H), 7.44 –
7.36 (m, 3H), 6.97 – 6.89 (m, 2H), 6.74 (dd, J = 17.6, 10.9 Hz, 1H), 5.82 (dd, J = 17.6,
0.7 Hz, 1H), 5.37 – 5.29 (m, 3H), 3.82 (s, 3H). 13 C NMR (151 MHz, CDCl3) δ 166.5,
159.8, 138.0, 136.0, 130.7, 130.6, 130.2, 129.0, 128.7, 128.3, 127.6, 115.2, 114.1, 66.7,
55.4. IR (neat) 3004, 2956, 2836, 1714, 1612, 1514, 1441, 1276, 1190, 1174, 1105,
1083, 1033, 911, 817, 761, 706 cm–1. EA Calcd. for C17H16O3: C, 76.10; H, 6.01.
Found: C, 75.85; H, 5.96.
XPhos-Pd G3
(0.05 equiv.)

Br
BF 3K
SO2Me

(2.0 equiv.)

(eq. 6)

K 2CO 3
(3.0 equiv.)
5:1 THF:H2O
reflux

SO2Me

1-(methylsulfonyl)-3-vinylbenzene (28). Representative procedure 9 for
the synthesis of vinylarene and vinyl heterocycles by Suzuki coupling:
A mixture of 1-bromo-3-(methylsulfonyl)benzene (2.50 g, 10.63 mmol), potassium
vinyltrifluoroborate (2.88 g, 21.50 mol, 2.0 equiv.) and potassium carbonate (4.41 g,
31.9 mmol, 3.0 equiv.) in 5:1 THF:water (36 mL) was vigorously sparged with argon
for 30 min. XPhos-Pd G3 precatalyst (455 mg, 0.538 mmol, 5.1 mol%) was added,
and the reaction mixture was heated at reflux under an argon atmosphere for 12 h
in an oil bath. Upon cooling the rt, the mixture was diluted with EtOAc, and the
resulting mixture was dried with a copious amount of MgSO4 and filtered through a
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pad of celite. The filtrate was concentrated, redissolved in CH2Cl2, stirred in the
presence of Quadrapure® TU polystyrene beads, and then filtered and concentrated
again to give a crude residue that was purified by flash silica chromatography (15 to
30% gradient of EtOAc in hexanes). The fractions containing the pure product were
combined and concentrated in vacuo in the presence of TBC (8.2 mg, 0.049 mmol) to
give a viscous oil that crystallized as a beige solid upon standing in a -30 °C freezer
overnight (1.45 g, 74% yield corrected for 0.62 mol% TBC present). 1 H NMR (600
MHz, CDCl3) δ 7.94 (apparent t, J = 1.9 Hz, 1H), 7.80 (ddd, J = 7.8, 1.9, 1.1 Hz, 1H),
7.65 (apparent dt, J = 7.7, 1.4 Hz, 1H), 7.51 (apparent t, J = 7.8 Hz, 1H), 6.74 (dd, J
= 17.6, 10.9 Hz, 1H), 5.86 (d, J = 17.6 Hz, 1H), 5.40 (d, J = 10.9 Hz, 1H), 3.05 (s, 3H).
13 C NMR (151 MHz, CDCl ) δ 141.1, 139.1, 135.1, 131.3, 129.7, 126.3, 124.9, 116.9,
3
44.5. IR (neat) 3064, 3014, 2919, 1475, 1413, 1317, 1293, 1211, 1138, 1088, 1000,
963, 917, 855, 810, 758, 711, 656 cm–1. EA Calcd. for C9H10O2S: C, 59.32; H, 5.53.
Found: C, 59.55; H, 5.57. m.p. 51-53 °C.

MeN
N

1-methyl-5-vinyl-1 H -indazole (29): This compound was prepared according to
the general procedure described for the preparation of sulfone 28, using 5-bromo-1methyl-1H-indazole (2.5 g, 11.84 mmol), XPhos-Pd G3 precatalyst (447 mg, 0.528
mmol, 4.5 mol%), potassium vinyltrifluoroborate (3.17 g, 23.69 mmol, 2.00 equiv.),
potassium carbonate (4.91 g, 35.5 mmol, 3.00 equiv.), and 5:1 THF:H2O (48 mL).
The reaction mixture was heated at reflux for 28 h and allowed to cool to rt. A
CH2Cl2 solution of the crude product was stirred in the presence of 2.00 g
Quadrapure® IMDAZ metal-scavenger beads, filtered, and concentrated in the
presence of TBC (6.67 mg, 0.040 mmol) to give a crude residue that was partially
purified by flash column chromatography (20 to 30% gradient of EtOAc in hexanes).
The fractions containing the pure product were concentrated in the presence of TBC
(7.1 mg, 0.043 mmol) to give a solid residue that was triturated with 1.5 mL
pentane, filtered, and rinsed with two small aliquots of pentane that had been
cooled to -78 °C in a dry ice/acetone slurry. The filter cake was dried under high
vacuum to give the title compound as a very pale yellow solid (631 mg, 34% yield; by
1H NMR, the solids appeared to retain TBC at the level of ca. 0.2 mol%). 1 H NMR
(600 MHz, CDCl3) δ 7.95 (d, J = 1.0 Hz, 1H), 7.71 – 7.63 (m, 1H), 7.54 (dd, J = 8.7,
1.6 Hz, 1H), 7.33 (d, J = 8.9 Hz, 1H), 6.82 (dd, J = 17.6, 10.9 Hz, 1H), 5.73 (dd, J =
17.6, 0.8 Hz, 1H), 5.22 (dd, J = 10.9, 0.7 Hz, 1H), 4.06 (s, 3H). 13 C NMR (151 MHz,
CDCl3) δ 139.8, 137.1, 133.2, 130.6, 124.4, 124.4, 119.4, 112.4, 109.1, 35.7. IR (neat)
3086, 3000, 1626, 1616, 1500, 1352, 1308, 1224, 1148, 986, 906, 890, 817, 756, 663
cm–1. EA Calcd. for C10H10N2: C, 75.92; H, 6.37. Found: C, 75.82; H, 6.34.
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MeO 2C
MeO 2C

O
N
H

PMBCl, K 2CO 3

O
N

(eq. 7)

DMF, rt
OMe

Methyl 4-formyl-1-(4-methoxybenzyl)-1 H -pyrrole-2-carboxylate (30):
Para-methoxybenzyl chloride (2.10 mL, 15.5 mmol, 1.16 equiv.) was added dropwise
to a mixture of methyl 4-formyl-1H-pyrrole-2-carboxylate (2.04 g, 13.32 mmol) and
potassium carbonate (3.61 g, 26.1 mmol, 1.96 equiv.) in anhydrous DMF (24 mL)
that was being stirred at ambient temperature under an atmosphere of argon.
After 48 h, the reaction mixture was partitioned between Et2O and water, and the
Et2O layer was extracted with three additional portions of water to remove DMF.
The organics were then washed with brine, dried over MgSO4, filtered, and
concentrated to give a crude residue that was further purified by silica gel
chromatography (1:4 to 2:3 gradient of EtOAc in hexanes) to yield the product as a
viscous oil that was dried under high vacuum overnight and gradually crystallized
as a yellow-orange solid (3.40 g, 93% yield) upon storage in a –30 °C freezer. 1 H
NMR (600 MHz, CDCl3) δ 9.71 (s, 1H), 7.39 (d, J = 1.9 Hz, 1H), 7.37 (d, J = 1.9 Hz,
1H), 7.16 – 7.10 (m, 2H), 6.89 – 6.82 (m, 2H), 5.48 (s, 2H), 3.80 (s, 3H), 3.76 (s, 3H).
13 C NMR (151 MHz, CDCl ) δ 185.2, 161.1, 159.6, 132.9, 129.2, 128.2, 125.0, 124.3,
3
117.9, 114.3, 55.3, 52.5, 51.6. IR (neat) 3113, 2945, 2838, 2793, 1714, 1668, 1544,
1510, 1444, 1269, 1243, 1176, 1122, 1097, 1028, 811, 768, 754, 726, 667 cm–1. EA
Calcd. for C15H15NO4: C, 65.92; H, 5.53. Found: C, 66.04; H, 5.43. m.p. 62-64 °C.
MeO 2C

O
n-BuLi
Ph 3PMeBr

N

MeO 2C

N

(eq. 8)

THF, 0°C
OMe

OMe

Methyl 1-(4-methoxybenzyl)-4-vinyl-1 H -pyrrole-2-carboxylate (31).
Representative procedure for synthesis of vinyl heterocycles by Wittig
methylenation: Methyltriphenylphosphonium bromide (5.23 g, 14.6 mmol, 2.00
equiv.) was suspended in anhydrous, degassed THF (25 mL) under an argon
atmosphere in an oven-dried flask containing a dry stir bar. The resulting mixture
was stirred under an argon atmosphere in an ice-water bath for ca. 30 min, and
then n-butyllithium (4.40 mL, nominally 2.5 M solution in hexanes) was added to it
dropwise over the course of five min via syringe, causing the appearance of a dark
red-orange color. The mixture was stirred for five more minutes in the ice bath and
then allowed to gradually warm at rt over 20 min, during which time the mixture
became a much lighter and more nearly pure orange in color. Stirring was
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terminated and reaction solids were allowed to settle to the bottom of the flask. A
24 mL portion of the resulting orange supernatant was withdrawn with a large
syringe and gradually transferred to an ice-cooled solution of methyl 4-formyl-1-(4methoxybenzyl)-1H-pyrrole-2-carboxylate (30, 2.00 g, 7.32 mmol) in anhydrous,
degassed THF (20 mL) that was being stirred under an argon atmosphere in a dry
flask. Consumption of the ylide was evident from disappearance of the orange color.
After 20 mL of the ylide solution had been added, a persistent light orange color
developed in the reaction mixture, and the addition was terminated. The reaction
mixture was allowed to warm to rt over the course of 15 min and was subsequently
quenched by addition of saturated aqueous NH4Cl (30 mL). The crude product was
extracted into EtOAc, and the organic layer was washed with brine, dried over
MgSO4, filtered, and concentrated in the presence of TBC (7.1 mg, 0.043 mmol; note:
the product of this reaction polymerizes very rapidly in the absence of a free-radical
inhibitor) to yield a crude residue that was further purified by silica gel
chromatography (5 to 20% gradient of EtOAc in hexanes). The fractions containing
the pure product were combined in the presence of TBC (10.5 mg, 0.063 mmol) and
concentrated in vacuo to give the product as a viscous pale-beige oil that crystallized
as a white solid upon drying under high vacuum (1.632 g, 82% yield corrected for
1.0 mol% TBC present). Once stabilized, this compound could be stored for
extended periods in a –30°C freezer in a nitrogen glovebox without apparent
degradation. 1 H NMR (600 MHz, Acetone-d6) δ 7.22 (d, J = 2.0 Hz, 1H), 7.19 – 7.14
(m, 2H), 7.05 (d, J = 2.0 Hz, 1H), 6.89 – 6.83 (m, 2H), 6.54 (dd, J = 17.6, 10.9 Hz,
1H), 5.49 (s, 2H), 5.47 (dd, J = 17.6, 1.6 Hz, 1H), 4.95 (dd, J = 10.9, 1.6 Hz, 1H), 3.76
(s, 3H), 3.75 (s, 3H). 13 C NMR (151 MHz, Acetone-d6) δ 162.1, 160.3, 131.6, 130.4,
129.6, 128.6, 123.8, 123.2, 115.7, 114.9, 111.0, 55.7, 51.9, 51.4. IR (neat) 3111, 2954,
2837, 1698, 1511, 1449, 1367, 1268, 1222, 1176, 1099, 1040, 995, 896, 823, 805, 759
cm–1. EA Calcd. for C16H17NO3: C, 70.83; H, 6.32. Found: C, 71.03; H, 6.26. m.p. 6668 °C.

N
Boc

Tert -butyl 3-vinyl-1 H -indole-1-carboxylate (32): Prepared according to the
general procedure described for the synthesis or pyrrole 31. The phosphonium
slurry was prepared from methyltriphenylphosphonium bromide (5.83 g, 16.3 mmol,
1.60 equiv.) and THF (20 mL) and treated with n-butyllithium (9.6 mL, nominally
1.6 M in hexanes, 15.4 mmol, 1.51 equiv.) to furnish the ylide mixture, which was
aged at rt for 30 min. A portion of the orange supernatant (26 mL) was transferred
to an ice-cooled solution of tert-butyl 3-formyl-1H-indole-1-carboxylate (2.50 g, 10.2
mmol) in 20 mL THF. After being stirred for 2 h in an ice-water bath, the reaction
mixture was quenched and allowed to warm to rt. The crude residue was purified
by flash column chromatography (125 g silica, 5% EtOAc in hexanes; the crude
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product was loaded onto the column as a slurry in minimal toluene), and the
fractions containing the pure product were combined in the presence of TBC (10.2
mg, 0.061 mmol) to provide the title compound as a viscous pale-yellow oil (1.92 g,
77% yield corrected for TBC present at 0.77 mol%). 1 H NMR (400 MHz, Acetone-d6)
δ 8.19 (dt, J = 8.3, 1.0 Hz, 1H), 7.88 (ddd, J = 7.8, 1.4, 0.7 Hz, 1H), 7.77 (s, 1H), 7.36
(ddd, J = 8.4, 7.2, 1.4 Hz, 1H), 7.30 (ddd, J = 7.8, 7.2, 1.2 Hz, 1H), 6.90 (ddd, J =
17.9, 11.4, 0.7 Hz, 1H), 5.87 (ddd, J = 17.9, 1.3, 0.5 Hz, 1H), 5.31 (dd, J = 11.4, 1.3
Hz, 1H), 1.68 (s, 9H). The 1H NMR spectrum was consistent with literature data for
this compound.10
O
MeO

Ph 3PMeBr
KOt-Bu, THF
rt

N

(eq. 9)
MeO

N

2-methoxy-5-vinylpyridine (33). Alternative procedure for synthesis of
vinyl heterocycles by Wittig methylenation: Potassium tert-butoxide (3.41 g,
30.4 mmol, 1.52 equiv.) was added portionwise to a mixture of 6methoxynicotinaldehyde (2.75 g, 20.0 mmol) and methyltriphenylphosphonium
bromide (14.0 g, 39.2 mmol, 1.95 equiv.) in dry THF (54 mL) that was being stirred
at ambient temperature in a dry flask under argon, giving a dark orange reaction
mixture (caution: this step results in a significant exotherm). After 4.5 h,
saturated NH4Cl (30 mL) was added to the flask, and the mixture was partitioned
between saturated NH4Cl and diethyl Et2O. The organics were washed with brine,
dried over MgSO4, filtered, and carefully concentrated in the presence of TBC (6.2
mg, 0.037 mmol) to give a crude a crude residue that was purified by flash column
chromatography (200 g silica, 1:39 to 1:9% gradient of Et2O in pentane). The
fractions containing the pure product were combined and concentrated on a rotary
evaporator in the presence of TBC (6.0 mg, 0.036 mmol) to give the product as clear
oil, volatile oil (1.507 g, 55% yield corrected for 0.32 mol% TBC present). 1 H NMR
(500 MHz, Benzene-d6) δ 8.13 (d, J = 2.3 Hz, 1H), 7.20 (dd, J = 8.7, 2.4 Hz, 1H), 6.56
(d, J = 8.6 Hz, 1H), 6.34 (dd, J = 17.6, 10.9 Hz, 1H), 5.36 (d, J = 17.6 Hz, 1H), 4.95
(d, J = 11.0 Hz, 1H), 3.81 (s, 3H). The 1H NMR spectrum was consistent with
literature data reported for this compound.11

N

N

O

4-(5-vinylpyridin-2-yl)morpholine (34): Prepared according to the general
procedure described for the synthesis of sulfone 28, using 4-(5-bromopyridin-2yl)morpholine (3.67 g, 15.10 mmol), potassium vinyltrifluoroborate (4.04 g, 30.2
mmol, 2.00 equiv.), potassium carbonate (6.24 g, 45.2 mmol, 2.99 equiv.), XPhos-Pd
G2 precatalyst (597 mg, 0.759 mmol, 0.50 mol%) and 5:1 THF:H2O (27 mL). The
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reaction mixture was heated at reflux for 14.5 h and then allowed to cool to rt.
Treatment of the crude product with a metal scavenger was omitted in this
procedure. The crude product was purified by flash silica chromatography (10 to
20% gradient of EtOAc in hexanes) to give the product as a pale-yellow powder (1.04
g, 36%). 1 H NMR (400 MHz, CDCl3) δ 8.18 (d, J = 2.4 Hz, 1H), 7.62 (dd, J = 8.8, 2.5
Hz, 1H), 6.72 – 6.53 (m, 2H), 5.58 (d, J = 17.7 Hz, 1H), 5.13 (d, J = 11.0 Hz, 1H), 3.94
– 3.67 (m, 4H), 3.63 – 3.40 (m, 4H). The 1H NMR spectrum was consistent with
literature data for the desired product.12 This compound was stabilized with 0.4
mol% TBC prior to use in hydrosilylation experiments.
N
N

N

2-(piperidin-1-yl)-5-vinylpyrimidine (35): This compound was prepared
according to the general procedure described for the synthesis of sulfone 28, using
5-bromo-2-(piperidin-1-yl)pyrimidine (2.50 g, 10.33 mmol), potassium
vinyltrifluoroborate (2.84 g, 21.20 mmol, 2.05 equiv.), potassium carbonate (4.30 g,
31.1 mmol, 3.01 equiv.), XPhos-Pd G2 precatalyst (423 mg, 0.537 mmol, 5.2 mol%),
and 5:1 THF:H2O (36 mL). The reaction mixture was heated at reflux for 16 h and
then allowed to cool to rt. Treatment of the crude product with metal-scavenging
beads was omitted in this experiment. Instead, upon completion of the reaction, the
mixture was filtered through celite, and the filtrate was washed with 100 mL
aqueous Na2EDTA•(H2O)2 (0.2 g/L) followed by brine. The organic layer was dried
over MgSO4, filtered, and concentrated to give a residue that was further purified
by flash column chromatography (5% EtOAc in hexanes) to give the compound as a
yellow oil (1.26 g, 65% yield). 1 H NMR (400 MHz, CDCl3) δ 8.35 (s, 2H), 6.48 (dd, J
= 17.7, 11.1 Hz, 1H), 5.57 (dd, J = 17.7, 0.8 Hz, 1H), 5.10 (dd, J = 11.1, 0.8 Hz, 1H),
3.82 – 3.77 (m, 4H), 1.72 – 1.64 (m, 2H), 1.64 – 1.52 (m, 4H). The 1H NMR spectrum
is consistent with literature data for the desired product.9 This compound was
stabilized with ca. 0.7 mol% TBC prior to use in hydrosilylation experiments.
N
N
F

1-(3-fluorophenyl)-4-vinyl-1 H -pyrazole (36): This compound was prepared
according to the general procedure described for the synthesis of pyrrole 31. The
phosphonium slurry was prepared from methyltriphenylphosphonium bromide (7.90
g, 22.1 mmol, 2.19 equiv.) and THF (25 mL) and treated with n-butyllithium (12.0
mL, nominally 1.6 M in hexanes, 19.2 mmol, 1.90 equiv.) to furnish the ylide
mixture, which was aged at 0 °C and warmed to rt for 10 min prior to use. A
portion of the orange supernatant (24 mL) was transferred to an ice-cooled solution
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of 1-(3-fluorophenyl)-1H-pyrazole-4-carbaldehyde (1.924 g, 10.11 mmol) in THF (20
mL). The reaction mixture was quenched after being stirred for 3.5 h in an icewater bath and then allowed to warm to rt. The crude residue was purified by flash
column chromatography (100 g silica, 15% EtOAc in hexanes; the crude product was
loaded onto the column as a slurry in minimal toluene), and the fractions containing
the pure product were combined in the presence of TBC (4.2 mg, 0.025 mmol) to
provide the title compound as a viscous pale beige oil (1.46 g, 77% yield corrected for
0.32 mol% TBC present) that froze as a white solid upon storage in an 8 °C
refrigerator. 1 H NMR (500 MHz, CDCl3) δ 7.89 (s, 1H), 7.81 (s, 1H), 7.49 – 7.35 (m,
3H), 6.98 (tdd, J = 8.2, 2.4, 1.3 Hz, 1H), 6.59 (dd, J = 17.6, 11.0 Hz, 1H), 5.58 (dd, J =
17.7, 1.1 Hz, 1H), 5.19 (dd, J = 11.0, 1.1 Hz, 1H). The 1H NMR spectrum was
consistent with literature data.13 Caution: this compound has an unusually
persistent, sickening odor and should not be manipulated outside a well-ventilated
fumehood or inert-atmosphere glovebox.

O

3-vinylbenzofuran (37): N-butyllithium (7.00 ml, nominally 1.6 M in hexanes,
11.2 mmol, 1.52 equiv.) was added dropwise to a stirred, ice-cooled slurry of
methyltriphenylphosphonium bromide (5.27 g, 14.74 mmol, 2.00 equiv.) in dry THF
(32 mL) under an atmosphere or argon. The resulting red-orange mixture was
allowed to warm to ambient temperature over ca. 15 min and was then re-cooled in
the ice-water bath. To the resulting orange ylide-containing mixture was added a
solution of benzofuran-3-carbaldehyde14 (1.077 g, 7.37 mmol) in dry THF (6 mL)
over the course of ten min. The mixture was gradually warmed to rt over the course
of an hour, quenched with saturated NH4Cl, and partitioned between Et2O and
saturated NH4Cl. The organics were washed with brine, dried over MgSO4, filtered
and carefully concentrated in vacuo in the presence of TBC (12.7 mg, 0.076 mmol).
The resulting residue was suspended in hexanes and filtered to remove some
triphenylphosphine. The filtrate was concentrated a second time to give a crude
residue that was further purified by flash column chromatography (100 g silica,
isocratic pentane; crude loaded onto column as a slurry in hexanes). The fractions
containing the pure product were combined and concentrated on a rotary evaporator
in the presence of TBC (4.2 mg, 0.025 mmol) to give the title compound as a
colorless, volatile oil (610.4 mg, 57% yield corrected for 0.59 mol% TBC present). 1 H
NMR (400 MHz, CD2Cl2) δ 7.95 – 7.84 (m, 1H), 7.60 – 7.48 (m, 1H), 7.46 – 7.30 (m,
2H), 6.86 (ddd, J = 17.8, 11.3, 0.6 Hz, 1H), 5.90 (ddd, J = 17.8, 1.2, 0.6 Hz, 1H), 5.42
(dd, J = 11.3, 1.2 Hz, 1H), 5.39 – 5.32 (m, 1H). The 1H NMR spectrum was
consistent with literature data reported for this compound.15
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S

3-vinylbenzo[ b ]thiophene (38): This compound was prepared according to the
general procedure described for the synthesis of methoxypyridine substrate 33,
using benzo[b]thiophene-3-carbaldehyde (2.00 g, 12.33 mmol),
methyltriphenylphosphonium bromide (8.81 g, 24.66 mmol, 2.00 equiv.) and
potassium tert-butoxide (2.00 g, 17.8 mmol, 1.45 equiv.). The mixture was
quenched after being stirred at ambient temperature for 2 h. The crude residue
was purified by flash column chromatography (110 g silica, isocratic pentane). The
fractions containing the pure product were combined and concentrated on a rotary
evaporator in the presence of TBC (9.0 mg, 0.054 mmol) to provide the title
compound as a colorless, volatile oil (1.05 g, 53% yield corrected for 0.82 mol% TBC
present). This compound rapidly decomposed with concomitant formation of
unidentified polar impurities even when stored at low temperature. 1 H NMR (400
MHz, Acetone-d6) δ 8.15 – 7.91 (m, 2H), 7.77 (s, 1H), 7.48 – 7.34 (m, 2H), 7.08 (dd, J
= 17.6, 11.2 Hz, 1H), 5.89 (dt, J = 17.6, 1.4 Hz, 1H), 5.38 (dt, J = 11.2, 1.3 Hz, 1H).
The 1H NMR spectrum was consistent with literature data for this compound.16

4.6. References and Notes for the Experimental Section
1. The microcrystalline powder exhibits much high kinetic solubility in silane-based
reaction media, and this was important for procedures C and D. In particular, the
amorphous powder was very poorly soluble in PhSiH3 and consequently sluggish in
forming the active catalyst in that medium, whereas the microcrystalline material
generally underwent reaction in < 30 min. However, we noted that one commercial
lot of microcrystalline powder exhibited degraded enantioselectivity in the
hydrosilylation of styrene (procedure A), although the effect was much attenuated
or altogether absent for various heterocycles (morpholinopyridine 14, pyrrole 11) or
styrenes bearing various polar functional groups (e.g., fluoroarene 10). We thus
recommend employing the amorphous powder if such a situation is encountered in
the hydrosilylation of any nonpolar styrene derivative. The extended catalyst preformation step of Procedure A and the better solvating power of diphenylsilane
make the kinetic solubility of the copper source relatively unimportant in this
variant of the reaction.
2. Visco, M. D.; Wieting, J. M.; Mattson, A. E. Org. Lett. 2016, 18, 2883-2885.
3. NTP (National Toxicology Program). 2016. Report on Carcinogens, Fourteenth
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4. For certain substrates (e.g., styrene and 4-methoxystyrene), we found that
conducting the reaction according to procedure B resulted in undesirable levels of
variability in the enantiomeric excess, whereas reactions conducted according to
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procedure A were generally free from this problem. An experiment performed by
heating a mixture of styrene and the two catalyst precursors at 40 °C without prior
catalyst formation resulted in significantly reduced enantioselectivity; thus, it
seems probable that premature use of the catalyst mixture and an attendant poorly
selective background reaction were responsible for the erosion of selectivity
observed in certain reactions employing procedure B. The alternative catalyst
generation step described in procedure A reliably gave complete formation of the
desired catalyst within 80 min.
5. Limnios, D.; Kokotos, C. G. ACS Catal. 2013, 3, 2239-2243.
6. In the chiral HPLC analysis of 11, We were not able to confirm directly that the
minor regioisomer peak was completely resolved from the peaks associated with the
Markovnikov product. However, we found that a sample of racemic 1 and a sample
of racemic 11 prepared using the same lot of racemic catalyst had the same
apparent ee; thus, the signal from the minor regioisomer was not making a
noticeable contribution to the area of either Markovnikov enantiomer peak. In the
case of coelution with the minor Markovnikov enantiomer (R), the true ee would be
somewhat greater than 97%. Conversely, if one assumes that the minor
regioisomer (which is present at the level of ca. 2.5%) coelutes with the major
Markovnikov enantiomer (S), and that the two species possess very similar
extinction coefficients, once can calculate a corrected ee that excludes the area
contribution from the anti-Markovnikov product. According to that analysis, an
apparent ee of 97% would have to be revised as 96.9%. This discrepancy is within
the expected error of the measurement.
7. Stepanenko, V.; De Jesús, M.; Correa, W.; Guzmán, I.; Vázquez, L. O.; OrtizMarciales, M. Tetrahedron: Asymmetry 2007, 18, 2738-2745.
8. Toşa, M. I.; Podea, P. V.; Paizs, C.; Irimie, F. D. Tetrahedron: Asymmetry 2008,
19, 2068-2071.
9. This procedure was based on the one employed in: Wang, Y-M.; Buchwald, S. L.
J. Am. Chem. Soc. 2016, 138, 5024-5027.
10. Davi, M.; Lebel, H. Org. Lett. 2009, 11, 41-44.
11. Yamamoto, T.; Yamakawa, T. J. Org. Chem. 2009, 74, 3603-3605.
12. Rakesh; Bruhn, D.; Madhura, D. B.; Maddox, M.; Lee, R. B.; Trivedi, A.; Yang,
L.; Scherman, M. S.; Gilliland, J. C.; Gruppo, V.; McNeil, M. R.; Lenaerts, A. J.;
Meibohm, B.; Lee, R. E. Bioorg. Med. Chem. 2012, 20, 6063-6072.
13. Bandar, J. S.; Ascic, E.; Buchwald, S. L. J. Am. Chem. Soc. 2016, 138, 58215824.
14. Benzofuran-3-carbaldehyde was prepared from 3-methylbenzofuran according
to the procedure in: Ando, K.; Kawamura, Y.; Akai, Y.; Kunitomo, J-I.; Yokomizo, T.;
Yamashita, M.; Ohta, S.; Ohishi, T.; Ohishi, Y. Org. Biolmol. Chem. 2008, 6, 296307.

67

15. Wenkert, E.; Alonso, M. E.; Gottlieb, H. E.; Sanchez, E. L.; Pellicciari, R.;
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4.7 1H and 13C NMR Spectra for Hydrosilylation Products and Substrates
(S)-diphenyl(1-phenylethyl)silane (1)

69

(S)-(1-(2-methoxyphenyl)ethyl)diphenylsilane (2)

70

(S)-(1-(2-fluorophenyl)ethyl)diphenylsilane (3)

71

4-methoxybenzyl (S)-3-(1-(diphenylsilyl)ethyl)benzoate (4):

72

(S)-diphenyl(1-(3-(trifluoromethyl)phenyl)ethyl)silane (5)

73

(S)-(1-(3-(methylsulfonyl)phenyl)ethyl)diphenylsilane (6)

74

(S)-5-(1-(diphenylsilyl)ethyl)-1-methyl-1H-indazole (7)

75

(S)-(1-(4-methoxyphenyl)ethyl)diphenylsilane (8)

76

(S)-4-(1-(diphenylsilyl)ethyl)phenyl acetate (9)

77

(S)-(1-(4-fluorophenyl)ethyl)diphenylsilane (10)

78

Methyl (S)-4-(1-(diphenylsilyl)ethyl)-1-(4-methoxybenzyl)-1H-pyrrole-2-carboxylate
and methyl 4-(2-(diphenylsilyl)ethyl)-1-(4-methoxybenzyl)-1H-pyrrole-2-carboxylate,
41:1 regioisomer mixture (11)

79

80

Tert-butyl (S)-3-(1-(diphenylsilyl)ethyl)-1H-indole-1-carboxylate (12):

81

(S)-5-(1-(diphenylsilyl)ethyl)-2-methoxypyridine (13)

82

(S)-4-(5-(1-(diphenylsilyl)ethyl)pyridin-2-yl)morpholine (14)

83

(S)-1-(2-(piperidin-1-yl)pyrimidin-5-yl)ethan-1-ol (15)

84

(S)-1-(6-morpholinopyridin-3-yl)ethan-1-ol (16)

85

(S)-1-(6-methoxypyridin-3-yl)ethan-1-ol (17)

86

(S)-1-(1-(3-fluorophenyl)-1H-pyrazol-4-yl)ethan-1-ol (18)

87

Tert-butyl (S)-3-(1-hydroxyethyl)-1H-indole-1-carboxylate (19)

88

(S)-1-(benzofuran-3-yl)ethan-1-ol (20)

89

(S)-1-(benzo[b]thiophen-3-yl)ethan-1-ol (21)

90

(S)-(1-(2-fluorophenyl)ethyl)diphenylsilanol (22)

91

4-methoxybenzyl (S)-3-(1-(hydroxydiphenylsilyl)ethyl)benzoate (23)

92

(S)-diphenyl(1-(3-(trifluoromethyl)phenyl)ethyl)silanol (24)

93

(S)-(1-(4-methoxyphenyl)ethyl)diphenylsilanol (25)

94

(S)-4-(1-(diphenylsilyl)ethyl)phenol (26)

95

4-methoxybenzyl 3-vinylbenzoate (27)

96

1-(methylsulfonyl)-3-vinylbenzene (28)

97

1-methyl-5-vinyl-1H-indazole (29)
MeN
N

MeN
N

98

29

29

Methyl 4-formyl-1-(4-methoxybenzyl)-1H-pyrrole-2-carboxylate (30)

99

Methyl 1-(4-methoxybenzyl)-4-vinyl-1H-pyrrole-2-carboxylate (31)

100

4.8. Chiral HPLC and SFC Traces for Hydrosilylation Products and Their
Derivatives
(S)-diphenyl(1-phenylethyl)silane (1). 1 mmol lot:
(a)

SiHPh2
Me

(b)

(a)

(b)
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(S)-diphenyl(1-phenylethyl)silane (1). 10 mmol lot:
(a)

SiHPh2
Me

(a)

(b)
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(S)-(1-(2-methoxyphenyl)ethyl)diphenylsilane (2)
(a)

OMe SiHPh2
Me

(b)

(a)
tM = 5.19 min, area (254 nm) = 6960, area% (254 nm) = 99.74
tm = 4.82 min, area (254 nm) = 18, area% (254 nm) = 0.26
(b)
tS = 5.21 min, area (254 nm) = 1123, area% (254 nm) = 48.78
tR = 4.83 min, area (254 nm) = 1179, area% (254 nm) = 51.22
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(S)-(1-(3-(methylsulfonyl)phenyl)ethyl)diphenylsilane (6)
SiHPh2

(a)

Me

SO2Me

(b)

(a)

(b)
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(S)-5-(1-(diphenylsilyl)ethyl)-1-methyl-1H-indazole (7)
SiHPh2

(a)

Me
MeN
N

(b)

(a)

(b)

105

( S )-(1-(4-fluorophenyl)ethyl)diphenylsilane (10)
SiHPh2

(a)

Me
F

(b)

(a)

(b)
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Methyl (S)-4-(1-(diphenylsilyl)ethyl)-1-(4-methoxybenzyl)-1H-pyrrole-2-carboxylate
(11)
SiHPh2

(a)
MeO 2C

N
PMB

(b)

(a)

(b)
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Me

(S)-5-(1-(diphenylsilyl)ethyl)-2-methoxypyridine (13)
SiHPh2

(a)

Me
MeO

(b)

(a)

(b)
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N

(S)-4-(5-(1-(diphenylsilyl)ethyl)pyridin-2-yl)morpholine (14)
SiHPh2

(a)

Me
N
O

(b)

(a)

(b)

109

N

(S)-1-(2-(piperidin-1-yl)pyrimidin-5-yl)ethan-1-ol (15)
OH

(a)
N
N

(b)

(a)

(b)
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Me
N

(S)-1-(6-morpholinopyridin-3-yl)ethan-1-ol (16)
OH

(a)

Me
N
O

(b)

(a)

(b)

111

N

( S )-1-(6-methoxypyridin-3-yl)ethan-1-ol (17)

OH

(a)

Me
MeO

(b)

(a)

(b)
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N

(S)-1-(1-(3-fluorophenyl)-1H-pyrazol-4-yl)ethan-1-ol (18)
OH

(a)

Me

N
N
F

(b)

(a)

(b)
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Tert-butyl (S)-3-(1-hydroxyethyl)-1H-indole-1-carboxylate (19).
Lot from Hydrosilylation with PhSiH3 followed by Tamao Oxidation:
HO

(a)

N
Boc

(b)

(a)
tM = 3. 47 min, area (254 nm) = 39191, area% (254 nm) = 95.28
tm = 3.34 min, area (254 nm) = 1940, area% (254 nm) = 4.72
(b)
tS = 3.43 min, area (254 nm) = 64712, area% (254 nm) = 51.25
tR = 3.30 min, area (254 nm) = 61561, area% (254 nm) = 48.75

114

Me

lot from Tamao oxidation of diphenylsilane adduct 12:
HO

(a)

N
Boc

(b)

(a)

(b)
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Me

(S)-1-(benzofuran-3-yl)ethan-1-ol (20)
(a)

HO

O

(b)

(a)
tM = 3. 97 min, area (254 nm) = 35631, area% (254 nm) = 98.66
tm = 4.12 min, area (254 nm) = 1940, area% (254 nm) = 1.34
(b)
tS = 3.97 min, area (254 nm) = 25670, area% (254 nm) = 45.58
tR = 4.12 min, area (254 nm) = 30646, area% (254 nm) = 54.42
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Me

(S)-1-(benzo[b]thiophen-3-yl)ethan-1-ol (21)
HO

(a)
S

(b)

(a)

(b)
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Me

(S)-(1-(2-fluorophenyl)ethyl)diphenylsilanol (22)

(a)

HO

SiPh2

first lot
(described in
procedure)

Me

F

(b)

second lot
(retention times
have drifted)

racemic sample

(c)

(a)

(c)
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4-methoxybenzyl (S)-3-(1-(hydroxydiphenylsilyl)ethyl)benzoate (23)
HO

(a)
PMBO 2C

SiPh2
Me

(b)

(a)

(b)

119

(S)-diphenyl(1-(3-(trifluoromethyl)phenyl)ethyl)silanol (24)
HO

(a)

F 3C

(b)

(a)

(b)
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SiPh2
Me

(S)-(1-(4-methoxyphenyl)ethyl)diphenylsilanol (25)
HO

(a)

SiPh2
Me

MeO

(b)

(a)

(b)
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(S)-4-(1-(diphenylsilyl)ethyl)phenol (26)
SiHPh2

(a)

Me
HO

(b)

(a)

(b)
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Chapter Three.
Asymmetric Cu-Catalyzed 1,4-Dearomatization
of Pyridines and Pyridazines without
Preactivation of the Heterocycle or Nucleophile
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1. Introduction.

(A) Various auxiliaries6a-c

R1

Aux*
Aux*
Dearomatization of
RLi or R2CuLi
electron-deficient
N
or
OTMS
N
heteroarenes with carbon
Me
O
OEt
OEt
O
OEt
nucleophiles is an essential
1
Me
R = R, CMe2CO2Et
transformation for the
(B) Chiral nucleophiles5
Me
Ph
synthesis of pyridines and
EWG
83% yield,
Me
Ph
Li+
9:1 - 94:6 dr
EWG
piperidines, which are the two
+
Bpin
N
totally
3,5-(CF
)
Ph
most common azaheterocycles
3 2
enantiospecific
Troc
N
in FDA-approved small90% ee
Troc
EWG = CO2Me or C(O)NEt2
molecule drugs.1,2a-e However, (C) Asymmetric catalysis7c,d
1
R
R2
direct dearomative addition to
EWG
carbonyl
EWG
pyridine generally requires
pronucleophile
organocatalyst
harsh conditions2c,3b and has
N
N
R
limited compatibility with
R
R1 = (EtO2C)CHCH or (MeO2C)CH2
R
=
alkyl,
complex, functionalized
EWG = CN or NO2
R2 = alkyl
molecules. Most C–C bond(D) This work: asymmetric C-C bond-forming direct dearomatization
Me
Ar
forming pyridine
cat. Cu(OAc)2,
dearomatizations employ
(S,S)-Ph-BPE
observed
Ar
+
X
DMMS, THF, rt
by 1H NMR
activated substrates
N
X
N
DMMS = HSiMe(OMe)2
generated through
X = CH, N
SiMe(OMe)2
stoichiometric
Me
Ar
Me
Ar
O2 or air, PhMe,
Ph
Ph
functionalization of the
rt, one pot
or
heterocyclic nitrogen with
P
or
P
X
2-7
NaBH
,
HOAc,
rt,
N
4
N
strong electrophiles. While
H
(X = CH), one pot
Ph
Ph
up to 95% ee
up to 97% ee
useful, this approach has a
(S,S)-Ph-BPE
single regioisomer single regioisomer
number of limitations. For
instance, many methods
Fi gu re 1 . Methods for stereocontrolled 1,4require pre-synthesis of the
dearomatization; (A) with chiral auxiliaries; (B) with
activated heterocycle2c or
chiral nucleophiles; (C) using asymmetric catalysis; (D)
prior formation of
this work: asymmetric direct catalytic dearomatization.
nucleophile, and separate
deprotection steps are commonly required to cleave the activating group from the
dihydropyridine (DHP) product. Further, whereas numerous methods exist for
asymmetric 1,2-dearomatization,4a-e achieving stereocontrol in 1,4-selective variants
has proven much more challenging. The latter transformation is seldom possible
without auxiliaries or pre-formed chiral nucleophiles (Figure 1, A and B);5,6a-c
asymmetric catalysis of pyridine 1,4-dearomatization7a-c was unknown until very
recently, 2c and highly enantioselective catalytic reactions (Figure 1, C)7b-d are
currently only possible with a narrow set of multiply activated cationic substrates.
A number of catalyzed additions of hydride or silyl nucleophiles have been reported
that operate directly on pyridine rather than on stoichiometrically activated
derivatives,8a-j but there are no reactions of this type that achieve either C-C bondformation or asymmetric induction. In this report, we show that a chiral copper
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complex catalyzes C–C bond-forming dearomatization under mild conditions
without requiring activation of the heterocycle, pre-formation of the nucleophile, or
protecting group manipulations (Figure 1, D). Moreover, the reaction is a very rare
example of highly enantioselective catalytic 1,4-dearomatization, it succeeds with a
broad selection of substituted pyridines and pyridazines, and it generates DHPs
that can be converted to enantioenriched pyridines or piperidines in the same pot.
2. Results and
Discussion.

styrene (2.0 equiv.),
4.0% Cu(OAc)2,
4.4% (S,S)-Ph-BPE
DMMS (3.0 equiv),

Me

Ph
92% NMR yield 1a
(crude)
(eq 1)
+ 1,2-DHP isomer
(5% NMR yield)

N
N
We hypothesized that
THF (0.5 mL), rt, 20 h
0.5
mmol
1a SiMe(OMe)2
pyridine could be activated
toward nucleophilic dearomatization in an asymmetric hydrofunctionalization
reaction,9,10 thereby permitting direct dearomatization of the heterocycle while
replacing pre-formed nucleophiles with abundant olefin precursors. Subjecting a
mixture of pyridine and styrene to (Ph-BPE)CuH, prepared as before (eq 1),11,12
gave 97% conversion (1H NMR) to a mixture of dihydropyridines strongly biased in
favor of the 1,4-adduct 1a (22:1 average 1,4:1,2). Treating crude DHPs with O23c
provided efficient rearomatization and enabled a one-pot synthesis of functionalized
pyridines (generically, 3; Table 1, A). Chiral analysis of pyridine 3a (90% ee)
indicated that the dearomatization had occurred with high enantioselectivity and
that the aerobic rearomatization was stereospecific.13 Applying the dearomatization
to the synthesis of enantioenriched piperidines also proved to be straightforward:
adding NaHB(OAc)3 to crude DHPs provided good yields of piperidines (generically,
4; Table 1, B) in a one-pot operation14 that could be conducted on gram-scale
without appreciable loss of yield or selectivity (4p; Table 1, B).

The dearomatization/reoxidation protocol succeeded with pyridines,
pyridazines, and a variety of C3-substituted derivatives thereof. The
enantioselectivity obtained with pyridazines (3g-k; Table 1, A) was consistently
excellent and insensitive to the presence of electron-donor groups; in contrast, the
ee’s obtained with pyridines were moderately depressed by electron-releasing
groups (e.g., 3d; Table 1, A) and enhanced by aryl and !-acceptor substituents (3e,
4s-u; Table 1, A and B). Substituted pyridines were also viable substrates for
dearomatization/reduction, and stereochemical analysis of products 4s-u (Table 1,
B) revealed that both transformations exert control over the endocyclic
stereocenters they respectively generate, leading to mixtures of diastereomeric
piperidines having a major bias for the 4 (a,s) diastereomers [see inset in Table 1,
B for explanation of nomenclature]. The major diastereomers were isolable in
stereochemically pure form, and thus the dearomatization/reduction protocol
enabled selective preparation of piperidines containing three contiguous
stereocenters starting from prochiral substrates. Our work with this series
provided key insights into the stereochemical properties of the asymmetric
dearomatization. Single-crystal X-ray diffraction analysis of 4s(a,s)•HCl revealed
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used 1 mmol 2, 2 equiv olefin except where noted; bsee SI for details; cO2 was used for 3b-k.; dyields and ee’s are
averages for two runs except where noted; ereaction used 4.0% Cu(OAc)2, 4.4% Ph-BPE; fone measurement; gused 0.5 mmol
2; hused 1.5 equiv olefin; iused 1.1 equiv olefin; jee determination used the N-BOC derivative.

aReactions

3fg

X

R1

SiMe(OMe)2

N

Ar

55% yield 3f (R = TES),
82% ee 3f’ (R = H) after
K2CO3/MeOH (91% yield)b

OMe

Me

96% NMR yield 1i + 1i’ (1i:1i’ = 8:1)
49% isol. yield 3i + 3i’ (3i:3i’ = 7:1)
98% ee (3i), 96% ee (3i’)

Me

73% isol. yield 3e
94% ee

Me

OMe

3b

1

R2

66% isol. yield 3b
95% ee

N

Me

6.6% (S,S)-Ph-BPE,
DMMS (3.0 equiv),
THF, rt, 20-42 hb

aryl alkenea
(1.1-2 equiv),
6.0%a Cu(OAc)2

O2 oxidation:
64% yield 3a, 90% ee
Air oxidation:
62% yield 3a, 90% ee

Me

N

(A)

Table 1: Asymmetric Dearomative Syntheses of Functionalized Pyridines (A) and Piperidines (B).

its absolute configuration,15,16 making it clear that dearomative addition is retentive
with respect to the benzylic stereocenter set during hydrocupration and selective for
(C!,C4)-anti DHPs, whereas the reduction is selective for (C3,C4)-syn piperidines.
The basis for anti-selective dearomative addition is unclear at present, but it
appears to be general.15,17 Notably, retention of the phenethylcopper stereocenter
contrasts with the clean inversion Aggarwal observed in the addition of chiral
phenethylboronates to acylpyridiniums (Figure 1, B);5 our result is mechanistically
interesting given that the organocopper nucleophiles involved here do undergo
invertive addition in other transformations.12c
Unlike C3 substituents, groups at C4 are only accommodated in special cases
(as in 4r; Table 1, B), and substitution at C2 is not tolerated even for substituents
that increase the intrinsic electrophilicity of the free heterocycle (e.g., CF3, CO2Me).
Further, examples 3i-k (Table 1, A) show that organocopper nucleophiles
preferentially add para to the less hindered nitrogen even when this entails attack
on the more encumbered and more electron-rich of the two activated sites. These
observations concerning C2 substitution can be readily rationalized if one invokes
coordination of the heterocycle to a sterically demanding Lewis acid (e.g., Cu) in the
dearomative addition step.
The dearomatization is compatible with various aryl alkene substituents, but
certain trends involving this reactant were very surprising. Dearomatization
exhibits useful levels of selectivity for a variety of olefin ! substituents (3b, 3k, 4q;
Table 1, A and B), and ortho substitution is broadly tolerated (3c, 4l-n; Table 1, A
and B). But surprisingly, when groups such as F, Me and OMe are present at the
para position of the styrene, they completely suppress dearomatization. This
observation runs counter to all our previous experience with styrene
hydrofunctionalization12a-e and leads us to propose that para substituents incur a
destabilizing interaction unique to the dearomative addition transition state.
Consistent with this, we observed some sensitivity to the steric demand of the meta
substituent; thus, 3-methylstyrene is problematic for pyridine but not pyridazine
(3g, 3h; Table 1), while meta-halides are tolerated with both (3g, 3i, 4o-p; Table 1,
A and B).
Figure 2 illustrates one plausible mechanism for the Cu-catalyzed direct
dearomatization. Activation of the heterocycle occurs through formation of dative
Me
Ar
complex I (step i), which
Ar
undergoes dearomatization
II CuL2*
ii
N
with an organocopper
12a,18
nucleophile (II) (step ii).
I CuXL2* i
Ar
Me
Me
Ar
L2*CuH
iii
The resulting N-cuprated
N
DHP intermediate could then
iv
CuXL2*
furnish product IV and the
N
N
IV
III
SiMe(OMe)2 DMMS
regenerated catalyst via !CuL2*
bond metathesis with the
Fi gu re 2 . Plausible mechanism for the dearomatization.
silane (step iv), similarly
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to transmetalation processes implicated in other catalytic
hydrofunctionalizations.12,18-19 We are currently undertaking a detailed mechanistic
investigation directed at elucidating how activation and addition occur in this
reaction.
3. Conclusion.
In summary, we have demonstrated that pyridine and pyridazine undergo
direct asymmetric dearomatization in the presence of a chiral CuH catalyst. This
unique reaction eliminates the need for extraneous activation and nucleophileformation steps, and it permits one-pot syntheses of highly enantioenriched C4functionalized heterocycles. We expect that our ongoing mechanistic investigations
will shed light on the unusual reactivity trends we observe and aid in the discovery
of more general dearomative transformations.
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5. Experimental Section.

5.1 General Reagent Information
Unless noted otherwise, reagents and starting materials were purchased from
commercial vendors and used as supplied. The (+)-(2S,5S) and (–)-(2R,5R) isomers
of 1,2-bis(2,5-diphenylphospholano)ethane (i.e., Ph-BPE) were obtained from
Namëna Chemicals. Cu(OAc)2 was anhydrous and obtained from Strem as an
amorphous powder (97% minimum purity).1 Dimethoxy(methyl)silane (DMMS, CAS
#16881-77-9) was obtained from TCI America and stored in an N2-atmosphere
glovebox. Caution: several vendors (TCI, Alfa Aesar) assign a GHS hazard code of
H318 to DMMS,2 indicating that it is a Category I serious eye-damage hazard (i.e.,
causes serious eye damage). Other vendors (Gelest, AK Scientific) assign DMMS a
GHS hazard code of H319, indicating that it is a category II Eye Irritant. DMMS
should be handled in a well-ventilated fumehood using proper precautions as
outlined for the handling of hazardous materials in “Prudent Practices in the
Laboratory.”3 In the general oxidation procedure, as well as in the procedure for
characterizing crude 1,4-dihydropyridines (DHPs) by 1H NMR, excess DMMS is
evaporated using a vacuum manifold once the dearomatization has gone to
completion. This operation must be performed inside a well-ventilated chemical
fumehood using a vacuum manifold with two liquid-nitrogen-cooled traps in order to
prevent release of DMMS into the atmosphere. After the oxidation step, the
reaction mixture is stirred in the presence of saturated methanolic NH4F for 2 h
inside a fumehood prior to other manipulations. In the reduction protocol, the
dearomatization reaction mixtures are aged in the presence of a large excess of
glacial AcOH for ca. 16 h in a procedure that is carried out in a fumehood. This
operation destroys any DMMS left over from the dearomatization prior to
concentration of the reaction mixtures with the aid of a rotary evaporator. Pyridine
(Aldrich) was anhydrous and stored under nitrogen in a dry Schlenk storage tube
sealed with a screw-in PTFE plug. Molecular O2 used in oxidation experiments was
obtained from Airgas in a cylinder pressurized to ca. 2500 psi. THF and PhMe were
obtained from J.T. Baker in CYCLE-TAINER® delivery kegs and purified by
successive filtrations though packed columns of neutral alumina and CuO under Ar
pressure; CH2Cl2 used as a reaction solvent was purified in the same manner.
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EtOAc used in chromatography eluents was HPLC grade (Aldrich HPLC plus,
99.9%, Aldrich catalog number 650528); EtOAc used in all other applications was
ACS reagent grade (Aldrich, 99.5%). Flash chromatography was performed on wetloaded, manually eluted silica columns using SiliCycle SiliaFlash® F60 silica gel
(40-63 µm, 230-400 mesh, 60 Å pore diameter). Preparative TLC separations used
Silicycle glass-backed extra-hard-layer plates (60 Å pore-diameter, 1.0-mm-thick
silica layer, F-254 indicator, 20x20 cm). Dearomatization reactions were performed
in glass culture tubes with threaded ends (oven dried at 140 °C for at least 16 h
prior to use) that were sealed with screw-thread caps fitted with PTFE/silicone
septa (see general procedures for sizes and part numbers). A photograph of a
representative reaction vessel is provided in Figure SI-1.

5.2 General Analytical Information
Proton and Carbon NMR spectra of new compounds were recorded on Bruker 400
MHz, Bruker 600 MHz, and Varian 500 MHz instruments. The 1H NMR spectrum
of cinnamyl methyl ether was recorded on a Varian 300 MHz instrument. The
Varian 500 was used for all HBMC, HSQC, g-COSY and 1D-NOESY experiments.
Chemical shifts of 1H NMR signals are referenced to the indicated residual solvent
peak (CDCl3, δ = 7.26; CD2Cl2, δ = 5.32; benzene-d6, δ = 7.16; acetone-d6, δ = 2.05)
and reported in ppm relative to tetramethylsilane. Chemical shift values for the
crude dihydropyridines (DHPs) described in Section 3.3 are an exception; the C6D6
signal was usually obscured in their 1H NMR spectra, and
consequently their shifts are referenced to the known value for a
resonance of an internal standard (δ = 6.33 ppm for C4-H of

Fi gu re S I -1. Reaction apparatus for dearomatization reactions:
glass culture tube with threaded end (20 x 125 mm; Fisher scientific
part # 14-959-35A), phenolic screw-thread open-top cap (KimbleChase part # 73804-15425), PTFE-lined silicone septum (Thermo
Fisher scientific part # B7995-15), and a small PTFE-coated stir bar.
Note that some dearomatization procedures call for a slightly longer
culture tube (20 x 150 mm; Fisher scientific part # 14-959-37C).
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3,5-dimethoxy-1-chlorobenzene, δ = 6.36 for C(3,5)-H of 2,6-dimethoxytoluene, δ =
6.24 for C(2,4,6)-H of 1,3,5-trimethoxybenzene, δ = 6.75 for C(2,3,5,6)-H of 1,4dimethoxybenzene). All 13C spectra are proton-decoupled, and 13C shifts are
reported in ppm relative to the indicated solvent shifts at δ = 77.16 (CDCl3) or 53.84
ppm (CD2Cl2).
Fluorine NMR shifts were recorded on a 300 MHz Varian
instrument and indirectly referenced to CFCl3 by way of neat external
trifluorotoluene (δ = –63.72). CDCl3, CD2Cl2, and C6D6 were obtained from
Cambridge Isotope Laboratories; the CDCl3 was stored over activated 3 Å molecular
sieves for 48 h prior to use. Benzene-d6 used for 1H NMR observation of crude DHPs
was degassed inside an oven-dried Schlenk storage tube sealed with a screw-in
PTFE plug by subjecting it to a freeze-pump-thaw sequence on a vacuum manifold.
This was accomplished by freezing the solvent in liquid nitrogen while the vessel
was sealed, evacuating the Schlenk tube until the internal pressure was ca. 20
mTorr, resealing the vessel, and then allowing the frozen solvent to thaw under
static vacuum at ambient temperature. This process was repeated twice. The
benzene-d6 was then stored in an N2-atmosphere glovebox over 4 Å molecular
sieves. Gas Chromatography (GC) analyses were performed with internal dodecane
using an Agilent 7890A gas chromatograph equipped with an FID detector and a
J&W DB-1 column (10 mm, 0.1 mm I.D.). TLC analyses employed Silicycle
SiliaPlate® glass-backed extra-hard-layer TLC plates (60 Å, 250 µm thickness,
20x20 cm, UV-254 indicator) and visualization with 254 nm light or I2/SiO2.
Diastereomer separations for examples 4s-u were performed by preparative HPLC
using an Agilent 1260 Infinity instrument equipped with a ZORBAX CN PreHT
(normal phase) column (21.2 mm x 250 mm, 7 !m). Melting ranges (uncorrected)
were determined using a Mel-Temp capillary melting point apparatus. IR spectra
were acquired from neat samples using a Thermo Scientific Nicolet iS5
spectrometer equipped with an iD5 diamond laminate ATR accessory, and
representative peaks are reported as wavenumbers in units of cm–1. Specific optical
rotation measurements were obtained from CHCl3 solutions having concentrations
of 5 mg/mL (examples 3a-k) or 10 mg/mL (examples 4a-u) using a Jasco 1010
polarimeter operating at 589 nm.
High-resolution mass spectrometry was
performed using an Agilent 6510 QToF LC/MS instrument with a dual ESI source
and B.05.01 MassHunter software. Elemental analyses were performed for carbon
and hydrogen by Atlantic Microlabs Inc., Norcross, GA. Enantiomeric excesses
(ee’s) were determined by chiral SFC analysis using a Waters Acquity UPC2
instrument; specific columns and analytic methods are provided in the experimental
details for individual compounds. LC-MS analysis was performed with a Thermo
Scientific Accucore C18 column (30 x 2.1 mm, 2.6 !m particle size) maintained at 45
ºC within an instrument consisting of Agilent 1260 series binary pump, degasser
and sample manager modules, Agilent 1100 series COLCOM and DAD modules,
and an Agilent 6120 quadrupole MS operating in positive MM-ES+APCI ionization
mode.
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5.3 General Procedures for Dearomatization/Oxidation
R2
R1

aryl alkene
(1.1-2 equiv),
6.0% Cu(OAc)2

Ar
R1

X

6.6% (S,S)-Ph-BPE,
DMMS (3.0 equiv),
THF, rt, 20-42 h
2
0.5 - 1.0 mmol
N

R2

1

X
N
SiMe(OMe)2

Ar

O2 or air

R1

PhMe, rt
3

N

X

Caution: oxygenated solvents and reaction mixtures such as those used in
Procedure A (see below) are extremely flammable4 and can undergo potentially
violent combustion if exposed to sources of ignition. These reaction mixtures must
be stored in a well-ventilated fumehood. In addition, we note that the tubing and
other apparatus used for delivery of compressed oxygen to reaction mixtures (see
Figures SI-3 through SI-7) must be free of oil, grease, or other combustibles.5

Procedure A: Oxidation with O2.
I. Dearomatization of the heterocycle. Inside a N2-atmosphere-filled glovebox, a 20
x 150 mm borosilicate glass culture tube with a threaded end (Fisher Scientific part
# 14-959-37C) was charged with Cu(OAc)2 (10.9 mg, 0.060 mmol) and (S,S)-Ph-BPE
(33.5 mg, 0.066 mmol) and equipped with a small PTFE-coated stir bar. Then 1.0
mL THF (anhydrous, degassed, stored over molecular sieves) was added followed by
DMMS (0.37 mL, 3.0 mmol), the tube was sealed with a phenolic screw-thread opentop cap fitted with a PTFE-lined silicone septum (see figure S-1 for details), and the
resulting mixture was stirred at rt. Dissolution of all solids and a color change from
pale blue to vivid orange was noted within ca. 15 min. The reaction mixture was
removed from the glovebox and stirred at rt for an additional 15 min, during which
time the orange color deepened and acquired a reddish hue. The heterocycle
substrate 2 (1.00 mmol, measured volumetrically) was added to the reaction
mixture by piercing the septum with a 100 !" gas-tight microsyringe at the end of
the 30 min catalyst-generation period, and stirring was continued for an additional
15 min. The vinyl arene (2.00 mmol; Exceptions noted in individual procedures)
was then added through the septum using a disposable plastic 1 mL syringe fitted
with a disposable stainless steel needle, the septum-cap was copiously wrapped
with parafilm, and the reaction mixture was stirred at rt in the dark for the
indicated period of time.
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Figure SI-2. Apparatus for concentrating dearomatization reaction mixtures.

II. Removal of Volatiles. The septum-cap was removed and the threaded end of the
tube was wrapped with PTFE tape and outfitted with a connecting adapter
(Chemglass part numbers CG-1318-10 and CG-1318-23) joined to a 24/40 gasadapter with a greased ground-glass stopcock (see Fig. SI-2 for a picture of the
apparatus). Copper wire and rubber bands were used to ensure a tight seal
between the gas adapter and the connecting adapter (this became important later,
primarily when the vacuum was relieved, and particularly in Procedure E [vide
infra], in which it was necessary to ensure that the apparatus was not pulled apart
by vacuum while it was being introduced into a glovebox via the antechamber for
preparation of the NMR sample). Using a length of gum-rubber hose, the gas
adapter was attached to a Schlenk dual-manifold with two liquid-nitrogen-cooled

Figure SI-3. Gas regulator setup.
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Figure SI-4. Anti-suck-back trap.

Fi gu re S I-5.
control system.

Secondary pressure-

Fi gu re S I -6. Oxygen delivery needle.
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plastic Luer-tip
1 mL syringe barrel

tygon tubing

12-inch non-coring
stainless steel needle

plastic three-way
adapter

regulator

gum-rubber
tubing
hose clamps
O2 cylinder
metal luer-lock
syringe adapter
+ needle
conical rubber
stopper (penetrated
with metal needle
attached to Luer
adapter)

screw clamp

Buchner vacuum
flask

Figure SI-7. Schematic diagram of apparatus for delivering O2 to the oxidation reaction
mixtures.

traps, and vacuum was carefully applied to the sample by quickly opening and
closing the stopcock while the reaction tube was gently manually agitated (this was
necessary to prevent flash-boiling of the sample, which can cause mechanical
product loss). A viscous orange-brown residue was obtained once most of the
volatiles had been removed. This material was evenly distributed over the inner
wall of the tube so as to provide maximal surface area for evaporation, and the
mixture was maintained under vacuum for ca. 2 h. Finally, the reaction tube
containing the crude residue was closed to the vacuum line and back-filled with
nitrogen, unscrewed from the connecting adapter, and sealed with a phenolic screwthread open-top cap fitted with a PTFE-lined silicone septum. While the trap was
maintained inside a well-ventilated chemical fumehood, its contents were allowed to
thaw at ambient temperature, and then they were diluted with acetone and poured
into a container designated for organic liquid waste. Caution: this waste contains
DMMS – see above for details on safety considerations in handling this material.
Both traps were rinsed several times with acetone, which was subsequently
disposed of in the same manner. Finally, the traps were allowed to air-dry inside
the fumehood for several hours before being used again.
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Figure SI-8. A 0.5-mmol scale Oxidation.

III. Dihydroheterocycle Oxidation with O2. A pressurized cylinder of O2 equipped
with an O2-specific regulator (CGA-540 inlet, Fig SI-3) was connected to an antisuck-back trap constructed from a Buchner filter flask, a Luer-tip syringe adapter,
and a thick rubber stopper (see Fig. SI-4).6 The side arm of the filter flask was
fitted with a length of rubber tubing leading to a three-way plastic connector. One
arm of the plastic connector was equipped with a Tygon tube closed with an
adjustable screw-clamp that was used as a bleed-valve for obtaining very fine
control over the O2 pressure delivered to the sample (see Fig. SI-5). The third arm
of the connector led to a length of Tygon tubing terminating in a plastic 1-mL Luertip syringe (Fig. SI-6). The syringe was equipped with a 12” stainless steel needle
that was used to introduce O2 bubbles into the reaction mixture. For a complete
schematic depiction of the apparatus used for introducing oxygen into the reaction
mixtures, see Fig. SI-7. Anhydrous PhMe was gently sparged inside a dry glass
reaction tube of the type described in Part I for ca. 20 min immediately prior to use.
A plastic syringe was used to transfer the oxygenated PhMe (6 mL for 1 mmol-scale
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examples; 3 mL for 0.5 mmol-scale examples) to the crude DHP residue obtained at
the end of Part II. The septum-cap was pierced with a vent needle (see Fig. SI-8)
and the O2 inlet needle pictured in Figure SI-6 was inserted through the septum.
The reaction mixture was very slowly stirred while a gentle stream of O2 was
bubbled through it for the indicated period of time. In most cases, a color change to
green was observed as the oxidation progressed (although this was not generally
true for pyridazine examples).
After the indicated period of time, the O2 inlet needle was removed from the
reaction tube and the stirred mixture was maintained under an O2 balloon
overnight. On the subsequent day, the balloon was replaced with a vent needle, and
saturated methanolic NH4F (6 mL for 1 mmol-scale reactions; 3 mL for 0.5 mmolscale reactions) and MeOH (1.5 mL for 1 mmol-scale reaction; 1 mL for 0.5 mmolscale reactions) were added to the tube using syringes. The resulting mixture was
vigorously stirred at rt for ca. 2 h. The mixture was then diluted with EtOAc and
concentrated with the aid of a rotary evaporator to provide a residue that was taken
up into CH2Cl2, loaded onto a plug of silica gel (see individual procedures for specific
amounts) that had been transferred as a slurry in organic solvent (see individual
procedures) to a plastic filter-funnel and allowed to settle. The plug was then
eluted with the indicated solvent, and the filtrate obtained was concentrated to give
an oily crude residue that was promptly purified by flash column chromatography
to provide the C4-functionalized heteroarene.

Procedure B: Oxidation with Air.
The crude DHP was prepared as described in Parts I and II of Procedure A. Dry
PhMe (6 mL) was added and the resulting solution was slowly stirred while a
stream of air was gently bubbled through it using a tank of compressed air and
Tygon tubing equipped with a stainless steel syringe (as shown in Figure SI-6).
After 4 h, bubbling was terminated and the reaction mixture was stirred overnight
under an atmosphere of air. It was then subjected to the NH4F workup, filtration
and purification operations described in Part III of Procedure A.

5.4. General Procedure for 1H NMR Observations of the Crude DHPs
Procedure C : 1H NMR Observation of the Crude N-Silyl 1,4-DHPs
R2
R1
N

X
2

0.5 mmol

aryl alkene
(1.1-2 equiv),
6.0% Cu(OAc)2

Ar
R1

6.6% (S,S)-Ph-BPE,
DMMS (3.0 equiv),
THF, rt, 20-42 h
1

X
N
SiMe(OMe)2
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Dearomatization Reactions were set up on 0.5 mmol scale as described in part I of
Procedure A (section 5.3). After the period of time indicated below, volatiles were
removed as in part II of Procedure A. While the gas adapter (see Figure SI-2) was
still connected to the vacuum hose, the apparatus was back-filled with dry nitrogen
and the stopcock was closed. In this state, the apparatus was disconnected from the
manifold and taken inside a nitrogen-atmosphere glovebox. The reaction tube was
unscrewed from the connecting adapter, and the indicated internal standard was
weighed into it by difference. At this juncture, the glovebox circulator was
temporarily shut off. A ca. 0.6 mL aliquot of dry, degassed C6D6 was transferred to
the reaction tube, which was then immediately sealed with a septum-cap of the type
used described in Procedure A, Part I. The mixture inside the sealed tube was
agitated until all of the crude product and internal standard dissolved and a brown
solution was obtained. The septum-cap was removed and the entire crude product
C6D6 solution was transferred to an oven-dried NMR tube using an oven-dried glass
pipette. The tube was quickly sealed with a plastic NMR tube cap and the edges of
the cap were sealed with a strip of electrical tape. The NMR tube was removed
from the glovebox and analyzed by 1H NMR immediately. NMR yields were
determined by comparing product dihydroheterocycle integrals to integrals of wellresolved internal-standard resonances.7

5.5. Assignment of Diastereomers
Our conclusion that the asymmetric dearomatization exhibits general (C!,C4)-anti
diastereoselectivity (See Fig. SI-9 for explanation of stereodescriptor conventions)
was based on a series of observations that began with our determination of the
stereochemical outcomes for the syntheses of piperidines 4s-u (structures are
reproduced in Figure SI-9, (C) below). By large margins, the major product in each
case was the 4 (a,s) diastereomer. (See specific procedural information and
spectral attachments for structure-determination data). For 4u, we confirmed that
the second-most prevalent piperidine in the initial product mixture was 4u (s,s).
As our work had previously suggested that the C! and C4 stereocenters of the 1,4DHPs should be configurationally stable during the reduction, we expected that we
should see a correspondence between these diastereomeric piperidines and their
diastereomeric 1,4-DHP precursors. The 1H NMR spectrum of the sample of crude
DHP 1u that was used in the reduction showed two principal nicotinamide-derived
species (See excerpt in Figure SI-10 and complete spectrum in the spectral
attachments). Major species: ! 6.50 (s), 6.01 (d, J = 7.9 Hz), and 4.76 (dd, J = 7.9,
4.6 Hz) ppm (1:1:1 integral ratio); minor species: ! 6.64 (s, 1H), 6.13 (d, J = 8.0
Hz, 1H), 4.56 (dd, J = 8.0, 4.4 Hz, 1H) ppm (1:1:1 integral ratio). That the
corresponding signals in each set had similar shifts, identical multiplicities, and
very similar coupling constants strongly supported their assignments as
corresponding to anti -1u and syn -1u, respectively. In addition, a multiplet
appearing at ! 4.10 – 4.04 ppm was clearly a composite of signals coming from both
the major and minor species (See Figure SI-10 for structures and assignments).
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Comparing the integrals for the major and minor components of the H2- and H6proton diagnostic pairs gave an approximate ratio of 4.6:1 for anti -1u:syn -1u (the
two higher-field multiplets were known to be subject to interference from baseline
distortion or overlap with minor impurities; hence they were not used in the
calculation).
(A) Dihydropyridines

There were two other notable
products present in the 4u
Cα Ar
Cα Ar
diastereomer mixture, and the
C4
C4
R
R
most chemically reasonable
assignment for these derives
N
N
from the assumption that the
SiMe(OMe)2
SiMe(OMe)2
(Cα,C4)-anti-1 =
syn-1u
reduction does not exert
anti-1
perfect control over the C3
(B) Piperidines
stereocenter generated in that
Me Cα Ph
Me Cα Ph
Me Cα Ph
Me Cα Ph
step. Assigning these minor
C4
C4
C4
C4
C3 R
C3 R
C3 R
C3 R
species as 4u (a,a) and 4u
(s,a) gave us an [all (C!,C4)N
N
N
N
SiMe(OMe)2
SiMe(OMe)2
SiMe(OMe)2 anti-piperidines]:[all (C!,C4)SiMe(OMe)2
syn-piperidines] (i.e., [4u
(Cα,C4)-anti(Cα,C4)-syn(Cα,C4)-anti(Cα,C4)-syn(C3,C4)-anti-4 =
(C3,C4)-anti-4 =
(C3,C4)-syn-4 =
(C3,C4)-syn-4 =
(a,s) + 4u (a,a)]:[4u (s,s) +
4 (a,a)
4 (s,a)
4 (a,s)
4 (s,s)
4u (s,a)]) ratio of 4.4:1 (i.e.,
(C) Specific Examples
81:19) as measured by SFC
Me
Ph
Me
Ph
Me
Ph
analysis of the crude product,
t
Ph
CO2 Bu
C(O)NEt2
closely matching the 4.6:1
ratio (i.e., 82:18) estimated for
N
N
N
anti -1u:syn -1u by NMR.
SiMe(OMe)2
SiMe(OMe)2
SiMe(OMe)2
Other
observations
also
4s (a,s)
4t (a,s)
4u (a,s)
supported these assignments
for
the
minor
reduction
Fi gu re S I -9. Stereochemical conventions for (A)
products.
For the closely
dihydropyridines, and (B) piperidines, and (C)
structures of piperidine examples relevant to this
related substrate 2s (i.e., 3discussion.
phenylpyridine), we were able
to isolate and confirm the
structure of the 4s (a,a) piperidine diastereomer, and in our 1H NMR analysis of
the diastereomer mixture 4t (derived from tert-butyl nicotinate), a key diagnostic
resonance of 4t (a,a) was clearly evident. We have never succeeded in isolating a 4
(s,a) diastereomer, as this species is always present in very small amounts, but we
noted in our NMR analysis of the 4t mixture that the least prevalent component
exhibits a signal that we predicted would be a key diagnostic for 4t (s,a). For 1s
and 1t, the dr’s we measured based on 1H NMR by analogy to example 1u were
again in good agreement with the [4 (a,s) + 4 (a,a)]:[4 (s,s) + 4 (s,a)] ratios
independently estimated for their piperidine product mixtures, corroborating our
anti/syn assignments for those dihydropyridines as well.
R’

R'
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Me
H4(a)

Ph

H5(a)
H6(a)

N

Me
H4(s)

C(O)NEt2

H5(s)

H2(a)

H6(s)

Ph
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H2(s)

SiMe(OMe)2

SiMe(OMe)2

anti-1u

syn-1u

H2(a)
H4(a) + H4(s)

H6(a)
H5(a)
H2(s)
H6(s)

H5(s)

Figure SI-10. Excerpt of the 1H NMR spectrum of crude 1,4-dihydropyridine 1u.

In addition to the DHPs 1s-u above, we also used 1H NMR spectroscopy to observe
crude DHPs obtained from a set of heterocycle substrates having more widely
varied C3-substituents (F, Me, MeO, CCTES, CO2Me; additional heterocycles
included 3-MeO-pyridazine). For all of the examples, whenever both signals of a
given diagnostic resonance pair were observable in the 1H NMR spectrum of the
crude DHP, they exhibited the same qualitative relationships observed for the
corresponding diagnostic pair of 1u. In Particular:
1. The major and minor H5 signals were always observable, and the minor H5 signal
was always shifted upfield (0.1 – 0.5 ppm) relative to the major H5 signal – often
significantly so. Qualitative Conformational analysis of the DHPs predicts this
reliable difference in the H5 shifts (See Figure SI-11). The C4-C! bond possesses
three staggered rotamers, but only one of these avoids a syn-pentane interaction
between the DHP C3-substituent and one of the organic groups on C! (the benzylic
carbon). This rotamer should be appreciably more stable than the other two. In
anti -1, the most stable staggered conformer is expected to display the benzylic
phenyl group gauche to both of the ring-carbon substituents on C4. In contrast,
avoidance of a syn-pentane clash in syn -1 situates a face of the benzylic Ph near
H5, where it should selectively engage that proton in an anisotropic shielding
interaction.
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conventions

Figure SI-11. Conformational Models for anti -1 and syn -1.

2. The major and minor H6 signals were also always observable, and the minor H6
signal was always shifted downfield relative to the major signal. Both H2 signals
were observable in the large majority of cases, and whenever this was true, the
minor signal was also found downfield relative to the major. These differences in
shift can also be understood using the conformational models above: display of the
benzylic Ph ring in anti -1 face-to-face with the nearby DHP-ring could
anisotropically shield H2 and H6 in that diastereomer. Traditional physical models
of anti -1 suggest that the two ring faces should be close one another.
Thus, when we considered all of the DHPs we had observed by NMR but not
derivatized, we found that we could rationalize the conserved relationships between
the major and minor components of the diagnostic resonance pairs if we assigned
the major DHP diastereomer as anti.
Conversely, in order for the major
diastereomer not to be anti for some of these DHPs, the relationships between the
minor and major components of all of the diagnostic resonance-pairs would have to
be coincidentally reversed for just those examples, despite our conformational
models’ implication that the basic structural features of the DHPs should be
conserved across the series.

5.6. Specific Procedural Information and Characterization Data for Preparative
Examples
5.6.1 Oxidation Examples

Me

N

3a

( S )-4-(1-Phenylethyl)pyridine (3a): Prepared according to Procedure A on 1.0
mmol scale. In this case, a reduced catalyst loading of 4.0% Cu(OAc)2 (7.2 mg, 0.04
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mmol) and 4.4% (S,S)-Ph-BPE (11.2 mg, 0.044 mmol) was used. The
dearomatization reaction mixture was stirred at rt for 20 h before being
concentrated. O2 was bubbled through the oxidation mixture for 4 h, after which it
was stirred overnight under an O2 balloon. The residue obtained after treatment
with methanolic NH4F and concentration in vacuo (as described in Part III) was
filtered through a 10 g plug of silica gel using 75% EtOAc/Hexanes as the eluent.
Concentrating the resulting filtrate gave a crude residue that was purified on a 40 g
silica column wet-loaded as a slurry in 15% EtOAc:hexanes and eluted with 1:2
EtOAc:hexanes. Product fractions were combined and concentrated in vacuo to
provide the title compound as a yellow oil, 117.8 mg (64% yield). 1 H NMR (500
MHz, CDCl3) ! 8.62 – 8.31 (m, 2H), 7.31 (apparent t, J = 7.6 Hz, 2H), 7.25 – 7.17 (m,
3H), 7.15 – 7.11 (m, 2H), 4.12 (q, J = 7.2 Hz, 1H), 1.64 (d, J = 7.2 Hz, 3H). 13 C NMR
(151 MHz, CDCl3) ! 155.2, 149.9, 144.5, 128.8, 127.7, 126.8, 123.1, 44.4, 21.2. IR
(neat) 3062, 3025, 2969, 2933, 2874, 1594, 1556, 1493, 1451, 1412, 994, 828, 813,
769, 746, 698, 626, 616 cm–1. HR-MS (m/z, ESI) Calcd. For [C15H13N + H]+:
184.11, Found: 184.11. Specific Rotation [α]!"
+2.3 (c 0.50, CHCl3). Chiral
!
Analysis 8 min elution on a Daicel OJ-H column (4.6 x 250 mm, 5 !M particle size)
with scCO2 (i.e., supercritical CO2) containing 5.0% of a 0.1% solution (v/v) of
diethylamine (DEA) in MeOH, flow rate (fr) = 2.5 mL/min, column temperature (ct)
= 40 ºC, simultaneous detection from 210-400 nm with a photodiode array (chosen
quantitation wavelength = 210 nm), Retention times tM (major enantiomer) = 3.38
min, tm (minor enantiomer) = 3.85 min. 90% ee. Duplicate Experiment 65%
yield, 91% ee.
Alternative Method The crude DHP residue was prepared as above, but the
oxidation was instead performed according to Procedure B. The work-up, filtration
and chromatography steps were performed in the same manner as before. The
product was isolated as a yellow oil, 118.2 (65% yield, 89% ee). The 1H NMR
spectrum of this sample was identical to the one obtained from material generated
using Procedure A. Duplicate Experiment 60% yield, 91% ee.
Me

N

3b

( S )-4-(1-Phenylpropyl)pyridine (3b): Prepared according to Procedure A on 1.0
mmol scale. In this example, the dearomatization reaction mixture was stirred at rt
for 42 h prior to removal of volatiles. All subsequent manipulations were identical
to those described in example 3a. The title compound was obtained as a paleorange oil, 135.9 mg (69% yield). 1 H NMR (600 MHz, CDCl3) ! 8.49 (d, J = 4.2 Hz,
2H), 7.32 – 7.28 (m, 2H), 7.23 – 7.19 (m, 3H), 7.17 – 7.13 (m, 2H), 3.77 (t, J = 7.7 Hz,

143

1H), 2.08 (apparent p, J = 7.4 Hz, 2H), 0.91 (t, J = 7.3 Hz, 3H). 13 C NMR (151 MHz,
CDCl3) ! 154.1, 149.9, 143.3, 128.7, 128.0, 128.0, 126.8, 123.4, 77.2, 52.8, 28.0, 12.7.
IR (neat) 3062, 3025, 2961, 2931, 2873, 1595, 1557, 1494, 1452, 1411, 993, 802, 765,
744, 698, 633, 586 cm–1. HR-MS (m/z, ESI) Calcd. For [C14H15N + H]+: 198.128,
Found: 198.128. Specific Rotation [α]!"
+0.1 (c 0.50, CHCl3). Chiral Analysis 8
!
min elution on a Daicel OD-H column (4.6 x 250 mm, 5 !M particle size) with scCO2
containing 5.0% of a 0.1% solution (v/v) of DEA in MeOH, fr = 2.5 mL/min, ct = 40
ºC, simultaneous detection from 210-400 nm (quantitation wavelength = 254 nm),
tM = 5.66 min, tm = 6.25 min. 95% ee. Duplicate Experiment 63% yield, 96% ee.

F
Me

3c

N

( R )-4-(1-(2-Fluorophenyl)ethyl)pyridine (3c): Prepared according to
Procedure A on 1.0 mmol scale using a reduced catalyst loading of 4% Cu(OAc)2 and
4.4% (S,S)-Ph-BPE. All details of the procedure were the same as in example 3a.
The title compound was obtained as a pale-orange oil, 138.2 mg (69% yield). 1 H
NMR (600 MHz, CD2Cl2) ! 8.56 – 8.37 (m, 2H), 7.29 – 7.20 (m, 2H), 7.19 – 7.10 (m,
3H), 7.04 (ddd, J = 10.5, 8.2, 1.3 Hz, 1H), 4.43 (q, J = 7.3 Hz, 1H), 1.64 (d, J = 7.3 Hz,
3H). 13 C NMR (151 MHz, CD2Cl2) ! 161.8, 160.1, 154.3, 150.2, 131.9, 131.8, 128.9,
128.9, 128.8, 128.7, 124.7, 124.7, 123.1, 115.9, 115.7, 37.7, 20.0. Note that all of the
fluoroarene resonance appear as doublets due to JCF coupling. Ispo carbon signal
centered on ! 161.0 ppm (1JC,F = 245 Hz). C2 at ! 131.8 ppm (2JC,F = 15 Hz). C6 at
115.8 ppm (2JC,F = 22 Hz). C4 at ! 124.7 ppm (4JC,F = 3 Hz). C3 and C5 resonances
(order arbitrary) at ! 128.9 (3JC,F = 8 Hz) and 128.7 (3JC,F = 4 Hz) ppm. 19 F NMR
(282 MHz, C6D6) ! –117.6. IR (neat) 3027, 2973, 2935, 2879, 1596, 1489, 1452, 1414,
1222, 1112, 823, 794, 754, 653 cm–1. HR-MS (m/z, ESI) Calcd. For [C13H12FN +
H]+: 202.103, Found: 202.102. Specific Rotation [α]!"
+3.0 (c 0.50, CHCl3).
!
Chiral Analysis 8 min elution on a Daicel OD-H column (4.6 x 250 mm, 5 !M
particle size) with supercritical CO2 containing 4.0% of a 0.1% solution (v/v) of DEA
in MeOH, fr = 2.5 mL/min, ct = 40 ºC, simultaneous detection from 210-400 nm
(quantitation wavelength = 256 nm), tM = 5.10 min, tm = 5.56 min. 93% ee.
Duplicate Experiment 75% yield, 93% ee.
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Me
Me
3d

N

( S )-3-Methyl-4-(1-Phenylethyl)pyridine (3d): Prepared according to
Procedure A on 1.0 mmol scale. The dearomatization mixture was stirred for 20 h
prior to removal of volatiles. All other procedural details were the same as in
example 3a. The product was obtained as a pale-orange oil that solidified as a
waxy, cream-colored crystalline solid upon storage in a -35 ºC freezer overnight,
124.0 mg (63% yield). 1 H NMR (600 MHz, CDCl3) ! 8.42 (d, J = 5.1 Hz, 1H), 8.33 (s,
1H), 7.28 (t, J = 7.6 Hz, 2H), 7.22 – 7.18 (m, 1H), 7.17 (d, J = 5.1 Hz, 1H), 7.14 – 7.10
(m, 2H), 4.26 (q, J = 7.2 Hz, 1H), 2.19 (s, 3H), 1.60 (d, J = 7.2 Hz, 3H). 13 C NMR
(151 MHz, CDCl3) ! 152.7, 151.1, 148.0, 144.3, 131.7, 128.7, 127.7, 126.5, 121.5,
40.9, 21.4, 16.6. IR (neat) 3025, 2966, 2928, 2871, 1590, 1492, 1446, 1402, 1302,
1196, 1149, 1084, 1029, 837, 764, 706, 641, 602, 558 cm–1. EA Calcd. for C14H15N: C,
85.24; H, 7.66, Found: C, 84.97; H, 7.75. Melting Range 47-55 °C. This melting
range was unusually broad despite the apparently high chemical purity of the
compound. This may have been due to the presence of distinct homo- and heterochiral crystal forms having significantly different melting points. In theory, a
heterochiral crystal form could make up ca. 20% of the material. Specific
Rotation [α]!"
+34.6 (c 0.50, CHCl3). Chiral Analysis 8 min elution on a Daicel
!
OD-H column (4.6 x 250 mm, 5 !M particle size) with scCO2 containing 7.5% of a
0.1% solution (v/v) of DEA in MeOH, fr = 2.5 mL/min, ct = 40 ºC, simultaneous
detection from 210-400 nm (quantitation wavelength = 260 nm), tM = 3.91 min, tm=
4.73 min. 82% ee. Duplicate Experiment 60% yield, 82% ee.
OMe

Me

OMe
N

3e

( S )-3-(3,5-Dimethoxyphenyl)-4-(1-Phenylethyl)pyridine (3e): Performed
according to Procedure A on 0.529 mmol scale. The dearomatization mixture was
stirred for 36 h prior to removal of volatiles. The oxidation was performed as
described in example 3a, except here 3.0 mL of PhMe was used rather than 6.0 mL.
The fluoride workup was omitted in this example. The crude product was
distributed over two preparative TLC plates, and both of these were eluted twice
with 40% EtOAc/hexanes. The product bands were stripped away from the plates
with an industrial flat-razor and the silica was pulverized and stirred in the
presence of EtOAc for ca. 1 h. The extraction slurry was then transferred to a
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disposable plastic filter-cup and the silica filter-cake was rinsed with the aid of a
vacuum using HPLC-grade EtOAc until fresh filtrate showed no UV-quenching
activity. The filtrate was concentrated and dried under high vacuum to give the
title compound as a very viscous pale-orange oil, 125.3 mg (74% yield). 1 H NMR
(600 MHz, CDCl3) ! 8.55 (d, J = 5.2 Hz, 1H), 8.46 (s, 1H), 7.29 – 7.23 (m, 2H), 7.21 –
7.15 (m, 1H), 7.09 – 7.05 (m, 2H), 6.52 – 6.50 (m, 1H), 6.34 (d, J = 2.2 Hz, 2H), 4.32
(q, J = 7.2 Hz, 1H), 3.74 (s, 6H), 1.57 (d, J = 7.3 Hz, 3H). 13 C NMR (151 MHz,
CDCl3) ! 160.9, 152.7, 150.4, 149.3, 145.3, 140.03, 137.8, 128.8, 127.9, 126.6, 122.5,
108.0, 100.2, 77.4, 55.7, 40.5, 22.2. IR (neat) 3025, 3001, 2966, 2935, 2836, 1591,
1451, 1422, 1397, 1351, 1339, 1204, 1152, 1062, 1025, 835, 759, 698, 683 cm–1. EA
Calcd. for C21H21NO2: C, 78.97; H, 6.63, Found: C, 78.71; H, 6.64. Specific
Rotation [α]!"
–112.3 (c 0.50, CHCl3). Chiral Analysis 12-min elution on a
!
Daicel OJ-H column (4.6 x 250 mm, 5 !M particle size) with scCO2 containing 3.0%
of a 0.1% solution (v/v) of DEA in MeOH, fr = 2.5 mL/min, ct = 40 ºC, simultaneous
detection from 210-400 nm (quantitation wavelength = 215 nm), tM= 7.40 min, tm =
8.40 min. 95% ee. Duplicate Experiment 73% yield, 94% ee.

Me

SiEt3

N

3f

( S )-4-(1-Phenylethyl)-3-((triethylsilyl)ethynyl)pyridine (3f): Prepared
according to Procedure A on 0.50 mmol scale. The dearomatization, oxidation and
isolation of crude product were as described in example 3e. The crude residue was
distributed over two preparative TLC plates, both of which were eluted with 4%
acetone/hexanes (1x) and then with 5% acetone/hexanes (3x). The productcontaining silica was extracted as described in example 3a to provide the title
compound as a viscous pale-orange oil, 86.9 mg (54% yield). 1 H NMR (600 MHz,
CD2Cl2) ! 8.60 (s, 1H), 8.40 (d, J = 5.2 Hz, 1H), 7.31 – 7.27 (m, 2H), 7.27 – 7.24 (m,
2H), 7.23 – 7.19 (m, 1H), 7.10 (dt, J = 5.2, 0.7 Hz, 1H), 4.69 (q, J = 7.2 Hz, 1H), 1.63
(d, J = 7.2 Hz, 3H), 1.05 (t, J = 7.9 Hz, 9H), 0.71 (q, J = 7.9 Hz, 6H). 13 C NMR (151
MHz, CD2Cl2) ! 157.0, 153.6, 149.3, 144.3, 128.8, 128.1, 126.9, 121.7, 120.2, 101.9,
100.2, 42.4, 20.6, 7.7, 4.7. IR (neat) 3027, 2954, 2910, 2873, 2154, 1581, 1451, 1397,
1235, 1192, 1004, 973, 854, 836, 798, 723, 697, 626 cm–1. EA Calcd. for C21H27NSi:
C, 78.44; H, 8.46, Found: C, 78.65; H, 8.53. Specific Rotation [α]!"
–165.7 (c 0.50,
!
CHCl3). Chiral Analysis Direct determination of the enantiomeric excess of this
compound was challenging. The terminal alkyne 3f’ obtained upon silyl
deprotection was easy to analyze. We expect the ee’s of the precursors of 3f to be
similar to those values. Duplicate Experiment 57% yield.
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Me

H

3f’

N

( S )-3-Ethynyl-4-(1-phenylethyl)pyridine (3f’): TES-alkyne 3f (25.0 mg,
0.078 mmol) was taken up into MeOH (0.6 mL) and added to a solution of K2CO3 (54
mg, 5.0 equiv) in water (0.2 mL). The resulting mixture was vigorously stirred in a
small vial overnight. On the following day, THF (0.1 mL) and MeOH (0.2 mL) were
added to the mixture, and stirring was continued for an additional 4 h. The
reaction mixture was neutralized with pH 7 phosphate buffer, and the product was
extracted into ether. The organics were concentrated in vacuo and purified by
preparative TLC, eluting once with 5% acetone/hexanes and then with 5.8%
acetone/hexanes to provide the product as an orange oil, 13.7 mg (85% yield). 1 H
NMR (600 MHz, CD2Cl2) ! 8.63 (s, 1H), 8.44 (d, J = 5.3 Hz, 1H), 7.34 – 7.28 (m, 2H),
7.28 – 7.24 (m, 2H), 7.23 – 7.19 (m, 1H), 7.13 (d, J = 5.2 Hz, 1H), 4.67 (q, J = 7.2 Hz,
1H), 3.47 (s, 1H), 1.63 (d, J = 7.3 Hz, 3H). 13 C NMR (151 MHz, CD2Cl2) ! 157.5,
153.8, 149.8, 144.1, 128.8, 128.1, 126.9, 121.8, 119.0, 84.6, 79.6, 42.2, 20.7. IR (neat)
3287, 3027, 2970, 2932, 2874, 1583, 1547, 1493, 1450, 1398, 1054, 1028, 839, 775,
752, 724, 698, 634, 594 cm–1. HR-MS (m/z, ESI) Calcd. For [C15H13N + H]+:
208.112, Found: 208.111. Specific Rotation [α]!"
–171.1 (c 0.50, CHCl3). Chiral
!
Analysis 8 min elution on a Daicel OD-H column (4.6 x 250 mm, 5 !M particle
size) with scCO2 containing 7.5% of a 0.1% solution (v/v) of DEA in MeOH, fr = 2.5
mL/min, ct = 40 ºC, simultaneous detection from 210-400 nm (quantitation
wavelength = 235 nm), tM= 3.89 min, tm = 5.03 min. 83% ee. Duplicate
Experiment 97% yield, 82% ee.
Cl

Me

N

N

3g

( S )-4-(1-(3-Chlorophenyl)ethyl)pyridazine (3g): Prepared according to
Procedure A on l.0 mmol scale. This example employed a 36 h dearomatization
time, and O2 was gently bubbled through the oxidation reaction mixture for 8 h
prior to stirring it overnight under an O2 balloon. After the fluoride workup, the
residue was filtered through a 10 g plug of silica with EtOAc (200 mL). The crude
product was purified on a 40 g silica column that was wet-loaded as a slurry in 75%
EtOAc/hexanes and eluted with EtOAc. Product fractions were combined and
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concentrated in vacuo to give the product as an orange oil, 121.6 mg (55% yield).
Analysis by 1H NMR indicated the presence of a 3-pyridazinone impurity at the
level of ca. 3 mol%. Assignment of this species as the pyridazinone was
corroborated by LC-MS analysis (6 min method with 5.5 min linear gradient from
7% to 95% MeCN in water (0.1% TFA) followed by a 30 s hold time, fr = 0.9 mL/min;
pyridazinone tR = 1.66 min, m/z = (M+H)+ = 235.0 amu; the pyridazine product
eluted at tR = 1.87 min showing the expected m/z = (M+H)+ = 219.0 amu peak). 1 H
NMR (500 MHz, CDCl3) ! 9.13 – 9.04 (m, 2H), 7.31 – 7.23 (m, 3H), 7.19 – 7.17 (m,
1H), 7.07 (dt, J = 7.1, 1.7 Hz, 1H), 4.14 (q, J = 7.2 Hz, 1H), 1.68 (d, J = 7.2 Hz, 3H).
Observable signals from the pyridazinone impurity: ! 12.97 (s, 1H), 7.92 (s, 1H),
7.71 (s, 1H), 4.44 (q, J = 7.2 Hz, 1H), 1.53 (d, J = 7.2 Hz, 4H). 13 C NMR (151 MHz,
CDCl3) ! 152.1, 151.3, 144.8, 144.6, 135.0, 130.4, 127.9, 127.6, 125.9, 124.8, 41.9,
20.6. IR (neat) 3049, 2972, 2935, 2875, 1581, 1475, 1456, 1429, 1380, 1194, 1081,
1050, 968, 857, 779, 757, 700, 682, 668 cm–1. HR-MS (m/z, ESI) Calcd. For
[C12H11ClN2 + H]+: 219.068, Found: 219.068. Specific Rotation [α]!"
–6.4 (c 0.50,
!
CHCl3). Chiral Analysis 8 min elution on a Daicel AS-H column (4.6 x 250 mm, 5
!M particle size) with scCO2 containing 10.0% of a 0.1% solution (v/v) of DEA in
MeOH, fr = 2.5 mL/min, ct = 40 ºC, simultaneous detection from 210-400 nm
(quantitation wavelength = 210 nm), tM = 3.49 min, tm = 3.81 min. 96% ee.
Reproducibility Experiments This preparative example was performed on two
other occasions using 4% Cu(OAc)2 and 4.4% (S,S)-Ph-BPE, all other conditions
were the same. Those experiments provided similar to those described above: 53%
yield, 97% ee for the first run, 50% yield, 97% ee for the second.
Me

Me

N

N

3h

( S )-4-(1-( m -Tolyl)ethyl)pyridazine (3h): Prepared according to Procedure A
on 0.50 mmol scale. The dearomatization and oxidation steps were as described in
example 3g. The fluoride workup was conducted as described in Step III for 0.5mmol-scale reactions. After the workup, the residue was filtered through a 2.5 g
plug of silica gel using EtOAc. The crude product was distributed over two
preparative TLC plates that were subsequently eluted with 70% EtOAc/hexanes
(3x). The product-containing silica was extracted as described in example 3e to
provide the product as a gummy orange oil, 47.3 mg (48% yield). 1 H NMR (600
MHz, CD2Cl2) ! 9.07 – 8.98 (m, 2H), 7.28 (ddd, J = 5.4, 2.5, 0.8 Hz, 1H), 7.22
(apparent t, J = 7.4, 1H), 7.09 – 7.05 (m, 1H), 7.04 – 6.96 (m, 2H), 4.11 (q, J = 7.2
Hz, 1H), 2.31 (d, J = 0.8 Hz, 3H), 1.65 (d, J = 7.2 Hz, 3H). 13 C NMR (151 MHz,
CD2Cl2) ! 152.6, 151.5, 145.7, 143.4, 139.0, 129.1, 128.7, 128.1, 125.0, 42.5, 21.5,
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20.7. IR (neat) 3044, 2970, 2932, 2875, 1606, 1581, 1489, 1456, 1378, 1050, 968,
858, 784, 759, 704, 668 cm–1. HR-MS (m/z, ESI) Calcd. For [C13H14N2 + Na]+:
221.105, Found: 221.105. Specific Rotation [α]!"
+7.1 (c 0.50, CHCl3). Chiral
!
Analysis 10 min elution on a Daicel AS-H column (4.6 x 250 mm, 5 !M particle
size) with scCO2 containing 4.0% of a 0.1% solution (v/v) of DEA in MeOH, fr = 2.5
mL/min, ct = 40 ºC, simultaneous detection from 210-400 nm (quantitation
wavelength = 210 nm), tM= 6.22 min, tm = 6.90 min. 94% ee. Duplicate
Experiment 49% yield, 94% ee.
F
F
Me
Me
N

N

+

3i

major

Me

Me
3i’

N

N

minor

( S )-4-(1-(3-Fluorophenyl)ethyl)-3-Methylpyridazine (3i) 8 and ( S )-5-(1(3-Fluorophenyl)ethyl)-3-Methylpyridazine (3i’), 7:1 Regioisomer
Mixture: Prepared according to Procedure A on 1.0 mmol scale. The
dearomatization step in this procedure used 1.51 equiv of the styrene (0.18 mL)
rather than 2.0 equiv, and the oxidation and fluoride workup steps were preformed
as described in example 3g. The residue obtained after the fluoride workup was
filtered through a 5 g plug of silica gel with EtOAc and the filtrate was concentrated
to provide a crude residue that was purified using the chromatography conditions
described in example 3g (albeit here using 50 g of silica rather than 40 g) to provide
a 7:1 mixture of 3i and 3i’ as a pale-orange oil, 104.1 mg (48% total yield). 1 H
NMR (600 MHz, CDCl3) Major regioisomer ! 9.05 (d, J = 5.1 Hz, 1H), 7.31 – 7.26
(m, 2H), 6.94 (tdd, J = 8.5, 2.6, 1.0 Hz, 1H), 6.89 – 6.85 (m, 1H), 6.80 (dt, J = 9.8, 2.1
Hz, 1H), 4.23 (q, J = 7.2 Hz, 1H), 2.62 (s, 3H), 1.63 (d, J = 7.2 Hz, 3H). Observable
signals of the minor regioisomer: ! 8.91 (d, J = 2.2 Hz, 1H), 7.09 (d, J = 2.2 Hz, 1H),
4.11 (q, J = 7.2 Hz, 1H), 2.69 (s, 3H), 1.66 (d, J = 7.3 Hz, 3H). 13 C NMR (151 MHz,
CDCl3) Major Regioisomer: ! 164.0, 162.4, 159.8, 150.2, 145.5, 145.4, 143.0,
130.6, 130.5, 123.9, 123.4, 123.4, 114.7, 114.6, 114.2, 114.0, 77.4, 40.4, 21.0, 20.5.
Minor Regioisomer: 13C NMR (151 MHz, CDCl3) ! 164.0, 162.4, 159.9, 149.9,
145.5, 144.6, 130.6, 130.5, 125.1, 123.5, 123.4, 114.8, 114.6, 114.3, 114.2, 41.8, 22.5,
20.6. All fluoroarene resonances of both regioisomers are observable and exhibit
JC,F coupling. Major regioisomer: C1: doublet at ! 163.2 ppm (1JC,F = 253 Hz).
C2 and C6 (arbitrary order): doublets at ! 114.1 ppm (2JC,F = 21 Hz) and 114.7 ppm
(2JC,F = 22 Hz). C3: doublet at ! 145.4 ppm (3JC,F = 7 Hz). C4: doublet at ! 123.4
ppm (4JC,F = 3 Hz). C5: doublet at ! 130.5 ppm (3JC,F = 8.4 Hz). Minor
regioisomer: C1: doublet at ! 163.2 ppm (1JC,F = 247 Hz. C2 and C6 (arbitrary
order): doublets at ! 114.2 ppm (2JC,F = 21 Hz) and 114.7 ppm (2JC,F = 21.7 Hz). C3:
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doublet at ! 145.5 ppm (3JC,F = 7.3 Hz; high-field spike overlaps C3 signal of major
regioisomer). C4: doublet at ! 123.4 ppm (4JC,F = 3 Hz). C5: doublet at ! 130.6 ppm
(3JC,F = 8.3 Hz). In addition to the doublets, 8 singlets are observed in the aromatic
region, as required by the presence of two distinct disubstituted pyridazines. 19 F
NMR (282 MHz, C6D6) ! –112.3. IR (neat) 3045, 2971, 2933, 1612, 1588, 1485,
1446, 1427, 1376, 1355, 1261, 1240, 1140, 1034, 911, 868, 787, 752, 697 cm–1. HRMS (m/z, ESI) Calcd. For [C13H13FN2 + H]+: 217.113, Found: 217.114. Specific
Rotation [α]!"
+39.5 (c 0.50, CHCl3). Chiral Analysis Method for the major
!
regioisomer: 8 min elution on a Daicel OD-H column (4.6 x 250 mm, 5 !M particle
size) with scCO2 containing 7.5% of a 0.1% solution (v/v) of DEA in MeOH, fr = 2.5
mL/min, ct = 40 ºC, simultaneous detection from 210-400 nm (quantitation
wavelength = 256 nm), tM= 6.74 min, tm= 6.23 min. 98.5% ee. Method for the minor
regioisomer: eight-min elution on a Waters Trefoil Cel-2 column (3.0 x 150 mm, 2.5
!M particle size) with scCO2 containing 5.0% of a 0.1% solution (v/v) of DEA in
MeOH, fr = 2.5 mL/min, ct = 40 ºC, quantitation wavelength = 256 nm, tM = 3.58
min, tm = 3.25 min. 97% ee. Duplicate Experiment 51% yield, 7:1 regioisomer
ratio; 98% ee (major regioisomer), 95% ee (minor regioisomer).

Me
OMe
N

N

3j

( S )-3-Methoxy-4-(1-Phenylethyl)pyridazine (3j) 8: Prepared according to
Procedure A on 1 mmol scale. The dearomatization, oxidation, fluoride workup and
crude-product-isolation steps were as described in example 3g. The crude product
was purified on a 40 g silica column that was wet-loaded as a slurry in 15%
EtOAc/hexanes and eluted with 2:1 hexanes:EtOAc (450 mL) → 45% EtOAc/hexanes
(sufficient for complete elution of product). The title compound was obtained as a
yellow-orange oil, 114.4 mg (54% yield). 1 H NMR (600 MHz, CD2Cl2) ! 8.70 (d, J =
4.7 Hz, 1H), 7.33 – 7.27 (m, 2H), 7.24 – 7.21 (m, 1H), 7.21 – 7.18 (m, 2H), 7.14 (dd, J
= 4.7, 0.9 Hz, 1H), 4.36 (q, J = 7.2 Hz, 1H), 4.07 (s, 3H), 1.57 (d, J = 7.2 Hz, 3H). 13 C
NMR (151 MHz, CD2Cl2) ! 163.8, 147.9, 143.5, 135.9, 128.9, 128.1, 127.0, 126.1,
54.9, 37.9, 19.8. IR (neat) 3060, 3027, 2971, 2950, 1587, 1555, 1494, 1453, 1414,
1366, 1324, 1284, 1011, 859, 759, 735, 699 cm–1. HR-MS (m/z, ESI) Calcd. For
[C13H14N2O + H]+: 215.118. Found: 215.118. Specific Rotation [α]!"
–33.9 (c
!
0.50, CHCl3). Chiral Analysis 8 min elution on a Daicel OJ-H (4.6 x 250 mm, 5
!M particle size) column with scCO2 containing 10.0% of a 0.1% solution (v/v) of
DEA in MeOH, fr = 2.5 mL/min, ct = 40 ºC, simultaneous detection from 210-400
nm (quantitation wavelength = 267 nm), tM= 2.54 min, tm = 2.38 min. 98% ee.
Duplicate Experiment 55% yield, 98% ee.
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OMe
N

N

3k

( S )-3-Methoxy-4-(3-Methoxy-1-Phenylpropyl)pyridazine (3k): Prepared
according to Procedure A on 1.0 mmol scale. The dearomatization step in this
example used 1.12 equiv of the olefin (166 mg) rather than 2.0 equiv. The
dearomatization mixture was stirred at rt for 42 h prior to removal of volatiles. The
oxidation, fluoride workup, filtration and chromatography steps were as in example
3g. The title compound was obtained as an extremely viscous yellow-orange oil
(153.5 mg, 60% yield). 1 H NMR (600 MHz, CD2Cl2) ! 8.71 (d, J = 4.8 Hz, 1H), 7.32
– 7.27 (m, 2H), 7.26 (dd, J = 4.8, 0.8 Hz, 1H), 7.24 – 7.19 (m, 3H), 4.34 (dd, J = 9.2,
6.4 Hz, 1H), 4.07 (s, 2H), 3.32 – 3.21 (m, 5H), 2.29 (ddt, J = 13.9, 7.5, 6.5 Hz, 1H),
2.18 (dddd, J = 13.7, 9.2, 6.1, 5.5 Hz, 1H). 13 C NMR (151 MHz, CD2Cl2) ! 163.9,
147.8, 141.5, 134.4, 128.9, 128.6, 127.2, 126.2, 70.3, 58.7, 54.9, 40.3, 33.8. IR (neat)
2949, 2873, 1586, 1555, 1460, 1369, 1290, 1118, 1012, 867, 759, 736, 700 cm–1. HRMS (m/z, ESI) Calcd. For [C15H18N2O2 + H]+: 259.144. Found: 259.144. Specific
Rotation [α]!"
–14.1 (c 0.50, CHCl3). Chiral Analysis 5 min elution on a Daicel
!
AD-H column (4.6 x 250 mm, 5 !M particle size) with scCO2 containing 10.0% of a
0.1% solution (v/v) of DEA in MeOH, fr = 2.5 mL/min, ct = 40 ºC, simultaneous
detection from 210-400 nm (quantitation wavelength = 269 nm), tM = 3.22 min, tm =
2.97 min. 93% ee. Duplicate Experiment 56 %yield, 93% ee.

5.6.2 Crude N-Silyl-1,4-Dihydropyridines

Me

N
1a
SiMe(OMe)2
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( R )-1-(Dimethoxy(methyl)silyl)-4-(1-Phenylethyl)-1,4-Dihydropyridine
(1a): The dearomatization used 40 !L pyridine (0.495 mmol) and a catalyst loading
of 4% Cu(OAc)2 (3.6 mg) and 4.4% (S,S)-Ph-BPE (11.2 mg). It was conducted
according to Procedure A, Part I as described for example 3a. Upon concentration,
the NMR sample was prepared according to Procedure E using 2,6dimethoxytoluene (44.8 mg, 0.294 mmol) as the internal standard. The NMR yield
was estimated to be 92%. See spectral attachments for details. 1 H NMR (600 MHz,
C6D6) ! 7.19 (t, J = 7.6 Hz, 2H), 7.17 – 7.11 (m, 3H), 7.11 – 7.02 (m, 2H), 6.19 (dt, J =
8.1, 1.2 Hz, 1H), 6.15 (dt, J = 8.0, 1.1 Hz, 1H), 4.57 (ddd, J = 8.1, 3.8, 2.5 Hz, 1H),
4.50 (ddd, J = 8.1, 3.8, 2.5 Hz, 1H), 3.39 (dtt, J = 5.8, 3.7, 1.0 Hz, 1H), 3.24 (s, 6H),
2.71 (apparent p, apparent J = 6.9 Hz, 1H), 1.34 (d, J = 7.1 Hz, 3H), –0.01 (s, 3H).
Small signals due to the 1,2-dihydropyridine regioisomer were discernable in the
spectrum: 1 H NMR (600 MHz, C6D6) ! 6.27 (dd, J = 7.0, 1.1 Hz, 1H), 6.04 (dd, J =
9.2, 5.4 Hz, 1H), 5.29 (ddd, J = 7.2, 5.5, 1.0 Hz, 1H),5.26 (ddt, J = 9.4, 5.9, 1.0 Hz,
1H), 4.06 (ddd, J = 8.4, 5.9, 1.1 Hz, 1H), 1.28 (d, J = 7.1 Hz, 3H), –0.35 (s, 3H). The
ratio between the 1,4-DHP and the 1,2-DHP in this experiment was about 17.9:1
(corresponding to a ca. 5% NMR yield of the 1,2-DHP). The NMR spectrum
recorded in this experiment provided the most accurate quantitation of the yield
available to us, but the MeO-resonance of 2,6-dimethoxytoluene obscured the
multiplet due to the C4-H proton of 1a. Thus, in a separate experiment, we
recorded another spectrum using a less obtrusive internal standard (3,5-dimethoxy1-chlorobenzene). In this new spectrum, we were able to see the C4-H multiplet,
and we have incorporated this feature into the list of signals reported above, for
simplicity. The chemical shifts for resonances observable in both spectra were in
very good agreement (most shifts differed by 0.01 ppm). The ratio between the 1,4dihydropyridine and 1,2-dihydropyridine in the second experiment was about 25.6:1
(average regioisomer ratio for the two runs = 22:1)

Me
Me
N
1d (anti)
SiMe(OMe)2

( R )-1-(Dimethoxy(methyl)silyl)-3-Methyl-4-(( R )-1-Phenylethyl)-1,4Dihydropyridine (1d): The dearomatization used 49.0 !L of 3-picoline (0.504
mmol) and a catalyst loading of 6.0% Cu(OAc)2 (5.4 mg) and 6.6% (S,S)-Ph-BPE
(16.8 mg). The reaction mixture was prepared as described in Part I of Procedure A
and stirred at rt for 24 h prior to removal of volatiles. The NMR sample was
prepared using 2,6-dimethoxytoluene (49.2 mg, 0.323 mmol) as the internal
standard. The ratio of anti to syn diastereomers was estimated to be 25:1. The
NMR yield was estimated to be 92%. See spectral attachments for details. Major
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( anti ) Diastereomer: 1 H NMR (600 MHz, C6D6) ! 7.25 – 7.17 (m, 2H), 7.12 (t, J
= 7.6 Hz, 2H), 7.03 (dt, J = 7.8, 2.3 Hz, 1H), 6.15 (dd, J = 7.9, 1.2 Hz, 1H), 5.88 (t, J =
1.5 Hz, 1H), 4.66 (dd, J = 7.8, 4.4 Hz, 1H), 3.26 (t, J = 4.2 Hz, 1H), 3.16 (apparent d,
apparent J = 3.2 Hz, 6H), 2.95 (qd, J = 7.2, 3.7 Hz, 1H), 1.54 (s, 3H), 1.26 (d, J = 7.2
Hz, 3H), –0.07 (s, 3H). Observable Minor Diastereomer Signals: 1H NMR
(600 MHz, C6D6) ! 6.26 (d, J = 8.1 Hz, 1H), 4.30 (dd, J = 8.0, 4.1 Hz, 1H), 1.35 (d, J =
7.0 Hz, 3H).
Cl

Me

N
N
1g
SiMe(OMe)2

4-(( R )-1-(3-Chlorophenyl)ethyl)-1-(Dimethoxy(methyl)silyl)-1,4Dihydropyridazine (1g): The dearomatization was performed as described in
example 3g, albeit here on half-scale (specifically, this experiment used 0.497 mmol
pyridazine) and with a slightly extended reaction time of 42 h. The NMR sample
was prepared using 1,3,5-trimethoxybenzene (40.5 mg, 0.241 mmol) as the internal
standard. The NMR yield was estimated to be 98%. See spectral attachments for
details. 1 H NMR (600 MHz, C6D6) ! 7.14 (d, J = 2.3 Hz, 1H), 7.06 (dd, J = 8.1, 2.0
Hz, 1H), 6.88 (t, J = 7.7 Hz, 1H), 6.78 (d, J = 7.7 Hz, 1H), 6.53 (d, J = 2.9 Hz, 1H),
6.44 (d, J = 8.1 Hz, 1H), 4.26 (dt, J = 7.3, 3.3 Hz, 1H), 3.40 (br. s, 6H), 2.82 (dt, J =
6.7, 3.7 Hz, 1H), 2.45 (apparent p, J = 6.8 Hz, 1H), 1.07 (d, J = 7.1 Hz, 3H), 0.29 (s,
3H).

F
F
Me
Me

+

N
N
1i
SiMe(OMe)2

Me

Me
1i’

N

N

SiMe(OMe)2

1-(Dimethoxy(methyl)silyl)-4-(( R )-1-(3-Fluorophenyl)ethyl)-3-Methyl1,4-Dihydropyridazine (1i) and 1-(Dimethoxy(methyl)silyl)-4-(( R )-1-(3fluorophenyl)ethyl)-6-Methyl-1,4-Dihydropyridazine (1i’): The
dearomatization was performed as described in the preparative example for these
compounds, albeit here on half-scale (specifically, this experiment used 46 !L [0.504
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mmol] 3-methylpyridazine). The NMR sample was prepared using 1,3,5trimethoxybenzene (85.1 mg, 0.506 mmol) as the internal standard. The total NMR
yield was estimated to be 96%. The ratio of 1i to 1i’ was estimated to be 8:1. See
spectral attachments for detail. Major Regioisomer: 1H NMR (600 MHz, C6D6) !
7.03 – 6.91 (m, 2H), 6.84 – 6.73 (m, 3H), 6.49 (d, J = 7.8 Hz, 1H), 4.42 (dd, J = 7.7,
4.9 Hz, 1H), 3.39 (s, 3H), 3.33 (s, 3H), 2.99 (t, J = 4.8 Hz, 1H), 2.80 (qd, J = ca. 6.8,
4.9 Hz, 1H), 1.79 (s, 3H), 1.09 (d, J = 7.2 Hz, 3H), 0.21 (s, 3H). Minor
Regioisomer: 1H NMR (600 MHz, C6D6) ! 6.62 (t, J = 2.7 Hz, 1H), 4.12 (d, J = 4.0
Hz, 1H), 2.87 (dt, J = 7.3, 3.9 Hz, 1H), 2.54 (p, J = 6.8 Hz, 1H), 1.89 (s, 3H), 1.12 (d,
J = 7.1 Hz, 3H), 0.39 (s, 3H).
MeO

OMe
N
N
1k
SiMe(OMe)2

1-(Dimethoxy(methyl)silyl)-3-Methoxy-4-(( R )-3-Methoxy-1Phenylpropyl)-1,4-Dihydropyridazine (1k): The dearomatization was
performed as described in example 3k, albeit here on half-scale (specifically, using
54.6 mg [0.496 mmol] of 3-methoxypyridazine and 83.5 mg [0.563 mmol, 1.14 equiv]
cinnamyl methyl ether). The NMR sample was prepared using 1,3,5trimethoxybenzene (40.2 mg,0.239 mmol) as the internal standard. The anti:syn
ratio was estimated to be 13:1. The NMR yield appeared to be quantitative
(average yield estimate = 102%). Major Diastereomer: 1H NMR (600 MHz, C6D6)
! 7.18 (d, J = 7.3 Hz, 2H), 7.12 (t, J = 7.5 Hz, 2H), 7.06 – 6.99 (m, 1H), 6.46 (d, J =
7.8 Hz, 1H), 4.49 (dd, J = 7.8, 4.0 Hz, 1H), 3.57 – 3.54 (m, 1H), 3.50 (s, 3H), 3.45 –
3.39 (m, 1H), 3.33 (s, 3H), 3.21 (s, 3H), 3.17 (dt, J = 9.6, 6.0 Hz, 1H), 3.09 (dt, J =
9.3, 7.2 Hz, 1H), 3.04 (s, 3H), 2.02 – 1.92 (m, 2H), 0.12 (s, 3H). Minor
Diastereomer: 1H NMR (600 MHz, C6D6) ! 6.57 (d, J = 7.7 Hz, 1H), 4.38 (dd, J =
7.9, 4.1 Hz, 1H), 0.28 (d, J = 1.1 Hz, 3H).
Me

Ph
Ph
N
SiMe(OMe)2

1s (anti)

( R )-1-(Dimethoxy(methyl)silyl)-3-Phenyl-4-(( R )-1-Phenylethyl)-1,4Dihydropyridine (1s ( anti )): The dearomatization reaction was performed as
described in example 3s. For spectral clarity, an internal standard was not
154

included in the NMR sample for this experiment. However, chemical shifts for
diagnostic resonances of the product were already known from 1H NMR spectra
acquired in the presence of 1,4-dimethoxybenzene. Thus, we have set the C2-H
resonance to its previously measure value of ! = 6.46 in tabulating spectral data
here. The anti:syn ratio was estimated to be ca. 11:1. Major Diastereomer: 1H
NMR (600 MHz, C6D6) ! 7.39 (d, J = 7.8 Hz, 2H), 7.21 (t, J = 7.5 Hz, 3H), 7.12 – 7.04
(m, 6H), 7.00 (t, J = 7.1 Hz, 1H), 6.46 (s, 1H), 6.12 (d, J = 7.8 Hz, 1H), 4.83 (dd, J =
7.8, 4.7 Hz, 1H), 4.06 (t, J = 4.4 Hz, 1H), 3.13 (s, 6H), 3.06 (dt, J = 7.4, 3.8 Hz, 1H),
1.20 (d, J = 7.3 Hz, 3H), –0.09 (s, 3H). Minor Diastereomer: 1H NMR (600 MHz,
C6D6) ! 7.49 (d, J = 7.8 Hz, 2H), 6.71 (s, 1H), 6.29 (d, J = 8.0 Hz, 1H), 4.52 (dd, J =
8.0, 4.2 Hz, 1H), 4.19 (t, J = 3.9 Hz, 1H), 1.38 (d, J = 7.1 Hz, 3H), 0.05 (s, 3H)
Me

Ph
O
NEt2
N
SiMe(OMe)2

1u (anti)

( R )-1-(Dimethoxy(methyl)silyl)- N , N -Diethyl-4-(( R )-1-Phenylethyl)-1,4Dihydropyridine-3-Carboxamide (1u ( anti ): For spectral clarity, an internal
standard was not included in the NMR sample for this experiment. However,
chemical shifts for diagnostic resonances of the product were already known from
1H NMR spectra acquired in the presence of 1,4-dimethoxybenzene. Thus, we have
set the C2-H resonance to its previously measure value of ! = 6.50 in tabulating
spectral data here. Preliminary estimated value for the anti:syn ratio was 4.8.
Excluding signals from the calculation that were thought to lead to overestimation
due to signal overlap or baseline distoration gave a refined average estimated value
of 4.6. Major diastereomer (anti) 1H NMR (600 MHz, C6D6) ! 7.31 (d, J = 7.6
Hz, 3H), 7.13 (t, J = 7.5 Hz, 2H), 7.03 (t, J = 7.4 Hz, 1H), 6.50 (s, 1H), 6.01 (d, J =
7.9 Hz, 1H), 4.76 (dd, J = 7.9, 4.6 Hz, 1H), 4.07 (t, J = 5.2 Hz, 1H), 3.36 (dp, J =
14.6, 7.3 Hz, 3H), 3.22 (d, J = 7.0 Hz, 1H), 3.14 (apparent d, apparent J = 3.9 Hz,
6H), 3.09 – 3.03 (m, 1H), 3.00 (dq, J = 13.9, 6.9 Hz, 2H), 1.27 (d, J = 7.2 Hz, 3H),
0.96 (t, J = 7.0 Hz, 6H), –0.09 (s, 3H). Observable signals of the syn
diastereomer 1H NMR (600 MHz, Benzene-d6) ! 6.64 (s, 1H), 6.13 (d, J = 8.0 Hz,
1H), 4.56 (dd, J = 8.0, 4.4 Hz, 1H), 3.22 (apparent d, apparent J = 7.0 Hz, 6H), 1.45
(d, J = 7.1 Hz, 3H), –0.02 (s, 3H).
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5.7. Synthesis of Starting Materials
OMe

OMe
N

2e

3-(3,5-Dimethoxyphenyl)pyridine (2e): Pd(OAc)2 (67 mg, 0.30 mmol), SPhos
(250 mg, 0.60 mmol), K3PO4 (9.6 g, 45 mmol), 3,5-dimethoxyphenylboronic acid (3.82
g, 21.0 mmol), and a dry PTFE-coated stir bar were transferred to a dry roundbottom flask that was subsequently purged with Ar and charged with 30 mL dry,
degassed PhMe. The resulting mixture was stirred at rt for 5 min. The heterocycle
3-bromopyridine (1.45 mL, 15 mmol) was added via syringe, the reaction vessel was
equipped with a reflux condenser fitted with a gas adapter leading to an Ar
manifold, and the stirred mixture was heated in a 90 ºC oil bath overnight. On the
subsequent day, after cooling to rt, the reaction mixture was filtered through celite,
and the filtrate was concentrated to give a crude residue that was purified on a 120
g silica column eluted with 1:1 EtOAc:hexanes. Product fractions were combined
and concentrated to give the title compound as a faintly peach-colored viscous oil,
2.65 g (82% yield). 1 H NMR (600 MHz, CDCl3) ! 8.83 (dd, J = 2.4, 0.8 Hz, 1H), 8.59
(dd, J = 4.9, 1.6 Hz, 1H), 7.84 (dt, J = 7.9, 2.0 Hz, 1H), 7.34 (ddd, J = 7.9, 4.8, 0.9 Hz,
1H), 6.70 (d, J = 2.2 Hz, 2H), 6.50 (t, J = 2.2 Hz, 1H), 3.85 (s, 6H). The 1H NMR
spectrum was virtually identical to one reported previously.11
SiEt3

N

2f

3-((Triethylsilyl)ethynyl)pyridine (2f): A dry reaction tube of the type
described in Procedure A, Part I containing a dry PTFE-coated stir bar was charged
with trans-dichlorobis(triphenylphosphine)palladium(II) (70 mg, 2 mol%, 0.10
mmol), triphenylphosphine (53 mg, 4 mol%, 0.20 mmol), and CuI (19 mg, 2 mol%,
0.10 mmol). The tube was sealed with a septum-cap and purged with Ar using an
inlet needle and a vent needle. The heterocycle (3-Br-pyridine, 0.79 g, 0.48 mL),
diisopropylamine (1.25 mL, 1.8 equiv), and degassed, dry PhMe (9 mL) were added
to the tube via syringe. The resulting mixture was stirred at rt for ca. 15 min, and
then TES-acetylene (1.08 mL, 846 mg, 6.03 mmol) was added. The reaction mixture
was heated in an 80 ºC oil bath for ca. 18 h. After cooling to rt, the reaction mixture
was partitioned between EtOAc and saturated NH4Cl. The combined organics were
sequentially washed with water, saturated sodium bicarbonate, and brine. They
were then dried over MgSO4, filtered, and concentrated in vacuo to give a crude
residue that was purified on a 50 g silica column eluted with 10 to 20%
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EtOAc/hexanes. Product fractions were concentrated in the presence of 8.7 mg tertbutyl catechol to provide the title compound as an orange-red oil, 982 mg (973 mg
after correction for inhibitor present, 90% yield). 1 H NMR (500 MHz, acetone-d6) !
8.71 – 8.61 (m, 1H), 8.56 (dd, J = 4.9, 1.7 Hz, 1H), 7.85 (dt, J = 7.9, 1.9 Hz, 1H), 7.39
(ddd, J = 7.9, 4.8, 0.9 Hz, 1H), 1.06 (t, J = 7.9 Hz, 9H), 0.71 (q, J = 7.9 Hz, 6H). The
1H NMR data were consistent with those reported previously.12

OMe

Cinnamyl Methyl Ether: Inside a nitrogen-atmosphere glovebox, a dry roundbottom flask containing a dry PTFE-coated stir bar was charged with sodium
hydride (1.75 g, 95% by weight, 69 mmol, 1.2 equiv). The flask was sealed with a
septum and removed from the glovebox and its contents were suspended in 60 mL
dry, degassed THF. The resulting mixture was stirred under an N2 atmosphere
while cooling in an ice-water bath. Cinnamyl alcohol (8.39 g, 62.5 mmol, 1.1 equiv)
was carefully added to the mixture via syringe (CAUTION: vigorous hydrogen
evolution occurs at this stage) followed by iodomethane (3.5 mL, 56 mmol, 1.0
equiv). The mixture was stirred in the ice-water bath for ca. 5 min and then
allowed to gradually warm to rt. After 24 h, the excess MeI was quenched by
adding diethylamine (3 mL) via syringe and continuing stirring for ca. 1 h. The
reaction mixture was then partitioned between EtOAc and saturated NH4Cl, and
the aqueous layer was back-extracted. The combined organics were sequentially
washed with 2 M HCl (2 x 100 mL), water, 1 M Na2CO3, and brine. The organics
were dried over MgSO4, filtered, and concentrated in vacuo to provide a crude
residue that was purified on a 300 g silica column eluted with 5 to 10%
EtOAc/hexanes. Product fractions were concentrated in the presence of 40 mg tertbutyl-catechol to provide the title compound, 6.21 g (6.17 g adjusted for inhibitor
present; 75% corrected yield). 1 H NMR (300 MHz, acetone-d6) ! 7.48 – 7.41 (m, 2H),
7.37 – 7.29 (m, 2H), 7.28 – 7.21 (m, 1H), 6.63 (dt, J = 16.0, 1.6 Hz, 1H), 6.34 (dt, J =
16.0, 5.8 Hz, 1H), 4.05 (dd, J = 5.8, 1.5 Hz, 2H), 3.32 (s, 3H). The 1H NMR data for
this compound were consistent with those reported previously.13

5.8. References and notes for the experimental section.
1. In addition to the form described above and used in this work, anhydrous
Cu(OAc)2 can be obtained as a microcrystalline solid having very high metals-basis
purity. In our experience, this crystalline form of Cu(OAc)2 is not generally
equivalent to the amorphous powder. Researchers wishing to use the Cu-catalyzed
dearomatization are advised to use the amorphous powder.
2. For more information of hazard classifications specific to eye injury, see: United
Nations. Serious Eye Damage/Eye Irritation. Globally Harmonized System of
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Classification and Labeling of Chemicals (GHS), Third Revised Edition, New York
and Geneva, 2009, pp 133-144. available at:
http://www.unece.org/fileadmin/DAM/trans/danger/publi/ghs/ghs_rev03/English/03e
_part3.pdf (accessed October 13, 2017).
3. “Prudent Practices in the Laboratory [electronic resource]: Handling and
Management of Chemical Hazards / Committee on Prudent Practices in the
Laboratory: An Update.” Board on Chemical Sciences and Technology, Division of
Earth and Life Studies, National Research Council of the National Academies.
Washington, D.C.: National Academies Press, 2011.
4. Osterberg, P. M.; Niemeier, J. K.; Welch, C. J.; Hawkins, J. M.; Martinelli, J. R.;
Johnson, T. E.; Root, T. W.; Stahl, S. S. Org. Process Res. Dev. 2015, 19, 1537-1543.
5. See https://www.airgas.com/msds/001043.pdf (accessed December 14, 2017).
6. The anti-suck-back trap is a safety feature designed to prevent introduction of
liquid into the gas cylinder in the event that liquid is unintentionally aspirated into
the tubing (e.g., by depressurizing the system while the gas-delivery needle is
inserted in a solvent or reaction mixture).
7. For some dihydropyridines, the ! and !’ proton signals gave significantly smaller
integrals than other diagnostic protons, we presume due to idiosyncratic relaxation
times. When this was true, these resonances were not used in NMR-yield
calculations. The siloxane methyl signals also consistently under-integrated and
were not used.
8. See spectral attachments for NMR structure-determination experiments.
11. Barder, T. E.; Buchwald, S. L. Org. Lett. 2004, 6, 2649-2652.
12. Carril, M.; Correa, A.; Bolm, C. Angew. Chem. Int. Ed. 2008, 47, 4862-4865.
13. Kasashima, Y.; Uzawa, A.; Hashimoto, K.; Nishida, T.; Murakami, K.; Mino, T.;
Sakamoto, M.; Fujita, T. J. Oleo. Sci. 2010, 59, 549-555.

5.9. NMR Spectra of New Compounds
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5.10. Chiral SFC chromatograms for new compounds.
ee Determination for 3a
(a)

Me

N

(b)

(a)
(b)

tM = 3.38 min, area% (210 nm) = 95.04
tm = 3.85 min, area% (210 nm) = 4.96
tM = 3.32 min, area% (210 nm) = 49.39
tm = 3.85 min, area% (210 nm) = 50.61
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Me

N

(b)

(a)
(b)

tM = 5.66 min, area% (254 nm) = 97.51
tm = 6.25 min, area% (254 nm) = 2.49
tM = 5.68 min, area% (254 nm) = 52.65
tm = 6.21 min, area% (254 nm) = 47.35
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tm = 5.52 min, area% (260 nm) = 49.23
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(Regioisomer ratio = 7:1 assuming all isomers have the same extinction coefficient)
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tM = 6.57 min, area% (256 nm) = 48.92
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Chapter Four.
Evidence for Simultaneous Dearomatization of Two
Arenes Under Mild Conditions in Cu(I)-Catalyzed Direct
Asymmetric Dearomatization of Pyridine
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1. Introduction

(A) Direct dearomatization of pyridine
M

requires a
powerful nucleophile
R

N
R
Dearomative addition
N
(usually M-R = Li–alkyl)
M
2
1a
reactions of carbon
(B) Dearomatization of pyridinium cations
E X = acyl or alkyl
nucleophiles (Figure 1, Ahalide, etc.
R
R
(soft nucleophile)
D)1 build up complexity
X
E X
or
starting from relatively
or
N
N
N
R
N
abundant heteroaromatic
R
E
3 E (hard nucleophile)
4
5 E
1a
substrates and give access
(C) Metal-Catalyzed C–C-bond-forming direct dearomatization of pyridine:
to products spanning
Nuc
unknown until 2018
metal
several oxidation states,
catalyst
C-centered
+
including pyridines and
nucleophile or
or
no stoichiometric
pronucleophile
N
N
N
Nuc
electrophilic
piperidines, the two most
activator
R
R
1a
4
5
common heterocycles in
(D) CuH-Catalyzed asymmetric direct dearomatization
FDA-approved drugs.2
Ar Cα
Ph
Ph
R2
However, harsh reagents or
cat.
Cu(OAc)
2
C4
1
R1
R
P
(R,R)-Ph-BPE
P
reaction conditions are
2
+ Ar
R
X
HSiMe(OMe)2
X
Ph
Ph
N
typically required for direct
N
THF, rt
(R,R)-Ph-BPE
1
6
anti-7
SiMe(OMe)
organometallic addition to
2
1c,3
(E)
Typical
Cu-catalyzed
olefin
hydrofunctionalizations
pyridine (Figure 1, A),
H R3 R4
ii. addition
i. substitution
and catalysis of such
SiR3
processes
processes
X
R1
reactions (Figure 1, C) was
LnCu H
R2
undocumented,4 to our
H SiR3
H SiR3
knowledge, until 2018.5-7
H R3 R4
R1
Broadly useful C–C-bondCuLn
LnCu X
X
R1
forming dearomatization
R2
R2
methods have instead relied
H
CuLn
H
E
X
on stoichiometric
preactivation of the
R2
R2
R4
E X
R1
R3
R1
heterocycle (Figure 1, B) to
iv. representative electrophiles
iii. representative electrophiles
achieve efficient reaction
R
=
R
I
R
OSO2CF3
E X
X
O
under mild conditions.1 This
N
=
OPO2R
powerful tactic has been the
R4
R3
H
R2N OBz
R3
H
R3
subject of hundreds of
methodological contributions
Fi gu re 1 . C–C-Bond-forming dearomatization of
from numerous research
pyridine.
groups,1c and there now exist
many options for effecting dearomatization with a specific sense of regioselectivity
(i.e., 1,4-addition or 1,2-addition, Figure 1, B). However, these methods often
require installation or removal of activating groups or preparation of noncommercial nucleophiles in separate operations, and thus commit significant effort
to non-strategic transformations. Certain forms of stereocontrol have also been
difficult to achieve within this reactivity paradigm. In particular, diastereofacial
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discrimination by
nucleophiles approaching
pyridinium ions at C4 is
challenging,8 and
asymmetric catalysis of 1,4dearomatization9 remains
rare1c despite numerous
successes realizing 1,2selective variants.10

(A) Previous mechanistic hypothesis
Me

Ph

Ph
CuL2

i

N

9a

CuXL2

L2CuH 8
Me

iii
Me

Ph

ii

Ph

iv
N 7aa
SiR3

N

CuXL2
N

HSiR3

i Hydrocupration
ii Lewis-acid activation
iii Nucleophilic addition
iv σ-bond metathesis (σBM)

10aa

CuL2

(B) Pathways discussed in this work

(i) The single-dearomatization pathway (via 1,5-Cu-migration)
H
Me

9a

Ph

ii

H

H

11a CuL2

HSiR3

Me
H
N

7aa

H

L2Cu N

SiR3

H

i Hydrocupration
ii 1,3-Cu-migration
iii 1,3-Cu-migration
iv Coordination
H
v Formal 5,5-sigmatropic
rearrangement
L2Cu
vi σBM

8

vi

Me

L2Cu

L2CuH
Ph

12a
H

iii

CuL2

i

Me

Me

H

v

iv

N
Me
H

N

13aa

Me
H

L2Cu

10aa

N

[TS13,10]aa

H

(ii) The double-dearomatization pathway
Supported by kinetics, spectroscopy, substituent effects, and calculations
C4
C3
C2
N1
Cmeta Cortho
Cα
Cpara

9a

Ph

Me

H

CuL2

i
L2CuH

8
Me

Ph

N

7aa

SiR3

N

N

HSiR3

vii

L2Cu N

10aa

ii

14aa

L Me
Cu
H
L

Me
N CuL
2

iii
H

H

i Hydrocupration
15aa
ii Coordination
iii Imidoyl-Cu-ene
iv
iv Bond rotation
v Retro-(imidoyl-Cu-)ene
H
Me
vi Formal 5,5-sigmatropic
rearrangement
H
vii σBM
H
Me L Cu N
H
2
Me
H
H v
15aa
L2Cu
(rotamer)
N
H
vi

13aa

Fi gu re 2 . Mechanistic proposals for Cu-catalyzed
direct dearomatization.
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We recently described a
new type of dearomative
transformation (Figure 1, C)
that operates directly on
pyridine and generates the
nucleophiles catalytically
from olefin precursors (6,
Figure 1, D),4 making it even
more efficient than direct
organometallic addition. The
labile nature of the N-silyl
group11 incorporated into the
product also obviates
protecting group
manipulations. The reaction
was notable for being both
highly enantio- and 1,4selective, and it gave 1,4dihydropyridines (1,4-DHPs,
i.e., anti -7, Figure 1, D)
with very high
diastereoselectivity in all but
a few cases.4 However, we
did not have a clear
mechanistic rationale for
these selectivity outcomes.
The fundamental result that
pyridine reacts so readily
under these conditions was
also surprising given that it
is a traditionally problematic
dearomatization substrate
and far less intrinsically
reactive than the kinds of
electrophiles typically used

in CuH-catalyzed hydrofunctionalization reactions (Figure 1, E).12
Our early observations
suggested that two CuL2
Ar2
Ph2(O)P
Ph2(O)P
DMMS, t-BuOH
N
fragments were likely
Ar1
N
Ar1
THF, rt
16
6
17 H
involved in the dearomative
DMMS = Me(MeO)2SiH
(syn major)
2.0 equiv
addition step (Figure 2, A).4
(B) Hypothetical monometallic 1,2-dearomatization
strained
However, the mechanistic
L unfavorable
L
L
L
investigations presented in
Cu N
N
Cu
N
Cu
H
this article show that the
L
L
R*
major pathway exclusively
R* TS14,2
2Cu R*
14
involves monometallic
(C) Bimetallic organocuprate 1,4-addition
intermediates and entails
R
Me
R
Br
Br
R
R–MgBr
Br
Mg
dearomatization of the
Cu(III)L2
CuL2
H
H
phenethylcopper nucleophile
MgO
Me
O
Me
MgO
(9a, Figure 2, A and B) prior
L2CuBr•RMgBr
Me
Me
Me
to its ultimate delivery to
(D) Bimetallic organozinc 1,2-addition
heterocycle C4 (see Figure 2,
R
R
B, ii for labeling conventions).
Cl
Zn O
Zn
O
RZn O
R
Pioneering work by
R
R
+
Zn
Cl
Cl
R
Schomaker13 suggested to us
R
R
R
Zn R
Zn R
Cl
that 9a might undergo
Cl
Cl
stepwise dearomative 1,5-Cu(E) Hypothetical bimetallic 1,2-dearomatization
migration (steps ii + iii ,
L
L
L
L
Figure 2, B, i) to give CparaL
Cu N
N
Cu
Cu N
metalated intermediate 13aa
H
X
X
L
(after coordination, step iv ,
Cu R*
Cu R*
L
L
18
2Cu R*
TS18,2 X–CuLn
Figure 2, B, i), which we
L
L
hypothesized would generate
(F) Cu-catalyzed direct dearomatization is 1,4-selective
Me
Ph
10aa through a polar
4.0% Cu(OAc)2,
4.4% (S,S)-Ph-BPE
isomerization topologically
+
DMMS (3.0 equiv),
equivalent to a 5,5N
N
THF (0.5 mL), rt, 20 h
sigmatropic rearrangement
1a
6a
7aa SiMe(OMe)2
92% NMR yield (1,4) (step v , Figure 2, B, i). Our
2.0 equiv
0.5 mmol
19:1 (1,4):(1,2)
results support the
involvement of both 13aa
Fi gu re 3 . Cu-catalyzed direct dearomatization occurs
and the 5,5-rearrangement in
with regioselectivity opposite that predicted.
the major pathway but
indicate that the heterocycle
must be functioning as an electrophile in the most difficult step of the phenethyl
isomerization. The doubly dearomative imidoyl-Cu-ene reaction14 of 14aa (step iii ,
Figure 2, B, ii) provides an unexpectedly facile pathway for net 1,5-Cu-migration of
the phenethyl group, with 13aa forming via retro-ene reaction (step v , Figure 2, B,
ii) of transient 1,2-DHP 15aa. Notably, the retro-ene and 5,5-rearrangement (steps
v + vi , Figure 2, B, ii) make up a stepwise Cope reaction in which 13aa is a fleeting
(A) α-Phenethylation of imines
H

5.0% Cu(OAc)2,
6.0% (S,S)-Ph-BPE

Me
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Ar2

intermediate. Cu(I)-mediation of the Cope rearrangement is critical for successful
asymmetric catalysis and results in the reaction’s dramatic intolerance of parasubstituted styrenes.
2. Background

(A) Hypothetical addition at C4 by an N-bound organocopper nucleophile

Not stereoelectronically viable

At the outset, we
Ph
Me
R2
Me
imagined that Cu(I) might
P
Ph
N
Cu N
R2P Cu
catalyze a new dearomative
H
P
PR2
transformation analogous to
R2
14aa
10aa
the recently reported 1,2-!(B) C4-nucleophilic addition of phenethylboronates to pyridinium cations
ArF =
(Stereoinvertive)
phenethylation of imines
3,5-(CF3)2Ph π-stacking
ArF
Bpin
(Figure 3, A).15 However, the
interaction B(pin)ArF
Me
Me avoided
very low electrophilicity of
Me
H
H
clash
H 19a
pyridine made it implausible
O
CO2Me
+
that addition would occur
O
N
OMe
N
without electrophilic
Troc
N
OMe
out-of-plane
activation of the heterocycle,
TS19,7
Troc
7baTr Troc
3b
(C) Invertive addition of α-phenethylcopper nucleophiles to activated imines
and we conjectured that the
(Stereoinvertive)
hydrosilane reductants used
δ
CuL2
9a
CuL2
CuL2
in CuH-catalysis would be
Me
Me
+
Me
H
insufficiently Lewis acidic for
H
Me
H
+
H
this purpose (we have
H
H
Ph
H 16
Ph
R N
H
subsequently proven than
Ph
R
R N
R N
CuL2
N
Ph
the silane is not responsible
δ
R = P(O)Ph2
20
21
TS9,20
for activation, vide infra).
(D) A hybrid model for C4-addition by a phenethylcopper nucleophile
Lewis-acid activation by
CuL2
CuL2
δ
Cu(I) was on the other hand
9
π-stacking CuL
p
R
+
2
clash if interaction
Me
precedented,16 although
Me
Rp ≠ H
Me
H
Rp
H
addition via a monometallic
H
+
Rp
intermediate seemed
L2Cu
N
H
L2Cu
H
N
L2Cu N
δ
unlikely given that it would
TS9,10
L2 = Ph-BPE
10
involve a highly distorted
metalacyclobutane-like
Fi gu re 4 . Development of an open bimetallic
transition state (TS 14,2 ,
transition state model.
Figure 3, B). Bimetallic
carbonyl-addition mechanisms (Figure 3, C-D)17 suggested that a more favorable
transition state (TS 18,2 , Figure 3, E) might be attainable with a second CuL2
fragment bridging the nucleophile and heterocycle. However, when we exposed
pyridine to DMMS, styrene, and precursors to [(S,S)-Ph-BPE]CuH, we indeed saw
facile catalytic dearomatization but obtained 1,4-DHP 7aa almost exclusively
(Figure 3, F).4 Although this regioselectivity was incompatible with our mechanistic
hypothesis, a study of heterocycle reactivity trends nevertheless suggested that
activation by Cu(I) was important as expected; in particular, C2-substitution on the
heterocycle profoundly slowed the reaction, even with groups (e.g., CF3)4,18 that
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increase the intrinsic electrophilicity of the heterocycle but interfere with
coordination to bulky Lewis acids.
Table 1. The Styrene-Para-Group Effect.
C4-selective addition with Cu(I)activation of both reaction
Rp
Ro
Rp
Ro
vinyl
arene
partners was difficult to
Me
NaBH4
Me
4-6% Cu(OAc)2
(8 equiv)
reconcile with monometallic
4.4-8.5% Ph-BPE
AcOH, rt
DMMS
(Figure 4, A) or closed
N
(3.0 equiv)
bimetallic transition states
N
THF, rt
N
22 H
1a
7 (+ 5)
(Figure, 3, E). However,
SiMe(OMe)2
open bimetallic transition
Me
Me
states had structural
Me
Me
Me
precedent. For example,
20X slower
Aggarwal’s 1,4than 7aa
dearomatization of
N
N
7aa
7ab
7ac
10X slower N
than 7ab
pyridiniums with
SiMe(OMe)2
SiMe(OMe)
SiMe(OMe)2
2
Conversion to 7ab
Conversion to 7aa
Conversion to 7ac
phenethylboronates8 occurs
14% (1 h), 23% (2 h)
27% (1 h), 42% (2 h)
———
through an open transition
37% (3.5 h), 60% (7 h)
64% (3.5 h), 83% (7 h)
6% (3.5 h),12% (7 h)
96% (23.5 h)
93% (23.5 h)
29% (24 h)
state (TS 19,7 , Figure 4, B)
7ab:5ab > 100:1
7aa:5aa = 15.5:1
7ae:5ae = 1.8:1
with invertive addition by
F
MeO
Rp
Ro
19a at C4, and our group has
Me
Me
Me
proposed a very similar mode
(MeO)2MeSi
of attack (Figure 4, C) for
N
stereoinvertive addition of
not
not
formed N
formed N
phenethylcopper nucleophiles
7ad
7ae
5
SiMe(OMe)2
SiMe(OMe)2
to imines.15 Planarization of
F
Me
MeO
C! in Aggarwal’s reaction
Me
Me
Me
Me
creates the potential for
19
favorable !-stacking
between the phenyl and
N
N
N
N
pyridinium rings (Figure 4,
22aa
22af
H
H 22ab
H 22ag
H
86% yield
B), leading to a preference for
84% yield
65-71% yield
75% yield
19:1 er
24:1 er
24:1 er
39:1 er
anti-selective addition, which
avoids an otherwise disruptive clash between the C! methyl and the out-of-plane
carbonyl group at C3.8 We realized that we could explain one of the most surprising
properties of the Cu-catalyzed dearomatization by invoking a similar !–stacking
interaction (see TS 9,10 , Figure 4, D). With the exception of strong !-acceptor
groups, styrenes bearing substituents at Cpara have generally been among the best
substrates for the asymmetric olefin hydrofunctionalization reactions our group had
previously reported,20 including all that use the catalyst system employed here.
However, para-F or para-OMe groups completely suppressed catalytic
dearomatization,4 while para-Me slowed the reaction twentyfold and caused
profound erosion of the 1,4-selectively (Table 1). These findings cannot be
attributed to simple electronic perturbation of the arene given that the
corresponding ortho-substituted styrenes are all excellent dearomatization
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Table 2. Representative stereochemical outcomes
R
Ar

[(S,S)-L2]CuH

Me

Cα

Ar

(S,S)S-9
major

L2 = Ph-BPE

Me

Me

F

C4

X

N

Cu[(S,S)-L2]

Me Cα Ar

net Cα
stereoretention,
(Cα,C4)-antiselective

Me

N

X

SiMe(OMe)2

Cα-(R)-anti-7
Me

Ph

Me

R

CO2Me

N

N

N

N

SiMe(OMe)2

SiMe(OMe)2

SiMe(OMe)2

N

SiMe(OMe)2

7ca

7dh

7ea

7ba

100% NMR yield
24:1 (anti):(syn)

100% NMR yield
20-30:1 (anti):(syn)

100% NMR yield
28:1 dr

93% NMR yield
4.6:1 (anti):(syn)

substrates (7ab and 22ab22ag, Table 1). Rather there
must be a specific interaction,
unique to the dearomatization
mechanism, affecting Cpara
substituents and one or more
of the other reacting
fragments. TS 9,10 (Figure 4,
D) exhibits such an
interaction: formation of a
parallel-displacement !complex between 9 and the
heterocycle would project a
para-group toward the bulky
coordination sphere of the
CuL2 fragment bound at N1.

Despite its explanatory power, we had difficulty adopting the bimetallic
transition-state model upon learning that the dearomatization is in fact highly
selective for net retention of the C! stereocenter in ( S , S ) S -9 (Table 2).4 We and
others have shown that hydrocupration is enantiodetermining in various CuHcatalyzed reactions,21-23 which implies that the majority of product is generated by
stereospecific reaction of the major phenethylcopper diastereomer with the
electrophile. Thus, major product C !-( R )- anti -7 (Table 2) cannot be formed via
invertive attack by the nucleophile unless stereodetermination occurs in a
fundamentally different manner in the dearomatization (i.e., achieves net retention
through invertive preferential reaction of the minor phenethylcopper diastereomer).
At the same time, we were unaware of precedent for models similar to TS 9,10
(Figure 4, D) that might yield stereoretention, which would require the CuL2
fragment of the nucleophile to depart from the same face that the electrophile
approaches. Such models would not entail planarization of C!, and thus it seemed
less assured that they would permit !-stacking or incur a para-group clash.
Further, the diastereoselectivity we observed with unsymmetrical heterocycles
(Table 2) was much higher than we had expected based on analogy to Aggarwal’s
transition state and clearly inconsistent with the basis for selectivity therein.
Highly diastereoselective addition to pyridiniums requires a sterically demanding
out-of-plane carbonyl group at C3 (Figure 4, B);8 in contrast, the Cu-catalyzed
dearomatization occurred with excellent selectivity with small C3 substituents like
Me and MeO (17:1–30:1 dr; e.g., 7ca, Table 2)18 and gave much lower dr’s with
nicotinates and nicotinamides (e.g., 7ba, Table 2). In fact, pyridazine, which lacks a
C3 substituent altogether, gave one of the highest dr’s we have observed (≥ 28:1;
7ea, Table 2).
3. Results and Discussion
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(A) Phenethylcopper intermediates in hydroboration - Hartwig
O

Ar

O

P

O

P

F

F

Ar

F

(R) Me

Ar

O

HBpin
C6D12

Ar

Me (S)

slow

CuMe
Cu[(S)-L2]

Cu[(S)-L2]

(S)R-9cSEG

(S)S-9cSEG

major

23

minor

• observable by 19F, 31P NMR
• X-ray crystal structure obtained
of (S,S)-diastereomer

[(S)-DTBM-SEGPHOS]CuMe
= [(S)-L2]CuMe
Ar = 3,5-(tBu)2-4-(MeO)Ph

(B) Hydrocupration of styrene-α-13C
Cu(OAc)2
1. DMMS
H (R) Me
KEQ =
0.11 mmol
(13 equiv)
Me (S) H
0.699
0.12 M final THF-d8, rt, 20 min
13C
13C
+
2. H
Cu[(S,S)-L2]
Cu[(S,S)-L2] slow
(S,S)-Ph-BPE
13C
= (S,S)-L2
(S,S)R-9a
(S,S)S-9a
Ph
1.06 equiv
(12 equiv)
71% conversion to (S,S)S + (S,S)R
rt, 95 min
estimated from 31P NMR integrals

(C) 31P NMR of 9a

(D) 13C NMR of 9a

(S,S)R-9a

(S,S)S-9a
2J
C,P =
22.8 Hz

(S,S)-L2
(S,S)R-9a

2J
C,P =
23.2 Hz

(S,S)S-9a

(E) Bimolecular equilibration via heterochiral ligand exchange
Ph (R) Me

Ph (R) Me

Cu[(R,R)-L2]
[(R,R)-L2]CuH

styrene

+

+
Me (S) Ph

fast

[(S,S)-L2]CuH

KEQ(bi)
= 0.489

(R,R)R-9a

mixture
prepared from
0% ee Ph-BPE

very fast
via
ligand
exchange

Cu[(S,S)-L2]

Cu[(S,S)-L2]

(S,S)R-9a
+
Me (S) Ph
Cu[(R,R)-L2]

(R,R)S-9a

(S,S)S-9a

(F) Monitoring the resting state in situ

Ph
1.4
equiv

Cu[(R,R)-L2]

DMMS (2.2 equiv)
THF-d8, rt
5 h equilibration

Ph

Me

Ph

8.6% Cu(OAc)2
13% (R,R)-L2

(R,R)R-9a
+ (R,R)S-9a
L2 = Ph-BPE

N

Me

Ph

Ph

1d

(0.23 mmol)
0 °C, inside
NMR probe

N

7da

SiMe(OMe)2

i. Phenethylcopper complexes are the MACS
estimated % of Cu present as 9a

Ph

Me

Me

Cu[(R,R)-L2]

(R,R)R-9a

Ph
Cu[(R,R)-L2]

(R,R)S-9a

% conversion of 3-Ph-Pyr

ii. (R,R)R:(R,R)S ratio is kinetically controlled during catalysis
phenethylcopper dr
(R,R)R-9a:(R,R)S-9a

% conversion of 3-Ph-Pyr

Fi gu re 5 . Study of the resting state.

3.1. Identification of the catalyst resting
state and observation of kinetically
controlled phenethylcopper dr during
catalysis.
Reaction kinetics could confirm or
invalidate bimetallic pathways, provided
that we knew the catalyst resting state.
We expected that the molecular formula
for the turnover-limiting transition state
(TLTS) might be evident from kinetic
orders if the resting state contained one
catalyst species of known composition in
large excess over all others (i.e.,
contained a MACS, most abundant
catalyst species). In that case, the rate
law would be determined by the linear
sequence of steps starting from the
MACS and ending with the turnoverlimiting step (TLS).24 The dearomative
step that consumes 9 (Table 2) was a
likely TLS given its expected difficulty,
and the formation of 9 in in a facile,
exergonic step (calculated ΔG‡ = 12.2
kcal/mol; calculated ΔG° = −11.2
kcal/mol for styrene) thus suggested
that the phenethylcopper nucleophile
should be a major component of the
resting state. Hartwig’s mechanistic
studies of Cu-catalyzed hydroboration
entailed characterizing phenethylcopper
complexes derived from DTBMSEGPHOS by 19F and 31P NMR
spectroscopy and, in the case of minor
diastereomer ( S ) S -9c SEG (Figure 5, A),
by X-ray crystallographic analysis,
showing these species to be
monometallic, Y-shaped complexes.22 We
find that analogous (S,S)-Ph-BPE
complexes form as major hydrocupration
products under conditions relevant to
catalytic dearomatization. Successively
exposing THF-d8 solutions of Cu(OAc)2
and (S,S)-Ph-BPE to DMMS and
styrene-!-13C (Figure 5, B) gave
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mixtures containing three principal phosphorus-containing species, as shown by 31P
NMR spectroscopy. One was free Ph-BPE, which resonated as a sharp singlet with
the expected shift at −60 °C; this signal broadened at higher temperatures due to
chemical exchange with the other two components. These latter species were
clearly products of reaction with styrene, appearing as doublets (Figure 5, C) having
similar coupling constants (2JP,C( S , S ) S- 9a = 22.5 Hz, 2JP,C( S , S ) R- 9a = 22.8 Hz).
Suggestively of the epimerization process described by Hartwig for 9c SEG (Figure 5,
A),22 the distribution of the hydrocupration products greatly favored the major
species initially but approached an apparent equilibrium ratio < 1.8:1 over the
course of four days. Confirming the minimal resonances for the products were a
pair of triplets (Figure 5, D) that occurred in the same ratio as the 31P doublets and
exhibited triplet couplings virtually identical to the 2JP,C values of the respective
corresponding 31P signals. We corroborated that the species assigned as ( S , S ) S -9a
and ( S , S ) R -9a (Figure 5, B) were stereoisomers by introducing a much faster
pathway for attaining the apparent diastereomeric equilibrium. When the Ph-BPE
is enantiomerically pure, phenethylcopper diastereomers only interconvert by
epimerization at C!, via relatively slow !-hydride-elimination/reinsertion.
However, we have found that the species assigned as ( S , S ) S -9a and ( S , S ) R -9a
(Figure 5, B) undergo ligand exchange with free Ph-BPE on the NMR timescale.18
The result of a heterochiral ligand exchange reaction, e.g., ( S,S ) S -9a + (R,R)-PhBPE ⇌ ( R,R ) S -9a + (S,S)-Ph-BPE, is rapid interconversion of diastereomers by
changing the configuration of the ancillary ligand. Thus, conducting
hydrocupration with racemic Ph-BPE must immediately generate 9a (Figure 5, E)
in its equilibrium diastereomer ratio. In this case, hydrocupration of styrene (6a)
with racemic Ph-BPE gave [( R,R ) R -9a + ( S,S ) S -9a] and [( R,R ) S -9a + ( S,S ) R 9a] in a static ratio of 1.43:1 (Figure 5, E) by the time of the first analysis, from
which we have calculated equilibrium constants of 0.699 and 0.489 for the
respective processes in Figure 5, B and E.25 This rapid equilibration method enabled
us to study the relative reactivity and selectivity of the individual phenethylcopper
diastereomers toward catalytic dearomatization (vide infra).
The phenethylcopper complexes (particularly the major diastereomer) were
indeed the MACS during dearomatization of pyridine or 3-Ph-pyridine with styrene
or 3-fluorostyrene. Depending on the exact conditions, we estimated that total
phenethylcopper made up ca. 70–88% of all copper (based on integration of the 31P
NMR signals) after hydrocupration conducted with excesses of styrene and DMMS,
and 75% (based on 19F integrals) to 90% (based on 31P integrals) of all copper after
similar hydrocupration of kinetics model substrate 3-fluorostyrene.26 Apart from a
distribution of low-level species, some of which formed in variable amounts and
appeared to be decomposition products of the phenethylcopper complexes, no other
observable copper compounds were present. Addition of 3-Ph-pyridine to a
hydrocupration mixture led to rapid catalytic dearomatization (Figure 5, F) but did
not generate any new observable catalyst species or significantly alter the
approximate proportion of metal present as 9a (plotted using 31P-based estimates
in Figure 5, F, i). However, we did observe mechanistically significant variation in
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the dr of 9a as the catalytic reaction proceeded (figure 5, F, ii). This experiment
used 9a that had been aged in the absence of heterocycle for >5 h (Figure 5, F),
during which time extensive epimerization occurred, giving an (R,R)R:(R,R)S ratio
of 4:1 at the start of the catalytic reaction. Over the first 30% conversion of 1d
(Figure 5, F), the (R,R)R:(R,R)S ratio increased to a maximum of 45:1 before
gradually declining again at higher conversion (Figure 5, F, ii). Both
phenethylcopper diastereomers are present when the heterocycle is added and are
consumed by the dearomative addition step, ultimately regenerating [(R,R)-PhBPE]CuH. Hydrocupration then regenerates ( R , R ) R -9a with high kinetic
selectivity in the presence of 1d (Figure 5, F), which leads to subsequent catalytic
recycling occurring much faster than ( R , R ) R -9a epimerizes27,28 This causes the
initial dramatic increase in the (R,R)R:(R,R)S ratio. The catalyst dr gradually
decreases at higher conversions because epimerization of ( R , R ) R -9a (which has
rate ~ k[( R,R ) R -9a]27 under these conditions) becomes increasingly competitive
with turnover as the reactant required for dearomatization is depleted. It is implied
that the rate expression for the TLS of the dearomatization has a nonzero kinetic
order in at least one of the substrates.

3.2. The dearomative addition step is stereoretentive.
Mechanistic ramifications of the kinetically controlled catalyst dr enabled us
to demonstrate that the invertive nucleophilic approach trajectory in Figure 4, B
and C, cannot be operative in Cu-catalyzed dearomatization, invalidating the
transition state model in Figure 4, D. For catalytic reactions that continuously
regenerate the major diastereomer of 9a (( R,R ) R -9a + ( S,S ) S -9a if both Ph-BPE
enantiomers are present; Figure 5, E) with high kinetic selectivity, a
straightforward equilibrium calculation implies that heterochiral ligand exchange
(Figure 5, E) should generate resting states containing 9a in a steady-state
diastereomer ratio governed by
(eq 1)
1
1−
!! − ! = !! − !
Keq(bi)
where ! is the mol fraction of Ph-BPE supplied as the major enantiomer, Keq(bi) is
the equilibrium constant (0.489) for heterochiral ligand exchange, and 2! is the
steady-state mol fraction of 9a present as ( R,R ) S -9a + ( S,S ) R -9a (Figure 5, E).29
Thus one can generate catalyst mixtures having very different diastereomeric
composition by varying the er of the ligand. This enabled us to correlate the rate
and diastereoselectivity of the catalytic dearomatization with the proportion of 9a
(Figure 5, F) present as the minor diastereomer.30,31 It became clear from those
studies that ( R,R ) S -9a undergoes dearomative addition to 3-phenylpyridine at a
comparable rate to ( R,R ) R -9a (Figure 5, F), but with severely eroded antiselectivity.18 Given that catalytic dearomatization is highly anti-selective under
typical conditions, this implies that reaction via ( R,R ) S -9a is not normally a major
contributor to total product formation. It also signals that simple substrate194

controlled interactions are not capable of explaining how diastereodetermination
occurs in the dearomative addition. Having established that both diastereomers of
9 (Table 2) directly undergo dearomative addition, it became possible to show that
( R,R ) S -9 is not selective for the major 1,4-DHP enantiomer. Conducting
dearomatization with 100% (R,R)-Ph-BPE under conditions implied by the observed
catalyst stereochemical dynamics to increase the proportion of total product formed
via ( R,R ) S -9 32,33 significantly erodes the enantioselectivity and diastereoselectivity
of the catalytic reaction.18 Thus, only ( R,R ) R -9 selectively generates the major 1,4DHP product enantiomer, and because these two species have the same absolute
configuration at C!, the dearomative addition step must itself be stereoretentive.

3.3. Dearomative addition involves a single CuL2 fragment: Empirical
determination of the molecular formula of the TLTS for dearomatization of 3phenylpyridine.
We began kinetics studies with the model reaction in Figure 6, A, which had
ideal properties for calorimetric reaction-progress kinetics analysis.34 The nearperfect overlay of rate/[Cu] (Figure 6, B) for two reactions differing only in catalyst
loading shows that the reaction is first-order in copper. This implies that no
additional equivalents of Cu are incorporated into the catalyst during the sequence
leading from the MACS to the TLTS, and because the MACS is monometallic, the
TLTS can only contain one copper atom. Therefore, the general bimetallic
mechanism in Figure 2, A cannot be correct. Further, the linearity of the plots in
Figure 6, C shows that the reaction is first-order in one reactant and zero-order in
the others, and in that case, the invariance of the reaction rate when [DMMS] and
[3-F-styrene] are varied simultaneously (Figure 6, C) implies that both have kinetic
orders of zero.35 This means that no DMMS36 is incorporated into the TLTS, and
that no 3-fluorostyrene is incorporated beyond that already present in 9h (Figure 6,
A). It also means that the reaction is first-order in heterocycle. With regard to
stoichiometry, the TLTS must be composed of one equivalent of the phenethylcopper
complex, and one equivalent of 3-phenylpyridine (Figure 6, D ii).

3.4. The single-dearomatization pathway: Rearrangement of 9 to a Cpara-metalated
isomer and 5,5-rearrangement.
The reaction kinetics necessitated a major reappraisal of the likely
requirements for dearomative reactivity. Specifically, we needed to formulate a
stereoelectronically feasible mechanism by which a single CuL2 fragment
simultaneously activates the electrophile and nucleophile while mediating transfer
of the latter to a remote position on the heterocycle. We additionally knew that this
pathway needed to retain the phenethylcopper C! stereocenter and generate 1,4DHP’s with robust anti-selectivity. It occurred to us that these conditions could be
fulfilled simultaneously only if the C4-C! bond-forming event occurred from an
isomerized form of the phenethylcopper nucleophile. Schomaker has shown that
Cortho-halogenated phenethylcopper complexes (e.g., 9i, Figure 7, A) undergo
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Fi gu re 6 . Determination of the molecular formula for the TLTS of dearomatization of 1d using reaction kinetics.
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(A) Model reaction for kinetics analysis

dearomative 1,3-Cu-migration en route to halogen-rearrangement products (24,
Figure 7, A).13 Successive 1,3-migrations starting from 9a (Figure 7, B) would
furnish 12a, whose dative complex (13aa), we reasoned, might generate N-Cu-1,4DHP 10aa through a polar isomerization topologically equivalent to a 5,5sigmatropic rearrangement (henceforth ‘5,5-rearrangement’; Figure 7, B). Modeling
at the CPCM(THF)/BP86-D3(BJ)/6-311+G(d,p)–SDD(Cu)//B3LYP/6-31G(d)–
SDD(Cu) level of theory located [TS 13,10 ]aa 3.7 kcal/mol higher in energy than
13aa and situated 13aa only 8.5 kcal/mol higher than the MACS (Figure 7, C). It
is noteworthy that 13aa is destabilized relative to 14aa (Figure 7, C) by far less
(+6.6 kcal/mol) than the resonance energy of a phenyl ring (30-36 kcal/mol by
various estimates).37 A serious penalty for dearomatization of the phenethyl group
only becomes evident if the heterocycle is removed to give free 12a, which lies 17.3
kcal/mol above isomeric 9a (Figure 7, C). Given that the Cu–N dative bonds in
13aa and 14aa should be comparably stabilizing, the fact that heterocycle
dissociation by 13aa is 10.7 kcal/mol more endergonic than dissociation by 14aa
(Figure 7, C) suggests that secondary interactions between the 2,5-cyclohexadienyl
ring and the heterocycle are important to stabilizing 13aa. The optimized
structure for 13aa (Figure 8, A) supports this interpretation: the two rings are
arranged in the characteristic geometry of a parallel-displacement !-stacking
complex (distance between centroids = 3.58 Å for 13aa versus 3.5 Å for the paralleldisplacement benzene dimer),38 permitting Coulombic interactions between rings
over a large area (alignment of complementary charges is depicted with colored
circles in Figure 8, A). The structures of 13aa and 5,5-rearrangement transition
state [TS 13,10 ]aa (Figure 8, B) closely emulate the !-stacking interaction
conjectured to exist within bimetallic TS 9,10 (Figure 8, B), although we note that
dearomatization via 13aa would result in the opposite stereochemical outcome: In
[TS 13,10 ]aa (Figure 8, B), the CuL2 fragment of the nucleophile is present on the
same face that the electrophile approaches, leading to retention of configuration at
C!.

3.5. An imidoyl-Cu-ene pathway for dearomatizing the phenethylcopper nucleophile:
Formulation and precedent.
Strong stabilization and a low barrier to [TS 13,10 ]aa make 13aa a viable
catalytic intermediate (Figure 7, C), but they also make the computed PES for the
single-dearomatization mechanism inconsistent with the reaction kinetics. The
most challenging step in the pathway (Figure 7, C) is by far the initial dearomative
1,3-Cu-migration, yielding predicted kinetic orders of zero for all reaction
components except Cu(I). Further, heterocycle substituent effects on the rate of
dearomatization (Table 3) imply that the heterocycle is not only present, but also
behaving as an electrophile in the TLS: electron-donor C3-substituents slow the
reaction (compare 1f to 1d and 1c to 1a, Table 3), whereas groups that stabilize
negative charge markedly accelerate it (compare 1a to 1d and 1d to 1g, Table 3).
In fact, the (para-MsPh) group in 1g (Table 3) is sufficiently activating to change
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migration. Brown’s C2-borylallylation of 3-haloheterocycles,14 which involves a chair
imidoyl-Cu-ene reaction (28 → 29, Figure 10, A) suggests an alternative pathway to
13aa (Figure 8, A) involving a turnover-limiting polar reaction of the
phenethylcopper nucleophile with the heterocycle. That an imidoyl-Cu-ene reaction
might form the basis for a 1,4-selective process is evident from the reaction of
diallylcalcium with pyridine,39 in which ene product 33 undergoes Cope
rearrangement to C4-functionalized 1,4-DHP 34 (Figure 10, B). Yang has provided
evidence for electrophilic dearomatization of phenethylcopper nucleophiles via an
imidoyl-Cu-ene reaction in a Cortho-cyanation with tosylcyanamides40 (Figure 10,
C). Thus we investigated whether phenethylcopper nucleophiles could engage in an
analogous imidoyl-Cu-ene reaction with pyridine.
(A) Catalytic borylallylation of quinoline via an imidoyl-Cu-ene - Brown, et al.
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3.6. Computational investigation of the doubly dearomative ene: PES, energydecomposition analysis, and aromaticity as a function of the reaction coordinate
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Figure 11. The double-dearomatization pathway.

The hypothesized ene would have the remarkable property of simultaneously
dearomatizing two aromatic rings. Despite this, our modeling identified a
transition state ([TS 14,15 ]aa, Figure 11, A and B) for the ene only 25.8 kcal/mol
above 9a (Figure 11, A), which corresponds to a reaction rate significant on the
201
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timescale of days at 298K. It is unintuitive that a doubly dearomative
transformation would occur at ambient temperature in the absence of highly
energetic reactants, but our investigations provide some insight into why this
reaction should be feasible. We calculate a −28 kcal/mol free-energy change for a
hypothetical ene (eq 2, Figure 11, C) involving similar changes in formally localized
bonds but no dearomatization. The amount of energy released in this step,
presumably due to replacement of C–N !- and Cu–C !-bonds with stronger C–N and
C–C !-bonds, is close to current estimates for the aromatic stabilization energy of
pyridine (30-31 kcal/mol).37,41 Thus, coupling these bonding changes to destruction
of aromaticity could largely offset or overcompensate the dearomative penalty for
the heterocycle, leaving a residual penalty for the doubly dearomative ene (eq 3,
Figure 11, C) closer in magnitude to the aromatic stabilization energy of just the
phenyl ring. Accordingly, the predicted barrier to 1,3-Cu-migration by 9a (+22.3
kcal/mol, Figure 7, C), which dearomatizes only one ring but fails to generate more
favorable localized bonds, is only slightly lower than the barrier to the doubly
dearomative ene. Taking the energy change of eq 2 as an estimate for the total
energy change not due to dearomatization in eq 3 (Figure 11, C) enables estimation
of the resonance energy lost in eq 3 as simply ΔG° !" 3 − ΔG° !" 2 = 48 kcal/mol,
a value much larger than the overall thermodynamic penalty for the reaction (+20
kcal/mol in the gas phase).18
Consideration of how computational indices of aromaticity change as the ene
reaction progresses affords a unique perspective on the nature of the doubledearomatization event. Figure 11, D, plots the NICS(0) indices42 (defined as the
negative of the magnetic shielding value calculated for a virtual proton at the center
of the ring in question) as functions of the ene reaction coordinate for the pyridine
ring (blue line), phenyl ring (purple line), and pericyclic ring (i.e., the ring defined
by the bonds that are changing; green line). NICS(0) values for the pyridine and
phenyl rings initially indicate strong aromaticity and decrease monotonically
throughout the reaction, entering a phase of particularly rapid dearomatization
near 40% extent-of-reaction. Both rings attain their maximum rates of
dearomatization at the transition state, showing that the transformation as
modeled is truly a simultaneous double-dearomatization. The apparent aromaticity
of the pericyclic ring reaches its maximum value immediately after the transition
state and decreases thereafter. While the NICS(0) value for this ring is not a pure
measure of its aromatic stabilization,42b the manner which it evolves nevertheless
suggests that the concerted double-dearomatization is kinetically facilitated by
transient formation of a new aromatic orbital array that confers additional
stabilization to the transition state.

3.7. Retro-ene of the doubly dearomatized intermediate gives 13: Heterocycle
promotion of the 1,5-Cu-migration.
We attempted to model a concerted Cope rearrangement of 15aa, which would
give 10aa (Figure 11, E) analogously to the presumptive mechanism of the
rearrangements in Figure 10, B and C. However, the transition state we found
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([TS 15,13 ]aa, Figure 11, E) exhibits C2–Cortho cleavage, but without inception of
bonding between C4 and C!. Instead, the two dearomatized rings begin to reorient
themselves parallel to one another, and Cpara puckers out of the plane while
engaging Cu(I) in a new interaction, forming previously identified 13aa (Figure 11,
E). This step is thus just the reverse of the imidoyl-Cu-ene reaction that would
generate doubly dearomatized intermediate 15aa from the Cpara-metalated isomer
of 14aa (Figure 11, E; the step is henceforth referred to as the retro-ene). Viewed
within the complete dearomatization PES (Figure 11, E), 13aa appears as an
intermediate in a stepwise Cope rearrangement (15aa →!!!!→!!!!, Figure 11,
E), while 15aa is a fleeting intermediate in a heterocycle-mediated net 1,5-Cumigration (14aa → !!!! → !!!!, Figure 11, E). Although the predicted total
barrier to the double-dearomatization mechanism (+25.8 kcal/mol) is slighly higher
than that of 1,3-Cu-migration in Figure 7, C, the rate law and substituent effects
support double-dearomatization being the major reaction pathway. Given that
heterocycle coordination to 9a is not intrinsically favorable, the preference for
generating 13aa this way implies that the sequence 9a → 14aa →15aa →13aa
(Figure 2, B, ii) is faster than 9a → 11a → 12a → 13aa (Figure 2, B, i), which
makes the ene/retro-ene sequence a heterocycle-promoted pathway for net 1,5-Cumigration. The ability of the heterocycle to couple dearomatization to favorable
changes in localized bonding and stabilize dearomatized intermediates provides a
plausible chemical basis for
Scheme 1. Simplified Catalytic Cycle for
this result.
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correctly implies that the latter should not be a significant resting state component,
and the relatively low barrier to regeneration of 9a after the TLS implies that no 8
or 10aa should be present during catalysis; i.e., 9a is required to be the MACS.
The simplified catalytic cycle in Scheme 1 can be used for theoretical analysis of a
generic reaction via the double-dearomatization pathway because the ene/retroene/5,5-rearrangement sequence is kinetically indistinguishable from a
unimolecular elementary step (modeled as 14 → 10 in Scheme 1 and referred to as
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R

dearomative isomerization). Heterocycle binding to 9 is expected to be much more
facile than the other steps, making 9 + 1 ⇌ 14 a pseudoequilibrium (Scheme 1;
refer to this scheme for definition of all kinetic parameters). The PES implies that
dearomative isomerization should be the TLS, and because 9 is the MACS, the rate
law for the catalytic reaction can be determined from the sequence 9 ⇄ 14 → 10
(Scheme 1), thus
(eq 4),

!"#$ ≅ !! !" = !! K !" ! Het = !!"" Het Cu
in agreement with experiment.44
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Figure 12. Predicted qualitative double-dearomatization PES for heterocycles with very
electron-withdrawing C3 substituents.

3.9. Predicted saturation kinetics and altered resting state for very electrondeficient heterocycles.
Highly reactive pyridines are among the best substrates for asymmetric
dearomatization and thus form an intrinsically important heterocycle class. They
also provide opportunities for empirical study of proposed steps and intermediates
that occur after the TLS for 1d (Figure 6, A) and consequently cannot be probed via
kinetics or spectroscopy using that substrate. Figure 12 shows how strongly anionstabilizing C3 substituents are expected to affect the energies of key structures in
the double-dearomatization PES. Because the doubly dearomative ene (14 → 15,
Figure 12) and the ene leading from 13 to 15 (i.e., the reverse of the retro-ene,
Figure 12) both have nucleophilic addition character, anion stabilizing C3 groups
must lower the barriers to both (i.e., decrease the energies of TS 14,15 and TS 15,13
relative to 9a; Figure 12). Activating C3 groups also lower the energy of doubly
dearomatized intermediate 15 (Figure 12), which contains a fully developed
metalloenamine functional group. These changes lower the rate-controlling barrier
to dearomative isomerization (i.e., increase !! ). Our group’s earlier study of
substituent effects on the rate of !BM by Cu-carboxylate complexes21 revealed
marked slowing of that reaction by groups that attenuate the nucleophilicity of the
carboxylate ligand, and we expect similar deceleration here with substituents that
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attenuate the nucleophilicity of 10 (Figure 12). This implies an increase in the
energy of !BM transition state TS 10,7 relative to 10, whereas 10 itself should be
stabilized by the substituent much like 15 (Figure 12). If the opposing effects on
the dearomative isomerization and !BM steps are large enough, their barriers will
become comparable (i.e., !! and !! will have similar values). Because 10aa is
predicted to be very close in energy to 9a in the absence of a substituent (Figure 11,
E), the double-dearomatization PES indicates that even modest additional
stabilization should render 10 isoenergetic with or potentially more stable than 9
(Figure 12). Consequently, 10 (Figure 12) must become a major component of the
resting state if the barriers to dearomative isomerization and !BM are similar.
Hydrocupration is expected to remain kinetically irrelevant, however: this step
cannot exhibit a (heterocycle) substituent effect, and its barrier is already
significantly below that of !BM (−2.7 kcal/mol) in the absence of a substituent
(Figure 11, E).
Dearomatization of 1g (Figure 13, A) is faster than that of any other pyridine
we have studied (Table 3) and clearly obeys a different rate law, making it an
excellent model reaction for testing these predictions. We have confirmed that this
reaction exhibits no kinetic dependence on 3-fluorostyrene. If this result is
stipulated, and no assumptions are made about the relative values of !! , !! , and
!!! , then the catalytic cycle in Scheme 1 must obey saturation rate law eq 5 (see SI
for derivation), in which !! is defined as !! K!" and [Cu]! is the total concentration
of all active catalyst species (note that the rate law for 3-phenylpyridine is just an
instance of eq 5 for which !! , !!! << !! ).

!"#$ =

!! K!" !! Het DMMS Cu !
!! !! !"# DMMS Cu !
=
!! Het + !! DMMS + !!!
!! K!" Het + !! DMMS + !!!
(eq 5)

The discussion of substituent effects implies that !! and !! should be comparable
for 1g (Figure 13, A), and thus its rate law must correspond to an instance of eq 5 in
which [Het] and [DMMS] both appear with non-negligible coefficients in the
denominator. Taking advantage of the fact that [DMMS] is linearly related to [Het]
over the course of the reaction as DMMS = Het + χ − 1 [Het]! , where χ is the
number of equivalents of DMMS used and [Het]0 is the initial heterocycle
concentration, one can write
DMMS Het Cu
!"#$

!

=

!! + !!
!! !!

Het +

! − 1 Het
!!

!

+

!!!
!! !!

(eq 6).
Eq 6 provides a convenient graphical way to diagnose whether the kinetics of a
given dearomative reaction obey eq 5, and, if so, to estimate rate constants for the
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kinetically relevant steps. If the rate does obey eq 5, then plots
of ([Het][DMMS][Cu]/!"#$) using empirical rate and concentration data must be
linear functions of [Het] having slope ! ≅ (!! + !! )/!! !! .45 The Y-intercepts
Y !, Het ! of those plots must in turn constitute a linear function of ! −
1 Het ! having slope45 ! ≅ 1/!!
1
!!!
! !, Het ! ≅
! − 1 Het ! +
!!
!! !!
(A) Calorimetric study of dearomatization with highly activated substrate 1g
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Figure 13. Saturation kinetics in the dearomatization of 1g imply an energy surface like
that predicted for the double-dearomatization and similarly imply that 10gh should be
observable.

Implication also goes in the other direction: given respective kinetic orders of zero
and one for [Sty] and [Cu], if plots of ([Het][DMMS][Cu]/!"#$) using actual rate
and concentration data are found to be linear functions of [Het], then the true rate
law must conform to an instance of eq 5. This is because, with the exception of
trivial examples like !"#$ = k[Het] Cu ! and !"#$ = k[DMMS] Cu ! (which are
themselves limiting cases of eq 5), multiplying (1/!"#$) by [Het][DMMS][Cu]! will
only yield a linear function of [Het] if the denominator of !"#$ is a linear function
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L
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F
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of [Het], and if [Het] and [DMMS] both appear with exponents of one in the
numerator of !"#$. Graphically determined linear parameters then indicate which
limiting case of eq 5 is applicable. In particular, straightforward algebraic
manipulations (see the experimental section) show that [DMMS] and [Het] must
both appear with non-negligible coefficients in the denominator of !"#$ if
! !, Het ! is found to be a (non-constant) linear function of ! − 1 Het ! for which
! ≠ !.
Plots of ([Het][DMMS][Cu]/!"#$) for three reactions differing only in ! (Figure
13, C; the untransformed rate curves are in Figure 13, B) were indeed linear except
at very high conversion, where the heat flow data became erratic. In agreement
with eq 6, the slopes of these lines are similar; treating all slope estimates as
resulting from identical measurements would yield an average (!! + !! /!! !! ) ≅
47.8 Ms with standard deviation 1.88 (five measurements). Further, Y-intercepts of
the lines in Figure 13, C (obtained by extrapolation) are monotonically increasing
with χ − 1 Het ! , as required by eq 7, and fit well enough to a line (R2 = 0.97) to
enable estimation of n ≅ 1/!! = 8.58 Ms and (!!! /!! !! ) ≅ 0.345 M2s from its slope
and intercept, respectively.18,46 The values of N and n are indeed very different,
which demonstrates that dearomatization of 1g (Figure 13, A) obeys the saturation
rate law predicted by the double-dearomatization mechanism. This supports the
catalytic cycle having the form in Scheme 1. Equations for the linear parameters
were solvable for estimates for !! (0.117 M–1s–1), !! (0.0255 M–1s–1) and !!! (1.02•10–
3s–1),46 which correspond by way of the Eyring relationship to the approximate
energy landscape in Figure 13, D. These energies are in excellent qualitative
agreement with how the double-dearomatization PES is expected to change under
the influence of an anion-stabilizing C3 substituent (Figure 12). They also mirror
the prediction of Fig. 12 that 10gh should be a major resting state component
during dearomatization of 1g (Figure 13, D).

3.10. Observation of N-Cu-1,4-DHP intermediate 10gh.
Monitoring of the catalytic dearomatization of 1g (Figure 13, A) with 3fluorostyrene-!-13C by 13C, 31P, and 19F NMR spectroscopy confirmed that a new
major catalyst species was present having the diagnostic 13C, 19F, and 31P NMR
resonances (Figure 13, E) expected for 10gh: in particular, its 13C (Figure 13, E, i)
and 19F signals indicate the presence of a fluorophenethyl group bound at C! to C
rather than Cu. These signals were associated with a new 31P resonance (Figure 13,
E, ii), indicating the presence of a CuL2 fragment (NB, neither these nor any
analogous signals were evident for a control reaction mixture prepared from 3phenylpyridine). The 13C, 19F, and 31P resonances assigned to 10gh (Figure 13, E)
were all relatively large near the start of the catalytic reaction and simultaneously
diminished as conversion of 1g (Figure 13, A) increased. Phenethylcopper
intermediate 9h, initially present in a much smaller amount than usual, gradually
increased in abundance at the expense of 10gh (Figure 13, E), resuming its typical
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role as the MACS only at very high conversion of 1g (Figure 13, A; the proportion of
observable phosphorus present as 9h + 10gh was conserved throughout the
catalytic reaction). This is precisely how the distribution of catalyst species is
expected to change throughout the reaction if dearomative isomerization and !BM
have similar barriers, as in Fig 12: the dearomative isomerization becomes more
nearly turnover-limiting as the reaction proceeds because the concentration of 1g
(Figure 13, A) becomes very low, while the concentration of DMMS, used in fivefold
excess, remains relatively high. The predictive power of the double-dearomatization
mechanism thus enabled us to confirm the involvement of 10 (Figure 12), show that
10 must be close in energy to 9 (Figure 12) as implied by our modeling (Figure 11,
E), calculate a rate constant and approximate activation barrier for !BM (Figure 13,
D), and corroborate our computational prediction that !BM should be significantly
more challenging than hydrocupration.

3.11. The double-dearomatization mechanism predicts the observed stereochemical
outcomes.
The double-dearomatization model also predicts the correct stereo- and regiochemical outcomes. Unlike 11a (Figure 9, A), 15aa (Figure 11, A) lacks a viable
pathway to 1,2-DHP 2aa (Figure 9, A) and only generates stable species upon
rearomatizing the phenyl ring via reversion to 14aa or forward reaction to 1,4-DHP
10aa (Figure 11, E). The PES in Figure 11, A and E, pertains to dearomatization
via ene chair-conformer ax -[TS 14,15 ]aa (Figure 14, A) because our calculations
indicate that it is more favorable than its equatorial-Me counterpart (ΔΔG‡ = −2.4
kcal/mol). Attaining eq -[TS 14,15 ]aa requires a serious clash between the Me group
and Ph-BPE (Figure 14, B), whereas ax -[TS 14,15 ]aa projects the methyl away from
the phosphine. Two additional diastereomeric chairs are possible for C3-substituted
heterocycles, but one (pro- syn -[TS 14,15 ], Figure 14, C) causes a clash between the
equatorial C3 group and the approaching phenyl ring, while the other (pro- anti [TS 14,15 ], Figure 14, D) incurs no additional penalties. The only chair retro-ene
reaction available to pro- anti -15 generates 13 in the conformer (pro- anti -13)
leading to N-cuprated DHP anti -10 (Figure 14, D). At this point,
stereorandomization prior to formation of anti N-Si-1,4-DHP would require either
dissociation of heterocycle from 13 (+8.8 kcal/mol above 13aa, Figure 7, C) or 180°
N–Cu rotation of 13; however, both of these processes disrupt the !-stacking
interaction critical for stabilizing 13, making them unfavorable relative to
regeneration of the phenethylcopper resting state via 5,5rearrangement/!BM/hydrocupration (which occurs with a total barrier of 7.5
kcal/mol for 13aa →10aa → 7aa + 8 → 9aa, Figure 11 E). As a result, the
stepwise Cope/!BM sequence should be stereospecific. Predicted energy differences
for pro -syn -[TS 14,15 ] and pro- anti -[TS 14,15 ] (Figure 14, C and D) for various C3R groups (in the range of 1.3–3.0 kcal/mol for substrates that exhibit high
diastereoselectivity) then imply that the double dearomatization pathway should
have a robust preference for the observed anti-1,4-DHP. Further, because the ene,
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retro-ene and 5,5-rearrangements are all suprafacial, the C! configuration of the
phenethylcopper nucleophile is retained throughout the remainder of the cycle.

3.12. Mechanistic basis for the styrene-para-group effect.
The double-dearomatization mechanism explains the severe deterioration or
failure of the asymmetric dearomatization observed with para-substituted styrenes.
The barrier to the retro-ene step is low relative to intermediate 15aa (Figure 11, E)
but still very near the energy maximum of the PES. Structural changes that
destabilize the retro-ene transition state (exemplified by [TS 15,13 ]aa in Figure 11,
E) are expected to make it the TLTS, and if they do not commensurately stabilize
15, this will increase the total barrier to 1,4-dearomatization. While the doubly
dearomatized intermediate derived from styrene permits close approach between
Cu and Cpara (Figure 15, A), the presence of a para-Me or para-Ph would lead to
formation of a very sterically unfavorable Cu-Ctert bond in the retro-ene step. In
fact, the transition state we located for rearrangement for 15ak (Figure 15, B) does
not correspond to a retro-ene reaction, but rather to a concerted Cope
rearrangement. The Cu-Cpara interaction is lost entirely in [TS 15,10 ]ak (Figure
15, B); it exhibits a Cu-Cpara distance much longer (+1.2 Å) than that in
[TS 15,13 ]aa (Figure 15, A), as is required to avoid clashes with Ph-BPE. We
calculate that the concerted Cope rearrangement of 15ak is 4.0 kcal/mol more
difficult than the retro-ene rearrangement of 15aa (Figure 15, A), which is indeed
enough to make the overall 1,4-dearomatization more challenging. The expected
outcome for a modest increase in the 1,4-dearomatization barrier is erosion of
enantioselectivity due to increased lifetime and epimerization of the
phenethylcopper (NB 4-phenylstyrene gives virtually racemic 1,4-DHP product).
Larger increases are expected to cause 1,4-dearomatization to fail or cease to be
competitive with other processes. Thus, the ability of Cu to provide a low-barrier
stepwise alternative to the concerted Cope appears to be critical for successful
enantioselective catalysis. For para-heteroatom-substituted styrenes, which result
in compete failure of the catalytic dearomatization, additional factors may further
affect the viability of the Cpara-metalated intermediate (e.g., decomposition via
elimination or radical reactions).

3.13. Organocopper species that cannot generate Cpara-metalated intermediates
undergo 1,2-selective dearomatization: the case of 3-vinylfuran.
The double-dearomatization model predicts that conjugated nucleophiles
lacking the structural features required for generating Cpara-metalated isomers
should still undergo dearomatization, albeit with complete reversal in
regioselectivity. This result is partially anticipated by the work of Brown, et al.
showing that allylcoppers react with halopyridines and haloquinolines with
exclusive 1,2-selectivity (see e.g., Figure 10, A).14 The dearomatization of !furanethylcopper complex 9l with pyridine is particularly illuminating (Figure 15,
C). Prior to formulating the new mechanistic models described in this article, we
expected 9l to undergo 1,4-selective dearomatization analogously to !-
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phenethylcopper nucleophiles. However, dearomatization of 9l via the ene/retroene pathway is impossible because the furan ring lacks a para-carbon; in order to
give 1,4-DHP, this substrate would have to rearrange via the unfavorable concerted
Cope (Figure 15, C). Instead, 3-vinylfuran (6l), undergoes catalytic dearomatization
to give 1,2-DHP 5al exclusively and in nearly quantitative yield (Figure 15, C).
Furan has a much lower aromatic stabilization energy (ca. 15 kcal/mol)41 than
benzene; consistent with this, our calculations indicate that dearomative 1,3-Cumigration should be much more facile for 9l (+5.6 kcal/mol, Figure 15, C) than 9a
(+22.3 kcal/mol, Figure 9, A). Further, we find that 27al should have a low barrier
(+8.0 kcal/mol relative to 9l) to forming 1,2-DHP 2al (Figure 15, C) via imidoyl-Cuene reaction with pyridine (note: this is the same pathway that would generate 1,2DHP’s from phenethylcopper nucleophiles in the single-dearomatization pathway,
Figure 9). Corroborating our preliminary expectations (Figure 3, B), monometallic
direct 1,2-addition of 9l (Figure 15, C, Δ! ‡ = +38.0 kcal/mol) does not appear to be a
viable pathway for generating the observed product.
4. Conclusion
Our theoretical investigations have elucidated two possible pathways for Cucatalyzed asymmetric dearomatization of unactivated heterocycles, both of which
involve an unusual 5,5-rearrangement occurring within the dative complex of a
Cpara-metalated isomer of the phenethylcopper nucleophile. The first pathway
generates this intermediate via successive 1,3-Cu-migration steps and is not
predicted to be generally 1,4-selective, making it a plausible source of the 1,2-DHP
products we observe in certain cases where 1,4-dearomatization is particularly
inefficient. However, our theoretical analysis of this single-dearomatization
pathway yields an erroneous catalytic rate law and is inconsistent with substituent
effects and other reactivity trends indicating that the heterocycle functions as an
electrophile in the TLS of the 1,4-selective reaction. The double-dearomatization
pathway generates the Cpara-metalated intermediate through a turnover-limiting
polar reaction of the phenethylcopper with the heterocycle and is consequently
consistent with all known experimental properties of the catalytic reaction. This
pathway is also notable for correctly predicting the regio-, diastereo-, and enantioselectivity of the catalytic reaction. It is unintuitive that simultaneous
dearomatization of two arenes would be facile under such mild conditions.
However, this result is readily understood in terms of very thermodynamically
favorable bonding changes associated with a generic imidoyl-Cu-ene reaction and
plausible stabilization of the transition state via transient formation of a new
aromatic orbital array. The new modes of reactivity documented in this work
illustrate how chiral Cu(I) complexes can facilitate fundamental new catalytic
transformations of a sort long considered exceptionally challenging.
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6. General Experimental Section

6.1 General Reagent Information
Unless noted otherwise, reagents and starting materials were purchased from
commercial vendors and used as supplied. Piperidines 22ab and 22ad were
previously reported in reference 4. The (+)-(2S,5S) and (–)-(2R,5R) isomers of 1,2bis(2,5-diphenylphospholano)ethane (i.e., Ph-BPE) were obtained from Namëna
Chemicals. Cu(OAc)2 was anhydrous and obtained from Alfa Aesar as a crystalline
powder having 99.999% metals-basis purity. For mechanistic experiments, the
greater solubility of this form of Cu(OAc)2 compared to the amorphous powder is
important for reproducibility in the duration required for catalyst activation,
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whereas preparative dearomatization reactions work well with either source.
Dimethoxy(methyl)silane (DMMS, CAS #16881-77-9) was obtained from TCI
America and stored in an N2-atmosphere glovebox (henceforth referred to simply as
a glovebox). See section 6.4 for a discussion of safety considerations involving this
reagent. Pyridine (Aldrich) was anhydrous and stored in a SureSeal bottle in a
glovebox. The kinetics model substrate (3-phenylpyridine) was obtained from
Aldrich and used as received (Experiments 1-7) or obtained from Combi-blocks or
TCI, distilled under high vacuum through a short-path distillation adapter
(Experiments 8-14 and 16-17), and subsequently stored in a glovebox. Styrene
and 3-fluorostyrene were obtained from Aldrich and TCI, respectively, and degassed
inside oven-dried Kontes Schlenk storage tubes fitted with HI-VAC valves (which
seal with screw-in PTFE plugs) using three freeze-pump-thaw cycles on a dual
manifold. A free-pump-thaw cycle was accomplished by freezing the styrene in
liquid N2 while the valve of the storage tube was closed, opening the tube to the dual
manifold and applying vacuum until the internal pressure was 20 mTorr, and then
allowing the styrene to thaw after closing the valve. The degassed styrenes were
transferred to a glovebox and stored in a –35 °C freezer in oven-dried 20 mL
scintillation vials. Meta-fluorobenzaldehyde-!-13C was prepared from 3-fluoro-1iodobenzene and N,N-dimethylformamide-carbonyl-13C using the procedure
described in Nature Chem., 2019, 11, 543–551, for preparation of 3chlorobenzlaldehyde-d; it had the expected NMR spectroscopic characteristics for 3fluorobenzaldehyde, albeit with a very large (177.2 Hz) 1JC,H splitting.
Tetrahydrofuran (THF) used in calorimetry or preparative experiments was
obtained from J.T. Baker in CYCLE-TAINER® delivery kegs, purified by successive
filtrations though packed columns of neutral alumina and CuO under Ar pressure,
sparged with Ar for > 30 min, and then stored in a glovebox in an oven-dried glass
bottle. Toluene (PhMe) and unstabilized diethyl ether (Et2O) used as reaction
solvents were obtained and purified similarly, but the sparging step was omitted,
and these solvents were purified on demand, not stored. Anhydrous 1,4-dioxane
used in calorimetry experiments was obtained from Aldrich in SureSeal bottles,
vigorously sparged with dry Ar for ca. 1 h, and stored inside a glovebox. Ethyl
acetate (EtOAc) used in chromatography eluents was HPLC grade (Aldrich HPLC
plus, 99.9%, Aldrich catalog # 650528); EtOAc used in all other applications was
ACS reagent grade (Aldrich, 99.5%). All NMR solvents were acquired from
Cambridge Isotope Labs. C6D6 used for NMR analysis of 1,4-dihydropyridines (1,4DHPs) was degassed using three freeze-pump-thaw cycles and then stored over
activated 4 Å molecular sieves in an oven-dried glass bottle inside a glovebox. THFd8 was passively distilled from benzophenone ketyl into a Schlenk storage vessel
using a vacuum-transfer manifold. This was accomplished by aging the THF (1020 mL) for several days in the presence of benzophenone (ca. 200 mg) and finely
diced metallic sodium (ca. 2.0 g; rinsed 5X with hexanes) in a 100 mL Kontes
Schlenk storage tube having a HI-VAC valve and a right-angled glass sidearm
terminating in a female 14/20 ground glass joint. Once the ketyl mixture had
acquired a deep royal-purple color, the Schlenk flask was attached to one 14/20
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male ground-glass joint on a solvent-transfer manifold (flame dried under high
vacuum and itself directly attached to a 14/20 male ground-glass joint on a dual
manifold). Another Schlenk storage tube of the same type (oven-dried) was
attached to the other 14/20 male joint of the solvent-transfer manifold. The solventtransfer manifold and receptacle tube were placed under high vacuum, and the
valve of the receptacle tube was left open throughout the distillation. The ketyl
mixture was subjected to three freeze-pump-thaw cycles and frozen a final time.
The valve to the vessel containing the ketyl mixture was then opened, the valve
connecting the vacuum transfer manifold to the dual manifold was closed, the
receptacle Schlenk tube was cooled in liquid N2, and the ketyl mixture was allowed
to gradually thaw. The receptacle vessel, once all of the THF-d8 had condensed
inside it, was placed under a slight partial pressure of N2, sealed, and stored inside
a glovebox. All other NMR solvents were used as received. Flash chromatography
was performed on wet-loaded, manually eluted silica columns using SiliCycle
SiliaFlash® F60 silica gel (40–63 µm, 230–400 mesh, 60 Å pore diameter).
Preparative TLC separations used Silicycle glass-backed extra-hard-layer plates (60
Å pore-diameter, 1.0-mm-thick silica layer, F-254 indicator, 20 x 20 cm).

6.2. Instrumentation and Analytical Methodology

Figure SI-1. Omnical Insight Parallel Reaction Calorimeter used in kinetics experiments.
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Figure SI-2. Anova constant-temperature oil-recirculating baths associated with the
calorimeter.

Calorimetry experiments were performed using an Omnical Insight Parallel
Reaction Calorimeter (Figure SI-1). The temperature of the calorimeter block was
regulated using external constant-temperature oil-recirculating baths (Anova A-25
Refrigerated and Heating Circulator). The reaction temperature was measured at
the calorimeter. Calorimetric data were processed according to the specific
formulae in the attached representative Excel document; the general principles
underlying this analysis are described in Section 7.1 below and reference 34.
Proton, carbon, and fluorine NMR spectra recorded for routine characterization
purposes were obtained on either a two-channel Bruker Avance-III HD Nanobay
spectrometer equipped with a 5 mm liquid N2-cooled Prodigy BBO cryoprobe and
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operating at 400.09 MHz, or a Bruker Avance Neo spectrometer equipped with a 5
mm BBFO SmartProbe and operating at 500.18 MHz. Mechanistic experiments
were exclusively performed using the latter instrument. Chemical shifts of 1H NMR
signals are referenced to the indicated residual solvent peak (CDCl3, δ = 7.26;
CD2Cl2, δ = 5.32; benzene-d6, δ = 7.16; acetone-d6, δ = 2.05; THF-d8 δ = 1.72) and
reported in ppm relative to tetramethylsilane. Carbon-13 chemical shifts are
reported in ppm relative to the indicated solvent shifts at δ = 77.16 (CDCl3), 53.84
(CD2Cl2), or 25.31 (THF-d8) ppm. Phosphorus-31 and fluorine-19 chemical shifts
are reported in ppm relative to phosphoric acid and CFCl3, respectively, and
determined as an automated part of the NMR experiment based on the known
frequency relationship between the deuterium lock signal of THF-d8 and the signals
of the respective reference compounds. All 13C and 31P NMR spectra are protondecoupled. Important acquisition parameters for non-routine NMR experiments are

B

C

A
D

Figure SI-3. Apparatus for reactions conducted inside the calorim eter.
A. A small PTFE-coated magnetic stir bar
B. Kimble® 60942A-16 KIMAX® 16mL Clear Glass Sample Vial, O.D. x Height: 21 x 72
mm
(part # 60942A 16). Referred to below as a calorimeter vial.
C. A size 18-400 mm screw-on open-top cap for use with PTFE/silicone septa. Kimble part #
73804-18400
D. A PTFE-lined silicone septum. Thermo Fisher scientific part # B7995-15.
The assembly of C and D is referred to below as a PTFE/silicone septum-cap.
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provided below with the relevant procedures. TLC analyses employed Silicycle
SiliaPlate® glass-backed extra-hard-layer TLC plates (60 Å, 250 µm thickness, 20 x
20 cm, UV-254 indicator) and visualization with 254 nm light or I2/SiO2. Chiral
supercritical fluid chromatography (SFC) was performed using a Waters Acquity
UPC2 system equipped with a CHIRALCEL OD-H column.

6.3. Reaction Apparatus
Phenethylcopper stock solutions and reference mixtures for calorimetry
experiments were prepared inside the apparatus depicted in Figure SI-3. Stock
solutions of heterocycles for either calorimetry or NMR experiments, as well as
catalyst solutions used in NMR experiments, were prepared inside the apparatus
shown in Figure SI-4. Calorimetric rate measurements commenced upon adding a
heterocycle stock solution through an injection port on the upper lid of the
calorimeter to a phenethylcopper stock solution using the type of syringe in Figure
SI-5, A. Unless otherwise specified, liquid transfers performed during the
preparation of solutions for calorimetry or NMR experiments used oven-dried
cemented-needle Luer-tip gastight microsyringes of the type shown in Figure SI-5,
B. Preparative dearomatization experiments were performed inside oven-dried
glass cultures tube, as in Figure SI-6. Isolation of crude 1,4-DHPs by concentration
of dearomatization reaction mixtures (e.g., for NMR analysis or use in aerobic
oxidation experiments) was performed on a dual manifold using the gasadapter/connecting-adapter assembly in Figure SI-7. All mechanistic NMR
experiments were performed inside oven-dried medium-wall J-Young-type NMR
tubes (‘low-pressure-vacuum tubes’ in Wilmad terminology) sealed with screw-in
PTFE pistons (Figure SI-8).
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A

B
C
D

A. A small PTFE-coated
magnetic stir bar. For
heterocycle stock solutions, this
component is omitted.
B. VWR 1 dram borosilicate glass
vial, O.D. x Height: 15 x 45 mm,
Cap Size: 13-425 mm (VWR part
# 66011-041). Referred to below
as a one-dram vial.
C. A size 13-425 mm screw-on
open-top cap for use with
PTFE/silicone septa. Thermo
Fisher scientific part # C4015-66.
D. A PTFE-lined silicone
septum. Thermo Fisher scientific
part # C4015-60.

Figure SI-4. Apparatus for preparation of stock solutions for calorimetry and NMR
experiments.

A

B

Figure SI-5. Syringes
used in preparing
reaction mixture for
calorimetry and NMR
experiments.

A. A Norm-Ject single-use Luer-tip 1.00 mL syringe (Ref # 4010-200V0) equipped with a
22-gauge, 4-inch Air-Tite hypodermic needle (Ref # 8300014471).
B. A Hamilton Luer-tip cemented-needle gastight microsyringe (250 !L size: Hamilton
model 1725, part # 81175. 500 !L size: Hamilton model 1750, part # 81243).

223

B

A. A small PTFE-coated magnetic stir bar.
B. Glass culture tube with threaded
end (20 x 125 mm; Fisher scientific
part # 14-959-35A. Referred to below
as a culture tube.

C

A

C. A size 18-400 mm screw-on open-top
cap for use with PTFE/silicone septa.
Kimble part # 73804-18400.
D. A PTFE-lined silicone septum.
Thermo Fisher scientific part # B799515.

D

Figure SI-6. Apparatus for preparative dearomatization experiments
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A. A gas-adapter with a greased ground-glass stopcock
and ground-glass joint.

A

B + C. A connecting adapter (Chemglass part # CG1318-10 and CG-1318-23).
The threaded parts of the connecting adapter and
culture tube are wound with Teflon tape.

A

The rubber bands and copper wire hold the assembly
together if pressurized internally on a manifold or
placed under an external vacuum (e.g., in a glovebox
antechamber).

B
C

Figure SI-7. Adapter assembly for concentrating dearomatization reaction mixtures on a dual
manifold.
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Wilmad 5 mm Medium Wall
Precision Low
Pressure/Vacuum NMR
Sample Tube 7" L, 400 MHz,
part # 524-LPV-7. Referred to
below as a J-Young NMR tube.
The cap is referred to as a
PTFE piston.

Figure SI-8. J-Young-style NMR tube used in mechanistic spectroscopy experiments.

Important safety note: When NMR samples are stored frozen in liquid N2, the part
of the tube that forms a seal with the piston must never be allowed to come near the
cryogen, and the Dewar flask in which the tubes are stored must never be covered.
Either of these circumstances can result in the seal with the piston being broken
and liquid oxygen condensing inside the tube, which would create a serious
explosion hazard. The level of cryogen in the Dewar should not surpass the
meniscus of a typical (ca. 500 !L) sample by more than 1–2 cm. We recommend
gently retightening the piston upon cooling the tube and ascertaining that the seal
is intact prior to storing the tube in cryogen for more than a few minutes.
Alternatively, one can use iPrOH/CO2 as the cryogen, as dearomatization reactions
generally do not proceed at –78 °C.
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6.4. General Safety Considerations
All of the dearomatization reaction procedures involve addition of DMMS to
mixtures of Cu(OAc)2 and Ph-BPE in THF inside vessels that are sealed with
PTFE/silicone septum-caps. This manipulation invariably results in some evolution
of hydrogen and the potential for modest pressurization of the reaction vessel. The
septa used here are designed to give way if the pressure inside the vessel exceeds a
safe limit. This has never occurred in our experience, but the mixtures should
nevertheless be prepared inside a contained environment, such as a glovebox.
Several vendors (TCI, Alfa Aesar) assign a GHS hazard code of H318 to DMMS,2
indicating that it is a Category I serious eye-damage hazard (i.e., causes serious eye
damage). Other vendors (Gelest, AK Scientific) assign DMMS a GHS hazard code of
H319, indicating that it is a category II Eye Irritant. DMMS should be handled in a
well-ventilated fumehood using proper precautions as outlined for the handling of
hazardous materials in “Prudent Practices in the Laboratory.”n In the general
oxidation procedure, as well as in the procedure for characterizing crude 1,4dihydropyridines (DHPs) by 1H NMR, excess DMMS is evaporated using a vacuum
manifold once the dearomatization has gone to completion. This operation must be
performed inside a well-ventilated chemical fumehood using a vacuum manifold
with two liquid-nitrogen-cooled traps in order to prevent release of DMMS into the
atmosphere. After the oxidation step, the reaction mixture is stirred in the
presence of saturated methanolic NH4F inside a fumehood prior to other
manipulations. In the reduction protocol, the dearomatization reaction mixtures are
aged in the presence of a large excess of glacial acetic acid (AcOH) for ca. 16 h in a
procedure that is carried out in a fumehood. This operation destroys any DMMS left
over from the dearomatization prior to concentration of the reaction mixtures with
the aid of a rotary evaporator.
The medium-wall J-Young NMR tubes used in the procedures below are rated for
maximum internal pressures of 100psi – a value that we expect greatly exceeds the
kinds of pressures that could conceivably be generated in a typical dearomatization
experiment. Nevertheless, we recommend wearing protective eyewear at all times
when manipulating reaction mixtures in sealed NMR tubes.

6.5. General Technical Considerations
6.5.i. Protection of phenethylcopper and dearomatization reaction mixtures from
light.
Because alkylcopper complexes have been described in various sources as
susceptible to decomposition caused by ambient light, we have taken precautions
throughout this work to limit the light exposure of solutions containing
phenethylcopper complexes. Preparation of phenethylcopper solutions and
dearomatization reaction mixtures was always performed in a glovebox with the
lights turned off. Further, when phenethylcopper-containing mixtures were aged
for extended periods, this was done with a sheet of aluminum foil protecting the
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mixture from light, with the exception of NMR samples stored frozen in liquid
nitrogen, which should not be covered for safety reasons.
6.5.ii. General techniques for manipulating solutions and liquid reagents in
mechanistic experiments.

Figure SI-9. Manner of storage of heterocycle stock solutions pending injection into the
calorimeter. Note that actual heterocycle stock solutions are not blue.

Dearomatization reaction mixtures contain several volatile components, and we
consider it important for quantitative reproducibility in mechanistic experiments to
minimize loss of reagents due to evaporation and prevent passive concentration of
stock solutions being stored for extended periods. In our experience, the marked
effervescence that occurs during catalyst activation steps that use relatively large
amounts of Cu(OAc)2 can result in loss of volatile reaction components if the
reaction vessel is not sealed, for example. In general, liquid reagents and solutions
are transferred in the procedures below by injecting the liquid via syringe into the
receptacle vessel through the septum of a PTFE/silicone septum-cap without a vent
needle in place, and then quickly replacing the septum-cap with a new one shortly
afterward. This operation can result in modest, transient pressurization of the
vessel, but it has never caused a septum to fail in our experience. THF used as a
reaction solvent or in the preparation of a calorimetry reference mixture was
generally transferred using a disposable plastic 1.00 mL syringe (See Figure SI-5,
A) that had been rinsed 3x with THF immediately prior to use. CuH and
phenethylcopper solutions were transferred with an oven-dried gas tight syringe
that had been rinsed 5x with small aliquots of the solution immediately prior to
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transfer. As catalyst transfers generally entailed some disturbance of the solution
and required that the vessel containing it be left open for several minutes, the
circulator in the glovebox was temporarily shut off throughout this manipulation in
order to minimize gas flow over the sample. Heterocycle stock solutions were
prepared in a glovebox by weighing the heterocycle into an oven-dried one-dram
vial, sealing it with a PTFE/silicone septum cap, adding the desired quantity of
solvent (THF or 1,4-dioxane) using an oven-dried glass microsyringe, replacing the
septum-cap, and then manually agitating the mixture. Aliquots of stock solution for
injection into calorimetry reaction mixtures were obtained by using a disposable
plastic 1.00 mL syringe (See Figure SI-8) to discharge a volume of N2 slightly in
excess of the desired injection volume into the stock solution vial, withdrawing an
equally excessive volume of stock solution, displacing all gas from the syringe, and
then adjusting the plunger to the desired injection volume. The stock solutions
were stored with the needle inserted through the septum and the tip of the needle
resting in the liquid reservoir until immediately prior to the injection (Figure SI-9).
The solutions were generally removed from the glovebox shortly before injection
into the calorimeter.
6.5.iii. Estimation of reaction mixture and stock solution compositions.
In some instances, very precise quantitation of the concentration of a reactant in a
solution or reaction mixture was important, and in those cases, which are noted
below in the relevant procedures, the composition of the mixture was determined
either via density measurements or by analyzing a known quantity of the mixture
by 1H NMR in the presence of an internal standard. However, in many cases other
cases, extremely precise quantitation was not important. Unless otherwise
specified, concentrations of individual reaction components in a final reaction
mixture (in units of M) are estimated by assuming that the volumes of all liquid
components are additive upon mixing, and that solid reaction components
contribute 1 !l per mg to the total volume of the final mixture. Errors associated
with the latter assumption are expected to be small given that solid reaction
components are typically minor contributors to the total mass of a given reaction
mixture.
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7. Calorimetric Study of Reaction Kinetics
7.1. Determination of the kinetic order in copper for dearomatization of
3-phenylpyridine (1d) with 3-fluorostyrene (6h).
F
F

F

Cu(OAc)2
3.91-7.91 mol%
+

DMMS
3.9 equiv

THF, rt
(S,S)-L2
25-30 min
4.34-8.72 mol% L = Ph-BPE
2
(1.1:1 L2:Cu)

6h
[(S,S)-L2]CuH

1.2 equiv
rt, 90 min

(S) Me

+

Cu[(S,S)-L2]

(S,S)S-9h

Me (R)
Cu[(S,S)-L2]

(S,S)R-9h

Ph
N 1d
1.0 mmol
0.34 M (total)
27 °C
calorimetry starts

Me
F
Ph
N

7dh

SiMe(OMe)2

Procedure
Step one: Inside a glovebox, an oven-dried calorimeter vial was equipped with an
oven-dried PTFE stir-bar and charged with Cu(OAc)2 (14.5 mg, 79.8 !mol, 7.91
mol% based on 1d in Experiment 1; 7.17 mg, 39.5 !mol, 3.91 mol% in
Experiment 2) and (S,S)-Ph-BPE (44.6 mg, 88.0 !mol in Experiment 1; 22.0 mg,
44.0 !mol in Experiment 2; 1.10 L2:Cu mol ratio in both). The vial was sealed
with a PTFE/silicone septum-cap. The catalyst precursors were dissolved in THF
(1.00 mL), and DMMS (490 !L, 3.98 mmol) was added immediately afterward. The
interior walls of the vial were rinsed with an additional 0.300 mL THF. The
resulting mixture was stirred at rt for 30 min, during which time all Cu(OAc)2
dissolved and the color turned orange. The resulting activated catalyst solution was
charged with 3-fluorostyrene (150 !L, 1.26 mmol) and stirred at rt for 30 min. A
calorimeter reference mixture having approximately the same volume as the
phenethylcopper solution was prepared inside an identical reaction vessel from 1.51
mL THF and 490 !L DMMS. The phenethylcopper solution and the reference
solution were then inserted into the calorimeter block (pre-equilibrated at 26.7 °C)
and stirred at ca. 1600 rpms until the heat flow curve returned to baseline.
Step two: A stock solution of the heterocycle was prepared inside the glovebox
from 3-phenylpyridine (232.3 mg, 1.497 mmol) and 1.27 mL THF. A 1.00 mL plastic
syringe (see Fig SI-5, A) was charged with 1.00 mL of the heterocycle stock solution.
A second 1.00 mL syringe was charged with 1.00 mL of THF for injection into the
reference mixture. The syringes were then removed from the glovebox in the state
depicted in Figure SI-9. It was estimated that the 1.00 mL aliquot contained 1.009
mmol 3-phenylpyridine, and thus the heterocycle concentration at the start of
dearomatization was ca. [Het]0 = 0.336 M. The quantities of DMMS and 3fluorostyrene present at the start of the dearomatization ([DMMS]0 and [3fluorostyrene]0) were corrected for the quantities of those reagents consumed during
formation of the phenethylcopper, which were assumed to be 2.00 equiv of DMMS
and 0.75 equiv of 3-fluorostyrene for every 1.00 equiv of Cu(OAc)2. This yielded
estimates of [DMMS]0 = 1.27 M (3.85 equiv) and [3-fluorostyrene]0 = 0.400 M (1.19
equiv) in Experiment 1, and [DMMS]0 = 1.30 M (3.87 equiv) and [3fluorostyrene]0 = 0.410 M (1.22 equiv) in Experiment 2, based on the final reaction
volume of 3.00 mL. Modest discrepancies in the DMMS and 3-fluorostyene
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concentrations between the two experiments were inconsequential because it was
shown that the reaction has kinetic orders of zero in both.
Step three: After the phenethylcopper mixture had been aged at rt for a total of 90
min, calorimetric measurement of the reaction rate was begun. The 1.00 mL
aliquot of heterocycle stock solution and the 1.00 mL aliquot of THF were injected,
respectively, into the phenethylcopper and reference mixture vials through the
injection ports of the calorimeter, as close to simultaneously as possible. Care was
taken not to physically disturb the vials, which result in heatflow artifacts; thus,
each vial was immobilized with the aid of a metal spatula (lowered through the
injection port and in contact with the outer plastic shell of the septum cap) when
the needles were being inserted or removed through the septa. The heatflow was
recorded until the heat curve for the reaction mixture re-attained a stable baseline
value, and the heat of reaction (ΔH!"# ) was determined by integrating the curve,
starting from the time of injection (t0), along the axis coinciding with the terminal
baseline. Although in general the total heatflow is not required to be exclusively
due to the enthalpy of the process of interest, we have reproducibly found that
dearomatization of 1d with 6h is quantitative, clean, and highly regio- and
diastereo-selective, and consequently equating the total heatflow with ΔH!"# is
appropriate in this case.
The mathematical analysis underlying these calculations comes from reference 34.
In general, the instantaneous reaction rate is proportional to the instantaneous
heatflow and given by

!"#$! =

!!

(eq S-1),

!H!"# •V

where !! is the heatflow (recorded in mW during the calorimetry experiment) at time
t, V is the reaction volume, and ΔH!"# is the heat of reaction determined above. The
fractional conversion (!! ) at time t is given by

!! =

!
!! !! !"
!!
! !"
!! !

(eq S-2),

where !! is the time at which the heatflow returns to baseline. For the purpose of
calculating fractional conversions in this work, the two integrals in eq S-2 were
approximated as Riemann sums. The heatflow values used in those calculations
were baseline-corrected by subtracting from each absolute heatflow data point an
estimated baseline value obtained by averaging all of the heatflow data points
within a segment of the terminal baseline. The fractional conversion and starting
heterocycle concentration ([Het]! ) were used to associate the reaction rate at time t
to the concentration of heterocycle at time t, thus:
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[Het]! = [Het]! (1 − !! )

(eq S-3).

The initial part of the heat curve is not directly illustrative of the reaction kinetics
and has been omitted for clarity in the text and below.
Experiment 1: 7.91 mol% Cu(OAc)2, [Cu] = 26.6 mM. Δ!!"# = 33.8 kcal/mol,
effective first order rate constant (obtained by linear regression) !eff = 5.48•10–2
(Ms)–1 (R2 = 0.9993)
Experiment 2: 3.95 mol% Cu(OAc)2, [Cu] = 13.2 mM. Δ!!"# = 34.0 kcal/mol, !eff =
5.34•10–2 (Ms)–1 (R2 = 0.9995)
Rate
(in Ms–1)

[Het] (in M)

Figure SI-10: Reaction rate plotted versus[Het] for Experiment 1.
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Rate
(in Ms–1)

[Het] (in M)

Fi gu re S I -11: Reaction rate plotted versus[Het] for Experiment 2.
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Rate/[Cu]
(in s–1)

[Het] (in M)

Fi gu re S I -12 : Rate/[Cu] plotted versus [Het] for Experiments 1 and 2. The reaction is
first-order in Cu.

The near perfect overlay of the curves obtained when (!"#$! /[Cu]) is plotted as a
function of [Het]! for the two different reaction mixtures indicates that the rate law
is first-order in copper. (Division of a rate law by [Cu]n yields a function with no
dependence on [Cu] only if the rate has an order of n in copper.)
This finding was confirmed in a separate pair of experiments of similar design (see
Figure SI-13).
F
F

F

Cu(OAc)2
DMMS
5.00-7.50 mol%
3.8-3.9 equiv
+
THF, rt
(S,S)-L2
25-30 min
5.50-8.25 mol% L = Ph-BPE
2
(1.1:1 L2:Cu)

6h
[(S,S)-L2]CuH

1.55 equiv
rt, 90 min

(S) Me

+

Cu[(S,S)-L2]

(S,S)S-9h

Me (R)
Cu[(S,S)-L2]

(S,S)R-9h

Ph

1d

N
1.0 mmol
0.40 M (total)
26-27 °C
calorimetry starts

Me
F
Ph
N

7dh

SiMe(OMe)2

Experiment 3: 5.00 mol% Cu(OAc)2, [Cu] = 20.0 mM. Δ!!"# = 34.8 kcal/mol, !eff =
5.91•10–2 (Ms)–1 (R2 = 0.9997).
[Het]0 = 0.400 M, [DMMS]0 = 1.55 M (3.88 equiv), [3-fluorostyrene]0 = 0.624 M
(1.56 equiv), 1.10:1 (S,S)-Ph-BPE:Cu, T = 26.3–26.8 °C.
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Experiment 4: 7.50 mol% Cu(OAc)2, [Cu] = 30.0 mM (1.50x that in Experiment
3). Δ!!"# = 33.9 kcal/mol, !eff = 5.99•10–2 (Ms)–1 (R2 = 0.9985)
[Het]0 = 0.400 M, [DMMS]0 = 1.53 M (3.83 equiv), [3-fluorostyrene]0 = 0.616 M
(1.54 equiv), 1.10:1 (S,S)-Ph-BPE:Cu, T = 26.0–26.5 °C.
Rate/[Cu]
(in s–1)

[Het] (in M)

Fi gu re S I -13 : Rate/[Cu] plotted versus [Het] for Experiments 3 and 4.

7.2. Determination of kinetics orders in DMMS and 3-fluorostyrene(6h)
in the dearomatization of 3-phenylpyridine (1d).
F

Cu(OAc)2
7.50 mol%
+
(S,S)-L2
8.27 mol%
(1.1:1 L2:Cu)

DMMS
2.373.83 equiv
THF, rt
25-30 min
L2 = Ph-BPE

F

F

6h
[(S,S)-L2]CuH

1.542.71 equiv
rt, 90 min

(S) Me

+

Cu[(S,S)-L2]

(S,S)S-9h

Me (R)
Cu[(S,S)-L2]

(S,S)R-9h

Ph
N 1d
1.0 mmol
0.25 M (total)
26-27 °C
calorimetry starts

Me
F
Ph
N

7dh

SiMe(OMe)2

Procedure. Higher dilution than that in experiments 1–4 was employed here in
order to permit significant variation in [DMMS] and [3-fluorostyrene] without
markedly impacting the medium properties. The phenethylcopper mixtures were
generated in the same manner as above, but were instead composed of 13.65 mg
Cu(OAc)2 (75.15 !mol, 7.515 mol%), 41.88 mg (S,S)-Ph-BPE (82.67 !mol, 1.1:1 ratio
relative to Cu), DMMS (490 !L, 3.98 mmol in Experiments 5 and 7; 310 !L, 2.52
mmol in Experiment 6), 3-fluorostyrene (190 !L, 1.59 mmol in Experiments 5
and 6; 330 !L 2.77 mmol in Experiment 7), and sufficient THF to give a final
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phenethylcopper solution having a total volume of 3.40 mL. The activated CuH
solutions were aged at rt for 30 min prior to styrene addition, and the
phenethylcopper mixtures were aged for a total of 90 min at rt in the dark prior to
the start of rate measurements performed as in section 7.1. The reference mixtures
were composed of (3.40 – N) mL THF and N mL DMMS, where N mL is the volume
of silane specified for a given experiment. At the initiation of rate measurement,
the reference mixture was charged with 600 !L of THF, and the reaction mixture
was charged with 600 !L of a heterocycle stock solution composed of 232.8 mg 3phenylpyridine and 690 !L of THF. Such solutions had measured density = 0.940
mg/mL, from which it was calculated that the reaction mixtures received 1.00 mmol
3-Ph-pyridine (1.00 equiv). Upon addition of heterocycle, all reaction mixtures were
4.00 mL in volume ([Het]0 = 0.250 M). Amounts of DMMS and 3-fluorostyrene
provided below are corrected for the approximate quantities consumed during
phenethylcopper formation.
Rate
(in Ms–1)

[Het] (in M)

Figure SI-14: Overlaid rate curves plotted versus
[Het] for Experiments 5 and 7.
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Rate
(in Ms–1)

[Het] (in M)

Fi gu re S I -15 : Overlaid rate curves plotted versus
[Het] for Experiments 5 and 6.

Experiment 5: [DMMS]0 = 0.957 M (3.83 equiv), [3-fluorostyrene]0 = 0.385 M
(1.54 equiv). ΔH!"# = 34.4 kcal/mol, !eff = 5.38•10–2 (Ms)–1 (R2 = 0.9997)
Experiment 6: [DMMS]0 = 0.592 M (2.37 equiv), [3-fluorostyrene]0 = 0.385 M
(1.54 equiv). ΔH!"# = 34.2 kcal/mol, !eff = 5.29•10–2 (Ms)–1 (R2 = 0.9993)
Experiment 7: [DMMS]0 = 0.957 M (3.83 equiv), [3-fluorostyrene]0 = 0.677 M
(2.71 equiv). ΔH!"# = 34.0 kcal/mol, !eff = 5.60•10–2 (Ms)–1 (R2 = 0.9999)
Overlay of plots of !"#$! versus [Het]! for the three reactions (Figure SI-14 and 15)
showed that the reaction rate exhibits negligible dependence on [3-fluorostyrene]
and [DMMS].
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A separate pair of experiments confirmed this finding. It is evident from the
linearity of the plots in Figure SI-16, that the reaction is first-order in one reactant
and zero order in the others. If the reaction were first-order in DMMS, then the
effect on rate of simultaneously varying [DMMS]0 and [3-fluorostyrene]0 (holding all
else the same) would be the same as if only [DMMS]0 were varied. The same
argument, mutatis mutandis, would apply if the reaction were instead first-order in
3-fluorostyrene. Thus, if one varies both [DMMS]0 and [3-fluorostyrene]0, the rate
of reaction will be unchanged only if there are kinetics orders of zero in both. Plots
of !"#$! versus [Het]! for Experiments 8 and 9 (Figure SI-16) show that the rates
are indeed the same in this case (reaction parameters not specified below are the
same as in Experiments 5–7).
Experiment 8: [DMMS]0 = 0.592 M (2.37 equiv), [3-fluorostyrene]0 = 0.677 M (2.71
equiv). ΔH!"# = 34.2 kcal/mol, !eff = 4.65•10–2 (Ms)–1 (R2 = 0.9994)
Experiment 9: [DMMS]0 = 0.957 M (3.83 equiv), [3-fluorostyrene]0 = 0.385 M (1.54
equiv). ΔH!"# = 34.0 kcal/mol, !eff = 4.59•10–2 (Ms)–1 (R2 = 0.9994)
Rate (in Ms–1)

[Het] (in M)

Fi gu re S I -16 : Overlaid rate curves plotted versus [Het] for Experiments 8
and 9. The reaction has kinetic orders of zero in DMMS and 3-fluorostyrene.

7.3. Kinetic dependence on the Cu:Ph-BPE ratio.
F
F

F

Cu(OAc)2
7.50 mol%
+

DMMS
2.37 equiv

THF, rt
(R,R)-L2
25-30 min
8.25-24.2 mol% L = Ph-BPE
2
1.1:1 - 3.23:1
L2:Cu

6h
[(R,R)-L2]CuH

2.71 equiv
rt, 90 min

(R)

Me

(S)
+ Me

Cu[(R,R)-L2]

(R,R)R-9h
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Ph
N

1d

1.0 mmol
0.25 M (total)
Cu[(R,R)-L2]
26-27 °C
(R,R)S-9h
calorimetry starts

Me
F
Ph
N

7dh

SiMe(OMe)2

Procedure. Experiments 10–12 below were executed in the same manner as
Experiments 5–9 and with the same reactant and copper concentrations as
Experiment 8. However, different amounts of phosphine were employed during
preparation of the phenethylcopper. The volumes of THF used in preparing the
phenethylcopper solutions were adjusted such that all had approximately the same
final volume.
Experiment 10: 1.10:1 (R,R)-Ph-BPE:Cu. ΔH!"# = 33.6 kcal/mol, !eff = 4.84•10–2
(Ms)–1 (R2 = 0.9999)
Experiment 11: 1.54:1 (R,R)-Ph-BPE:Cu. ΔH!"# = 32.6 kcal/mol, !eff = 5.54•10–2
(Ms)–1 (R2 = 0.9999)
Experiment 12: 3.23:1 (R,R)-Ph-BPE:Cu. ΔH!"# = 32.9 kcal/mol, !eff = 5.29•10–2
(Ms)–1 (R2 = 0.9999)

Rate (in Ms–1)

[Het] (in M)

Fi gu re S I -17a : overlaid rate curves plotted versus [Het] for Experiments 10–12
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relative
rate

1.10:1
L2:Cu

1.54:1
L2:Cu

3.23:1
L2:Cu

Fi gu re S I -17b : Relative rates for Experiments 10–12.

The slight non-linear rate enhancement observed with higher ligand-loadings is
plausibly the result of improved catalyst stability and consistent with similar effects
seen in many other CuH-catalyzed reactions, including cases in which the excess
phosphine is supplied as a species (e.g., Ph3P) that is not expected to enter directly
into the catalytic cycle. We have noted that preparation of dearomatization reaction
mixtures with L2:Cu ratios below 1.1:1 results in rapid catalyst decomposition as
evinced by darkening of the solution and deposition of a Cu(0) mirror. This occurs
much more slowly when higher ligand loadings (e.g., 1.4:1) are employed. In these
calorimetry experiments, some potential for catalyst decomposition exists during
the activation and hydrocupration steps, but decomposition does not appear to be
significant on the timescale of the catalytic reaction once begun. Many mechanistic
experiments in this work use L2:Cu ratios close to 1.1:1 because these most closely
emulate the conditions used in typical preparative experiments. However, higher
loadings have been employed in various experiments when enhanced rate or
prolonged catalyst stability were seen as important.
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7.4. Study of substituent effects on the rate of dearomatization with 3fluorostyrene (6h).
Cu(OAc)2
(3.8-11.8 mol%)
(R,R)-Ph-BPE

R
+

F

N

1

6h
1.4-1.5 equiv

Me

F

R

(1.4:1 L2:Cu)
3.7-3.8 equiv DMMS
THF/1,4-dioxane
26 °C

7

Conditions A, B, or C
rate measured by calorimetry
R =

Me

1c

relative
rate = 0.55
(kR/kH)

N
SiMe(OMe)2

NBu2

H

SO2Me

1a

1f

1d

1

1.2

5.2

1g

reaction faster
than with R = Ph;
rate law changes

Relative rates for different heterocycles spanned a large enough range that it was
necessary to use different sets of conditions for slow- and fast-reacting substrates in
order to get high-quality calorimetry data in all cases (i.e., by increasing the
catalyst loading or concentration as needed with slow-reacting substrates). In order
to facilitate comparison between runs conducted under two different sets of
conditions, one of the substrates was run under both sets: thus, e.g., the rate for 3methylpyridine (determined using conditions C) could be compared to the rate for 3phenylpyridine (determined using conditions B) by comparing the rate constant of
3-methylpyridine to the rate constant for pyridine (both determined using
conditions C) and comparing the rate constant for pyridine to the rate constant of 3phenylpyridine (both determined using conditions B). Differences between rate
constants in these examples are primarily reflective of differences in the difficulty of
the TLS, which is not expected to be significantly affected by varying reaction
parameters within the ranges employed here.
All conditions employed 1.4-1.5 equiv 3-fluorostyrene, 3.7-3.8 equiv DMMS, and an
(R,R)-Ph-BPE:Cu ratio of 1.4:1. The important parameters varied between
conditions were:
Conditions A. 4.0% catalyst loading, [Het]! = 0.13 M
Conditions B. 12% catalyst loading, [Het]! = 0.13 M
Conditions C. 12% catalyst loading, [Het]! = 0.36 M
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Representative Procedure: Determination of relative rates for 3phenylpyridine and 3-( para - N , N -dibutylaminophenyl)pyridine
(Conditions B, Experiment 13).
NBu2

F
Me

1f
N

F
Cu(OAc)2
11.8 mol%
+
(R,R)-Ph-BPE
16.5 mol%

DMMS
3.75 equiv
THF, rt

F

F
(R)

“[(R,R)-L2]CuH”
L2 = Ph-BPE

6h
1.43 equiv

Me

0.13 M final [Het]
15.0 mM final [Cu], 26 °C
calorimetry starts

7fh

N
SiMe(OMe)2

(S)
+ Me

Cu[(R,R)-L2]

(R,R)R-9h

NBu2

0.51 mmol
in 1,4-dioxane

F

Cu[(R,R)-L2]

(R,R)S-9h

1d
N

Me

0.51 mmol
in 1,4-dioxane

0.13 M final [Het]
15.0 mM final [Cu], 26 °C
calorimetry starts

7dh

N
SiMe(OMe)2

Step one: Inside a glovebox, an oven-dried calorimeter vial containing an ovendried PTFE stir-bar was charged with Cu(OAc)2 (27.2 mg, 150 !mol, 99.99% metalsbasis purity) and (R,R)-Ph-BPE (106.5 mg, 210 !mol; 1.4:1 L2:Cu). The vial was
sealed with a screw-on cap with a PTFE/silicone septum-cap. The catalyst
precursors were dissolved in THF (3.52 mL), and DMMS (620 !L, 5.04 mmol) was
added immediately afterward. The resulting mixture was stirred at rt for 27 min,
during which time all Cu(OAc)2 dissolved and the color turned orange. This
activated catalyst solution was charged with 3-fluorostyrene (230 !L, 1.93 mmol)
and stirred at rt for 78 min.
Step two: The phenethylcopper solution generated above was partitioned into
separate aliquots for use in the dearomatization experiments with the different
heterocycles. First, the phenethylcopper solution was diluted with an additional
3.00 mL anhydrous THF, and then an oven-dried glass microsyringe was used to
charge each of two new oven-dried calorimetry vials (which contained PTFE stir
bars and had been equipped with PTFE/silicone septum caps) with a 3.00 mL
aliquot of the phenethylcopper stock solution. The volume of the phenethylcopper
stock solution prior to partitioning was estimated at 7.50 mL, giving catalyst and
reactant quantities for each 3.00 mL aliquot of 60.0 !mol Cu(OAc)2, 84.1 !mol (R,R)Ph-BPE, 1.90 mmol DMMS, and 0.725 mmol 3-fluorostyrene; the latter two values
have been corrected for the approximate amounts consumed by the phenethylcopper
formation step. Two identical reference mixtures were prepared from 2.75 mL of
dry THF and 250 !L DMMS in the same type of reaction vessel described above.
The phenethylcopper mixtures and reference mixtures were transferred to the
calorimeter block (pre-equilibrated to 26.0 °C) and stirred at ca. 1600 rpms until the
heatflow curve reattained a stable baseline.
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Step three: Stock solutions of the heterocycles were prepared according to the
procedure described in Section 6.5.ii. using 1,4-dioxane as the solvent. The stock
solution of 3-Ph-pyridine (1d) was composed of 105.3 mg of the heterocycle and 1.25
mL 1,4-dioxane. The stock solution of 3-(para-N,N-dibutylaminophenyl)pyridine
(1f) was prepared from 205.27 mg of heterocycle and 1.25 mL of 1,4-dioxane. Two
1.00 mL disposable plastic syringes were charged with 1.00 mL aliquots of the 1d
and 1f stock solutions, respectively. Two other 1.00 mL syringes were charged with
1.00 mL aliquots of 1,4-dioxane in the same manner.
Step four: After the phenethylcopper solutions had been aged at rt for a total of 4
h, calorimetric rate measurements were commenced upon charging each reaction
mixture and its reference mixture, respectively, with a 1.00 mL aliquot of the
indicated heterocycle stock solution, and a 1.00 mL aliquot of 1,4-dioxane, giving
approximate total volumes of 4.00 mL for each mixture. Experiments 14, 16,
and 17 similarly employed 1.00 mL injections volumes, whereas experiment 15
(Conditions C) employed 0.700 mL injection volumes.
Step five: Once the injections were complete, the syringes were removed from
the calorimeter vials, rinsed with acetone (5x) and water (10x) and then calibrated
by using them to dispense nominally 1.00 mL aliquots of water into a tared vial
and recording the mass. Measurements were taken for five aliquots using a given
syringe and the results were averaged. The temperature of the water was
measured, and its density at that temperature was used to estimate the true
volume delivered to the reaction mixture. The 1d solution had a measured
density of 1.036 g/mL; from this value and the corrected volume of the syringe it
was determined that 0.508 mmol (1.00 equiv) of the heterocycle had been
delivered to the reaction mixture. It was similarly determined that 0.506 mmol
(1.00 equiv) of 1f had been delivered to the comparator reaction (1f stock solution
density ! = 1.029 g/mL). Relative stoichiometric values were 11.8 mol% Cu (both
reactions), 1.43 equiv 3-fluorostyrene (both reactions), and 3.74 (relative to 1d)–
3.75 (relative to 1f) equiv DMMS. Modest discrepancies in [DMMS] are
inconsequential to the reaction rate for all heterocycles except 3-(paramesylphenyl)pyridine (1g).
The stock solution of pyridine (1a) used in Experiment 14 (! = 1.027 g/mL) was
composed of 103.0 mg 1a and 2.50 mL 1,4-dioxane, and that used in Experiment
15 (! = 1.020 g/mL) was composed of 319.4 mg 1a and 2.50 mL 1,4-dioxane.
The stock solution of 3-methylpyridine (1c) used in Experiment 15 (! = 1.017
g/mL) was composed of 386.1 mg 1e and 2.50 mL 1,4-dioxane.
The stock solution of 3-(para-mesylphenyl)pyridine (1g) used in Experiment 1617 (! = 1.060 g/mL) was composed of 165.7 mg 1g and 1.25 mL 1,4-dioxane.

243

Experiment 13 (Conditions B; described above):
3-phenylpyridine (1d):
[Het]0 = 0.127 M, [Cu] = 15.0 mM (11.8 mol%), [DMMS]0 = 0.474 M (3.74 equiv),
[3-fluorostyrene]0 = 0.181 M (1.43 equiv), ΔH!"# = 32.1 !"#$/!"#, !eff = 5.19•10–2
(Ms)–1 (R2 = 0.9997)
3-(para-N,N-dibutylaminophenyl)pyridine (1f):
[Het]0 = 0.126 M, [Cu] = 15.0 mM (11.8 mol%), [DMMS]0 = 0.474 M (3.75 equiv),
[3-fluorostyrene]0 = 0.181 M (1.43 equiv), ΔH!"# = 32.6 !"#$/!"#, ΔH!"# = 32.1 !"#$/
!"#, !eff = 1.16•10–2 (Ms)–1 (R2 = 0.9997)
relative rate (!!! /!!!! !"! ) = 4.47

Rate/[Cu] (in s–1)

[Het] (in M)

Fi gu re S I -18 : Overlaid rate curves plotted versus [Het] for Experiment 13.

Experiment 14 (Conditions B):
Pyridine (1a):
[Het]0 = 0.126 M, [Cu] = 14.9 mM (11.8 mol%), [DMMS]0 = 0.474 M (3.76 equiv),
[3-fluorostyrene]0 = 0.181 M (1.43 equiv), ΔH!"# = 36.3 !"#$/!"#, !eff = 8.75•10–3
(Ms)–1 (R2 = 0.9997)
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3-phenylpyridine (1d):
[Het]0 = 0.126 M, [Cu] = 14.9 mM (11.8 mol%), [DMMS]0 = 0.474 M (3.75 equiv),
[3-fluorostyrene]0 = 0.181 M (1.43 equiv), ΔH!"# = 37.2 !"#$/!"#, !eff = 4.53•10–2
(Ms)–1 (R2 = 0.9997)
relative rate (!!! /!! ) = 5.17
Rate/[Cu] (in s–1)

[Het] (in M)

Fi gu re S I -19 : Overlaid rate curves plotted versus [Het] for Experiment 14.

Experiment 15 (Conditions C):
Pyridine (1a):
[Het]0 = 0.360 M, [Cu] = 42.5 mM (11.8 mol%), [DMMS]0 = 1.35 M (3.74 equiv),
[3-fluorostyrene]0 = 0.515 M (1.43 equiv), ΔH!"# = 34.7 !"#$/!"#, !eff = 1.05•10–2
(Ms)–1 (R2 = 0.9998)
3-Methylpyridine (1c):
[Het]0 = 0.360 M, [Cu] = 42.5 mM (11.8 mol%), [DMMS]0 = 1.35 M (3.74 equiv),
[3-fluorostyrene]0 = 0.515 M (1.43 equiv), ΔH!"# = 34.3 !"#$/!"#, !eff = 5.74•10–3
(Ms)–1 (R2 = 0.9998)
relative rate (!! /!!" ) = 1.83
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Rate/[Cu] (in s–1)

[Het] (in M)

Figure SI-20: Overlaid rate curves plotted versus [Het] for Experiment 15.
Experiment 16 (Conditions A):
3-phenylpyridine (1d):
[Het]0 = 0.127 M, [Cu] = 4.98 mM (3.91 mol%), [DMMS]0 = 0.493 M (3.87 equiv),
[3-fluorostyrene]0 = 0.188 M (1.47 equiv), ΔH!"# = 31.2 !"#$/!"#, !eff = 5.37•10–2
(Ms)–1 (R2 = 0.9996)
3-(para-mesylphenyl)pyridine (1g):
[Het]0 = 0.130 M, [Cu] = 4.98 mM (3.82 mol%), [DMMS]0 = 0.493 M (3.78 equiv),
[3-fluorostyrene]0 = 0.188 M (1.44 equiv), ΔH!"# = 33.9 !"#$/!"#. The reaction of
this substate does not exhibit simple first-order kinetics because its turnoverlimiting step is different from that of the examples above. The reaction is, however,
faster than that of 3-phenylpyridine (see Figure SI-21 and 22). The increased
reaction rate for 1g was more pronounced at higher concentration (Experiment
17, Figure SI-22). Experiments 18–21 show that the larger rate disparity in
Experiment 17 is specifically due to the increased silane loading; the reaction of
1g is accelerated by increasing [DMMS], whereas that of 1d is unaffected.
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Rate/[Cu] (in s–1)

[Het] (in M)

Figure SI-21: Overlaid rate curves plotted versus [Het] for Experiment 16.
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Rate/[Cu] (in s–1)

[Het] (in M)

Fi gu re S I -22 : Overlaid rate curves plotted versus [Het] for Experiment 17.

Experiment 17:
3-phenylpyridine (1d):
[Het]0 = 0.169 M, [Cu] = 0.0199 mM (11.8 mol%), [DMMS]0 = 0.627 M (3.71 equiv),
[3-fluorostyrene]0 = 0.238 M (1.41 equiv), ΔH!"! = 33.0 !"#$/!"#, !eff = 4.79•10–2 (Ms)–1
(R2 = 0.9998)
3-(para-mesylphenyl)pyridine (1g):
[Het]0 = 0.174 M, [Cu] = 0.0199 mM (11.4 mol%), [DMMS]0 = 0.627 M (3.61 equiv),
[3-fluorostyrene]0 = 0.238 M (1.37 equiv), ΔH!"# = 34.3 !"#$/!"#.
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7.5. Study of the kinetic dependence on [DMMS] and [3-fluorostyrene]
in the dearomatization of 3-( para -mesylphenyl)pyridine (1g) with 3fluorostyrene (6h) (Experiments 18-21).
F

SO2Me
F

F
DMMS
Cu(OAc)2
2.363.8-3.9 mol% 3.79 equiv
+
THF, rt
(R,R)-Ph-BPE
5.3-5.5 mol%

L2 = Ph-BPE

1.452.12 equiv
total [Cu]
= 6.7 mM

Me

1g

6h
“[(R,R)-L2]CuH”

F

(R)

Me

(S)
+ Me

Cu[(R,R)-L2]

(R,R)R-9h

Cu[(R,R)-L2]

(R,R)S-9h

N

SO2Me

0.52 mmol
1,4-dioxane

0.130 M final [Het]
5.0 mM final [Cu], 26 °C 7gh
calorimetry starts

N
SiMe(OMe)2

In order to minimize potential differences in rate due to catalyst formation
occurring under different conditions, the phenethylcopper mixtures in all examples
were prepared using the same stoichiometry, and the quantity of DMMS was
subsequently adjusted as indicated shortly before the reaction mixtures were
transferred to the calorimeter.
Procedure. Step one: Inside a glovebox, an oven-dried calorimeter vial
containing an oven-dried PTFE stir bar was charged with Cu(OAc)2 (9.08 mg, 50
!mol) and (R,R)-Ph-BPE (35.5 mg, 70.1 !mol; 1.4:1 L2:Cu). The vial was sealed with
a PTFE/silicone septum-cap. The catalyst precursors were dissolved in THF (3.84
mL), and DMMS (390 !L, 3.17 mmol) was added immediately afterward. The
resulting mixture was stirred at rt for 20–25 min, during which time all Cu(OAc)2
dissolved and the color turned orange. This activated catalyst solution was charged
with 3-fluorostyrene (230 !L, 1.93 mmol) and stirred at rt for 145–155 min.
Step two: The phenethylcopper solution was partitioned into separate aliquots.
An oven-dried glass microsyringe was used to charge each of two new oven-dried
calorimetry vials (both of which were equipped with PTFE stir bars and
PTFE/silicone septum-caps) with 1.80 mL aliquots of the phenethylcopper solution.
Each of the 1.80 mL aliquots constituted 40% of the total initial volume of stock
solution, from which it was estimated that each reaction mixture received 20 !mol
Cu, 1.23 mmol DMMS, and 0.755 mmol 3-fluorostyrene (the latter two quantities
are corrected for the approximate amounts consumed during phenethylcopper
formation).
Step three: One of the phenethylcopper mixtures was diluted at this time with
1.20 mL THF, giving a mixture with volume = 3.00 mL containing 2.36 equiv
DMMS and 1.45 equiv 3-fluorostyrene relative to 1g. The second phenethylcopper
mixture was diluted with 1.11 mL THF and 92 !L DMMS), giving a mixture with
volume = 3.00 mL containing 3.81 equiv DMMS and 1.45 equiv 3-fluorostyrene
relative to 1g. The reference mixture was prepared from 250 !L DMMS and 2.75
mL THF. The three mixtures were transferred to the calorimeter block (preequilibrated at 26 °C) and stirred at ca. 1600 rpms until the heat flow returned to
baseline.
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Step four: The heterocycle stock solution had the same composition as those used
in Experiments 16–17 in Section 7.4. Once the phenethylcopper solutions had
been aged at rt for a total of 5 h, calorimetric rate measurements were commenced
upon charging each reaction mixture with a 1.00 mL aliquot of the 3-(pMsPh)pyridine stock solution and charging the reference mixture with a 1.00 mL
aliquot of 1,4-dioxane. Once the injections were complete, the syringes were
removed from the calorimeter vials and calibrated in the manner described in Step
5 in Section 7.4.
In Experiments 20–21 below, the phenethylcopper solution was generated as
above, but using 3.72 mL rather than 3.84 mL of THF. Additional DMMS (125 !L)
was added immediately before the solution was partitioned. One reaction mixture
was further diluted with 1.20 mL THF, giving a mixture with volume = 3.00 mL
containing 3.12 equiv DMMS and 1.44 equiv 3-fluorostyrene. The second
phenethylcopper mixture was diluted with 1.16 mL and 40 !L 3-fluorostyrene,
giving a mixture with volume = 3.00 mL containing 3.17 equiv DMMS and 2.12
equiv 3-fluorostyrene.
Experiment 18: [Het]0 = 0.130 M, [Cu] = 5.03 mM (3.87 mol%; 1.4:1 Ph-BPE:Cu),
[DMMS]0 = 0.307 M (2.36 equiv), [3-fluorostyrene]0 = 0.188 M (1.45 equiv),
ΔH!"# = 34.6 !"#$/!"#
Experiment 19: [Het]0 = 0.130 M, [Cu] = 4.96 mM (3.82 mol%; 1.4:1 Ph-BPE:Cu),
[DMMS]0 = 0.494 M (3.79 equiv), [3-fluorostyrene]0 = 0.188 M (1.45 equiv),
ΔH!"# = 33.5 !"#$/!"#
Experiment 20: [Het]0 = 0.130 M, [Cu] = 5.01 mM (3.85 mol%; 1.4:1 PhBPE:Cu), [DMMS]0 = 0.406 M (3.12 equiv), [3-fluorostyrene]0 = 0.188 M (1.45
equiv), ΔH!"# = 35.3 !"#$/!"#
Experiment 21: [Het]0 = 0.129 M, [Cu] = 5.03 mM (3.90 mol%; 1.4:1 PhBPE:Cu), [DMMS]0 = 0.307 M (3.17 equiv), [3-fluorostyrene]0 = 0.273 M (2.12
equiv), ΔH!"# = 36.0 !"#$/!"#
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Rate (in Ms–1)

[Het] (in M)

Fi gu re S I -23 : Overlaid rate curves plotted versus [Het] for Experiments 18–20. The
reaction exhibits a kinetic dependence on [DMMS].
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Rate/[DMMS] (in s–1)

[Het] (in M)

Fi gu re S I -24 : Overlaid rate curves plotted versus [Het] for Experiments 18–20. The
kinetic dependence on [DMMS] is less than first order (curves for reactions with higher
[DMMS] appear lower on the graphs).
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Rate (in Ms-1)

[Het] (in M)

Fi gu re S I -25: Overlaid rate curves plotted versus [Het] for Experiments 20–21. There is no
kinetic dependence on [3-fluorostyrene].
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8. Derivation of double-dearomatization rate equations.
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Fi gu re S I -26 : Computed PES for dearomatization of pyridine with styrene
via the doubly dearomative pathway.

Scheme SI-1: Simplified catalytic cycle for theoretical kinetics analysis
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The general rate law for the cycle in Scheme SI-1 is (see Ref 24 for derivation technique):

!"#$ =

(!! !! !! ! !!! !!! !!! ) Cu !
M

(eq S-4),

where [Cu]A (∝ Cu ) is the total concentration of active Cu species,
the sum of the elements in the matrix

!! !!
M = !! !!
!! !!

!!! !!
!!! !!
!!! !!

!!! !!!
!!! !!!
!!! !!!

M indicates

First row associated with 8

(eq S-5),

Second row associated with 9 + 14
Third row associated with 10

and the effective first-order rate constants are
!! = !! [Sty], !!! = !!! 1 + K!" [Het] , !! = !! K!" [Het]
!!! = !!! , !! = !! [DMMS], and !!! = !!! [Si-DHP].

1 + K!" [Het] ,

In long form,
!! !! K!" [Het][DMMS]

!!! !! [DMMS]

!!! !!!

!!K!" [Het]

!!K!" [Het]

!!K!" [Het]

!! !!! [Sty]

!!! !!! [Si-DHP]

!! !! K!" [Sty][Het]

!! !!! K!" [Het][Si-DHP]

!!! !!! [Si-DHP]

!!K!" [Het]

!!K!" [Het]

!!K!" [Het]

M = !! !! [Sty][DMMS]

(eq S-6).
Because the reaction is irreversible, !!! !!! !!! ~ 0,
and

!"#$ =

!! !! !! Cu !
M

=

!! !! !! K!" Sty Het DMMS [Cu]!
!!K!" Het ∙ M

(eq S-7).

The sum of elements in a given row of M is proportional to the fraction of active
catalyst present as the species associated with that row (see eq S-5). The PES in
Figure SI-26 implies that 9 should be the only significant catalyst species present
during dearomatization i.e., be the MACS (most abundant catalyst species), and we
have found spectroscopically that this prediction is correct (see Section 9).
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Consequently, all elements in the first and third rows of M must be negligible.
Further, the PES implies that dearomative isomerization must be the TLS, which is
equivalent to requiring that !! and !!! be sufficiently small that all elements
containing them are also negligible. Applying these conditions eliminates all matrix
elements except for !! !! [Sty][DMMS], thus:

0
M = !! !! [Sty][DMMS]
0

0
0
0

0
0
0

(eq S-8),

in which case

!"#$ =

!! K!" Het [Cu]!
!!K!" [Het]

(eq S-9).

In qualitative terms, sigma-bond metathesis (!BM) and hydrocupration occur after
the TLS and are not kinetically relevant. K!" Het is the pseudoequilibrium ratio
[14]/[9], and PES implies that this must have value << 1. Thus, (1 + K!" [Het]) ~ 1,
and one obtains

!"#$ = !! K!" Het [Cu]! = !eff Het [Cu]

(eq S-10),

in agreement with experiment. The non-linear dependence of rate on L2:Cu means
that the rate law would be more complex if Ph-BPE were explicitly included in it.
Presumably, the phosphine dependence arises because [Cu]! is a function of both
[Cu] and L2:Cu for the reasons discussed in Section 7.3. However, for kinetics
experiments conducted at fixed L2:Cu ratios, the empirical rate law has the simple
form in eq S-10.
It is possible to deduce the rate law in an interesting way using the fluctuating dr of
phenethylcopper 9 observed during enantioselective catalysis, which implies that
the rate constants for !-hydride elimination (!!! ) and dearomative isomerization
(!! ) must be comparable, with dearomatization being faster under typical
conditions. Thus if !! and !!! are treated as negligible due to dearomatization
being turnover-limiting, then !!! must also be negligible. These three constraints
eliminate all matrix elements except for !! !! = !! !! DMMS Sty , yielding eq S-8.
The influence of strongly activating heterocycle substituents on the form of the rate
law is informative for several reasons, and very electron-withdrawing heterocycles
make up one of the most important substrates classes for the asymmetric
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Fi gu re S I -27 : (A) Expected perturbations for an anion-stabilizing C3 substituent on
the energies of individual catalytic intermediates; (B) Modified energy surface for the
substituted heterocycle.

dearomatization. One can apply chemical reasoning to the prediction of how anionstabilizing C3 substituents should affect the energies of individual structures in the
double-dearomatization PES (Figure SI-27, A) and formulate readily testable
predictions about how the kinetics and catalyst resting state should change. In
addition, the fact that strongly activating C3 substituents change the rate law
provides an opportunity to use reaction kinetics to obtain empirical information
about catalytic steps and intermediates that occur after dearomative isomerization
and are thus not kinetically relevant for substrates like 1a and 1d. Because the
doubly dearomative imidoyl ene (14aa → 15aa; see Figure SI-27, A) and the ene
leading from 13aa to 15aa (Figure SI-27, A) both have nucleophilic addition
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character, anion stabilizing C3 groups must lower the barriers to both of those steps
(i.e., decrease the energies of TS 14,15 and TS 15,13 relative to 9). Such groups must
also lower the energy of the doubly dearomatized intermediate 15, in which a fully
developed metalloenamine functional group is present. The overall effect of these
changes is to lower the rate-controlling barrier to the dearomative isomerization
process (9 → 10 in Scheme SI-1), increasing !! . However, our group’s earlier study
on substituent effects on the rate of !BM by Cu-carboxylate species showed that
that transformation is markedly slowed by groups that attenuate the
nucleophilicity of the carboxylate ligand, and we expect similar deceleration to occur
here with substituents that attenuate the nucleophilicity of 10. This implies an
increase in the energy of !BM transition state TS 10,7 relative to 10 and a decrease
in !! . If the opposing effects on dearomative isomerization and !BM are sufficiently
large, then their respective barriers should become comparable in magnitude,
making the !BM step kinetically relevant. If this occurs, however, the catalyst
resting state is also expected to change. Because metalloenamine 10aa is predicted
to be very close in energy to phenethylcopper 9a in the absence of a substituent, the
double dearomatization PES indicates that even modest additional stabilization
should render 10 isoenergetic with or potentially more stable than 9.
Consequently, if the barrier to !BM becomes comparable to or greater than the
barrier to dearomative isomerization, then previously unobserved intermediate 10
must become a major component of the catalyst resting state. In agreement with
experiment (see Section 7.5), the hydrocupration step should remain kinetically
irrelevant: this step cannot exhibit a substituent effect, and its barrier is already
significantly below that of !BM when no substituent is present. Figure SI-27, B,
provides a qualitative predicted PES reflecting all of these changes for a heterocycle
bearing a strongly activating C3 substituent.
These considerations are straightforwardly applied to prediction of a new rate law
for activated heterocycles using the mathematical analysis above. If !! and !! are
permitted to be comparable in magnitude, then matrix elements containing !!
cannot be assumed to be negligible. The effect of a substituent on !!! (the rate
constant for reverse-dearomative-isomerization, i.e., 10 → 9 in Scheme SI-1) is
difficult to predict on first principles, but its value could be increased, if, e.g., the
substituent lowers the rate-controlling barrier to dearomative isomerization more
than it stabilizes 10. Consequently, we allow, but do not require, matrix elements
containing factors of !!! to be non-negligible. One major simplifying assumption
does apply, however. Because the hydrocupration step is expected to be kinetically
irrelevant, all matrix elements that do not contain a factor of [Sty] must be
negligible, as required for cancellation of the factor of [Sty] in the numerator of eq.
7. This condition eliminates all matrix elements except for !! !! , !!! !! , and !! !! ,
and consequently M becomes
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0
M = !! !! [Sty][DMMS]

0

0

!! !!! [Sty]

0

0

0

!! !! K!" [Sty][Het]
!!K!" [Het]

(eq S-11),

giving the rate equation

!"#$ =

K!" !! !! Het [DMMS][Cu]!

!

K!" !! Het

! ! K!" Het

! ! K!" Het

(eq S-12).

! !! DMMS ! !!!

It is noteworthy that the third row of M, whose sum is proportional to the fraction of
catalyst present as 10, now contains a non-negligible element. In agreement with
our qualitative analysis, this directly implies that 10 must become a significant
component of the resting state.
Our failure to observe 14 with various styrenes and heterocycles suggests that the
association equilibrium (1+ 9 ⇌ 14) is generally unfavorable, and it is implausible
that an EWG substituent on 1 would alter this. Empirically, we have found no
evidence for appreciable formation of 14 in the resting state for dearomatization of
activated substrate 1g. Consequently, we still require that (1 + K!" [Het]) ~ 1.
Thus, one obtains

!"#$ =

K!" !! !! Het [DMMS][Cu]!
K!" !! Het ! !! DMMS ! !!!

=

!! !! Het [DMMS][Cu]!
!! Het ! !! DMMS ! !!!
(eq S-13),

defining !! ∶= K!" !! .
Consequently, one can write
DMMS Het [Cu]!
!"#$

=

!! Het ! !! DMMS ! !!!
!! !!

(eq S-14).

But because [DMMS] is linearly related to [Het] over the course of the reaction as
[DMMS] = [Het] + (! − 1) Het ! , where ! is the fold-excess of DMMS used in a given
reaction, and [Het]0 is the initial heterocycle concentration, this becomes, after
rearrangement:
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DMMS Het [Cu]!
!"#$

=

!! ! !!

Het +

!! !!

(!!!)[Het]!
!!

+

!!!
!! !!

(eq S-15).

Eq S-15 provides a convenient graphical way to diagnose whether the kinetics of a
given dearomative reaction obey eq 13, and, if so, to calculate the individual rate
constants for the kinetically relevant steps. It is clear that if the rate obeys eq 13,
then plots of DMMS Het Cu !"#$ using actual rate and concentration data
must be linear functions of [Het] having slope N = (!! + !! )/!! !! . Further, the Yintercepts of those lines must constitute a linear function of (! − 1)[Het]! having
slope n = 1/!! :
!

Y !, [Het]! =

!!

(! − 1)[Het]! +

!!!

(eq S-16).

!! !!

Implication also goes in the other direction. Given respective kinetic orders of zero
and one for [Sty] and [Cu]A, if plots of DMMS Het Cu !"#$ using actual rate
and concentration data are found to be linear functions of [Het], then the reaction
must obey a saturation rate law like eq S-13. Taking the inverse of the rate law (i.e,
forming 1/!"#$) transposes the numerator and denominator of the original rate
expression. With the exception of trivial examples like !"#$ = ! Het [Cu]! and
!"#$ = ! DMMS [Cu]! (which are themselves just limiting cases of eq S-13),
multiplying (1/!"#$) by DMMS Het [Cu]! can only yield a simple linear function
of [Het] if two conditions are met. First, the denominator of !"#$ must be a linear
function of [Het]. Second, multiplying (1/!"#$) by [DMMS][Het][Cu]! must have the
effect of cancelling all of the concentration factors that were formerly in the
numerator of !"#$, and this can only occur if [DMMS] and [Het] both appear with
exponents of one in the numerator of !"#$. Thus, if the plots are linear in [Het], it is
established that the rate law has the form

!"#$ =

!! !"# !""# !" !
!! !"# !!!

(eq S-17).

Eq S-13 is an instance of eq 17 given that [DMMS] is a linear function of [Het]
throughout a given reaction, as noted above. Graphically determined linear
parameters then indicate whether [DMMS], [Het], or both appear with nonnegligible coefficients in the denominator of the rate expression. For example, if the
true rate law were

!"#$ =

!! !! Het [DMMS][Cu]!
!! Het ! !!!

(eq S-18),

which corresponds to the limiting case of eq S-13 in which !! ~ 0, then
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DMMS Het [Cu]!
!"#$

=

!! Het ! !!!
!! !!

(eq S-19).

Consequently, the Y intercepts of the plots will exhibit no dependence on (! −
1)[Het]! . On the other hand, if the true rate law were

!"#$ =

!! !! Het [DMMS][Cu]!
!! DMMS ! !!!

(eq S-20),

which corresponds to the limiting case of eq S-13 in which !! ~ 0, then one would obtain
DMMS Het [Cu]!
!! { Het + ! − 1 Het ! } + !!!
=
!"#$
!! !!
=

1
!!

Het +

! − 1 Het
!!

!

+

!!!
!! !!

(eq S-21).

In this scenario, the slope of the line obtained upon plotting the Y-intercepts
Y !, [Het]! versus ! − 1 Het ! will be identical to the slope of the line obtained
upon plotting DMMS Het Cu !"#$ versus [Het] (i.e., n = N = 1/!! ).
Thus, if the plots of DMMS Het Cu !"#$ yield a linear function of [Het] whose Yintercepts are a function of ! − 1 Het ! having slope n ≠ N , then [Het] and
[DMMS] must both appear with non-negligible coefficients in the denominator of
the true rate law (see eq S-13), and indeed one can then calculate what those
coefficients must be.
It is clear from the plots in Figure SI-28C that, for the reaction of 1g with 6h, the
expression DMMS Het [Cu] /!"#$ is a linear function of [Het]. Further, the slopes
of those lines are similar (average 47.8 Ms; treating all slopes as resulting from
identical measurements would yield standard deviation 1.88 (n = 5)) as required by
eq S-15. The Y-intercepts of those lines (Figure SI-28, D) show a pronounced
monotonic dependence on (! – 1)[Het]0, as required by eq S-15 and inconsistent with
eq S-17. The slope of the line obtained from regression of the Y-intercepts, n (8.58
Ms), is very different from the average slope N of the plots of DMMS Het [Cu] /
!"#$, which is incompatible with eq 19 but in agreement with eq 15. Consequently,
we conclude that the true rate law for dearomatization of 1d with 6h conforms to
eq. S-13, in agreement with the predictions of our mechanistic model.
Equating linear parameters from the plots in Figure SI-28, C and D, with individual
rate constants by way of eq S-15 requires information about the relationship
between [Cu], the total concentration of Cu, with [Cu]A. Our prior kinetics and
spectroscopic
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SO2Me

(A)

F

F

Cu(OAc)2
DMMS
3.8-3.9 mol% 2.36-3.79 equiv
total
+

F

“[(R,R)-L2]CuH”
THF, rt
(R,R)-Ph-BPE
L2 = Ph-BPE
5.3-5.5 mol%
All stoichiometry values relative to 1a

6h

(R)

1.44 equiv
total [Cu]
= 6.7 mM

Me

Me (S)

+

Cu[(R,R)-L2]

Cu[(R,R)-L2]

(R,R)S-9h

(R,R)R-9h

(B)

Me
N

(C)

SO2Me

F

1g
0.52 mmol
in 1,4-dioxane

0.130 M final [Het]
5.0 mM final [Cu], 26 °C
calorimetry starts

7gh

N
SiMe(OMe)2

[Het][DMMS][Cu]
in M2s
rate

rate in Ms-1

[Het] in M

[Het] in M
(E)

(D)
Y-intercepts
from (C) in M2s

ΔG°

3.80 equiv
DMMS

kcal
mol

Implied energy surface predicts
observable N-Cu-DHP 10gh

Ar1

L
L Me
N
Cu
H
L

2.36 equiv
DMMS

Ar1 = 4-MsPh
Ar2 = 3-F-Ph

3.12 equiv
DMMS
(χ – 1)[Het]0

ΔG°a + ΔGd =
18.7 kcal/mol
1g
L + Me 0.0
Cu
L

H

9h Ar2

F

ΔG–d
= 21.5
kcal/mol
Ar2

L
Cu
Si
R3

Ar1

Me
H

N

H

Me

Ar2

H

Ar1

ΔGs
= 19.6
kcal/mol

N
CuL2

-2.8
10gh

nd
7gh

Fi gu re S -2 8: Analysis of reaction kinetics proves that 1g obeys the saturation rate law
predicted by the double-dearomatization pathway and leads to an empirical
Prediction that 10gh should be observable.

studies (vide infra) suggests that active copper species should make up the majority
of Cu, be proportional to [Cu] over the course of the reaction, and exhibit a
proportionality constant largely unaffected by modest variation in the conditions.
The spectroscopy experiments in Section 9.2.v support the view that this should be
true for dearomatization of 1g in particular. For simplicity, we use here the
approximation that [Cu]A = [Cu], although it can be expected that this will result in
each of the individual rate constants being modestly underestimated.
From equation S-15, it is clear that !! = 1 n , and !! can thus be determined from
the relationship:
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!=

!! !!!
!! !!

=

!
!!!
n
!
!
n !

=

!!!!!
!!

(eq S-22),

which implies that
!

!! =

(eq S-23).

N!n

Defining q to be the Y-intercept of the plot in Figure SI-28, D, eq S-15 implies that

!!! = !!! !! =

!

n N!n

(eq S-24).

Solving these equations using the linear parameters in Figures SI-28, C and D, yields
!! = 0.117 M–1s–1,

!! = 0.0255 M–1s–1,

and !!! = 1.02•10–3s–1

‡

Relating these rate constants to ΔG values for the associated processes by way of
the Eyring equation (eq S-25) gives the energy landscape in Figure SI-28, E.

!=

!! !
!

!

!∆!‡
!"

(eq S-25)

Thus our empirical analysis of the reaction kinetics for 1g yields approximate
energy values for kinetically relevant steps that are in excellent agreement with the
qualitative predictions of the double-dearomatization PES; in particular, they imply
that the barriers to dearomatization and !BM have indeed become very similar,
with the former being somewhat lower. This corroborates the view that the anionstabilizing group at C3 alters the rate law by facilitating an otherwise turnoverlimiting nucleophilic addition event (i.e., the doubly dearomative imidoyl-Cu-ene).
Consistent with our qualitative and mathematical analyses, these empirically
estimated rate constants also indicate that N-Cu-1,4-DHP 10gh should be a major
component of the resting state during the dearomatization of 1g with 6h.
In support of the robustness of these conclusions, it is worth noting that, because !!
= 1/n, !! = 1/(N − n), and N >> n, it is not necessary to know n with extremely high
precision in order to conclude that !! > !! . In order for the converse to obtain, the
true value of n would need to be greater than our estimate by an unreasonably large
margin (a factor of about 250%). The value of !!! (obtained from the intercept in
Figure SI-28, D) is pertinent to the empirical prediction that 10gh should be
observable: provided that !! > !! , the converse (unobservable 10gh) could only be
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true if !!! > !! , which would have the effect of making 10gh unstable relative to
9h. In an equation, that would require

!! − !!! =

N– q!n
n N!n

<0

(eq S-26).

Our estimates for q and n are both much smaller than N (in particular, q << n <<
N), and thus eq S-26 could only be fulfilled if one or both of those estimates were in
extraordinarily large disagreement with the true values of n and q. In Section 9.2.v,
we show that 10gh is indeed a major component of the resting state during
dearomatization of 1g with 6h, and, further, that the proportion of Cu present as
10gh during dearomatization varies over the course of the reaction in exactly the
manner expected if dearomatization and !BM have comparable barriers, as in the
approximate energy landscape in Figure SI-28, E.

9. NMR Spectroscopy of Catalyst Species
9.1. Observation of !-phenethylcoppers (9a) derived from styrene (6a)
in the absence of heterocycle.

9.1.i. Hydrocupration of styrene- !- 13 C with enantiomerically pure
(S,S)-Ph-BPE
31P

H

Cu(OAc)2
0.111 mmol
+
(S,S)-Ph-BPE
= (S,S)-L2
1.06 equiv

DMMS
13.2 equiv
THF-d8, rt
20 min

13C

“ [(S,S)-L2]CuH “

Ph

(11.9 equiv)
rt, 95 min

and 13C NMR spectra recorded at -60 °C

Me (S) H
13C
Cu[(S,S)-L2]

(S,S)S-9a

slow

H (R) Me
13C
Cu[(S,S)-L2]

(S,S)R-9a

Procedure. Inside a glovebox, an oven-dried one-dram vial was charged with
Cu(OAc)2 (20.2 mg, 0.111 mmol) and (S,S)-Ph-BPE (59.8 mg, 0.118 mmol; 1.06:1
L2:Cu). The vial was equipped with an oven-dried PTFE stir bar and sealed with a
PTFE/silicone septum-cap. The solids were dissolved in THF-d8 (500 !L), and
DMMS (180 !L, 1.46 mmol) was added immediately afterward. The mixture was
stirred at rt for 20 min, during which time all Cu(OAc)2 dissolved and the color
turned orange. Styrene-!-13C (150 !L, 1.31 mmol) was added via syringe, and the
resulting mixture was transferred to an oven-dried medium-wall J-Young NMR
tube using an oven-dried glass pipet. The NMR tube was sealed with a PTFE
piston and allowed to stand at rt for ten minutes before being immersed in a slurry
of iPrOH/CO2. While the mixture was at –78 °C, the probe of a Bruker 501 NMR
spectrometer was cooled to –30 °C. Once the probe temperature stabilized, the
NMR tube was removed from the cryogen, wiped dry, and injected into the
spectrometer. Preliminary 31P NMR analysis indicated that the hydrocupration
reaction was incomplete at this time, and the tube was ejected from the
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spectrometer and aged at rt for a total of 85 minutes while the spectrometer probe
was cooled to –60 °C. Proton-decoupled 31P and 13C NMR spectra were then
recorded. The 31P NMR resonance of (S,S)-Ph-BPE appeared as a singlet at 13.5
ppm, whereas the 31P resonances of the major and minor phenethylcopper
diastereomers appeared as doublets in a ratio of 5.31:1 at ! 9.50 and 8.60 ppm,
respectively, with 2JP,C values of 22.5 Hz (major) and 22.8 Hz (minor) (Figure SI29). Comparing the summed integrals for the phenethylcopper resonances to the
total 31P integral indicated that ca. 67% of total phosphorus was present as ( S , S ) S 9a + ( S , S ) R -9a; based on the Ph-BPE:Cu ratio of 1.06:1, this implies that
approximately 71% of Cu was present as phenethylcopper. Subsequent
hydrocupration experiments (vide infra) performed using 31P acquisition parameter
sets optimized for quantitative accuracy (i.e., by suppressing NOE enhancements)
generally gave comparable conversion estimates. The 13C NMR resonances of
( S , S ) S -9a and ( S , S ) R -9a appeared as triplets at ! 33.1 (minor) and 31.3 (major)
ppm in a 5.32:1 ratio. Each triplet had a 2JC,P value nearly identical to the doublet
couplings of the corresponding 31P signal (22.8 Hz, major; 23.2 Hz, minor) (Figure
SI-30).

(S,S)-Ph-BPE
(S,S)S-9a
31

P NMR (202 MHz, THF-d8)
δ 13.52 (s),
9.50 (d, J = 22.5 Hz),
8.60 (d, J = 22.8 Hz).

Fi gu re S I -29 : Excerpted

31P

(S,S)R-9a

NMR spectrum of phenethylcopper 9a-!-13C
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13

C NMR (126 MHz, THF-d8)
δ 33.14 (t, J = 23.2 Hz),
31.30 (t, J = 22.8 Hz).
(S,S)S-9a

(S,S)R-9a

Fi gu re S I -30 : Excerpted

13C

NMR spectrum of phenethylcopper 9a-!-13C

9.1.ii. Hydrocupration of styrene: monitoring epimerization and the
effect of temperature on 31 P speciation
31P

NMR spectra recorded
from -60 °C to rt over 4d

Cu(OAc)2
36.1 µmol
+
(S,S)-Ph-BPE
= (S,S)-L2
1.12 equiv

DMMS
25 equiv
THF-d8, rt

“ [(S,S)-L2]CuH “

(R) Me

Me (S)

(12 equiv)
Cu[(S,S)-L2]

(S,S)S-9a

slow

Cu[(S,S)-L2]

(S,S)R-9a

General Note. This and all subsequent spectroscopy experiments, except for that
in Section 9.2.v., employed 31P NMR acquisition parameters that had been
optimized for quantitative accuracy. In particular, the decoupler pulse occurring
before the acquisition pulse in a typical 31P CPD parameter set was removed,
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suppressing NOE enhancements of the 31P integrals. The spectra were acquired
using 11 ppm as the center of the spectral window and employed d1 = 5.0 s, which
appeared sufficiently long to minimize integration artifacts due to incomplete
relaxation between pulses; acquiring spectra with still longer d1 values did not
result in significant changes in integral ratios.

31

(S,S)-Ph-BPE

(S,S)S-9a

P NMR spectrum (-20 °C)
after addition of styrene and
aging for 6 h
(S,S)R-9a

31

Fi gu re S I -31 :

31 P

P NMR spectrum of “L2CuH”
at -20 °C

NMR spectra before and after addition of styrene to “L2CuH”

Procedure. Inside a glovebox, an oven-dried one-dram vial was charged with
Cu(OAc)2 (6.56 mg, 36.1 !mol) and (S,S)-Ph-BPE (20.5 mg, 40.5 !mol; 1.12:1 L2:Cu).
The vial was equipped with an oven-dried PTFE stir bar and sealed with a
PTFE/silicone septum-cap. The solids were dissolved in THF-d8 (380 !L), and
DMMS (110 !L, 0.894 mmol) was added immediately afterward. The mixture was
stirred at rt for 15 min, during which time all Cu(OAc)2 dissolved and the color
turned orange. This activated catalyst solution was rapidly transferred to an ovendried medium-wall J-Young NMR tube using an oven-dried glass pipet. The NMR
tube was sealed with a PTFE piston, removed from the glovebox, and aged at rt for
30 minutes. The tube was injected into a Bruker 501 NMR spectrometer, and 31P
and 1H NMR spectra were recorded at rt. The probe was cooled to –20 °C, and a
second 31P NMR spectrum was recorded. The tube was ejected from the
spectrometer, returned to the glovebox, and charged with styrene (50 !L, 0.435
mmol). The tube was resealed and upended several times until the contents were
homogenized. The mixture was periodically analyzed over the course of five days by
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31P

NMR spectroscopy with the probe cooled to –20 °C. Representative 31P NMR
spectra before and after the addition of styrene are shown in Figure SI-31. The
mixture was maintained at rt on the first day and stored in a 4 °C refrigerator
between analyses on subsequent days. The (S,S)S:(S,S)R ratio steadily decreased
over this period (Figure SI-32), although an equilibrium constant for the
epimerization process could not be determined due to simultaneous decomposition
and the appearance of interfering signals. On the second day of analyses, a set of
31P spectra were recorded at several temperatures over the span of about an hour
(Figure SI-33); this plot shows that the 31P speciation does not change appreciably
as the temperature is increased to 25 °C (a typical dearomatization reaction
temperature); however, the signals associated with Ph-BPE and the
phenethylcoppers broaden markedly due to chemical exchange.

Increasing
time
(S,S)S-9a

(S,S)-Ph-BPE

(S,S)R-9a

Aged 4 d, major:minor < 1.8:1

Aged 1 d, major:minor < 2.3:1

Aged 6 h, major:minor = 3.4:1

Aged 4 h, major:minor = 4.5:1

Aged 2 h 40 min, major:minor = 4.8:1

Fi gu re S I -32 : Time-lapsed

31P

NMR plot showing conversion of (S,S)S-9a into (S,S)R-9a
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(S,S)S-9a

(S,S)-Ph-BPE
25 °C

(S,S)R-9a

0 °C

–20 °C

–60 °C

Figure SI-33: Increased T does not alter the distribution of observable 31P-containing species
but increases the rate of chemical exchange (broadening of the 31P-signals).
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9.1.iii. Hydrocupration of styrene-a- 13 C with 1:1 (R,R)-Ph-BPE:(S,S)Ph-BPE. Observation of static phenethylcopper dr and confirmation of
chemical exchange by saturation-transfer.
kinetic
hydrocupration
products
Ph

(R) H
13C

69.6 µmol
Cu(OAc)2

H

+
38.5% µmol
(R,R)-Ph-BPE

+

DMMS
12.8 equiv.

“ [(R,R)-L2]CuH “

+

Ph
11.3 equiv

(R,R)R-9a

KEQ(Bi) =
0.489

Ph

(R) H
13C

very fast
via ligand
exchange

(S) H
13C

L2 = Ph-BPE

Me

Cu[(S,S)-L2]

(S,S)R-9a

+
Me

“ [(S,S)-L2]CuH “

38.5% µmol
(S,S)-Ph-BPE

Cu[(R,R)-L2]

13C

rt

THF-d8, rt

Me

+
equilibrium
Ph

Cu[(S,S)-L2]

(S,S)S-9a

(R,R)R
+
(S,S)S

:

(R,R)S
+
(S,S)R

Me

= 1.43:1

(S) H
13C

Ph

Cu[(R,R)-L2]

(R,R)S-9a

General Note. The fact that the species assigned as ( S,S ) S -9a is converted into
the species assigned as ( S,S ) R -9a in a reaction that slows over time does not
rigorously establish that these are equilibrating diastereomers, although the
similarity of their diagnostic NMR resonances does confirm that they are both !phenethylcoppers. Here we demonstrate that a modification in reaction parameters
that is expected to induce rapid attainment of equilibrium between diastereomeric
!-phenethylcopper complexes indeed results in rapid attainment of equilibrium
between the species assigned as ( S,S ) S -9a and ( S,S ) R -9a, further supporting
their assignment as a diastereomer pair.
Scheme SI-2: Unimolecular diastereomer interconversion by epimerization of the
Ca stereocenter is slow.
fast

Ph (R) Me
Cu[(R,R)-L2]

Ph

not fast

Ph

+
H Cu[(R,R)-L2]

(R,R)R-9a
not fast

H Cu[(R,R)-L2]

KEQ(epi)
= 0.699

not fast

L2 = Ph=BPE

not fast

Me (S) Ph
Cu[(R,R)-L2]

(R,R)S-9a
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Scheme SI-3: Bimolecular diastereomer interconversion by heterochiral ligand
exchange is very fast.
Me (S) H
13C

very fast
+

(R,R)-L2

(S,S)-L2

+

(R,R)-L2

(R,R)S-9a

L2 = Ph-BPE

(S,S)S-9a

very fast
+

(S,S)-L2

Me (R) H
13C
Cu[(S,S)-L2]

Cu[(R,R)-L2]

(R,R)R-9a

+

Cu[(R,R)-L2]

Cu[(S,S)-L2]

Me (R) H
13C

Me (S) H
13C

(S,S)R-9a

L2 = Ph-BPE

Net Reaction
Me (S) H
13C
Cu[(S,S)-L2]

(S,S)S-9a

Me (R) H
13C
+
Cu[(R,R)-L2]

very fast

Me (S) H
13C

Me (R) H
13C
+
Cu[(R,R)-L2]
Cu[(S,S)-L2]

(R,R)S-9a

(R,R)R-9a

(S,S)R-9a

Due to the principle of microscopic reversibility, the expected pathway for
unimolecular equilibration of ( S , S ) S -9a and ( S , S ) R -9a is !-hydride
elimination/reinsertion (Scheme SI-2), and a considerable body of evidence indicates
that this process should not be rapid. However, a saturation transfer experiment
(vide infra) demonstrated that the species assigned as ( S,S ) S -9a and ( S,S ) R -9a
both exchange bound with free ligand on the NMR timescale at temperatures as low
as –30° C. Scheme SI-3 shows that the sum of two heterochiral ligand-exchange
reactions (related to one another as mirror images) is a rapid diastereomer
interconversion reaction that is catalyzed by free racemic ligand. Thus, whereas
diastereomer interconversion by changing the configuration at C! is slow,
diastereomer interconversion by changing the configuration of the ancillary ligand
should be rapid, and if hydrocupration of styrene is conducted is conducted with
racemic Ph-BPE, the species assigned as ( S,S ) S -9a and ( S,S ) R -9a (and their
respective enantiomers) should be formed in their equilibrium ratio early in the
reaction. Figure SI-34 shows that this is the case.
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Increasing time
(S,S)-Ph-BPE +
(R,R)-Ph-BPE

(S,S)S-9a
+ (R,R)R-9a

(S,S)R-9a
+ (R,R)S-9a

Aged 3d
Major:minor = 1.44:1

Aged 1d
Major:minor = 1.43:1

Aged 2h
Major:minor = 1.42:1

Fi gu re S I -34 : The phenethylcopper dr is invariant with time in the presence of racemic PhBPE.

Procedure. Inside a glovebox, an oven-dried one-dram vial was charged with
Cu(OAc)2 (12.6 mg, 69.6 !mol), (S,S)-Ph-BPE (19.5 mg, 38.5 !mol), and (R,R)-PhBPE (19.5 mg, 38.5 !mol; 1.11 L2:Cu ratio). The vial was equipped with an ovendried PTFE stir-bar and sealed with a PTFE/silicone septum-cap. The solids were
dissolved in THF-d8 (310 !L), and DMMS (110 !L, 0.894 mmol) was added
immediately afterward. The mixture was stirred at rt for 10 min, during which
time all Cu(OAc)2 dissolved and the color turned orange. Styrene-!-13C (90 !L,
0.786 mmol) was added via microsyringe, and the resulting mixture was transferred
to an oven-dried medium-wall J-Young NMR tube using an oven-dried glass pipet.
The mixture was aged at rt for 90 min and then frozen in liquid N2 pending
analysis. Phosphorus-31 NMR spectra were periodically recorded at –30 °C over
three days, maintaining the tube in a 4 °C refrigerator between analyses. The plot
in Figure SI-34 shows that the initial dr of 1.42:1 was unchanged in subsequent
spectra, indicating that diastereomeric equilibrium had been attained by the time of
the first analysis. (NB, although an initial aging period of two hours was employed
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here to permit the catalyst activation and hydrocupration steps to go to completion,
other experiments have shown that the equilibrium diastereomer ratio is attained
much earlier than that). After six days, the tube was transferred to a –35 °C
glovebox freezer pending a saturation-transfer 31P NMR experiment conducted in a
probe cooled to –30°C 10 days after the sample was first prepared. In this
experiment (Figure SI-35), saturation of the Ph-BPE resonance (accomplished by
applying a 2s-long 0.5 mW saturation pulse at 13.50 ppm in channel f3 between the
relaxation delay and acquisition pulses) markedly suppressed the resonances of the
major and minor phenethylcoppers, which confirms that the hydrocupration
products are in chemical exchange with free ligand (and one another) on the NMR
timescale.

(S,S)S-9a
+ (R,R)R-9a
Saturation of
this peak (Ph-BPE) suppresses these
peaks

(S,S)R-9a
+ (R,R)S-9a

Fi gu re S I -35 : Observation of saturation transfer from Ph-BPE to both diastereomers of
the phenethylcopper.

The equilibrium constant for the heterochiral ligand exchange pathway in the
presence of racemic Ph-BPE is trivially calculated from the equilibrium dr of 1.43:1,
thus:

K!"(!") =

!,! !
!,! !

!,! !
!,! !

=

!,! ! !
[ !,!

!]!

= 0.699

!

= 0.489

(eq S-27).

This result also enables calculation of the equilibrium constant for unimolecular
interconversion of (R,R)R -9a with (R,R)S -9a via epimerization.
It is clear that the free energy change for the heterochiral ligand exchange is

∆G!" ! = ∆G

!,! !

!

+ ∆G

!,! !

!

− ∆G
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!,! !

!

− ∆G

!,! !

!

(eq S-28).

But because enantiomeric compounds are isoenergetic, this becomes:

∆G!" ! = 2∆G

!,! !

!

− 2∆G

!,! !

!

(eq S-29),

= 2∆G!"# !

!

where ∆G!"# is the free energy change associated with the unimolecular
equilibration pathway. Consequently

−!"#$ !!"

= −

!"#

!"
!

!" !!"(!")

(eq S-30),

which implies that

!!"

!"#

= !!"

!"

!
!

(eq S-31).

= 0.699

If the ligand ee is between 0 and 100, the steady-state phenethylcopper dr will differ
from 1.43:1 when dearomative catalysis occurs under conditions that continuously
regenerate ( R,R ) R -9a and ( S,S ) S -9a with high kinetic selectivity in the
hydrocupration step. The approximate steady-state ratio can be predicted by
considering the idealized case of heterochiral ligand exchange occurring in a
population of ( R,R ) R -9a and ( S,S ) S -9a diastereomers that have been generated
with perfect kinetic selectivity, i.e., with (R,R)R:(S,S)S = !:(1 – !), where ! is the
mol fraction of Ph-BPE supplied as the (R,R) enantiomer, and with ( R,R ) S -9a and
( S,S ) R -9a being initially absent. Because heterochiral ligand exchange converts
( R,R ) R -9a and ( S,S ) S -9a into ( R,R ) S -9a and ( S,S ) R -9a with 1:1 stoichiometry,
one can frame the equilibration process thus:

Major

minor

(R,R)R-9a

(S,S)S-9a

(R,R)S-9a

(S,S)R-9a

Initial

φ

(1 - φ)

0

0

Change

-ψ

+ψ

+ψ

+ψ

+ψ

Equilibrium

-ψ

(φ - ψ)

(1 - φ - ψ)

Consequently

K!"(!") =

!!
!! ! !! !! !

and, upon rearrangement, one obtains
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(eq S-32),

1−

!
K!"(!")

!! − ! = !! − !

(eq S-33),

where 2! is the steady-state mol fraction of phenethylcopper present as the minor
diastereomer.
In section 9.2.ii. below, we take advantage of the ability to generate
dearomatization reaction mixtures having different phenethylcopper diastereomeric
compositions to show that both diastereomers of the phenethylcopper undergo
dearomative addition, and to compare their selectivity properties in that step.
9.2. Observation of catalyst species present during catalytic
dearomatization reactions.

9.2.i. In situ observation of the catalyst resting state during
dearomatization of 3-phenylpyridine (1d) with styrene (1a) and
quantitation of the phenethylcopper dr as a function of heterocycle
conversion.
Cu(OAc)2
8.6 mol%
relative to 1d
+
(R,R)-Ph-BPE
= (R,R)-L2
(L2:Cu = 1.51:1)

Ph

DMMS
2.17 equiv
THF-d8, rt

“ [(R,R)-L2]CuH “

6a
1.43 equiv

Ph

Me
Cu[(R,R)-L2]

(R,R)R-9a
+ (R,R)S-9a
L2 = Ph-BPE

N

Me

Ph

Ph

1d

(0.233 mmol)
0 °C, inside
NMR probe

N

7da

SiMe(OMe)2

conversion of 1d estimated by 1H NMR
quantitation of 9 by 31P NMR

Procedure. Inside a glovebox, an oven-dried calorimeter vial was charged with
Cu(OAc)2 (40.85 mg, 0.2249 mmol) and (R,R)-Ph-BPE (171.8 mg, 0.3391 mmol, 1.51
L2:Cu ratio). The vial was equipped with an oven-dried PTFE stir-bar and sealed
with a PTFE-silicone septum-cap. The solids were dissolved with 1.66 mL THF-d8,
and DMMS (700 !L, 5.69 mmol) was added immediately afterward. The resulting
mixture stirred at rt for 10 min, during which time the solids dissolved and the color
turned yellow. The mixture was charged with styrene (430 !L, 3.74 mmol) and
stirred at rt for 5 h before being further diluted with 1.50 mL THF-d8. A 400 !L
aliquot of this phenethylcopper stock solution was transferred to an oven-dried
medium-wall J-Young NMR tube using an oven-dried glass microsyringe. The NMR
tube was sealed with a PTFE piston, removed from the glovebox, and maintained in
an ice-water bath in a darkened fumehood for 2 h. It was estimated that this
aliquot of the phenethylcopper stock solution contained 3.63 mg Cu(OAc)2 (20.0
!mol, 8.6 mol% relative to 1d), 15.3 mg (R,R)-Ph-BPE (30.1 !mol), 0.506 mmol
DMMS (2.17 equiv relative to 1d), and 0.332 mmol styrene (1.43 equiv relative to
1d).
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(R,R)R-9a

(R,R)S-9a
(R,R)-Ph-BPE

Fi gu re S I -36 : Complete 31P NMR spectrum of dearomatization reaction
mixtures at ca. 4% conversion of 1d (20 °C).

A stock solution of the heterocycle was prepared from 3-phenylpyridine (310.4 mg,
2.00 mmol) and 720 !L THF-d8 inside the glovebox. A 225 !L aliquot of this
solution was withdrawn using an oven-dried glass microsyringe and injected by into
an oven-dried one-dram glass vial containing 15.1 mg 1,3,5-trimethoxybenzene
(TMB, the NMR internal standard). The NMR tube was returned to the glovebox
and charged with a 125 !L aliquot of the solution containing 1d + TMB, sealed,
removed from the glovebox, and frozen in liquid N2 pending NMR analyses. It was
estimated that 0.233 mmol of 1d had been delivered to the reaction mixture, giving
[Het]0 = 0.44 M.The probe of a Bruker 501 NMR spectrometer was cooled to –20 °C,
and the reaction mixture was thawed and injected into the spectrometer.
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Increasing time,
conversion of 1d
anti-7da

1d

273K
273K
273K
273K
273K
273K
253K

Fi gu re S I -37 : Time-lapsed plot of representative 1H NMR spectra from
dearomatization of 1d with 6a.

277

anti-7da
syn-7da
+ syn-7da

(R,R)R-9a

(R,R)-Ph-BPE

Increasing time,
conversion of 1d

Between 63-66% conversion of 1d
9a ~ 86% of Cu (31P est.); (R,R)R:(S,S)S = 26:1

273K

Between 60-63% conversion of 1d
9a ~ 87% of Cu (31P est.); (R,R)R:(S,S)S = 29:1

273K

Between 41-44% conversion of 1d
9a ~ 88% of Cu (31P est.); (R,R)R:(S,S)S = 41:1

273K

Between 27-30% conversion of 1d
9a ~ 87% of Cu (31P est.); (R,R)R:(S,S)S = 44:1

273K

Between 23-27% conversion of 1d
9a ~ 88% of Cu (31P est.); (R,R)R:(S,S)S = 42:1

273K

Between 16-20% conversion of 1d
9a ~ 88% of Cu (31P est.); (R,R)R:(S,S)S = 28:1

273K

Between 14-16% conversion of 1d
9a ~ 90% of Cu (31P est.); (R,R)R:(S,S)S = 16:1

273K

Between 10-14% conversion of 1d
9a ~ 84% of Cu (31P est.); (R,R)R:(S,S)S = 12:1

273K

Between 4-10% conversion of 1d
9a ~ 86% of Cu (31P est.); (R,R)R:(S,S)S = 4.2:1

253K

Fi gu re S I -38 : Time-lapsed plot of representative 31P NMR spectra from
dearomatization of 1d with 6a.

Phosphorus-31 (32 scans, Figure SI-36) and proton (6 scans, d1 = 24s, Figure SI-37)
NMR spectra were recorded, and the probe temperature was increased to 273 K,
whereupon the dearomatization reaction began to occur at an appreciable rate.
Proton (6 scans, d1 = 24s) and phosphorus-31 NMR spectra (96–128 scans) were
then recorded alternately over the course of 8 h. The conversion of 1d at a given
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timepoint was estimated from the 1H NMR spectrum. Because the dearomatization
is very clean and high-yielding, estimates based on comparison of the integrals 1d
to those of the internal standard were very similar to estimates based on
comparison of the integrals of 1d to those of the product, 7dh. Estimates of the
latter type are employed in this and subsequent studies involving dearomatizations
of 3-aryl-pyridines. The extent of conversion of 1d corresponding to a given 31P
NMR time-point was estimated as the midpoint between the conversion values
determined for the immediately preceding and succeeding 1H NMR spectra. For
each 31P NMR analysis performed, the dr of 9a was estimated as the ratio of the
integrals for the major and minor diastereomers. The fraction of Cu present as
( R , R ) R -9a + ( R , R ) S -9a was estimated from the fraction of the total 31P integral
made up by the integrals of ( R , R ) R -9a + ( R , R ) S -9a. Figure SI-37 provides a
time-lapsed plot of representative 1H NMR spectra collected during the reaction
with diagnostic resonances for 1d and 7da indicated. Figure SI-38 provides a timelapsed plot of excerpted 31P NMR spectra showing the resonances of Ph-BPE and
( R , R ) R -9a + ( R , R ) S -9a. The estimated proportion of Cu present as 9a is plotted
in Figure SI-39, i, as a function of the reaction progress. The fact that the proportion
of Cu present as 9a is high and virtually unchanged throughout the reaction
indicates that it is the MACS. Note that although this series of analyses was only

i. Phenethylcoppers are the MACS
estimated % of Cu present as 9a

Ph

Me

Me

Cu[(R,R)-L2]

(R,R)R-9a

Ph
Cu[(R,R)-L2]

(R,R)S-9a

% conversion of 3-Ph-Pyr

ii. Phenthylcopper dr is kinetically controlled during catalysis
phenethylcopper dr
(R,R)R-9a:(R,R)S-9a

% conversion of 3-Ph-Pyr

Fi gu re S I -39 : Composition of the catalyst resting state during
dearomatization of 1d with 6a using 31P-NMR-based estimates.
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performed up to ca. 65% conversion of 1d, similar experiments have shown that 9a
continues to be the MACS at higher conversion values, including after all 1d is
consumed. The phenethylcopper dr is plotted as a function of heterocycle
conversion in Figure SI-39, ii. The dr of the phenethylcopper present at the outset
of catalysis is low (ca. 4:1 (R,R)R:(R,R)S) due to extended aging of the catalyst in the
absence of heterocycle: during this period (represented by the leftmost box in
Scheme SI-4) the mixture progresses toward diastereomeric equilibrium via the
slow !-hydride-elimination/reinsertion pathway. Over the first ca. 30% conversion
of the heterocycle, the phenethylcopper dr increases to a maximum of 45:1 before
gradually declining again at higher conversion values. Since the initial increase
constitutes a drastic shift away from the direction of equilibrium, it is clear that the
phenethylcopper dr is kinetically controlled during catalysis. Scheme SI-4
illustrates the mechanistic basis for this phenomenon. All of the phenethylcopper
present when the heterocycle is added is consumed by the dearomative addition
step. The experiments in Section 9.2.ii. show that this is because ( R,R ) R -9a and
( R,R ) S -9a both directly react with 1d. Turnover starting from either ( R,R ) R -9a
or ( R,R ) S -9a regenerates stereochemically pure [(R,R)-Ph-BPE]CuH, which has a
strong kinetic bias for hydrocupration to give ( R , R ) R -9a. When the heterocycle
concentration is relatively high, recycling of the regenerated ( R,R ) R -9a via
subsequent catalytic turnovers is evidently faster than epimerization via !-hydrideelimination/reinsertion, resulting in spontaneous diastereoconvergence in the
population of 9a and maintenance of a high (R,R)R:(R,R)S ratio throughout much of
the reaction. Whereas epimerization of 9a is a first-order approach to equilibrium,
it is evident that the dearomative step that consumes ( R,R ) R -9a has higher
molecularity, and our kinetics experiments have independently shown that this is
due to kinetic dependence on [1d] in particular. As conversion increases, the
concentration of 1d decreases, and the bimolecular step that is responsible for
ultimate recycling of 9a slows accordingly, whereas the rate of epimerization of
recycled 9a is unaffected by changes in [1d]. Consequently, the extent of
epimerization evident in the resting state increases as the reaction approaches
completion. This can be understood in probabilistic terms: the likelihood that a
given molecule of ( R,R ) R -9a will undergo epimerization before being recycled
increases as the average lifetime of 9a increases, leading to an increasingly large
proportion of ( R,R ) S -9a in the resting state. Intuitively, the catalytic
dearomatization can be viewed as interrupting the phenethylcopper’s approach to
equilibrium to an extent that directly depends on the rate at which the
dearomatization is occurring.
Mechanistic ramifications of the resting state stereochemical dynamics enabled us
to demonstrate that the invertive nucleophilic approach trajectory that operates in
Cu-catalyzed phenethylation of imines and the 1,4-dearomatization of pyridinium
by phenethylboronates is not operative in the dearomatization (Scheme SI-5),
disproving an early bimetallic transition state model (see article text) we
formulated by analogy to those reactions. Given that the major phenethylcopper
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Ar (R) Me
Cu[(R,R)-L2]

add

N

R

Ar (R) Me

N

+ DMMS

Cu[(R,R)-L2]

+

Ar (S) Me
Cu[(R,R)-L2]

R

R

R

Ar (R) Me

N

N

R

Ar (R) Me

fast

Ar (R) Me

N

Cu[(R,R)-L2]

Ar (S) Me

Cu[(R,R)-L2]

R

only competitive
with turnover when
[3-Ph-Pyr] is low

Ph

faster than SiMe(OMe)2
epimerization
when [3-Ph-Pyr]
is high

[(R,R)-L2]CuH

SiMe(OMe)2

R

Ar (S) Me

N
SiMe(OMe)2

+ DMMS

Scheme SI-4: Mechanistic basis for kinetic control of phenethylcopper dr during dearomatization with
100% (R,R)-Ph-BPE

fast

Mixture of (R,R),R
and (R,R),S present
until heterocycle added
[(R,R)-L2]CuH

+
Ph

not fast,
but not
negligible
Ar (S) Me
Cu[(R,R)-L2]

N

+ DMMS
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and the major enantiomer of 7 have the same configuration at C!, the latter could
only be formed by invertive approach if the phenethylcopper diastereomers
equilibrate and the dearomative addition favors invertive reaction of the minor
diastereomer, ( R,R ) S -9a. However, we find that the majority of 1,4-DHP
generated in Cu-catalyzed dearomatization is formed by direct reaction of the major
phenethylcopper, implying that the dearomative addition step is itself
stereoretentive (Scheme SI-5). First, in the following pair of experiments, we show
that both diastereomers of 9a undergo dearomative addition to 1d, but only
( R,R ) R -9a exhibits a high preference for generating the anti-1,4-DHP 7da.
Because the catalytic dearomatization also exhibits high anti-selectivity under
typical conditions, this provides further evidence that reaction via the minor
phenethylcopper is not normally the predominant contributor to product formation.
Scheme SI-5: Enantiodetermination in the catalytic dearomatization.
Not Major Pathways

Major Pathway
stereoretentive addtion,
net stereoretentive reaction

stereoinvertive addtion,
net stereoinvertive reaction
CuL2

(R) Me
H
L2Cu N

H

Me
H

L2Cu

N

Cu[(R,R)-L2]
(R)
Me
H
+

H

[Cu]

(minor enantiomer)

major
9a diast.

N

(S) H
Me
L2Cu N

H

(major enantiomer)

Cu[(R,R)-L2]
(S)

Me
H

H
Me

L2Cu

N

+

H

[Cu]

N
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L2Cu N

Me (S)
H
H

(major enantiomer)

stereoinvertive addtion,
net stereoretentive reaction
CuL2

without
intermediacy
of (R,R)S-9a

minor
9a diast.

NB the stereodescriptor
for Cα changes in retentive
pathways by convention,
even though, structurally,
the configuration does not.

9.2.ii. Correlation of the dr of product 7da with the dr of the
phenethylcopper

Ph

Ph

9a

15% Cu(OAc)2
18% Ph-BPE
(R,R):(S,S)

Experiment A:
(R,R)R + R,R)S

DMMS
(3.0 equiv)
THF-d8, rt

Experiment B:
(R,R)R + (R,R)S
+ (S,S)S + (S,S)R

1.54 equiv

N

Me

Ph

1d

Ph

(0.351 mmol)
0 °C, inside
NMR probe
1H

conversion of 1d and anti-7da:syn-7da estimated by
NMR
quantitation of (R,R)R-9a:(R,R)S-9a by 31P NMR

N

SiMe(OMe)2
(major)

er of Ph-BPE

phenethylcopper (9a) dr

A

100:0

dynamic but very
high (16:1 - 42:1) throughout
most of reaction

9.1:1

B

70:30

constant at 1.80:1 (avg. of 8)

3.7:1

Experiment

7da

(anti:syn) of 7da

General Note. This experiment involves two dearomatization reactions that were
identical except for the enantiomeric composition of the Ph-BPE. Experiment A
uses enantiomerically pure (R,R)-Ph-BPE, and the catalyst resting state during
dearomatization exhibited the same fluctuation that we observed in Section 9.2.i.
Throughout most of the reaction (20%–85% conversion of 1d), the minor
diastereomer was a trace resting state component. Experiment B used 7.0:3.0
(R,R):(S,S)-Ph-BPE and gave a resting state with low steady-state dr for the reasons
described in Section 9.1.iii.: interconversion of phenethylcopper diastereomers via
ligand exchange is much faster than dearomatization at all concentrations of 1d.
The phenethylcopper dr was constant at 1.80:1 [( R,R ) R -9a + ( S,S ) S -9a]:[( R,R ) S 9a + ( S,S ) R -9a] (average) throughout the reaction, in agreement with the
mechanistic model in 5.3.iii. Using K!" = 0.489 and setting ! = 0.7 in eq 33 yields
the quadratic equation
1.045! ! + ! − 0.21 = 0

(eq S-34).

solving this equation leads to a predicted equilibrium dr of 1.84:1.00.
Procedure. Inside a glovebox, two oven-dried glass one-dram vials were charged
with Cu(OAc)2 (10.7 mg, 58.9 !mol). One of the vials (used in Experiment A) was
charged with (R,R)-Ph-PBE (35.9 mg, 70.9 !mol; L2:Cu = 1.20), while the other
(used in Experiment B) received a mixture of (R,R)- and (S,S)-Ph-BPE in a 7.0:3.0
ratio (36.0 mg total, 71.0 !mol; L2:Cu = 1.21:1). Each vial was equipped with a
small oven-dried PTFE stir-bar, sealed with a PTFE/silicone septum-cap, and
charged with THF-d8 (190 !L). DMMS (145 !L, 125 mg, 1.18 mmol) was added to
each mixture immediately afterward. The resulting mixtures were stirred at rt for
15 min, during which time all Cu(OAc)2 dissolved and the color turned orange.
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Each mixture was charged with styrene (6a, 70.0 !L, 63.4 mg, 0.609 mmol) using
an over-dried glass microsyringe and aged at rt for 2h. At this point, a 400 !L
aliquot of the phenethylcopper solution for Experiment A was transferred to one
oven-dried medium-wall J-Young NMR tube, and a 400 !L aliquot of the
phenethylcopper solution for Experiment B was transferred to another. Both
tubes were charged with 125 !L of a stock solution prepared from 3-phenylpyridine
(217.5 mg, 1.40 mml) and 300 !L THF-d8. Upon addition of the heterocycle, each
tube was sealed with PTFE piston, upended several times to ensure homogeneity,
removed from the glovebox, and frozen in liquid N2 pending analysis. The probe of
a Bruker 500 NMR spectrometer was stabilized at –30°C, and the reaction mixture
used in Experiment A was removed from cryogen, briefly thawed at rt, and
injected into the spectrometer. Proton and 31P NMR spectra were recorded to afford
an estimate of the (R,R)R:(R,R)S ratio near the start of the reaction (ca. 4%
conversion of 1d), and then the probe was warmed to 0 °C. Proton and 31P NMR
spectra were then recorded alternately over the course of 5 h, by which time the
conversion of 1d was found to be 81%. The reaction mixture used in Experiment
B was subsequently thawed and analyzed in the same fashion. For each reaction
mixture, the approximate fraction of total copper present as the major
phenethylcopper ( R,R ) R -9a in Experiment A and {( R,R ) R -9a + ( S,S ) S -9a} was
calculated for each 31P NMR time-point in the manner described in Sections 9.1.i
and 9.2.i. These data are plotted as a function of the approximate conversion of 1d
at the time the spectrum was recorded, which was taken to be the midpoint between
the conversions evident from the 1H NMR spectra recorded immediately prior to
and immediately after the 31P NMR time-point in question.
The two reaction mixtures exhibited comparable, but not identical, approximate
proportions of total Cu present as 9a (Figure SI-40). However, despite exhibiting a
resting state with a much lower dr (Figure SI-41) than that in Experiment A –
and thus having an accordingly much lower fraction of total copper present as the
major diastereomer (Figure SI-42) – the reaction mixture in Experiment B (7:3
(R,R):(S,S)-Ph-BPE) gave a rate of catalytic dearomatization comparable to that
obtained with Experiment A (Figure SI-43. This implies that reaction via the
minor diastereomer (present as ( R,R )S-9a + ( S, S) R -9a in Experiment B) is a
major contributor to the total rate of reaction in Experiment B. However, the dr
of product 7a (determined at ca. 75% conversion) generated in Experiment B was
substantially lower {3:7:1 (anti -7da):(syn -7da)} than when the minor
phenethylcopper was a trace component of the resting state {9.1:1 (anti -7da):(syn 7da) in Experiment A}. This demonstrates that, unlike ( R,R ) R -9a, ( R,R ) S -9a
undergoes dearomatization with very poor anti-selectivity. The altered
diastereoselectivity for dearomatization via the minor phenethylcopper has been
present for every heterocycle substrate we have investigated, and in several cases
the differences are extreme. For example, pyridazine undergoes dearomatization
with dr >28:1 in the presence of 100% (R,R)-Ph-BPE yet gives a dr close to 1:1 when
dearomatization is conducted with 1:1 (R,R):(S,S)-Ph-BPE. It is plausible in such
cases that ( R,R ) S -9a is actually selective for syn -7. The fact that relative
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configuration of the catalyst can profoundly affect the diastereoselectivity of the
addition step indicates that substrate-controlled interactions cannot account for
diastereodetermination.
The NMR data used in the dr calculations for the two reactions are shown in
Figures SI-44, A and B. There are two well-resolved signals for the major
diastereomer of anti -7dh: a doublet at ! 6.11 ppm (J = 7.9 Hz; MAJ6)
corresponding to C6–H and a double-doublet at d 4.87 (J = 7.9, 4.6 Hz; MAJ5)
corresponding to C5–H. The C4–H protons of anti- 7dh and syn- 7dh coresonate as
an apparent t at d 4.08 (J = 4.1Hz), and the C5–H overlaps one of the satellites of
the DMMS Si–H resonance at d 4.34 ppm. Thus one can calculate the integrals of
signals for the minor diastereomer in several ways, e.g., as INT(MAJ4 + min4) –
INT(MAJ5), INT(MAJ4 + min4) – INT(MAJ6), or INT(min5 + S) – INT(S), etc.,
where INT(x) denote the integral associated with signal x. The (anti -7dh):(syn7dh) ratio can then be estimated as INT(MAJ):INT(min) for any given choice of
major and minor signals. All give similar results: an (anti- 7dh):(syn- 7dh) ratio of
1.00:0.11 = 9.1 for the reaction run with 100% (R,R)-Ph-BPE, and an (anti7dh):(syn- 7dh) ratio in the range of 3.6:1–3.8:1 for the reaction conducted with
7.0:3.0 (R,R):(S,S)-Ph-BPE.

Approximate % of total copper present as 9a

100% (R,R)-Ph-BPE
7.0:3.0 (R,R):(S,S) PhBPE

Approximate %
conversion of 1d

Fi gu re S I -40 : Composition of the catalyst resting state during dearomatization of 1d with
6a using 31P-NMR-based estimates.
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Phenethylcopper dr in Experiment B, i.e.
(R,R)R-9a
+

(S,S)S-9a

:

(R,R)S-9a
+

7.0:3.0 (R,R):(S,S) Ph-BPE

(S,S)R-9a

Approximate % conversion
of 1d

Fi gu re S I -41 : The phenethylcopper dr is constant and very low
throughout dearomatization with 7.0:3.0 (R,R):(S,S)-Ph-BPE.
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Approximate % of total copper present major phenethylcopper:
(R,R)R-9a (Experiment A)
{(R,R)R-9a + (S,S)S-9a} (Experiment B)

100% (R,R)-Ph-BPE
7.0:3.0 (R,R):(S,S) PhBPE

Approximate %
conversion of 1d

Fi gu re S I -42 : The proportion of Cu present as the major phenethylcopper is much
lower with 7.0:3.0 (R,R):(S,S)-Ph-BPE than with 100% (R,R)-Ph-BPE.
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% conversion of 1d

100% (R,R)-Ph-BPE
7.0:3.0 (R,R):(S,S) PhBPE

Time (min)

Fi gu re S I -43 : Reaction rates are very similar for both experiments.
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(A)

Me

Ph

Me

Ph

MAJ6

N

N
MAJ SiR3

MAJ4
+ min4

Ph

Ph

min

SiR3

MAJ5
S

min5
+S

(B)

MAJ6

MAJ5

MAJ4
+ min4
S

min5
+S

Fi gu re S I -44 : Estimation of the (anti):(syn) ratio for product 7da in reactions with
(A) 100% (R,R)-Ph-BPE and (B) 7.0:3.0 (R,R):(S,S)-Ph-BPE.
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9.2.iii. Correlation of the er of product 7dh with the proportion of total
product formed via the minor phenethylcopper.
3-F-styrene
(1.52 equiv)
DMMS
(2.52 equiv)

Ph
N

1d

Ar

Ph

1.5% Cu(OAc)2
1.9% (R,R)-L2
THF, C, rt, t

C = [3-Ph-Pyr]
t = time

Ar

Me

N

7dh

PhMe, rt

N

42dh

Ar = 3-F-Ph

(anti:syn) of 7dh er of 42dh

Exp.

C

t

A
B
C

1.0 M

66 h

97

0.061 M

18 h
66 h

75

30:1
25:1

83

22:1

0.061 M

Ph

O2

SiMe(OMe)2

NMR yield of 7dh

Me

35:1
10:1
8.0:1

General Note. Having established that both diastereomers of 9 undergo
dearomative addition to 1d, it becomes possible to use the phenomenon of
kinetically controlled catalyst dr to determine how the proportion of total reaction
that occurs via the minor phenethylcopper influences the enantioselectivity of the
catalytic reaction. If one conducts dearomatization at very low catalyst loading,
then convergence of the mixture of ( R,R ) R -9 and ( R,R ) S -9 initially present to
( R,R ) R -9 via catalytic recycling occurs while the catalytic reaction is still at very
low conversion. In that case, terminating reactions at intermediate conversion
strictly lowers the proportion of total product formed via the minor phenethylcopper
relative to reactions run to high conversions. This is because aborting the reaction
ensures that less of the total product (7) is generated during the phase of
deteriorated catalyst dr that occurs late in the reaction. Experiments B and C in
the table above show that premature termination of the reaction increases both the
er and dr of 7dh. Further, as described in Section 9.2.i., kinetic control of the
catalyst dr during dearomatization with enantiomerically pure Ph-BPE arises
because the dearomative addition step obeys a bimolecular rate law
(!"#$ = !eff [!"][ R,R R–!"]), whereas epimerization is a first-order equilibration
process for 9h having !"#$ ~ !!"# R,R R–!" when the (R,R)R:(R,R)S ratio is very
high (i.e., when the fractional distance from equilibrium is very large). It is easy to
see that the selectivity factor for the two processes (! = !eff [!"]) must increase as the
reaction concentration increases. Experiments A and C show that increasing the
concentration – and thus favoring dearomative addition of ( R,R ) R -9h over
epimerization – markedly increases the enantioselectivity (as determined after
derivatization to 42dh). This outcome, and the dependence of the er on conversion,
both show that reaction via ( R,R ) R -9h is responsible for the highly selective
formation of C!-( S )- anti -7dh observed under typical conditions, proving that the
dearomative addition step is itself stereoretentive
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Procedure
Step One. Inside a glovebox, an oven-dried calorimetry vial was charged with
Cu(OAc)2 (6.35 mg, 35.0 !mol) and (R,R)-Ph-BPE (22.2 mg, 43.8 !mol), equipped
with an oven-dried PTFE stir bar, and sealed with a PTFE/silicone septum-cap.
The solids were dissolved in THF (810 !L), and DMMS (720 !L, 6.85 mmol) was
added immediately afterward. The mixture was stirred at rt for 15 min, during
which time all of the Cu(OAc)2 dissolved and the color turned orange. The solution
was charged with 3-fluorostyrene (420 !L, 3.52 mmol) and stirred at rt for 50 min.
Step Two. A 330 µL aliquot of the phenethylcopper solution was transferred to an
oven-dried one-dram vial that had been equipped with a small oven-dried PTFE
stir-bar and sealed with a screw-on PTFE/silicone septum-cap. The vial was
charged with 3-phenylpyridine (55.0 !L, 50.0 mg, 0.387 mmol), completing the
preparation of reaction mixture A. Two oven-dried calorimetry vials that had been
equipped with small PTFE-stir bars and sealed with PTFE/silicone septum-caps
were each charged with a 330 !L aliquot of the phenethylcopper solution and then
diluted with 6.00 mL THF. Each of these vials was subsequently charged with 3phenylpyridine (55.0 !L, 50.0 mg, 0.387 mmol), completing the preparation of
reaction mixtures B and C. The three reaction mixtures described above were
stirred at rt inside the glovebox for the indicated duration.
Step Three: NMR analysis of crude 7dh from mixture B (C = 0.061M, t = 18 h)
and isolation of 42dh after oxidation. After 17 h, 1,3,5-trimethoxybenzene (25.6
mg, 0.152 mmol) was added to mixture B as an internal standard, which was then
agitated to ensure homogeneity. A 3.4 mL aliquot of the mixture was transferred
using a disposable 1.00 mL syringe to an oven-dried glass culture tube. The tube
was equipped with the adapter assembly depicted in Figure SI-7, removed from the
glovebox, and connected to a dual manifold with two liquid-N2-cooled traps. The
mixture was immersed in a ca. –35 °C CO2/MeCN slurry for several minutes. The
volatile reactants (DMMS and 3-fluorostyrene) were the stripped out of the mixture
under high vacuum (18 h after addition of heterocycle), leading to termination of the
reaction (NB, a dearomatization reaction under these conditions does not proceed at
a meaningful rate at –35 °C). The resulting residue was further dried under high
vacuum for 30 min, reintroduced into the glovebox, and dissolved in C6D6 (0.600
mL). The resulting solution was transferred to an oven-dried medium-wall J-young,
which was sealed with a PTFE piston. The mixture was analyzed by 1H NMR
spectroscopy (d1 = 24 s), and conversion to 1,4-DHP 7dh was calculated as 75% by
comparison of the integrals of diagnostic resonances of 7dh to the integral of the
internal standard peak. The NMR tube was returned to the glovebox and the
sample was pipetted back into the culture tube using 3.0 mL anhydrous, degassed
toluene to complete the transfer. The tube was sealed with a new septum-cap,
removed from the glovebox, and the headspace was purged with O2 (g) with a vent
needle in place. The mixture, which became an emerald-green solution, was then
stirred under an atmosphere of O2 at rt overnight. On the subsequent day,
saturated NH4F in MeOH (3.0 mL) was injected into the tube, and the resulting
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suspension was stirred at rt for 1 h, concentrated using a rotary evaporator, and
filtered through a plug of silica gel, eluting with EtOAc. The filtrate was
concentrated using a rotary evaporator to yield the crude C4-functionalized pyridine
42dh as an oily residue, which was purified by preparative TLC using 1:4
acetone:hexanes as the eluent. The product band was stripped away from the plate
with a razor blade, extracted with EtOAc, and filtered through a Chem-R-Us
disposable plastic filter. The filtrate was concentrated to provide a purified sample
of 42dh for analysis of chiral purity (er = 10:1 for 42dh isolated from mixture B) by
chiral SFC (6% isocratic DEA/MeOH in scCO2, fr = 2.5 mL/min, OD-H column).
Step Four: NMR analysis of crude 7dh from mixtures A (C = 1.0 M, t = 66 h) and
C (C = 0.061M, t = 66 h) and isolation of 42dh after oxidation. After 66 h, mixtures
A and C were concentrated on a vacuum manifold as described in Step Three, albeit
without cooling in CO2/MeCN in this case. The residues were processed in the
manner described in Step Three so as to provide 1H-NMR-based estimates for
conversion to 7dh (98% for mixture A, 83% for mixture C) and measurements of the
chiral purity of 42dh (35:1 er for mixture A, 8:1 er for mixture C).

9.2.iv. Monitoring the catalyst resting state during dearomatization of
3-Ph-pyridine (1d) with 3-fluorostyrene (6h).
F
Cu(OAc)2
9.4 mol%
relative to 1d
+

F

F
Ph

DMMS
3.1 equiv

(R,R)-Ph-BPE THF-d8, rt
= (R,R)-L2
(L2:Cu = 1.20:1)

Me

Me
“ [(R,R)-L2]CuH “

6h
1.58 equiv

Cu[(R,R)-L2]

(R,R)R-9h
+ (R,R)S-9h
L2 = Ph-BPE

N

1d

(0.297 mmol)
0 °C, inside
NMR probe

Ph
N

7dh

SiMe(OMe)2

conversion of 1d estimated by 1H NMR
quantitation of 9h by 31P NMR

Procedure. Inside a glovebox, an oven-dried one-dram vial was charged with
Cu(OAc)2 (10.0 mg, 55.1 !mol) and (R,R)-Ph-BPE (33.5 mg, 66.1 !mol; 1.20 L2:Cu
ratio), equipped with an oven-dried PTFE stir-bar, and sealed with a PTFE-silicone
septum-cap. The internal standard, para-fluoroanisole was added with a
microsyringe and the quantity added was weighed (11.3 mg, 89.6 !mol). The
resulting mixture was dissolved in THF-d8 (600 !L), and DMMS (220 !L, 1.79
mmol) was added immediately afterward. The mixture was stirred at rt for 5 min,
by which time the solution had become yellow in color. At this point, 3fluorostyrene (110 !L, 0.923 mmol) was added, and the hydrocupration reaction
mixture was stirred at rt for 1 h inside the glovebox. A 500 !L aliquot of the
phenethylcopper solution was then transferred to an oven-dried medium-wall JYoung NMR tube, which was sealed with a PTFE piston and removed from the
glovebox. The mixture was further aged at rt for 1 h, and then frozen in liquid N2
pending analysis. It was estimated that the 500 !L aliquot introduced into the
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1d

263K
263K
263K
253K
253K
253K

Increasing time,
conversion of 1d
anti-7dh

Figure SI-45: Time-lapsed plot of representative 1H NMR spectra from dearomatization of 1d
with 6h
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Figure SI-46: Time-lapsed plot of representative 31P
NMR spectra from dearomatization of 1d with 6h

Increasing time, conversion of 1d
Resting state after addition of 1d
Between 90-93% conversion of 1d
9h ~ 88% of Cu (31P est.)

T=
263K

Resting state after addition of 1d
Between 73-81% conversion of 1d
9h ~ 86% of Cu (31P est.)

T=
263K
(R,R)-Ph-BPE

T=
263K

Resting state after addition of 1d
Between 62-73% conversion of 1d
9h ~ 85% of Cu (31P est.)

(R,R)R-9h

Warm to 263K
Resting state after addition of 1d
Between 45-55% conversion of 1d
9h ~ 85% of Cu (31P est.)

T = 253K

Resting state after addition of 1d
Between 38-45% conversion of 1d
9h ~ 83% of Cu (31P est.)

T = 253K

(R,R)R-9h
(R,R)S-9h Phenethylcopper mixture
Before addition of 1d
9h ~ 83% of Cu (31P est.)

(R,R)-Ph-BPE

T = 253K
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Fi gu re S I -47 : Time-lapsed plot of representative 31P NMR spectra from
dearomatization of 1d with 6h

Increasing time, conversion of 1d
Resting state after addition of 1d
Between 90-93% conversion of 1d
9h ~ 72% of Cu (19F est.)

T=
263K
T=
263K

Resting state after addition of 1d
Between 73-81% conversion of 1d
9h ~ 70% of Cu (19F est.)

3-F-Sty

anti-7dh

(R,R)R-9h

T=
263K

Resting state after addition of 1d
Between 62-73% conversion of 1d
9h ~ 71% of Cu (19F est.)

Warm to 263K
T=
253K

T=
253K

T=
253K

Resting state after addition of 1d
Between 45-55% conversion of 1d
9h ~ 67% of Cu (19F est.)
Resting state after addition of 1d
Between 38-45% conversion of 1d
9h ~ 67% of Cu (19F est.)
3-F-Styrene
Not a
Catalyst
species

Phenethylcopper mixture
Before addition of 1d
9h ~ 73% of Cu (19F est.)
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anti-7dh
(R,R)R-9h

(R,R)R-9h
(R,R)S-9h

NMR tube contained 28.0 !mol copper, 33.6 !mol (R,R)-Ph-BPE, 0.909 mmol
DMMS, and 0.469 mmol 3-fluorostyrene.
The probe of a Bruker 501 NMR spectrometer was cooled to 0 °C, and the NMR
sample was thawed and injected into the spectrometer. Fluorine-19 (16 scans, d1 =
20s, 01p = –121 ppm) and phosphorus-31 NMR spectra were recorded, the probe
was cooled to –20 °C, and a second round of 19F and 31P NMR analyses were
performed at this temperature using the same acquisition parameters.
The NMR sample was ejected from the probe, kept frozen in liquid N2 during
transport, briefly thawed, and returned to the glovebox. The tube was unsealed,
charged with 75 !L of a solution prepared from 3-phenylpyridine (140.0 mg, 0.902
mmol) and THF-d8 (100 !L), resealed, upended several times, removed from the
glovebox, and refrozen. It was estimated that 0.297 mmol 3-phenylpyridine had
been added to the NMR tube, giving relative stoichiometry values of 9.4 mol%
copper, 3.06 equiv DMMS, and 1.58 equiv 3-fluorostyrene. Copper and 4fluoroanisole were present in a mol ratio of 0.615:1. The tube was briefly thawed
and injected into the spectrometer probe, which had been maintained at –20 °C
since the prior analyses. Proton, 19F, and 31P NMR spectra were periodically
recorded until the reaction had reached ca. 50% conversion of 1d as determined
from 1H NMR integrals. The probe of the spectrometer was then warmed to –10 °C
and further rounds of analyses were performed using the same parameters as above
until the conversion of 1d was > 90%. Figure SI-45 provides a time-lapsed plot of
representative 1H NMR spectra acquired during the reaction, with diagnostic
resonances for 1d and anti -7dh indicated. Phosphorus-NMR-based estimates of
total copper present as ( R,R ) R -9h + ( R,R ) S -9h were calculated as described in
section 9.1.i and are included in the spectral plot in figure SI-46. Fluorine-NMRbased estimates of total copper present as phenethylcopper were calculated by
comparing the integral of the 19F NMR signals associated with ( R,R ) R -9h and
( R,R ) S -9h to the integral of the signal of internal 4-fluoroanisole and are included
in the spectral plot in Figure SI-47. The latter two plots both indicate that 9h was
present as the major catalyst species throughout the reaction and that its relative
abundance was not markedly changed upon addition of heterocycle to the
hydrocupration reaction mixture; neither shows the presence of any other major
catalyst species.
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9.2.v. Comparison of the resting state for dearomatization of 3-(paramesylphenyl)pyridine (1g) to that of 3-phenylpyridine (1d): direct
observation of N-cuprated-1,4-DHP catalytic intermediate 10gh.
H

F
F

13C

H

Cu(OAc)2
4.3 mol%
relative to 1
+

DMMS
4.9 equiv

H
“ [(R,R)-L2]CuH “

(R,R)-Ph-BPE THF-d8, rt
= (R,R)-L2
(L2:Cu = 1.38:1)

Experiment A

1d

Het =

13C

1g

Cu[(R,R)-L2]

1.1 equiv

N
1d or 1g

0.25-0.26 M
-30 °C-rt,

13C

Me
Ar

N

7dh
or

7gh

SiMe(OMe)2

conversion of 1d estimated by 1H NMR
(Experiment A and B)
Me

SO2Me

SO2Me
N

N

6h F

Me

(R,R)R-9h
+ (R,R)S-9h
L2 = Ph-BPE

H

Experiment B

13C

F

Het =
N

Ar

observation of 9h by 31P, 19F, 13C NMR
(Experiment A and B)
observation of 10gh by 31P, 19F, 13C NMR
(Experiment B)

10gh

Cu[(R,R)-L2]

General Note. As described in Section 8, analysis of the double-dearomatization
PES suggested that !BM should become kinetically relevant for 1g, leading to
10gh becoming an observable catalytic intermediate. The following two
experiments involve characterization of the respective catalyst resting states for
dearomatization of 1g and 1d with 3-fluorostyrene-!-13C using 31P, 13C, and 19F
NMR spectroscopy. Due to the rapidity of the reaction of 3-fluorostyrene with 1g
and the small quantity of catalyst present, NMR spectra were recorded at (–30 °C),
at which temperature the dearomatization reaction occurred at a negligible rate, in
order to facilitate long acquisition times and attainment of high-quality data. The
NMR sample was then allowed to warm to rt outside the spectrometer for brief
intervals to permit incrementally increased conversion of 1g before being
reintroduced into the spectrometer and reanalyzed. We have previously confirmed,
including in the dearomatization of 1d with 6h, that cooling the dearomatization
reaction mixtures to temperatures below those required for efficient turnover does
not result in a change in the distribution of observable Cu species present relative
to resting state observed during catalysis.
Procedure. Inside a glovebox, an oven-dried glass one-dram vial was charged with
Cu(OAc)2 (3.60 mg, 19.8 !mol), (R,R)-Ph-BPE (13.9 mg, 27.4 !mol; L2:Cu = 1.38:1),
and ca. 4 !L of 4-fluoroanisole (19F NMR internal standard). The vial was equipped
with an oven-dried PTFE stir-bar and sealed with a PTFE/silicone septum-cap. The
solids were dissolved in THF-d8 (275 !L), and DMMS (130 !L, 2.23 mmol) was
added immediately afterward. The resulting mixture was stirred at rt for 10 min,
during which time all Cu(OAc)2 dissolved and the color turned yellow-orange. A 225
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(R,R)-10gh
integral = 0.93

(R,R)-10gh
integral = 0.79

(R,R)-10gh
integral = 0.64

(R,R)-10gh
(very broad)
integral = 0.25

11% conv.
of 1g

(R,R)R-9h
integral = 1.04
(R,R)S-9h

39% conv.
of 1g

60% conv.
of 1g

88% conv.
of 1g

(R,R)R-9h
integral = 1.20

(R,R)R-9h
integral = 1.43

(R,R)R-9h
integral = 1.79
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Figure SI-48: Time-lapsed plot of 31P NMR plot showing changes in the catalyst resting state
during dearomatization of 1g with 6h. The amount of Cu as 9 +10 is conserved, but [10]
decreases and [9] increases as conversion of 1g increases.

(R,R)-Ph-BPE
Integral
= 1.00

Integral
= 1.00

Integral
= 1.00

Integral
= 1.00

Increasing time,
conversion of 1g

(R,R)-10gh

anti-7gh

88% conv.
of 1g

60% conv.
of 1g

39% conv.
of 1g

11% conv.
of 1g

(R,R)R-9h

Fi gu re S I -49 : Time-lapsed 13C NMR plot for dearomatization of 1g with 6h . The diagnostic signal for 10 is a
singlet, indicating that it corresponds to a benzylic carbon bound to carbon rather than Cu. Like the 31P
diagnostic, this signal decays over the course of the reaction.
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(R,R)-10gh

(R,R)R-9h

(R,R)R-9h
(R,R)S-9h

11% conv.
of 1g

39% conv.
of 1g

60% conv.
of 1g

88% conv.
of 1g
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Fi gu re S I -50 : Time-lapsed 19F NMR plot for dearomatization of 1g with 6h . The diagnostic
resonance for 10 gh decays throughout the reaction while that of 9h gets larger.

Increasing time,
conversion of 1g

anti-7gh
(R,R)-10gh

Resting state for dearomatization
of 1g at 11% conversion.

anti-7dh

Resting state for
dearomatization of 1d

(R,R)R-9h

(R,R)R-9h

THF-d8

THF-d8

Fi gu re S I -51 : There is no significant 13C NMR signal analogous to the diagnostic resonance for
10 gh in the resting state during dearomatization of 1d with 6h .
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(R,R)-10gh
integral = 0.93

Resting state for
dearomatization of 1d

(R,R)R-9h
integral = 2.01

Resting state for
dearomatization of 1g
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Figure SI-52: There is no significant 31P NMR signal analogous to the diagnostic resonance for 10gh in the resting
state during dearomatization of 1d with 6h.

Integral
= 1.00

(R,R)-Ph-BPE

Integral
= 1.00

(R,R)R-9h
integral = 1.04

(R,R)-10gh

(R,R)R-9h

Resting state for
dearomatization of 1d

Resting state for dearomatization
of 1g at 39% conversion.

anti-7gh

anti-7dh

(R,R)R-9h

Fi gu re S I -53 : There is no significant 19F NMR signal analogous to the diagnostic resonance for 10 gh in
the resting state during dearomatization of 1d with 6h .
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F

F
H
13C

Me

H

SO2Me

13C

Me

anti-7gh

N

anti-7dh

N

SiMe(OMe)2

SiMe(OMe)2

F
F

H
H
13C

13C

Me

SO2Me

Me

Cu[(R,R)-L2]

N

(R,R)R-9h

10gh

Cu[(R,R)-L2]
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!L aliquot of a ca. 2.2 M solution of 3-fluorostyrene-!-13C in THF-d8 (0.495 mmol)
was injected, and the resulting mixture was stirred at rt for 1 h. While the
phenethylcopper mixture was being aged, solutions of 1d (27.3 mg, 0.176 mmol +
400 !L THF-d8) and 1g (40.8 mg, 0.175 mmol + 400 !L THF-d8) were prepared.
Each heterocycle solution was transferred to its own oven-dried medium-wall JYoung NMR tube using oven-dried glass pipets. Each tube was then charged with a
250 !L aliquot of the phenethylcopper stock solution and sealed with a PTFE
piston. The NMR tubes were upended several times to ensure homogeneity, rapidly
removed from the glovebox, and frozen in liquid N2 pending analysis (about five
minutes elapsed between addition of the phenethylcopper solution and freezing).
The reaction mixture prepared from 1d exhibited a yellow-orange color typical for
dearomatization reaction mixtures, whereas the mixture prepared from 1g took on
a vivid salmon-pink color as soon as the heterocycle was exposed to
phenethylcopper. It was estimated that each 250 !L aliquot of the phenethylcopper
stock solution delivered 7.60 !mol Cu (4.3 mol%; all relative stoichiometry values
are referenced to 1 and are the same for both experiments), 10.5 !mol (R,R)-Ph-BPE
(6.0 mol%), 0.856 mmol DMMS (4.9 equiv), and 0.190 mmol 3-fluorostyrene- !-13C
(1.1 equiv). The approximate initial heterocycle concentrations were [1d]0 ~ 0.26 M
for Experiment A and [1g]0 ~ 0.25 M for Experiment B.
Once the probe of the NMR spectrometer had been stabilized at –30°C, the reaction
mixture prepared from 1g was removed from cryogen, briefly thawed, and then
injected into the spectrometer. Proton, 13C, 19F, and 31P NMR spectra were
recorded, with only minor (11%) conversion to 7gh being evident at this time. The
mixture was warmed to rt for 10 min outside the probe and then reanalyzed in the
same fashion, with 1H NMR integrals indicating ca. 39% conversion of 1g. The
mixture was again warmed for 10 min outside the spectrometer and the subjected to
reanalysis, with conversion of 1g having increased to 60%. The reaction mixture
was aged outside the spectrometer for 23 min and subjected to a final round of
analyses performed when the reaction was at 88% conversion of 1d. The vivid pink
color noted at the beginning of the reaction progressively faded as the conversion
increased, ultimately giving way to the yellow-orange color typical of
dearomatization reaction mixtures. The reaction mixture prepared from 3-Phpyridine was subsequently thawed and analyzed by 1H, 19F, 13C, and 31P NMR
spectroscopy in the same manner.
Intermediate 10gh had clearly visible diagnostic 19F (m, ! –118.0 ppm, 243 K), 13C
(br. s, ! 47.11 ppm), and 31P NMR resonances (br. s, ! 11.5 ppm) indicative of a new
species containing both a CuL2 fragment and an !-phenethyl group bound at C! to
C rather than Cu. It was a major component of the catalyst resting state during
dearomatization of 1g with 6h, particularly at early reaction times. As the
conversion increased, the diagnostic signals for 10gh all simultaneously
diminished, while those of phenethylcopper 9h, initially present in a much lower
amount than usual, simultaneously increased. The manner in which the
distribution of catalyst species evolves over time during dearomatization of 1g is
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consistent with dearomative isomerization and !BM steps having comparable
activation barriers. As the reaction progresses, the proportional decrease in the
concentration of 1g is much larger than the proportional decrease in the
concentration of [DMMS], because the latter is used in a significant excess (4.9
equiv); this leads to increasing accumulation of catalyst as 9h. At very high
conversion of 1g, dearomatization approaches the limit of being turnover-limiting,
and 9h resumes its role as the MACS. In contrast, observable signals attributable
to the analogous N-Cu-1,4-DHP intermediate 10dh were either negligible or absent
when the resting state for dearomatization of 1d was analyzed, and the initial
concentration of 9h in that experiment was much higher. Experiment 5.2.iv. above
established that 9h is the MACS throughout the catalytic dearomatization of 1d,
implying the dearomatization step is intrinsically more difficult than !BM by a
sufficiently large margin that the resting state becomes insensitive to changes in
reactant concentrations.

10. NMR-Monitoring of Catalytic Dearomatization Reactions. Study of the Effect of
Heterocycle and Olefin Structure on Rate and Selectivity.
10.1. In situ 1 H-NMR monitoring of dearomatizations with vinyl arenes

10.1.i. Dearomatization of substituted pyridines with styrene.
Procedure. Inside a glovebox, an oven-dried one-dram vial was charged with
Cu(OAc)2 (18.0 mg, 99.1 !mol) and (R,R)-Ph-BPE (70.4 mg, 139 !mol; 1.40:1 L2:Cu),
equipped with a small oven-dried PTFE stir-bar, and sealed with PTFE/silicone
septum-cap. The solids were dissolved in THF-d8 (1.92 mL), and DMMS (610 !L,
526 mg, 4.96 mmol) was added immediately afterward. The septum-cap was
quickly replaced, and the resulting mixture was stirred at rt for 15 min, during
which time all Cu(OAc)2 dissolved and the color turned yellow-orange. Styrene (340
!L, 308 mg, 2.96 mmol) was added, and the resulting mixture was stirred at rt.
Another oven-dried one-dram vial was charged with the indicated heterocycle (0.300
mmol; weighed) and a quantity of 2,6-dimethoxytoluene (the 1H NMR internal
standard) in the range of 0.13–0.16 mmol. This vial was sealed with a septum-cap.
Once the phenethylcopper stock solution had been aged for 15 min, a 540 !L aliquot
of it was transferred to the vial containing the heterocycle. It was estimated that
the 540 !L aliquot contained 3.29 mg Cu(OAc)2 (18.1 !mol, 6.0 mol%), 12.9 mg
(R,R)-Ph-BPE (25.4 !mol), 112 !L DMMS (0.908 mmol, 3.03 equiv), and 62.0 !L
styrene (0.542 mmol, 1.81 equiv). The resulting dearomatization reaction mixture
was agitated several times to ensure homogeneity and then transferred to an ovendried medium-wall J-Young NMR tube, which was then sealed with a PTFE piston
and removed from the glovebox. Proton NMR spectra (8 scans, d1 = 24s) were
recorded after 3–4 h,7–8 h, and 23–24 h. NMR yields of 1,4-DHP 7 were calculated
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Ph

+

X

DMMS (3.0 equiv),
THF-d8 (0.5 mL), rt

6a

1

R1

6.0% Cu(OAc)2,
8.5% (R,R)-Ph-BPE

R2
N

Me

Ph

R1

N

7

yield and dr quantified
by 1H NMR

1.8 equiv

Me

X

SiMe(OMe)2

Me

Me

OMe

CO2Me
N

N

7ba

SiMe(OMe)2
90% yield (3.5h)
92% yield (23.5h)
4.6:1 (anti):(syn)

SiMe(OMe)2
96% yield (4h)
>30:1 (anti):(syn)

Me
CF3

OMe
N

SiMe(OMe)2
75% yield (7.5h)
98% yield (23.5h)
25:1 (anti):(syn)

SiMe(OMe)2
45% yield (8h)
78% yield (24h)
12:1 (anti):(syn)

7ja

SiMe(OMe)2
88% yield (3.5h)
95% yield (7h)

Me

Me

Me

SiMe(OMe)2
8% yield (7h)
20% yield (23.5h)
2:1 dr

N

7ia

Me

N

7la

N

7ha

Me

N

7ka

N

SiMe(OMe)2
95% yield (4h)
>28:1 dr

Me

N

N

7ea

Me

7ca

R2

N

OMe

SiMe(OMe)2
2% yield (7h)
7% yield (23h)
2:1 dr

CF3

7ma

SiMe(OMe)2
6% yield (7.5h)
12% yield (23.5h)
2:1 dr

by comparing the integrals of the diagnostic signals of 7 to the integral of the
internal standard peak.
Pyridines bearing substituents at C3 yield easily assigned anti- and syndiastereomers due to the presence of reliable, diastereomer-specific anisotropic
interactions involving their diagnostic protons. See Ref. 4 for more detail.
Diastereomers associated with 2-substituted 1,4-DHPs were easily identified but
not readily assigned from their 1H NMR spectra. The minor diastereomer of
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pyridazine could not be readily identified from NMR spectra of reaction mixtures
generated using enantiomerically pure ligand because the level of
diastereoselectivity was too high. However, given a reversal in diastereoselectivity
observed for dearomative addition of the minor phenethylcopper to this heterocycle,
we were able to prepare samples containing it in 1:1 ratio with the normally major
1,4-DHP diastereomer by conducting the dearomatization with 1:1 (R,R):(S,S) PhBPE.

Methyl 1-(dimethoxy(methyl)silyl)-4-((S)-1-phenylethyl)-1,4-dihydropyridine-3carboxylate (7ba)
Me
CO2Me
N

7ba
1H

SiMe(OMe)2

NMR (500 MHz, THF-d8):

Anti diastereomer
δ 6.01 (dd, J = 7.8, 1.2 Hz, 1H; C6–H), 4.93 (dd, J = 7.8, 5.1 Hz, 1H; C5–H), 3.09
(apparent qd, J = 7.3, 4.4 Hz, 1H; C!–H), 1.27 (d, J = 7.3 Hz, 3H; C!–CH3).
Syn diastereomer
δ 6.23 (dd, J = 8.0, 1.2 Hz, 1H; C6–H), 4.47 (dd, J = 7.9, 4.8 Hz, 1H; C5–H), 3.19
(apparent dtd, J = 9.6, 7.0, 5.9, 3.7 Hz, 1H; C!–H), 1.24 (d, J = 7.2 Hz, 3H; C!–CH3).
Conversion to 7ba: 90% (3.5 h), 93% (7 h), 92% (23.5 h; no 1b remaining).
(Anti):(Syn) = 4.6:1 (23.5 h)

(S)-1-(dimethoxy(methyl)silyl)-3-methyl-4-((S)-1-phenylethyl)-1,4-dihydropyridine
(7ca)
Me
Me
N

7ca
1H

SiMe(OMe)2

NMR (500 MHz, THF-d8):

Anti diastereomer
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δ 6.07 (dd, J = 7.8, 1.2 Hz, 1H; C6–H), 4.63 (dd, J = 7.9, 4.4 Hz, 1H; C5–H), 3.24
(apparent t, J = 4.1 Hz, 1H; C4–H), 3.00 (qd, J = 7.2, 3.7 Hz, 1H; C!–H), 1.29 (d, J =
7.3 Hz, 3H; C!–CH3).

Syn diastereomer
δ 6.21 (d, J = 8.0 Hz, 1H; C6–H), 4.09 (dd, J = 8.0, 4.1 Hz, 1H; C5–H).
Conversion to 7ca: 51% (3.5 h), 75% (7 h), 98% (23.5 h, <1% 1c remaining).
(Anti):(Syn) = 25:1 (23.5 h).

1-(dimethoxy(methyl)silyl)-4-((S)-1-phenylethyl)-1,4-dihydropyridazine (7ea)
Me

N

7ea
1H

N

SiMe(OMe)2

NMR (500 MHz, THF-d8):

Major diastereomer
δ 6.57 (apparent t, J = 2.6, 1H; C3–H), 6.38 (d, J = 8.4 Hz, 1H; C6–H), 4.38 (ddd, J =
8.0, 4.0, 2.7 Hz, 1H; C5–H), 3.09 (dt, J = 6.7, 3.5 Hz, 1H; C4–H), 2.75 (p, J = 7.0 Hz,
1H; C!–H), 1.32 (d, J = 7.1 Hz, 3H; C!–CH3).
Minor diastereomer
δ 6.50–6.40 (m, C6–H and C3–H), 4.44–4.40 m; C5–H).
Conversion to 7ea: 95% (4 h; no 1e remaining).
dr > 28:1 (4 h; NB, the integrals of the diagnostic signals for the minor diastereomer
are clearly inflated due to partial overlap with the much larger signals of the major
diastereomer).
(S)-1-(dimethoxy(methyl)silyl)-3-methoxy-4-((S)-1-phenylethyl)-1,4dihydropyridazine (7ha)

Me
OMe
N

7ha
1H

N

SiMe(OMe)2

NMR (500 MHz, THF-d8):
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Anti diastereomer
δ 6.34 (d, J = 7.8 Hz, 1H; C6–H), 4.54–4.51 (m, 1H; C5–H; overlaps DMMS Si–H
signal), 3.36 (apparent t, J = 4.5 Hz, 1H; C4–H), 3.19 (qd, J = 7.2, 5.1 Hz, 1H; C!–H)
1.27 (d, J = 7.3 Hz, 3H; C!–CH3).
Syn diastereomer
δ 4.12 (dd, J = 7.9, 4.0 Hz, 1H; C5–H).
Conversion to 7ea: 96% (4 h; no 1h remaining).
(Anti):(Syn) = >30:1 (4 h).
(S)-1-(dimethoxy(methyl)silyl)-3-methoxy-4-((S)-1-phenylethyl)-1,4-dihydropyridine
(7ia)
Me
OMe
N

7ia
1H

SiMe(OMe)2

NMR (500 MHz, THF-d8):

Anti diastereomer
δ 6.01 (d, J = 7.8 Hz, 1H; C6–H), 5.47 (s, 1H; C2–H), 4.59 (dd, J = 7.9, 4.4 Hz, 1H;
C5–H), 3.15 (qd, J = 7.3, 4.0 Hz, 1H; C!–H), 1.27 (d, J = 7.4 Hz, 3H; C!–CH3).
Syn diastereomer
δ 6.18 (d, J = 7.9 Hz, 1H; C6–H), 4.15 (dd, J = 8.0, 4.0 Hz, 1H; C5–H).
Conversion to 7ia: 27% (4 h), 45% (8 h), 78% (24 h, 9% 1i remaining)
(Anti):(Syn) = 12:1 (24 h)

(R)-1-(dimethoxy(methyl)silyl)-4-(1-phenylethyl)-4-(trifluoromethyl)-1,4dihydropyridine (7ja)
Me
CF3
N

7ja

SiMe(OMe)2

NMR (500 MHz, THF-d8) δ 6.41 (dd, J = 8.0, 1.4 Hz, 1H; C2/6–H), 6.29 (dd, J =
8.2, 1.4 Hz, 1H; C2/6–H), 4.61 (dd, J = 8.1, 2.9 Hz, 1H; C3/5–H), 4.45 (dd, J = 8.2, 2.9
Hz, 1H; C3/5–H), 2.98 (q, J = 7.2 Hz, 1H; C!–H), 1.38 – 1.28 (m, 3H; C!–CH3).
1H
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Conversion to 7ja: 88% (3.5 h), 95% (7 h; no 1j remaining).

(S)-1-(dimethoxy(methyl)silyl)-2-methyl-4-(1-phenylethyl)-1,4-dihydropyridine
(7ka)
Me

N

7ka
1H

Me

SiMe(OMe)2

NMR (500 MHz, THF-d8):

Major diastereomer
δ 6.30 (dd, J = 8.1, 0.8 Hz, 1H; C6–H), 4.41 (ddd, J = 8.0, 3.9, 2.3 Hz, 1H; C5–H),
4.35 (ddd, J = 3.9, 2.5, 1.3 Hz, 1H; C3–H), 1.28 (d, J = 7.1 Hz, 3H; C!–CH3).
Minor diastereomer
δ 6.35 (d, J = 8.2 Hz, 1H; C6–H), 4.46 (ddd, J = 8.2, 4.0, 2.4 Hz, 1H; C5–H), 4.29
(ddd, J = 3.8, 2.4, 1.2 Hz, 1H; C3–H), 1.28 (d, J = 7.1 Hz, 3H; C!–CH3).
Conversion to 7ka: 4% (3 h), 8% (7 h), 20% (23.5 h, 63% 1k remaining)
dr = 2:1 (23.5 h)
(S)-1-(dimethoxy(methyl)silyl)-2-methoxy-4-(1-phenylethyl)-1,4-dihydropyridine
(7la)
Me

N

7la
1H

OMe

SiMe(OMe)2

NMR (500 MHz, THF-d8):

Major diastereomer
δ 6.25 (d, J = 8.0 Hz, 1H; C6–H), 4.43 – 4.37 (m, 1H; C5–H).
Minor diastereomer
δ 6.28 (d, J = 8.1 Hz, 1H; C6–H), 4.47 – 4.44 (m, 1H; C5–H).
Conversion to 7la: 0% (3.5 h), 2% (8 h), 7% (23 h, 76% 1l remaining)
dr = ca. 2:1 (23.5 h)
(S)-1-(dimethoxy(methyl)silyl)-4-(1-phenylethyl)-2-(trifluoromethyl)-1,4dihydropyridine (7ma)
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Me

N

7ma
1H

CF3

SiMe(OMe)2

NMR (500 MHz, THF-d8):

Major diastereomer
δ 6.41 (d, J = 7.9 Hz, 1H; C6–H), 5.42 (d, J = 4.9 Hz, 1H; C3–H), 3.18 (apparent t, J
= 5.1 Hz, 1H; C4–H), 2.74 (p, J = 7.0 Hz, 1H; C!–H), 1.29 (dd, J = 7.1Hz, 3H; C!–
CH3).
Minor diastereomer
δ 6.48 (d, J = 7.9 Hz, 1H; C6–H), 5.30 (d, J = 5.4 Hz, 1H; C3–H), 4.65 (ddd, J = 7.5,
3.9, 1.8 Hz, 1H; C5–H), 1.29 (dd, J = 7.1, 3H; C!–CH3).
Conversion to 7ma: trace (3.5 h), 6% (7.5 h), 12% (23.5 h, 77% 1m remaining)
dr = 2:1 (23.5 h)
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internal
standard

syn-7ca
C6–H

anti-7ca
C2–H
anti-7ca (+ styrene C!–H)
C6–H
N

Me
Me

SiMe(OMe)2

anti-7ca

anti-7ca
C5–H

syn-7ca
C5–H

anti-7ca
C!–H

anti-7ca
C4–H

Fi gu re S I -54 : Diagnostic 1H NMR resonances for a representative C3-subsitutited 1,4-DHP (observed in situ)
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10.1.ii. Dearomatization of 3-phenylpyridine with 3-fluorostyrene.

6.0% Cu(OAc)2,
8.5% (R,R)-Ph-BPE

Ph
+
N

F

1d

6h

1.8 equiv

DMMS (3.0 equiv),
THF-d8 (0.5 mL), rt

yield, dr, and (1,4):(1,2)
quantified by 1H NMR

Me

F

Ph

7dh

99% yield (3.5h)
25:1 (anti):(syn)
(1,4):(1,2) > 80:1

N
SiMe(OMe)2

Procedure. The reaction mixture was prepared and analyzed in the manner
described in 10.1.iii. (below), albeit using a 210 !L aliquot of a heterocycle stock
solution prepared from 3-phenylpyridine (93.4 mg, 0.602 mmol), 1,3,5trimethoxybenzene as an internal standard (32.6 mg, 0.194 mmol), and 300 !L of
THF-d8. The relative stoichiometry values for other reaction components were the
same as in section 10.1.iii. [Het]0 for the dearomatization reaction mixture was
estimated as 0.50 M.

(S)-1-(dimethoxy(methyl)silyl)-4-((S)-1-(3-fluorophenyl)ethyl)-3-phenyl-1,4dihydropyridine (7dh)
Me

F

Ph
N

7dh
1H

SiMe(OMe)2

NMR (500 MHz, THF-d8):

Anti diastereomer
δ 6.33 (s, 1H; C2–H), 6.12 (d, J = 7.9 Hz, 1H; C6–H), 4.83 (dd, J = 7.7, 4.3 Hz, 1H;
C5–H), 4.05 (apparent t, J = 4.2 Hz, 1H; C4–H), 2.98 (qd, J = 7.1, 3.3 Hz, 1H; C!–
H), 1.30 – 1.20 (m, 3H; C!–CH3).
Syn diastereomer
The C5–H signal of the syn diastereomer is partially obscured by the DMMS Si-H
satellite peak at δ 4.29 ppm. The integral for this diagnostic can be inferred by
subtracting the integral for the other Si–H satellite peak from that of the complex
multiplet. The C4–H signal of the syn diastereomer overlaps with the C4–H signal
above, and its integral can be estimated by subtracting the integral of the C3–H
signal of the anti-diastereomer from the integral of the C4–H signal. Both
calculations yield similar values.
Conversion to 7dh: 99% (3.5 h)
(anti):(syn) = 25:1 (3.5 h)
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(1,4):(1,2) > 80:1. The 1,2-regioisomer was present in exceedingly trace quantities if
at all.

10.1.iii. Dearomatization of pyridine with styrene and substituted styrenes

Rp
Rp
+

Me

7ab

SiMe(OMe)2

Conversion to 7ab
14% (1h), 23% (2h)
37% (3.5h), 60% (7h)
96% (23.5h)
7ab:5ab > 100:1

N

Me

N
SiMe(OMe)2

MeO

Me

7ae

SiMe(OMe)2

Me

Me

N

Conversion to 7ae
6% (3.5h)
12% (7h)
29% (24h)
7ae:5ae = 1.8:1

SiMe(OMe)2

5

F

N

N
SiMe(OMe)2
Conversion to 7aa
27% (1h), 42% (2h)
64% (3.5h), 83% (7h)
93% (23.5h)
7aa:5aa = 15.5:1

Me

Me

Me

7aa

7

yield and 7:5
quantified by 1H NMR

1.8 equiv

Ro

+

DMMS (3.0 equiv),
THF-d8 (0.5 mL), rt

6

Rp

Me

6.0% Cu(OAc)2,
8.5% (R,R)-Ph-BPE

Ro

N

1a

Ro

N

N

7af

SiMe(OMe)2

not formed

7ag

SiMe(OMe)2

not formed

Procedure. Inside a glovebox, an oven-dried one-dram vial was charged with
Cu(OAc)2 (16.6 mg, 91.4 !mol) and (R,R)-Ph-BPE (64.7 mg, 128 !mol, 1.4:1 L2:Cu),
equipped with a small oven-dried PTFE stir-bar, and sealed with a PTFE/silicone
septum-cap. The solids were dissolved in 1.00 mL THF-d8, and DMMS (0.560 mL,
4.55 mmol) was added immediately afterward. The resulting mixture was stirred at
rt for 15 min, during which time all Cu(OAc)2 dissolved and the color turned yelloworange. An oven-dried glass microsyringe was used to deliver a 330 !L aliquots of
the phenethylcopper solution to another oven-dried one-dram vial that had been
equipped with a PTFE stir-bar and sealed with a PTFE/silicone septum-cap. The
indicated styrene (0.54 mmol) was added, and the resulting mixture was aged for
20–35 min before being charged with 200 !L of a solution prepared from pyridine
(119.4 mg, 1.51 mmol, weighed), 2,6-dimethoxytoluene (113.8 mg, 0.748 mmol; NMR
internal standard), and 750 !L THF-d8. The resulting reaction mixture was then
transferred to an oven-dried medium-wall J-Young NMR tube using an oven-dried
glass pipet, and the tube was sealed with a PTFE piston. The mixture was removed
from the glovebox and periodically monitored by 1H NMR spectroscopy (ns = 8, d1=
24s), being maintained at rt between analyses. It was estimated that the
phenethylcopper mixture generated upon addition of 6 contained 18.4 !mol
Cu(OAc)2 (6.0 mol%), 25.7 !mol (R,R)-Ph-BPE, 0.915 mmol DMMS (3.0 equiv), and
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0.54 mmol 6 (1.76 equiv.). The 200 !L aliquot of heterocycle solution was estimated
to have contained 0.306 mmol pyridine, giving [Het]0 = ca. 0.51 M.

(S)-1-(dimethoxy(methyl)silyl)-4-(1-phenylethyl)-1,4-dihydropyridine and 1(dimethoxy(methyl)silyl)-2-((R)-1-phenylethyl)-1,2-dihydropyridine (7aa + 5aa)

Me
+
N

7aa
1H

SiMe(OMe)2

N

15.5:1 7aa:5aa

SiMe(OMe)2

Me

5aa

NMR (500 MHz, THF-d8):

7aa
δ 6.13 (d, J = 8.1 Hz, 1H; C2/6–H), 6.09 (d, J = 8.1 Hz, 1H; C2/6–H), 4.43 (ddd, J =
8.1, 3.8, 2.5 Hz, 1H; C3/5–H), 4.39 (ddd, J = 8.1, 3.8, 2.5 Hz, 1H; C3/5–H), 3.27 –
3.22 (m, 1H; C4–H), 2.73 – 2.62 (m, 1H; C!–H), 1.30 (d, J = 7.1 Hz, 3H; C!–CH3).
5aa
δ 6.23 (dd, J = 7.2, 1.1 Hz, 1H; C6–H), 6.03 – 5.97 (m, 1H; C4–H), 5.26 (ddt, J = 8.9,
5.9, 1.2 Hz, 1H; C3–H), 4.05 (ddd, J = 8.3, 5.9, 1.1 Hz, 1H; C2–H), 3.08 (p, J = 7.2
Hz, 1H; C!–H). The multiplet associated with C5–H is visible but partly obscured
by the styrene olefinic resonance at δ 5.20 ppm.
Conversion to 7aa: 27% (1 h), 42% (2 h), 64% (3.5 h), 83% (7h), 93% (23.5 h).
Conversion to 5aa: ca. 2% (1 h), 3% (2 h), 5% (3.5 h), 6% (7h), 6% (23.5 h).
(1,4):(1,2) = 16:1.
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internal
standard

Me

7aa
C2/6–H
N

7aa

SiMe(OMe)2

7aa
C4–H

N

Me

5aa

5aa
C6–H

7aa
C!–H

7aa
C3/5–H

SiMe(OMe)2

5aa
C2–H

5aa
C3–H
5aa
C4–H

5ca
C!–H

Fi gu re S I -55 : Diagnostic resonances for 7aa and the 1,2-regioisomer, 5aa

(S)-1-(dimethoxy(methyl)silyl)-4-(1-(o-tolyl)ethyl)-1,4-dihydropyridine (7ab)
Me
Me

Me
+

N

Me

N

7ab

SiMe(OMe)2

5ab
not formed

SiMe(OMe)2
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1H

NMR (500 MHz, THF-d8):

7ab
δ 6.22 (dd, J = 8.1, 1.1 Hz, 1H; C2/6–H), 6.13 (dd, J = 8.1, 1.2 Hz, 1H; C2/6–H), 4.55
(ddd, J = 8.2, 3.8, 2.5 Hz, 1H; C3/5–H), 4.41 (ddd, J = 8.1, 3.8, 2.5 Hz, 1H; C3/5–H),
3.22 (dt, J = 6.3, 3.8 Hz, 1H; C4–H), 3.04 (p, J = 6.9 Hz, 1H; C!–H), 2.35 (s, 3H;
Cortho–H), 1.32 (d, J = 7.0 Hz, 4H; C!–CH3).
Conversion to 7aa: 14% (1 h), 23% (2 h), 37% (3.5 h), 60% (7 h), 96% (23.5 h).

(S)-1-(dimethoxy(methyl)silyl)-4-(1-(p-tolyl)ethyl)-1,4-dihydropyridine and 1(dimethoxy(methyl)silyl)-2-((R)-1-(p-tolyl)ethyl)-1,2-dihydropyridine (7ae + 5ae)
Me
Me

Me

1.8:1 7ae:5ae

+

N

7ae
1H

SiMe(OMe)2

Me

N

5ae

SiMe(OMe)2

NMR (500 MHz, THF-d8):

7ae
δ 6.14 (d, J = 8.1 Hz, 1H; C2/6–H), 6.10 (d, J = 8.0 Hz, 1H; C2/6–H), 4.45 (ddd, J =
8.1, 3.8, 2.5 Hz, 1H; C3/5–H), 4.40 (ddd, J = 8.1, 3.7, 2.5 Hz, 1H; C3/5–H), 2.64 (p, J
= 6.9 Hz, 1H; C!–H), 1.30 (d, J = 7.1 Hz, 3H; C!–CH3).
5ae
δ 6.23 (d, J = 7.0 Hz, 1H; C6–H), 6.00 (dd, J = 9.3, 5.3 Hz, 1H; C4–H), 5.30 – 5.25 (m,
1H; C3–H), 5.22 (ddd, J = 6.9, 5.4, 1.3 Hz, 1H; C5–H), 4.06 – 4.01 (m, 1H; C2–H),
3.11 – 3.00 (m, 1H; C!–H), 1.27 (d, J = 7.1 Hz, 3H; C!–CH3 ).
Conversion to 7ae: 6% (3.5 h), 12% (7 h), 29% (24 h).
Conversion to 5ae: ca. 3% (3.5 h), 4% (7h), 8% (24 h).
(1,4):(1,2) = 1.8:1.

10.2. In situ 1H-NMR monitoring of the dearomatization of pyridine with 3vinylfuran.

+
N

1a
0.495 mmol

O

6l
2.0 equiv

DMMS (3.0 equiv),
THF-d8 (0.5 mL), rt

yield and dr quantified
by 1H NMR
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Me

O

4.0% Cu(OAc)2,
4.4% (R,R)-Ph-BPE

O

5al

N

Me

SiMe(OMe)2

100% yield
5.5:1 dr

7aa

N

SiMe(OMe)2
not formed

Procedure. Inside a glovebox, an oven-dried one-dram vial was charged with
Cu(OAc)2 (3.6 mg, 20 !mol), (R,R)-Ph-BPE (11.1 mg, 22 !mol; L2:Cu = 1.1:1), and
the NMR internal standard, 1,3,5-trimethoxybenzene (39.7 mg, 0.236 mmol). The
vial was equipped with a small oven-dried PTFE stir-bar and sealed with a
PTFE/silicone septum-cap. The solids were dissolved in THF-d8 (500 !L), and
DMMS (180 !L, 1.46 mmol, 2.95 equiv) was added immediately afterward. The
resulting mixture was aged at rt for 15 min, during which time all Cu(OAc)2
dissolved and the color turned orange. Pyridine (40.0 !L, 39.1 mg, 0.495 mmol) and
3-vinylfuran (135 mg of 69 weight% solution in Et2O, 94 mg 3-vinylfuran delivered
= 1.00 mmol = 2.02 equiv) were added in rapid succession and the resulting
dearomatization reaction mixture was transferred to an oven-dried medium-wall JYoung NMR tube. A 50 !L aliquot of fresh THF-d8 was used to complete the
transfer, and the NMR tube was sealed with a PTFE piston, removed from the
glovebox, and maintained at rt. Proton NMR spectra were recorded (8 scans, d1 =
24s) after 8.5 h, 24 h, and 44 h, and the NMR-yield of 5al was determined by
comparing the integrals of its diagnostic signals to the integral of the internal
standard peak; by the 44 h time-point, the yield of 5al was determined to be 98%.
The 1,4-DHP regioisomer was undetectable.

1-(dimethoxy(methyl)silyl)-2-((S)-1-(furan-2-yl)ethyl)-1,2-dihydropyridine (5al)

O

5al
1H

N

Me

SiMe(OMe)2

NMR (500 MHz, THF-d8):

Major diastereomer
δ 6.25 (dd, J = 7.0, 1.1 Hz, 1H; C6–H), 5.94 (ddd, J = 9.3, 5.4, 0.8 Hz, 1H; C4–H),
5.15 (ddt, J = 9.4, 5.8 Hz, 1.2 Hz, 1H; C3–H), 5.10 – 5.02 (ddd, J = 6.8, 5.6 Hz, 1.2
Hz, 1H; C5–H; overlap with an olefinic resonance of 3-vinylfuran obscures the
known ddd fine structure of this peak, and J’s have been estimated from the visible
portion of the multiplet), 3.96 (ddd, J = 7.0, 5.8, 0.9 Hz, 1H; C2–H), 2.88 (p, J = 7.1
Hz, 1H; C!–H), 1.24 (d, J = 7.0 Hz, 3H; C!–CH3).
Minor diastereomer
δ 5.87 (ddd, J = 9.3, 5.4, 0.8 Hz, 1H; C4–H), 5.18 (ddd, J = 7.0, 5.4, 1.2 Hz; C5–H),
5.11 (ddt, J = 8.8, 6.2, 1.2 Hz, 1H; C3–H), 3.75 (ddd, J = 9.0, 6.1, 1.2 Hz, 1H; C2–H),
1.27 (d, J = 7.5 Hz, 3H; C!–CH3). The C6–H and C!–H signals of the minor
diastereomer are identifiable but partially obscured by the corresponding signals of
the major diastereomer.
Conversion to 5al: 47% (8.5 h), 88% (24 h), 100% (32 h). The 1,4-DHP regioisomer
does not form in detectable quantities.
dr = 5.5:1 (32 h)
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Fi gu re S I -56 : Proton NMR coupling-constant network for 1,2-DHP 5al.

1.2 Hz

H

9.4 Hz

5.5 Hz

1.0 Hz

H

H

5.8 Hz

7.0 Hz

H

O

N
H

H
Me

SiR3

7.0 Hz

Fi gu re S I -57
(A) Comparison of 1H NMR diagnostics for 5aa and 5al. Note that 5aa is deuterated at
C! and its C2 resonance is consequently a double rather than an apparent triplet.
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