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Published as part of the Accounts of Chemical Research special issue “Photoredox Catalysis in Organic

Chemistry”.
Christopher R. Jamison and Larry E. Overman™

Department of Chemistry, University of California, Irvine, California 92697-2025, United States

CONSPECTUS: Convergent synthesis strategies in which a target molecule is prepared by
a branched approach wherein two or more complex fragments are combined at a late stage
are almost always preferred over a linear approach in which the overall yield of the target
molecule is eroded by the efficiency of each successive step in the sequence. As a result,
bimolecular reactions that are able to combine complex fragments in good yield and, where
important, with high stereocontrol are essential for implementing convergent synthetic
strategies. Although intramolecular reactions of carbon radicals have long been exploited to
assemble polycyclic ring systems, bimolecular coupling reactions of structurally complex
carbon radicals have rarely been employed to combine elaborate fragments in the synthesis
of structurally intricate molecules. We highlight in this Account recent discoveries from our
laboratories that demonstrate that bimolecular reactions of structurally elaborate tertiary
carbon radicals and electron-deficient alkenes can unite complex fragments in high yield
using nearly equimolar amounts of the two coupling partners.

Our discussion begins by considering several aspects of the bimolecular addition of tertiary
carbon radicals to electron-deficient alkenes that commend these transformations for the union of structurally complex, sterically
bulky fragments. We then discuss how in the context of synthesizing rearranged spongian diterpenoids we became aware of the
exceptional utility of coupling reactions of alkenes and tertiary carbon radicals to unite structurally complex synthetic
intermediates. Our initial investigations exploit the early report of Okada that N-(acyloxy)phthalimides reductively fragment at
room temperature in the presence of visible light and catalytic amounts of the photocatalyst Ru(bpy);Cl, to form carbon radicals
that react with alkenes. We show that this reaction of a tertiary radical precursor and an enone can combine two elaborate
enantioenriched fragments in good yield with the formation of new quaternary and secondary stereocenters. As a result of the
ready availability of tertiary alcohols, we describe two methods that were developed, one in collaboration with the MacMillan
group, to generate tertiary radicals from tertiary alcohols. In the method that will be preferred in most instances, the tertiary
alcohol is esterified in high yield to give a tert-alkyl hemioxalate salt, which—without purification—reacts with electron-deficient
alkenes in the presence of visible light and an Ir(III) photocatalyst to give coupled products having a newly formed quaternary
carbon in high yield. Hemioxalate salts containing Li, Na, K, and Cs countercations can be employed in this reaction, whose only
other product is CO,. These reactions are carried out using nearly equimolar amounts of the addends, making them ideal for
coupling of complex fragments at the late stage in a synthetic sequence. The attractive attributes of the fragment-coupling
chemistry that we discuss in this Account are illustrated by an enantioselective total synthesis of a tricyclic trans-clerodane
diterpenoid in eight steps and 34% overall yield from commercially available precursors. We anticipate that bimolecular reactions
of carbon radicals will be increasingly used for fragment coupling in the future.

[Ru(bpy)3)(BF4),
Blue LEDs

fragment coupling
with tertiary
radicals for
quaternary
stereocenters

1. INTRODUCTION

Convergent synthesis strategies are fundamental to the efficient
preparation of complex organic molecules. However, the
challenge of uniting polyfunctionalized fragments generally
limits such strategies to the use of a few privileged reactions
that are robust, chemoselective, and high-yielding. The
venerable Diels—Alder reaction and recently developed metal-
catalyzed transformations such as transition metal (Pd, Ni, Fe,
etc.)-catalyzed cross couplings, Nozaki—Hiyama—Kishi cou-
pling, and olefin metathesis are arguably the most important of

these existing methods.!
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Especially demanding are fragment couplings that form sp*—
sp> ¢ bonds and two stereocenters, particularly when the two
stereocenters reside in different rings. When at least one of
these stereocenters is quaternary, the challenge is enhanced
substantially.'* Molecules such as azadirachtin (1),> ditrypto-
phenaline (2),” tyrinnal (3),* aplyviolene (4),” and dendrillo-
lide A (5)° illustrate this challenge; the critical bond linking the
fragments in each of these molecules is highlighted in bold red
font in Figure 1. The hurdles that had to be surmounted to
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Figure 1. Natural products with ring systems joined via stereogenic
carbons. The red bonds highlight ideal disconnections for convergent
synthesis by intermolecular fragment coupling.

fashion this sterically hindered bond in the synthesis of
azadirachtin are legendary.” The final solution, forming this
bond by an intramolecular reaction (in this case a sigmatropic
rearrangement), is the standard method to surmount this
challenge.” Much less common is the use of a bimolecular
reaction to join two complex fragments and form two new
stereocenters, at least one of which is quaternary.”*

Reactions between nucleophilic carbon radicals and electron-
deficient alkenes have several attractive features for use in
coupling of complex fragments, and in particular, tertiary
carbon radicals are especially well-suited for forming quaternary
stereocenters by uniting complex fragments through sp*—sp® &
bonds.”™'! Foremost, the transition state for addition of a
nucleophilic carbon radical to a 7 bond is relatively early with
an attendant long forming bond (~2.5 A),"* which reduces the
enthalpic penalty incurred from steric interactions as bulky
fragments approach one another (Figure 2)."* Furthermore, the

‘ Bk

Me
Me X _Me

Figure 2. Depiction of the calculated long forming bond in the
transition state for the addition of a nucleophilic tertiary carbon radical
(tert-butyl radical) to the = bond of an electron-deficient alkene
(methyl vinyl ketone)'® and a frontier molecular orbital analysis of the
reaction of a nucleophilic carbon radical and methyl vinyl ketone.

rates of addition of tertiary radicals to electron-deficient alkenes
are higher than those of Me, primary, and secondary radicals (t-
Bu- and EtMe,C- ~10 X Me-, Ad- ~1000 X Me-; the nonplanar
Ad- is not representative of typical tertiary radicals).'*™'¢
Moreover, stereoselection in the addition of tertiary radicals to
prochiral alkenes is typically higher than that for reactions of
Me, primary, or secondary radicals.””'” The stereoselective
nature of these reactions seems somewhat paradoxical given the
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aforementioned long (~2.5 A) forming bond in the transition
state. Such a long bond might be expected to correlate to a
“loose” transition state, wherein existing stereocenters from the
substrates are too remote from one another to exert significant
influence over the stereochemical course of the reaction.
Nevertheless, tertiary radicals are indeed large enough to
impose significantly differentiated amounts of steric strain in
diastereotopic transition states, leading to reliable stereo-
chemical outcomes.

Despite the aforementioned appealing features, which were
well-appreciated by the leading researchers in the field of radical
reactions in the 1980s,">'® bimolecular radical reactions are
typically not used to unite complex fragments in the context of
convergent total synthesis. In fact, no examples of the
stereoselective formation of quaternary carbon stereocenters
by intermolecular additions of prochiral trialkyl tertiary carbon
radicals to alkenes are mentioned in a comprehensive survey
published in 2005."” Furthermore, inspection of the literature
revealed a short list of syntheses”® in which bimolecular
addition of a carbon radical to an alkene is used to unite
complex fragments, and only a single, recent example from the
list involved uniting fragments to generate a quaternary
stereocenter.”” Common to almost all of the previously
published total syntheses utilizing such intermolecular radical
couplings was the use of one of the coupling components in
large excess (commonly 3—10-fold). We surmised that this use
of multiple equivalents of one coupling partner was a major
impediment to the widespread adoption of convergent radical
fragment coupling strategies, as it is simply unfeasible in most
cases to waste an advanced intermediate by using it in excess.

The side reactions and the attendant low yields often
associated with bimolecular radical reactions of delicate, highly
functionalized molecules often are the result of the unattractive
conditions used for radical generation (e.g, high reaction
temperatures, stoichiometric tin reagent, or high-energy light).
The use of visible-light photoredox catalysis as a means of
generating and processing radicals under mild conditions
seemed to offer a solution to this problern.21 Furthermore,
visible-light photoredox reactions are compatible with most
polar functional groups that typically decorate structurally
intricate molecules. These attractive features of visible-light
photoredox catalysis would ultimately enable our development
of new methods to stereoselectively unite complex fragments in
1:1 stoichiometry concomitantly with the formation of a new
quaternary stereocenter.

2. HOW WE BECAME INVOLVED—THE SPONGIAN
DITERPENOIDS MACFARLANDIN E AND
APLYVIOLENE

In 2010, we and our UC Irvine cell biology collaborator,

Professor Christine Siitterlin, reported that the rearranged
spongian diterpenoid macfarlandin E (6) induced a novel
morphological change in Golgi structure in which Golgi stacks
were fragmented irreversibly and the resulting Golgi fragments
remained localized in the pericentriolar region of the cell.””
After identifying that the 2,7-dioxabicyclo[3.2.1]octan-3-one
fragment of macfarlandin E (depicted in blue for 6 in Figure 3)
was responsible for eliciting this unique phenotype,™ we turned
to pursue the total synthesis of aplyviolene (4), a potential
progenitor of 6.

The central challenge in a convergent synthesis of
aplyviolene would be linking the two chiral bicyclic fragments.
After first verifying an approach that paralleled our earlier total
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CO,Me

R = H: aplyviolene (4)
R = OAc: macfarlandin E (6)

Figure 3. Plan to prepare aplyviolene by the convergent coupling of a
tertiary cuprate with a cyclopentenone.

synthesis of a structurally simpler rearranged spongian
diterpenoid, shahamin K,** we turned to the more attractive
strategy depicted in Figure 3, in which the fragments would be
joined and the C-8 quaternary stereocenter constructed by the
reaction of tertiary organocuprate 9 and cyclopentenone 8. We
anticipated that this union would correctly set the configuration
of the C-8 and C-14 stereocenters of aplyviolene, as we
expected the reaction to proceed from the sterically less
hindered faces of nucleophile 9 and enone 8.** In the event, the
coupling of a tertiary cuprate intermediate (generated by
reductive lithiation and transmetalation of tertiary nitrile
precursor 10) with cyclopentenone 8 took place in good
yield (eq 1). However, to our surprise, the coupling proceeded

i. LIDBB
ii. TMSCH,CUCNLi
iii. TBSCI, 8
70% (dr > 20:1) <
10 Me Me 4y

from the sterically more hindered concave face of the cuprate
intermediate to form adduct 11 having the undesired
configuration of the C-8 quaternary stereocenter.” Upon
further investigation we found that the tertiary organolithium
intermediate also reacted with electrophiles preferentially from
the concave face, and computational studies revealed that the
epimer with lithium on the concave face is thermodynamically
more stable.”> Although full mechanistic details of the reaction
depicted in eq 1 are not yet in hand, it was clear at the time that
the metal must play the decisive role in orchestrating the
unexpected stereochemical outcome. In retrospect, the
undesired outcome of the cuprate coupling was most fortunate,
as it directed us to employ a nucleophilic tertiary carbon radical
in a related coupling reaction as a way to avoid the metal.
We chose to employ a carboxylic acid derivative as the radical
precursor because the carboxylic acid was available from nitrile
10. In considering what acid derivative to use, we were attracted
to Okada’s 1991 report that N-(acyloxy)phthalimides, when
exposed to visible light, a catalytic amount of [Ru(bpy);]CL,
and the hydrogen donor 1-benzyl-1,4-dihydronicotinamide,
fragment to form carbon radicals that can be captured by a,4-
unsaturated ketones to produce coupled products in good
yield*® It was remarkable that the use of N-(acyloxy)-
phthalimides as radical precursors in conjugate addition
reactions had not been described since this initial disclosure
and that this method of radical formation had rarely been
employed in any context. Nonetheless, we anticipated that a
particular advantage of using an oxyphthalimide ester as the
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radical precursor, in contrast to a Barton thiohydroxamic
ester,”” would be the stability and potential crystallinity of the
N-(acyloxy)phthalimide precursor. To allow the coupled
product to be transformed regioselectively to an enoxysilane
intermediate, chlorocyclopentenone 13 was chosen as the
coupling partner (Scheme 1). When crystalline ester 12 was

Scheme 1. Fragment Coupling Using a Tertiary Carbon
Radical Generated by Visible-Light Photoredox Catalysis en
Route to (—)-Aplyviolene

1% [Ru(bpy)sl(BF4)2

EtO,C CO,Et
T
N

CO,Me
Me Me
+ TBSO o 14
H
ol Blue LEDs
i-ProEtN, CH,Cl,
13 61% (dr > 20:1)

Me,CuCNLi,
o TBSCI, HMPA

coupled with 1.5 equiv of enone 13 using the slight
modification of Okada’s conditions depicted in Scheme 1,
adduct 15 was formed in 61% yield, with bond formation
occurring exclusively [diastereomer ratio (dr) > 20:1] from the
expected less hindered face of the intermediate cis-perhydroa-
zulene tertiary radical.”® As the major byproduct in this reaction
was the dechloro analogue of adduct 15, undoubtedly produced
by photoredox-catalyzed reduction of 15,” the yield for forging
the congested ¢ bond linking the quaternary C-8 and tertiary
C-14 stereocenters was nearly 80%. With this notable result in
hand, we turned to an in-depth exploration of the utility of
fragment coupling reactions of tertiary carbon radicals. In
particular, we sought to ascertain whether such reactions in
general could be accomplished using nearly equimolar amounts
of the addends, which would be essential if structurally
elaborate fragments were to be united in this way.

3. FURTHER EXPLORATIONS OF FRAGMENT
COUPLING OF TRIALKYL TERTIARY RADICALS
GENERATED USING VISIBLE-LIGHT PHOTOREDOX
CATALYSIS

Our initial studies focused on extending this method to the
synthesis of additional spongian diterpene natural products.
Figure 4 shows three spongian diterpenoids wherein a cis-
dioxabicyclo[3.3.0]octanone unit is joined by an sp’—sp® o
bond to a polycyclic hydrocarbon fragment. The coupling of an
enantioenriched tertiary radical and an enantioenriched 4-
alkoxybutenolide could offer a concise approach to diterpenoids
of this type (Figure 4). Although an N-(acyloxy)phthalimide
ester could serve as the radical precursor, tertiary alcohols
appeared to be more attractive because they are easily prepared
by robust chemistry.

There are many methods for the conversion of alcohols into
activated intermediates for radical generation.30 However,
radical formation from tertiary alcohols is particularly

DOI: 10.1021/acs.accounts.6b00284
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Figure 4. Spongian diterpenoid natural products with potential
convergent disconnections suited for the development of visible-light
photoredox radical coupling.

challenging because the activated derivatives are far less stable
than those derived from primary or secondary alcohols. The
previously best-known method for activating tertiary alcohols
for radical generation is the use of Barton oxalates 18 (Figure
5).>"** However, these intermediates are highly sensitive and

RXOH - R__O I I\Q
<] O
R (6] S

tertiary alcohol

Barton oxalate (18)

o)
o)
RXO%O/N
R
R O o

tert-alkyl N-phthalimidoyl oxalate (19)

R OH
T
R

tertiary alcohol

Figure S. Barton oxalates and tert-alkyl N-phthalimidoyl oxalates as
radical precursors derived from tertiary alcohols.

thus are generally prepared and coupled in situ without
isolation. The instability of Barton oxalates is not problematic
for simple substrates, and this method has been utilized by
Barton for generation of quaternary carbons.’' However, in the
context of multistep total synthesis applications, the inability to
purify and characterize structurally complex activated alcohols
can be problematic. This instability is likely the reason that the
Barton oxalate method has not been utilized in complex
molecule synthesis. We hypothesized that the use of tert-alkyl
N-phthalimidoyl oxalates 19 (Figure S) in lieu of Barton
oxalates 18 would offer a stability advantage to enable the
functionalization of complex tertiary alcohols. Furthermore,
incorporation of the reductively labile N-phthalimidoyloxy
functionality would allow the visible-light photoredox reaction
conditions introduced by Okada to be employed.

As shown in Table 1, tert-alkyl N-phthalimidoyl oxalates 19,
which are readily generated from the acylation of tertiary
alcohols, do indeed function as effective radical precursors
under visible-light photoredox conditions.’”** In this method,
tertiary alcohols are condensed with N-phthalimidoyl chlor-
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Table 1. Selected Examples of the Preparation of fert-Alkyl
N-Phthalimidoyl Oxalates from Complex Tertiary Alcohols
and Their Subsequent Reaction with Michael Acceptors
under Visible-Light Photoredox Conditions

o] O,
R%/OH 0 1 0
Cl N R (0] N
RZ s ‘s
o %0 e %0
o} 20 O R? o

° 19
tert-alcohol Et;N, DMAP tert-alkyl N-phthalimidoyl
91-99% yield oxalate

[Ru(bpy)s](PFe)2

o)

o) Hantzsch ester 14 R1N

1 ; ol 5
RPI/O\H)kO/N i-ProNEteHBF 4 I R
R o o} Michael acceptor R

19 (1 equiv)
blue LEDs
tert-alkyl N-phthalimidoyl

oxalate (1.5 equiv) coupled product

coupled product coupled product

o Me
M H .
W A \)J\Me
Me
ﬁ 22
82% yield
o
Me o]
52% vyield 85% yield, >20:1 dr
(0] Me
[¢]
Me
Me O Me
6Me
21 MeO 24

72% yield, >20:1 dr 68% yield, >20:1 dr

ooxoacetate (20) at room temperature under mildly basic
conditions to generate the activated intermediates 19 in
excellent yield. These tert-alkyl N-phthalimidoyl oxalates are
isolable by filtration, are typically solids, and are not light-
sensitive; however, they are unstable toward silica gel
chromatography and aqueous workup. Irradiation of a slight
excess of tert-alkyl N-phthalimidoyl oxalates 19 (1.5 equiv) with
visible light from a blue light-emitting diode (LED) as the light
source in the presence of catalytic [Ru(bpy);](PFs),, Hantzsch
ester 14 (1.5 equiv), and a Michael acceptor (1 equiv) results in
efficient coupling of the tertiary radical to the alkene with
concomitant formation of a quaternary stereocenter. As
expected, good levels of diastereocontrol were observed in
the assembly of complex substrates bearing additional stereo-
centers (21—24) when the diastereotopic faces of the radical
carbon differ substantially in steric access. The good yield in
forming estrone analogue 24 in this way is particularly notable,
as syntheticallg_ demanding contiguous quaternary stereocenters
are produced.”™ The efficient formation of coupled product 21,
derived from the reaction with S-methoxybutenolide as an

DOI: 10.1021/acs.accounts.6b00284
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acceptor, suggested that the tert-alkyl N-phthalimidoyl oxalate
method could potentially be utilized to prepare spongian
diterpenoids such as dendrillolide A (5), dendrillolide E (16),
and macfarlandin C (17) (Figure 4).

Although the tert-alkyl N-phthalimidoyl oxalates proved to be
useful for generating radicals from tertiary alcohols, we were
interested in pursuing additional activation strategies. This aim
stemmed from a desire to identify a more stable and easily
handled radical precursor and avoid the formation of
stoichiometric amounts of phthalimide and a pyridine (the
oxidation product of Hantzsch ester 14) as byproducts. Shortly
after the disclosure of our results with tert-alkyl N-
phthalimidoyl oxalates 19 (eq 2), a pubhcatlon from the
MacMillan lab attracted our attention (Figure 6).>° As shown in

Reductive Coupling of N-Phthalimidoyl Oxalates of Tertiary Alcohols (Eq 2)

Hantzsch ester

o
\H)J\ \)J\ visible llght R1>(\)J\
R
photoredox R2
2
R Y catalyst R®
Michael alkylated
activated alcohol acceptor product
Redox-Neutral Coupling of Simple Carboxylic Acids (Eq 3)
o visible light o
R i R!
) OH \)J\ photoredox ) R
R R3 R catalyst R R
carboxylic Michael alkylated
acid acceptor product
Redox-Neutral Coupling of Hemioxalate Salts of Tertiary Alcohols (Eq 4)
o) o visible light o
R'__O R!
d oCs \)J\ photoredox , R
R R O 25 R catalyst R R3
. Michael alkylated
activated alcohol acceptor product

Figure 6. tert-Alkyl hemioxalate salts as radical precursors.

eq 3, MacMillan and co-workers reported visible-light photo-
redox conditions for the radical-based decarboxylative coupling
of carboxylic acids and Michael acceptors. Notably, this reaction
both utilized a bench-stable carboxylic acid as a radical
precursor and accomplished the desired coupling without any
added stoichiometric oxidants or reductants. This report led us
to a collaboration with the MacMillan lab wherein we
developed a hybrid method to utilize simple and stable tert-
alkyl hemioxalate salts 25 as radical precursors in a net redox-
neutral fashion (eq 4).”’

The proposed mechanism of the coupling reaction is shown
in Scheme 2. Irradiation of the heteroleptic photocatalyst
Ir[dF(CF;)ppy],(dtbbpy)PFs (26) [dF(CFs)ppy = 2-(24-
difluorophenyl)-S-trifluoromethylpyridine, dtbbpy = 4,4'-di-
tert-butyl-2,2'-bipyridine] with visible light leads to the
formation of a long-lived (7 = 2.3 us) excited state, *Ir'
(27), which is a strong oxidant (Ered[*IrHI/ If'] = 4121 Vs
SCE in MeCN).*® Oxidation of tert-alkyl hemioxalate salt 28
(E%S = +1.28 V vs SCE in MeCN for t-BuOCOCO ,Cs)*” by
*Ir'" via single-electron transfer (SET) is thermodynamically
teasible. After oxidation, stepwise loss of two molecules of CO,
results in the formation of a tertiary alkyl radical. This
nucleophilic carbon-centered radical reacts with an electron-
deficient alkene such as methyl acrylate (29). Finally, we

expected that reduction of the resulting adduct radical 30 (Erf/‘;
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Scheme 2. Proposed Mechanism for Radical Coupling of
tert-Alkyl Hemioxalate Salts with Michael Acceptors

" Me O /\v
exo)%]/ _Me v \)J\
Mlchael acceptor

OCs Me—7

Me

2 CO/
SET
\

Ir'' 31
reductant

Me
28 O
hemioxalate salt

N

0
Me 0 )k
>(\ OMe

30

Photoredox
Catalytic Cycle

il 27
oxidant

SET

\m

Ir'l 26 32
[Ir(dF(CF 3)ppy),(dtbbpy)]PFg

wane

OMe
blue LED

1,4-addition product

—0.59 to —0.73 V vs SCE in MeCN)*’ by SET from the
available Ir"" species 31 (EFA[Ir"/Ir'"] = —1.37 V vs SCE in
MeCN)*® should lead to the coupled product 32 and
regenerate the ground-state photocatalyst 26.

As shown in Table 2, tert-alkyl hemioxalate salts are effective
radical precursors under visible-light photoredox conditions.””
Tertiary alcohols react with methyl chlorooxoacetate (33) at
room temperature under mildly basic conditions to generate
the mixed methyl tert-alkyl oxalates, which are stable toward
aqueous workup with either mild acid or mild base and are also
stable toward silica gel chromatography. Typically, these
intermediates were isolated and then hydrolyzed with 1 equiv
of aqueous base in a subsequent step. However, acylation and
hydrolysis could also be performed in a one-pot operation
without diminished yield or purity to furnish the hemioxalate
salt (e.g, 34) directly from a tertiary alcohol. tert-Alkyl
hemioxalic acids also functioned as effective radical precursors
in the presence of weak inorganic bases but upon storage were
prone to disproportionation into di-tert-alkyl oxalates and oxalic
acid and thus were not ideal radical precursors. tert-Alkyl
hemioxalate salts 34 based on lithium, sodium, potassium, and
cesium all gave similar results, however, cesium oxalates were
chosen for development under the assumption that they were
likely to have favorable physical properties over a wide range of
substrates.

Irradiation of a slight excess of tert-alkyl hemioxalate salts 34
(1.1 equiv) with a blue LED light source in the presence of
catalytic 26 (1 mol %) and a Michael acceptor (1 equiv) results
in eflicient coupling of the tertiary radical to the alkene with
concomitant formation of a quaternary stereocenter. As
expected, good levels of diastereocontrol were observed for
complex substrates bearing additional stereocenters (35—39).
Coupled product 38 was prepared from the commercial tertiary
alcohol cedrol via the corresponding lithium tert-alkyl hemi-
oxalate, which was found to give slightly superior yields in this
case. Notably, as was observed for tert-alkyl N-phthalimidoyl
oxalates 19, cesium tert-alkyl hemioxalates couple efficiently
with S-methoxybutenolide to generate coupled products such
as 36, which suggests potential application to the preparation of
spongian diterpenoids (Figure 4). The ease of preparing and
handling of tert-alkyl hemioxalate salts, the redox-neutral nature

DOI: 10.1021/acs.accounts.6b00284
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Table 2. Selected Examples of the Preparation of fert-Alkyl
Hemioxalate Salts from Complex Tertiary Alcohols and
Their Subsequent Reaction with Michael Acceptors under
Net Redox-Neutral Visible-Light Photoredox Conditions

o o)
R'_ _OH R _O
cl
el OMe Rh/ %OCS
R® i R® O
O 33 34
tert-alcohol i CsOH tert-alkyl cesium

oxalate

o R* O
R! o 26 [Ir{dF(CF; dtbbpy)]PF,
> % oce 28 [MF(CFa)ppyL(diobpy)IPFe RN .
R? N R?
R® O Michael acceptor R3
34 (1 equiv)
cesium tert-alkyl blue LEDs
oxalate (1.1 equiv) coupled product
coupled product coupled product
o o}
Me
H .
Me | o @ \)J\osn
|E| 35

89% yield

[¢]
Me o
bMe
36

73% yield, >20:1 dr

Me
O*di
BnO . = Me

Me Me

38
79% yield, >20:1 dr

Me Me 37

96% vyield, >20:1 dr

85% yield, >20:1 dr

of their addition to electron-deficient alkenes, and the nearly
1:1 stoichiometry of the coupling partners make this the
current state-of-the-art method for the synthesis of quaternary
stereocenters from tertiary alcohols.

4. APPLICATION TO THE CONCISE
ENANTIOSELECTIVE TOTAL SYNTHESIS OF
trans-CLERODANE DITERPENOIDS

The clerodanes are a family of more than 650 diterpenoid
natural Eroducts that have been isolated from various plant
sources.”” The trans-clerodane subset of these secondary
metabolites are exemplified by the structures shown in Figure
7. As with the spongian diterpenes, this family of compounds is
ideally disconnected by a fragment coupling strategy to form an
sps—sp3 o bond at a quaternary stereocenter.

The visible-light photoredox-catalyzed coupling reaction of
tert-alkyl hemioxalate salts and electron-deficient alkenes
enabled an eight-step enantioselective total synthesis of trans-
clerodane 40, which is also a convenient precursor of
diterpenoids 41—43 (Scheme 3).* Ketone 44 was available
in four steps with 84% ee by a general route reported earlier by
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PL3 (42) annonene (43)

Figure 7. Representative trans-clerodane natural products and a
convergent strategy for their synthesis. The red bonds highlight ideal
disconnections for convergent synthesis.

Scheme 3. Eight-Step Enantioselective Total Synthesis of
trans-Clerodane 40

e Me OH n-BuLi
H\ v
~Me  MeMgBr wMe then CICOCO,Me
86% then CsOH (aq)
90%
44 45
(available in 4 steps)
0
47 | o
e
(1 equiv)

i) 1% [Ir(dF(CF3)ppy)2(dtbbpy)]PFe

2 X 34 W Blue LEDs
i) DBU 78% over 2 steps

40
[olp = +13.6
(c = 1.9, MeOH)

Piers for preparing the racemate,*’ using a catalytic
enantioselective copper-catalyzed conjugate addition to con-
struct its quaternary carbon stereocenter. Methylation of 44
provided alcohol 45 in 86% yield as a single epimer. Earlier
attempts to activate tertiary alcohol 45 as a tert-alkyl N-
phthalimidoyl oxalate (e.g, 19) were thwarted by the highly
hindered nature of this axial alcohol and the instability of the
derived activated ester. In marked contrast, activation of tertiary
alcohol 45 by a one-pot acylation/saponification sequence
readily furnished tert-alkyl hemioxalate salt 46 in 90% yield. The
visible-light photoredox-catalyzed coupling of trans-decalin
cesium hemioxalate 46 and vinylbutenolide 47 was carried
out using equimolar amounts of the two coupling partners and
yielded adduct 40 as a mixture of @,f- and p,y-unsaturated
isomers. Both double-bond regioisomers of the product had the
desired configuration at the newly formed C-9 quaternary
carbon stereocenter, and no trace of possible epimeric minor
diastereomers was observed by NMR analysis of the crude
material. Exposure of this crude product mixture to 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) at room temperature
furnished trans-clerodane 40 {{a]p +12.9 (¢ = 0.43, CHCl;)
and +13.6 (c = 1.9, MeOH)} in 78% yield.
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It is interesting to note that chemistry of the carbonyl group
harbored in the original starting material, 3-methyl-2-cyclo-
hexenone (48), is utilized in essentially every step of the trans-
clerodane synthesis. As shown in Scheme 4, the carbonyl group

Scheme 4. Utility of Disconnecting Quaternary
Stereocenters to Carbonyls via the Intermediacy of Activated
Tertiary Alcohols

R R o]
@ — é
uaterna .
s(t‘ereocengr simple ketone
[¢]
conjugate
addition a-alkylation
Me
48
a-alkylation
Grignard
carbonyl chemistry
builds hydrocarbon
radical fragment
coupling

carbonyl converted
to quaternary
stereocenter

trans-clerodane

is utilized to form carbon—carbon bonds in an initial conjugate
addition step and then two sequential a-alkylation reactions.
Epimerization under thermodynamic control then sets two
stereocenters before yet another carbon—carbon bond is
formed by a Grignard reaction. The resultant tertiary alcohol
4S5 derived from the carbonyl is then activated and coupled with
the vinylbutenolide to forge the final carbon—carbon bond and
set a quaternary stereocenter. This sequence underscores the
usefulness of disconnecting quaternary stereocenters to ketones
through the intermediacy of tertiary alcohols. In this example,
such a synthetic maneuver allowed us to efliciently build a
stereochemically complex hydrocarbon fragment that bears no
useful or obvious native functional handles for its synthesis
simply by using robust and reliable carbonyl-based trans-
formations before finally converting the carbonyl group to a
quaternary stereocenter in a streamlined fashion. This strategy
is potentially generalizable to a wide number of quaternary-
stereocenter-containing natural products and druglike mole-
cules, and we therefore believe that this method will find
broader application within the synthetic community.
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5. CONCLUSION AND OUTLOOK

Reactions that allow complex molecular fragments to be
combined in high yield occupy an exalted position in organic
synthesis because they are fundamental to convergent synthesis
strategies. Highlighted in this Account are recent discoveries
from our laboratories showing that bimolecular reactions of
structurally elaborate tertiary carbon radicals and electron-
deficient alkenes can unite complex fragments by forming a
new sp’—sp® ¢ bond in good yield using nearly equimolar
amounts of the two coupling partners. Reflecting the large
steric bulk of tertiary carbon radicals, these reactions can take
place with high stereoselectivity to form new quaternary and
secondary carbon stereocenters. The tertiary radical is
generated using visible-light photocatalysis, which offers distinct
advantages over older, less-green methods for forming carbon
radicals. The results summarized here and recent developments
from other laboratories*’ in using carbon radicals in sp>—sp®
coupling reactions ensure that bimolecular reactions of carbon
radicals will play an increasing role in the convergent
construction of complex molecules.
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