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ABSTRACT

PART I: CATALYTIC ASYMMETRIC NAZAROV CYCLIZATIONS

The synthesis of all-carbon quaternary stereocenters remains a significant challenge in organic
synthesis. Even more challenging is the synthesis of vicinal all-carbon quaternary stereocenters.
While there are a small number of methodologies that have attempted to address both of these
problems, there are very few reports on the catalytic asymmetric synthesis of the latter type. The
Nazarov cyclization offers a unique opportunity to address this problem, in that the orbital
symmetry-controlled process can be catalyzed in a number of different ways because of the
diversity of the acyclic precursors. This thesis will describe a new catalytic asymmetric synthesis
of compounds containing vicinal all-carbon quaternary stereocenters through a Nazarov
cyclization.

In the first chapter the Nazarov cyclization is introduced and briefly reviewed. A brief review on

catalytic asymmetric variants of this reaction is given.

In the second chapter an (R)-BINOL-derived N-triflyl phosphoramide-catalyzed Nazarov

cyclization of g¢ge o me t-hydraxayclbpgntepomes & deddritech ©his &okow t 0

up work describes an expanded substrate scope to all-alkyl C1,C2-tetrasubstituted
cyclopentenones containing vicinal quaternary centers and to C1,C5-trisubstituted
cyclopentenones containing vicinal quaternary and tertiary centers. The mode of asymmetric
induction is discussed.

In the third chapter a novel Lewis acid-Brgnsted base-c at al y z ed c ydikétdesteasttoi
U-hydroxycyclopentenones is described. The chiral-at-rhodium catalyst for this metal enolate
Nazarov cyclization is unique and demonstrates high catalytic activity and enantioselectivity. The
substrate scope of all-a | i p h-hytroxgcycldpentenones bearing either vicinal quaternary or

vicinal quaternary and tertiary stereocenters is described.
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PART II: METHODS FOR THE SYNTHESIS OF FLUORENES AND ADVANCED GEODESIC
POLYAROMATIC HYDROCARBONS

Polyaromatic hydrocarbons (PAH) have a long and rich history in organic synthesis. At the
forefront today is the synthesis of highly strained geodesic compounds, for example,
buckminsterfullerene, Ceo (buckyball). Interest in non-planar PAHs has grown because of their
unique UV-vis, electronic, and structural properties. The use of these compounds in asymmetric
catalysis has not been described to date, possibly because their synthesis is impractical on scale.
As such, our group has an interest in developing new methodologies to address these
shortcomings. We have focused on the fluorene motif as an initial starting point in the synthesis

of more advanced PAHSs, since many others have identified it in geodesic hydrocarbons.

In the first chapter a new methodology for the preparation of fluorenes and dibenzo[g,p]chrysenes
through an oxidative cascade process using copper(ll) bromide is described. A novel

dibenzo[g,p]chrysene containing an ether linkage is reported.
In the second chapter a synthesis of bugkybgpwld dies i c,

described. The synthetic route used to access this compound is versatile and modular. The

scalable and simple synthesis of a strategic precursor 1,8-difluoro-9H-fluorene is also described.
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CATALYTIC ASYMMETRIC NAZAROV CYCLIZATIONS



Chapter 1: Introduction
The goal of this chapter is threefold:

1 Review the thermal Nazarov cyclization in terms of mechanism, features of the substrate
that lead to a successful outcome, and reactivity patterns. This section is not intended to
be exhaustive or specific, but provide generalized information necessary to understand
the key features of the cyclization. There are a number of reviews that detail specific

developments in the field?*?;

1 Describe an overview of catalytic asymmetric approaches to the Nazarov cyclization. This
section will highlight the important milestones achieved over the past 20 years and provide

context for how asymmetric induction was achieved;
1 Comment on the current challenges of the catalytic asymmetric Nazarov cyclization.

1.1 General Overview

The Nazarov cyclization is a Lewis or Brgnsted acid catalyz e d -cdntotatory thermal
electrocyclization of a divinyl ketone (dienone) to a cyclopentenone. The classical representation

of the reaction is shown in Scheme 1-1. The reaction begins by activation of the dienone 1-1 by

acid.
Ao® o
R, ! R, R1\¢/R2
Ry R, Ry Ry
Q 1-2a 1-4a
R R
! 3 2 A" and/or
| 7] e 47-CON
R 1 5°R, s o
Al R R
11 . 1-3 ' ’
Ri R __R;
‘@) R Ra
R3 8t &* R4 1-4b
1-2b -

Scheme-1: Generalized reaction mechanism of the Nazarov cyclization promoted by 2ABr#pstedaaait,

The acid source must activate dienone 1-1so t hat the charge ocsystemdel oc al

and induce the electrocyclization of the pentadienyl cation 1-2b to the oxyallyl cation 1-3. The
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stereospecific cyclization is terminated by loss of a proton at either C1 or C5 to provide the

cyclopentenones 1-4.

The stereospecificity of the reaction is explained by the orbital symmetry rules. The C1 and C5
termi nadbr bitals must conr ot a tbendwith coostrudteer orbitaboverlap
(Scheme 1-2). This can be achieved through either clockwise or counter-clockwise rotation of the
orbitals. While it is drawn planar, the pentadienyl cation 1-2 exhibits helicity during the formation
of the C1-C 5 -bond.

H\
o Heo
@
R1 RZ R1 @ Rz
_> R3
R3 R4 - -
o O "R4
Schemd-2: Orbital symmetry of the Nazarov cyclization.
The U-shaped conformation of the pentadienyl cation intermediate is necessary for the initiation
of the reaction. Carbon atoms C1 and C5 must be within bonding distance to ensure optimal
orbital overlap duringt h e f or ma t-hoednThecbnfotmatonalfreedom of the pentadienyl
cation must be limited in order for cyclization to take place. There are three approaches that have
been applied to favor the reactive U-shaped conformer. The first and most common is the
inclusion of Ry, Rz | Hsulistituents (Scheme 1-3) . I nc or p-eubdituants introdudes
allylic strain in the s-cis/s-cis and s-cis/s-trans conformations which is lacking in the s-trans/s-
trans conformer. The conformational preference for the U-shaped conformer minimizes the
entropy of the system and | eads tsobstduentsqmethylis

sufficient) are generally included features of the dienone to favor the s-trans/s-trans conformer of
the dienone.

Dienones bearing one osubstivertsk'® may dtil angergo cyeliratom
however, the conditions for cyclization become increasingly harsh which typically leads to side
reactions and low isolated yields of the cyclopentenone. As a result, cyclizing such substrates
under mild conditions is challenging.

Li k e wi s-supstitieht®carbhave both a beneficial and a deleterious effect on the reactivity

of the dienone towards cyclization (Scheme 1-3) . L ar g e -substiments @R£MScHeme 1-

3
®

barri
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3) can shift the conformational equilibrium away from the s-trans/s-trans to the s-cis/s-trans

conformer in order to minimize strain, thereby preventing or slowing down cyclization.

Influence of a-substituents

o o} o
R1WR2 . WRZ - W
—~— —~——
R X R1X R,

1

s-trans/s-trans s-cis/s-trans s-Cis/s-cis
favored

Influence of p-substituents

R, O R, O
> R, - >
R3 /KHJ\H/ R3 )\HI\(
R X R1X R,
s-trans/s-trans s-cis/s-trans s-cis/s-cis

Schemel-3: Influence of substituents on the conformational dynamics of the divinyl ketone.
Strain is denoted by )(sRarge relative ta R

Providedthe U.-s haped c¢conf or me rdisubstitutiantahdéor bn, abisiibstitutiorb of the

C1 and C5 carbon atoms can limit the rate of bond formation by increasing the distance between

the C1 and C5 carbon atoms due to increased Van der Waals interaction betweent he #fi nsi deo

Rs substituents (Scheme 1-4).

R2
n—oRs 4 slower
R4 @

R,—X  Re
R4 J

vicinal quaternary

carbon centers
OH
faster R4
B R,

Schemé-4: Comparison of C1 and C5 carbon atom distances
of daiBub&t i-unsubsitdtedgpenthdieby) chtidn.
Doubléneaded arrow indicagesic interactions.

The cyclopentenones produced f r o neetrashbstitutetodiviayl st er i ¢

ketones contain vicinal quaternary C1-C5 carbon atoms. There are limited synthetic strategies

4



that can reliably produce compounds containing vicinal all-carbon quaternary carbon atoms, and
even fewer to do so asymmetrically. b , -Befrasubstituted divinyl ketones present themselves as
precursors to compounds that represent a solution to the long-standing problem of preparing

vicinal all-carbon quaternary centers stereoselectively.

The second approach to attaining the U-shaped conformer relies on use of chelation. A reagent
that can engage the dienone with at least two points of contact will restrict the conformationally
flexibility of a portion of the dienone. This is usually achieved by use of metal salts capable of
bidentate chelation with the dienone!®?* (Figure 1-1). The metal salt serves two purposes by

activating the carbonyl and creating a rigid chelate with limited conformational freedom.

' M2t/ 3+ H e ———— . coTTTmmemmes !

io" \0 i Eo____“lnz+/3+§ E0___“,!‘2+/3+ i

Ry & ORE Ry (o] . - I 0\ .

e h T

R Re ] R R p RTE R
1-5 1-6 1-7

Figure1-1: Metal salt bidentate chelation with Nazarov substrates. The box delineates
segments of the substrate that are conformationally locked by metal chelation.

Hydrogen-bonding can also limit conformational freedom and favor cyclization.?® Hydrogen
bonding interactions between compounds or within the same compound are a general
phenomenon t hat affects substancesd reactivit-y and
bonding to increase reactivity of a compound is common and lends itself to a class of active
catalysts called Brgnsted acid assisted Lewis acids.?® Hydrogen-bonding can limit the degrees of
freedom of a compound provided there are two points of contact between the compound and H-

atom.

The final way in which conformational flexibility can be limited is through the use sterically
demanding catalysts that are only capable of binding substrates with a particular conformation.?’
This is the least commonly employed tactic due to the difficulty in designing such a catalyst that

is both reactive and capable of engaging the substrate.

The electronic characteristics of the divinyl ketone substituents always influence the outcome of
the cyclization.!* 12829 Carbon atoms 1, 3, and 5 in 1-2b (Scheme 1-1) bear a partial positive

charge. Any substituent on carbon atoms 1 or 5 that can stabilize a cation through conjugation is

5



expected to slow the rate of cyclization since the product oxyallyl cation redistributes the charge

onto carbon atoms 2 and 4. The oxyallyl cation would no longer benefit from charge stabilization

of the pentadienyl cation. In fact, the oxyallyl cation may actually be destabilized inductively by

the electronegative elements (e.g. O, N) that typically comprise electron donating substituents.

On the other hand,

e | e c t-pogition wdll towen thd barger tg cydizaiois

at t h

through stabilization of the cyclic intermediate (Scheme 1-5, compound 1-11a). Conversely,

el ectron

barrier to cyclization (Scheme 1-5, compound 1-11b).

wi t hdr awpositpn wilr destapilize tleetoxyallh eatiot)and raise the

_ (o] -
OR
5+| |5* R’ o
Ph
1-10a 0
112a
AY ®
pot )
e
(o] ® Ph
o N\OR 1-11a OR
. Ph
Ph © -H 1-12b
[ 1400

complementary polarization

OR’
R

1-10c

OA
At @ (o)
—
OR'
0© o° R e
® @®"R

1-10d
non-complementary polarization

1-11b

(o]
R

1-12¢

Schemd-5: Typical examples of Nazarov cyclization bearing either electron donating or withdrawing groups. A = acid.

Despitethis, Nazar ov cyclizations bearing el epodtonoare wi t hdr
welldocumented.?Si mi | ar conclusions about -subsétuesscanbe ct r oni
reached. Often, substrates for Nazar ov-catba@cti ons



The aromatic moiety can stabilize the formation of the pentadienyl cation, but does not necessarily

destabilize the oxyallyl cation. 23 30-32

Complementary polarization of the divinyl ketone can greatly accelerate the cyclization (Figure
1-2).% This is achieved by placement of both electron donating and withdrawing groups in the

proper positions on the divinyl ketone.

o o
RO\HJ\(COZR RO
| ||
§ooecr s CO,R
§ =Pt
1-13a 1-13b

Figurel-2: Complementary polar&dibtrates. Dashed line = direction of electron flow.

One important secondary effect of the substituent groups is on the regiocontrol of the termination
step. For exampl e, salkdxsetherad-i0Oa are dapalalerof terrgination in dhe
oftwoways (1-11a¥Y 1-12a-b) : 1, |l oss of the ether @ARO g¥Xxoup as
12a), or 2, loss of a proton (1-12b). Careful choice of substituents can greatly favor one pathway

over another.

Similar regiocontrol has been observed with electron withdrawing substituents.' ** For example,
divinyl ketoester 1-10c will cyclize to oxyallyl cation 1-11b and localize the cationic character
distant from the destabilizing ester group. This localization of charge enables regioselective

termination by loss of a proton to 1-12c.

If the oxyallyl cation is long lived there are alternative reaction pathways for the cation. For
example, carbocation rearrangements are known to occur under certain conditions. 30 35 36
Perhaps more useful is trapping the oxyallyl cation with either an internal or external nucleophile

to produce compounds with great complexity in a single operation.3"43

In conclusion, the Nazarov cyclization has been the subject of extensive studies since its first
report in 1941,8 particularly in the area of preparing racemates of cyclopentenones. Unique and
clever modes of forming the cation in non-obvious ways have also been reported.}*? In addition,
some substrate classes, such as divinyl ketoesters 1-10c, alkoxy dienone 1-10a, dienones 1-13b,
have been the subject of extensive studies.' 31444 Theseso-cal | ed fAprivilegedd sub:

offer solutions to problems with substrate reactivity or furnish complex cyclic compounds with
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multiple contiguous stereocenters. Lastly, the Nazarov cyclization has found use in a number of

natural product total syntheses.*6-%°

1.2 Catalytic Asymmetric Nazarov Cyclizations

This section will describe a series of catalytic asymmetric Nazarov cyclizations that have been
achieved using organocatalysts or metal catalysts. The modes of asymmetric induction that were

achieved will be briefly discussed.

It is worth noting that a number of enantioselective Nazarov cyclizations utilizing chiral
auxiliaries,33 44 51-55 stoichiometric chiral reagents®® or chirality transfer from chiral non-racemic
precursors®% have been very successful in achieving high levels of enantiomeric excess (or

diastereomeric excess); however, these classes of cyclizations will not be discussed here.

1.2.1 Modes of Asymmetric Induction

This section describes the modes of asymmetric induction that have been exploited to achieve
asymmetric Nazarov cyclizations. Asymmetric protonation of the dienol intermediate, controlling
the torquoselectivity, and a combination of the two is described in sections 1.2.1.1, 1.2.1.2, and

1.2.1.3, respectively.

1.2.1.1 Asymmetric Protonation or Trapping of the Oxyallyl Cation

In 2004, Trauner reported the first detailed account of a catalytic asymmetric Nazarov cyclization
of cyclic alkoxydienones 1-14 to cyclopentenones 1-15 using 10 mol% of Sc(OTf)s/(S,R)-Ind-
PyBOX as a catalyst (Scheme 1-6).5* The method is capable of producing cyclopentenones 1-15
in good to excellent yields and enantioselectivities for this class of activated dienones 1-14. The
success of this method relies on controlling one stereocenter through an asymmetric protonation
of the dienol intermediate 1-16, which immediately follows from termination of the oxyallyl cation

through loss of a proton.

The general principle for asymmetric induction of this reaction requires that the Sc-catalyst

remains bound to and blocks one face of the dienol to favor protonation from the least hindered
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side. This is shown in Figure 1-3 f or the specific case of

Tr aun ¢

electrocyclization and termination hastakenp | ace i nsi de the catalystds i

the dienol is protonated on the si-face (open face) of the alkene since the re-face is blocked by

the PyBOX |l igandds indanyl side ar m.
c(OTf)3/ (S,R)-Ind-PyBOX (10 mol%
[j*m [ﬁ
1-14 1-15
R = alkyl, aryl 65 - 94% vyield
X=CH,, O 85-97% ee
*LSc\o *LSc\O o .y
-H* R, +H* Ry
—>» Ry — Ry
R3 R3
1-16

open face H* H* blocked face
RO
\ _Q/ T
ol R
Y )

X B
\ \
I N NG N NG
SO NN X
N—Sc—N &,N—Sc—\N‘%
& g \0 ;
K ;
SR S
X

Figurel-3: Protonation of the dienol will occur from the least hindered side the complex.

Asymmetric protonation has also been successfully carried out using organocatalysts. For
example, Jacobsen reported the asymmetric Nazarov cyclization of dienones 1-17 with a

TMSOTf/squaramide 1-18 catalyst at cryogenic temperatures (Scheme 1-7).%2 In addition to
9

n



controlling the enantioselective protonation, the squaramide increases the Lewis acidity of
TMSOTT by dissociating the triflate counterion from the TMS cation through hydrogen bonding.
This dissociated form of TMSOTf is the active catalyst for the cyclization. This concept is general

and belongs to a class of catalysts called Brgnsted acid assisted Lewis acids.

The squaramide-triflate hydrogen-bonded complex transmits stereochemical information through
a proton transfer where the stereochemistry of the proton is retained. Low temperatures are
necessary in order to obtain good enantioselectivities. The reaction works best for dienones

activated by aromatic substituents.

o (o]

1-18 (10 mol%)
R TMSOTf (10 mol%)
| > Ar 'R
Ar toluene/n-Bu,0O (1/1, 0.05 M)

1_17 _78 oC, 24 h 1_19

then workup with TMSCHN,

R = aryl, Me 35 - 79% vyield
64 - 95% ee
o (o]
N : 3,5-CF;)Ph
\n/\N N/( 3)
4-FPh o H H
1-18
0j fO
~N N’R
@

b _TMS

I
Tf TMS OTf-1 18 HOTf-1-18
117 /— R —> 119

Ar
stereochemistry of the proton is preserved

Schemd-72 Jacobsenb6s squaramide/ TMSOTf catalyzed

Zhu reported that silylated dienones 1-20 undergo Zn(OTf),-catalyzed asymmetric cyclization to
cyclopentenones 1-22 where a chiral phosphoric acid 1-21 induces asymmetry through
protonation of the dienol intermediate (Scheme 1-8a).5® The TMS substituent on dienone 1-20
directs the termination of the oxyallyl cation through loss of a TMS cation rather than a proton.
The reported yields and enantiomeric excess of cyclopentenones 1-22 are moderate to excellent.
The reaction scope includes substrates that are not activated by aromatic substituents.
Unsurprisingly, a major limitation of this methodology lies with poor diastereomeric ratio and

enantiomeric excess when Rz [ .I$ince the active catalyst Zn(OTf), is achiral, it is unable to
10
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control stereochemistry at the C5 carbon atom during cyclization. As a result, this produces a

racemic mixture of the dienol intermediate which leads to diastereomers after asymmetric

protonation by phosphoric acid 1-22.

a. Silicon-directed Asymmetric Nazarov Cyclization

Q 1-21 (6 mol%)

R1j)k[Rz Zn(OTf), (5 mol%)

I I g

™s” ¢ R, PhOH (1.1 eq), DCE, 40 °C
1-20

R4 = aryl, alkyl, alkenyl, alkynyl

R, = aryl, Me, i-Pr
R3; =H, Me

Ar = 2,4,6-triisopropylphenyl
1-21

b. Asymmetric Interrupted Nazarov Cyclization

o 10 mol%
Yﬁf Sc(OTf)4/(R,R)-PhPyBOX
| >
R~ “OR, R,OH
1.23 NEts, DCM, rt

R1 = Me, (CH2)2Ph
R, = Et, i-Pr, Bn

1-22
47 - 95% vyield
56 - 98% ee

o

R20,,
- + other cyclopentenone
byproducts

R4
1-24

53 - 77% yield
54 -91% ee

Scheme-8: Silicon directed and interrupted catalytic asymmetric Nazarov cyclizations.

The first catalytic asymmetric interrupted Nazarov cyclization was reported by Shindo in 2009

(Scheme 1-8b).%* b-Alkoxy dienones 1-23 were converted t o -alkdxy cyclopentenones 1-24

using 10 mol% of a Sc(OTf)s/(R,R)-Ph-PyBOX catalyst. Although not an example of asymmetric

protonation, this interrupted Nazarov is related in terms of asymmetric induction. The mode of

asymmetric induction is similar to that illustrated in Figure 1-3 with the key difference being that

the oxyallyl cation is trapped by an alcohol. The scope of the reaction is very limited and yields

and enantiomeric excesses varied greatly. However, the method should be noted for its ability to

produce a quaternary stereocenter enantioselectively.
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Since the first report, a vast majority of catalytic asymmetric Nazarov cyclizations depend on an
asymmetric protonation. In most of these reactions the protonation controls stereochemistry in a

second, subsequent step to the cyclization. This class of reactions is discussed in section 1.2.1.3.
1.2.1.2 Torquoselective Cyclizations

Torquoselectivity is the preference of either clockwise or counter-clockwise conrotation of the
pentadienyl cation b-substituents (Scheme 1-9). In the absence of any preexisting stereocenters,
selectivity for either sense of rotation amounts to an enantioselective Nazarov cyclization. In the
context of this thesis, this is achieved by means of a chiral, non-racemic acid catalyst. Control of
the torquoselectivity is challenging. It requires a catalyst that can do one of two things: 1,
distinguish between the two helical conformations of the dienone by selective interaction prior to
cyclization; or 2, direct the conrotation through steric interaction s  wi t h t h esubdtiiuentko ne 6 s
in the pocket. There is only one reported example of the first case®. The second is the more
common approach, particularly when coupled with a subsequent asymmetric protonation step
(section 1.2.1.3). Discriminating between two diastereomeric transition states through steric
interactions of the substrate with a catalyst is ubiquitous in asymmetric catalysis. Both
organocatalysts and chiral metal complexes have been used successfully to control the

torquoselectivity of the electrocyclization.

A\0
R, 47-CON 47-CON
counter-clockwise clockwise
O (@Y

1-3b

Schemd-9: Chiral acid catalyst A* controls the torquoselectivity of the pentadienyl cation cyclization.

Chiral Brgnsted (CBA) or Lewis acids based on the axially chiral 1 , -hiréaphthyl substructure®®
are commonly used organocatalysts in asymmetric Nazarov cyclizations. The tunable side arms
are an important feature of these catalysts (Figure 1-4). Modifying the size of the side arm will
change the steric envi ronment of t h e whichadirectly yisfluedces thpoc k e t

torquoselectivity.

Chiral metal complexes are often designed to control torquoselectivity in a similar fashion.

Asymmetry is typically induced by means of chiral ligands that coordinate to the metal center. The
12
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ligands are designed with modifiable side arms that can vary with respect to steric bulk, electronic
properties, or ligating abilities.®” BOX and PyBOX ligands have been most successful in
asymmetric Nazarov cyclizations (Figure 1-4). Recently, chiral-at-metal complexes where the
chirality derives from a configurationally stable metal center have been used.®®"° Other types of

chiral metal complexes have been used (e.g. Cr-salen), but will not be discussed in detail here.”*"?

(S)-BINOL-derived BOX PyBOX
X = OH (phosphoric acid)
NH(Tf) (N-triflyl phosphoramide)

MeCN NCMe.., |
\ MeCN NCMe/,

Chiral-at-metal complexes
M = stereocenter

Figurel<4: Common sourcesissymmetry used in Nazarov cyclizations. R = modifiable side arms.

The acid source of these catalysts is located inside a pocket. When the dienone enters and
interacts with the acid source, a chiral ion-pair or metal complex forms. This will create two
interconverting diastereomeric helical structures of the pentadienyl cation within the pocket. The
side arms of the catalyst will ultimately transmit asymmetry through steric interactions with the
substituents of the pentadienyl cation. Conrotation in the direction that minimizes steric repulsion
in the helical transition state will lead to the predominant product-catalyst complex (i.e. the
pathway with the lowest activation barrier, a kinetically controlled process). Optimizing the steric
interactions of the catalyst side arms with the pentadienyl cation inside the pocket will produce
the optimal enantioselectivity. This is illustrated in Figure 1-5 for an (S)-BINOL-derived

phosphoramide catalyst.
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Figurel-5: lllustration of &)-BINOLderived phosphoramide initiated cyclization with a simplified dienone.-Catpdyisti catigriexes
are shown in aaihead view in a quadrant diagcaording to the indicated point of view. Steric interactions are shown by the double
headed arrows.

The dienone exists as interconverting enantiomeric helical U-shaped conformers (Figure 1-6).
Most catalysts will indiscriminately bind to either of the helical conformers and then differentiate
between the two inside the pocket. Catalysts that differentiate between the two helical conformers
of the dienone prior to entry into the catalyst pocket is an approach less explored. These types of
catalysts preferentially interact with one helical conformer of the dienone over the other to further
maximize favorable intermolecular interactions (e.g. hydrogen bonds) or have strict geometrical
requirements for entry into the pocket (i.e. can only allow one helical conformer entry into the
pocket). Interaction of one dienone helical conformer with a chiral catalyst leads to a matched or
mismatched complex where the matched complex preferentially forms and cyclizes. The catalyst
must have two points of contact with the dienone in order to distinguish the two helical conformers
effectively. Differentiation of the dienone helicity by steric interactions with the catalyst is not a
necessary feature for asymmetric induction, but in principle could be used to distinguish between
the two enantiomeric helical conformers of the dienone prior to entering the reactive site of the

catalyst.
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Figurel-6: Newman projectidustrating the relationship between the enantiomeric helical conformations of the

dienone and the product stereochemistry.
In 2010, Tius reported the first organocatalytic asymmetric Nazarov cyclization that is
accompanied by a kinetic resolution.” The stereochemistry of the cyclic product was controlled
only by means of torquoselective process (Scheme 1-10a). Three examples of activated aziridine
enones 1-25 undergoing an aza-Nazarov cyclization with subsequent ring expansion using a
chiral diamine salt 1-26 as a catalyst were described. The enantiomeric ratios of the piperidones
1-27 are excellent, however, only one enantiomer of the aziridine enone 1-25 reacted with the
diamine catalyst. Yields were moderate (considering the kinetic resolution) and the reaction
requires a heavy catalyst loading with long reaction times (9 days). Asymmetric induction is

achieved by formation of an iminium ion between the chiral diamine 1-26 and the ketone of 1-25.

Following this report, Tius described an asymmetric organocatalytic Nazarov cyclization o f -
diketones 1-28at o -hydroxy cyclopentenones 1-30 using a chiral thiourea organocatalyst 1-29
(Scheme 1-10b).?> % U-Diketones 1-28a represent a class of highly reactive substrates for the
Nazarov cyclization since t -ketognol 1-88t evhichoexhibita
complementary polarization. The two hydrogen-bonding interactions between the two thiourea N-
H bonds with the ketone carbonyl of 1-28b and the primary amine of the catalyst with the enol O-

H of 1-28b enable this cyclization to proceed. The former hydrogen bondi ng fipu

v

ut omer |

|l 1 so e

density from the enone while the | afhisristh@pnlys hesd e

example of a Nazarov cyclization whose torquoselectivity is controlled by preferential hydrogen
bonding interactions of an organocatalyst with one helical conformer of 1-28b. The enantiomeric

ratios of compounds 1-30 are excellent. On the other hand, the reaction times are long due to

product inhibition of the catalyst, since both the productand st arti ng -hyexyer i al z

ketones and interact with the thiourea in a similar fashion. Nonetheless, a number of
cyclopentenones bearing an all-carbon quaternary stereocenter are accessible in this way with

high optical purity.
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a. Diamine catalyzed aza-Nazarov cyclization

NHCy
1-26 (20 mol%)
o) . o OH
‘NH,sTfOH
, -
N™ “co,Et H,O (1.2), MeCN -~ CO.Et

Ar Ar N™ =
9 days H /
1-25 1-27
~25% yields
>99/1 er
b. Thiourea catalyzed Nazarov cyclization
S
1-Np
A
o o} ) OH '\NJ(N 1-Np
1 : N
Y ," e
—
toluene, rt Ar R, o) H
Areo,c Re Areto,c” Re 4-21 days EtO,C R M0
1-28a 1-28b 1-30 G| I
R, = Me, Et, EtO, or Ph 58 - 95% yields ArEto,cd Re
R, = Etor Ph 90/10 - 98.5/1.5 er
CF;
/@\ S 1-Np
1-N
NH,
1-29

Schemd-10: Two organocatalytic asymmetric Naaaizations reported by Tius.

A few years later Rueping reported an organocatalytic asymmetric Nazarov cyclization of acyclic
dienone isobutyl ethers 1-31 t o -hydroxycyclopentenones 1-33 using a chiral N-triflyl
phosphoramide (R)-1-32 as catalyst (Scheme 1-11a).”*Si mi | a r -hydroxydietmores 1328b,
acyclic dienone ethers 1-31 are highly reactive towards cyclization since they exhibit similar
complementary electronic properties. The reaction scope is limited to dienones bearing aryl
substituents. The reaction provides moderate yields of 1-33, but in excellent enantiomeric excess.
The isobutyl ether was found to be essential for asymmetric induction. This method suffers from
production of a mixture o f -endl ether cyclopentenones 1-34 and 1-33, likely as a result of
competitive termination pathways of the reaction. Conversion of 1-34 to 1-33 via hydrolysis of the
enol ether in a second step could be accomplished without erosion of the compoundé s
enantiomeric ratio. Additionally, only cyclopentenones bearing a single stereocenter were

reported.
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Tius later applied the cyclization of dienone ethers 1-35 t owar ds t he ssynt hesi

hydroxycyclopentenones 1-37 bearing C1-C5 vicinal all-carbon quaternary stereocenters using a
chiral N-triflyl phosphoramide (R)-1-36 (Scheme 1-11b).”® The reported substrate class includes
dienones activated by an R, = aryl group and un-activated dienones bearing only aliphatic
substituents or as a part of a cyclic alkene. The yields ranged from poor to excellent and depended
on whether or not the R3 substituent was large. The enantiomeric ratios were good to excellent
for the cases reported. The diphenylmethyl ether was a necessary feature for directing the
termination step and for catalyst recognition, similar to the necessity of the bulky, branched
isobutylgr oup i n Ru e p ithe gydiztion (Schemed-ala)oThis work marked the first
report of an asymmetric Nazarov cyclization that produced vicinal quaternary stereocenters with

high optical purity.

Most recently, List reported an asymmetric Nazarov cyclization of unactivated dienones 1-38 to
cyclopentenones 1-40 using IDPi catalyst (S,S)-1-39 (Scheme 1-11c¢).?” This catalyst is notable
for its extremely confined and acidic pocket. The sterically demanding pocket induces the U-
shaped conformer upon entry and enables cyclization of simple, un-activated dienones bearing
an -Hydrogen atom substituent. The catalyst is capable of producing cyclopentenones bearing
b-alkyl substituents in moderate to good yields with excellent enantiomeric ratios. Drawbacks of
this method include thermal isomerization of cyclopentenones 1-40 to 1-41 during the course of
the reaction and the necessityof| ow t emper ature (720 AC) f bl5
days) in order to achieve high enantiomeric ratios and substrate conversion, respectively. The
methodology stops short of producing cyclopentenones bearing at least one quaternary

stereocenter. Dienone 1-42 was found to be unreactive with the IDPi catalyst.

As a general comment, the mode of asymmetric induction for the N-triflyl phosphoramide or IDPi-
derived catalysts can be described as two-step steric approach control. First, the conformational
freedom of the dienone must be restricted inside the pocket for effective asymmetry transfer to
occur. One way this can be achieved is by featuring one or more catalyst recognition elements
on the dienone. The recognition element(s) serves to restrict conformational freedom inside the
catalyst pocket, without leading to the restriction of the helical conformation of the dienone. The
alternative to this is to design a reactive pocket that is so sterically demanding that it limits the

number of dienone conformers that can engage the catalyst (i.e. IDPi). Once the conformational
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freedom is |imited, the second st e psubstiiuerdstofedhei c

dienone with the side arms of the catalyst (Figure 1-5).

The last example of a catalytic asymmetric Nazarov cyclization in which cyclopentenone
stereochemistry is controlled only by the torquoselectivity of the cyclization was reported by Lu in
2018 (Eq. 1).7® t-Butyl divinyl ketoesters 1-43 undergo tandem cyclization-decarboxylation to
cyclopentenones 1-45 promoted by a cationic Ni(ll)/1-44 complex. The reaction scope is limited
to producing dienones bearing R = aromatic substituents. The yield and enantiomeric excess are
good to excellent. The authors propose that the enantioselectivity arises from minimization of
steric interaction of the b-substituents with the t-Bu/i-Pr groups on the 1-44 OIP ligand. This
amounts to a counter clockwise rotation of the pentadienyl cation in the catalyst pocket. The
authors report that the tandem Ni(ClO4)-promoted decarboxylation prevents product inhibition
and enables lower catalyst loadings. The limitations of this methodology are highlighted by the

poor enantioselectivity and moderate yield (<5% ee, 51% vyield) of cyclopentenone bearing R =

ethyl.
o Ni(ClO4)2°6H,0 (5 mol%) i
CO,t-Bu 1-44 (6 mol%)
l l PhCl, 80 °C 24h>
Ph R ’ ’ Ph R
1-43 1-45
(1]
58 - 96% yields
| X 81-96% ee
Z (o)
Ar/ ‘._
t-Bu
1-44

Ar = 2,6-diisopropylbenzene

18

cont



a. Rueping's Organocatalyic Nazarov Cyclization of Acyclic Dienone Ethers

Ar
o 1. (R)-1-32 (5 mol%) OH ) 'O o o
0i-Bu CHCl3, rt. 48 h ) - pZ
Ar 2. 6N HCI A ‘O
0°C—>rt r Ar Ar
(R)

1-31 1-33 1-34
-1-32

40 - 71% yields Ar = 9-phen
94/6 - >99/1 er

b. Tius' Organocatalyic Nazarov Cyclization Producing C1-C5 Vicinal Quaternary Stereocenters

Ar

0 OH
R OCHPh OO o 0
1 2 (R)-1-36 (10 mol%) R o y:NHTf

|1 R4 - R o
R 2-t-Bu-phenol R | Ra
? Ry CO.Ph B ot ? R; CO.Ph OO .

’ r
(R)

1-35 1-37 1.36
R4 = Me, cyclic alkene 29 - 80% yields Ar = 4-t-Bu-Ph
Rz = Ar, alkyl, cyclic 56/44 - 99/1 er
alkene
R3 = alkyl
R4 = Me

c. List's Organocatalyic Nazarov Cyclization of Simple, Un-activated Dienones

o ° o

| | (S,S)-1-39 (5 mol%) :&

- +
Ri R, MS4A or 5A, R Re R, R,
PhMe, 20 °C ! 1

1-38 2.5-15days 1-40 1-41
R4 = linear alkyl 51 - 85% yields
R, = linear, branched, cyclic alkyl 88/12 - 97/3 er

1/1->20/1 rr

o
Ar Ar QO
o | |
éN\‘ O
o)
RSO,N 1-42
NHSO,R AY
(S,5)-1-39
R = C,Fs

Ar = 2-triphenylene
Schemé-11 Chiral Brgnsted acid catalyzed asymmetric Nazarov cyclizations.
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1.2.1.3 Torquoselective Cyclizations with Subsequent Asymmetric Protonation

Nazarov cyclizations in which the stereochemistry is controlled by both torquoselective cyclization
and subsequent asymmetric protonation represent the largest class of catalytic asymmetric

cyclizations. This section will only discuss a few selected examples that are relevant to this thesis.

There are only two organocatalytic Nazarov cyclizations that fall under this category of
asymmetric induction. Rueping reported the first example in 2007 and Oestreich in 2018.77:8
Ruepingb6s wor k des ciphodpleatt-catalyzed cclizatisnt of HghlyNaotivated
cyclic alkoxy dienones 1-45 to fused cyclic cyclopentenones 1-47 using a N-triflyl phosphoramide
catalyst (R)-1-46 (Scheme 1-12a). The stepwise mechanism of the reaction is shown in Scheme
1-12. Dienone 1-45 is first protonated by (R)-1-46 to give pentadienyl cation 1-48. Pentadienyl
cation 1-48 undergoes electrocyclization whose torquoselectivity is dictated by steric control of
the phosphoramide catalyst (R)-1-46. Following a regioselective deprotonation of 1-49, the dienol
1-50 is protonated by the phosphoramide catalyst (R)-1-46 from the least hindered side of the
enol to provide the cis-isomer of cyclopentenone 1-47 as the major diastereomer. Overall, the
reaction is highly enantioselective, but exhibits modest diastereoselectivity, which is the main

drawback of this methodology.

Oestreich described a similar Nazarov cyclization of highly activated cyclic alkoxydienones 1-45,
but used the (S)-binaphthyl-derived boron Lewis acid 1-51 as catalyst. The substrate class
examined was very similar to that reported by Rueping. The catalyst provided marginally improved
product diastereoselectivity and enantiomeric excess of the same or similar compounds reported
by Rueping; however, this is the first instance of a Lewis acid organocatalyzed Nazarov

cyclization.

Chiral metal complexes have found extensive use in the area of catalytic torquoselective Nazarov
cyclizations followed by an asymmetric protonation.”®# For example, Tang reported in 2010 the
cyclization of activated cyclic alkoxydivinyl ketoesters 1-52 using 5-10 mol% of a tris(oxazoline)
1-53/Cu(ll) catalyst (Eq. 2).85 The cyclopentenones 1-54 were all isolated as single regio- and
diastereoisomers in moderate to excellent yields and enantiomeric excesses. The upper ligand
side arm X is responsible for controlling the torquoselectivity of the cyclization. The ester

functionality is an essential recognition element for rigid chelation of the dienone to the Cu(ll)
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center and limits the reaction scope accordingly. In addition, reaction times vary from 18 hours to

5 days and likely due to product inhibition.

o R conditions
| | D ——————— Ry

Ar
1-45 1-47
R4 = linear alkyl

+HA* | diastereoselective
protonation

OH
(o]
R4
chiral ion-pair Ar HA*
1-48 1-49 1-50 Ar
a. Rueping's Method OO o L0
Conditions 61 92% yields o w
1.5/1-9.3/1 dr
-1 - 0 °

(R)-1-46 (2 mol%), CHCl5, 0 °C D 56 937 60 O‘ N

(R)-1-46
Ar = 9-phen

Ar

b. Oestreich's Method O
Conditions 75 - 97% yields Q 8 \/'is
(S)-1-51 (2.4 mol%), 1,2-F,CqHy, it Ty | 3:3/1- 11.5/1 dr \
64 - 96% ee OO Vi

Ar

(5)-1-51

Ar = Ph

Schemd-12 Organocatalytic asymmetric Nazarov cyclizations of activated cyclic alkéxydienones
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(o} (0}

o
o COMe cy(BArT,), /1-53 (5-10 mol%)
| | - "'c02Me
Ar t-BuOMe, HFIP, rt

Ar

1-52 BArf, = [{3,5-(CF3),CeH3}sBI” 1-54 2]
45 - 96% vyields
78 -98% ee
X
[ )., X=
8,'.« 1) | 1‘/\5%
1-53
Meggers reported the first Nazarov cyclization using a chiral-at-me t a | c o-In55 lofebwrth

cyclic alkoxydivinyl ketoesters 1-52 and indole-derived ketoesters 1-55 (Scheme 1-13).8 Chiral-
at-iridium complex 1-56a was found to be an effective catalyst producing both cyclopentenones
1-54and 1-57ingood to excellent yields and-1-66a,ahe Rh
C 0 n g e nl&6b was found to be as effective for the cyclization of ketoester 1-55. Asymmetry
is induced from the steric interaction of the aryl substituent on the ketoester with the t-butyl group
of the ligand side arm. Other chiral-at-me t a | ¢ o m{1-b8¢ 1x6€ baye begen developed and

have shown efficacy in the Nazarov cyclization of 1-55.6% 7
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o CO,Me A-1-526 (2 mol%) 0
| | o CO,Me
A DCE, HFIP (1.0 eq) /
r o %
40 °C, 14 - 23 h Ar
1-52 1-54

85 - 98% yields
15:1 - 50/1 dr

89 - >99% ee

(0}
H 1. A-1-56a (or b) (2 mol%)
N COMe HFIP, 50 °C
| l 2. basic Al,O4 Q O CO,Me
Ar DCM, rt, 24 h z
@ t-Bu 46 - 93% yields
12/1-28/1 dr
.t .wMeCN 50 - 96% ee
\ MeCN
N
g t-Bu
X
A-1-56aM =1Ir, X=8
A-1-56b M =Rh, X =0
o A-1-56a (2 mol%)
Cyclization of 1-565, Ar = Ph 15/1 dr
93% ee
T PFg” T Py 2 B+ (PFe),
N / t-Bu t-Bu (/\N N
@ ,,,, MeCN ., | . MeCN MesN—" -.FL.-“M‘*CN
. "' . MesN ~
| “mecn \ MeCN Q\:( | “MecN
N NGNs
N\_\Q,t-Bu M J_@zt-Bu | P
e
A-1-58 (2 mol%) A-1-59 (2 mol%) A-1-60 (5 mol%)
11/1 dr 12.5/1 dr >20/1 dr
96% ee 94% ee 83% ee

Schemd-13 Nazarov cyclizations catalyzed byatimeshl complexes.
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1.2.2 Outlook, Remaining Challenges, and Our Goals

Since the report of the first catalytic asymmetric Nazarov cyclization by Trauner in 2003, a total
of 24 new variants have been reported (nhot including Nazarov-type reactions that lead to
cyclopentenones). Modes of asymmetric induction include asymmetric protonation of the dienol
intermediate, control of the torquoselectivity of the cyclization, and a combination of the two.
Asymmetric induction by protonation of the dienol intermediate is less useful than controlling the
torquoselectivity of the cyclization since the method is only able to control a single stereocenter
on the cyclopentenone. Nonetheless, methods utilizing asymmetric protonation have led to
products with high levels of enantioselectivity using both chiral metal complexes or

organocatalysts.

Controlling the torquoselectivity of the cyclization allows one to introduce two stereocenters, but
it is more challenging since the catalyst is required to control stereocenters on the dienone that
are much further away from the point of activation on the carbonyl. Nevertheless, high levels of
enantiomeric excess (and diastereomeric excess) have been achieved using both transition metal
catalysts and organocatalysts. Transition metal catalysis has been at the forefront of asymmetric
Nazarov cyclizations for two main reasons: 1, it is easier to design catalytic systems because
metal coordination geometry and Lewis acidity are predictable; and, 2, there exists a large library
of chiral ligands for transition metals. Much less attention has been given to organocatalysts to
effect torquoselective cyclizations. The reasons for this may be the following: 1, organocatalysts
typically require high catalyst loadings (>5 mol%); 2, strong acids are necessary to activate the
dienone for cyclization (or the alternative, catalysis by weaker acids is limited to highly activated
dienones), which introduces stability issues of strong organic acids;¢ 3, much less is known about
the modes of asymmetric induction of organocatalysts which makes it more difficult to design or

apply them.®®

Despite the progress that has been made, many challenges still remain. The class of substrates
reported to undergo asymmetric cyclization leaves much to be desired in terms of functional group
incorporation/tolerance and potential to produce stereochemical complexity. The current class of
cyclopentenones that are reliably accessible with high levels of enantioselectivity and good yields
through an asymmetric Nazarov cyclization is summarized in Figure 1-7. A majority of the

cyclopentenones accessible require the incorporation of an aromatic (or activating) substituent,
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which is typically present to enable a more facile cyclization and/or to achieve high levels of

enantioselectivity. Furthermore, there are only two reports of a catalytic asymmetric Nazarov

cyclization that produces quaternary carbon atom stereocenters, only one of which reports the

synthesis of all-carbon vicinal quaternary stereocenters. The production of all-carbon vicinal

guaternary stereocenters is very challenging and the Nazarov cyclization offers a way to address

this problem in the context of cyclopentenone synthesis. Further work in this area deserves

attention. Along the same vein, another pressing unsolved issue is preventing the loss of

stereochemical information through termination of the reaction. This is particularly an issue with

cyclopentenones derived from divinyl ketoesters. A solution to this problem would enable the

production of three or more contiguous stereocenters with control of both diastereo- and

enantioselectivity.

o

X
CO,Me

OH

CO,Ph

R = aliphatic, aromatic
X=CorO

O indicates a quaternary stereocenter

HO
(o)
Ar
HO
o)
R 'Ry
CO,Et
HO
o]
R7™% €OzPh

R4 = aliphatic (2 examples)
aromatic
R, = aliphatic, aromatic

R4 = aliphatic
R, = aliphatic, aromatic

e indicates a stereocenter that was lost by termination

R represents substituents which are considered activating
groups that enable a more facile cyclization

Figurel-7: Scope of cyclopentenones accessible through catalytic asymmetric Nazarov cyclizations.

R1""

Ry

R4, R, = aliphatic

Development of mild catalytic conditions for Nazarov cyclizations also needs to be addressed.

Product inhibition is a primary challenge which requires high catalyst loads (> 2 mol%) for both

transition metal catalyzed and organocatalyzed reactions. Conversely, too highly reactive
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catalysts are indiscriminate at room temperature and only produce cyclopentenones with high

l evel s of enantiosel ect i viafteyextanted teaction imes{@.irlat ur e s

days). Higher catalyst loads are needed due to the much slower reaction at lower temperatures.
Strict temperature control limits the general practicality of the method, particularly when carrying
these reactions out on scale. The ideal catalyst should be used at low loadings (< 2 mol%) and
be able to initiate cyclization at room temperature or above while maintaining high levels of

enantioselectivity.

This thesis intends to address some of the issues discussed above. The work described herein
is focused on generating cyclopentenones with stereochemical complexity through a catalytic
asymmetric Nazarov cyclization. In particular, our goals are to describe conditions that enable the
synthesis of cyclopentenones with high optical purity bearing either vicinal quaternary/quaternary
or tertiary/quaternary stereocenters. Within this class of cyclopentenones we want to define a
substrate scope of dienones bearing all-aliphatic substituents. While it has not been discussed
thoroughly here, catalytic asymmetric Nazarov cyclizations or Nazarov-type reactions have found
use in preparation of natural products with pharmacological activity, such as rocaglamide.?’ It is
foreseeable that the development of new methodologies that address the aforementioned issues

will create new avenues for success in complex natural product total synthesis or drug candidates.
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Chapter 2: Chiral Brgnsted Acid-Catalyzed Nazarov Cyclization

2.1 Introduction

2.1.1 Overview of the Established Methodology

In 2014, the Tius group reported an organocatalytic asymmetric Nazarov cyclization (Eqg. 1) of
geometrically pure dienones 2-1 using an (R)-BINOL derived N-triflyl phosphoramide catalyst (R)-
23t o pr oydoecycldpentenones 2-2 bearing all-carbon vicinal C1,C2 quaternary
stereocenters.! The dienone (R: = Ph; Rz, Rs = Me) and catalyst were carefully designed to
provide fast reactions and high optical purity oft h e ¢ or r e $ydroxyaydlopegtenone. The
combination of a diphenylmethyl ether and a phenyl ester were found to be necessary features of

the substrate in order to achieve the desired goals for the methodology.

o NHTf
o (R)-2-3 OH
H;C OCHPh, (10 mol%)
H,;C (o]
t-Bu 3
A | I, . . [1]
' R, COPh 2-t-Bu-phenol Ri R Congh
21 PhMe, rt z wh2
2-2

The methodology was largely defined by dienones bearing an aromatic moiety at R; or dienones
derived from cyclohexene (Figure 2-1), which provided the respective cyclopentenones with

impressive enantiomeric ratios.

The need to overcome increased strain energy between the C1 and C2 carbon atoms makes
forming the C1,C2-tetrasubstituted cyclopentenones challenging. Substituents that raise the
barrier to cyclization (e.g., branched aliphatic) make cyclization more difficult. Furthermore, there
are alternative reaction pathways for the intermediate cation to react if cyclization is slow (e.g.,
enol ether hydrolysis, cation rearrangements, alkene isomerization). One notable achievement of
this methodology was the successful preparation of cyclopentenone 2-13, which represents a
sterically demanding all-alkyl case. In comparison, compound 2-14 was isolated as an

inseparable mixture of cis- and trans-diastereomers. This indicates alkene isomerization took
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place prior to a slow cyclization. Nonetheless, other undesired side reactions did not occur and

the mixture of cyclopentenones was isolated in good yield.

2-7
80% 65% 61% 72%
98:2 e.r. 98:2 e.r. 97:3 e.r. 919e.r.
HO
(0]
b, COPh
2-8 29 2-10 2-11
1% 65% 41% 29%
99:1 e.r. 95:5e.r. 97:3 e.r. 56:44 e.r.
HO
(o)
& BuCO2Ph
212 2-13 2-14
55% 59% 66%
99:1 e.r. 92:8 e.r. 90:10 d.r.
trans: 82:18 e.r.
cis: 90:10 e.r.

Figure2-1: Repr esent ahydroxyeyclepentenopes preparedfusing the general conditior&olitlined in

The postulated catalytic cycle is outlined in Scheme 2-1. The process begins with protonation of
the 2-15 carbonyl by phosphoramide (R)-2-3. A tight ion-pair forms which conformationally biases
the dienone and controls the torquoselectivity of the activated species through steric interactions.
Following the 4 "-conrotatory process, loss of the stable diphenylmethyl cation leads to compound
2-5. The proton is regenerated by trapping of the diphenylmethyl cation with 2-tert-butylphenol
through a Friedel-Crafts alkylation.

Overall, this work presented itself as the first solution towards achieving a mild, catalytic

asymmetric synthesis of cyclopentenones bearing all-carbon vicinal quaternary stereocenters.
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PhO,C

ion-pairing

Scheme-1: Proposed catalytic cycle for the@8jzed Nazarov cyclizatiad of

2.1.2 Project Objectives

The (R)-BINOL-derived N-triflyl phosphoramide catalyzed Nazarov cyclization offers a promising
route to cyclopentenones bearing all-alkyl C1,C2 vicinal quaternary stereocenters. Moreover,
variability at the Rs position beyond a methyl group was not established in the original report due
to synthetic limitations of the dienone precursors. The next stage in the development of this

methodology requires a study of the generality of the reaction with catalyst (R)-2-3.
With this in mind, the project objectives for the follow-up work were defined as:
1. Define the scope of other all-alkyl C1,C2-tetrasubstituted cyclopentenones
2. Expand substrate scope to C1,C5-trisubstituted cyclopentenones (Rz = H)

3. Vary Rz to groups other than methyl
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2.2 Preparation of Dienone Substrates & Precursors

The approach to access the dienone precursors described in the original report was preserved
(Eg. 2). The preparation of the dienones 2-1 could be achieved by a copper-mediated coupling
between a metalated acrylate 2-16 (right-hand side, RHS) and an acid chloride 2-17 (left-hand
side, LHS).
1. TMPMgCI-LiCl o
OCHPh, THF, rt
L eome

2. CuCN-2LiCl || 2]
PhO,C™ 'R, -30°C

3 o

2-16 :f‘\m 21
-30°Ctort

R "R,
2-17

2.2.1 Right-hand Side Fragment Synthesis

The established route used to access acrylates 2-16 where R; = Me is outlined in Scheme 2-2.
The synthesis began with methyl methacrylate 2-18, which already incorporates the Rz group.
Following a bromination-elimination sequence, bromide 2-19 was subjected to conjugate addition-
elimination by potassium benzhydryloxide at low temperatures to provide methyl acrylate 2-20.

Hydrolysis and esterification to phenyl acrylate 2-21 completes the synthesis.

1. BI'Z, DCM KHMDS
J]\ 0°Ctort Br Ph,CHOH
ﬁ -
MeO,C 2. DBU, THF | Ctort
. ) THF, =78 °Ctort
reflux MeO,C
2-18 2-19
1. LiOH-H,0, rt
OCHPh, THF/MeOH/H,0 (4/1/1) OCHPh,
| - |
2. PhOH, EDCI-HCI,
MeO,C NEt;, DMAP (cat.) PhO,C
DCM, rt
2-20 2-21

Scheme-2: Preparation of RHS fragnoentsiningsR Me.

U-Substituted methyl acrylates that we were interested in for this study are not commercially

available. Because of this, we had decided to develop a synthetic route to acrylates 2-16. We
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targeted the preparation of acrylates 2-16 (Rs = n-Bu, i-Pr, and Cy) that would lead to novel
substrates for the CBA-catalyzed cyclization. The most convenient route to access acrylates 2-
16 would be through a late-stage installation of the Rs group. A number of possible pathways
were identified through a retrosynthetic analysis (Scheme 2-3). Ultimately a Pd(0)-catalyzed

cross coupling proved to be the most effective.

PhO,C_ _I

T

9.9 OCHPh,

Rs Pd cat. R*ZnX
| R3 COZEt
Ph,CHOH \n/
OTf PR
o) 3
0)

9

Scheme-3: Retrosynthetic analysis of ac2yléite

We chose iodide 2-22 to act as a common intermediate to acrylates 2-16. The preparation of 2-
22 was achieved in three steps starting from propiolic acid 2-24 (Scheme 2-4). Propiolic acid was
esterified with phenol to phenyl propiolate 2-25 in 70% yield using DCC and catalytic DMAP in
DCM. Conjugate addition of benzhydrol in the presence of catalytic DABCO in DCM followed by
treatment with iodine and excess pyridine provided iodide 2-22 as a single geometrical isomer in

75% overall yield.

Preliminary Negishi cross coupling reactions were focused on using cyclohexylzinc iodide as the
coupling partner. Using published reaction conditions,? 2 p-iodotoluene (positive control) and
iodoacrylate 2-22 were subjected to cyclohexylzinc iodide, lithium chloride, Pd2(dba)s (5 mol%),
and RuPhos (10 mol%) in a mixture of THF/NMP as solvent (Scheme 2-5). The reaction with p-
iodotoluene was successful; however, the iodoacrylate 2-22 did not react (even when heated)

and was recovered.
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PhOH (1.2 eq) 1. Ph,CHOH (1.05 eq)

DCC (1.0 eq) DABCO (10 mol%)
cop  PMAP (1 moi%) copn  DEM0Cot OCHPh,
2 N 2 >
é/ DCM, 0°C — rt // 2.15 (1.5 eq) PhO c£|
70% Pyridine (3.0 eq) 2
75%, 2 steps
2-24 2-25 2.22

Scheme-4: Reaction sequence used to prepareiddide

We suspected that the diphenylmethyl ether in acrylate 2-22 created a sterically encumbered

environment for oxidative addition of the Pd(0) catalyst. Thus, we simplified the substrate to iodide

2-26 for further studies (iodide 2-26 was prepared analogously to 2-22). When subjected to the

same reaction conditions, iodide 2-26 reacted to provide an 8.0:1.0 mixture of 2-27 and 2-28,
respectively. Unf ort unat dydyde elimitaton predacc2t2v averthé av or e d
desired cross coupled product 2-28; however, we suspected this could remedied with the proper

choice of the ligand on palladium. As such, a study was carried out to determine the optimal

reaction conditions for the transformation 2-26 Y 2-28 (Table 2-1).

CyZnl (2.0 eq), LiCl (2.1 eq)
| - Cy
Pd,(dba); (5 mol%)

RuPhos (10 mol%)

positive control THF/NMP, rt complete reaction
(o)
| CyZnl (2.0 eq), LiCl (2.1 eq)
PhO > no reaction
| Pd,(dba); (5 mol%)
OCHPh, RuPhos (10 mol%)
2-23 THF/NMP, rt
(o} (o}
| CyZnl (2.0 eq), LiCl (2.1 eq) R
EtO » EtO
| Pd,(dba); (5 mol%) |
OEt RuPhos (10 mol%) OEt
THF/NMP, rt
2-26 R =H, 2-27,
Cy, 2-28

8.0:1.0 mixture 2-27:2-28
Scheme-5: Preliminary Negishi cross coupling reactions of iodoacrylates
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Table2-1: All reactions were performed on a 1.0 mmoPRs&GléRxtios determined base#Hon
NMR of the crude reaction mifttimeomplete reaction

0 Cyznl (2.0 eq) 0
| LiCl (2.1 eq) R
EtO — = S Eto
| THF/NMP |

OEt Pd/L OEt
2.26 Tt R =H, 2-27
Cy, 2-28
Entry Pd L T t 2-27.2-28°
1 Pd(dbaj(5%) RuPhos (10%) rt 36 h 8.010
2 Po(dba)(5%) RuPhos (10%) 05°C  >5d 5.010
3 Pd(dbaj(5%) DavePhos (10%) rt <16 h 2.4:10
4 Pa(dbag (5%) DavePhos (20%) rt <16 h 1.2:10
5 Pax(dbay(5%) DavePhos (10%), rt <16 h 1:0
LiCl (excess)
6  Pd(dba)(5%) XPhos (10%) rt <16h  14.2:10
7 Pd(dbay(5%) dppb (10%) rt >2 @) 1:0
8  Pa(dbay(5%) dppf (10%) rt >5 @] 1:0
9 PdCi( dppf) AD - rt >2 1.0
10 Pd(PP¥4(20%) - rt <30 min 1:0
11  Pd(@c)(20%) SPhos (20%) rt <30 min 4.7:10
12 Pd(@G\cy (10%) Davéhos (20%) rt <1lh 2010
13 Pd(Q\ck(10%) CPhos (20%) rt <10 min  104.2
Ph,P
Ri RuPhos: Ry = R, = i-PrO, Rs = H
SPhos: R; = R, = MeO, Rs = H phyp” PP “Fe-
Rs O O DavePhos: Ry = Me,N, R, = H dppb
CPhos: R1 = R2 = MezN, R3 =H PPh,
Rz PCy, XPhos:R;=R,=Rj=iPr dppf

First, the effect of temperature on the reaction was studied. The reaction was carried out at 0 °C
using Pd.(dba)s/RuPhos as a catalyst (entry 2). While there was an observed improvement in the
selectivity of 2-28, the reaction still favored 2-27 and was significantly slower. DavePhos was next
examined as a ligand (entries 3-5). DavePhos significantly improved the reaction time and the
ratio of 2-27:2-28 compared to RuPhos, and further improvement in the ratio was observed when
DavePhos was used in two-fold excess relative to the Pd. Addition of excess LiCl to the reaction*®
completely favored 2-27. Other commonly used catalysts for cross couplings were screened
(entries 4-9) but all failed to provide 2-28 in any appreciable amount. Changing the palladium
source to Pd(OAc). improved reaction times greatly (entries 11-13). Significant rate enhancement
was observed using Pd(OAc)./DavePhos as a catalyst with no significant change in the ratio of
2-27:2-28. Finally, Pd(OAc)./CPhos led to a rapid reaction that favored compound 2-28. It was
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found that NMP had no bearing on the outcome and was omitted in all other reactions. These
reaction conditions were determined to be optimal and were applied to iodide 2-22 (Eqg. 3). On

scale the catalyst loading could be lowered to 1 mol% Pd / 2 mol% CPhos.

PhOZC\EI R3ZnX-LiCl (1.1 eq) PhO,C_ _R; 3]
| Pd(OACc), (1 mol%) \[
OCHPh, CPhos %2 mol%; OCHPh,

THF, rt

2-22
R3 = n-Bu, 2-29, 73%

= i-Bu, 2-30, 56%
= Cy, 2-31, 50%

2.2.2 Left-hand Side Fragment Synthesis

The left-hand side fragments for C1,C2-tetrasubstituted cyclopentenones were prepared
according to the sequence shown in Scheme 2-6. The synthesis of acids 2-35 1 2-41 began with
b-ketoesters 2-32. Treatment of 2-32 with excess aqueous n-BusNOH / hexane with triflic
anhydride provided (E)-enol triflates 2-33 in 50% yield. Tetrasubstituted alkenes 2-34 were
accessed from the treatment of 2-33 with a higher order cuprate at low temperatures. Finally,
hydrolysis of esters 2-34 with lithium hydroxide in an ethanol/water mixture provided the acids in
good vyields. The vyields of acids 2-35 i 2-41 are shown in Scheme 2-6. Known cyclic
tetrasubstituted acids (not shown in Scheme 2-6) were prepared in a similar manner starting from

the correspo-ketbésterg cycl ic b

Trisubstituted acids used for the preparation of C1-C5-trisubstituted cyclopentenones were

prepared via a Horner-Wadsworth-Emmons reaction according to known procedures.

Tf,0 (1.5 eq)
o o nBu,NOH (aq) R, O R;-[M], CuCN R, O
_ > N
Rz)H)I\OEt hexaneg/Hzo TfO/S)LOEt Et,0, -78 °C R1)\Hk OEt
0°
50%
2-32 2-33 2-34

2-35R, = Me, R, = Et, 62%, M = Li

LiOH-H,0 (3.0 eq) CO,H 2-36 Ry = Et, R, = Me, 66%, M = Mg
— > 2-37 R, = n-Bu, R, = Me, 85%, M = Li
EtOH/H,0, 85 °C 2-38 R,

R ONR i-Bu, Ry = Me, 79%, M = Mg

1 2 2-39 R4 = Cy, R, = Me, 85%, M = Mg
[al 2-40 R, = i-Pr, R, = Me, 87%, M = Mg
2-41 R = t-Bu, R, = Me, 86%, M = Mg

Scheme2-6: Synthetic route used in the preparation of tetrasubstituted LHS yialghometstwo steps 233
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2.2.3 Dienone Synthesis

The coupling of the LHS and RHS fragments was accomplished using the same protocol
published in the original report (Scheme 2-7). Specifically, acrylates 2-16 were regioselectively
deprotonated by TMPMgCI-LiCl in THF at room temperature followed by transmetallation with
CuCNL2Li Cl at 130 AC. Th es2ddwer adsqu toithd dupraje speciasd c h |l or
2-42 and allowed to warm to room temperature to afford dienones 2-1. The acid chlorides can be
prepared by two pathways. Pathway A uses the more common conditions of oxalyl chloride in the
presence of catalytic DMF. Most acid chlorides were prepared in this manner. Pathway B uses
cyanuric chloride (TCT) in the presence of an amine base. These conditions allow for the
preparation of acid chlorides that are sensitive to acid catalyzed (e.g. anhydrous HCI)
isomerization of the alkene. These conditions were used for the preparation of acid chlorides in

which R; and Rz are aliphatic.

Path A
o) (COClI),, DMF cat. o) ¢l
OH cl NN
fk — f J 2 e
R R, R R, cI” >N el
TCT, NEt,
Path B 217
(o]
-30°Ctort | OCHPh,
- |
R
Ri” R, COPh°
1. TMPMgCI-LiCl iy
OCHPh, THF, rt [Cu]l_ _OCHPh,
JI 2.CuCN-2LiCl I
PhO,C” R, _30 °C PhO,C” Ry
2-16 2.42

Scheme-7: Synthetic route used in the preparation of @&énones
The vyields of the dienones varied and were dependent on the combination of acid chloride and
acrylate used. It was observed that acrylates with large Rz groups were more resistant to addition
to the acid chloride, resulting in low isolated yields. Nonetheless, a series of dienones were

prepared according to this sequence and are listed in Figures 2-2 and 2-3.
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OCHPh, OCHPh, OCHPh,
| | ||
R
CO,Ph CO,Ph CO,Ph
2-43, 45% R = n-Bu, 2-44, 82% 2-47, 46%

= i-Bu, 2-45, 56%
= Cy, 2-46, 37%

(o] (o] (o]
OCHPh, OCHPh, OCHPh,
|| || I
R R n-Bu R
CO,Ph CO,Ph CO,Ph
R = Et, 2-48, 46% R = n-Bu, 2-52, 58%®! R = n-Bu, 2-57, xx%!
= j-Bu, 2-49, 75% = j-Pr, 2-53, 59%!! j-Bu, 2-58, 56%!!
= Cy, 2-50, 53%! = j-Bu, 2-54, 61%
= t-Bu, 2-51, 58% = Cy, 2-55, 55%!"]

= t-Bu, 2-56, 55%
Figure2-2: C1,Caetrasubstituted dienold&tructure was confirmetHdyMR but not fully
characterize#lyield based on recovered starting material.

(o] (o] (o] (o]
OCHPh, OCHPh, OCHPh, OCHPh,
| - R | - | | [ 1
R X Me R
CO,Ph | CO,Ph CO,Ph CO,Ph
F Cl
R = Me, 2-59, 92% R = 2-Me, 2-62, 97% R = Me, 2-68, 84% 2-70,81%
= n-Bu, 2-60, 97% = 3-Me, 2-63, 95% = n-Bu, 2-69, 81%
= i-Bu, 2-61, 70%"* = 4-F, 2-64, 86%
= 4-Br, 2-65, 95%
= 4-NO,, 2-66, 56%
= 4-Ph, 2-67, 86%
(o] (o] (o]
OCHPh, OCHPh, OCHPh,
| - | - |
R
CO,Ph R CO,Ph PhO,C R
R = Me, 2-71, 83% R =Et, 2-74,77% R = Me, 2-77, 80%

= i-Bu, 2-75, 65%

= n-Bu, 2-72, 56%!2 = Gy, 2-76, 749 = n-Bu, 2-78, 84%?
- y - y 0

= j-Bu, 2-73, 57% = j-Bu, 2-79, 60%!e]
Figure2-3: C1,Carisubstituted dienori®Structures were confirmetHbyMR but not fully characterized.
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2.3 Optimization of the Cyclization to C1,C5-Trisubstituted Cyclopentenones

During our initial cyclization screening of C1,C5-trisubstituted dienone 2-56 we noted large
differences in product er between catalyst batches. The source of this was hypothesized to be
one of two things: water contamination in the catalyst or catalyst decomposition (from aged

samples of the catalyst).

We were able to determine that catalyst (R)-2-3 is not stable in its pure form for extended periods
of time, even when stored under an inert atmospher
of the catalyst by 3P NMR that had been stored at ambient temperature (ca. 23 °C) and sealed
in a container under air revealed the rate of decay of the catalyst. After 5 days, the phosphoramide
started to show signs of degradation to the phosphoric acid. After a period of 10 months there
was an approximately equal mixture of the two. The decomposition of the catalyst may be
autocatalytic in the presence of adventitious water. Thus, we were concerned about the water
content in the reaction medium during cyclization of 2-56, which may erratically change the nature
of the catalyst during the progression of the reaction. This prompted us to screen drying agents

(Table 2-2).

Table2-2: Preliminary screen of additives for the cycli2&gmitbfiR)-2-3. nr =
no reaction. #-butylphenol was not used.

o OH
| | OCHPhy  (R)-2-3 (20 mol%)

2-(t-butyl)phenol (1.2)

Ph h
PhO.C PhMe (0.2 M)
2 Additive COzPh
2-56 2-96

Entry Additive T(°C), t Conversion er
1 None rt, 36 h - 74:26
2 MeOH (10 eq) rt, >24 h nr -
3 HO (10 eq) rt, 24 h - 67:33
4 MS3A@2g/mmol) rt Y 80 5% -
5 MS4A(2g/mmol) rt Y 80 5% -
6 MS 5A (2 g/mmol) r, 48 h 30% 95:5
7 MS 13X (2g/mmol rt Y 80 nr -
8 CaSQ(Drierit® rt, 48 h 5% 57:43
9 NaSC rt, 48 h >90% 90:10
10 MgSQ@ rt, 48 h 60% 64:36
11 HO (10 eq)* rt, 24 h - 64:36
12 AcOH (10 eq)* 1, 24 h - 65:35
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The addition of methanol or water (entries 2,3) to the reaction led to decreased reactivity (entry
1). As we had suspected, water negatively impacted the er of product 2-96. A series of drying
agents (entries 4-10) were examined. Decreased reactivity was observed when activated MS 3A,
4A, or 13X were added to the reaction mixture, with the exception of activated MS 5A. The
inclusion of MS 5A greatly improved the er of the product (95:5) relative to its absence (74:26). A
similar effect was seen when Na.SO, was added (er 90:10). Magnesium or calcium sulfate
conversely lowered the er (64:36) likely as a result of their Lewis acidic character interfering with
the substrate-catalyst complex. Addition of a weak acid, such as acetic acid, had the same effect
as the addition of water (entry 12) in lowering the er (65:35). One possible explanation for the
improvement in er when MS 5A is present may be that it acts to remove adventitious water or
adsorb small amounts of a weak acid (e.g., trifluoromethanesulfonamide from hydrolysis of (R)-
2-3 during the course of the reaction) which may otherwise interfere with the substrate-catalyst
complex through hydrogen-bonding.® Sodium sulfate is apparently effective at removing water,

but not at removing traces of weak acid. For this reason, we added MS 5A to all reaction mixtures.

Table2-3: Optimization of MS 5A additive. Reactions were carried € msi§610

(o} OH

OCHPh (R).2.3 (20 mol%)

2-(t-butyl)phenol (1.2 eq)

Ph
PhO,C PhMe (0.2 M), 60 °C
2 (MS y ;% CO,Ph
2-56 2-96

Entry CBA (mol%) MS 5A (g/mmol) er

1 20 2.0 96:4
2 20 1.0 96:4
3 20 0.5 96:4
4 20 0.2 95:5
5 10 0.5 96:4
6 5 0.5 96:4
7 3 0.5 96:4

Next, the optimal amount of activated MS 5A was determined (Table 2-3). Because of an initially
slow reaction with MS 5A at room temperature, the optimization reactions were carried out at 60
°C. The reaction tolerates as low a loading as 0.5 g/mmol of activated MS 5A without loss of
enantioselectivity. Similarly, the amount of catalyst (R)-2-3 could be lowered to 3 mol% in the

presence of MS 5A without erosion of er (entry 7).
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The effect of temperature, catalyst loading, and additive on product yield and reaction time to
completion were examined (Table 2-4). The yield of the 2-96 was unaffected by the catalyst
loading, additive, or temperature. The er of 2-96 was also unaffected by temperature. Finally, the
time to completion was dependent on both amount of catalyst and temperature, with faster
reactions occurring with higher catalyst loads and temperatures. We decided the optimal
conditions for the reaction used 10 mol% of (R)-2-3 and MS 5A (0.5 g/mmol) at room temperature
and, when necessary, heating the reaction mixture to 60 °C for substrates that reacted too slowly

at room temperature (e.g. <10% conversion after 18 h at room temperature).

Table2-4: Temperature and catalyst load effect on yietd$2:9@

(o} OH
| OCHPh;  (r).2-3 (20 mol%) 0
Ph | 2-(t-butyl)phenol (1.2 eq) _
PhO,C PhMe (0.2 M), CO,Ph
T, t, MS 5A
2-56 2-96
Entry Additve CBA(mol%) T (°C),t er Yield
1 None 40 r,36 h 80:20 77
2 None 40 60,4h 80:20 68
3 MS 5A 40 r,36h 96:4 78
4 MS 5A 40 60,4h 964 75
5 MS 5A 10 rt,48h 96:4 75

Table2-5: Temperature and catalyst load effect on yietd$2:8id

(o}
OCHPh,
] (R)-2-3 o
2-(t-butyl)phenol (1.2 eq) o
c :
y CO,Ph PhMe (0.2 M) ©Y7E o,ph
T, t, Additive
2-50 2-87
Entry Additive (R-CBA2 (mol%) T (°C),t er Yield(%)
1 None 30 n,20h 89:11 45
2 None 30 60,<1h n.d. 33
3 MS 5A 30 n,20h 92:8 60
4 MS 5A 30 60,<1h 91:9 58
5 MS 5A 10 r,48h 91585 60

Similar trends were observed when we examined the effect of temperature and catalyst load on
the cyclization of 2-50. The yield of 2-87 was much more sensitive to the exclusion of MS 5A

(entries 1,2 versus 3,4) than that of 2-96, but the er of the reaction was less sensitive. For the
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C1,C2-tetrasubstituted cases, the optimal conditions chosen were 10-30 mol% of (R)-2-3 and MS

5A (0.5 g/mmol) at room temperature.

2.3.1 C1,C2-Tetrasubstituted Cyclopentenones

The list of C1,C2-tetrasubstituted cyclopentenones prepared is summarized in Figure 2-4 below.

OH OH

OH

(o)

/. CO,Ph * Co,Ph :
2-80, 55%, 75:25 er CO.Ph
R = n-Bu, 2'81, 56%, 94:6 er 2-84. 59% 88:12 er
= j-Bu, 2-82, 60%, 93.5:6.5 er ’ T
= Cy, 2-83, not formed

ey

OH OH

(o)

R o
CO,Ph ¢ IR
2 CO,Ph CO,Ph
R = Et, 2-85,64%, 77:23 er R =n-Bu, 2-89, 76%, 72:28 er R = n-Bu, 2-94, ~30%!3, 92:8 er
= j-Bu, 2-86, 60%, 93:7 er = j-Pr, 2-90, 37%, 77:23 er

i-Bu, 201, 34%. 86:14 er = j-Bu, 2-95, decomposition

Cy, 2-92, 34%, 80:20 er
= t-Bu, 2-93, 72%, 85:15 er

= Cy, 2-87, 60%, 92:8 er
= t-Bu, 2-88, 61%, 88:12 er

Figure2-4: List of C1,@8trasubstituted cyclopentenones. Reactions were carriedtent@natane in toluene at 0.1 M concentration of
dienone in the presenceRpR-8 (1030 mol%),-Buphenol (1.2 eq), and crushed MS 5A (0.5 d#hihelicompound was not
characterized.

44



2.3.2 C1,C5-Trisubstituted Cyclopentenones

The list of C1,C5-trisubstituted cyclopentenones prepared is summarized in Figure 2-5 below.

CO,Ph

R = Me, 2-96, 77%, 96:4 er R =2-Me, 2-99, 65%, 93:7 er R = Me, 2-105, 66%, 93:7 er
= n-Bu, 2-97, 48%, 86:14 er =3.Me, 2-100, 84%, 92:8 er = N-Bu, 2-106, 50%, 85:15 er
= j-Bu, 2-98, 31%, 81:19 er _ 4-F, 2101, 67%, 93:7 er
= 4-Br, 2-102, 41%, 89:11 er’]
= 4-NO,, 2-103, 45%, 96:4 er
= 4-Ph, 2-104, 74%, 77:23 er

OH

CO,Ph

2107 26%. 946 er R = Me, 2-108, 49%, 86:14 er
’ ’ = n-Bu, 2-109, decomposition
= j-Bu, 2-110, decomposition

OH OH
o o
R LR
CO,Ph CO,Ph
R = Et, 2-111, 63%, 94:6 er R = Me, 2-114, 30%, 99:1 er
= i-Bu, 2-112, 42%, 96:4 er = n-Bu, 2-115, <10%, 82:18 er?l
= Cy, 2113, 32%, 98:2 er = i-Bu, 2-116, <10%, 80:12 e/?!

Figure2-5: C1,Chrisubstituted cyclopentenones. Reactiooamiedeout at room temperature in toluene at 0.1 M concentration of dienone
in the presence Bj-2-3 (10 mol%),tBuphenol (1.2 eq), and crushed MS 5A (0.5 dihmlompound was not charactétized.
absolute stereochemistry confirme@pygrystallography.
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2.4 Results, Discussion, and Limitations of the Methodology

A total of 37 new dienones were prepared with the purpose of determining catalyst (R)-2-36
effectiveness. This section will provide a brief discussion on the results of the reactions for both
C1,C2-tetrasubstituted and C1,Cb-trisubstituted cyclopentenones, followed by a general

discussion of the trends observed in the isolated yield and enantioselectivity of the reaction.
2.4.1 C1,C2-Tetrasubstituted Cyclopentenones

Of the 16 dienones prepared for this study 14 led to cyclopentenones successfully. All
cyclopentenones prepared contain vicinal quaternary stereocenters and most are all-aliphatic
substituted cases. Most reactions went to completion using 10 mol% of (R)-2-3 at room
temperature after 24 hours and the cyclopentenones were isolated in good to moderate yields.
Compounds 2-88 and 2-93 have three contiguous quaternary all-carbon stereocenters. Reactions
to form cyclopentenones with a C1 n-Bu group were slow at room temperature, required longer
reaction times (481 120 hours), and their isolated yields were lower than their C1 Me compounds.
The reaction mixtures leading to compounds 2-90i1 92 contained numerous byproducts; isolated
2-90192 were found to undergo decomposition during storage. The substrate leading to
compound 2-83 with a C1 Cy is apparently excluded from the catalyst active site and 2-83 was
not formed, even after heating the reaction mixture to 100 °C. Our attempt to form 2-95 resulted
in a complex reaction mixture in which no 2-95 was detected. The enantiomeric ratios of the
isolated cyclopentenones can be categorized as follows: five were good to excellent (>90/10), five
were moderate (80/20 7 89/11), and four were poor (<79/21).

2.4.2 C1,C5-Trisubstituted Cyclopentenones

Of the 21 dienones prepared for this study 19 successfully yielded cyclopentenones. Both
cyclopentenones bearing a C1 aryl and C1 aliphatic substituent were prepared bearing a vicinal
guaternary and tertiary stereocenter. Most reactions were carried out using 10 mol% of (R)-2-3 at
room temperature and provided cyclopentenones in moderate yields after 24 hours. Similarly,
cyclopentenones with a C1 n-Bu or i-Bu substituent were formed in slow reactions and in low
isolated yields. The reaction mixtures leading to compounds 2-109 and 2-110 were complex with
no detectable cyclopentenones. Similarly, compounds 2-115 and 2-116 were only detected in

trace amounts (<10%). The enantiomeric ratios of the isolated cyclopentenones can be
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categorized as follows: 11 were good to excellent (>90/10), seven were moderate (80/20 7 89/11),
and one was poor (<79/21). The absolute stereochemistry of compound 2-102 was determined
by X-ray crystallography and the absolute stereochemistry of all other compounds was assigned

by analogy.
2.4.3 Trends in Isolated Yields and Enantioselectivity

The isolated yields of the cyclopentenones were found to be dependent on the steric bulk of the
R3 substituent and the degree of substitution of the C2/5 carbon atoms. In general, large Rz (n-
Bu, i-Bu) groups always gave low isolated yields compared to small Rs groups (Me). C1,C2-
Tetrasubstituted cyclopentenones were always isolated in higher yields than their C1,C5-
trisubstituted counterparts. The representative examples that indicate this trend are shown in
Figure 2-6.

OH OH

(o)

Ph Ph

:- YOty e — Yray

© CO,Ph CO,Ph CO,Ph CO,Ph
80%, 98/2 er  77%, 96/4 er 48%, 86/14 er 31%, 81/19 er

© CO,Ph © CO,Ph

59%, 92/8 er 37%, 77/123 er
Figure2-6: Representative examples of cyclopentenones showing the trend of decreasiniily ywedcbasithg steric bulk.at R

With regards to enantioselectivity, three general trends could be determined. Firstly, with C2/5
held constant, increasing steric bulk at C1 leads to lower product er (Figure 2-6). This trend is
general with the exception of R; = Ph, R, = Me. Secondly, a significant difference in size between
the substituents on C2/5 is necessary for optimal product er. This is illustrated by the examples
shown in Figure 2-7. When the groups on C2 are nearly the same size (e.g. Et versus Me) poor
enantioselectivity is observed; however, as the substituent size difference is increased on C2 the
product er is greatly improved (e.g. Cy, i-Bu versus Me, H). The exception to this is when Ry = t-

Bu, which showed a slight decrease in product er.
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OH OH OH OH

77123 75125 92/8 (Ry =Me) 93/7 (Ry = Me)
98/2 (Ry=H)  96/4 (R, = H)

Figure2-7: Representative examples of cyclopentenones showing the deperetendg® ohRroduct er.

Lastly, small para-substituents on C5 phenyl groups lead to optimal product er. The ortho and
meta substituents do not significantly impact product er; however, the product er is sensitive to
the para substitution. As the size of the para-substituent increased, the product er was negatively

impacted as illustrated by the compounds shown in Figure 2-8.

96/4 93/7 89/11 77123
Figure2-8: Representative examples showing the depermigasalititution gmoduct er

In summary, the method is best suited for acyclic all-alkyl dienones bearing Rz = Rz = Me with Ry
groups being at least as large as an n-Bu group but no larger than a t-Bu group. For acyclic
dienones bearing R1 = phenyl, the method tolerates ortho, meta, and para-substitution, but para-

substitution must remain small for optimal enantioselectivity.

2.5 Mode of Asymmetric Induction

The results and trends summarized in section 2.4 are consistent with a model of the reaction
transition state leading to compound 2-4 with (R)-2-3 published by Krenske.” The model of the
transition state is depicted in Figure 2-9. In this model, the stereo-defining interaction is between
the two small methyl substituents on C1 and C2 with one of the homotopic methyl groups from
the t-butyl group of the catalyst. The C1 phenyl ester and C2 phenyl are largely excluded from
thepocket Fur t her mor e, an -‘atitmrtaecrta cvtei,o nwebaekt ween t he C1

phenyl ring is present.

This model implies that the two large substituents on C1 and C2 must be positioned on the same

side of the cyclopentenone for best er outcomes. Since the C1 phenyl ester is a feature of the
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substrate class, increasing the size of the R3 substituent on C1 from Me to n-Bu or i-Bu begins to
approach the size of the phenyl ester which leads to a loss of enantioselectivity. This same
analysis holds true for the C2 substituents and the model explains the necessity for a substantial

size difference between the two C2 substituents.

Figure2-9: Model of the transition state of the reaction |8adiyaattiion oR)-2-3.
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2.6 Conclusion

An expanded substrate scope of an (R)-BINOL-derived N-triflyl phosphoramide 2-3 catalytic
asymmetric Nazarov cyclization of dienones 2-2 to cyclopentenones 2-4 has been described.®
This work describes the preparation of 33 new cyclopentenones and their precursor materials.
Fourteen C1,C2-tetrasubstituted cyclopentenones bearing vicinal all-carbon quaternary
stereocenters, 12 of which were all-aliphatic, and 19 C1,C5-trisubstituted cyclopentenones
bearing one tertiary and one quaternary stereocenter were described. Variation of R; was

investigated and required the invention of a new synthetic route to acrylates 2-28.

Acyclic all-aliphatic C1,C2-tetrasubstituted dienones represent challenging substrates for the

Nazarov cyclization. This work reported the first comprehensive study of a catalytic asymmetric

Nazarov of these substrates using a chiral Brgnsted acid catalyst. The | i mi tati ons of t
effectiveness have been determined empirically and the trends in enantioselectivity are in
agreement with an independent groupds conmpisutati on

marks an important step towards understanding how (R)-BINOL-derived phosphoramide acids

control the tor guosel e catkoxydienone ethérs. This shouddyallow forz at i o n

the designing of more effective catalysts to address the current limitations of this methodology.
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Chapter 3: Lewis Acid-Brgnsted Base Catalyzed Asymmetric Nazarov
Cyclization

3.1 Introduction

3.1.1 Background

In 2005, Tius described the first metal-enolate Nazarov cyclization of diketone 3-1 (and related
diketones) t o -hydroxycyclopentenone 3-2 using either lithium tetramethylpiperidide (LiTMP) in
THF at 178 AC or pyr r olzin BNISOat rosrh terhperatare (eqll)y t i ¢

a. LiTMP, THF
fo) -78°Ctort OH

71%
—
] 2 or 0 1]
Ph
Ph b. Yb(OTf); cat.
pyrrolidine

31 DMSO, rt 3-2
63%

The postulated mechanism for both of these processes is illustrated in Scheme 3-1. The
difference between routes a and b is the way in which the metal-enolate is formed. In the case of
route a, diketone 3-1 is deprotonated by an amide base, LiTMP, to form a Li-enolate (compound
3-3, M = Li). Alternatively, an amine base, pyrrolidine, can be used in the presence of Yb(OTf); to
form a Yb-enolate (route b, 3-3, M = Yb(OTf)2). In both cases, the metal-enolate exhibits
complementary polarization at the terminal carbon atoms of the dienolate. The metal cation of the
enolate is internally chelated to the adjacent carbonyl and induces a 4conrotatory
el ectrocycl i shytoiyeyaopentenone B-2 after wdskup.

o
Ty o -
base o A [o] 47-CON b Workup
31 —— > | 5 | | 5 T > Ir'®"1l —_— ZY ——— 32
Ph b
Ph PH
3-3 34 35

Scheme3-1: Postulated mechanism for the convegslda®®. M = Li (route a), Yb (route b).

The scope of the reaction was defined by the representative examples shown in Figure 3-1. Both
routes a and b were capable of cyclizing diketones to cyclopentenones bearing a quaternary
carbon atom at C5 (3-6, 3-8i10) in moderate to good yields. The reaction failed for
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cyclopentenones bearing a quaternary carbon atom at C4 (3-11 and 3-12). Tius postulated that
electron withdrawing groups at C5 should accelerate the metal-enolate cyclization. To this end
cyclopentenone 3-13was prepared. | t walromodiketane leading tot3H&at t h e
underwent spontaneous cyclization on standing in chloroform. To date there has not been any

report of a catalytic asymmetric version of the metal-enolate Nazarov cyclization.

OH OH OH
Ph Ph Ph
Et Et i-Pr
3-2 3-6 3-7
71%, 63% 66%, 79% n.d., 82%
OH OH OH
Ph
o o) o
Ph
£l Et
3-8 39 3-10
n.d., 84% 71%, 70% 70%, 68%
OH OH OH
. O X
ph” %
Et Et Br
3-11 3-12 3-13
74%, n.d.
not formed

Figure3-1: Repr esent at i v-enolatexNeazam\ cgchzatonf Ti usd met al
Yields refer to route a, b respectively. n.d. = reaction not performed

3.1.2 Preliminary Results

In the context of an asymmetric Pd(0) Nazarov-type cyclization? (Scheme 3-2), we had prepared
diketoester 3-14b with the goal of expanding the substrate scope of the reaction to C1,C2-
tetrasubstituted cyclopentenones. A closely related diketoester 3-14a successfully reacted to form
cyclopentenone 3-15a with excellent enantioselectivity, so it seemed plausible the reaction would

work with diketoester 3-14b. The reaction mechanism of the Pd(0)-catalyzed reaction is believed
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to proceed through the intermediacy of a Pd-" -allyl complex 3-16 followed by concomitant proton

transfer from the enol tautomer of 3-14a.

o L1* (15 mol%)

Pd,(dba)s (5 mol%)
CO,Et >

v

o MeCN, MS4A
67%, 72 h
96:4 er

3-14a

L1* (7.5 mol%)

Pd,(dba)s (5 mol%)
A4
CO,Et >& -

o MeCN, MS4A

* CO,Et
3-14b 3-15b

ph_Ph 7 N\

0 0 )=N
L1r= X PN,

0"'\\_-0 Ph

Ph" pn

© 7N
*LPd‘) 0--- 'E
)

CO,Et

3-16
Scheme3-2: Pd(Oxatalyzed Nazastype cyclization of diketoesters.

Compound 3-14b proved to be unreactive under the standard conditions developed for less
substituted diketoesters. In an effort to increase reactivity, we postulated that the enolate of 3-
14b would lead to a faster reaction with Pd(0). The lithium and magnesium enolates of 3-14b
were prepared from the corresponding tetramethylpiperidides at 0 °C in THF. To our surprise, a
very fast cyclization reaction of 3-14b with TMPMgCI-LICl occurred. Additional control
experiments showed that the reaction with TMPMgCI-LiCl could be carried out with catalytic base
(20 mol%, ~2.5 turnovers). No spontaneous cyclization of the lithium enolate occurred at room
temperature and it only began to cyclize when heated to 50 °C. Ultimately, when the preformed
lithium enolate was added to the asymmetric Pd(0)-catalyst in MeCN or DMSO, it did not improve
the reactivity of 3-14b.
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It is surprising that diketoester 3-14b underwent a rapid cyclization with TMPMgCI-LiCl when
compounds 3-11 and 3-12 failed to react in a similar reaction with LiTMP or Yb(OTf)s/pyrrolidine.
Comparison of the structures of these compounds implicates the carboethoxy group in 3-14b as
being responsible for the increased reactivity of the diketone. The electron-withdrawing nature of
the carboethoxy group apparently lowers the barrier toward cyclization of the enolate, for the
reason postulated by Tius in the case of compound 3-13. This is especially interesting since the
cyclization of 3-14b is rendered more difficult due to the steric compression of the two vicinal
quaternary all-aliphatic bond forming carbon atoms. Because of the higher reactivity of the
compound, we were interested in whether or not a catalytic asymmetric reaction could be
achieved by means of a chiral metal catalyst. A preliminary screen of Cu(ll)-derived BOX and
PyBOX complexes in the presence of t-BuOLi revealed that some asymmetric induction could be

achieved from the cyclization of the enolate derived from 3-14b (Table 3-1).

Table3-1: Preliminary catalyst screen for the cycli&tidn of

0 1. t-BuOLi (1.0), DCM OH
rt, 30 min
CO,Et .
o 2. Cu(OTf), (20 mol%) :
L* (30 mol%), P GoEt
3-14b MS 4A, rt, 18 h 315b
A
0 N N© L2*, R = i-Pr, 65/35 er
S"N N\J L3* R = Cy, 65/35 er

L6*, R = Ph, 45/55 er
L7*, R = CO,iPr, 34/66 er

R R
0\’><(0 L4*, R = t-Bu, 48/52 er
</l \\2 L5* R = Cy, 46/54 er
\ N N
R R

We were encouraged by these preliminary experiments that a catalytic asymmetric version of the
metal-enolate Nazarov cyclization could be developed and applied to the synthesis of all-aliphatic

U-hydroxycyclopentenones bearing vicinal quaternary carbon stereocenters.
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3.1.3 Project Objectives

The metal-enolate Nazarov cyclization offers a new approach towards achieving a catalytic
asymmetric Nazarov cyclization. The fast cyclization of the Mg-enolate derived from 3-14b
suggest that other all-alkyl diketoesters 3-17 leading to cyclopentenones 3-18 with vicinal

guaternary carbon atoms would be fast (eq 2).

0 R, OH

R, conditions R4
I COyRs  -------c-o-eo-- »> o [2]
R R (o] R2 s 'R4
z : R3 Co,Rs
3-17 3-18
R1_4 = alkyl

These types of substrates represent challenging cases for the Nazarov cyclization. With this in
mind, we wanted to develop a catalytic asymmetric Nazarov cyclization of diketoesters 3-17.
Additionally, we wanted to develop a new synthesis of diketoesters 3-17 that would allow for easy

variation of the substituents. Thus, the project objectives were defined as follows:
1. Develop an operationally simple and versatile pathway to diketoesters 3-17.

2. Define and optimize conditions for a catalytic asymmetric metal-enolate Nazarov

cyclization of diketoesters 3-17.

3. Define the substrate scope for the asymmetric cyclization that leads to all-alkyl vicinal

quaternary carbon stereocenters.

3.2 Development of the Synthetic Route to Diketoesters 3-17

3.2.1 Limitations of Existing Methods & A Proposal for a New Route

There are two methods which have been applied to access diketoesters 3-17 and are shown in
Scheme 3-3. The two methods approached the preparation of 3-17 as a convergent synthesis
which constructed a key C-C bond of the diketoester (red dashed line) from right-hand and left-
hand side fragments. In the first method, the lithium anion of a TBS-protected cyanohydrin 3-19

is added to a ketene! °. This process is reliant on a highly reactive ketene intermediate that is
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thermally sensitive and requires filtration under an inert atmosphere prior to addition to the anion.
The process is operationally challenging and the results often vary due to the highly reactive
nature of the ketene. The second approach utilizes the same synthetic sequence as that
described in section 2.2.3. In this case, the product is a SEM-p r o t e eatkaxyldietibne. Our
previous experience with the difficultly of installing R substituents other than methyl on the
acrylate fragment 3-22 made this approach less appealing. Not only that, but the process requires
the deprotection of the SEM ether, which takes place only under harsh conditions for hydrolysis

(HF-pyridine, THF, heated) and increases the likelihood of a premature Nazarov cyclization .

With the issues of the earlier two methods in mind, we desired a short pathway of two to three
steps that would not require the handling of a highly reactive species, allow for easy installation
of R4 substituents, and provide diketones 3-17 in serviceable yields. Additionally, since we already
have a reliable way of preparing the left-hand side fragments (e.g., 3-21) for these types of
compounds, we wanted the new approach to preserve this. Thus, a synthesis from ynone 3-33
was planned with the key step being a Cu-mediated conjugate addition-oxidation sequence to
yield diketoester 3-17 in a single operation (Scheme 3-3). This approach would only require the

preparation of the ynone from the corresponding carboxylic acid and propiolate.

(o]
R
o CO.R 1 Li o\\. First pathway: Addition to Ketene
25 | + OR; Operationally challenging
R4 ! R R Highly reactive intermediates
N 2 3 R
| = ‘
0 3-19 3-20
Ry R3
(o]
R4 [Cu] OSEM  Second pathway: Metallated Acrylate-
I ci | Coupling
. Limited synthetic ease of 3-22
R, Rs R50,C Ry Deprotection of SEM ether
3-21 3-22
(o]
R *..OH . . i
1 Y Ry 1 R4M/CuX New, Third pathway: Conjugate Addition -
| | |:> \\ 2 then [O] Oxidation
R Ry | CO.R Simplified synthesis
2 R CO,R 2R\5 . .
3 2Rs5 R, R3 Easy variation of Ry
317 3-33
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1. CuBr-SMe,, MeLi

o Et,0, -40 °C
YO 2. t-BuOOLi, -80 °C 0 R'
N\> 3. Proton source, =80 °C R>)J\
/ 7 N
7 W
R o Me (o]
R 45 to 64% o
3-34 3-35

0 i® o Li®

. ) -,
[Cu] R| —> (‘Cu R'| —> o) R
\ e\ 77N\
R 0-0 ‘) R o—Cu R
t-Bu Me t-B ©

Me u

3-36 3-37 3-38

1,2-metallate rearrangment

Schemes4: Cumediated conjugate additodation of ynami@eito imide8-35
The Cu-mediated conjugate addition-oxidation is precedented in the synthesis of imides 3-35 from
ynamides 3-34 (Scheme 3-4).° In this work, methylcopper was added to an ynamide
regioselectively to form organocopper species 3-36. Treatment of 3-36 with lithium tert-
butyl hydroperoxi de a tmefaltd regkrf@hgemensta coppsr enolate 238.1 , 2

Following a protic workup, imide 3-35 is isolated in moderate yields of 457 64%.

We were hopeful that a similar transformation from ynone 3-33 would lead to diketone 3-17.
Regioselective conjugate addition at low temperatures should favor addition to the C2 carbon of
3-33 since the ketone activates C2 more than the ester activates C1. Subsequent treatment of

the organocopper with lithium tert-butylhydroperoxide should lead to the desired diketone 3-17.

3.2.2 Development of the Synthetic Route to Diketones

The new route to diketones 3-17 was i ni t i al | ymetlsyltinnaniceadid 3vB9 ashthe U
starting material (Scheme 3-5). Ynone 3-43 could be prepared from the coupling of acid chloride
3-41 and copper acetylide 3-42. The acid chloride was prepared using excess oxalyl chloride in
the presence of catalytic DMF in DCM. Copper acetylide 3-42 was freshly prepared from ethyl
propiolate 3-40, catalytic Cul, and i-Pr2NEt in DCM.
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)y (1.5-2.
(COCI); (1.5 - 2.0 eq) cocl

CO,H DMF cat., DCM, rt —_
T " i
pr” (10€q) Ph
>90%
3-39 3-41 > X
CO,Et
i-Pr,NEt (1.5 - 2.0 eq) Ph 3.43
Cul (10 mol%), DCM, rt CO,Et )
CO,Et = 4
// > /
(1.5 - 2.0 eq) [Cul o o
3-40 3-42 o
I I
Ph Ph

3-44
Scheme3-5: Synthesis of yn@#3

During the optimization of the reaction conditions, small amounts of anhydride 3-44 was observed
to form as a result of either incomplete acid chloride formation or hydrolysis of the acid chloride
from adventitious water.” Most protocols that use oxalyl chloride normally remove any excess
oxalyl chloride by distillation under reduced pressure prior to the next reaction. In this case, it was
found beneficial to keep the excess oxalyl chloride present as a dehydrating agent during the
addition of the copper acetylide. This suppresses the formation of the anhydride byproduct, but

requires an excess of ethyl propiolate.

Next, the copper-mediated conjugate addition-oxidation sequence of ynone 3-40 to diketone 3-

45 was examined. The optimized conditions are shown in eq 3.

1. CuBr-SMe, (1.5 eq)

fo) MelLi (1.5 eq) fo) o) CO,Et
-78 °C, Et,0, 10 min P
| N > |  TCokEt |, | 3]
o CO,Et 2. t-BuOOLi (2.0 eq) o
-78 or =94 °C, 10 min PN Ph
3-43 3-45 3-46
70 to 75%
Treatmentofynone 3-43wi t h pref ormed met hyl copper in ether
by addition of t-Bu OOL i to the solution at either 1T78 or 19

that produced diketone 3-45. Both transformations were essentially instantaneous at the indicated
temperatures, but the reaction mixtures were allowed to stir for 10 min to ensure completion of
the reaction. Overall, the conditions used to effect the transformation were slightly varied from the
published method shown in Scheme 3-4.

59



It was found that the reaction is sensitive to the quality of the Cu(l) source. Contamination by trace
amounts of Cu(ll) led to the formation of an (E)/(Z) mixture of alkene 3-46 in ca. 10-15%,
presumably through Cu(ll)-mediated radical decomposition of the peroxide which eventually leads
to hydrogen atom abstraction from solvent to form alkene 3-46. For this reason, ether was chosen
as the preferred reaction solvent over THF since ether is a worse hydrogen atom donor than THF.
Along the same line, it was found to be beneficial to use freshly prepared CuBr-SMe:® (or Cul)
rather than commercial CuCN which is typically contaminated with Cu(ll).° Low isolated yields or
no production of diketone 3-45 resulted from warming the reaction mixture prior to quenching with
saturated aqueous NH4Cl or use of higher order cuprates, respectively. In the first case, a number
of unidentified polar byproducts were detected in the reaction mixture, possibly from either
homocoupling of the organocopper species in the presence of oxidant or secondary oxidation
products of the diketone. Lastly, the yield of the reaction was found to be scale dependent;

improved yields were observed on larger scales.

In summary, a new synthetic route to diketones 3-17 was developed. A two-step reaction
sequence was developed and optimized for the synthesis of diketoester 3-45 starting fr o m-
methylcinnamic acid 3-39. This synthetic route was applied to the preparation of a diverse number

of diketones 3-17 used in this study of the metal enolate Nazarov.

3.3 Synthesis of Ynones

The general scheme for the preparation of ynones used in this study 3-517 67 is shown in Scheme
3-6. Ynones 3-33 were prepared by a copper catalyzed coupling of a copper acetylide 3-49 with
an acid chloride 3-48. Acid chlorides could be prepared by one of two methods: 1, oxalyl chloride
in the presence of catalytic DMF; or, 2, TCT in the presence of an amine base. During the course
of this study, it was observed that when ynones were prepared from acid chlorides that used
TCT/NEts, an inseparable TCT-amine adduct 3-50 was formed.® ' This adduct could not be
removed until after cyclization. Thus, we opted to use i-PraNEt in place of NEts; since the ynone
could be isolated without any contamination by a TCT-amine adduct. Acid chlorides whose parent

carboxylic acid 3-46 were sensitive to acid catalyzed isomerization were prepared using path b.
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Path A

o) (COCI),, DMF cat. o o <
R R
1fJ\OH - 1:fl\m N)§N )§N
I I
R,” "R, R,” "R, Cl)\N/)\CI R)\N/)\NEt
TCT, i-ProNEt

3-46 Path B 3-48 TCT 3-50
R = NEt,, Cl, OH

(o]
DCM,rt  Rs
f\ CO,R
Rz R3 2N\5
3-33
CO,R;  Cul, i-PrNEt P CO2Rs
—»
= . y 4
DCM, rt
3-47 3-49

Scheme3-6: Synthetic route to prepare y383&s
The ynones prepared for this study are shown in Figure 3-2. Yields of ynones prepared using
acid chlorides derived from path b could be improved by using a two-fold excess of the acid

chloride relative to benzyl propiolate; however, most ynones were prepared using 1 eq of acid
chloride since larger amounts of ynone could be isolated.!?

o (o] o (o]
R
| X | Xy ])\ ])\
CO,Bn CO,Bn CO,Bn CO,Et
R R Ph
R = Et, 3-51, 60%! 3-57, 28%°ld] R = Me, 3-58, 47%] R = H, 3-62, 60%?
= n-Bu, 3-52, 54%°! = Et, 3-59, 42%@ = Me, 3-45, 71%!2]
= 4-Cl-n-Bu, 3-53, 37%®! = Cy, 3-60, 72%!
= j-Pr, 3-54, 64%] = Ph, 3-61, 71%

= Cy, 3-55, 43%"!
= j-Bu, 3-56, 75%!PIc]

(o] (o] (o]
\fj\ N N
CO,Bn CO,Bn CO,Bn
Cy R
3-63, 50%! R = H, 3-64, 80%! 3-67, 62%!

= Me, 3-65, 96%]!
= j-Pr, 3-66, 86%]!

Figure3-2: List of ynones prepared. a: ((d0Sleq), DMF cat. DCM, rt; Cul (10 Hru¥®t (2.0 eq), benzyl propiolate (1.5 eq), DCM.

b:TCT(1.0eidPeNEt (1.0 eq), THF, IiReNEY(1.89) beAzgl profolte (h.Deq); DCEutl [c] s&d.2@q of q ) |,
acid chloridgd] partial isomerization of the alkene was observed.
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3.4 Synthesis of Diketones

The list of diketones prepared for this study is shown in Table 3-2.

Table3-2: List of diketon84.7. *isolated as an inseparable mixture of alkene geometrical isomers

1. CuBr-SMe, (1.5 eq) o R
4

o R4-[M] (1.5 eq) <
R1 \\ Etzo _78 or _100 >C 1 | C02R5
I CO,Rs - o
R” R, 2. t-BuOOLi (2.0-3.0 eq) Ry” “Rs

Et,0 -78 °C
3-33 or -94 to -78 °C 317
o o o o
R
| CO,Bn | CO,Bn | CO,Bn 1 | CO,Et
o o o o
R, R, Ph
R, = Et, 3-68, 41% 3-74, 42%* R, = Me, 3-75, 36% R4 =H, 3-79, 25%
= n-Bu, 3-69, 61% = Et, 3-76, 37% = Me, 3-45, 76%
= 4-Cl-n-Bu, 3-70, 44% =Cy, 3-77,70%
= j-Pr, 3-71, 44% = Ph, 3-78, 35%
= Cy, 3-72, 51%
= j-Bu, 3-73, 50%
o o o
I COan COan COan
o o o
Cy R3
3-80, 61% R3; =H, 3-81, 25% 3-84, 59%

= Me, 3-82, 51%
= j-Pr, 3-83, 45%
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3.5 Development of a Catalytic Asymmetric Metal Enolate Nazarov Cyclization

After surveying over 100 different conditions for the transformation of 3-14b Y 3-15b (eq 4)
varying metal, ligand, solvent, base, and additives we had failed to achieve high enantiomeric

ratios of 3-15b, although yields were often good.

o
asymmetric catalyst

CO,Et -

(4]
o

CO,Et
3-14b 3-15b

During our screening of reaction conditions, we became concerned with the following: 1, mono-
versus bidentate coordination of the diketone to the metal center, and, 2, configuration of the
metal-ligand complex. In the first case, there was concern of whether or not we were forming a
bidentate complex of the diketone to the metal center (Figure 3-3). The bidentate coordination is
essential to conformationally restrict the diketone inside the catalyst pocket. Such restriction is
essential for good asymmetric induction. Low enantiomeric excesses can be explained by the

formation of a monodentate or a mixture of mono- and bidentate chelates.

M
: BH
----M
o| I 0 o
(o] (o}
Ph EtO,C Ph EtO,C
bidentate monodentate

Figure3-3: Bidentateersusnonodentate chelates. B = base

The next point of concern was the metal-ligand-diketone geometry. It is unclear what the actual
coordination geometry of the complex is in solution with our diketone and most commonly used
metal/ligand combinations (e.g., M"(OTf), / BOX or PyBOX). If the metal-ligand-substrate
complex does not adopt a single geometry then it becomes increasingly difficult to design an
effective catalyst.'® Furthermore, there was some concern about vacant coordination sites within
the substrate-metal-ligand complex. If one or more coordination sites remained accessible during

the course of the metal-substrate complex it would lead to unreliable asymmetry transfer.
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With these issues in mind, we became interested in chiral-at-metal complexes. Meggers has
shown that chiral-at-rhodium 3-85 or iridium 3-86 complexes are effective catalysts for the
Nazarov cyclization of divinyl ketoesters (see 1.2.1.3).}* The metal complex is configurationally
stable and has a cationic charge at the metal center. The position of its side arms is well defined
and there are only two unoccupied coordination sites on the metal center. We decided to subject
diketone 3-45t 0 c at-3-855ih Me€CN @able 3-3).Cat a | -3-854&was prepared according
to Meggerso published work.

Table3-3: Preliminary screen oftiea conditions for the cyclizaetbofs i n g €3-85mfrdaaion was not catalytic.

o OH
A-3-85a (ca. 5%)
CO,Et — >

) 4 MeCN
Ph Base
ca. 15 mg
3-45 3-87
Entry Base er
1 None* 14/86
2 i-PeNE(1.0 eq) 14/86
3 i-PENEt (0.2 99 14/86
4 NMeCy(0.2 e}y 14/86
5 DABCOO(2eq  14/86
6 tBuOL({1.0 eq) 44/56
7 tBuOL{0.2 ey 22/78

X —‘+ PF6_
N t-Bu
N
. |\ln .«MeCN
‘ “MeCN
N
‘d

ol

n,

X

A-3-85aM =Rh,X=0

A-3-85b M =Rh, X =S

A-3-86M=1Ir, X=S
In the absence of base, the reaction was stoichiometric with respect to the Rh catalyst and
provided cyclopentenone 3-87 in 14/86 er. Addition of tertiary aliphatic amine base enabled
catalytic activity. The identity or amount of the amine base did not affect the er of 3-87 (entries 2i
5). However, use of t-BuOLi as base led to a dramatic decrease in the er of 3-87. Use of

stoichiometric t-BuOL.i provided nearly racemic 3-87 (entry 6) while the use of 0.2 eq t-BuOLi gave
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poor enantioselectivity which varied between runs (entry 7). This difference between the use of a
tertiary amine base and t-BuOLi can best be explained as being due to the difference in the
formation of a bidentate, monometallic (M = Rh) complex or a monodentate, bimetallic (M = Rh,
BH = Li) complex (Figure 3-3). In the bidentate, monometallic complex asymmetry transfer is
much more effective due to decreased degrees of freedom of the diketone. The monodentate,
bimetallic complex is unable to effectively transmit stereochemical information from the chiral-at-

rhodium complex to the diketone.
3.5.1 Solvent Screen

We were encouraged by the initial results of the catalytic cyclization and er of the cyclopentenone
3-87. We wanted to determine if the er could be improved by a change of solvent in both the
presence and absence of i-Pr.NEt. Table 3-4 lists the results of the solvent screen. In the
presence of base, the er of 3-87 correlated strongly to the dielectric constant of the reaction
solvent. In polar, aprotic solvents (DMSO, MeCN, DMF) the er of 3-87 was much higher than
when the reaction was carried out in non-polar solvents (EtOAc, PhMe, isooctane). However, in
the absence of base the er of 3-87 was less affected by the solvent polarity (compare entries 2,
8, 101 12), but the reaction was not catalytic. Interestingly, the reaction was catalytic in the
absence of base when carried out in DMF or polar protic solvents (entries 3, 14, and 15), but the
er of 3-87 was poor. From these results we hypothesized that in polar aprotic solvents when an
amine base is employed the conjugate acid of the amine is completely dissociated from the keto-
enolate of 3-45 and a bidentate chelate between the keto-enolate of 3-45 and the Rh-catalyst is
formed (Scheme 3-7). This bidentate chelation is essential in order to transfer asymmetry
effectively. As the solvent polarity decreases, less bidentate chelation occurs as a result of
stronger ion pairing of the amine conjugate acid and enolate. This competition between
monodentate and bidentate chelation increasingly favors the monodentate chelate in very non-
polar solvents. It is interesting that in polar, protic solvents a catalytic reaction in the absence of
base occurs. This is likely a result of hydrogen-bonding between 3-87 and the solvent, allowing
for decomplexation of the cyclopentenone from the Rh center, whereas in aprotic solvents a
strong complex between the product and Rh exists and is not as easily displaced (in the absence
of added base). Based on these results, we chose to keep MeCN as the solvent since it provided
good er of 3-87 in the presence or absence of base, resulted in a fast catalytic reaction in the

presence of base, and is relatively easy to keep anhydrous.
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Table3-4: Solvent screend = not determinga].these reactions were catalytic in the absEnbiEof

A-3-85a (ca. 5%)

CO,Et >

| I PENEL (ca. 20%)  ppe

Ph solvent Et0,C
ca. 15 mg

3-45 3-87

Entry  Solvent erwith base er without base (¢

1 DMSO 14/86 n.d. 4724
2 MeCN 14/86 14/86 36.6
3 DMF 17/83 21/7% 38.5
4 EtCN 20/80 n.d. 29.7
5 Acetone 22/78 n.d. 21.01
6 PhCN 24/76 n.d. 25.9
7 EtOAC 30/70 n.d. 6.8
8 PhMe 39/61 14/86 238
9 Isooctane 41/59 n.d. 1.9
10 PhF n.d. 14/86 5.47
11 DCM n.d. 15/85 8.93
12 CHdJ n.d. 14/86 4.8
13 THF n.d. 26/74 7.2
14 EtOH n.d. 29/7# 25.3
15 i-PrOH n.d. 27178 20.2

0----Rh ©PFe
L4 @ HNEL(i-Pr),

polar solvents
o Ph EtO,C
o
Ph © PFs

EtO,C Rh®

\—> Q © @HNEL(i-Pr),
o

non-polar solvents | |

Ph”Et0,C

Scheme-7: Proposed comple8-8fa and3-45in polar and npolar solvents in the presernidesbdiEt.
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3.5.2 Catalyst & Ester Screens

With the solvent and base determined, we wanted to assay other chiral-at-rhodium complexes to
determine whether the er of 3-87 could be improved. Additionally, we wanted to optimize the ester
substituent on diketone 3-45 to maximize the enantioselectivity of the reaction. Chiral-at-rhodium
complexes 3-941 104 were prepared according to the general sequence developed by Meggers
shown in Scheme 3-8.17 Chiral-at-rhodium complexes 3-85a and 3-85b were prepared according
to published protocols.’ 17 Oxazole 3-89 was prepared from the benzaldehyde imine of 3-88
followed by oxidative ring closure using DDQ in DCM. In the case of 3-89 R = Br, a Suzuki cross
coupling was used to substitute the 4-position with an aromatic moiety. Treatment of oxazole 3-
89 with RhClI3-3H,0 in 2-methoxyethanol/water at 80 °C provided the rhodium chloride dimer 3-
90. Treatment of the dimer 3-90 with chiral auxiliary (R)-3-91 in the presence of potassium
carbonate in ethanol (or as a mixture in toluene) at 80 °C provided the two diastereomeric
complexes s-(R)-3-92 a nd -(RyB-92, which could be separated either by column
chromatography or differential solubility (e.g., one diastereomer is soluble while the other is not).
Each enantiomer of 3-93 was prepared from each of the two diastereomers of 3-92 by treatment
with trifluoroacetic acid in acetonitrile at room temperature. Column chromatography was
necessary to remove the chiral auxiliary. It was found through the course of these syntheses that
some TFA salts of 3-93 were mobile on silica gel while in some cases they were not. In the cases
that were not mobile on silica gel, anion exchange with NH4PFs on silica could be performed to
provide the PF¢ salt of 3-93, which was mobile on silica gel. Otherwise, the TFA salt was isolated
and treated with NH4PFs in acetonitrile in a separate flask. The catalyst isolated for use in the
reaction screening was typically the gpenantiomer of 3-93. The absolute configuration of the
catalyst used in the Nazarov cyclization was assigned by comparison of the retention times with

the major enantiomer 3-87 formed with catalyst 3-85a, whose absolute configuration is known.
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1. PhCHO (1.2 eq) Ph 7 N\

CuS0, (3.0 eq) RhCl3-3H,0 (1.0 eq)
OH - EtOH (absolute) °"\<N 2-MeOCH,CH,OH/H,0 N N N =
2 rt, 18 h _ 80°C, 4-6 h o C... |,C|.., |/C <c = 5 4
2.DDQ (1.5 eq) | ~er” | "¢ N
It DCM, 0 °C — rt It N N__/
3-88 3-89 3-90 R
-RhCI di
iR = Br rac-RhCI dimer
; Ia R = Ad, 3-90a
Ar
R = Ad, 3-89a
K,COj (3.0 - 5.0 eq)
N o 60-80 °C, 18h
} / EtOH (/ PhMe)
Ph
N FPFe™ 4 1A (6.0 q) /N N
C.. | .MecN MeCN, rt, 30 min c. | .o o. | .c
‘Rh, - N Rh"‘ E E ‘Rh.
c” | “Mecn 2. Separate auxilliary c” | ‘N/ \C
\/N ‘ on silica. /K/o 0\)
3. NH,PFg
A-3-93 A-(R)-3-92 A-(R)-3-92
separate and isolate single diastereomer
R = Ad, 3-92a
t-Bu %
R = 3-94 3-95 3-96 3-97 3-98 3-100 3-101
Ph/@Ph t-Bu/©\t-Bu
3-102 3-103 3-104

Schemes-8: Synthesis of chifithodium complexes. a.33104 Pd(dbaj (5 mol%), PRPH0 mol%), RB(QKD.0 eq), GEQ (4.0
eq), PhMe, 100 °C; 384 Pd(OAg)5 mol%), CPhos (15 mol%), CyZnl-LiCl (2.0 eq)Cohipoun8-88 with R = Ph or Ad is
commercially available. Com@®88& = 3,5liMeAd was prepanedhree steps from phenol: 1.) heating a sb®EdiMeAdBr in
phenql2.) Ntration withitric acid in glacial acetic anid], 3fReductionsing Pd/C and hydrogen gas in methanol.
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Table3-5: Chirahtrhodium catalysts and ester substituent screen.

OH
(o] CO,R’
Rh cat. (ca. 5 mol%) o
—_—
i-ProNEt (ca. 20%) R
Ph o MeCN, rt R'0,C
ca. 15 mg
R' = Me, 3-105 R' = Me, 3-107
Et, 3-45 Et, 3-87
Ph, 3-106 Ph, 3-108
er (B
Entry Rhcat. Me Et Ph
1 s-394 12/88 14/86 -
s-38m  14/86 14/86 23/77
3 P3-95 86/14 81/19 -
4 Pp31@ = 83/17 81/19
5 )P3-98 - 80/20 -
6 P3-9%6 = 80/20 71/29
7 M3-1@0 - 75/25 -
8 P31 - 74126 72/28
9 s-38% - 28/72 41/59
10 p3-97 - 70/30 75/25
11 P399 - 69/31 -
12 mp3-13 - 64/36 60/40
13 mp3-104 - 53/47 -

Table 3-5 lists the results of the catalyst and ester screen for the cyclization of diketoesters 3-45,
3-105, and 3-106. We chose to examine ethyl, methyl, and phenyl esters to determine the
influence on er of the corresponding cyclopentenones. The initial comprehensive catalyst screen
was carried out on diketone 3-45 and it revealed that a tertiary aliphatic group (R = Ad, t-Bu) on
the oxazole side arm is essential for good enantioselectivity (entries 1 and 2 ,
aliphatic (R = Cy) gave worse er (entry 6, R & Et). Increasing the bulk of the side arm to a 3,5-
dimethyladamantyl gave diminished enantioselecti vi t y ( e n t Buky a®matidsitle armsEt ) .
gave poor er in most cases (entries 7, 8, and 10-13), except in one case in which a 3,5-
=t-bhtyl ideg a v e
arm ( ent r yRhxatalyB 8-85b, wkich )s the sulfur analog of 3-85a, positions the t-butyl

di met hyl phenyl side arm

side arms closer to the catalyst pocket!® and has found use as an effective catalyst.'® 2° However,

when catalyst 3-85b was used for the cyclization of 3-45, it provided significantly worse er of

(entry 4,

cyclopentenone 3-87 ( ent r y 9compRréd tocatdlyst 3-85a.
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Since the initial catalyst screen with diketone 3-45 did not reveal any clear trend that could be

used to improve the er, a catalyst screen with diketone 3-106 ( R6 = Ph) was carried ¢
catalysts. Cyclopentenone 3-108 was had lower er than cyclopentenone 3-87 with all Rh catalysts

examined in all but one case (entry 10). The results from this partial catalyst screen revealed that

the ester substituent on the diketone plays a critical role in determining the enantioselectivity of

the reaction. It remained unclear whether steric or e | e c¢ istackimg) factoré were more

significant in the case of 3-106. Thus, the methyl ester was examined next with the best catalysts

identified from the previous two screens. We chose the methyl ester for the following reasons: 1,

the methyl ester is the smallest possible ester, so the issue of any unproductive steric interactions

with the catalyst should be minimized; and, 2, in the case o f -3-Y, which has bulkier catalyst

side arms t h a B-94 if diketone 3-456 sthyl ester was too big, then diketone 3-1056 s met hy |
ester should exhibit i mpr ove-9% Aceondinglyowe asubjected i ve i n
diketone 3-105t o c at a3194, s Bs85a, s -3g95. Cyclopentenone 3-107 was isolated with
improvederwh en ¢ at 8-Bdyasntds3-9gwer e used (entries 1 and 3, I

From the catalyst and ester screens we hypothesized the following as key factors that affect
diketone binding to the catalyst and these are illustrated in Figure 3-4: 1, if the catalyst side arm
is too big it makes formation of a bidentate chelate with substrate more challenging. In these
cases, a monodentate chelate is preferred and leads to poor enantioselectivity. If the diketone
had been excluded from the catalyst entirely, no reaction would have occurred. This suggests
that the bulky catalyst side arms do not completely block entry of the diketone into the catalyst
pocket; 2, if the ester group on the diketone is too big, the enolate is excluded from the binding
site of the catalyst leading to a monodentate chelate with the Rh catalyst. Both of these factors
need to be delicately balanced in order to achieve high enantioselective induction through the

formation of a bidentate chelate.
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T Hog Y CO,R
Thé ~~~~~~ 0P~ F"Ph
/N\
O_

Too much bV \zerfect it
-9 50
HO {

N

/=0
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Rh/o CO,R Rh" = 2
\ © )= | ~o7
Ph = "Ph
N N
7 N\ 27 N\
o— o—

Figure3-4: lllustration of the key steric interaction of the approaching diketone to Rh catalyst that determinesetke fate of the compl

Based on this, we were interested in assaying the er of C1,C2-tetrasubstituted cyclopentenones
3-15b, 3-110, and 3-111 (Table 3-6) in order to test our hypothesis. First, diketone 3-14b was

examined. The er of 3-15b was 4/96 wh e n-3-9g¢ was used as acatalyst (ent ry 1, R6 =
Cat al -$-858 alsp gave an excellent er of 6/94, but it was |l ower (entry
c at al-3:9% provigled 3-15b in a moderate 88/12er( ent ry 3, R6 = Et). The r

catalysts are consistent with our observations of the er of compound 3-87. We decided to examine
the use of a benzyl ester since it places steric bulk further away from the pocket. Compound 3-
110 was formed with a slightly improved erof 3/97wh e n3-9%dwas used as catalyst
= Bn). Lastly, compound 3-112 was formed as a racemic mixture in a slow reaction w h e n-3-9g
was used as cat atiBy)sThe tpwtyhester mpparently Rrécludes the Rh catalyst

from forming a bidentate chelate with the diketone, consistent with our hypothesis.

We were very encouraged by these results and wanted to determine whether the trends being
revealed with the ester were general. Thus, we assayed the er6 s foorfC1,C5-trisubstituted
cyclopentenones with ethyl, isobutyl, benzyl, and phenylestersusi ng t he TFA salt of

3-94 (Table 3-7). The trends observed with the previous ester screens were again confirmed.
71



Compounds 3-113 and 3-114 containing an isobutyl and benzyl ester, respectively, gave identical
er values of 5/95. The phenyl ester gave a diminished er of 20/80. The results from this screen
are consistent with those from the previous screens and the results suggests that the trends with

respect to the ester are general.

Table 3-6. Catalyst and ester screen for a -@i@bstituted
cyclopentenones. [a] Boththe RFd T F A s a-B-%4gaveadénticalat al yst s

erof3-110.
(o) OH
O Rrn cat. (ca. 5 mol%) o
_—
i-ProNEt (xs) & .
COzR' MeCN, rt COR'
ca. 15 mg
R' = Et, 3-14b R' = Et, 3-15b
Bn, 3-84 Bn, 3-110
t-Bu, 3-109 t-Bu, 3-111
Entry Rh cat. er (RO®)

Et Bn t-Bu
1 s-3-94 4/96 3/9T  50/50
2 s-3-84 6/94 - -
3 P3-95 88/12 - -

Table3-72 Est er -39%for€@htriswbstituted cgclopentenones.

o]
O A-3-94 TFA (ca. 5 mol%)

o

i-Pr,NEt (xs)

CO;R MeCN, rt
ca. 15 mg
R er
3-14a E‘/\ 8/92 3-15a

3-112 xi/\( 5/95 3113
3-81 ”s./\@ 5/95 3-114
3-115 /@ 20/80 3-116

72



Based on the preceding results it is likely that a steric effect, rather than an electronic one,
determines the interaction of benzyl and phenyl esters with the Rh catalyst. Evidence for this is
given by the following examples: 1, cyclopentenones 3-113 and 3-114 which contain an isobutyl
and benzyl ester, respectively, gave identical er values. Both compounds incorporate an ester
with a tertiary carbon atom placed at the terminal end of an ethyl chain. Bulk at this position
improves enantioselectivity relative to compound 3-15a which contains an ethyl ester, which lacks
bulk at the terminal carbon atom of the ester; 2, cyclopentenones 3-111 and 3-116 incorporate
bulk adjacent to the ester oxygen atom. In these cases, the carbon atom directly bound to the
ester can be described as a quaternary and tertiary carbon atom, respectively. Apparently, the
phenyl ester is not entirely excluded from forming a bidentate chelate with the Rh catalyst, but the
t-butyl ester is. Figure 3-5 summarizes the trends in er determined from the catalyst and ester

screen.
Size

Rhsidearm  EsterRs er Rs and 3-100 Ad Relationship

0 S: )—'R
~N ¢ f bad
o, | Bulk = poor er

"Rh ®
©</,‘q * good o @
) ot

T
I S {r
¢

Bulk = good er
* bad

Figure3-5: General trendseirobserved.

In summary, we determined the optimal catalyst for this asymmetric metal-enolate Nazarov
cyclizaton wast he TFA -3-@4# We mexft degided to determine the substrate scope for
this reaction. We chose to work with diketones bearing benzyl esters since they led to better

enantioselectivity and are easily removed subsequent to cyclization.
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3.6 Synthesis of Cyclopentenones

The list of cyclopentenones prepared for this study is shown in Table 3-8.

Table3-8: List of cyclopentenones. [a] cqiadgstct complex precipitated over the duration of the reaction in MeCN. (isSEDESO was
the solvent. [c] a 3.6/1 mixture of MeCN/DMSO was used as solvent. [d] yield is based on recovered stdrting maiei3ddie]lusé s
TFA. [ 1] U3¢ TdF AL.O [ ngeBlodamese3/9%r. flh] isplated as an inseparable noftdiastereomdilsabsolute
stereochemistry is not known for this diastereomer, but it is presumed to be the one shown.

o R A-3-94TFA (Tmol%) o PM
R ’ o
: I CO4Rs i-Pr,NEt (0.5 eq) . Jf}o
o MeCN (0.05 M), rt 2 =R,
R "Rg 2 to 5 days R3 Go,Rs
317 3-18
OH OH OH
Ry o . o Tlf%o
: N Ry
C0,Bn CO,Bn C0,Bn
R, = Et, 3-117, 78%, 3/97 er 3-123, 83%, ca. 17/83 erl"l R, = Me, 3-124, 66%, 6/94 er
= n-Bu, 3-118, 79%, 3/97 er ca. 3.5/1 dr = Et, 3-125, 74%, 8/92 er
= 4-Cl-n-Bu, 3-119, 66%, 3/97 er _ i} o [allcltel
= i-Pr, 3-120, 73%, 1/99 er Cy, 3126, 71%, 8/92 er
=Cy, 3'121,61%, 1/99 er = Ph, 3-127, QOA), 11/89 er
= j-Bu, 3-122, 75%, 3/97 er 47/1 dr
OH OH OH
R
(o] o o
PR 3 Cy” 7 TR
CO,Et CO,Bn 3 €0,Bn
R4 =H, 3-128, 83%, 14/86 er 3-129, 64%,[ElbIdIAll 97/3 gr R; = H, 3-114, 80%, 5/95 er
= Me, 3-87, 96%, 14/86 er (8/92 er®l) = Me, 3-110, 91%, 3/97 er
4.6/1dr = i-Pr, 3-130, 26%[@11, 26/74 er

OH

CO,Bn

3-131, 60%, 15/85 er
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3.7 Rate Study

The rate of formation of compound 3-110wa s st udi &®4 TirA salh(l mag), i-ProNEt
(0.5 eq) in MeCN (0.05 M), from diketoester 3-84 (535 mg). The progress of the reaction was

monitored by LCMS. The data is summarized in Table 3-9 and is shown graphically in Figure 3-

6.

Table3-9: Conversion ®B4over time with 1 mol% Rh catalyst.

Entry  Time (h) Percentage
384 3110

100

53
49
47
31
15
6

~NoOUhWNRE
NESIN
NERowro

120

=
o
o

(0]
o

60

40

Amount of compound (%)

20

0 10 20 30 40
Time (h)

Figure3-6: Plot of the percen3-8#(black solid line) éhtil0 (red dashed line time (h).

A rapid reaction that converted approximately 50% of 3-84 to 3-110 occurred within the first hour
and slowed dramatically thereafter. Following the first hour, the reaction can be described as an
apparent first order reaction with a half-life of about 24 hours. The dramatic decrease in reaction

rate can be ascribed to product inhibition of the catalyst. It is unclear why the reaction is so rapid

during the first hour.
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3.8 Results and Discussion

All cyclizations were carried out at room temperature in the presence of 1 mol% of $-3-94-TFA

salt and i-Pr2NEt (0.5 eq) in MeCN and most were complete within 27 5 days. All reactions were

monitored by LCMS. The relative stereochemistry of all cyclopentenones was assigned by NOE

and the major diastereomer is shown in Table 3-8. The absolute stereochemistry of 3-87 was

assigned by comparisonofthema j or enanti omer ds r e t?&Theiasolutet i me t o
stereochemistry of all other cyclopentenones was assigned by analogy. Enantiomeric ratios of
cyclopentenones 3-18 were determined by HPLC using a chiral stationary phase. Samples of the

racemates of 3-18, used as standards for HPLC, were prepared by the reaction of diketones 3-

17 (101 15 mg) with stoichiometric Sc(OTf); and excess i-Pr.NEt in MeCN and isolated by

preparative TLC.

The yields of cyclopentenones were consistently good and the er were mostly excellent (>10/90).
In a majority of cases only a single diastereomer (>100/1 dr, as determined by HPLC) of the
cyclopentenone was formed. The exception to this is cyclopentenones 3-87 and 3-127 which were

formed as ca. 4.6/1.0 and 47/1.0 mixtures of diastereomers (Figure 3-7).

OH OH

PR TR
EtO,C BnO,C

3-87 3-127

Rh*: dr4.6/1.0 Rh*:dr47/1.0
Sc:dr24/1.0 Sc:dr21/1.0

Figure 37: Comparison of thef cyclopentenorges

87and3-12Z7.Rh*drof t he cycl-8pentenone from s

94and Sc drof the cyclopentenone from Sg(OTf)
Cyclopentenones 3-87 and 3-127 differ only in the ester group (Et versus Bn, respectively). In the
case of 3-87 the minor diastereomer showed improved er over the major diastereomer (8/92
versus 14/86 er). The minor diastereomer forms as a result of the ketoester 3-17 forming a mixture
of (E)/(Z2)-enolates with the Rh catalyst and not as a result of isomerization of the enone. In a
majority of cases, the (E)-enolate of 3-17 is formed preferentially. According to Houk, the (2)-enol
is thermodynamically more stable by 0.9 kcal/mol than the (E)-enol primarily because the internal

H-bond in the (Z)-enol forms a six membered ring rather than a five-membered ring in the latter.?
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However, the (E)-enol of 3-45 has a lower barrier to cyclization than the (Z)-enol by 5.4 kcal/mol

and outcompetes the (2)-enol cyclization.

0----H
| |
0
| |
Ph Eto,C
OEt
(E)-3-45 (2)-3-45

Houk has shown that the placement of the carboethoxy group on the inside of the U-shaped
conformer allows for a mode of favorable stabilizing orbital interactions in the (E)-enol which
lowers the barrier to cyclization. Whi | e Houk&s w o rdilastereogefedtidty fors
cyclizations involving only the enol of 3-45, the reaction described here deals with the more
electron rich enolate of 3-45. The barrier to cyclization of the (Z)-enolate of 3-45 is apparently
lower than that of the enol cyclization and in some cases can compete with the cyclization of the

(E)-enolate.

It is interesting that the benzyl ester 3-127 greatly improves the diastereoselectivity relative to the
ethyl ester 3-87 in the preparation both of the racemic and non-racemic versions of the
cyclopentenone. This can be attributed to two things: 1, the benzyl ester provides greater
stabilizing orbital interactions in the (E)-enolate than the in the (2)-enolate of the U-shaped
conformer (compared to the ethyl ester), f or ex-ampheéeaaction bet
rings; and, 2, the Rh catalyst discriminates between the two benzyl ester enolates more
effectively, disfavoring the outward placement of the benzyl ester. Comparison of the dr of
racemates of 3-45 and 3-127 (2.4/1.0 versus 21/1.0) suggests the first point. But in the asymmetric
cyclization the second point seems more likely to be the dominant factor. The racemate of 3-127
was formed as a ca. 21/1.0 mixture of diastereomers, while the enantioenriched 3-127 was formed
asaca.47/1.0mixture.| t i s u n | i-kehylginnamll alkenetisuirelerdding isomerization

under these mild conditions.

C1,C2-tetrasubstituted cyclopentenones were generally formed with higher er than their
corresponding  C1,C5-trisubstituted  counterparts.  All-aliphatic ~ C1,C2-tetrasubstituted
cyclopentenones 3-110, 3-1171 3-119, and 3-122 which contain an R, group with a secondary
carbon atom directly attached to the cyclopentane ring were all formed in 3/97 er.

Cyclopentenones 3-120 and 3-121 bearing a tertiary carbon atom bound to the five-membered
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ring were formed in 1/99 er. It is worth noting that the catalyst is capable of effectively
differentiating two groups of similar size at R, and Rz (see 3-117, Rz = Et, R3 = Me), which is a
testament to its effective control of torquoselectivity. On the other hand, compounds 3-123 and 3-
130 were produced with moderate (ca. 17/83) and poor (26/74) er. In these cases, an inside ethyl
or isopropyl group were not as well differentiated by the catalyst as an inside methyl. Apparently,
the catalyst is sensitive enough to distinguish between two similarly sized inside groups,

specifically, an ethyl versus a methyl.

R, = Et, 3-117, 3/97 er

OH = n-Bu, 3-118, 3/97 er
= 4-Cl-n-Bu, 3-119, 3/97 er
o =iBu, 3-122,3/97 er
Ry
H = j-Pr, 3-120, 1/99 er
COBn ) '3:121,1/99 er
OH OH OH OH
..... o C\E%O \E%O jf%o
: TR oy’ T oy’
CO,Bn 3 CO,Bn CO,Bn CO,Bn
3-123, ca. 17/83 er R3 = Me, 3-110, 3/97 er 3-126, 8/92 er 3-129, 97/3 er

= j-Pr, 3-130, 26/74 er

This is in stark contrast with the C1,C5-trisubstituted cyclopentenone 3-129 which bears an inside
cyclohexyl group. In this case, 3-129 was remarkably produced in 97/3 er. The corresponding
diastereomer of this compound, 3-126, was also prepared in 8/92 er. This is an unusual case
where the large inside group led to a better er outcome than when the large group is placed on
the outside. In both of these cases, the corresponding cyclopentenones were isolated as single

diastereomers.

Other all-aliphatic C1,C5-trisubstituted cyclopentenones 3-124, 3-125, and 3-114 were all formed
in excellent er (>8/92). In one instance, the C1,C5-trisubstituted cyclopentenone 3-128, whose
parent di ket oehydrogen atdimeveas successfullyformed and was isolated with a
moderate er of 14/86. This is an important accomplishment since substrates lacking bulky
substit ut ipasition digfavor theeU-sblaped conformer necessary to initiate cyclization,
and thus are more challenging to cyclize under mild conditions. This example demonstrates the
possibility that other diketoesters b e a r i n dwydragen atbm could be successfully cyclized

using this catalyst and warrants further investigation.
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OH OH OH

Ph‘o’ ~ o A R o .

Co,Et ¢0,Bn 2 Co,Bn
3-128, 14/86 er 3-114, 5/95 er R, = Me, 3-124, 6/94 er
= Et, 3-125, 8/92 er
During the course of conducting these cyclization reactions, it was observed that in MeCN the
catalyst bound to product-precipitated in the cases of 3-126, 3-129, and 3-130, and the reaction
stopped. In the case of cyclopentenone 3-130, up to 10 mol% of the Rh catalyst was added to the
reaction mixture over the course of 3 days, but after 7 days the reaction remained incomplete and
only afforded 26% of the cyclopentenone and starting material was recovered (quantitative yield
based on recovered starting material). Addition of DMSO and an additional 1.5 mol% Rh catalyst
to the reaction mixture containing 3-126 solubilized the precipitate, restored the catalytic activity,
and did not affect product er or yield. In the case of 3-129 the reaction was carried out in DMSO,
rather than MeCN, with only 1 mol% of Rh catalyst. The reaction was slow at 1 mol% catalyst
loading and after 6 days the reaction afforded 41% of the cyclopentenone with some starting
material being recovered (64% yield based on recovered starting material). Product inhibition in
these three cases was strong and was exacerbated by the insolubility of the complex in MeCN,
but this was not a general phenomenon. It is not clear what combinations of cyclopentenone with
Rh catalyst will produce an insoluble complex in MeCN. For example, cyclopentenone 3-121 that
differs from 3-126 only by having a Rs; methyl group rather than hydrogen, was formed in a
reaction that was complete in four days and that gave no indication of strong product inhibition.
Nonetheless, the problem is easily overcome by adding DMSO to the reaction mixture to solubilize

the precipitate.

The mode of asymmetric induction for this reaction is not well understood at this time; however,
some insight can be provided by the preceding results. The identity of the ester is an essential
recognition element for achieving high levels of asymmetric induction. As previously discussed,
the use of esters with branching near the ester oxygen atom leads to poor or no enantioselectivity.
This might be attributed to the lack of formation of a bidentate chelate of the diketone with the Rh
catalyst. This is presumably because steric repulsion prevents the entry of the enol in the catalyst
pocket. It seems plausible then that the approach of the enol oxygen atom for bidentate chelation

is controlled by the ester group to avoid steric interaction. This forces the diketone to populate the
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least hindered helical conformer in the pocket of the catalyst, in other words the helical conformer

that can form with the lowest activation energy (kinetic control; Scheme 3-9).

! O\@N,j Q (o] NJ
e S & AL L S
NS O e AL
' P Rg Me Oy e
Rz ® Q R,~ T
Rh Rh : CH; |
(|) o~ H R3 ° R3 ©
I 6%
OH H

j\)J\L Ry
R; CO,Bn R3 CO,Bn o °
. ) )
N N

N

)
H:,C@CH3 =
20 K
8

Scheme ®: Postulated mechanism and mode of asymmetric inducticodialyhed¥azarov cyclization.
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coR Q 2

The helical conformer that selectively interacts with the Rh catalyst subsequently undergoes a
fast and irreversible cyclization. Complexation of the diketone is the rate-determining step.
Decomplexation of the cyclopentenone is aided by protonation from the conjugate acid of the
amine base. This step is also slow or competitive with complexation of the diketone. When Rz >
Rs, the steric effect reinforces that of the benzyl ester. Specifically, the large R, group points away
from the sidearm and out of the pocket while the small Rs group is placed inside the pocket (Path
B). Larger Rs groups can lead to different stereochemistry-determining interactions that control
enantioselectivity. For example, comparing theerdb s o f c y c | 3elpOe(Rs = &R, 26/ &)
and 3-118 (Rz = Me, 3/97) suggests that a larger Rz prefers placement outside of the pocket (Path
A) during complexation and can lead to poor enantioselectivity. Good asymmetric induction is
restored when the size difference between R, and Rz is maximized, as in the example of
cyclopentenone 3-129 (R2 = H, Rs = Cy, er 97/3, Path B). Lastly, the role of the amine base is
simply to act as a proton shuttle. In polar solvents, it does not affect the enantioselectivity of the
reaction. Evidence for this is provided by the fact that in either the presence or the absence of an

amine base the reaction provides the same er of cyclopentenone 3-87.
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3.9 Conclusion

In conclusion, a novel metal-enolate catalytic asymmetric Nazarov cyclization of U-diketoesters to
all-aliphatic cyclopentenones containing either vicinal quaternary centers or vicinal
guaternary/tertiary stereocenters has been described. In a majority of cases, the enantiomeric
ratios of the cyclopentenones were excellent (>10/90 er) and the yields good. The novel chiral-
at-rhodium catalyst exhibits high catalytic activity (1 mol% loading) in the presence of a cheap
tertiary amine base, i-PraNEt. The base can also be used in catalytic amounts without loss of
activity. The development of this methodology marks the second catalytic asymmetric Nazarov
cyclization that produces cyclopentenones containing vicinal quaternary stereocenters. It is worth
noting that the reaction conditions are extraordinarily mild. This catalyst is likely not unique and

warrants the investigation of other cheaper, chiral-at-metal catalysts.
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PART I

METHODS FOR THE SYNTHESIS OF FLUORENES AND
ADVANCED GEODESIC POLYAROMATIC HYDROCARBONS



Chapter 1: Synthesis of Fluorenes and Dibenzo[g,p]chrysenes Through an
Oxidative Cascade

1.1 Introduction

1.1.1 Background

Polyaromatic hydrocarbons represent a class of structurally diverse compounds. Within this class
of compounds are fluorenes, which present themselves in a number of applications, including
optoelectronics,*® pharmaceuticals,® ” and dyes.®° Fluorenes can also serve as useful building
blocks for the construction of other more complex polyaromatic hydrocarbons, such as
dibenzo[g,p]chrysenes, a twisted polyaromatic hydrocarbon.'* 2 Thus, general and practical
syntheses of fluorenes are of great interest. A number of diverse synthetic approaches to
fluorenes are known (Scheme 1-1).1328 Many approaches use biaryl precursors. It is also worth
noting that fluorenes are accessible from the corresponding fluorenones which can be prepared

through equally diverse methods.?%3

We became interested in fluorenes because their motif is present in a number of non-planar
polyaromatic hydrocarbons (Figure 1-1), such as, corannulene 1-1, semibuckminsterfullerene 1-
2, and buckminsterfullerene (buckyball) 1-3. The five-membered ring in each of these compounds
is responsible for the non-planar, or bowl-shaped, geometry of the compounds. We wished to
devise a synthesis of fluorenes that would have the potential to be used in the construction of

geodesic hydrocarbons and that would be easy to implement.

~ ¢ 2
&

1-3
Corannulene Semibuckminsterfullerene Buckminsterfullerene

Figurel-1: Geodesic polyaromatic hydrocarbons. Fluorene motif is highlighted in orange.
With this in mind, we saw an o pefedrocyclzationsgsaway appl y
to construct the five-membered ring in the fluorene skeleton. We envisaged that the benzylic allylic

alcohol 1-4 could undergo an electrocyclization in the presence of a Lewis acid (Scheme 1-2).
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Following hydrolysis of the ketal group in 1-4, oxidation of the intermediate 1-5 would lead to

fluorene 1-6. The oxidation-aromatization of cyclohexenones is well established.3%*¢ Among these

methodologies, those employing copper (I) salts as the oxidant caught our interest since we were

considering Lewis acids that could also act as an oxidant for the conversion of 1-4 to 1-6.

RO_ORz LAH (6.0 eq), over 1.5-2 h
\ / 1,4-dioxane, reflux, 4 h

% 2
RO” 'R,
MeO,C

R=H, Ac

-
S,

NbCls (30 mol%)

-

v

=——R; (2eq)

Pd(OAc), (5 mol%)
PPh3 (10 mol%)
Cul (10 mol%)

NEt; (5 eq), DMF, 60 °C
E= COZEt, SOZPh

cat. Rh or Cu

\

DCE, rt, 1h

TfOH (10 mol%) or
BF3.Et,0 (10 mol%)

-
v

DCM, rt

PdCl,(PPhs), (1 mol%)

L

v

PivOH (1.0 eq)
Cs,CO3 (2.5 eq)
THF, rt

TMSCHN, (1.2 eq)
Pd(PPhs), (5 mol%)

K,CO3 (1.0 eq)
KOAc (1.0 eq)
dioxane, 100 °C, 24 h

R1\ \ //RZ
N Y/ Ref 15

15 examples
52-92 %

EtOZC E R1

15 examples
30-91%

CO,Me
=\ R

N / Ref 18

16 examples
36 -97%

Ref 19

11 examples
73 -98%

Ref 21

8 examples
92 -99%

N\

16 examples
35-99%

Ref 27

Schemd-1: Selected examples of fluorene syntheses from the past two decades.
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Proposed transformation:

R, R
R, _ \ _ 2
2V 7N\ A\
A = =
OH LA 0]
R1 R
= R1 --------- »> | Y | eececceacaa- b 1
-H20 +H,0
o~ Yo o~ Yo -HOCH,CH,0OH
/ L/ - OH
1-4 1-5 1-6
Selected cyclohexenone oxidations:
NO NO
o) z OH z
R, CuBr, (2.0 eq) R,
MeCN, 110 °C
R, 1-2h R,
19 examples
44 - 86%
o Pd(TFA), (3 mol%) OH
Rs Ry 2-Me,NPyr (6 mol%) Rs R4
O, (1 atm)
Rs Ra DMSO, 80 °C Rd Rz
Rs 24 h Rs
17 examples
57 - 96%
o OH
Cu(OAc), (4 mol%) Rs Ry
Rs Rt LiBr (4 mol%)
R4 R, 0, (1 atm) R R
R; TFA/MeCN (1/2) R;

80°C,10h 19 examples

58 - 97%
Schemd-2: Proposed fluorene synthesis and selected examples of oxidative aromatizations.

1.1.2 Project Objectives

Our primary goal was to develop a methodology for the synthesis of C9-substituted fluorenes 1-
6 through at a n d e mlectrocyclization-oxidation reaction of tertiary alcohols 1-4. We first
wanted to define conditions for the oxidative aromatization reaction and determine its limitations

before applying them to the synthesis of 1-6. Following this, the conditions would be optimized to
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allow for a one-pot preparation of fluorenes 1-6 from the corresponding tertiary alcohols 1-4.
Lastly, we wanted to apply the method towards the synthesis of non-planar polyaromatic

hydrocarbons.

1.2 Defining the Conditions for the Oxidative Aromatization Reaction

The study began with tertiary alcohol 1-7, which is conveniently prepared by the addition of p-
methoxyphenyllithium to 1,4-dioxaspiro[4.5]decan-8-one in THF or diethyl ether at low
temperature. The initial screening of Cu(ll) salts is presented in Table 1-1. We chose to use MeCN
as the reaction solvent since Cu(ll) salts are known to have increased oxidizing power in this
solvent.*” Treatment of 1-7 with stoichiometric CuBr; led to a very rapid reaction (<10 min) that
resulted in a mixture of the 4-arylphenol 1-8a and 4-aryl ether 1-8b (entry 1). The formation of 4-
aryl ether 1-8b is the result of competitive aromatization of the enol ether precursor with ketal
hydrolysis. Use of CuCl; led to an improved ratio of 1-8a to 1-8b (entry 2), but the reaction was
slower and was initially heterogeneous only becoming homogeneous after prolonged stirring.
From subsequent reactions it was determined that this was due to the production of HCI in the
reaction mixture. The slower oxidation reaction with copper chloride allowed more time for ketal
hydrolysis to take place prior to aromatization, leading to higher selectivity for the phenol. Other

Cu(ll) salts either failed to react or led to other unidentified compounds (entries 3i 6).

Ketal hydrolysis could be promoted by the addition of water to the acetonitrile (1% v/v). Using
stoichiometric CuBr; with 1% v/v H,O present led to the 4-arylphenol 1-8a in 84% yield along with
small amounts (<5%) of 4-aryl ether 1-8b (entry 8). Using larger amounts of water led to either
reduced (2 or 3% v/v) or no (>10% v/v, entry 7) reactivity of CuBr,. The reaction can also be
carried out using substoichiometric*® CuBr, (20 mol%) or CuCl. (30 mol%) to give 69% and 54%
of 4-arylphenol 1-8a, respectively. Because of the rapid reaction and higher yield, the use of

stoichiometric CuBr; was optimal.
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Tablel-1: Optimization of the reaction conditions. [a] Refers only to added water (no attempt was made to

remove adventitious water). [b] Determined by analysis dHtiNMRmictrumc] An unidentified

compoundas produced. [d] Reaction was slow and produced only intermediates. [e] No reaction occurred.

[f] 20 mol% was used. [g] 30 mol% was used. n.d. = not tRi\Hmidadthoxyphenyl.

PMP, OH PMP
PMPLi (1.5 eq) Cux;(2.0eq)
THF -78 °C MeCN (10 mg/mL)
rt
o” Jo OR
R=H, 1-8a
1-7 CH,CH,OH, 1-8b
Entry CuX% Time %v/v 08  1-8a:1-8bl]  [solated Yield df8a
1 CuBs <10 min 0 31 n.d.
2 Cud 2h 0 8:1 86%
3 Cu(OT%) 2h 0 -l -
4 CuSQ 2d 0 (] -
5 Cu(acag) 2d 0 el -
6 Cu(OAe) 2d 0 L] -
7 CuBs# 18 h 10 L] -
8 CuBs# < 25 min 1.0 >20:1 84%
9 CuBtf 2h 1.0 n.d. 69%
10 Cudldl 24 h 0 n.d. 54%

1.3 Reaction Scope and Discussion of the Oxidative Aromatization Reaction

Substrates examined for this reaction are outlined in Table 1-2 and the scope of the reaction is
outlined in Table 1-3. The aromatization reaction is general for electron rich and neutral
aromatics. The reaction was particularly fast for the tertiary benzylic alcohol 1-7 which provided
4-(4-methoxyphenyl)phenol 1-8a in less than 25 minutes. Other less electron rich benzylic
alcohols did not react as quickly to provide the corresponding phenols (1-311 65) since elimination
of the alcohol was rendered much slower. In fact, CuBr; in acetonitrile at room temperature failed
to eliminate the alcohol for a majority of cases. This was remedied by the addition of a catalytic

amount of agueous HBr.

The method is not limited to the addition products of 1,4-dioxaspiro[4.5]decan-8-one; exposure of
1,4-dioxaspiro[4.5]decan-8-onet o LHMDS in THF at 1 -TeB-butii@nzyl
bromide, | ed t-henzyldyciohezangnewhichevds cahverted to 1-30a by sequential
treatment of p-methoxyphenyllithium and CuBr.. Prolonged exposure of 1-30a to CuBr; resulted

i n p a-bromination otithe phenol (9% isolated).
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Tablel-2: Tertiary alcohols prepareBrdphred from theo r r e s pubstitdtedrcyrlohéxanone.

o Ar. OH
ArLi (1.5 eq)
—_—
THF or Et,0
(o} (o] -78 °C (o] (o]
v/
1-9
PMP. OH Ph OH 3-(MeO)Ph OH 2-(MeO)Ph OH PMP. OH
4-t-BuPh
o (o] (o] (o] (o] (o] (o) (o] (o) (o]
/ v/ / / /
1-10 1-11 1412 113 1-14[a
76% 60% 92% 76% 549
1-Np_, OH 2-Np_ OH 4tol_ OH  4-(Ph)Ph_ OH 4-(Br)Ph_ OH
(o) (o] (o} (o] (o) (o] o (o) o (o)
—/ / —/ / /
115 1-16 117 1-18 1-19
87% 79% 93% 61% 65%
3,5-(CF;)Ph_  OH
o (o]
/
1-20
86%
0 OoTf Ar
ArB(OH), (2.0 eq)
LDA, PhNTf, PdCl,dppf-DCM (5 mol%)
—_— ’
CsF (3.0 eq), THF, 60 °C
o o o” "o o o
/ /
1-21

Ar = 3,5-(CF3)Ph, 1-22, 74%
4-(F)Ph, 1-23, 55%
2-F-4-(CO,Me)Ph, 1-24, 68%
4-dibenzofuranyl, 1-25, 45%
2-thienyl, 1-26, 74%
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Tablel-3: Scope of the CpBrediated aromatization reaction. [a] 156AWeEN was used

as solvent. [b]catalytic amount of 48% HBr was added to the reaction mixture after 15 min. [c]
Prepared from the corresponding styrene.

Ar. OH Ar
CuBr, (2.0 eq)
MeCN (10 mg/mL)'
0 (o) rt
OH
OMe OMe
O O OO O
OMe 4-(t-Bu)Ph
D O U QO 1
OH OH OH OH OH
1-8a 1-27 1-28 1-29 R =H, 80%, 1-30a
849l 69%!al 45%al 9492l = Br, 9%, 1-30b
Me Ph Br
OH OH OH OH OH
1-31 1-32 1-33 1-34 1-35
80%!°! 85%!0! 9290l Quant.! 48%!°!
F CO,Me
U0 . O ¥ E%
F o N
OH OH OH OH OH
1-36 1-37 1-38 1-39 1-40
86%1°! 67%!°! 66%!°] 83%!°] 64%cl
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3,5-Bistrifluoromethylbenzylic alcohol 1-20 failed to produce the desired 4-arylphenol 1-36 in
acetonitrile with stoichiometric CuBr; and catalytic HBr; instead, a mi x t ubromoketal 1-40
and ketone 1-42 was isolated (Scheme 1-3). Elimination of the benzylic alcohol 1-20 was
achieved by prior treatment with catalytic p-TsOH in refluxing toluene. Following solvent
exchange, treatment of styrene 1-22 prepared in situ with CuBr, provided the 4-arylphenol 1-36
in moderate yield (46% over two steps, 86% from isolated styrene). The styrene could also be
accessed by means of a Suzuki cross coupling reaction from the enol triflate 1-21 (Table 1-2).
Phenols 1-361 40 were prepared in this way from the corresponding styrenes. The aromatization

reaction is general provided that the styrene can be accessed in situ or in a prior step.

FsC CF, FsC CFs FsC CFs Ec CF,
O 1. p-TsOH (25 mol%)
PhMe, reflux, 18 h OH CuBr, (2.0 eq) OH
- B + OH
2. CuBr;, (2.0 eq) 48% HBr cat.
MeCN, rt, 18 h MeCN, rt, 18 h
46% over 2 steps o 0 o 0 Br Br
OH / / o
1-36 1-20 1-41 1-42
major
F3;C I CF; F3;C CF;
CuBr2 (2.0 eq)
MeCN rt
86%
(o) (0]
/
1-22 1-36

Schemd-3: Synthetic routes to compiatd
Insight into the mechanism of the cascade of reactions that culminate in the creation of the
aromatic ring was provided by the examples described above. A plausible course for conversion
of 1-7to 1-8 (Table1-1)i nvol ved t he f ol-bromwmationgf tHe &etal, hydrdlysip s :
of the ketal, dehydration of the alcohol to form a styrene, and dehydrobromination. The sequence
of these reactions cannot be determined with certainty from the evidence at hand and is likely to
be substrate dependent. However, since the phenol is the major product in all cases, hydrolytic

cleavage of the ethylene ketal must precede dehydrobromination under the reaction conditions,
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otherwise a 4-aryl-2-hydroxyethyl ether would have been formed as a major product. In some
cases, small amounts of this byproduct could be identified. If alcohol dehydration is rendered
slow, as in the case of 1-20, the bromide can be isolated. It is plausible that dehydration of the
alcohol may be rate limiting for the conversion of less activated benzylic alcohols. Further
evidence is provided by the necessity for added acid in order to prepare 4-arylphenols 1-317 39.
Since elimination to the styrene for less activated benzylic alcohols is a slow process in the
absence of sufficiently strong acid, bromination and hydrolysis of the ketal are rendered fast. In
the case of activated benzylic alcohols, elimination may be competitive with ketal hydrolysis and

can lead to a mixture of 4-arylphenol and 4-aryl ether in the absence of added water.

1.40pti mi zati on, Reaction Scope, -Electratyclatiocnc us si or

Oxidative Aromatization Reaction

We sought to apply this methodology as a mild and simple approach to the synthesis of C9-
substituted fluorenes and other functionalized polyaromatics. We surmised that benzylic allylic
alcohols, such as, 1-43 would be suitable precursors to substituted fluorenes (Table 1-4).
Formation of the fluorene from this type of benzylic allylic alcohol requires an initial 4 -
electrocyclization to construct the five-membered ring, followed by a similar oxidative cascade of
reactions involving CuBr; to provide the phenol. Alcohol 1-43 is prepared by aldol condensation
of 1,4-dioxaspiro[4.5]decan-8-one with benzaldehyde, followed by 1,2-addition of 4-anisyllithium.
Our initial treatment of alcohol 1-43 with stoichiometric CuBr; in acetonitrile provided a mixture of
phenol 1-44a and aryl ether 1-44b as a 1:1 mixture (this ratio was irreproducible). We optimized

the reaction conditions to favor the formation of 1-44a (Table 1-4).

We first attempted to favor the phenol 1-44a by the addition of 1% v/v water to the reaction
mixture, but this led to longer reaction times and resulted in more complicated reaction mixtures
in which 1-44a was a minor component (entry 2). Use of catalytic CuBr, (0.5 eq) led to the
dehydration of the alcohol to the corresponding styrene 1-47 (detected by *H NMR analysis of an
aliquot of the reaction mixture) which eventually was converted to a mixture of 1-46a and 1-46b.
We suspected that traces of HBr contaminating the CuBr; were responsible for production of 1-
46a and 1-46b.
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Tablel-4: Reaction optimization. [a] The reaction was slow and led to irreproducible results.

PMP

~ - PMP
Z Ph
©/\ Ph R=H 1-46a
CH,CH,OH, 1-46b
o~ To
/ OR
PMP. OH 1-47
Z “Ph Conditions
_— —_—
MeCN (5 mg/mL) OMe OMe
0o” ~o
u () ()
- R=H, 1-44
143 I Ph ’ Ph CHZCHZOH, 1-44b
o
O\J OR
- 1-45 -
Entry Conditions Result
1 CuB#(2.0 eq), 30 min 1:1 1-44a: 1-44b
2  CuBs(2.0eq), 1% v/¥®18 h -2l
3  CuBt(0.5€eq),18h Mix of biaryls46
4 HBr cat., 5 min 1.1 1-46a: 1-46b
5 Yb(OT$)(10 mol%), 30 min 5:1 1-44a: 1-46a
then CuB¢2.0 eq), 15 min
6 Sc(OT£(10 mol%), 30 min 1-44378% yield

then CuB(2.0 eq), 15 min

Thus, treatment of alcohol 1-43 with catalytic HBr in acetonitrile resulted in a fast reaction that
provided a mixture of 1-46a and 1-46b in good isolated yields. Based on these observations, it
became clear that once dehydration of the alcohol takes place, formation of the tertiary cation
necessary {felectrocytlitaon dbés not form. Instead, a faster series of alkene
isomerization reactions takes place leading to the biphenyl. We decided to determine whether the
use of other strong Lewis acids would provide a more efficient route for cyclization. When alcohol
1-43 was treated sequentially with Yb(OTf)s (10 mol%) and CuBr. (2.0 eq) a mixture of biaryl 1-
46a and fluorene 1-44a were formed in a 1:5 ratio, respectively. However, when alcohol 1-43 was
first treated with Sc(OTf)z (10 mol%) in acetonitrile at room temperature followed by stoichiometric
CuBr», the fluorene 1-44a was isolated as the sole product in 78% yield. These conditions were
optimal and applied to a series of tertiary alcohols (Table 1-5) to examine the substrate scope of
the reaction (Table 1-6).
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Tablel-5: Tertiary alcohdtd9prepared. [a] yield is based on recovered starting material.

Ar_ OH
RCHO (1.5 eq) ArLi (1.5 eq) Z R
—> E— .
KOH ( THF or Et,0
oo EtZO rt o Yo _78°C 0" Yo
/ / /
1-48 1-49
PMP_ OH PMP_ OH PMP_ OH PMP_ OH cl
ZPh Z>pPMP zZ
cl F
o” Yo 0" Yo 0" Yo 0" Yo
v/ / / /
1-44 1-45 1-46 1-47 1-48
79% 2% 84%!e 96%!@! 57%
PMP_ OH 3-(MeO)Ph 4-PhPh_ OH 4-(t-Bu)Ph_ OH
z Q/\Ph Zph ZpPh
0" Yo o 0" Yo 0" Yo
/ \_/ / /
1-49 1-50 1-51 1-52 1-53
gag,lal 79%!al 65% 61% 95%
s
2.Np. OH 9-phen_ OH J OH o / OH  4-(CF3)Ph
Q/\Ph Zph Zph Zph Q/\Ph
0" Yo 0" Yo 0" Yo 0" Yo 0
v/ / / / \_/
1-54 1-55 1-56 1-57 1-58
94% 799414l 92% 71% 63%
3-(CF3)Ph 3-(CF,)Ph
Z “Ph Q/\PMP
0" Yo 0
/ \_/
1-59 1-60
85% 76%



Tablel-6: Reaction scope of fluoréstes

Ar_ OH /\\
1. Sc(OTf); (10 mol%) o
Z "R MeCN, 1 h o R
2. CuBr, (2.0 eq)
(o) (o] <15 min
/
OH
1-4 1-6
OMe OMe OMe OMe OMe
o O () () oy O
O DO -0 00 00y
o O () 7 U
OH OH OH OH OH
1-70 1-71 1-72 1-73 1-74
78% 79% 86% 7% 73%
OMe OMe R !

() O RTINS ®
() ) Ph ) )"
OH OH OH OH OH

1-75 1-76 R =H, 52%, 1-77a 1-78 1-79
79% 74% Br, 19%, 1-77b 75% 74%
CO Oi Ve
’ Ph ’ Ph ‘ Ph
OH OH OH
1-80 1-81 1-82
75% 7% 80%
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The electrocyclization-oxidative aromatization tolerates electron rich to neutral alcohols and the
yields of fluorenes are uniformly good. In one case, the doubly activated carbon atom in 1-77a
underwent electrophilic bromination upon prolonged exposure to CuBr; and fluorene 1-77b was
isolated in 19% vyield. In the case of alcohol 1-57, indanone 1-83 was isolated in 65% Yyield
following hydrolysis of the tetracyclic adduct (Eq. 1). The trans stereochemistry is consistent with
a conrotatory electrocyclization, but it cannot be offered as evidence of the mechanism.
Nevertheless, an electrocyclization seems likely since the alternative intramolecular Friedel-

Crafts alkylation represents a 5-endo-trig cyclization that is disfavored by Bal dwi nds rul e

o OH 1. Sc(OTf); (10 mol%)
2. CuBr, (2.0 eq)
= > 11
MeCN, rt
65%
(o} (o}
-/
1-57 1-83

The optimized conditions fail to provide fluorenes with electron poor alcohols (1-581 60). Under

the optimized reaction conditions diarylmethanols are formed in moderate yields (1-84i 86, Eq.

2).
R
\=
N\ / OH 1. Sc(OTf); (10 mol%)
2. CuBr, (2.0 eq)
Z R [2]
MeCN, rt
o” o
/

1-84, R = Ph, R' = 4-CF3, 48%
1-85, R = Ph, R'= 3-CF3, 56%
1-86, R = PMP, R' = 3-CF3, 46%

1,3-Transposition of the allylic alcohol with Sc(OTf); and subsequent oxidative aromatization with

CuBr: led to the diarylmethanols. Heating the reaction mixture prior to addition of CuBr, did not
lead to formation of the five-membered ring. Other attempts to promote five-membered ring
formation, such as using Sc(OTf)s in toluene at 60 °C or conc. HBr in MeCN at 60 °C, led to the
conjugated diene with some decomposition products. Introduction of a p-methoxyphenyl group
(1-86), which we presumed would facilitate the formation of the cation also failed to induce

cyclization. It is worth noting that diarylmethanol 1-84 could be converted to the corresponding
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fluorene by treatment with triflic acid in DCM at room temperature within 3 hours in >95% yield.

This implies that the same reaction would work with 1-85 and 1-86.

1.5 Application to the Synthesis of Dibenzo[g,p]chrysenes

Our original plan was to synthesize 9,9-bifluorenylidene 1-88 as a precursor to a geodesic
polyaromatic hydrocarbon 1-87. The retrosynthetic analysis of 1-87 is outlined in Scheme 1-4.
We hypothesized that the rim of 1-87 would be closed oxidatively to form a geodesic polyaromatic
hydrocarbon from 1-88. Compound 1-88 would be prepared from 1-89 using the optimized
conditions for the 4 “-electrocyclization-oxidative aromatization reaction developed for C9-
substituted fluorenes. Compound 1-89 can be derived from p-anisyllithium addition to enone 1-

90, which would be derived from compound 1-91 and 1,4-dioxaspiro[4.5]decan-8-one.

OMe

OMe OMe

1-87 1-88 1-89

1-90 1-91
Schemeé4: Retrosynthetic analysis of the geodesic hydte®Rarbon

The coupling of 1,4-dioxaspiro[4.5]decan-8-one and vinyl bromide 1-91 with a slight excess of t-
BuONa in THF at 0 °C led to adduct 1-92 (Scheme 1-5). All attempts to isomerize the alkene into
conjugation with the carbonyl failed. Even coupling of enol acetate 1-93 with the fluorenyl anion
preparedfromn-BulLi and fluorene in THF at 7178 AC led to a
of 1-90 and 1-92 that greatly favored the latter. The reaction also produced a number of

byproducts, one being the 1,2-addition of fluorene to 1-92. Adduct 1-90 isomerized to 1-92 during
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silica gel chromatography. It became clear that the alkene isomer 1-92 was the thermodynamic
sink and that accessing 1-90 was not practical. Because of this we decided to modify our proposed

pathway and continue forward with 1-92.

O t-BuONa (2.5 eq)
‘ THE. 0°C
61%
1-91
z OAc THF, -78 °C
> 1-92 + byproducts
1-93

Schemd-5: Synthesis &92

Addition of p-ani syl Il i thium at 1-927m@odudeq aniimsepafabld mixtuce of
diastereomers of 1-94a in 86% yield. Treatment of 1-94a with conc. HBr and CuBr; (2.0 eq) in
MeCN for one hour followed by additional CuBr; (+2.0 eq) with heating at 60 °C produced
dibenzo[g,p]chrysene 1-95a in 55% yield. A similar series of reactions using Sc(OTf)s in place of
conc. HBr occurred with compound 1-94b to produce dibenzo[g,p]chrysene 1-95b in 41% yield.
This remarkable transformation occurs through 11 distinct reactions. The postulated reaction

mechanism is outlined in Scheme 1-7.

Schemd-6: Synthetic route to dibey@ohrysenes.

In particular, dehydration, ketal hydrolysis, two single electron oxidations, dehydrobromination,

two additional single electron oxidations, cyclization, a 1,2-shift and two proton losses have
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