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“I leave Sisyphus at the foot of the mountain. One always finds one's burden again.
But Sisyphus teaches the higher fidelity that negates the gods and raises rocks. He
too concludes that all is well. This universe henceforth without a master seems to
him neither sterile nor futile. Each atom of that stone, each mineral flake of that
night-filled mountain, in itself, forms a world. The struggle itself toward the heights

is enough to fill a man's heart. One must imagine Sisyphus happy.”

— Albert Camus
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Abstract

Development of Transition Metal Mediated Heck Cascades

And Their Application Towards the Synthesis of Retigeranic Acid A

Jonathan Harvey Keim

Cascade reactions are among the most powerful and elegant tools available to chemists
allowing for the quick and efficient construction of complex molecules form simple starting
materials. This class of reactions has shown its worth time and time again in the arena of natural
product synthesis, which has and continues to serve as the proving ground for chemical methods.
Over the last century, a vast number of challenging targets have succumbed to syntheses enabled
by both biomimetic and rationally designed cascades. However, despite the plethora of work done,
much still remains to be done with even the most well studied methodologies still have largely
unexplored areas. This dissertation herein reports the study of transition metal mediated cascades

particularly Mizoroki-Heck cascades for the construction of complex polycyclic frameworks.
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Chapter 1 describes the inspiration for the initial work towards the total synthesis of the
pentacyclic sesterterpene retigeranic acid A as part of our group’s interest in the synthesis of
unfunctionalized terpenes via Pd-Mediated Heck cascade. The lessons learned over the course of
our initial attempts with the cascade ultimately proved to be the impetus that led us to begin our
studies on Ni mediated Heck cascades, of which only a handful of examples have been reported in

contrast to the veritable ocean of Pd literature.

Chapter 2 begins with a brief introduction into the unique properties of Ni in the context
of the Heck reaction and a overview of the state of the Ni Heck reaction. Next, we report our
development of mild base-mediated conditions for aryl and vinyl triflates. Our conditions have
proved quite general and give comparable, and in some cases superior, yields and selectivities to
the corresponding Pd reaction. We are able to access a wide variety of spirocyclic and fused ring

systems and applications with systems taken from the total synthesis literature are discussed.

Chapter 3 focuses on an intriguing intermolecular variant of the Heck reaction in which Ni
exhibits divergent reactivity to Pd leading to the formation of 1,2-dihydronapthalenes. Following
our initial discovery of the novel selectivity using our base mediated conditions, we chose instead
to focus on the development of racemic and enantioselective conditions using a reducing metal
mediated approach, which allowed us to access a wide variety of 1,2-dihydronapthlenes in good
yield and ee. The application of this new strategy in the total syntheses of furomollugin and
norcardione B as well a discussion of the origin of the observed [6-endo-trig] selectivity are also

found within this chapter.

Chapter 4 concludes the dissertation by returning to our studies towards retigeranic acid A
now via a new Pd-enolate in the hopes of overcoming the B-hydride elimination and [3-exo-trig]

pathways that hampered our original approach. Following the synthesis of enoate and enone based
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cascades substrates, we found the formation of the vinyl cyclopropane motif via the [3-exo-trig]
pathway was unavoidable leading us to investigate both radical and Rh catalyzed [3+2]

cyclizations in order to access the target. Future work towards retigeranic acid A is also discussed.
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Chapter 1

Initial Studies Toward Retigeranic Acid A
Via a Heck-Cascade Approach



1.1 Introduction

Terpenes comprise one of the largest classes of natural products and possess some of the
most intriguing and synthetically challenging structures known to chemists. Sesterterpenes are
among the more complicated and synthetically enticing members of the class with selected
examples shown in Figure 1.1. These Cas terpenes and the related sesterterpenoids comprise a
very small fraction of the overall terpene field and are relatively rare in nature, with approximately
1000 compounds having been isolated.[*? This rarity is reportedly due to the relatively low
occurrence of sesterterpene synthases in nature, an enzyme required to effect the necessary

transformations of the geranylfarnesyl pyrophosphate precursor.

HO'"

astellatol

alborosin

CO,H
7 8 9
gasgardic acid ophiopbolin A ophiopbolin C

Figure 1.1 Sesterterpene and sesterterpenoid natural products.



One sesterterpene that has elicited considerable effort from the synthetic community over
the last 40 years is (-)-retigeranic acid A 1. Initially isolated from a lichen found in the eastern
Himalayas as a mixture with its epimer (-)-retigeranic acid B 2, the structure and absolute
configuration of 1 was confirmed by X-ray crystallography, which in turn revealed a variety of
challenging and distinguishing features. Most striking is the unique pentacyclic core comprised
of a trans-hydrindane (AB rings) and an angular triquinane (CDE rings) motif. Notably, 1 has
almost no functionalization, with only an a,B-unsaturated carboxylic acid present throughout the
saturated hydrocarbon. However, while lacking functional groups, the structure is densely
populated with 8 stereocenters as well as 3 all-carbon quaternary centers, 2 of which are vicinal.
Despite its lack of reported biological activity, such structural features make 1 a formidable and

enticing challenge to synthetic chemists even to this day.

B = trans-hydrindane __/

B = angular triquinane
HO,C
5

M = stereocenter = quaternary center

Figure 1.2 Structural features of 1.

1.2 Recent Studies Toward the Synthesis of Retigeranic Acid A

As mentioned earlier, significant effort has been devoted to the synthesis of 1 with 4

previously reported total synthesest®! and numerous studies toward. As many of these approaches



have been covered previously in reviews!! and book chapterst® they will not be discussed in detail
at present. Nonetheless, a brief summary of the key transformations in the various total syntheses
is presented in Figure 1.3. Recently the Yang group has made two separate reports on their efforts
to access 1 using the Pauson-Khand reaction (PKR).[>%  This section will begin by discussing
the recent synthetic studies covered by the Yang group and conclude with a general overview of

the previous strategies used to synthesize 1.

2+2 cycloaddition

—/ _/

- i@
HOC Hozc%

A CIasien—Schmidt
1,4- addmon\/)
D|els Alder
S ) S /ring contraction

2+2 H
cycloaddition

Corey (1987), (t) Paquette (1988)
27 steps 26 steps
H, / H, /
HO.C HO.C ,'J\\Diels—Alder
2 = 2 ¥
Y \ H
; E ( VCP-cyclopentene
R s alkene-arene
N H N H meta-photocycloaddition
Hudlicky (1989) Wender (1990)
15 steps 23 steps

Figure 1.3 Summary of key transformations in the reported total syntheses of 1.

The Yang group’s initial report set out to synthesize the ABCD rings of 1. Beginning with
ketoester 10, which was converted to enone 11 in 52% vyield by addition to the in situ formed
iminium and subsequent elimination. Next, 11 was reacted with Waser’s reagent to give enyne 13,
which was then subjected to LiAlHs and TBS protection of the resulting primary alcohol to give
14. The Yang group then utilized a Rh-catalyzed [3+2] cycloaddition[**! developed in their lab as

a means to generate vicinal all-carbon quaternary centers. Under these conditions aldehyde 15



was accessed in 91% as a single diastereomer. Subsequent DIBAL-H reduction, TBS protection,
and allylic oxidation gave enone 16, which then underwent 1,2-addition with methallylmagnesium

chloride to afford tertiary alcohol 17. Chromium-mediated oxidative rearrangement then gave

a) (CHO), (0] b) TBAF \\ e}
EtO,C EtNH *HCI EtO,C Waser's Reagent o.C
" dioxane THE, _78°C 2
52% 83%
1 12

c) LAH,| d) TBSOTf

f) DIBAL-H THF, 78 °C| Et;N, THF
CH,Cl,, 0°C, 80% -78°C, 53%
TBSO g) TBSOTf TBSO
2 6 Iutldlne THF
78% [Rh(CO CI] TBso,
h) SeO,, then DMP DCE 85 °C
TBSO 0O dioxane, 115 °C, 65% 91%
i) THF, 0 °C ’/<
CIMg J a0, R‘LCHO
TBSO
TBSO TBSO o TBSO
j) PDC _ K LiMNH;
CH,Cl, -78°C, 88%
86%
TBSO~ OH ° TBSO 20:19 3:1 TBSO
17 18
TBSO._ o *
TBSO o
Pauson-Khand LDA
-~
“THF, 72%
TBSO &
o TBSO

23
Scheme 1.1 Yang's initial Rh [3+2] approach.

gave enone 18, which was reduced under Birch conditions yielding a 3:1 mixture of diastereomers
favoring the desired ketone, 20. Following enolate alkylation with propargyl bromide 21 the enyne
moiety required for the PKR had been accessed as an inseparable mixture of diastereomers.
Unfortunately, enyne 22 could not be converted to the desired cyclization product 23 under a

variety of conditions, reportedly due to an unfavorable orientation of the alkyne, which prevented



Co coordination. Thus, they opted for a more rigid framework with the desired conformation
locked into place. 20 underwent an aldol reaction to give propargyl alcohol 24. This was then

converted to enyne 25 via a mesylation/elimination procedure. Pleasingly, when 25 was subjected

a) LDA\(

y THF, -78 °C
TBSO )Q 78°C
20
b) MsCl, Py, CH,Cl,, 25 °C
c) DBU, THF, 70 °C
85% over 2 steps
TBSO_  oH TBSO o
e) NaBH4
CeCI3'7H20
MeOH, -78 °C

75% TBSO

TBSO 27 25
f) [Co,(CO)g]| toluene, 95 °C d) [Co,(CO)g]|toluene, 95 °C
NMO| 73% NMO|66%, 4:1 dr

Scheme 1.2 Yang's completion of the ABCD core of 1.

to PKR conditions the desired tetracycle 26 was accessed in a 66% yield with a 4:1 dr at the carbon
highlighted in red, favoring the desired stereochemistry. DFT calculations indicated that
introducing a sp® carbon into the C ring could destabilize the transition state of the undesired
diastereomer, thereby improving selectivity. This hypothesis proved correct, with alcohol 27
giving the desired tetracycle 28 in 73% yield as a single diastereomer. While 28 could not be
advanced to the natural product, they were able to install all the quaternary centers within the target

as well as several stereocenters.



Following their previous studies, the Yang group recently published a report on further
efforts to access 1 in which they were able to access the full ABCDE ring framework of the target.
To begin, 29, obtained in 5 steps from the Hajos-Parish ketone, underwent a hydrazone formation

and fragmentation procedure that gave ketone 30 in 86% yield. Wittig olefination then gave enyne

TBSO
o-Ns-NHNH2 ~ TBSQ —  Db)KOBu TBSO
NaHCO; [/ _PhPMeBr _ Ve
o THF -15-550°C THF, 86%
o) 86% o
29 30

c) CoBrz,CO toluene
TMTU, Zn | 90 °C, 80%

TBSO TBSO

d)LTBA, CuBr
HMPA, Mel

THF -78 °C
90%, >20:1 dr

e) NaBH,
MeOH, -5 °C
f) KHMDS, CS,
Mel, THF, -78 —» 23 °C

7]/ 80%, >20:1 dr
g 34

g) AIBN | h) KF, Acetone
nBusSnH | then Jones reagent
toluene | 78%, 2 steps

o
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Et;N, CH,Cl, k))J\/MgCI "
_—
‘wy  DEosinY, hv, O THF, 23 °C o
3 KOAc, EtOH ,
35 70%, 2 steps 37 “
) PDC | CH,Cl,, 23°C
? Celite | 86%, 2 steps
=
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0) MsCl, Et3N THP, -78°C
S %, 4:1
p) DBU, 70 °C 80%, 4:1 dr
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4:1 dr

Scheme 1.3 Yang's Pauson-Khand approach to triquinane core of 1.

31in 86% vyield. The first PKR of the route produced the desired angular triquinane 32 as a single
diastereomer in 90% yield. Of particular note is the substitution of CoBr2 and tetramethylthiourea

(TMTU) for the more costly Co2(CO)s and hydroscopic NMO. Conjugate reduction with



LiAIH(OtBu)s; (LTBA) and trapping of the resultant enolate with Mel gave ketone 33. A series of
oxidation state manipulations then afforded enone 36. The Yang group then utilized the same
strategy from their previous synthesis to install the required enyne motif giving triquinane 40 as a

4:1 mixture of inseparable diastereomers. Luche reduction of 40 gave alcohol 41 in a 70% yield,

a) NaBH4
CeCI3-7H20

R ————
MeOH, -78 °C
70%

b) NMO
Co,(CO)g, CO

toluene, 90 °C
69%, >95:5 dr

41 42

Scheme 1.4 Pauson-Khand reaction of 41 displaying undesired diastereoselectivity.

but the stereochemical identity of the isomer could not be ascertained until the following PKR
revealed tetracycle 42 to possess the undesired configuration at the two highlighted carbons. As

such, they set out to access the precursor with the appropriate stereochemistry.

To start, enone 38 was epoxidized with mCPBA and the resultant epoxide 43 was opened

via a y-deprotonation to give dienone 44. Hydrogenation and tosylation yielded ketone 45,

HO—,
a) mCPBA b) LDA
CH,Cl,, 23 °C /) Et,0
90%, 1:1 dr ] H _78 —» 23 °C
Y 82%, 111 EZ
43
c) Pd/C | d) TsClI
H2, EtOAC Et3N

(I) TsO DMAP

) LDA g e) Nal, DBU
' THF, 78 5 23°C /,, DMF23-80°C g
70% K H 76%, 3 steps le} .,

",
46 45

Scheme 1.5 Preparation of Pauson-Khand substrate 47 with correct stereochemistry.




pleasingly with the desired stereochemistry at the PB-position. Reintroduction of the 1,1-
disubstituted olefin followed by LDA-mediated aldol condensation yielded enyne 47. The PKR
of 47 using Co2(CO)s and NMO completed the synthesis of the ABCDE ring framework of 1

giving the desired diastereomer 48 in 45% and the epimer 49 in 23% yield. Attempts to utilize

Co,(CO)g

CO, NMO
toluene, 90 °C
"'"H 68%,48:49 2:1 dr

‘s
‘7

47

Scheme 1.6 Pauson-Khand reaction of 47 and establishment of the carbon framework of 1.

catalytic conditions with CoBr> and TMTU gave only a combined 37% yield in a 2.4:1 dr favoring
48. At this stage, the remaining hurdles were the installation of the carboxylic acid and the final
two stereocenters on the AB ring system. While the previous report succeeded in installing the
quaternary carbons and many important stereocenters, this approach allows for the construction of
the entire polycyclic frame. Despite the fact that neither approach afforded the target of interest,

they each provide important synthetic insight for future work.

As we reviewed the work of the Yang group, other studies toward, and especially the
completed total syntheses, we looked for a common thread amongst them that might inspire a new
approach to the target. We found that a while a wide variety of chemistry and strategies had been
employed, shown in Figure 1.4, all of the currently reported syntheses fall into one of two
approaches. Regardless of using a linear or convergent route, the ABCDE core of 1 is formed by
building either the trans-hydrindane (AB) or angular triquinane (CDE) first and then constructing

the remaining rings off the respective motifs. As such, we were curious whether there was a way



o/
50
Corey HO,C

Hudlicky
e} CHO

53
Paquette Wender
Figure 1.4 Key intermediates from the previous total syntheses.

in which both motifs could be formed in a single step. Our first indication of how this may be

accomplished was the identification of a 1,3-trans motif in the D ring.
1.3 1,3-Trans Inspired Cascade Approach

The so-called 1,3-trans motif was identified as part of the Snyder group’s synthesis of

presilphiperfolan-8-ol 54, when Dr. Pengfei Hu noted that this relationship is found not only

54 55
(—)-retigeranic acid A presilphiperfolan-8-ol spiroviolene
O
“H
H
56
conidiogenone B botrydial waihoensene

Figure 1.5 Natural products with the 1,3-trans relationship.
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amongst 54 and its relatives, but also many different families of natural products.[*?! The examples
in Figure 1.5, all contain this motif, with the relevant substituents denoted in red. Upon noting

this commonality, he sought a solution to quickly and diastereoselectively establish the

A) Overman (1992)

Pd(OAc),
o oTf PPhj3, Et3N o
</ = AN MeCN, 80 °C </ g
O H 86%, >21:1 dr o A
59 60
Oxidative
Addition
Y

RN [5-exo-trig]
PdL 5 H Elimination

ol

Scheme 1.7 A) Overman's seminal work on Heck cascade and rationale for the formation of the 1,3-trans
relationship B) Our synthesis of 54 using a Heck cascade to establish the 1,3-trans relationship.

O
4
61 62
B) Snyder (2017)

Pd(OAC)2 EtsN
DPEPhos
H OTf & toluene, 90 °C
78%
single diastereomer

relationship, thereby affording a potential general strategy to access numerous natural products.
One answer was found in the Overman group’s work on Pd-mediated intramolecular Heck
cascades, wherein they reported highly diastereoselective cyclizations of vinyl triflates to form
spirocycles such as diene 60.1**1 Dr. Hu noted that during the reaction a 1,3-trans relationship was
established. This high diastereoselectivity arises due to the geometric constraints of the 4-
membered transition state of the migratory insertion step, as well as the proximity of a chiral center,
which force the intermediate to adopt a conformation like 61 for the [5-exo-trig] cyclization to
occur. With this precedent in mind, Dr. Hu developed a route to 54 via a Heck cascade using the

(+)-pulegone derived vinyl triflate 64. Upon identification of appropriate conditions, 63 was

11



converted into tricycle 64 in 78% vyield, as a single diastereomer with the desired 1,3-trans motif.

With this core in hand, Dr. Hu was able to achieve the first total synthesis of 54.

A) Grigg (1997)

Pd(OAc),
PPhs, NaBPh,

DMF, 110 °C, 90%

MeO,C
M602C

OTf single diastereomer K Ph
65 66
B) Snyder (2019)
HO 0
Pd(OAc),
TfO tBuMephos
nBuysNOAc
H toluene, 90 °C ‘”ﬂ E—— "'H
Then K,COs3, MeOH H
83%
67 single diastereomer 68

C) Snyder (2020)

Pd(OAc),
tBuMephos H
CO.M nBuyNOAc
2 <
toluene, 90 °C
OTf 78% : )
70 single diastereomer 71 72

botrydienal
Scheme 1.8 A) Grigg's Heck-Suzuki cascade B) Heck functionalization cascade in our synthesis of 69 C)
Heck functionalization cascade in our synthesis of 72.

Another source of inspiration for the 1,3-trans approach was the work of the Grigg group,
who reported on highly diastereoselective Heck-functionalization cascades, which could give
bicycles such as ester 66 as single diastereomers.**! For our group’s work on the conidiogenone
family, we developed a related, but novel, cascade, which allowed for the use of oxygen
nucleophiles to displace the Pd species following the migratory insertion step.[* Using vinyl
triflate 67, we were able to effectively access alcohol 68 in an 83% yield allowing us to synthesize
conidiogenone B 69 and several other family members. In further studies of this cascade the

synthesis of botrydienal 72 was also accomplished. ¢!
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Returning to our target of interest 1, upon identification of the 1,3-trans motif in the D ring,
and based on our previous efforts, we believed that this could be introduced via a similar Heck
cyclization. Furthermore, given the arrangement of the fused tricycle, we wondered if the Heck
reaction could be extended to form not only the D ring, but also the B & C rings in a single step.
Retrosynthetically such a cascade could be initiated from vinyl triflate 73, as shown in Scheme

1.9. In aforward sense, we propose that the cascade could proceed via oxidative addition of Pd

Heck
Cascade,

HO,C

77
Scheme 1.9 Mechanism for proposed 1,3-trans inspired Heck cascade.

into the vinyl triflate, followed by a [5-exo-trig] cyclization to arrive at tricycle 74. Next, 74 could
undergo a subsequent [6-exo-dig] cyclization onto the pendant alkyne to give tetracycle 75. Then
a second [5-exo-trig] cyclization and finally p-hydride elimination would produce pentacycle 77

with the completed ABCDE framework. Further transformations would allow access to 1.
1.4 Potential Competing Pathways

While plausible, the proposed cascade was likely to be a particularly challenging one. This

is due in large part to the nature of intermediate 74, which has the potential to undergo competitive
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pathways that would interrupt the intended cascade. The first and initially more concerning
pathway is that of B-hydride elimination to give a product such as olefin 75. The second pathway
we foresaw was a potential competitive migratory insertion where the Pd could insert into the
trisubstituted olefin (highlighted in green) in a [3-exo-trig] fashion, which, following B-hydride

elimination, would yield vinyl cyclopropane 76.

[3-exo-trig]
B
then
B-H elim.

S CoR CoR
79 78

Scheme 1.10 Potential competing pathways for the desired [6-exo-dig] in the proposed Heck cascade.

At the outset, the B-hydride elimination pathway was the larger concern as Heck cascades
generally proceed via intermediates that cannot undergo p-hydride elimination, such as vinylic or
neopentylic Pd species. This is due to the relative ease of B-hydride elimination compared to

migratory insertion for Pd. In fact, this has been exploited by the de Meijere group to access
A)

Pd(OAc
( )2 B-H elimination

Br FZ Ag;CO3, PPhs
et R _ -
Y | MeCN, 80 °C 6n-electrocylization o

O 53%
80 81

o

B) o — -

| l Pd(OAc),
AngO3, PPh3

@)

Br MeCN, 80 °C Et0,C
CO,Et 48% EtO,C 0 EtO,C

EtO,C
g3 CO2Et - 84 - 85

Scheme 1.11 Competition between pathways where A) B-H elimination prevails or B) migratory insertion prevails.
Red coloring indicates where Pd formed C-C bonds.
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substituted dienes like 82, as shown in Scheme 1.11.271 Here, the cascade proceeds first via a [6-
exo-dig] and subsequent [5-exo-trig] cyclization to arrive at 81. The alkyl Pd intermediate then
undergoes B-hydride elimination, followed by 6x-electrocyclization to arrive at 82, which could
be oxidized to give an arene product. While rare, examples of Heck cascades wherein migratory
insertion outcompetes B-hydride elimination are known.[*8! In another example from the de Meijere
group, a very closely related cascade produces intermediate 84. This species was initially designed
to undergo B-hydride elimination—6n electrocyclization sequence like 81, but instead proceeded
via a [5-exo-trig] cyclization followed by a [3-exo-trig] and B-hydride elimination to arrive at
tetracycle 85 as the sole product of the reaction. Given the similarities of the cascades, it is not
immediately evident as to why the selectivity should shift so dramatically. As such, it is not

surprising that cascades of this type are generally found serendipitously rather than by rational

design.
B PdL |
Pd(OAc), 3
PPh3 EtsN O
& MeCN, 80 °C <O/ ! </o =
90% e} H
87 88

Scheme 1.12 [3-exo-trig] example from Overman.

For the second competing pathway, [3-exo-trig] cyclization, it was unclear as to how
prevalent it would be with our substrate. [3-exo-trig] cyclizations are relatively uncommon in
Heck cyclizations, but some examples are known as shown above from the Overman group. 319
It is intriguing to note that intermediate 87 is almost identical to 62, and yet no product arising
from the [3-exo-trig] pathway was observed in that case. The higher temperature required for the
formation of 88 would suggest that the [3-exo-trig] pathway is a higher energy pathway. A further

reason why the [3-exo-trig] pathway is usually not observed is that it appears to be readily

15



reversible. Negishi reported an intriguing cyclization that appeared to proceed via [6-endo-trig]
cyclization, but with apparent inversion of the olefin stereochemistry to give diene 90.2°1 They
instead proposed a cascade that proceeds via an initial [5-exo-trig]/[3-exo-trig] sequence to arrive
at cyclopropane 92, which, rather than undergoing B-hydride elimination, performs a C-C bond
rotation so that the Pd is now aligned with the other C-C bond of the cyclopropane. Retro-[3-exo-
trig] cyclization gives cyclohexene 94 and B-hydride elimination then yields 90. If the [3-exo-trig]

cyclization is truly a reversible process, then other pathways within our own proposed sequence

PdCly(PPhs)y, EtyNH, EtsN
| DMF, 80 °C, 69%
| oH HO |
89 90

l [ o

o PdL —= . .
\\ CH OH |
HO pdL
LPd g2 93 HOgq

91

Scheme 1.13 Apparent stereoinvertive [6-endo-trig] via a proposed cyclopropyl intermediate

could outcompete cyclopropane formation. However, as with B-hydride elimination, it appears to
be quite challenging to predict which pathway is preferred when other migratory insertions can
out compete the [3-exo-trig] cyclization. As shown in Scheme 1.14, even in closely related
cascades wildly different product distributions are observed. From vinyl bromide 95, tetracycle 97
is formed as the major product with ether 98, while an almost 1:1 ratio of tetracycle 101 and
tricycle 102 is observed in the case of diester 99.71 In the Negishi example from Scheme 1.14, a
[6-exo-trig] pathway is slightly more favorable than the [3-exo-trig] competitor, which offers hope
that with possible substrate control or under the appropriate conditions our desired [6-exo-dig]

cyclization may be the predominant pathway.
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A) De Meijere (1991)

Pd(OAc), Pat
Br A92C03 PPh3
\VL MeCN, 80 °C -
97 62%
98 4% o
96
LPd ]
Pd(OAc),
Br// _Ad,CO3, PPh3 Y
MeCN, 80 °C
E10,C 101 35%
CO,Et 102 30% EtO2C Co,Et E102C" Cot Et0,C CO2Et
99 100 102
B) Negishi (1992)
MeO,C PdCl,(PPhg), MeOzC MeO,C,
MeOzC I = EtQNH, Et3N MeO C M802C
_ DMF, 80 °C o2
104 50%
103 105 35% 104

Scheme 1.14 Examples of [3-exo-trig] competing with other cyclization modes from A) de Meijere and B) Negishi.

Intramolecular Heck cascades are quite complex with a subtle interplay of factors

controlling the balancing act of competing pathways. With this in mind, we viewed our proposed

cascade as an opportunity to develop a deeper understanding of that balancing act and use that

understanding to further what is known and what is possible with the Heck reaction.

1.5 Retrosynthesis of Cascade precursor

With our proposed cascade in hand, we then pursued access to the required precursor, vinyl

triflate 73. Retrosynthetically, our first step was to cut the trisubstituted olefin, which could be
formed via a Julia-Kocienski olefination between sulfone 95 and diketone 97. This was expected
to be a challenging step due to the stereospecific requirements of our substrate, and precedented
difficulties associated with tri-substituted olefin formation. Further, the multiple acidic sites on 97

could protonate the sulfone preventing any olefination event from occurring. The sulfone moiety

could be introduced using Baran’s reductive olefin coupling method using a 1,1-disubstituted
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Figure 1.6 Retrosynthesis of Heck cascade precursor 73.

olefin as the donor and a vinyl sulfone as the acceptor.?!l Next the isopropyl and propargy! groups
could be introduced via vicinal difunctionalization of commercially available cyclopentenone 96.
On the other hand, diketone 97 could be accessed via a chiral pool synthesis starting from (+)-

pulegone 98.[222°l
1.6 Accessing Racemic Cascade Precursors

To begin our campaign toward retigeranic acid A 1, we first sought a route to access the
Heck cascade precursors utilizing more readily accessible racemic starting materials. We
appreciated that the proposed Julia-Kociesnki olefination between a racemic sulfone and diketone
would result in a mixture of eight stereoisomers, which may render the subsequent transformations
challenging to interpret. However, a successful Julia-Kocienski olefination would at least establish
a route to the carbon skeleton of the cascade precursors providing a beachhead for further forays.

As such, we set out to access an appropriate sulfone coupling partner.

Starting from cyclopentenone 96, we attempted a variety of conditions for a tandem vicinal
difunctionalization using an isopropyl organocuprate and a TMS-protected propargyl bromide.
However, while we observed complete conversion of 96 to the 1,4-addition product, the following

alkylation step proceeded poorly and only trace ketone 99 was ever observed. As such, we instead

18



used a two-step method*21 wherein the conjugate addition product was trapped as a silyl enol
ether 100 in quantitative yield. 100 was then converted into a lithium enolate with MeLi and

alkylated with propargyl iodide 102 in the presence of DMPU to give 99 in good yield over two

A)
a) CuBr-DMS, LiCl, o
O iPrMgCl, Et;N OTMS | ,
TMSC +_\ ¢) MeLi, DMPU
§ THF, -78 °C THF, -78 °C— 23 °C 4
TMS o =
96 100 102 85% over 2 Steps 99/\
Single Diasteromer T™MS
Cul | Br,
. N
PrMgCl = TMS b) PPhs, I, | CH,Cl, d) KHMDS|THF, 0 °C
DMPU | THF, -78 °C imidazole | 84% PPh;MeBr|82%
HO—\
™S
101
B) N—-N
o\ K,CO PTS PTO,S
prape N )\SH e) K,COy fy mMCPBA 9 EtN _ PTO,S
N DCE, 85 °C \L DCE, 85 °C THF, 0 °C ]
Ph 74% Cl 98% Cl 999
104 105 106 107

Scheme 1.15. Synthesis of A) Julia-Kocienski precursor 103 and B) vinyl sulphone for reductive olefin coupling: a) CuBr-DMS
(2.15 equiv.), LiCl (2.15 equiv.), iPrMgCI (2.3 equiv.), TMSCI (1.5 equiv.), Et3N (1.5 equiv.), THF (0.4 M), =78 °C, 1.5 hr; b) PPh3
(1.5 equiv.), I (1.5 equiv.), imidazole (1.5 equiv.), CH,Cl, (0.5 M), 0 °C, 1 hr, 84%; c) MeLi (1.1 equiv.), DMPU (14.1 equiv.), THF
(0.08 M), -40 °C, 1 hr, then 102 (1.5 equiv), —78 °C — 23 °C, 12 hr, 85% over 2 steps; d) PPhzMeBr (2.2 equiv.), KHMDS (2.0
equiv.), THF (0.4 M), 0 °C, 2 hr, 82%; e) K,COj3 (2.0 equiv.), DCE (0.1 M), 85 °C, 74%; f) mCPBA (5.0 equiv.), DCE (0.1 M), 85 °C,
3 hr, 98%; g) Et3N (1.0 equiv.), THF(0.2 M), 0 °C, 30 min, 99%.

steps as a single diastereomer. We assumed that the obtained compound was the trans-isomer
based on literature comparisons.?#%1 Next, 99 was converted into cyclopentene 103 via a Wittig
olefination using PhsPMeBr and KHMDS. Despite the simplicity of 99, the choice of base proved
to be crucial with n-BuLi leading to decomposition, LDA and LIHMDS suffering from poor
conversion, and KOtBu proceeding with desilylation of the alkyne. We then turned our attention
to the synthesis of vinyl sulfone 107 via modified literature reported
alkylation/oxidation/elimination sequence.!! In our hands, the literature procedure for the final
elimination step led to poor yields of impure 107 that would quickly degrade upon attempts to
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purify using the reported column chromatography conditions or recrystallization. By reducing the
reaction temperature to 0 °C and using exactly 1.0 equivalent of EtzN, the formation of side
products was effectively inhibited. Further, it was found that the EtsN*HCI byproducts could be

precipitated through the addition of Et,O allowing 107 to be purified by filtration.

With both 103 and 107 in hand, we turned our attention to the reductive olefin
coupling.?? Initially, it was unclear if the n-bonds of the alkyne would be innocent in the

reaction!?®! and as vinyl sulfones are known to be challenging substrates,?*! we first attempted the

A)

Fe(acac)z (30 mol%)
WEWG PhSiH3 (1.5 equiv.)

solvent (0.1M), 60 °C

1.5 equiv. 1hr
Q 0,0
oMm Sph
Acceptor Solvent Yield | © ﬁ
109 | DCEEtOH | 72% 109 110
110 i EtOH C 0% o o 0. o
1M1 | EOH | 31% 7N STUN,
107 | EtOH | 46% | s\@ \( Nt
Ph’
111 107
B) __TMS
=
: \:\EWG
Yz ms

Scheme 1.16 A) Reductive olefin coupling of 103 and radical acceptors B) Proposed rational for
observed diastereoselectivity.

coupling with methyl acrylate 109. Pleasingly, the reaction proceeded smoothly giving the desired
product in a 72% yield as a single diastereomer. Moving to phenyl vinyl sulfone 110, no product
formation was observed even with Baran’s optimized conditions. With the benzothiazole sulfone

111291 and phenyltetrazole sulfone 107 modest yields of the respective Julia-Kocienski precursors
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were isolated as single diastereomers. The high diastereoselectivity likely arises from the propargyl
group blocking the top face of the cyclopentane forcing the radical acceptors to approach from the
bottom face as shown in Scheme 1.16. Reproducibility issues in the synthesis of 111 and its lower
yields in the reductive olefin coupling led us to move forward with 107. Attempts to increase the

yield of the coupling ultimately proved unfruitful.

The next task was to access a suitable diketone model system 115. We first attempted to
synthesize the diketone via a Mukiyama-Michael with methyl vinyl ketone 114, but only
desilylation to form cyclopentanone 116 or 114 polymerization were observed with a variety of
Lewis acids.?*% Using the Stork-Jung vinyl silane 117 we were able to access 115, but the
procedure required several steps and was too low yielding to be feasible.F4*®! Pleasingly, through

an HFIP promoted conjugate addition, 115 was synthesized in 77% yield.[%!

» Mukiyama-Michael approach

OTMS TiCl4, Ti(OiPr), fe) 0 (@]
S e —2— LA ()
+
74

113 114 115 116

observed product

« Stork-Jung Vinyl Silane approach

a) MeLi, DMPU
OTMS ™S

THF, 78 °C o /MS ® gt f{/ _/<
+ p—
|~/_< b) m-CPBA, CH,Cl, M CH,Cly, 0°C

0°C —>23°C 28% over 3 steps

113 117

* HFIP promoted Michael approach

OTMS 0 0 (@]
+ /<O + é
/ d) HFIP:DCM
23°C, 77%
113 114 115 116

Scheme 1.17 Synthesis of Diketone 115: a) MeLi (1.1 equiv.), DMPU (14.1 equiv.), 114 (1.5 equiv.), THF (0.1M), -78 °C — 23 °
C, 12 hr, 64%; m-CPBA (1.15 equiv.), CH,Cl, (0.5 M), 0 °C — 23 °C, 2 hr; ¢) TFA (1.4 equiv.), CH,Cl, (0.7 M), 0 °C, 43% over 2
steps; d) 113 (2.0 equiv.), 114 (1.0 equiv.), HFIP:CH,Cl, (4:1, 0.33 M), 23 °C, 77%.

We then began our investigations of the Julia-Kocienski olefination. In our initial base

screening, only LIHMDS gave any of the desired ketone 120 and even then, only in a 7% yield
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and 1.1 E/Z ratio. Using excess sulfone increased the yield to 25%, but conversion remained low
with both starting materials recovered in almost quantitative yield brsm, suggesting the self-
condensation of 119 was not the issue.”1 The poor conversion combined with the observed rapid
disappearance of the bright-yellow sulfone anion upon addition of 115 led us to suspect that the
sulfone anion was acting as a base rather than a nucleophile, deprotonating 115. The Saskai group

encountered a similar issue in their synthesis of gambieric acid A, which incorporated a similar

T™MS
T™S J
N
0 0 §
+ > base, additive (0] /
PTO,S THF, —78 °C — 23 °C é”
115 119 120
Base (equiv.) 115 equiv. 119 equiv. Additive (equiv.) Yield ZE
KHMDS (1.0) | 1.5 ! 1.0 ‘ - L0% |
LDA (1.0) | 1.5 ! 1.0 ! - L0%
LIHMDS (1.0) ! 15 ] 1.0 ] - 7% 1
LIHMDS (1.0) | 1.0 ; 1.5 ; - L 25% | 1
LiIHMDS (1.0) ! 1.0 . 15° 1 CeCl; (1.6 | 30% | 2:1
LIHMDS (1.0) ! 1.0 . 15" 1 CeCl3(2.0°7 | 35% & 2:1
LIHMDS (1.0) | 1.0 ; 15> | CeCl3 (5.0 | 37% | 2:1
LiHMDS (1.0) | 1.0 : 15° | CeClz(2.0)° | 65% | 21

Table 1.1 Screening of Julia-Kocienski olefination conditions: 2CeCl3 dried by heating at 150 °C under vacuum
for 1 hr PAzeotropically dried with benzene three times “Commercial anhydrous CeCl; stored in glovebox.

Julia-Kocienski olefination of a methyl ketone.*82%1 They found that through the use of anhydrous
CeCls the yields could be increased dramatically, and the reaction now favored their desired E
isomer in a 2:1 ratio. CeCls is well known® to promote 1,2-additions to carbonyls, especially
easily enolizable ones, either by acting as a highly-oxophilic Lewis acid®! or through the
formation of highly nucleophilic organocerium compounds!*? that exhibit markedly lower basicity
compared to their organolithium and organomagnesium equivalents. In our first attempt using 1.6

equivalents of CeCls, we now observed a 30% yield and by increasing the equivalents to 2.0, a
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35% yield was achieved. Further increasing of the CeCls equivalents had little effect. We were
concerned that the CeCls used in the reaction, which was stored outside the glovebox, was either
still hydrated to some degree despite heating it under vacuum or that the drying process was
causing decomposition[*®l of the CeCls. As such, we purchased anhydrous CeCls and pleasingly
the yield increased to 65% in a 1:2 E/Z ratio indicating that the quality of the CeCls had indeed
been at fault. It is intriguing to note that while the observed ratio of olefin isomers in our reaction

and that of the Saskai group were the same, the favored isomer was different.

With effective conditions for the Julia-Kocienski in hand, we next attempted to complete
the synthesis of the racemic cascade precursor through the introduction of a vinyl triflate and the
conversion of the TMS-protected alkyne into the corresponding ynoate. Our first approach was to
directly convert 120 into ynoate 121 through deprotection of the TMS-capped alkyne with CsF
and trapping of the resultant anion with an electrophile. Both methyl chloroformate and CO,/Mel
provided 121, but in similarly poor yields. We then attempted a two-step process where the TMS
was cleaved almost quantitatively under basic conditions and the free alkyne was then
carbonylated under Pd catalyzed conditions. Unfortunately, these carbonylation conditions gave
121 in lower overall yields than the CsF conditions. With the small amount of 121 formed, we
attempted to convert 121 into vinyl triflate 122, however, the ynoate proved unstable under the
reaction conditions and only decomposition was observed. As such, we changed the strategy to
instead form the vinyl triflate first and then deprotect the alkyne and introduce the ynoate. Vinyl
triflate formation proceeded smoothly with complete regiocontrol. The subsequent desilylation
reaction proved challenging as will be discussed further below, but ultimately, we were able to
find successful conditions to access 123.131 Base mediated carbonylation proceeded in modest

yield to give 122 with on small amounts of 121 observed arising from vinyl triflate hydrolysis.
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/—/Z ¢) K,CO3, MeOH, 23 °C, 97% /—%
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Scheme 1.18 Synthesis of model cascade substrates: a) CsF (2.0 equiv.), methyl chloroformate
(2.0 equiv), DMF (0.2 M), 23 °C, 14 hr, 17%; b) CsF (2.0 equiv.), CO,, Mel (1.2 equiv.), DMSO (0.5
M), 23 °C, 4 hr, 16%; c) K,COj3 (5.0 equiv.), MeOH (0.5 M), 23 °C, 12 hr, 97%; d) Pd(OAc), (30
mol%), PhsP (60 mol%), CO, O,, MeOH (0.2 M), DMF (0.1 M), 23 °C, 24 hr, 11%; e) LIHMDS (2.5
, PhNTf, (2.0 eq), THF (0.1 M), =78 °C — 23 °C, 4 hr; f) LIHMDS (1.5 equiv), PhNTf;, (1.1

, THF (0.1 M), =78 °C — 23 °C, 5 hr, 85%; g) AgNO3 (2.7 quiv.), KCN (10.0 equiv.), MeOH

, H,O (0.25 M), 23 °C, 30 min, 100%; h) n-BuLi (1.5 equiv.), methyl chloroformate ( 5.0

, THF (0.1 M), - 78 °C, 4 hr, 47%, 61% brsm.

equiv.
equiv.
(22 M
equiv.

As mentioned above, the conversion of 124 to 123 proved non-trivial due to the hydrolytic
instability of the vinyl triflate moiety. K>COz in methanol proceeded with complete hydrolysis of
the vinyl triflate giving ketone 125 in quantitative yield. TBAF proved more effective giving 125
and 123 in a 1:1 ratio, with hydrolysis presumably due to the hydroxide content in the reagent. We
thought moving to more acidic fluoride conditions would prevent hydrolysis and indeed, HF<Py
did not hydrolyze the triflate, nor did it cleave the TMS group. As such, we attempted to buffer
the TBAF with KH2PO4 or AcOH, which did prevent hydrolysis, but the conversion was
incomplete even after extended reaction times of 24 hours or more. Further, the relatively small

Rt difference between 124 and 123 meant that any reaction with incomplete conversion was
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TMS

\ \g \

OTf / Conditions o) / , OTf /
124 125 123
Conditions 125 Yield 123 vield
K,CO3, MeOH, 23°C 100% 0%
TBAF, THF, 23 °C 47% 48%
HF+Py, THF, 23 °C 0% 0%
TBAF+3H,0, KH,PO4, THF, 23°C 0% 66%
TBAF, AcOH, THF, 23 °C 0% 20%
AgNO3, KCN, MeOH:H,0, 23°C 0% 100%

Table 1.2 Screening conditions for the removal of the TMS group in the presence of a viny triflate.

exceedingly difficult to purify. Pleasingly, we found very mild Ag promoted conditions that
quickly and efficiently effected the desilylation with no detected hydrolysis.[**! The deprotection
IS suggested to proceed via Ag complexation to the alkyne providing sufficient activation for
nucleophilic displacement via CN-, yielding TMSCN and a Ag-acetylide species that is

subsequently quenched.

With this material in hand, we made our first attempts toward the desired Heck cascade.
Unsurprisingly, the mixture of diastereomers led the reactions of both 124 and 122 to be too
complex for interpretation. However, we were able to at least observe complete consumption of

the starting material as evidenced by the lack of ®F NMR signals in the crude reaction mixture.
1.7 Accessing Enantiopure Cascade Precursors

With a practical route to the cascade precursors established, our focus turned to accessing
enantioenriched Julia-Kocienski coupling partners. For the diketone portion we opted to employ a
similar strategy to the Paquette*l and Hudlicky™! syntheses, using a chiral pool approach starting
from (+)-pulegone. Using literature reported procedures,?22%1 (+)-pulegone first underwent a
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dibromination reaction, and subsequent base mediated Favorskii rearrangement yielding crude
ester 126. Ketone containing impurities were converted into water soluble semicarbazones by
refluxing the crude mixture with semicarbazidesHC] and NaOAc. Next, 126 was subjected to

ozonolysis with a reductive workup to yield ketoester 128 in 75% yield from 98. Diketone 130

O
a) Bry, NaHCO3
X CH,Cly, 23°C | o
*.,, b) NaOMe, MeOH, 23 °C /" OR,
98 or z

NaH, BnOH, DME, 23°C 126 R; = Me

then 127 R, = Bn

c) Semicarbazide+<HCI

NaOAc, EtOH:H,0
80 °C — 23°C

(+)-pulegone

f) O3 |CH,Cl,
DMS | -78 °C

o

0] O
L g amsd £
"'COZR1 EtOH, 23 °C . <

B single diastereomer OR;

- -

130 Ry = Me, 67% 128 Ry = Me, 75%
131 Ry =Bn, 80% 129 R, =Bn, 66%

Scheme 1.19 Chiral pool synthesis of diketones 130 and 131: a) Br; (1.02 equiv.), NaHCO3
(0.5 equiv.), CH,Cl, (1.0 M), 23 °C, 30 min; b) NaOMe (2.2 equiv.), MeOH (2.0 M), 23 °C, 12
hr; NaH (5 equiv.), BnOH (6 equiv.), DME (2.0 M), 23 °C, 12 hr; c) NaOAc (0.50 equiv.),
semicarbazide*HCI (0.50 equiv.), EtOH (1.0 M), H,O (1.0 M), 80°C for 1 hr then 23 °C, 12 hr;
d) O3, DMS (1.2 equiv.), CH,Cl, (0.4 M), =78 °C, 4 hr,128 75%, 129 66%; e) DBU (25 mol%),
MVK (1.2 equiv.), EtOH (0.1 M), 23 °C, 15 min, 130 67%, 50% from (+)-pulegone, 131 80%,
131 53% from 98.

was then synthesized using a DBU catalyzed conjugate addition with MVK in an overall 50%
yield from (+)-pulegone. The corresponding benzyl ester 131 was made via the same route in an

overall 53% yield, using benzyl alcohol and NaH in the Favorskii rearrangement instead.

For the sulfone, several potential routes were available to access the required ketone
precursor in an enantioenriched fashion, the most obvious of which would be to render the vicinal

difunctionalization enantioselective. Considerable effortl*4l has gone into the development of
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Scheme 1.20 Enantioselective appoaches to ketone 99 via A) Cu-catalyzed conjugate addition of
organozincates and B) Cu-catalyzed conjugate reduction.

transition-metal catalyzed enantioselective conjugate additions and a wide variety of solutions for
numerous systems are known. Simple cyclopentenone 96 remains a challenging substrate due to
its high inherent reactivity and flat structure making enantioinduction particularly difficult. The
most effective example to date is a report from the Hoveyda group which utilized a modular
peptide-based phosphine ligand and Cu(OTf)+*CeHs System with organozinc reagents, which gave

cyclopentanone 133 containing the requisite isopropyl group in a 94% yield and 85% ee as shown
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in Scheme 1.20.[4 Further, a separate example demonstrated that the zinc enolate could be
alkylated with 4-iodobutene in the presence of HMPA, giving cycloheptanone 136 in an 80%
yield and 97% ee with a 15:1 dr. 136 was then elaborated into the natural product clavularin B.
An alternative approach to the addition of a carbon nucleophile would be a conjugate reduction.
The Buchwald group reported a highly effective asymmetric Cu—H system using readily available
poly(methylhydrosiloxane) (PMHS) as the reducing agent that gave a variety of B-alkyl substituted
cyclopentanones with ee ranging between 92-99%.14°1 Cyclopentenone 139 was accessed in an
88% vyield and 94% ee, albeit with 90% conversion after 72 h. The Buchwald group also found
that the intermediate silyl enol ethers could be converted to enolates by tetrabutylammonium
difluorotriphenylsilicate (TBAT), which serves as an anhydrous fluoride anion source. These
enolates could be readily alkylated with activated electrophiles such as allyl bromide in a one-pot

reduction/alkylation cascade.

Protechon
Y \
145

OH OH NHZ >‘/@ NH,

146 147

Scheme 1.21 Chiral resolution of ketone 99 via chiral auxillaries.

Another potential tack is chiral resolution of 99. A common strategy, as shown in Scheme
1.21, to affect such a separation without the use of preparatory chiral HPLC is to employ a chiral
auxiliary. The resulting diastereomers are then separable via chromatography, recrystallization, or

some other physical method. This strategy is more commonly used for the resolution of chiral
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amines, carboxylic acids, and alcohols, but examples with ketones are known. Some potential

auxiliaries are the diols 146 and 147, the proline derived hydrazine 148, 1-phenylethylamine

96 96
S® S®
150 %/ NH %/ NH
a) Ti(OEt), / /
+

THF, 23 °C — 65 °C o

)\ 80% \

+99  'MS 430, 151 + 37% 152 S = s
151 152
Confirmed by X-Ra
[ y Z MeOH, 23 °C
b) HCI| 88%
KHMDS
d) Fe(acac); SO.PT c)
PhSIH3 | 2 . PPh3MeBr
o / THF, 0 °C
EtOH,?O C 107 2 \\ 850
46% /\ o
TMS
103
14,,
(SOQPT TMS\Q
—
0o o e) LIHMDS
+ —_—
/" "CO4R; THF “'CO,Ry
B -78°C > 23°C B
™S 153 74%, 2:1 Z:E
130 Ry=Me 153 Ry = Me
119 1 154 52%, 2:1 Z: 1
131 R4=Bn 54 52%, 21 ZE 154 R, = Bn

Scheme 1.22 Using chiral resolution to access Julia-Kocienski products: a) (R)-tBu-sulfinamide
(1.0 equiv.), Ti(OEt)4 (3.0 equiv.), THF (0.6 M), 65 °C, 12 hr; b) HCI (100 equiv., 3 M), MeOH
(0.02 M), 23 °C, 40 min, 88%; c) PPhzMeBr (2.2 equiv.), KHMDS (2.0 equiv.), THF (0.4 M), 0 °
C, 2 hr, 85%; d) 107 (1.5 equiv.), Fe(acac); (30 mol%), PhSiH; (1.5 equiv.), EtOH (0.2 M), 60 °
C, 30 min, 46%; e) LIHMDS (1.5 equiv.) 119 (1.5 equiv.), CeCl3 (2.0 equiv.), THF (0.1 M), -78 °
C — 23°C, 12 hr, 153 74% 2:1 Z:E; 154 52%, 2:1 Z:E.

149,521 or Ellman’s auxiliary 150.%% At first glance the enantioselective methods are more
appealing both from an elegance and synthetic efficiency perspective. However, the chiral

resolution approach appeared more attractive due to the ease of implementation and expected rate

of success.

As shown in Scheme 1.23, condensing Ellman’s auxiliary 150 onto racemic 99 gave the

resultant diastereomeric sulfinimines 151 and 152 that pleasingly proved easily separable by
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column chromatography. In addition, 151 was highly crystalline allowing us to unambiguously
identify the stereochemistry via X-ray crystallography. From there 152 was hydrolyzed under
acidic conditions to yield enantiopure 99 in a 65% yield over two steps. Next, Wittig olefination
and reductive olefin coupling gave sulfone 119 setting the stage for the Julia-Kocienski coupling.

Both ketoester 130 and 131 proved competent giving the respective olefins 153 and 154 in 74%

.
—
a) LIHMDS, PhNTf,

oTf

THF, 78 °C— 23 °C |

155 R, = Me, 74% “COR;
156 R = Bn, 92% A

b) AgNO; |MeOH, H,0
KCN | 23 °C
157 100%
158 82%

' 0 )
RQOZC&/Q Ao rus
OTf c) n-BuLi, R2O™ Cl =

| THF, —78 °C oTf |
159 58%, 90% brsm

“'CO,R; ,
160 41%, 52% brsm “COR,
- 161 66% B
159 R, = R, = Me >
160 R1=Me, R2=Bn 157 R1=Me
161 R; =Bn, R, = Me 158 Ry =Bn

Scheme 1.23 Synthesis of cascade precursors: a) LIHMDS (1.5 equiv.), PhNTf, (1.1 equiv.), THF (0.1
M), -78 °C, 12 hr, 155 74%, 156 92%; b) AgNO3 (2.7 equiv.), KCN (10.0 equiv.), MeOH (22 M), H,0
(0.25 M), 23 °C, 30 min, 157 100%, 158 82%; c) n-BuLi (1.5 equiv.), methyl or benzyl chloroformate
(5.0 equiv.), THF (0.1 M), - 78 °C, 4 hr, 159 58%, 90% brsm, 160 41%, 52% brsm, 161 66%.

and 52% yield, both with a 1:2 E/Z ratio. On larger scale, we observed that the olefin isomers of
153 were potentially separable by column chromatography. After extensive screening of eluent
systems, a ternary mixture with a gravity column (silica gel, toluene:CH2Cl2:Et,O 38:1:1) gave
effective separation of the isomers allowing for identification by NOESY correlation, proving that

the Z isomer is in fact favored and providing a clear route to entering the Heck cascade with a
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single isomer. From here, the established procedure of triflation, desilylation, and base mediated

carbonylation yielded the desired cascade precursors.
1.8 Initial Attempts with the Heck Cascade

We began our study of the cascade with 153 using our previously reported conditions from
the presilphiperfolan-8-ol synthesis.[*?l With DPEPhos, we observed a 2.5:1 ratio between two
products, the first being initially identified as the desired 162 due to what were believed to be the
characteristic cyclopentene peaks. The second was assigned as olefin 163 arising from the -
hydride elimination pathway due to the two strongly coupled doublets in the olefin region (J =
15.9 Hz, trans-olefin coupling). Subsequent failed attempts to elaborate what was believed to be
162 led us to examine the *H and 3C NMR spectra more closely. Upon reconsideration, it was

found that alkyne signals were still present in the 3C NMR indicating that rather than the desired

N\ Pd(OAGC),
L, Et;N
oTf | toluene, 90 °C ~ TMS
/"CO,Me _
E S éOQMe
153 162 163 164
21 ZE Ligand ___Yield 163 :164

162 :
DPEphos 54%% 0 25 1.0
PPh; 85%° 0 2.0 1.0
dppe  70%° 0 1.0 1.0
Xantphos 71%° 0 1.0 2.0
S-BINAP 60%° 0 13 1.0
R-BINAP 84%° 0 13 1.0

Table 1.3 Ligand effects on the Heck Cascade of 153: 2 Isolated yield ® Determined by 'H NMR using 1,3,5-trimethoxybenzene
as an internal standard; Pd(OAc), (10 mol%),Bidentate L (20 mol%) or monodentate (40 mol%), Et3N (3.0 equiv.), toluene (0.1
M), 90 °C, 12 hr.

[6-exo-dig] cyclization occurring, the [3-exo-trig] pathway was operative, instead resulting in vinyl

cyclopropane 164. We next attempted a ligand screen in the hope that one may provide better
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selectivity for our desired pathway or inhibit one of the undesired pathways. Unfortunately, after
examining a variety of monodentate and bidentate phosphine ligands only formation of 163 and
164 was ever observed, generally with poor selectivity between the two pathways. R- and S-
BINAP proved the exceptions with both giving 163 as the major product in a 13:1 ratio. We
hypothesized that the TMS alkyne was simply not reactive enough, either due to steric or electronic
factors, for our desired [6-exo-dig] pathway to occur. As such, the ynoate cascade substrates

became the next target of our focus.

_ , . —/

BnOZC
AN _
Pd(OAc), &
DPEPhos, Et;N / . | =
OTf toluene, 90 °C BnO,C )
| , BNnO,C BnO,C
"CO,Me P K R
L : COyMe - CO,Me : COyMe
160 165 166 167

Scheme 1.24 Heck cascade attempts with ynoate 160: Pd(OAc), (10 mol%), DPEPhos (20 mol%), EtsN (3
equiv.), toluene (0.1 M), 90 °C, 12 hr.

The ynoate moiety did prove to be considerably more reactive leading to complex reaction
mixtures. Purification by preparative TLC gave products that were tentatively identified as vinyl
cyclopropane 165, olefin 166, and dienoate 167, which is presumably formed via a phosphine
catalyzed isomerization of the ynoate.5*%1 The benzyl ester of the ynoate complicated
identification due to overlap of the benzyl peaks with other olefin signals. To simplify the data
interpretation, ynoate 159 was examined next. Using DPEPhos as ligand, the reaction mixture was
very complex, and we were only able to tentatively identify dienoates 168 and 169. Switching to
R-BINAP yielded a cleaner reaction, but the reaction was selective for the vinyl cyclopropane 170,
similar to what was observed with 153. Even then, the yield for 170 was only 33%. S-BINAP

similarly favored the [3-exo-trig] pathway, but now the major isolated product was enoate 172,
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\\\\ a) Pd(OAc),
DPEPhos, Et;N

toluene, 90 °C

159

N b) Pd(OAC),
R-BINAP, Et;N

MeO,C

168 3%

\ ‘.
oTf toluene, 90 °C
170 33% MeO,C
"’COZMe 171 2%

159 170 171 168

MeO,C _/ J ’/

\\ c) Pd(OAc),
S-BINAP, Et3N
oTf toluene, 90 °C I * N
170 Trace MeO,C
/ "/Cone 171 16%

I CoMe 7 Co,Me

159 170 172
[Confirmed by X-Ray]
Scheme 1.25 Heck cascade attempts with ynoate 159: a) Pd(OAc), (10 mol%), DPEPhos (20 mol%), EtsN (3
equiv.), toluene (0.1 M), 90 °C, 12 hr; b) Pd(OAc), (10 mol%), R-BINAP (20 mol%), Et3N (3 equiv.), toluene
(0.1 M), 90 °C, 12 hr, 170 33%, 171 2%, 168 3%; c) Pd(OAc), (10 mol%), S-BINAP (20 mol%), Et3N (3
equiv.), toluene (0.1 M), 90 °C, 12 hr 171 16%.

which could potentially arise from Pd—H insertion in to the ynoate and reductive elimination with
a hydride abstracted from a triethylamine donor. Pleasingly, 172 proved to be crystalline and the
absolute configuration of the product was determined from the X-ray crystal structure. The
structure, shown in the experimental section below, conclusively proved the formation of the vinyl
cyclopropane moiety and the establishment of the 1,3-trans relationship during the initial [5-exo-
trig] cyclization. However, it was clear that under the originally devised Pd-mediated conditions,

the undesired reaction pathways would be unavoidable.
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1.9 Nickel Heck Approach

At this point in our efforts to move forward, we turned to the literature for inspiration on
how best to proceed. A computational study by the Gomez-Bengoa group on the Ea of
intramolecular migratory insertions of Ni, Pd, and Pt came to our attention.®®! On the simple model
system, shown in Scheme 1.26, they found that the E, for the [3-exo-trig] pathway was surprisingly
low at only 2.5 kcal/mol. This was somewhat surprising considering the additional ring strain
introduced and the higher temperatures required in the Overman example.™3! For comparison, the
[6-exo-trig] pathway was found to be almost 20 kcal/mol higher. While these E. are not
representative of our system, we began to suspect that at least the relative differences were similar
based on our observed results. As such, our problem seemed inescapable as long as the reaction

was mediated by Pd.

As we considered our next direction, one potential solution was the substitution of Ni for
Pd in the cascade. Ni is reported®-5% to undergo migratory insertion more readily than Pd. The
Gomez-Bengoa study found that in all examined instances, Ni had consistently lower E. barriers,
which would imply that our apparently challenging [6-exo-dig] cyclization may now be more
accessible. However, this decreased barrier also applies to the [3-exo-trig] pathway, which on the
above model system was found to have an almost negligible Ea of only 0.5 kcal/mol. However,
the report also remarks on the disparity between the apparent ease of the [3-exo-trig] pathway and
the paucity of known examples given the breadth of the Heck literature.[17192060-621 The calculated
AG* for the cyclopropane formation showed that the reaction was endergonic by ~2 kcal/mol and
thus reversible. They proposed that unless the [3-exo-trig] pathway is coupled with a subsequent
exergonic terminating step such as pB-hydride elimination, there may simply be no cyclopropane

product observed as another more thermodynamically favorable path takes over. As such, the [3-
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A)

o
M. [6-exo-dig] PH3
PHy —— I\I/I
=Z - M=PH;

M [3-exo-trig]* [6-exo-dig]* B-H Elim.*

Pd 25 21.2 8
Ni 0.5 9.6 15
*E, (kcal/mol)
B)
RO,C
\/ \/

LNi

Potential
Funnel?

equilibirium?

< Co,R S Go,R

Scheme 1.26 A) Calculated E, for intramolecular migratory insertions and B-hydride elimination for Pd and Ni, B)
Proposed Heck cascade.

exo-trig] pathway may exist as an equilibrium between the cyclized and linear forms until a
subsequent step such as migratory insertion or -hydride elimination can occur. And as Ni
undergoes B-hydride elimination less readily than Pd,®" any such equilibrium may be long lived
enough for our now more readily accessible [6-exo-dig] cyclization to occur. With this hypothesis

in mind, we set out to find conditions for a Ni-mediated Heck cascade.
1.10 Conclusion

This chapter presents our initial efforts toward the total synthesis of retigeranic acid A 1
via a Heck cascade. In the process, we have developed scalable and effective routes allowing us
to access enantiopure cascade precursors 153 and 159 in 8 and 10 steps respectively from
commercially available materials. In the course of our studies, we utilized a chiral resolution with

Ellman’s auxillary 150, accomplished a challenging intermolecular Julia-Kocienski olefination

35



with a CeCls, and overcame the sensitive vinyl triflate to access the ynoate precursors. Upon
attempting our cascade, we found that with the Pd-mediated system, the [3-exo-trig] and B-hydride
elimination pathways outcompeted our desired [6-exo-dig] pathway, rendering our initial approach
unfeasible. From these results, we have identified the potential for a new strategy utilizing the less

commonly studied Ni-Heck reaction.
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1.12 Experimental Section

General Information All reactions were carried out under an argon atmosphere with dry solvents
under anhydrous conditions, unless otherwise noted. Dry tetrahydrofuran (THF), toluene, diethyl ether
(Et,0) dichloromethane (CH.Cl,), and acetonitrile (CH3CN) were obtained by passing commercially
available pre-dried, oxygen-free formulations through activated alumina columns. Yields refer to
chromatographically and spectroscopically (*H and 3C NMR) homogeneous materials, unless otherwise
stated. Reagents were purchased at the highest commercial quality and used without further purification,
unless otherwise stated. Reactions were magnetically stirred and monitored by thin-layer chromatography
(TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV light as visualizing agent, and
an ethanolic solution of phosphomolybdic acid and cerium sulfate or a solution of KMnQg, in ag. NaHCOs
and heat as developing agents. SiliCycle silica gel (60, academic grade, particle size 0.040-0.063 mm) was
used for flash column chromatography. Preparative thin-layer chromatography separations were carried out
on 0.50 mm E. Merck silica gel plates (60F-254). NMR spectra were recorded on Bruker 500 MHz
instruments and calibrated using residual undeuterated solvent as an internal reference. The following
abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, br =

broad, app = apparent.

CuBr-DMS, LiCl, OTMS

2 iPrMgCl, Et;N |
TMSCI MeLi, DMPU
9 +\

THF, -78 °C THF, -78 °C— 23 °C
85% over 2 Steps
Single Diasteromer

96 100 102

Ketone 99 To a flame dried flask was added LiCl (6.67 g, 157 mmol, 2.15 equiv.) and CuBreDMS
(41.7 g, 157 mmol, 2.15 equiv.). The flask was evacuated, heated with a heat gun for several
minutes [Warning: Gas evolution can lead to material bumping violently], flushed with N2, and
allowed to cool to 23 °C and this drying procedure was repeated 3 times. THF (182 mL, 0.4 M)

was added, and the resultant orange suspension was stirred at 23 °C for 10 minutes then the mixture
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was cooled to —78 °C. Next, iPrMgCl (84 mL, 2.0 M in THF, 2.3 equiv.) was added to give a dark
black suspension that was stirred for 15 minutes at the same temperature. TMSCI (13.8 mL, 109.5
mmol, 1.5 equiv.) and cyclopentenone 96 (6.11 mL, 73 mmol, 1 equiv.) were added sequentially
to no visible change and the reaction was stirred at —78 °C until full consumption of the starting
material was indicated by TLC (silica gel, hexanes:EtOAc 1:9) (usually 1 hr). Then, EtsN (15.3
mL, 109.5 mmol, 1.5 equiv.) was added and the reaction was removed from the cooling bath and
allowed to warm to 23 °C. Celite and pentane (100 mL) were then added, and the black mixture
was stirred vigorously for 15 minutes then filtered to give a white suspension that was washed
with NaHCO3 (2 x 150 mL). The organic layer was then dried with MgSQOg, filtered, and most of
the solvent was removed to give crude silyl enol ether 100 as a light-yellow oil that was taken

forward without further purification.

Crude silyl 100 was added to a flame dried flask fitted with an addition funnel under N2
followed by THF (605 ml) and the light-yellow solution was cooled to —40 °C. Freshly titrated
MeLi (50 mL, 1.6 M Et,0) was added, and the yellow solution was stirred at —40 °C for 1 hr. The
reaction was then cooled to —78 °C and DMPU (125 mL, 80.3 mmol, 14.1 equiv.) was added.
Next, propargyl iodide 102 (26.2 g, 109 mmol, 1.5 equiv.) and THF (307 mL) were added to the
addition funnel and the mixture was added dropwise over 30 min. The reaction was then allowed
to slowly warm to 23 °C overnight. The reaction was quenched with NH4CI (300 mL), the layers
were separated, and the aqueous layer was extracted with Et2O (3 x 200 mL). The combined
organic layers were dried with MgSQa, filtered, and concentrated. The resultant residue was
purified via flash column chromatography (silica gel, hexanes/Et,0, 19:1) to yield ketone 99 as a

light yellow oil (14.6 g, 85%) 99: Rs = 0.21 (silica gel, hexanes/Et,0, 19:1); *H NMR (500 MHz,
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CDCls) 3 2.61 — 2.53 (M, 2H), 2.44 — 2.31 (m, 1H), 2.13 — 1.90 (m, 5H), 1.58 — 1.45 (m, 2H), 1.02

(d, J = 6.9 Hz, 3H), 0.93 (d, J = 6.8 Hz, 3H), 0.12 (s, 9H).

KHMDS
PPhsMeBr
_—
THF, 0 °C
91%

AN

/—:\

99 103 ™S

Cyclopentene 103 To a flame dried flask under N2 was added PPhsMeBr (16.8 g, 47.1 mmol, 2.2
equiv.) and THF (30 mL) to give a white suspension that was cooled to 0 °C. Then, KHMDS (43
mL, 1.0 M THF, 2.0 equiv.) was added to give a bright yellow suspension that was stirred at the
same temperature for 30 min. Next, ketone 99 (5.06 g, 21.0 mmol, 1.0 equiv.) was added as a
solution in THF (20 mL) and the reaction was stirred at 0 °C until full consumption of starting
material was confirmed by TLC (silica gel, hexanes:Et,0O, 19:1). The now red suspension was
guenched with saturated NH4Cl (20 mL) and diluted with DI H,0 (10 mL) and Et,O (20 mL). The
layers were separated, and the aqueous layer was extracted with Et,O (3 x 20 mL), and the
combined organic layers were dried with MgSOa, filtered, and concentrated. The resultant residue
was purified via flash column chromatography (silica gel, hexanes) to yield cyclopentene 103 as a
colorless oil (4.47 g, 91% yield) 103: R = 0.43 (silica gel, hexanes); *H NMR (500 MHz, CDCls)
§4.94 — 4.88 (m, 2H), 2.42 — 2.24 (m, 5H), 1.79 — 1.60 (m, 3H), 1.34 (dg, J = 12.1, 8.8 Hz, 1H),

0.94 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.6 Hz, 3H), 0.14 (s, 8H).

N—N
/ PTS PTO,S
N Mgy _®)KeCOs fy MCPBA 9 EtN _ PTO,S
| DCE, 85 °C DCE, 85 °C THF, 0 °C |
Ph 96% of 95% Cl 999
104 105 106 107

Thioether 105 To a flask fitted with a reflux condenser was added K>COs (20.7 g, 150 mmol, 2.5

equiv.), 1-Phenyl-1H-tetrazole-5-thiol (10.7 g, 60 mmol, 1 equiv.), and DCE (250 mL) to give a
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white suspension that was then heated to reflux for 12 hr or until full consumption of starting
material was confirmed by TLC (hexanes:EtOAc, 4:1). The reaction was diluted with DI H.0O
(250 mL) and the layers were separated. The aqueous layer was extracted with CH2Cl, (2 x 150
mL), and the combined organic layers were washed with DI H>O (200 mL), brine (200 mL), dried
with MgSQg, and concentrated to give thioether 105 as a yellow solid (14.0 g, 96%) that was taken
forward without further purification. 105: Rt = 0.52; *H NMR (500 MHz, CDCls) § 7.58 (d, J =

3.5 Hz, 5H), 3.96 (t, = 6.8 Hz, 2H), 3.73 (t, J = 6.8 Hz, 2H).

Sulphone 106 To a flask fitted with a reflux condenser was added mCPBA (50.0 g, 290 mmol, 5.0
equiv.), thioether 105 (14.0 g, 58.0 mmol, 1.0 equiv.), and DCE (580 mL) and the yellow solution
was heated to reflux for 4 hr or until full consumption of the starting material was confirmed by
TLC (hexanes:EtOAc, 7:3). The reaction was cooled to 23 °C to give a white suspension that was
filtered, and the filtrate was added to a separatory funnel then washed with saturated NaHSO3 (200
mL), NaHCO3 (2 x 250 mL), brine (200 mL). The organic layer was then dried with MgSO4 and
concentrated to give sulphone 106 as a light-yellow solid (14.91 g, 95%) that was taken forward
without further purification. 106 R¢ = 0.25 (silica gel, hexanes:EtOAc, 3:1); 'H NMR (500 MHz,
CDCl3) § 7.70 — 7.58 (m, 5H), 7.26 (d, J = 2.1 Hz, 1H), 4.17 (t, J = 7.5 Hz, 2H), 4.04 (dt, J = 7.6,

3.6 Hz, 2H).

Vinyl Sulphone 107 To a flame dried flask under N2> was added THF (73 mL) and sulphone 107
(4.00 g, 14.58 mmol, 1.0 equiv.) to give a light-yellow solution that was cooled to 0°C. Then EtzN
2.03 mL, 14.58 mm, 1.0 equiv.) was added dropwise over 5 min to give a yellow-white suspension
that was stirred at the same temperature for 30 min (Note: 106 and 107 have identical R values so
TLC cannot indicate the stage of the reaction). Then Et>O (73 mL) was added, and the suspension

was stirred at 0 “C for 10 min then filtered and concentrated to give vinyl sulphone 107 as a light-
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yellow solid (3.44 g, 99%). 107 Rs = 0.25 (silica gel, hexanes:EtOAc, 3:1); *H NMR (500 MHz,
CDCls) 6 7.73 — 7.60 (m, 5H), 7.14 (dd, J = 16.5, 9.9 Hz, 1H), 6.68 (dd, J = 16.5, 1.2 Hz, 1H),

6.50 (dd, J = 9.9, 1.2 Hz, 1H).

Fe(acac)s

W PhSiH,
| ~Eton, 60 °C

107 46%

PTO,S

Sulphone 119 To a flask was added EtOH (52 mL), Fe(acac)s (1.10 g, 3.12 mmol, 30 mol%),
cyclopentene 103 (2.44 g, 10.4 mmol, 1.0 equiv.), and vinyl sulphone 107 (3.51 g, 15.6 mmol, 1.5
equiv.) to give a red suspension. Then PhSiHz (1.92 mL, 15.6 mmol, 1.5 equiv.) was added and
the mixture was immediately placed in a preheated oil bath at 60 °C and the reaction was stirred at
that temperature until complete consumption of starting material was indicated by TLC (silica gel,
hexanes). Then the reaction was cooled to 23 °C and diluted with brine (40 mL) and extracted
with Et2O (3 x 40 mL). The combined organic layers were washed with brine (40 mL), dried with
MgSOs, and concentrated. The resultant residue was purified first by a short silica plug
(hexanes:EtOAc 9:1) to remove inorganic salts followed by flash column chromatography (silica
gel, hexanes:Et.O 9:1) to give sulphone 119 as a colorless oil that become a gummy white solid
(2.26 g, 46%). 119: R¢ = 0.24 (silica gel, hexanes:Et,0 9:1); *H NMR (500 MHz, CDCls3) § 7.74 —
7.67 (m, 2H), 7.67 — 7.55 (m, 3H), 3.76 (pd, J = 14.3, 4.5 Hz, 2H), 2.30 — 2.13 (m, 3H), 1.93 —
1.77 (m, 2H), 1.69 — 1.58 (m, 2H), 1.56 — 1.34 (m, 5H), 0.98 (s, 3H), 0.91 (d, J = 6.9 Hz, 3H), 0.82

(d, J = 6.8 Hz, 3H), 0.10 (s, 8H).
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Diketone 1152 To a dry flask under nitrogen was added HFIP (2.4 mL), CH2Cl (0.6 mL), freshly
distilled methyl vinyl ketone 114 (0.08 mL, 1 mmol, 1.0 equiv.), and silyl enol ether 113 (312 mg,
2.0 mmol, 2.0 equiv.) were added sequentially at 23 °C to give a clear colorless solution that was
stirred for 20 min. The solvent was then evaporated, and the resultant residue was purified by
flash column chromatography (silica gel, hexanes:EtOAc 3:1) to give diketone 115 as a colorless
oil (120 mg, 77%). 115: R¢= 0.25; 'H NMR (500 MHz, CDCl3) & 2.64 — 2.49 (m, 2H), 2.34 — 2.24
(m, 1H), 2.24 — 1.87 (m, 8H), 1.80 — 1.74 (m, 1H), 1.68 — 1.60 (m, 1H), 1.51 (dtd, J = 12.4, 10.5,

6.6 Hz, 1H).

.,

TMS
N
0 o]
. LiIHMDS, CeCl3
PTO,S THF, -78 °C —» 23 °C
15 19 65%, 2:1 Z:E

Ketone 120 To a dry flask with a stir bar in the glovebox was added CeCls (1.33 g, 5.4 mmol, 2.0
equiv.) then the flask was sealed with a septum, removed from the glovebox, fitted with a N2
balloon, and placed in an ice bath. THF (16.2 mL) was added dropwise to give a grey-white

suspension that was removed from the ice bath and sonicated for 2 hr.

To a dry flask was added sulphone 119 (1.93 g, 4.08 mmol, 1.5 equiv.) as a solution in

anhydrous benzene. 119 was then azeotropically dried (3 x 5 mL benzene) and then dissolved in
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THF (8.1 mL) and cooled to — 78 °C. LiHMDS (4.1 mL, 1.0 M THF, 1.5 equiv.) was added to

give a bright orange solution that was then stirred at the same temperature for 1 hr.

The flask with the CeCls suspension was removed from the sonicator and diketone 115
(419 mg, 2.7 mmol, 1.0 equiv.) was added as a solution in THF (2.7 mL) and stirred at 23 °C for
30 min. The suspension was then cooled to — 78°C. The orange solution of sulphone anion was
then added to the CeCls suspension via a cannula to yield a yellow suspension that was allowed to
slowly warm to 23 °C overnight. The now reddish-brown suspension was quenched with NH4Cl
(15 mL) and diluted with DI H20 (10 mL) and Et2O (10 mL) and the layers were separated. The
aqueous layer was extracted with Et.O (3 x 15 mL) then the combined organic layers were dried
with MgSOs and concentrated. The resultant residue was then purified via flash column
chromatography (silica gel, hexanes:Et>0O 24:1) to give ketone 120 as a colorless oil (700 mg, 65%,
2:1 Z:E). 120: R¢ = 0.68 (silica gel, hexanes:EtOAc 17:3); *H NMR (500 MHz, CDCl3) § 5.24 —
5.20 (m, 1H), 2.35 — 1.73 (m, 15H), 1.70 (s, 2H), 1.60 (s, 1H), 1.54 — 1.5 (m, 3H), 1.44 — 1.23 (m,

7H), 0.91 — 0.88 (m, 4H), 0.82 (s, 6H), 0.13 (s, 8H).

1
LIHMDS AgNO; MeO™ CI
PhNTfQ KCN n-BulLi
0 / " OTf
THF, -78 c MeOH H,0 THF, - 78 °C
85% 47%, 61% brsm
23 C 100%
120 122

Viny Triflate 124 To a dry flask was added ketone 120 (400 mg, 1.0 mmol, 1.0 equiv.), which
was dried azeotropically dried (3 x 5 mL benzene) then dissolved in THF (6 mL) and cooled to —
78 °C. LiHMDS (1.5 mL, 1.0 M THF, 1.5 equiv.) was added to give a light-yellow solution that

was then warmed to 0 °C and stirred for 2 hr. The reaction was then cooled to —78 °C and then
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PhNTT, (409 mg, 1.1 mmol, 1.1 equiv.) was added as a solution in THF (4 mL). Upon completion
of addition, the reaction was warmed to 0 °C and stirred at that temperature until complete
consumption of starting material was confirmed by TLC (silica gel, hexanes:Et,O 19:1). The
reaction was quenched with saturated NaHCO3 (5 mL), diluted with DI H20 (5 mL) and hexanes
(5 mL), and the layers were separated. The aqueous layer was extracted with hexanes (3 x 10 mL)
and the combined organic layers were washed with saturated NaHCO3 (3 x 10 mL), dried with
MgSOs, filtered, and concentrated. The resultant residue was purified by flash column
chromatography (silica gel, hexanes:Et2O 99:1) to give vinyl triflate 124 as a colorless oil (452
mg, 85%). 124: R¢ = 0.18; *H NMR (500 MHz, CDCl3) & 5.63 (dq, J = 4.8, 2.4 Hz, 1H), 5.23 (t,
J=17.6 Hz, 1H), 2.81 — 2.78 (m, 1H), 2.40 — 2.36 (m, 2H), 2.28 — 2.09 (m, 5H), 2.09 — 1.83 (m,
5H), 1.72 — 1.59 (m, 6H), 1.59 — 1.48 (m, 5H), 1.40 — 1.32 (m, 3H), 1.31 — 1.18 (m, 3H), 0.90 (d,

J=6.9 Hz, 3H), 0.86 — 0.78 (m, 7H), 0.13 (s, 9H).

Alkyne 123 To a flask was added vinyl triflate 124 (280 mg, 0.526 mmol, 1.0 equiv.) as a solution
in MeOH (2.6 mL) to give a colorless solution that was sonicated at 23 °C. AgNOs (241 mg, 1.42
mmol, 2.7 equiv.) was added as a solution in MeOH:H»O (3 mL, 3:1) and the reaction became a
grey-brown suspension that sonicated for 20 min. Then KCN (342 mg, 5.26 mmol, 10.0 equiv.)
was added as a solution in H2O (0.53 mL) and a gummy grey solid formed. The reaction was
sonicated for 20 min or until full consumption of starting material was indicated by TLC (silica
gel, hexanes:Et,0 99:1). The reaction was then diluted with DI H20 (4 mL) and hexanes (5 mL),
and the layers were separated. The aqueous layer was extracted with hexanes (3 x 10 mL) and the
combined organic layers were dried with MgSQOyg, filtered, and concentrated. The resultant residue
was then purified via flash column chromatography (silica gel, hexanes:Et,O 99:1) to give alkyne

123 as a colorless oil (241 mg, 100%). 123: R¢ = 0.20; *H NMR (500 MHz, CDCls) § 5.63 (s, 1H),
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5.24 (s, 1H), 2.79 (s, 1H), 2.40 — 2.35 (m, 2H), 2.23 (s, 1H), 2.22 — 2.15 (m, 3H), 2.10 — 2.06 (m,
2H), 1.93 (s, 1H), 1.82 (s, 1H), 1.71 (s, 2H), 1.61 (s, 2H), 1.41 — 1.28 (m, 6H), 0.94 — 0.89 (m,

3H), 0.87 (s, 3H), 0.82 (d, J = 6.7 Hz, 3H).

Ynoate 122 To a dry flask was added alkyne 123 (80.9 mg, 0.176 mmol, 1.0 equiv.). which was
dried azeotropically (3 x 2 mL benzene) then dissolved in THF (1.8 mL) and the colorless solution
was cooled to —78 °C. Then, n-BuLi (0.17 mL, 1.6 M hexanes, 1.5 equiv.) was added to give a
yellow solution that was stirred at the same temperature for 1 hr. Next, methyl chloroformate (0,07
mL, 0.88 mmol, 5 equiv.) was added and the reaction was stirred at the same temperature for 2 hr.
The reaction was then quenched with saturated NaHCOs (3 mL), diluted with Et.O (3 mL), and
the layers were separated. The aqueous layer was extracted with Et,O (3 x 5 mL), washed with
brine, dried with MgSOsa, filtered and concentrated. The resultant residue was purified via flash
column chromatography (silica gel, hexanes:Et.O 99:1 to 19:1) to give and alkyne 123 (19 mg)
and ynoate 122 as a colorless oil (43 mg, 47%, 61% brsm). 122: R¢ = 0.28 (silica gel, hexanes:Et,0
19:1); *H NMR (500 MHz, CDCls) & 5.63 (s, 1H), 5.21 (s, 1H), 3.74 (s, 3H), 2.87 — 2.66 (m, OH),
2.39 — 2.34 (m, 2H), 2.32 (t, J = 5.1 Hz, 3H), 2.26 — 2.12 (m, 3H), 2.12 — 1.85 (m, 1H), 1.78 (s,

1H), 1.70 (s, 2H), 1.60 (s, 3H), 1.48 — 1.23 (m, 1H), 0.94 — 0.89 (m, 3H), 0.86 (s, 3H), 0.82 (dd, J

=6.7, 2.3 Hz, 3H).
o o]
Br, NaHCO, 7 - P 0 0
NS CH20|2, 23°C <O 03; DMS |§J< DBU é/\/u\
,,,,, then / OBn CHzCIz,°—78 °C /" “opn EtOH,23°C // "COzBn
NaH, BnOH, 23 °C B 66% & 80% 2
98 127 129 131

(+)-pulegone

Ketoester 129 To a flask was added (+)-pulegone 98 (8.14 mL, 50 mmol, 1 equiv.), NaHCO3 (2.1

g, 25 mmol, 0.5 equiv.), and CH2Cl> (30 mL) to give a white suspension that was cooled to — 10
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°C. Br2 (2.61 mL, 51 mmol, 1.02 equiv.) was added dropwise to yield a dark brown suspension
that was stirred for 30 min at 23 °C. To a separate flask NaH (4.4 g, 110 mmol, 2.2 equiv.) and
DME (50 mL) were added to give a grey suspension that was cooled to 0 °C. BnOH (12.95 mL,
125 mmol, 2.5 equiv.) was added dropwise and then the reaction was warmed to 23 °C and stirred
for 15 min to give a yellow-white suspension. Next, the bromination reaction was filtered and
slowly added to the benzyl alcohol solution. The tan suspension was stirred at 23 °C for 12 hr.
The reaction was then quenched with HCI (150 mL, 1 M) and diluted with Et,O (100 mL) then the
layers were separated. The aqueous layer was extracted with Et20 (3 x 150 mL), and the combined
organic layers were washed with brine (150 mL), dried with MgSQO4, and concentrated to give an

orange oil.

The orange oil was then added to a flask and dissolved in EtOH:H20 (500 mL, 1:1). NaOAc (3.69
g, 45 mmol, 0.9 equiv.) and semicarbazidesHCI (3.75 g, 50 mmol, 1.0 equiv.) were added and the
orange solution was heated to reflux for 1 hr then cooled to 23 °C and stirred for 12 hr. The mixture
was then diluted with Et.O (100 mL) and DI H20 (50 mL) then the layers were separated. The
aqueous layer was extracted with Et2O (4 x 150 mL), and the combined organic layers were washed

with brine (200 mL), dried with MgSOa, and concentrated to give crude ester 127 an orange oil.

127 was then dissolved in CH2Cl> (100 mL), and the orange solution was cooled to —78 °C. Oz
was then sparged through the reaction until full consumption of starting material was confirmed
by TLC (silica gel, hexanes:EtOAc 9:1). Next, N2 was sparged through the reaction to remove O3
then DMS (4.4 mL, 60 mmol, 1.2 equiv.) was added and the reaction was allowed to warm to 23
°C and stir for 2 hrs. The reaction was then concentrated, and resultant residue was purified by
flash column chromatography (silica gel, hexanes:EtOAc 9:1) to yield ketoester 129 as a colorless

oil that quickly became rose-colored upon exposure to air (7.36 g, 66% over). 129: Rf = 0.41 (silica
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gel, hexanes:EtOAc 17:3); *H NMR (500 MHz, CDCls3) § 7.40 — 7.29 (m, 5H), 5.20 (s, 2H), 2.83
(d, J=11.5Hz, 1H), 2.62 (tt, J = 11.3, 6.4 Hz, 1H), 2.48 — 2.25 (m, 2H), 2.20 (dddd, J = 12.7, 8.5,

6.2, 2.0 Hz, 1H), 1.56 — 1.39 (m, 1H), 1.18 (d, J = 6.5 Hz, 3H).

Diketone 131 Adapting a literature procedure,* ketoester 129 (5.83 g, 25 mmol, 1 equiv.) was
added to a dried flask under N as a solution in EtOH (250 mL) at 23 °C. Next, freshly distilled
methyl vinyl ketone 114 (2.45 mL, 30 mmol, 1.2 equiv.) and DBU (0.93 mL, 6.25 mmol, 0.25
equiv.) were added sequentially and the clear colorless solution was stirred for 15 min or until full
consumption of the starting material was confirmed by TLC (silica gel, hexanes:EtOAc 4:1). The
light-yellow reaction was then concentrated, and the resultant residue was purified by flash column
chromatography (silica gel, hexanes:EtOAc 4:1) to give diketone 129 as a colorless oil (6.05 g,
80%). 129: R¢ = 0.26 (silica gel, hexanes:EtOAc 4:1); *H NMR (500 MHz, CDCls3) § 7.44 — 7.28
(m, 5H), 5.19 (d, J = 12.3 Hz, 1H), 5.08 (d, J = 12.3 Hz, 1H), 2.85 (ddd, J = 17.9, 10.4, 5.1 Hz,
1H), 2.56 — 2.41 (m, 2H), 2.31 — 2.20 (m, 1H), 2.20 — 2.12 (m, 3H), 2.11 (s, 3H), 2.08 — 1.96 (m,

2H), 1.86 (ddd, J = 14.5, 10.5, 5.0 Hz, 1H), 1.69 (dtd, J = 12.7, 11.2, 8.6 Hz, 1H), 0.97 (d, J = 6.9

Hz, 3H).
o 2
S. 2
Bu” @ NH, %/3@
150 /NH
a) Ti(OEt), HCI
i + D — e
THF, 23 °C — 65 °C MeOH, 23 °C
80% \\ 88%
/S TMS43% 151 + 37% 152 TMS T™MS
(+)-99 151

[Confirmed by X-Ray]

Sulfinimine 151 and 152 To a dry flask was added racemic ketone (£)-99 (13.6 g, 57.6 mmol, 1
equiv.) and THF (96 mL) to give a colorless solution. Then Ti(OEt)s (36.2 mL, 173 mmol, 3

equiv.) was added at 23 °C and stirred for 5 min to give a yellow solution. (R)-2-methyl-2-
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propanesulfinamide 150 (7.68 g, 53.4, 1.1 equiv.) was added and the reaction was then heated to
65 °C overnight or until full consumption of starting material was confirmed by TLC (silica gel,
hexanes:EtOAc 9:1). The reaction was then cooled to 23 °C and quenched with EtOAc (250 mL)
then poured into a flask with brine (300 mL). The resultant mixture was then filtered through
celite, and the layers were separated. The organic layer was washed with brine (2 x 100 mL) and
then the combined aqueous layers were extracted with EtOAc (150 mL). The combined organic
layers were dried with MgSO4 and concentrated. The resultant residue was purified by flash
column chromatography (silica gel, hexanes:EtOAc 19:1 to 9:1 to 17:3) to give sulfinimine 151 as
orange crystals (8.70 g, 43%) and 152 as an orange oil (7.13 g, 37%). 151: R¢ = 0.25 (silica gel,
hexane:EtOAc 9:1); 'H NMR (500 MHz, CDCls) & 3.13 — 2.89 (m, 1H), 2.72 — 2.53 (m, 3H), 2.43
—2.21 (m, 1H), 1.98 — 1.86 (m, 3H), 1.44 (g, J = 12.8 Hz, 1H), 1.27 (s, 9H), 1.01 (dd, J = 6.5, 2.9

Hz, 3H), 0.89 (dd, J = 6.1, 3.1 Hz, 3H), 0.12 (s, 9H).

152: R¢=0.13 (silica gel, hexanes:EtOAc 9:1); *H NMR (500 MHz, CDCl3) § 3.16 —3.07 (m, 1H),
2.79-2.71 (m, 1H), 2.55 (dt, J = 17.4, 3.3 Hz, 1H), 2.46 — 2.40 (m, 1H), 2.32 - 2.21 (m, 1H), 1.97
(9,J=7.2Hz, 2H), 1.88 (g, J = 6.6 Hz, 1H), 1.50 (t, J = 10.5 Hz, 1H), 1.25 (d, J = 2.6 Hz, 9H),

1.03 - 0.97 (m, 3H), 0.90 (d, J = 2.4 Hz, 4H), 0.11 (d, J = 2.6 Hz, 9H).

(+)-Ketone 99 To a flask was added sulfinimine 152 (7.13 g, 21.0 mmol, 1.0 equiv.) followed by
MeOH (1 L) and HCI (700 mL, 3M, 100 equiv.) and the light-yellow solution was stirred at 23 "C
until full consumption of starting material was confirmed by TLC (silica gel, hexanes:EtOAc
17:3). The reaction was then concentrated to half volume and extracted with CH2Cl> (3 x 250 mL).
The combined organic layers were dried with MgSO4 and concentrated. The resultant residue was
purified by flash column chromatography (silica gel, hexanes:Et,O 19:1) to give (+)-ketone 99 as

a colorless oil (4.14 g, 88%). Spectral data was identical to that reported above.
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131 R4=Bn 154 R, =Bn

Ketone 153 Using the same procedure as ketone 120, sulphone 119 (4.99 g, 10.6 mmol, 1.5 equiv.)
and diketone 130 (1.69 g, 7.04 mmol, 1.0 equiv.) were reacted and the resultant residue was
purified by flash column chromatography (silica gel, hexanes:toluene 7:3 to 0:1) to give ketone
153 as a colorless oil (2.53 g, 74%, 2:1 Z:E). The olefin isomers could be separated using gravity
column chromatography (silica gel, toluene:Et,O:CH.Cl, 38:1:1) to give Z-153 and E-153. Z-153:
R¢ = 0.73 (silica gel, toluene:Et,0:CHCl, 38:1:1); *H NMR (500 MHz, CDCl3) § 5.20 (t, J=7.5
Hz, 1H), 3.68 (s, 3H), 2.54 (dd, J = 18.5, 8.3 Hz, 1H), 2.36 — 2.00 (m, 8H), 1.89 (d, J = 268.7 Hz,
3H), 1.84 — 1.68 (m, 4H), 1.71 (s, 3H), 1.58 — 1.48 (m, 2H), 1.42 — 1.25 (m, 3H), 1.06 (d, J = 6.9

Hz, 3H), 0.90 (d, J = 6.9 Hz, 3H), 0.84 — 0.78 (m, 6H), 0.12 (s, 9H).

E-153: Rf = 0.71 (silica gel, toluene:Et,0:CH,Cl, 38:1:1); *H NMR (500 MHz, CDCls) § 5.22 (t,
J=7.7Hz, 1H), 3.67 (s, 3H), 2.53 (dd, J = 18.5, 8.5 Hz, 1H), 2.36 — 1.67 (m, 14H), 1.62 (s, 3H),
1.58 — 1.45 (m, 2H), 1.42 — 1.23 (m, 3H), 1.04 (d, J = 6.8 Hz, 3H), 0.89 (d, J = 6.8 Hz, 3H), 0.82

(s, 3H), 0.80 (d, J = 6.7 Hz, 3H), 0.12 (s, 9H).

Ketone 154 Using the same procedure as ketone 120, sulphone 119 (250 mg, 0.529 mmol, 1.5
equiv.) and diketone 131 (106.6 mg, 0.357 mmol, 1.0 equiv.) were reacted and the resultant residue
was purified by flash column chromatography (silica gel, hexanes:EtOAc 19:1) to give ketone 154
as a colorless oil (100 mg, 52%, 2:1 Z:E). 154: R¢ = 0.18 (silica gel, hexanes:EtOAc 19:1); *H

NMR (500 MHz, CDCls) § 7.40 — 7.28 (m, 5H), 5.26 — 5.15 (m, 2H), 5.07 (d, J = 12.3 Hz, 1H),
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2.57 — 2.46 (M, 1H), 2.36 — 1.72 (m, 13H), 1.70 (s, 2H), 1.61 — 1.58 (m, 1H), 1.58 — 1.47 (m, 2H),
1.42 — 1.23 (m, 4H), 1.03 — 0.93 (m, 3H), 0.93 — 0.87 (m, 3H), 0.85 — 0.78 (m, 6H), 0.13 (s, 3H),

0.12 (s, 6H).

)/,,' )//,,
TMS\/Q TMS\/Q
— —
0 | LIHMDS, PhNTf, oTf |
—_—_—
- THF, - 78 °C -

/ 'COMe 91% / 'COMe

153 155

KCN|23°C,))), 93%

)///, )CJ)\ )/,,'
MeO-C~== MeO” “Cl g
OTf n-BulLi S
| THF, - 78 °C oTf |
"’COZMe 46%, 80% brsm -
'»: / /COQMe
T o157

159

AgN03|MeOH:H20

Vinyl Triflate 153 Using the same procedure as vinyl triflate 124, Ketone 153 (391 mg, 0.829
mmol, 1.0 equiv.) was reacted and the resultant residue was purified by flash column
chromatography (silica gel, hexanes:Et,O 49:1) to give vinyl triflate 155 as a colorless oil (454
mg, 91%). 155 R¢ = 0.21 (silica gel, hexanes:Et,O 49:1), *H NMR (400 MHz, CDCls) § 5.86 —
5.79 (m, 1H), 5.27 —5.19 (m, 1H), 3.73 (s, 2H), 3.72 (s, 1H), 2.63 — 2.41 (m, 2H), 2.28 — 2.06 (m,
4H), 1.98 — 1.77 (m, 5H), 1.72 (s, 2H), 1.63 (s, 1H), 1.42 — 1.26 (m, 2H), 1.03 (d, J = 5.6 Hz, 2H),
1.01 (d, J = 5.6 Hz, 1H), 0.90 (d, J = 6.9 Hz, 3H), 0.83 (s, 3H), 0.81 (d, J = 6.8 Hz, 3H), 0.13 (s,

3H), 0.12 (s, 6H); °F NMR (376 MHz, CDCl3) & -74.03 (d, J = 16.3 Hz).

Z-155 'H NMR (500 MHz, CDCl3) & 5.83 (t, J = 2.6 Hz, 1H), 5.23 (t, J = 7.5 Hz, 1H), 3.73 (s,

3H), 2.57 (ddd, J = 15.6, 8.1, 2.9 Hz, 1H), 2.47 (h, J = 7.2 Hz, 1H), 2.24 (dd, J = 17.2, 6.3 Hz,
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1H), 2.20 — 2.07 (M, 4H), 1.94 — 1.82 (m, 4H), 1.82 — 1.78 (m, 1H), 1.72 (s, 3H), 1.75 — 1.67 (m,
1H), 1.53 — 1.48 (m, 1H), 1.44 — 1.32 (m, 2H), 1.03 (d, J = 7.0 Hz, 3H), 0.90 (d, J = 6.9 Hz, 3H),

0.83 (s, 3H), 0.81 (d, J = 6.8 Hz, 3H), 0.12 (s, 9H).

Alkyne 157 Using the same procedure as alkyne 123, vinyl triflate 155 (454 mg, 0.751 mmol, 1.0
equiv.) was reacted and the resultant residue was purified by flash column chromatography (silica
gel, hexanes:Et20 49:1) to give alkyne 157 as a colorless oil (373 mg, 93%). 157: Rs = 0.24 (silica
gel, hexanes:Et,0 49:1); *H NMR (500 MHz, CDCl3) & 5.85 —5.80 (m, 1H), 5.29 — 5.19 (m, 1H),
3.72 (s, 2H), 3.72 (s, 1H), 2.61 — 2.42 (m, 2H), 2.27 — 2.08 (m, 5H), 1.97 — 1.86 (m, 3H), 1.88 —
1.75 (m, 2H), 1.72 (s, 2H), 1.63 (s, 1H), 1.55 — 1.48 (m, 1H), 1.45 — 1.26 (m, 2H), 1.03 (d, J = 5.5

Hz, 2H), 1.01 (d, J = 5.4 Hz, 1H), 0.91 (d, J = 6.8 Hz, 3H), 0.86 (s, 3H), 0.81 (d, J = 6.7 Hz, 3H).

Z-157 *H NMR (500 MHz, CDCl3) § 5.83 (t, J = 2.6 Hz, 1H), 5.22 (t, J = 7.4 Hz, 1H), 3.72 (s,
3H), 2.57 (ddd, J = 15.5, 8.1, 2.9 Hz, 1H), 2.47 (h, J = 7.3 Hz, 1H), 2.25 — 2.09 (m, 5H), 1.95 —
1.75 (m, 6H), 1.72 (s, 3H), 1.69 — 1.48 (m, 10H), 1.43 — 1.29 (m, 3H), 1.02 (d, J = 6.9 Hz, 3H),

0.91 (d, J = 6.8 Hz, 3H), 0.86 (s, 3H), 0.81 (d, J = 6.7 Hz, 3H).

Ynoate 159 Using the same procedure as ynoate 122, alkyne 157 (373 mg, 0.70 mmol, 1.0 equiv.)
was reacted and the resultant residue was purified by flash column chromatography (silica gel,
hexanes:Et,0 9:1) to give ynoate 159 as a colorless oil (190 mg, 46%, 80% brsm) and recovered
alkyne 157 (160 mg). 159: R¢ = 0.21 (silica gel, hexanes:Et,0 9:1); *H NMR (500 MHz, CDCls)
§5.86 — 5.80 (m, 1H), 5.26 — 5.17 (m, 1H), 3.75 (s, 1H), 3.74 (s, 2H), 3.72 (s, 2H), 3.72 (s, 1H),
2.56 (dddd, J = 16.1, 8.2, 5.4, 3.0 Hz, 1H), 2.46 (qd, J = 7.2, 5.5 Hz, 1H), 2.40 — 2.05 (m, 3H),
1.95 — 1.85 (m, 1H), 1.87 — 1.73 (m, 1H), 1.72 (d, J = 1.4 Hz, 2H), 1.62 (d, J = 1.3 Hz, 1H), 1.59
(d, J = 6.4 Hz, 1H), 1.45 — 1.23 (m, 3H), 1.02 (d, J = 4.3 Hz, 2H), 1.01 (d, J = 4.3 Hz, 1H), 0.91
(d, J = 6.8 Hz, 2H), 0.86 (s, 1H), 0.82 (d, J = 6.7 Hz, 3H).
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Z-159 'H NMR (500 MHz, CDCl3) 8 5.83 (t, J = 2.7 Hz, 1H), 5.21 (t, J = 7.5 Hz, 1H), 3.74 (s,
3H), 3.72 (s, 3H), 2.57 (ddd, J = 15.6, 8.1, 3.0 Hz, 1H), 2.47 (h, J = 7.0 Hz, 1H), 2.36 (dd, J =
17.6, 6.7 Hz, 1H), 2.27 (dd, J = 17.6, 5.9 Hz, 1H), 2.19 — 2.07 (m, 3H), 1.95 — 1.85 (m, 2H), 1.80
(s, 3H), 1.74 — 1.71 (m, 3H), 1.71 — 1.65 (m, 1H), 1.64 — 1.57 (m, 2H), 1.46 — 1.30 (m, 3H), 1.02

(d, J =7.1Hz, 3H), 0.91 (d, J = 6.8 Hz, 3H), 0.86 (s, 3H), 0.82 (d, J = 6.7 Hz, 3H).

)/,,,

o)
H BnO,C——
BnO)J\CI TS
n-BuLi
. THF, — 78 °C
’ ,
/ 'COMe 56%, 65% brsm
157 160

Ynoate 160 Using the same procedure as ynoate 122, alkyne 157 (53 mg, 0.5 mmol, 1.0 equiv.)
was reacted and the resultant residue was purified by flash column chromatography (silica gel,
hexanes:Et>0O 23:2) to give ynoate 160 as a light-yellow oil (37 mg, 56%, 65% brsm, 2:1 Z:E) and
alkyne 157 (8 mg). 160: R¢ = 0.23 (silica gel, hexanes:Et.O 9:1); *H NMR (500 MHz, CDCls) §
7.41 —7.29 (m, 5H), 5.81 (t, J = 2.8 Hz, 1H), 5.25 — 5.13 (m, 3H), 3.72 (s, 3H), 2.60 — 2.50 (m,
1H), 2.50 — 2.40 (m, 1H), 2.39 — 2.18 (m, 3H), 2.18 — 2.04 (m, 3H), 1.95 — 1.74 (m, 5H), 1.71 (s,
2H), 1.68 — 1.50 (m, 4H), 1.46 — 1.27 (m, 4H), 1.01 (d, J = 7.0 Hz, 3H), 0.90 (d, J = 6.8 Hz, 4H),

0.86 (s, 2H), 0.85 (s, 1H), 0.81 (d, J = 6.8 Hz, 2H).
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161

Vinyl Triflate 156 Using the same procedure as vinyl triflate 124, Ketone 154 (100 mg, 0.182
mmol, 1.0 equiv.) was reacted and the resultant residue was purified by flash column
chromatography (silica gel, hexanes:Et,O 24:1) to give vinyl triflate 156 as a colorless oil (114
mg, 92%). 156 R¢ = 0.53 (silica gel, hexanes:EtOAc 19:1), *H NMR (500 MHz, CDCls3) & 7.37 —
7.28 (m, 5H), 5.83 (dt, J = 4.7, 2.5 Hz, 1H), 5.25 — 5.19 (m, 2H), 5.10 (d, J = 12.2 Hz, 1H), 2.63 —
2.38 (M, 2H), 2.29 — 2.17 (m, 2H), 2.17 — 2.05 (m, 3H), 1.96 — 1.78 (m, 6H), 1.71 (s, 2H), 1.71 (s,
3H), 1.61 (s, 1H), 1.57 — 1.48 (m, 3H), 1.43 (d, J = 2.7 Hz, 1H), 1.40 — 1.34 (m, 1H), 0.99 — 0.94

(m, 3H), 0.91 — 0.87 (m, 6H), 0.84 — 0.79 (m, 3H), 0.12 (d, J = 4.0 Hz, 9H).

Alkyne 158 Using the same procedure as alkyne 123, vinyl triflate 156 (114 mg, 0.167 mmol, 1.0
equiv.) was reacted and the resultant residue was purified by flash column chromatography (silica
gel, hexanes:Et>0 49:1) to give alkyne 158 as a colorless oil (87.6 mg, 82%). 158: R¢ = 0.57 (silica
gel, hexanes:EtOAc 19:1); *H NMR (500 MHz, CDCl3) § 7.40 — 7.28 (m, 5H), 5.85 — 5.80 (m,

1H), 5.27 —5.19 (m, 2H), 5.10 (d, J = 12.2 Hz, 1H), 2.57 — 2.42 (m, 1H), 2.29 — 2.05 (m, 4H), 1.96
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~1.76 (m, 3H), 1.72 — 1.69 (M, 2H), 1.68 — 1.62 (m, OH), 1.61 (d, J = 1.4 Hz, 1H), 1.59 — 1.47 (m,
1H), 1.45 — 1.24 (m, 4H), 0.95 (d, J = 6.9 Hz, 3H), 0.90 (d, J = 6.8 Hz, 3H), 0.85 (s, 1H), 0.81 (d,

J=6.7 Hz, 3H).

Ynoate 161 Using the same procedure as ynoate 122, alkyne 158 (87.6 mg, 0.144 mmol, 1.0
equiv.) was reacted and the resultant residue was purified by flash column chromatography (silica
gel, hexanes:Et>0O 9:1) to give ynoate 161 as a colorless oil (63.8 mg, 66%). 161: Rs = 0.53 (silica
gel, hexanes:Et,0 9:1); *H NMR (500 MHz, CDCl3) § 7.43 — 7.27 (m, 5H), 5.83 (dt, J = 4.9, 2.5
Hz, 1H), 5.27 — 5.15 (m, 2H), 5.09 (d, J = 12.2 Hz, 1H), 3.74 (s, 1H), 3.73 (s, 2H), 2.58 — 2.42 (m,
2H), 2.39 — 2.01 (m, 6H), 1.95 — 1.74 (m, 6H), 1.71 (s, 2H), 1.63 — 1.55 (m, 4H), 1.41 — 1.28 (m,

3H), 0.95 (d, J = 6.9 Hz, 3H), 0.91 (d, J = 6.8 Hz, 3H), 0.85 (s, 3H), 0.81 (d, J = 6.7 Hz, 3H).

™S J J ’
N/
Pd(OAc), |
DPEPhos, EtzN ]
OTf - + * IMs
| toluene, 90 °C ™S
"'CO,Me 2 B P
A 2 I Co,Me I Co,Me . CO,Me
153 163-A: 31% 163-B:15% 164:19%
2:1 ZE

Cascade reaction of vinyl triflate 153 To a dry vial under Ar was added Pd(OAc)2 (1.2 mg, 0.005
mmol, 10 mol%), DPEPhos (5.4 mg, 0.01 mmol, 20 mol%), EtsN (0.02 mL, 0.15 mmol, 3.0 equiv.)
and toluene (0.3 mL) to give a reddish-brown suspension that was sparged for 15 min with Ar.
Then vinyl triflate 153 (30.6 mg, 0.05 mmol, 1.0 equiv.) was added as a solution in degassed
toluene (0.2 mL) and the mixture was sparged for a further 5 min, sealed with a Teflon lined cap,
and heated to 90 °C for 12 hr. The reaction was then cooled to 23 °C, diluted with Et,O (2 mL),

filtered through a celite plug, and concentrated. The resultant residue was purified via preparatory
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TLC (silica gel, hexanes:Et2O 24:1) to give vinyl cyclopropane 163-A as a colorless oil (7.0 mg,
31%, vinyl cyclopropane 163-B as a colorless oil (3.4 mg, 15%), and diene 164 (4.3 mg, 19%).
163-A: Rf = 0.14 (silica gel, hexanes:Et;0 49:1); *H NMR (500 MHz, CDCl3) § 5.51 (dd, J =5.8,
1.7 Hz, 1H), 5.47 (dd, J = 5.7, 2.8 Hz, 1H), 3.63 (s, 3H), 2.99 — 2.80 (m, 1H), 2.25 (dd, J = 17.2,
4.9 Hz, 1H), 2.07 (dd, J = 17.2, 7.8 Hz, 1H), 2.03 — 1.89 (m, 4H), 1.81 — 1.72 (m, 1H), 1.63 — 1.50
(m, 1H), 1.48 — 1.38 (m, 2H), 1.38 — 1.27 (m, 2H), 1.06 (s, 3H), 0.99 (d, J = 7.4 Hz, 3H), 0.92 (d,
J=6.9 Hz, 4H), 0.85 (s, 3H), 0.83 (d, J = 6.7 Hz, 3H), 0.13 (s, 9H); 13C NMR (126 MHz, CDCls)
0 176.23, 133.56, 132.37, 108.01, 85.23, 67.05, 52.19, 51.01, 50.99, 50.84, 47.97, 44.74, 38.20,

34.98, 33.85, 33.79, 32.95, 30.99, 29.80, 23.69, 22.61, 21.96, 21.87, 21.23, 17.03, 15.02.

163-B: Rf = 0.24 (silica gel, hexanes:Et,0 49:1); *H NMR (500 MHz, CDCls3) § 5.55 (dd, J = 5.8,
1.7 Hz, 1H), 5.52 (dd, J = 5.9, 2.6 Hz, 1H), 3.63 (s, 3H), 2.91 — 2.78 (m, 1H), 2.23 (dd, J = 17.2,
7.0 Hz, 1H), 2.17 (dd, J = 17.2, 6.4 Hz, 1H), 2.12 — 2.00 (m, 1H), 1.94 — 1.73 (m, 5H), 1.70 — 1.61
(m, 1H), 1.59 — 1.50 (m, 1H), 1.48 — 1.39 (m, 2H), 1.38 — 1.23 (m, 4H), 1.03 (d, J = 7.3 Hz, 3H),
0.97 (s, 3H), 0.90 (d, J = 6.9 Hz, 3H), 0.84 (s, 3H), 0.83 — 0.80 (m, 3H), 0.13 (s, 9H); 3C NMR
(126 MHz, CDCl3) 6 175.79, 134.22, 128.43, 108.09, 85.12, 69.14, 52.74, 50.90, 50.33, 50.10,
49.02, 44.86, 38.66, 38.57, 37.36, 33.55, 32.71, 29.73, 29.53, 23.44, 22.48, 20.81, 20.01, 17.07,

15.67, 15.27, 0.21.

164: Rs = 0.31 (silica gel, hexanes:Et,0 49:1); *H NMR (500 MHz, CDCls3) § 5.55 —5.51 (m, 1H),
5.33 (d, J = 15.8 Hz, 1H), 5.24 (d, J = 15.8 Hz, 1H), 3.64 (s, 3H), 2.62 — 2.39 (m, 3H), 2.38 — 2.27
(m, 1H), 2.20 (dd, J = 17.1, 4.7 Hz, 1H), 2.11 — 1.82 (m, 5H), 1.61 (ddd, J = 13.5, 8.8, 5.5 Hz,
2H), 1.50 (td, J = 8.7, 4.6 Hz, 1H), 1.36 (tdt, J = 17.6, 12.2, 6.4 Hz, 5H), 1.16 (s, 3H), 0.96 (d, J =

7.0 Hz, 3H), 0.90 (d, J = 6.8 Hz, 3H), 0.84 — 0.80 (m, 6H), 0.12 (s, 9H): 3C NMR (126 MHz,
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CDCl3) 6 175.15, 159.60, 136.48, 133.14, 122.94, 107.99, 85.21, 68.17, 51.32, 50.00, 49.13, 48.98,

47.07,43.93, 42.25, 39.65, 31.65, 29.53, 27.34, 23.30, 22.51, 19.96, 19.27, 16.71, 15.01.

,

MeOzC
MeO,C // i CO,Me i CO,Me
N Pd(OAc), 170-A: 20% 170-B: 13%
R-BINAP, EtzN
OTf | toluene, 90 °C J J/
/"CO,Me
159

7 Eo,Me
;68: 3%

Cascade reaction of ynoate 159 To a dry vial under Ar was added Pd(OAc)2 (1.1 mg,
0.0051 mmol, 20 mol%), R-BINAP (6.3 mg, 0.0102 mmol, 40 mol%), EtsN (0.01 mL, 0.076
mmol, 3.0 equiv.) and toluene (0.15 mL) to give a reddish-brown suspension that was sparged for
10 min with Ar. Then, ynoate 159 (15.0 mg, 0.0254 mmol, 1.0 equiv.) was added as a solution in
degassed toluene (0.1 mL) and the mixture was sparged for a further 5 min, sealed with a Teflon
lined cap, and heated to 90 °C for 12 hr. The reaction was then cooled to 23 °C, diluted with Et,O
(1 mL), filtered through a celite plug, and concentrated. The resultant residue was purified via
preparatory TLC (silica gel, hexanes:Et,O 23:2) to give vinyl cyclopropane 170-A as a colorless
oil (2.2 mg, 20%), vinyl cyclopropane 170-B as a colorless oil (1.5 mg, 13%), and diene 171 and
dienoate 168 as a 1:1.25 mixture (0.3 mg, 5%). 170-A: R¢ = 0.23 (silica gel, hexanes:Et,0 9:1); *H

NMR (500 MHz, CDCls) & 5.51 (dd, J = 5.9, 1.7 Hz, 1H), 5.47 (dd, J = 5.8, 2.7 Hz, 1H), 3.75 (s,
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3H), 3.62 (s, 3H), 2.97 — 2.87 (m, 1H), 2.34 (dd, J = 17.6, 6.4 Hz, 1H), 2.25 (dd, J = 17.5, 6.1 Hz,
1H), 2.02 — 1.85 (m, 4H), 1.85 — 1.75 (m, 1H), 1.75 — 1.64 (m, 1H), 1.64 — 1.58 (m, 1H), 1.53 —
1.27 (m, 5H), 1.05 (s, 3H), 0.99 (d, J = 7.4 Hz, 3H), 0.93 (d, J = 6.9 Hz, 3H), 0.91 (s, 3H), 0.83 (d,

J=6.7 Hz, 3H).

170-B: Rf = 0.32 (silica gel, hexane:Et,0 9:1); *H NMR (500 MHz, CDCls3) & 5.55 (dd, J = 5.8,
1.5 Hz, 1H), 5.53 (dd, J = 5.9, 2.4 Hz, 1H), 3.74 (s, 3H), 3.63 (s, 3H), 2.89 — 2.80 (m, 1H), 2.32
(d, J=2.2 Hz, 1H), 2.31 (d, J = 1.3 Hz, 1H), 2.10 — 1.99 (m, 1H), 1.94 — 1.71 (m, 7H), 1.71 — 1.57
(m, 1H), 1.55 — 1.43 (m, 4H), 1.41 — 1.27 (m, 5H), 1.25 (s, 2H), 1.03 (d, J = 7.4 Hz, 3H), 0.97 (s,

3H), 0.94 — 0.86 (m, 8H), 0.82 (d, J = 6.7 Hz, 4H).

171 & 168: Rf = 0.43 (silica gel, hexanes:Et,0 9:1); *H NMR (500 MHz, CDCls) § 6.31 (dt, J =
11.3, 7.4 Hz, 1H), 5.75 (d, J = 11.6 Hz, 1H), 5.58 — 5.53 (m, 2H), 5.51 (dd, J = 5.8, 2.7 Hz, 1H),
5.34 (d, J = 15.9 Hz, 1H), 5.26 (d, J = 15.8 Hz, 1H), 3.74 (s, 3H), 3.71 (s, 3H), 3.64 (s, 3H), 3.62
(s, 3H), 2.89 — 2.73 (m, 2H), 2.67 — 2.54 (m, 2H), 2.52 (dd, J = 7.2, 3.3 Hz, 1H), 2.47 — 2.39 (m,
1H), 2.37 — 2.25 (m, 2H), 2.22 — 2.13 (m, 1H), 2.09 — 1.99 (m, 2H), 1.97 — 1.76 (m, 6H), 1.74 —
1.59 (m, 7H), 1.53 (d, J = 7.8 Hz, 4H), 1.44 — 1.29 (m, 13H), 1.15 (s, 3H), 1.03 (d, J = 7.3 Hz,
3H), 0.96 (d, J = 7.0 Hz, 3H), 0.93 (s, 3H), 0.91 (d, J = 6.8 Hz, 3H), 0.88 — 0.86 (m, 6H), 0.85 —

0.82 (m, 6H), 0.80 —0.75 (m, 6H).

N\ Pd(OAc),

S-BINAP, Et3N

| toluene, 90 °C I
MeO,C

. CoMe 7 to,Me

158 170: Trace 172: 16%
[Confirmed by X-Ray]
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Cascade reaction of ynoate 158 To a dry vial under Ar was added Pd(OAc)2 (6.7 mg,
0.030 mmol, 20 mol%), S-BINAP (37.4 mg, 0.060 mmol, 40 mol%), EtsN (0.06 mL, 0.45 mmol,
3.0 equiv.) and toluene (1.0 mL) to give a reddish-brown suspension that was sparged for 10 min
with Ar. Then, ynoate 158 (88.5 mg, 0.15 mmol, 1.0 equiv.) was added as a solution in degassed
toluene (0.50 mL) and the mixture was sparged for a further 5 min, sealed with a Teflon lined cap,
and heated to 90 °C for 12 hr. The reaction was then cooled to 23 °C, diluted with Et20 (3 mL),
filtered through a celite plug, and concentrated. The resultant residue was purified first via
preparatory TLC (silica gel, hexanes:Et>O 9:1) and then second with preparatory TLC (silica gel,
CHCI) to give enoate 172 as a colorless solid (10.9 mg, 16%), X-Ray quality crystals were
obtained via slow evaporation from pentane. 172: R¢ = 0.25 (silica gel, hexanes:Et,0 9:1); 'H
NMR (500 MHz, CDCls) 6 6.25 (dt, J = 11.5, 7.4 Hz, 1H), 5.73 (dd, J = 11.6, 2.2 Hz, 1H), 5.50
(dd, J=5.8, 1.6 Hz, 1H), 5.46 (dd, J = 5.9, 2.7 Hz, 1H), 3.70 (s, 3H), 3.62 (s, 3H), 2.95 — 2.87 (m,
1H), 2.78 — 2.60 (m, 2H), 2.04 — 1.84 (m, 4H), 1.68 (qd, J = 6.7, 3.7 Hz, 2H), 1.61 — 1.47 (m, 4H),
1.44 —1.27 (m, 5H), 1.25 (s, 1H), 1.12 (dd, J = 10.4, 2.5 Hz, 1H), 1.03 (s, 3H), 0.98 (d, J = 7.5 Hz,
3H), 0.87 (d, J = 6.3 Hz, 6H), 0.79 (d, J = 6.3 Hz, 3H); 3C NMR (126 MHz, CDCl3) 5 176.31,
167.07, 151.92, 133.55, 132.31, 118.89, 66.93, 52.39, 51.38, 51.11, 51.05, 51.00, 50.41, 45.19,

38.65, 35.80, 33.95, 33.82, 33.01, 31.14, 30.75, 29.72, 23.13, 22.74, 21.79, 21.08, 16.82, 15.03.

1.13 X-Ray Crystallographic Data

General information: The diffraction data were measured at 100 K on a Bruker D8 VENTURE
diffractometer equipped with a microfocus Mo-target X-ray tube (1 = 0.71073 A) and PHOTON
100 CMOS detector. Data were collected using o scans to survey a hemisphere of reciprocal space.

Data reduction and integration were performed with the Bruker APEX4 software package (Bruker
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AXS, version 2021.4-0, 2021). Data were scaled and corrected for absorption effects using the
multi-scan procedure as implemented in SADABS (Bruker AXS, version 2014/5, Krause, Herbst-
Irmer, Sheldrick & Stalke, J. Appl. Cryst. 2015, 48, 3-10). The structure was solved by SHELXT
(Version 2018/2: Sheldrick, G. M. Acta Crystallogr. 2015, A71, 3-8) and refined by a full-matrix
least-squares procedure using OLEX2 (O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K.
Howard and H. Puschmann. J. Appl. Crystallogr. 2009, 42, 339-341) (XL refinement program
version 2018/3, Sheldrick, G. M. Acta Crystallogr. 2015, C71, 3-8). Crystallographic data and

details of the data collection and structure refinement are listed in Table 1.

Specific details for structure refinement: All atoms were refined with anisotropic thermal
parameters. All hydrogen atoms were included in idealized positions for structure factor
calculations. All structures are drawn with thermal ellipsoids at 50% probability.

Figure 1.7 ORTEP representation of 151

b

Crystal data and structure refinement for JonKeim.

Identification code JonKeim
Empirical formula C18H33NOSSi
Formula weight 339.60
Temperature/K 100(2)
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Figure 1.7 cont.
Crystal system

orthorhombic

Space group P212:121

alA 10.6630(7)

b/A 10.8155(8)

c/A 17.9360(13)

o/° 90

p/e 90

/° 90

Volume/A3 2068.5(3)

Z 4

Pcalcg/Cm3 1.091

pw/mm* 0.217

F(000) 744.0

Crystal size/mm?® 0.15x0.1x0.1
Radiation MoKa (A =10.71073)

20 range for data collection/° 4.398 to 66.306

Index ranges -16<h<15,-16<k<16,-22<1<27
Reflections collected 24669

Independent reflections 7734 [Rint = 0.0420, Rsigma = 0.0549]
Data/restraints/parameters ~ 7734/0/207

Goodness-of-fit on F2 1.034

Final R indexes [[>=2c (I)] R1=0.0412, wR> = 0.0831

Final R indexes [all data] R1 = 0.0645, wR> = 0.0908

Largest diff. peak/hole / e A= 0.44/-0.20

Flack parameter 0.02(3)
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Figure 1.8 ORTEP representation of 172

Crystal data and structure refinement for Cu_0676_keim.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre

y/°

Volume/A3

Z

pcalcglcm3

wmm'?

F(000)

Crystal size/mm?

Cu_0676_keim
Ca8H4204
442.61

100(2)
monoclinic
P2,

13.1173(3)
6.4240(2)
15.0152(4)

90
94.4300(10)
90

1261.48(6)

2

1.165

0.596

484.0

0.22 x 0.07 x 0.04
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Figure 1.8 cont.

Radiation CuKo (A =1.54178)

20 range for data collection/°5.904 to 149.202

Index ranges -16<h<16,-6<k<7,-18<1<18
Reflections collected 27118

Independent reflections 4754 [Rint = 0.0445, Rsigma = 0.0303]
Data/restraints/parameters ~ 4754/1/296

Goodness-of-fit on F2 1.018

Final R indexes [I>=26 (I)] R1 =0.0329, wR; = 0.0804

Final R indexes [all data] R: =0.0359, wR; = 0.0822

Largest diff. peak/hole / e A 0.27/-0.14

Flack parameter 0.00(8)

Hooft parameter 0.01(8)

Rint = 2 | Fo? - <Fo?> |/ Z | Fo?|

R1=2||Fo|'|Fc”/2| Fo|

WR2 = [Z [w (Fo®’—F?)?] 1 = [w (Fo?) ?]]¥2

Goodness-of-fit = [Z [w (Fo? ~F¢?) 2] / (n-p)*?

n: number of independent reflections; p: number of refined parameters
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1.14 'H and *C NMR Spectra
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Chapter 2

Development of General Conditions for

Intramolecular Nickel Heck Cascades



2.1 Introduction to Ni Catalysis

While used extensively in catalysis throughout the last century, Ni has never quite received
the same acclaim of its group 10 congener Pd from the synthetic community. Fittingly taking its
name from an antagonistic imp, its reputation is one of impressive, but often unpredictable and
uncontrolled reactivity.[*?1 Ni catalysis, however, has experienced a renaissance over the last two
decades leading to a new appreciation and deeper understanding of how to tame the purportedly
unruly metal.B-®  This interest was largely driven by the pressing need for a cheaper and
sustainable alternative to Pd. Comprising a significant fraction of the Earth’s crust, Ni is indeed

considerably more abundant, but its unique chemical properties make it more than just a cheap

Ni Pd
% of Earth's crust 1.8% . 0.00000063%
$/Mol $1.4/mol 3 $850/mol
Atomic Radii 0.124 nm ! 0.139 nm
Electronegativity 1.91 ! 2.2
Lewis Acidity Harder ! Softer
Oxidation States -1,0,+1,+2,+43,+4 | 0, +1,+2, +3, +4

Table 2.1 General overview of Ni and Pd.

substitute for Pd. Ni provides novel reactivity profiles and distinct challenges for the synthetic
chemist. For example, one of the most notable differences is Ni’s ability to easily adopt the Ni'
and Ni'" oxidation states, which are not commonly invoked in Pd catalysis. Thus, while Pd
generally proceeds via 2 e (Pd%/Pd" or Pd"/Pd"v) cycles, Ni catalysis exhibits a wide variety of
cycles, potentially including radical pathways.[®! This mechanistic promiscuity allows for
reactivity that would be otherwise inaccessible with Pd, such as Weix’s sp-sp® cross-electrophile
couplings which reportedly proceeds via a Ni'"/Ni'/ Ni"'/Ni' cycle.[’l On the other hand, Ni is also
able to undergo comproportionation and disproportionation, which can lead to off-cycle species
that can undergo undesired reactivity or act as catalyst sinks which stall the reaction.!?! Further,

the prevalence of paramagnetic Ni' species can render reactions challenging to monitor by NMR
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adding an extra layer of complexity when trying to determine mechanism. One area in particular
in which the synthetic community has only recently begun to truly exploit the benefits—and
address the challenges—of Ni catalysis is the Heck reaction. Despite being known for decades,®!
the Ni-Heck reaction has remained largely underdeveloped.l As such, great opportunities to
utilize the properties of Ni in the Heck reaction remain untapped, in part due to how Ni’s properties

play out in the different elementary steps of the reaction’s mechanism.

R-X
L,Ni¢
Reductive Oxidative
Elimination Addition
]
L, N|II —X Lan' —X
R
B-Hydride Migratory
Elimination Insertion

Figure 2.1 Generalized mechanism of the base mediated Ni-Heck Reaction

Section 2.2 Oxidative Addition

EOV

o -0.257 o
Ni"+2e0 ————— N

0.951
Pd'+2e Pd°

Scheme 2.1 Reduction potentials of Niand Pd.

At the outset of the Heck reaction, Ni truly excels when compared to Pd due in large part
to it being more electropositive than its congener. This implies that Ni°® more readily donates
electron density, which is evidenced by its considerably lower reduction potential.[®! The first step

for oxidative addition in the Heck reaction requires coordination of the aryl- or vinyl-X partner to
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the M° complex. Due to substantial back bonding from the Ni? [ z-systems form bonds that in
some cases can be 20 kcal/mol stronger with Ni° than with Pd® complexes.!?! Further, Tolman
found that the Keq for ethylene binding in (PPhs)2Ni® is 10* larger than (PPhs),Pd° . Following
binding, the metal species must then undergo the usually (but not always) 2e” oxidative addition.
Computational studies have shown that Ni° species undergo oxidative addition much more readily
than Pd® with energy differences between the two species ranging from 2-4 kcal/mol.®! In practical

terms, Pd applications are often limited to OTT, I, Br, and in some cases Cl, but Ni is able to utilize

» Ackemann (2019)

cl Ni(COD),
DPEPhos, K3PO,
/J\ t . S—ph
N Ph oluene, 80 °C N
16 hr H
1 2
» Watson (2012)
OPiv Ni(COD), o Ph
DPPF, K5PO,
*  Zph -
toluene, 125 °C
48 hr
3 4 5
« Garg (2017)
O
B Ni(COD), Qo
l\ll’ Benz-ICy-HCI, NaOfBu
Boc toluene, 60 °C
24 hr
N
6 7

Scheme 2.2 Representative examples of traditionally unreactive coupling partners in the Ni Heck.

traditionally unreactive partners such as ethers, carbonates, mesylates, carbamates, sulfonamides,
nitriles, alcohols, and even some fluorides.™™ Three representative examples are shown in scheme
2.2. Of particular note is the Garg example which utilizes Boc-protected aryl amides as the

coupling partner at remarkably mild temperatures for such an unreactive bond.
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2.3 Migratory Insertion

Moving on to migratory insertion, Ni once again proves to be more reactive than Pd. This
is borne out in the olefin polymerization literature, where diimine Ni complexes have been shown
to have an approximate 4-5 kcal/mol lower E, for the rate limiting migratory insertion step leading
to turnover numbers 10* larger than the Pd equivalent.!2*2 One study conducted by the Brookhart
group investigated the mechanism of chain walking for Ni and Pd catalysts, and demonstrated that
alkyl Pd complexes could bind ethylene readily and were stable at —78 °C, but the alkyl Ni
complexes upon exposure to ethylene underwent multiple migratory insertions even at —130 °C.

Computational studies have also found similar trends for migratory insertions.>*3l Furthermore,

trig@ dig®

Ni | 3-exo: 0.5 34.6 4-endo| 3-exo
4-exo 16.7 | 17.5! 5-endo| 4-exo
5-exo! 9.3 8.2 | 6-endo| 5-exo

. 1.0 | 58.4 | 4-endo
' 9.7 | 325 | 5-endo
1 9.2 12.6 | 6-endo
6-exo, 9.8 16.1) 7-endo| 6-exo | 9.6 8.4 | 7-endo
| | | |
Pd | 3-exo! 2.6 | 44.3 4-endo| 3-exo ! 3.6 | 62.9 ! 4-endo
4-exo | 22.6 26.7| 5-endo| 4-exo |, 18 40.1 | 5-endo
5-exo: 11.9 16.11 6-endo| 5-exo |
6-exo’ 15.6 | 18.4 7-endo| 6-exo !

13.2 | 259 i 6-endo
21.2 | 24.2 ! 7-endo

Table 2.2 Calculated E, for intramolecular migratory insertions for Ni and Pd.
2 All calues in kcal/mol.

in all examples examined, Ni had a consistently lower Ea for intramolecular cyclizations with both
alkenes and alkynes. From that study, one particularly interesting result was the finding that while
Pd favors [5-exo-trig] cyclizations over the [6-endo-trig] pathway by roughly 4 kcal/mol; however,
Ni has no such preference with only an approximate 1 kcal/mol difference favoring [6-exo-trig]
cyclization. This suggests that it may be possible for Ni to undergo either pathway, with potentially
tunable selectivity based on ligand choice. In fact, the Cramer group has reported just such a case.
In a Ni-mediated cycloisomerization of pyridone 8, they found that with bulky electron rich

phosphine ligands the [5-exo-trig] is favored while NHC ligands favored the [6-endo-trig]
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pathway. Given the predominance of the [5-exo-trig] cyclization in the Pd-Heck literature, this

controllable selectivity suggest an enticing possibility of divergent reactivity with Ni.

(@] (0]
Ni(COD),
é /\/\ L A|M63 | N . | N
toluene 80 °C Z Z
24 hr 10
L Yield 9:10

PCys; 70%  >955
IMes 70% >5:95

Scheme 2.3 Ligand controlled regiodivergent Heck-type cycloisomerizations.

Section 2.4 p-Hydride Elimination

H

Cl
Wa | -
L,Mm" — L Mlx + R1/\v
|7
a R
M Eapy  Eapn  AGpH
Ni ‘ 8.7 14.7 12.7
Pd 10.8 8.5 4.0
Table 2.3 Calculated E; and AG for B-hydride elimination with Ni
and Pd: All values in keal/mol

As Ni excels at migratory insertion, it follows that the corresponding reverse reaction, f3-
elimination, would be challenging. This is indeed confirmed by both computational®“l and
experimental™ studies showing the Ea is approximately 4-5 kcal/mol higher for Ni than for Pd.
Once again turning to the polymerization literature, it has been noted that cationic diimine Ni
complexes can produce polyethylene that is far less branched than Pd complexes as a result of
relatively slow B-hydride elimination.[**12 As shown in Scheme 2.4, following initial migratory
insertion into ethylene the B-agostic complex 12 is formed. Now if B-hydride elimination is fast,
as with Pd, then hydrido complex 15 is formed and following subsequent reinsertion, the more
thermodynamically stable B-agostic complex 16 is accessed. From there ethylene complexation,
migratory insertion, and further B-hydride elimination and chain walking leads to highly branched

polymers (about 70 methyls/1000 carbons). Conversely, if B-hydride elimination is slow
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compared to ethylene complexation and migratory insertion, as has been demonstrated with Ni,

then chain growth can occur without B-hydride elimination and chain walking generating polymers

with almost negligible branching. It should be noted that, as with the Cramer example in the

N-M—|| —= N-M N-M
R H- L
1 12 R 13
TG BHE“

"""""""" ' 15 16

N

|
N=M Unbranched
|1//R Polymers

H_

14

R oy (N (o

N-M Branched

| N_'YI Polymers
p— H_
R
17 18

Scheme 2.4 Effect of B-hydride elimination on the formation of branched and unbranched polyethylene polymers.

previous section, Ni’s preference for B-hydride elimination can be strongly influenced by the

reaction conditions with high temperatures or low pressures of ethylene leading to highly branched

polymers. This variable B-hydride elimination has also been noted in the Ni-Heck literature. In

several early examples of the Ni-Heck, there were reports of the formation of both Heck-type

substitution products as well as saturated addition products.[*>71 For example, the Ronchi group

observed the selective formation of the saturated product 22 with their conditions, while the

- Ronchi (1986)

NiCly(PPhs),, Zn

Br
+ Zph
THF, 66 °C, 4 hr

19 20 21 0%
22 54%

» Ramani (1997)
Ni[P(OPh)3]4, Ko,CO3

|
©/ + 2 CoMe

23 24

NMP, 150 °C, 24 hr
25 87%
26 0%

Scheme 2.5 Formation of substituted or saturated products.
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Ramani group reported selectivity for the Heck product methyl cinnamate 25. While this ability
to fine tune the p-hydride elimination has been used extensively in the cross coupling literaturet*!

it has yet to be used to great effect in the context of the Heck reaction.
Section 2.5 Reductive Elimination

The final step of the reaction is the reductive elimination of HX from the Ni' species to
regenerate the Ni® and start the cycle over again. As it is the microscopic reverse of oxidative
addition, it is no surprise that Ni struggles with reductive elimination with a AG of 14.4 kcal/mol
to Pd’s -4.4 kcal/mol.®! This is somewhat surprising giving the prevalence of Ni in the cross
coupling literature, but it should be noted that those reactions proceed via a migratory reductive

elimination rather than deprotonation. And in fact, when looking at C-C bond formation, Ni has a

* Ramani (1997)
Ni[P(OPh)s]4

' K,CO4
+ +
NMP, 150 °C, 24 hr
MeO 29 55% O O
30 0% MeO MeO
7 28 29 30

2
+ Skrystrup (2012)

OMe Ni(COD), OMe O
OTf DPPF, Cy,NMe
P
/\/@/ + 27 ~0nBu dioxane, 100 °C /\/@/‘Lme
= then 6 M HCI AN
31 32 100% 33
» Garg (2017)
o 0
Bn Ni(COD),
rxlj’ Benz-ICy*HCI, NaOtBu .d
Boc toluene, 60 °C
24 hr, 92%

34 ‘ 35

Scheme 2.6 Examples of Ni-H mediated isomerization.

lower E, for reductive elimination due to the relatively weak Ni-C bonds.[l The reticence of Ni-
H to undergo deprotonation comes as a result of its greater electropositivity, which makes it a

significantly weaker acid than Pd-H.'® Practically, what this entails is that while Pd-H’s are

112



readily deprotonated by amines, carbonates, or acetates,’® Ni-H species often require strong
organometallic bases™*® or forcing conditions!*”! with long reaction times in order to facilitate
catalyst regeneration. The slow deprotonation leads to a long-lived Ni-H species that can undergo
reinsertion to an olefin leading to alkene isomerization. And indeed, this has been noted in the Ni-
Heck literature. As shown in Scheme 2.7 examples from the Ramani, "] Skrystrup,?% and Garg!?!!
groups all exhibit olefin isomerization arising from the Ni-H species. In order to address this issue,
two major approaches have been developed in order to help promote reductive elimination. The
first and most commonly used method is to utilize a stoichiometric reductant, usually Mn or Zn,
to effectively promote catalyst regeneration.[*622231 \While reducing metals are the most common,

organic reductants such as tetrakis(dimethylamino)ethylene (TDAE)?4 or electrochemical

A)
e Garg (2016)

NiClz(Pn-BU3)2

cl
0
©: Mn, N82003
,},)K@ DMF, 60 °C, 12 hr
Me
36

A%
zO‘

70%

Me
37
e Zhou (2017)
Ni(OAc),, Ph,BOX, Mn
cl Me NaOAc, H,O O
= DMF, 80 °C, 24 hr O N
N 90%, 98% ee Y
O 38 39
B)

e Skrydstrup (2012)

h DPPE. Gy M g
, LYo €
oTf _
* 2 onBu  dioxane, 100 °C ©)LM3
then 6 M HCI
889
40 32 % 41

e Jamison (2014) Ni(COD)
2

oTf d(Cyp)pb, DABCO
+ ZnHex
toluene 60 °C
92%
42 43 44

Scheme 2.7 Representative examples of A) reducing metal approach and B)
cationic-Heck approach.

nHex

ne
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methods[?®! have also been reported. The second approach is to access the cationic-Heck pathway
through the use of triflate coupling partners. As triflate is a non-coordinating anion, the Ni complex
will be cationic, which will make the Ni-H species more electron poor and thus acidic enough for
more traditional amine bases to be used.[?>?®l \While both of these approaches are able to
effectively promote the reductive elimination, isomerization has still been observed in both
cases.['®2% This often leads to either the use of bulky ligands?®! to prevent reinsertion, or limits
the substrate scope to cases where reinsertion is challenging. As such, the Ni-H issue must be
addressed on a case-to-case basis. Another strategy of note completely negates the issue of Ni-H
isomerization by avoiding the formation of the Ni-H species. Following the initial Heck reaction,
the alkyl-Pd species undergoes a cross coupling reaction which proceeds via a migratory reductive
elimination, which as discussed earlier is quite favorable for Ni, thus side stepping B-hydride
elimination and Ni-H formation.?”11 However, as our efforts are focused on the classical Heck

mechanism, this strategy will not be discussed further.
2.6 Ni Heck Cascades

While Pd-Heck cascades have been studied thoroughly,®32-34 the corresponding Ni
cascades have been largely ignored. To the best of our knowledge, only a handful of examples
exist in the literature and all of those are intermolecular, rather than intramolecular, cascades. The
first examples we were able to find came from the Cheng group with some representative examples
shown in Scheme 2.8.5%71 |n their initial publication, they report on the cyclization of aryl iodide
45 with 3 equivalents of a symmetrical dialkyl acetylene 46 to yield unsymmetrical biaryl 48. This
reaction is particularly interesting as it proceeds via an uncommon B-carbon elimination rather
than the usual B-hydride elimination. Analysis of the head space of the reaction with 45 revealed

the presence of ethylene suggesting that B-hydride elimination occurs following the B-carbon
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elimination allowing the reaction to proceed. This is further supported by the observation that 2-
butyne, which would yield a Ni-Me species incapable of B-hydride elimination, did not give a
biaryl, rather undergoing a [5-exo-trig] cyclization and subsequent B-hydride elimination to yield

a cyclopentadiene. Their next report focused on B-iodoketone 49 and its reaction with 46 to give

Et Et
. Et Et p-C Et Et
NiBr,, Zn £t elimination O
pyridine, 60 °C
24 hr, 50% Ar E .
Et" Ni Et
45 46 47 “ 48
o) (0]
Et Et
NiBr,, Zn Ni { [5-exo-trig]
PR A .
MeCN, 80 °C _ /T H H* Et
14 hr, 98% £
Et Et Et
49 46 50 51
B-C
Ni(dppe)Brs, Zn elimination,
MeCN, 80 °C
24 hr, 70%

Scheme 2.8 Ni-Heck cascades from the Cheng group.

cyclopentadiene 52. It is interesting to note that in this case, only 2 equivalents of 50 were
incorporated due to the competition of the intramolecular [5-exo-trig] cyclization. Inamore recent
study, they reported a Larock annulation of 2-iodoacetophenone 53 and norbornene 54 that once
again proceeded via a -carbon elimination. However, unlike the first example, substrates such as
53 that led to alkyl Ni-1 species unable to undergo B-hydride elimination were still reactive.
Presumably, two Me-Ni-1 species could exchange ligands to form NiMez, which could extrude

ethane to regenerate the Ni° and Nilz, which could be reduced by the Zn.

The Kong group reported an intra-intermolecular Ni-Heck cascade, which is particularly

notable for the use of difluoroolefins.[*¥ The initial intramolecular Heck cyclization of amide 56
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is unremarkable, but following the [5-exo-trig] cyclization the resultant alkyl Ni species then
undergoes an intermolecular Heck reaction with the unusual difluorostyrene 57 to give
intermediate 58. The reaction then proceeds with a very uncommon B-F elimination to yield the

monofluorinated product 59. The reaction would give mixtures of E/Z isomers, but it was found

0]
Q_QN j\tB u

1) NiBr,, MgCl,
Mn, DMSO, 23 °C

|
0 F
+ =
©iN)J\H/ 7:/\Ph 2) pTolSH, AIBN
|
Me
56 57

toluene, 110 °C
60%, 90% ee

Scheme 2.9 Kong's intermolecular Ni Heck cascade of difluorostyrenes.

that using radical conditions the mixture could be cleanly converted into the less hindered E
isomer. While it is remarkable to note that the reaction proceeded with 57, it is even more
remarkable that the presence of at least one fluoride is apparently necessary for the success of the
reaction as styrene or other dihalogenated styrenes failed to give any product, which may suggest
that B-F elimination proceeds more easily than B-hydride elimination, p-carbon elimination, or

other B-halogen eliminations.

o o o
npr Ni(COD), | Carbonyl-
H NiL i
. / dppe, TMP i Heck Reaction ’ nPr
oTf toluene, 110 °C = P
nPr 24 hr, 54% ner
nPr nPr
60 61 62 63
(@]
ph Ni(COD), ? ?
dppe, TMP
" / e - ’ Ph + ’ Et
oTf toluene, 110 °C
Et 24 hr, 61% . L
14:1
64 65 66 67

Scheme 2.10 Larock annulation of symmertical and unsymmetrical alkynes.
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Next, the Rong group reported a Larock annulation of aryl triflate 60 and acetylene 61 to
give indanone 63.%1 The cascade is mainly of note for the fact that it utilizes the cationic- Heck
approach rather than the reducing metal conditions that most groups favor. Also, unsymmetrical
alkynes such as 65 were able to be used in the reaction—though for high selectivity either an

electronic or steric bias was required.

Finally, the most recent report from the Kong group describes a very intriguing Heck type
cascade that proceeds via a so-called hydrogen auto transfer strategy. At first glance, the reaction

appears to be almost identical to the Larock annulation of the Rong group, but for the fact this

Ni(OAc),*4H,0 OH Ni-H mediated 2
dppe Zn H transfer
Ph | ———— Ph
NMP:HFIP (3:1) ,
9 =
110 °C, 88/o - 5
68 69 70 71

Scheme 2.11 Ni-Larock annulation using a H-autotransfer strategy.

reaction yields indanone 71 rather than an indenone. They propose that the reaction proceeds via
a Larock annulation, followed by reinsertion of the Ni-H species into the enone then a final
protonation. They provide support for their proposal by way of the observation that after 12 hours
of reaction time, indenol 70 was isolated in a 31% yield and upon resubjection of 70 to the reaction
conditions, clean conversion to 71 was observed indicating that 70 is a key intermediate in the
reaction. Further deuterium labelling studies indicate that the benzylic-H of 70 is the source of the
hydride. While the indanone synthesis was distinct enough to be of note, the Kong group then
extended the reaction by utilizing 1,6-enyne 72 to conduct a spirocyclization to give indanone 73
in excellent yield. They propose the reaction proceeds via a similar Larock annulation to give
indenone 74. However, instead of reinserting into the enone, the Ni-H inserts into the 1,1-

disubstituted olefin to yield the alkyl Ni species 75, which then undergoes a [5-exo-trig] cyclization
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and subsequent protonation to arrive at 73. The high selectivity of reinsertion of the Ni-H into the
1,1-disubstituted olefin in a Markovnikov fashion to yield 76 is somewhat surprising, as the Ni
complex should have a strong preference for the less hindered carbon. One could make the
argument that the product of anti-Markovnikov addition may be unable to cyclize, but Ni can

readily undergo [6-exo-trig] cyclizations so this is unlikely to be the reason. What is likely

0 Ph Ni(OAC),*4H,0 O
dppe, Zn
H + // Ph
} dioxane, 110 °C
Br TsN N
68 72

88% TANTs

i e
(0] (0] (0]
. [5-exo i
LNi-H i NiL
Ph —_— Ph — Ph
NiL R
v S AN
Ts 76

74 75 Ts

Scheme 2.12 Spirocyclization of enynes mediated by Ni-H.

occurring is the NTs moiety is acting as a directing group that guides the Ni-H reinsertion allowing
for the less favorable Markovnikov addition to occur. This supposition is supported by the fact
that all successful examples of this cascade contain the NTs moiety. Attempts to use either C or
O linkers in the 1,6-enyne only gave indenol products similar to 74. Further, attempts to use a 1,7-
enyne with the 1,1-disubstituted olefin one carbon further away from the NTs similarly gave an
indenol product. The Kong groups work is an incredibly impressive cascade as it manages to jump
back and forth between inter- and intramolecular pathways while maintaining high regio- and

chemoselectivity.
2.7 Project Goals and Direction

A large part of the challenge and opportunity of Ni catalysis is that, unlike Pd with its

consistent and well-defined preferences, Ni often lies in the borderlands of the potential energy
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surface, able to easily shift between different reactivities. While this promiscuity has given Ni a
reputation befitting its devilish name, it is possible for Ni to be properly corralled with the
appropriate choice of ligand and reaction conditions. With this is mind we set out to try to develop
our own cascade conditions. Our stated goal for the project was to develop general conditions for

intramolecular Ni-Heck cascades of aryl and vinyl triflates. The first choice we had to make was

Reducing Metal "
or
OTf

Base Mediated .
Conditions?
77 78

Scheme 2.13 General intramolecular Ni-Heck cascade of aryl and vinyl triflates.

whether we would focus on reducing metal or base-mediated conditions. The reducing metal
conditions were by far more well developed and more thoroughly applied than the base-mediated
counterparts. However, when we started this project, the examples of an aryl triflate with reducing
metal conditions often resulted in poor yields.[?24% Since then a report™! of the successful
application of sulfonates and reducing metal conditions has been published; however, at the time
we were working under the assumption that the reducing metal conditions were ideal for halide
partners and the base-mediated conditions were appropriate for triflates. As the ultimate goal was
to apply this in the synthesis of retigeranic acid A, via a vinyl triflate, we opted to pursue the base-

mediated conditions.
2.8 Initial Screening with Monocyclization

As Ni-catalysis was a new area of research for our group, we first sought to gain experience
with a simple monocyclization to familiarize ourselves to the idiosyncrasies of Ni before
attempting the more complex cascade reactions. The easily prepared aryl triflate 79 was selected

as a model compound. For our first condition set, we decided to start with the Skyrdstrup(?®!
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conditions rather than Jamison’s?®! as it was suspected the bulky d(Cyp)pb ligand would find the
intramolecular cyclizations challenging. Pleasingly, with our first attempts we were able to access
indane 80 in a 51% yield. A brief screening of ligands showed DPEPhos to be the best of those
investigated giving 80 as the sole product of the reaction. The related Xantphos exhibited similarly

high reactivity but proceeded with the formation of several inseparable side products. In the solvent

Ni(COD), (10 mol%)
L (12 mol%)

base (3 eq)
oTt solvent (0.15 M) @Q/
79 100 °C, 20 hr 80

Entry Ligand  Yield® Entry Solvent  Yield? Entry Base Yield?
1 DPPF | 51% 1| 1,4-dioxane | 75% 1 Cy,NMe ' 75%
2 | dppe | 0% 2|  THF | 0% 2 Et.N | 65%
3| dppp | 0% 3| DME |85% 3 DIPEA | 54%
4 | BINAP | 60% 4| toluene |33% 4 PMP | 42%
5 | DPEPhos | 75% 5 DMF 1 80% 5 pyridine | 26%
6 | Xantphos | 79%P 6 |Proton Sponge! 59%
7 | Segphos | 48%P 7 K,COs | 43%
8 KOAc ' 17%

Table 2.4 Condition screening for monocyclization of triflate 79. ®isolated yields ° contained inseparable impurities.
Conditions for ligand screen: NiCOD(10 mol%), L (12 mol%), Cy,NMe (3 equiv), dioxane (0.15 M), 100 °C, 20 hr;
solvent screen: NiCOD(10 mol%), DPEPhos (12 mol%), Cy,NMe (3 equiv), solvent (0.15 M), 100 °C, 20 hr; base
screen:NiCOD(10 mol%), DPEPhos (12 mol%), base (3 equiv), dioxane (0.15 M), 100 °C, 20 hr.

screen, DME provided the highest yield, but for practical reason we decided to move forward using
dioxane. The poor performance of THF compared to the other ethereal solvents was quite puzzling,
but later results suggest that the quality of the THF, which had been degassed by sparging with
Ar(g) rather than via freeze-pump-thaw, was at fault rather than THF itself being unsuitable for the
reaction. The base screening showed Cy>NMe to be the optimal base, but suggested that amine
bases in general are competent at effecting the requisite reductive elimination to regenerate the
Ni(0) species. In fact, even a weak base such as K.CO3 was able to deprotonate the Ni-H species
to some degree giving 80 in a modest 43% yield. With these results in hand, we felt more confident

in our ability to investigate the cascade reactions.
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And lo! Like Sisyphus before us, the gods saw fit to smite us for our hubris. Unfortunately,
our optimized monocyclization conditions with triflate 82 were highly ineffective giving the
desired spirocycle 83 in only a 15% yield. The *H and **F NMR spectra indicated that 82 was

only a minor component of a complex mixture of isomerized products 84, starting materials 85,

Ni(COD),, DPEPhos
= CyosNMe
dioxane, 100 °C
OTf

12 h, 15%2 + isomers
83

82 ,
(D m ~ I
C OTf N
84 85 86 87

Scheme 2.14 Initial cascade attempt using optimized conditions from monocyclization. 2GC vyield using
dodecane as an internal standard

or cyclized products arising from 85. Given the prevalence of olefin isomerization, the Ni-H
species was the obvious culprit for these issues. Upon further consideration, it becomes clear that
in the model monocyclization, Ni-H isomerization would not have a stark impact because 80
cannot be isomerized and 79 contains a trisubstituted olefin, which is substantially harder for Ni-
H to insert into compared to the 1,1-disubstituted and terminal olefins of 82. Suitably humbled,

we began our optimizations in earnest.
2.9 Base Screening

As the Ni-H mediated isomerization issue proved as problematic as we had expected, our
focus was on how best to promote the recalcitrant reductive elimination. Working on the
assumption that the reductive elimination was base mediated, the first variable we chose to
examine was the choice of base. As shown in Table 2.5 (full details in experimental section),

traditional bases for the Pd-Heck reaction such as K>COs, KOAc, and EtsN proved completely
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ineffective at suppressing isomerization. This could be due to the Ni-H’s lower acidity™?®]
compared to Pd or the increased steric demand arising from the shorter Ni-P bonds.[*31 The former
could explain the poor performance of the weaker bases such as KoCOs. However, the fact that

most of the amine bases were effective in the monocyclization would suggest that they are basic

Ni(COD),, DPEPhos
DABCO
dioxane, 100 C
24 hr

K,COs Cs,CO5 KOAG NaOBu KOtBu

7% 7% 17% 6% 5%

L N
N

~ N5 0n 0 O
NS

P P N N N

23% 1% 58% 72% 70%

Table 2.5 Base screening intramolecular Ni-Heck cascade conditions.Yields determined by
GC using dodecane as an internal standard. Ni(COD), (10 mol%), DPEPhos (12 mol%), base
(3 equiv.), dioxane (0.15 M), 100 °C, 24 hr.

enough to deprotonate the Ni-H, but that they do so at a slow enough rate that the Ni-H is
sufficiently long lived to reinsert and isomerize olefins. As such, we opted to use the unhindered
base DABCO, which has been shown previously by Jamison[® to inhibit Ni-H mediated
isomerization of 1,1-disubstituted olefins. Pleasingly, DABCO proved to be highly effective,
yielding 83 in a 70% yield with almost no detectable isomerization products present in the H
NMR spectra. Given that EtsN has a similar pKa values,****l DABCO?s efficacy likely arises from
the easily accessible lone pair affecting a more Kkinetically favorable deprotonation and

subsequently shortening the life-span of the Ni-H species.

It should be noted, however, that in our first attempts to use DABCO essentially no
conversion was observed. The key proved to be purifying the DABCO via sublimation. We found
that commercial DABCO was competent in the reaction if stored in a dry glove box upon opening,
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but sublimed DABCO provided the highest and most consistent yields. Because DABCO is known
to form hydrates“®! and given the reaction requires strictly anhydrous conditions, it is reasonable

to assume the water content of the unpurified DABCO was at fault for the lack of conversion.
2.10 Ligand Screening

With our optimal base identified, we moved forward to ligand screening. The reaction
proved more tolerant of variation of the ligand than base, with several phosphine ligands proving
competent. In the course of our screening, we noted a trend of increased yield, conversion, and

purity going from dppe to dppp to dppb. Curious to see if the pattern held, we explored the rest of

Ni(COD),, L
= DABCO
dioxane, 100 °C
OTf

24 hr

82 83

L Bite £ Yield? L Bite £ Yield?
dppm | 72° ' 20% dppbz ! 83° | 40%
dppe | 85° | 28% binap | 92° | 54%
dppp | 91° | 45% dopf | 95° | 57%
dppb | 98° | 56% diop ©97° | 539%
dpppe : - i 70% dpephos i 102° i 70%
dpphex ' - | 60% | xantphos ' 107° | 33%

Table 2.6 Ligand screening and the effect of ligand bite angle. 2Yield determined by
GC using dodecane as an internal standard. Ni(COD), (10 mol%), L (12 mol%),
DABCO (3 equiv.), dioxane (0.15 M), 100 °C, 24 hr.

this family of ligands using dppm, dpppe, and dpphex. The trend held up to dpppe, which proved
to be the optimal ligand both in this series and overall, before the yield begins to drop off with
dpphex. While DPEphos gave similar yields, dpppe gave product of similar purity as to what is
observed with Pd with almost no isomerization products observed in the GC or *H NMR. The
observed trend correlates well with the increasing bite angle of the bidentate ligands as shown in
Table 2.6. Larger bite angle ligands are reported™’*l to promote RE, but the exact rationale for
why is understandably highly variable and dependent on the nature of the metal and type of
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reaction in question. For example, larger bite angles force other substituents bound to the metal
closer together.*”] This closer proximity can promote the reductive elimination in order to relieve
strain or by leading the complex to adopt a structure closer to the transition state for a migratory-
type reductive elimination.*®l However, that particular pathway is more relevant to cross-
couplings than the assumed base-mediated reductive elimination of our system. A more applicable
proposal is that larger bite angles destabilize the square planar Ni'" intermediates and in turn
stabilize the tetrahedral Ni° species.*®%1  Another possibility is that the deprotonation proceeds
via a dissociative pathway with loss of one of the phosphines to yield a more reactive 3-center
complex, which again proceeds more easily with larger bite angles ligand. The trend is most
obvious in the dppm-dpphex series due to their similar structural features, but generally holds for
the other bidentate phosphine ligands investigated as shown in Table 2.6 (full details in SI). The
bite angle is however only predictive of a general trend and structural differences such as increased
rigidity (dppe vs dppbz or dpephos vs xantphos) can lead to substantial differences in reactivity.
Taken together, these results seem to suggest that the optimal range of ligand bite angle to prevent
Ni-H isomerization is ~100-105°. However, there is the important caveat that the particular
requirements of any given Ni-Heck cascade could easily lead to this range changing in order to
accommodate the balancing act of the different portions of the mechanism as well as off-cycle

reactivity.
2.11 Solvent Screening

Solvent screening proved much less complex than the previous variables. Similarly to the
monocyclization studies, ethereal solvents consistently performed well with DME once again
proving the best. Itis unclear the exact role the ethereal solvents are playing, with the most obvious

being their ability to coordinate to and thus potentially stabilize or destabilize unspecified
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intermediates in the cascade. Given that hypothesis, it is interesting to note that MeCN, a common
solvent in the Pd-Heck, is completely incompetent in the reaction with poor yield and high rates
of isomerization. Nitriles are known to coordinate to Ni complexes®!! and even promote reactivity
by generating more active precatalysts,®? but in this particular application even the addition of 1

equivalent of PhCN proved deleterious in most cases (Table S7).

Ni(COD),, dpppe

= DABCO
solvent, 100 °C
oTf 24 hr

Entry Solvent Yield?
1 dioxane ! 70%
2 THF . 69%
3 DME | 76%
4 diglyme | 73%
5 toluene | 53%
6 MeCN ! 6%
7 DMF '+ 21%

Table 2.7 Solvent screening. 2Yield determined by GC using dodecane as an internal
standard. Ni(COD), (10 mol%), L (12 mol%), DABCO (3 equiv.), dioxane (0.15 M), 100 °
C, 24 hr.

2.12 Temperature Screening

We next tested the effect of the reaction temperature. The cascade proceeded smoothly at
temperatures in the 23-100 °C range with 2-9% variation in yield. Increasing the temperature
beyond 120 °C proceeded with not only a moderate 13% drop in yield, but also with increased
amounts of observed isomerization. Surprisingly, the cascade even proceeded at 0 °C, though a
prolonged 48 hr reaction time was required to ensure complete conversion. This result is

noteworthy in part because Heck reactions run below 23 °C are quite rare.®] Even more remarkable
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is the fact that the suppression of Ni-H isomerization and Ni° regeneration proceed so smoothly

despite its usual recalcitrance.

Ni(COD),, dpppe

Pz DABCO
DME, T (°C)
oTf 24 hr
82 83
Entry T (°C) Conversion? Yield?
1 ! 0 ! 100% ! 68%°
2 .23 1 100% @ T74%
3 40 | 100% | 68%
4 60 ! 100% | 68%
5 | 80 1 100% | 67%
6 | 100 ! 100% | 76%
7 0 120 100% 63%

Table 2.8 Temperature screening. 2Yield determined by GC using dodecane as an
internal standard.’Reaction run for 48 hr Ni(COD), (10 mol%), dpppe (12 mol%),
DABCO (3 equiv.), DME (0.15 M), T (°C), 24 hr.

2.13 Catalyst Screening

While the screening of the catalyst source is usually a key component of the optimization
of transition metal catalyzed reactions because our conditions require a Ni° source for initiation to
occur, our options for Ni sources were relatively limited. Traditionally, Ni(COD).is the Ni° source
of choicel™ as it often exhibits the highest reactivity of the handful of Ni° sources readily available,
as was the case in this study. As Ni(COD); is air, moisture, and temperature sensitive, much Ni°
catalysis has long been confined to the glovebox. In more recent years, however, considerable
effort has been put into generating a bevy of new bench-stable Ni® precatalysts.[>*° Many of
these are Ni'" species that undergo a reduction to Ni® via thermal or chemical activation, which
can add complications to an already sensitive reaction. For example, both the Jamison®®! and
Doylel®! precatalysts contain a chloride ligand, which means that activation via the thermal

method would likely render our cationic pathway non-feasible due to the presence of an X type
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ligand. Further, as a result of the reduction mechanism, the maximum theoretical yield of Ni°is
50% of the Ni''. The Jamison group addressed this by utilizing an intramolecular Heck reaction to
generate a Ni-H species that is subsequently deprotonated, but the synthesis of these precatalysts
begins to become somewhat tedious.® This is especially true considering each ligand trial
requires the synthesis of a different precatalyst. Recently though, both the Cornella group®”! and
the Engle group® reported novel bench-stable Ni° sources, Ni(Fstb)s and Ni(COD)(DQ)

respectively. We were very excited by these reports as it meant our Ni° catalysis may no longer

Ni(0), dpppe
= DABCO
DME, 100 (°C)
OTf 24 hr

82 83
Entry Ni Source Conversion? Yield?
1 Ni(COD), | 100% L 76%
2 Ni(PPhs), ' 100% |  70%
3 Ni(Fstb), ‘ 100% L 63%
4 Ni(Fstb); | 91% L 4T%P
5 | NiCOD)YDQ) | 100% |  64%
6 | NicoD)DQ) | 0% L o%P

Table 2.9 Ni source screening. 2Yield determined by GC using dodecane as an
internal standard.’Reaction setup outside the glovebox Ni(0) (10 mol%), dpppe (12
mol%), DABCO (3 equiv.), DME (0.15 M), 100 °C, 24 hr.

require a glovebox. Both Ni(Fstb)s and Ni(COD)(DQ) proved to be comparably competent in the
reaction, albeit giving slightly lower yields than Ni(COD).. Excitingly, Ni("stb)s gave a 47% yield
when run using standard Schlenk techniques, showing the feasibility of work outside the glovebox.
However, Ni(COD)(DQ) gave no reaction whatsoever, despite numerous attempts with
increasingly stringent technique. In every attempt, the reaction started as a dark-red solution,
visually identical to the reaction setup in the glovebox; however, after an hour of heating, the
reaction was completely clear and colorless indicating the Ni° species was no longer present. Even

upon extended heating, no reaction was observed. Given the comparable reactivity in the
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glovebox, we suspect the issue arises from the different spectator ligands, which in the

Ni(COD)(DQ) case apparently leads to a substantially more sensitive (dpppe)Ni° species.
2.14 Leaving Group Screening

The final variable to consider was the identity of the leaving group on the aryl ring. Both
aryl chloride 88 and bromide 89 in the presence of TESOTf,[?®] which acts as a halide scavenger,
gave 83 in moderate yields, but of similar purity to what was observed with 82. The efficacy of

the aryl chloride is a good example of how Ni excels at oxidative addition.!! It should be noted

Ni(COD),, dpppe
= DABCO -
DME, 100 (°C)
X

24 hr

83
Compound X TESOTf (equiv.) Yield?
82 oTf 0 - 76%
88 cl 2 | 54%
89 Br | 2 L 49%
90 [ 2 I 12%
91 OTs 0 . 30%
92 OMs | 0 | 20%
93 ONf 0 " 76%

Table 2.10 Leaving group screening. @Yield determined by GC using dodecane as
an internal standard. Ni(COD), (10 mol%), dpppe (12 mol%), DABCO (3 equiv.),
DME (0.15 M), 100 (°C), 24 hr.

that attempts to utilize aryl halides in the absence of a halide scavenger yielded little to no
conversion and no product formation, indicating the importance of the cationic pathway to our
conditions. However, attempts to use less active partners such as aryl ethers or pivalates proved
unsuccessful, which is not entirely surprising as these partners generally require higher
temperatures.®® For sulfonates, only the nonaflate gave comparable yield to the triflate with

mesylates and tosylates performing poorly.

128



2.15 Comparison to Literature Conditions

With our optimized conditions in hand, we wanted to see how they would fare compared
to both the Pd-Heck®%! as well as literature reported conditions?%:2226:5962631 for the Ni-Heck
reaction. Pleasingly, our Ni conditions compare favorably to Overman’s Pd conditions, giving 83

in comparable yield and purity. Furthermore, our conditions compared even more favorably to

Metal, L
Base, Additive
OTf Solvent, T (°C)
82 83

Entry Metal Ligand Base Additive Solvent T (°C) Conversion? Yield
1 Ni(COD), ! dpppe : DABCO : : DME : 23 : 100% : 76%"
2 Pd(OAc), | PPh; | Ag,CO; ! ! MeCN | 23 | 100% | 80%P°
3 Ni(COD), | Triphos | TMP | | toluene | 110 | 52% | 13%°
4 Ni(COD), | DPPF | K3PO, | | toluene | 125 | 69% | 7%?2
5 Ni(cOD), | DPPF | Cy,NMe | dioxane | 100 |  63% | 9%
6 Ni(COD), | d(Cyp)pb | DABCO ! | toluene | 60 | 16% | 11%*2
7 Ni(COD), | DPEPhos| KOfBu | | toluene | 80 | 100% | 4%3
8 | NiCly(PnBug), | | Na,COy | Mn | DMF | 60 |  28% |  7%?

Table 2.11 Comparison of our conditions to literature reported Pd- and Ni-Heck conditions. ?determined by GC using
dodecane as an internal standard Pisolated yields °Arl was used instead of ArOTH.

literature reported base-mediated Ni-Heck conditions (Table 2.11 Entry 3-7). In all cases the yields
of the previously reported conditions were below 15%, and all except for Jamison’s conditions
(entry 6) exhibited high degrees of isomerization. Reducing metal conditionsi?? also proved
completely ineffective with the triflate 82 with poor yield and conversion. These results and the
results of our optimization efforts illustrate both the power of our conditions as well as the

sensitivity and challenge of Ni-Heck cascades.
2.16 Testing the Limit of Olefin Isomerization Suppression

To further probe how effective our conditions were at preventing Ni-H isomerization, we

utilized an allyl containing substrate 94 based on the isomerization of a similar substrate observed
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by the Skrydstrup group.?194 is a particularly challenging substrate upon which to suppress olefin
isomerization as the Ni-H should be readily able to insert into the unhindered terminal olefin. The
availability of this reactive site, coupled with the significant thermodynamic drive for the

formation of the conjugated disubstituted styrene, account for the ready isomerization of the olefin.

AN ~ Ni(COD),, dpppe X =
DABCO +
OTf

DME, T (°C)
94 95 96

Entry T (°C) Yield® 95:96 t (hr)
1 100 93% >1:20 4
2 23 97% 61 24
3 0  96% 20:1 48

Table 2.12 Testing our conditions ability to suppress Ni-H mediated isomerization:? isolated yields; Ni(COD), (10 mol%),
dpppe (12 mol%), DABCO (3 equiv.), DME (0.15 M).

We ran our first experiment at 100 °C to mimic the conditions of the Skrydstrup case, and while
the cyclization was highly efficient, so was the isomerization giving the styrene 96 in a >20:1 ratio.
Pleasingly, running the reaction at 23 °C maintained the yield, and now gave allyl 95 as the major
product in a 6:1 ratio. Further reducing the reaction temperature to 0 “C almost completely
suppressed the isomerization, albeit with a prolonged reaction time. It is intriguing to note that our
conditions can readily suppress the isomerization of the 1,1-disubstituted olefin in 96 even at 100
°C, but 95’s allyl group is so sensitive to the Ni-H that even 23 °C is insufficient to completely
suppress it. The complete reversal of selectivity caused by the tuning of one variable deftly
demonstrates the complexity of these cascades and the difficulty of balancing the competing

pathways.
2.17 Cascade Scalability

As a final test of the robustness of our conditions, we wanted to see how the cascade of 82

would perform at larger scales. Pleasingly, at a 10 mmol scale the reaction provided the best yield
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for the cascade observed so far at an excellent 87%, with identical purity to that observed at the

0.1 mmol scale.

Ni(COD),, dpppe

= DABCO
DME, 23 °C
oTf 4 hr, 87%
82 83

Scheme 2.15 Scale up of optimized intramolecular Ni-Heck cascade. Ni(COD), (10
mol%), dpppe (12 mol%), DABCO (3 equiv.), DME (0.15 M), 23 °C, 4 hr, 87%.

2.18 Mechanistic Probing

As mentioned previously, mechanisms in Ni catalysis can be notoriously difficult to discern
due to Ni’s ability to undergo a variety of 1e pathways. However, we suspected that the reaction
was likely proceeding via a Ni%Ni'" cycle similar to that invoked for the classical Pd-Heck. Our
screening attempts indicate that the catalyst regeneration likely proceeds via deprotonation given

the importance of the choice of base and the fact that X type ligands, which would force the

Ni(COD),
Ligand, DABCO
= Additive
DME, 100 °C
OTf go 24 hr 83
Entry Ligand Additive Equiv. Conversion? Yield?
1 DPEphos  nBuy/NOAc 0.2 42% 4%
2 dpppe TEMPO 1 10% 0%
3 dpppe Galvinoxyl 1 3% 0%
4 dpppe BHT 1 100% 76%
5 dpppe DHA 1 100% 68%
6 dpppe DPE 1 100% 65%

Table 2.13 Probing the Ni-Heck cascade mechanism: ?determined by GC using dodecane as
an internal standard; Ni(COD);, (10 mol%), L (12 mol%), additive (0.2-1.0 equiv.), DME (0.15 M),
100 °C, 24 hr.

reaction to proceed via the neutral mechanism, lead to substantially more isomerization occurring.
However, the cyclizations could be occurring via a radical pathway due to Ni-C homolytic

cleavage, which is known to occur readily.”! As such, we wanted to test for the presence of any
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radical intermediates or character in the reaction. We conduct our standard cascade in the presence
of a variety of radical traps namely TEMPO, galvinoxyl free radical, butylated hydroxy toluene
(BHT), 9,10-dihydroanthracene (DHA), and 1,1-diphenylethylene (DPE). Both TEMPO and
galvinoxyl completely shut down the reaction, with no product formation observed and almost no
conversion of starting material. However, no TEMPO adducts were detected on TLC, NMR, or
MS suggesting that a C centered radical was not trapped in the reaction. Instead, we propose that
the electron rich Ni° species either formed a complex with the TEMPOI®4 and galvinoxyl or
underwent a 1e” pathway to yield an unreactive Ni' species. Additionally, the H* donors BHT and
DHA had no effect on the reaction and the radical acceptor DPE behaved similarly. These
collective finding seem to suggest that the reaction does not proceed via radical intermediates, or
at least long-lived radical intermediates. While this agrees with our proposed Ni%/Ni'" cycle, more

in depth studies are required to conclusively prove the exact mechanism.
2.19 Aryl Triflate Substrate Scope

Next, our attention turned to examine the substrate scope of the Ni-Heck cascade. Many
of the substrates we chose are pulled from or inspired by the Pd-Heck literature. Beyond easing
the design portion of the project, this cohort was chosen to see how Ni performs in a variety of
different cascade variants with readily available benchmarks for comparison. Further, in the event
that Ni’s distinct chemical properties might lead to complementary reactivity to the Pd-Heck, the

comparisons would allow us to quickly identify and pursue those directions.

To start, the range of ring sizes that could be easily accessed was explored. We were able
to access the 5,6-spirocycle 98 in good yield, albeit slightly lower than that reported by Overman.

Attempts to extend the scope and access 5,7-spirocycle 100 were unsuccessful as competing
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pathways such as a [6-endo-trig] cyclization leading to dihydronapthalene 101 and complex

product mixtures. While disappointing, this result provides another concise illustration of how

Ni(COD),
dpppe, DABCO
DME, 80 °C, 12 hr
98

70% (85%°2)

Ni(COD),
@M dpppe, DABCO
+
OTf DME, 100 °C, 12 hr B

100

Ni(COD),

N dpppe, DABCO
DME, 80 °C, 12 hr
OTf

72% (86%?)

102

103
Ni(COD)
\ 2
dpppe, DABCO
oTf DME, 23 °C, 12 hr
78% 5:1 dr
104 105

Scheme 2.16 Scope of spirocyclic ring formation from ArOTf: (XX%) are from corresponding literature examples; Arl used instead of
ArOTf; Ni(COD), (10 mol%), dpppe (12 mol%), DABCO (3 equiv.), DME (0.15 M).

these cascade intermediates exist in an equilibrium. Even if one pathway in the initial step is
energetically preferable a sufficiently unfavorable downstream barrier can lead to reversal of
observed selectivity at the earlier step. Pleasingly, we were able to access the 6,5-spirocycle 103
in good yield. Attempts to access 6,6 and higher spirocycles yielded similar complex mixtures to
what was observed with 99. The cascade could be extended to a tricyclization to give 5,5,5-
spirocycle 105 in 78% yield and a 5:1 dr. The dr is notable as tricyclizations with Pd proceed with

a 1:1 dr.[6%
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Beyond spirocycles, fused ring systems are also products of interest. When triflate 106
was utilized we accessed a 3:1 mixture of diene 107 and tricycle 108, which shows a modest

increase in selectivity compared to the Pd example®-] which gave 107 and 108 in a 1.5:1 ratio.

Ni(COD),
dpppe DABCO
OTf DME, 23°C, 12 hr
72% 107:108 3:1

(87%2, 107:108 1.5:1)

Ni(COD),
dpppe DABCO
DME, 80 °C, 12 hr

76%, 1.7:1 dr
(85%%, 1.3:1dr)

Scheme 2.17 Scope of fused ring formation. (XX%) are from correspondlng literature examples. ®Arl used instead
of ArOTf.

We attributed the stronger preference for 197 to the increased steric discrimination of the Ni
speciest>*® relative to Pd, which leads the less demanding monosubstituted olefin to be the favored
coupling partner. By using the related triflate 109 the homologation prevented any 7-membered
ring formation from occurring and the desired 6,5-fused product 110 was formed in a good 76%

yield in a 1.7:1 dr.[6]
2.20 Vinyl Triflate Scope

Vinyl triflate 111 proved to be an excellent substrate giving the desired 5,5-spirocycle 112
in a 90% yield in >20:1 d.r., a marked improvement in yield from analogous Pd results.[®% Triflate
113 which arises from a 1,3-diketone was also an effective substrate giving the desired spirocycle
114 in good yield with only a trace amount of a dienone arising from an initial 6-endo-trig
cyclization as was observed with Pd.[%% Cycloheptanone derived vinyl triflate 115 gave the desired
vinyl cyclopropane 116 in a moderate yield, but without any alkene isomerization observed. The

lack of isomerization is especially notable as in the literature report with Pd,’®"! the product was
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isolated as a 1:1 mixture of 116 and alkene isomers 117. Even though a triflate was already being
used, a full equivalent of the highly toxic TINOs3, usually used as a halide scavenger, was required

to suppress Pd-H isomerization, which highlights the challenge isomerization poses even for Pd.

1) Ni(COD),
<\ = dpppe, DABCO
O
DME, 80 °C, 12 hr
oTf 90% >20:1 dr
111 (85% 21:1 dr)
fe) Ni(COD),
_ dpppe, DABCO _ [e)
DME, 23°C, 12 hr
OTf 79% (90%)
113 114
TfO Ni(COD),
dpppe, DABCO
CO,Me 1COo,Me  +

DME, 80 °C, 12 hr

58%, 116:117 1:0

15 (70%, 116:117 1:1;
76%*2, 116:117 1:0)

Scheme 2.18 Scope of vinyl triflate substrates. (XX%) are from corresponding literature examples.?1 equiv. of
TI(NO3)3 used.

116

2.21 Applications in Total Synthesis

Having shown the efficacy of our conditions in a variety of Heck cascades, we wondered

how Ni would fare on more challenging substrates from the natural product literature. Our first

substrate was from the Keay group’s synthesis of (+)-xestoquinone, where they used triflate

Pd(dba),
S-BINAP, PMP

toluene, 110 °C
22 h, 82%, 68% ee

Pd(dba),
R-Difluorophos,PMP

=
// toluene, 100 °C
0 N 48 h, 76%, 94% ee

120

121
Scheme 2.19 A) Keay's Pd-Heck cascade for the synthesis of xestoquinone and B) later model studies
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120 as a model system for their key step.[®®® Our standard conditions suffered from poor
conversion and gave a low yield of 121, as well as reduction and dimerization products. A brief
screening of conditions (full details in experimental) led us to adapt our conditions to emulate
those Keay reported®® previously which effectively suppressed the competing pathways. The key
changes being running the reaction under uW conditions, which drastically shortened reaction

times, and at low concentrations (0.05 M) to favor intramolecular pathways and avoid biphenyl

oTf O
Ni(COD),
= (S,S)-chiraphos, DABCO
0 / DME

100 °C, uW, 0.5 hr
82%, 39% ee
120 121
Scheme 2.20 Optimized conditions for Ni-Heck cascade of Keay's model system.
Ni(COD), (10 mol%, (S,S)-chiraphos (12 mol%), DABCO (3 equiv.) DME (0.05 M), 100 °
C, uW, 0.5 hr, 82%, 39% ee.

formation. In order to render the reaction enantioselective, we screened a variety of chiral bidentate
phosphine ligands (full details in experimental) and were able to access the desired tetracycle 121
in an 82% yield with 39% ee using (S,S)-chiraphos. While the ee was only modest, it should be
noted that this is a particularly challenging cascade to render enantioselective with the Keay group

publishing numerous studies on the subject.

Our next target is indenone 124 from the Sarpong group’s synthesis of pauciflorol F.[’]
While the reaction is not technically a Heck cascade, rather a Larock annulation, it proceeds by
the overall same mechanism. Further, the Kong group’s recent report has a related Ni-cascade that
yields indanones 126 and 127 via a hydrogen borrowing mechanism, which would provide our
first Ni comparison. The Larock annulation of triflate 128 and alkyne 123 proceeded cleanly under
our standard conditions, giving 124 and 125 in a combined modest 46%, but in a 3:1 rr favoring

the desired 124. DPEPhos proved to be a superior ligand to dpppe giving the desired indenone 124
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e Sarpong (2009) OMe

O OMe
Pd(OAc) 1o
C
NaOAc n- Bu4NCI OQ O OMe OQ O
DMF, 100 °C OMe OMe
OMe 17 h, 81% O
MeO 124:125 1:1 OMe
MeO
125 OMe

122 123 OMe
« Kong (2021) OMe

MeO
Ni(OAc),*4H,0
dppe, Zn
NMP:HFIP, 120 °C
47%, 126:127 1:1

OMe MeO

122 123 OMe

Scheme 2.21 Previous Heck cascade syntheses of pauciflorol F.

in an improved 78% yield and a comparable 2.9:1 rr. The rr is a considerable improvement to the
1:1 ratio reported by both Sarpong!™ and the Kong group.*8! As the Kong group also used Ni,
we suspect the improvement is not arising from the use of Ni, but rather the triflate. The cationic
pathway is well known to improve regioselectivity in the Pd-Heck reaction of electron rich olefins
and is likely playing a similar role in this instance.[®™ The efficacy of the reaction is also of note

based on Ni’s previously reported!?® reticence to react with sterically encumbered aryl sulfonates.
OMe

(0] 0 OMe
MeO MeO
TN o R ey
L, DABCO A
DME, 100 °C OMe OMe OMe
OMe
MeO L %yield 124:125 OMe
24 125OMe

: MeO
dpppe 46% 3:1
128 123 OMe poepnos 78%  2.9:1

Scheme 2.22 Synthesis of 124 using our condtiions:128 (1 equiv.), 123 (2 equiv.), Ni(COD), (10 mol%), L (12 mol%), DABCO (3 equiv.), DME (0.15
M), 100 °C, 12 hr, 78%, 124:125 2.9:1.

Moving onto vinyl triflate substrates, we decided to attempt the cascade from our group’s

synthesis of presilphiperfolanol.l’2 Unfortunately, triflate 129 gave none of the desired tricycle
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130 instead giving a mixture in which triene 131 was the major component. Screening of several

phosphine ligands gave no improvement. The exact issue preventing the cascade from succeeding

- Snyder (2017)

Pd(OAc), EtsN
DPEPhos
H OTf \_ foluene, 90 °C
78%

single diastereomer R
129 130

« This work
Ni(COD),
L, DABCO
[ 2
H
OTf X DME, 100 °C L H A
129 130 131

L = dpppe, BINAP, DPEPhos, Xantphos, DPPF major observed product

Scheme 2.23 Attempted Ni-Heck cascade of 131: Ni(COD), (10 mol%), L (12 mol%), DABCO (3
equiv.), DME (0.15 M), 100 °C, 12 hr.

remains unclear to us. Oxidative addition was evidently proceeding smoothly given the lack of
signals in the **F NMR of the crude material. As such either one of the subsequent migratory
insertion steps or the terminating B-hydride elimination is too challenging for Ni to accomplish.
Further attempts to achieve the cascade were unsuccessful and it remains a limitation of the

method.

To conclude our studies, we returned to our retigeranic acid A cascade. As the reader will
recall, our hypothesis had been that Ni’s ability to undergo migratory insertion more facilely and
its slower B-hydride elimination might allow us to finally achieve our desired [6-exo-dig]
cyclization. In our first attempt with the TMS-alkyne 132 and our standard conditions, we were
somewhat surprised to observe no reaction whatsoever with only unreacted starting material being
observed. After double checking the quality of our reagents, we resubjected 132 to the reaction
and observed the same result. Attempting the reaction with a bevy of phosphine ligands, higher

temperatures, or with the ynoate substrate 133 yielded no changes. The apparent inability of the
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Ni species to undergo oxidative addition into is particularly striking given that the cascade with
115 proceeds smoothy. Even though 129 did not undergo the cascade, the oxidative addition was

successful on a substrate that is arguably as or even more hindered than 132 and 133.

Pd(OAc),
L, EtsN

toluene, 90 °C

“'CO,Me

> 132R=TMS
133 R = CO,Me

Ni(COD),
L, DABCO

DME, 100 °C

//'COMe éo g
1 132R=TMS 2vie
133 R = CO,Me 134

Scheme 2.24 Attempted Ni-Heck cascade towards retigeranic acid A

2.22 Conclusion

This chapter presents our group’s more recent contribution to the Heck literature and our
first foray into Ni catalysis. By successfully identifying the key issue for base-mediated Ni-Heck
cascades as Ni’s reluctance to undergo reductive elimination, we were able to develop a set of
general conditions for both aryl and vinyl triflates that promote reductive elimination and thus
effectively suppress Ni-H mediated isomerization. With these conditions, we were able to show
the Ni can perform a wide variety of different Heck cascades often in comparable and in some
cases superior yields or selectivities to Pd. The challenges posed by 129, 132, and 133 show that
significant work remains in order to expand the scope of the Ni-Heck to match its cousin’s

advanced state of development. Further, these studies set the stage for our subsequent work with
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Ni where we made some of the most intriguing and exciting discoveries of my graduate career as

will be discussed in the next chapter.
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2.24 Experimental Section

General Information All reactions outside of the glovebox were carried out under a nitrogen
atmosphere with dry solvents under anhydrous conditions using standard Schlenk technique,
unless otherwise noted. All glove box reactions were carried out under a nitrogen atmosphere with
dry solvents degassed by freeze-pump-thaw and stored in sealed Schlenk flasks over 4 A molecular
sieves. Dry tetrahydrofuran (THF), toluene, diethyl ether (Et.O) dichloromethane (CH2Cl), and
acetonitrile (CH3CN) were obtained by passing commercially available pre-dried, oxygen-free
formulations through activated alumina columns. Dry dimethoxyethane (DME) and 1,4-dioxane
were prepared by distillation from Na/benzophenone. Reagents were purchased at the highest
commercial quality and used without further purification, unless otherwise stated. 1,4-
diazabicyclo[2.2.2]octane (DABCO), quinuclidine, urotropine, imidazole, triazabicyclodecene
(TBD), and 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MeTBD) were purified via
sublimation. 1,8-diazobicyclo[5.4.0Jundec-7-ene (DBU), EtsN, and i-ProNEt were distilled from
CaHz. Ni(COD); and 1,5-bis(diphenylphosphine)pentane (dpppe) were purchased from Strem.
Yields refer to chromatographically and spectroscopically (*H and *C NMR) homogeneous
materials, unless otherwise stated. Reactions were magnetically stirred and monitored by thin-
layer chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) using
UV light as visualizing agent, and an ethanolic solution of phosphomolybdic acid and cerium
sulfate or a solution of KMnOs in ag. NaHCO3 and heat as developing agents. SiliCycle silica gel
(60, academic grade, particle size 0.040-0.063 mm) was used for flash column chromatography.
Preparative thin-layer chromatography separations were carried out on 0.50 mm E. Merck silica
gel plates (60F-254). NMR spectra were recorded on Bruker 500 MHz or 400 MHz instruments

and calibrated using residual undeuterated solvent as an internal reference. The following
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abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet,
br = broad, app = apparent. IR spectra were recorded on a Perkin-Elmer 1000 series FT-IR
spectrometer. High-resolution mass spectra (HRMS) were recorded on Agilent 6244 Tof-MS
using ESI (Electrospray lonization). All ee measurements were determined by HPLC on Daicel

Chiralcel or Chiralpak columns.

Synthesis of Triflate 82

AlMes Mg, I OH

OH o) o)
0 MeONHMeeHCI _ _OMe __4-bromobutene _—
CH,Cl,, 0 °C N THF, 0 °C to 23 °C
137 138 Me 91% over 2 steps 139

PPh3MeBrJTHF, 0°C

KOtBu|91%

oTf Tf,0, DMAP é/\)]\/\/
©/\)‘\/\/ EtsN =
CH,Cly, 0 °C
82 140

97%

General Procedure A: Weinreb amide 138

To a flask was added MeONHMe*HCI1 (9.75 g, 100 mmol, 2.5 equiv.) followed by CHCl>
(80 mL) and the resultant suspension was cooled to 0 °C. An exit needle was placed in the septa
and then AlMez (50.0 mL, 2.0 M in hexanes, 2.5 equiv.) was added dropwise over the course of
10 min (Warning: substantial gas evolution was observed!). Once the addition was complete, the
exit needle was removed, and the now colorless solution was stirred at 0 °C for 1 h.
Dihydrocoumarin 137 (5.06 mL, 40.0 mmol, 1.0 equiv.) was then added dropwise over the course
of 5 min and the resultant colorless solution was stirred at 0 °C until full conversion was observed
via TLC (silica gel, hexanes/EtOAc, 1.5:1). The reaction contents were then quenched carefully
by the addition of saturated aqgueous NaHCO3 (100 mL) and diluted with deionized H>O (100 mL).

The resultant layers were separated, and the aqueous layer was extracted with CH2Cl> (3 x 150
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mL). The combined organic layers were then dried (Na2SOs), filtered, and concentrated to yield

Weinreb amide 138 as a colorless oil that was taken forward without any further purification.
General Procedure B: Ketone 139

To a 3-neck flask fitted with a reflux condenser was added Mg turnings (5.44 g, 224 mmol,
5.6 equiv.) that were then activated by the addition of a single crystal of I.. THF (160 mL) was
added followed by 4-bromobutene (16.2 mL, 160 mmol, 4.0 equiv.) to yield a grey-brown solution
of the Grignard reagent that was stirred for 1 h at 23 °C. To a separate flask was added crude
Weinreb amide 138 and THF (40 mL) to give a colorless solution that was cooled to 0 °C. The
solution of Grignard reagent was then transferred via cannula into the solution of 138 and the
resultant brown solution was allowed to warm slowly to 23 °C overnight. The reaction was then
quenched by the addition of saturated aqueous NH4Cl (150 mL) and diluted with Et.O (100 mL).
The resultant layers were separated, and the aqueous layer was extracted with Et2O (3 x 100 mL).
The combined organic layers were then dried (MgSOs), filtered, and concentrated. The resultant
residue was purified via flash column chromatography (silica gel, hexanes/EtOAc, 9:1) to yield
ketone 139 (7.40 g, 91% vyield) as a colorless oil which existed as a 4:1 mixture of the ketone and
hemiketal forms based on NMR analysis. 139: R = 0.22 (silica gel, hexanes/EtOAc, 6:1); IR
(film) vimax 3391 (bs), 3076, 2931, 1699, 1641 cm*; *H NMR (400 MHz, CDCl3) § 7.60 (t, J = 1.2
Hz, 1 H), 7.16-6.99 (m, 2.4 H), 6.92-6.78 (m, 2.4 H), 5.92 (ddt, J = 16.8, 10.2, 6.6 Hz, 0.2 H),
5.75 (ddt, J = 16.8, 10.2, 6.5 Hz, 1 H), 5.17-5.08 (m, 0.2 H), 5.07-4.90 (m, 2.2 H), 3.10-2.96 (m,
0.2 H), 2.94-2.78 (m, 4 H), 2.70 (ddd, J = 16.6, 5.7, 3.0 Hz, 0.50 H), 2.52 (t, J = 7.4 Hz, 2 H), 2.32
(dgt, J = 8.8, 7.4, 1.5 Hz, 2.40 H), 2.05 (ddd, J = 13.3, 6.1, 2.9 Hz, 0.20 H), 2.01-1.91 (m, 0.40
H), 1.89-1.78 (m, 0.2 H); 1*C NMR (101 MHz, CDCl3) § 213.23, 154.46, 152.61, 138.38, 136.68,

130.59, 129.30, 128.08, 127.73, 127.41, 121.98, 120.80, 120.76, 117.54, 117.15, 115.69, 115.29,
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97.69, 77.36, 44.55, 41.73, 40.46, 29.87, 27.80, 27.75, 23.26, 21.43; HRMS (ESI) calcd for

Ci13HsO2 [M]" 204.1150, found 204.1146.
General Procedure C: Phenol 140

To a flask at 23 °C was added methyl triphenylphosphonium bromide (28.5 g, 79.9 mmol,
2.2 equiv.) followed by THF (50 mL) and the resulting white suspension was cooled to 0 °C.
KOtBu (8.15 g, 72.6 mmol, 2.0 equiv.) was then added portionwise over the course of 5 min to
yield a bright yellow suspension that was stirred for 30 min at 0 °C. Next, a solution of ketone
139 (7.40 g, 36.3 mmol, 1.0 equiv.) in THF (22 mL) was added in one portion to give a orange-
red suspension that was stirred at 0 °C for 1 h until full conversion was observed by TLC (silica
gel, hexanes/EtOAc, 9:1). The reaction contents were then quenched by the addition of saturated
aqueous NH4Cl (100 mL) and diluted with Et2O (50 mL). The layers were then separated and the
aqueous layer was extracted with Et.O (3 x 100 mL). The combined organic layers were dried
(MgSO0.), filtered, and concentrated. The resultant residue was then purified via flash column
chromatography (silica gel, hexanes/EtOAc, 20:1) to give phenol 140 (6.70 g, 91% yield) as a
colorless oil. 140: Rf = 0.18 (silica gel, hexanes/EtOAc, 20:1); IR (film) vmax 3446, 3076, 3033,
2977, 2930, 2856, 1641, 1609 cm; *H NMR (400 MHz, CDCls) § 7.17-7.05 (m, 2 H), 6.89 (td,
J=75,12Hz 1H),6.76 (dd, J = 8.0, 1.2 Hz, 1 H), 5.85 (ddt, J = 16.8, 10.2, 6.2 Hz, 1 H), 5.05
(dg, J=17.1, 1.6 Hz, 1 H), 4.98 (ddt, J = 10.1, 2.2, 1.2 Hz, 1 H), 4.82 (dd, J = 11.1, 1.6 Hz, 2 H),
4.74 (s, 1 H), 2.81-2.70 (m, 2 H), 2.34 (ddd, J = 9.4, 5.9, 1.3 Hz, 2 H), 2.30-2.13 (m, 4 H); 13C
NMR (101 MHz, CDCls) & 153.52, 149.13, 138.61, 130.28, 128.32, 127.34, 121.02, 115.40,
114.71, 109.68, 36.19, 35.77, 32.14, 28.84; HRMS (ESI) calcd for C14sH190 [M+H]" 203.1430,

found 203.1424.
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General Procedure D: Triflate 82

Phenol 140 (3.03 g, 15.0 mmol, 1.0 equiv.) was taken up into a syringe then transferred to
a flask with CH2Cl> (20 mL + 10 mL wash, 30 mL total) followed by 4-DMAP (0.366 g, 1.50
mmol, 0.1 equiv.) and EtsN (4.20 mL, 30.0 mmol, 2.0 equiv.) at 23 °C. The resultant colorless
solution was cooled to 0 °C and then Tf,O (3.80 mL, 22.5 mmol, 1.5 equiv.) was added dropwise
over the course of 5 min, yielding a dark red solution. Upon consumption of the starting material
as determined by TLC (silica gel, hexanes/EtOAc, 9:1), the reaction was diluted with deionized
H20 (50 mL) then the layers were separated. The aqueous layer was extracted with CH2Cl (3 x
50 mL) then the combined organic layers were dried (MgSOa), filtered, and concentrated. The
resultant residue was purified via flash column chromatography (silica gel, hexanes) to give triflate
82 (4.86 g, 97% yield) as a colorless oil. 82: R = 0.28 (silica gel, hexanes); IR (film) vmax 3079,
2933, 2890, 1644 cm™; 'H NMR (400 MHz, CDCls) & 7.37-7.22 (m, 4 H), 5.83 (ddt, J = 16.8,
10.2, 6.3 Hz, 1 H), 5.04 (dg, J = 17.1, 1.6 Hz, 1 H), 4.97 (ddt, J = 10.1, 2.2, 1.2 Hz, 1 H), 4.79 (dd,
J=6.3, 1.5 Hz, 2 H), 2.90-2.81 (m, 2 H), 2.38-2.29 (M, 2 H), 2.28-2.11 (m, 4 H); 3C NMR (101
MHz, CDCl3) 6 148.15, 147.73, 138.39, 134.92, 131.34, 128.49, 127.99, 123.52, 121.46, 120.34,
117.16, 114.82, 113.98, 110.40, 77.36, 36.34, 35.44, 32.12, 28.75.; °F NMR (376 MHz, CDCls)

8 -73.94.; HRMS (ESI) calcd for C1sH18F303S [M+H]* 335.0923, found 335.0917.

Synthesis of Tosylate 91

OH TsCl, Et3N OTs
= DMAP =
@/\)}\/\/ —CHQC|2, 0 OC’ ©/\)}\/\/
140 85% 91
Phenol 140 (0.101 g, 0.500 mmol, 1.0 equiv.) was taken up into a syringe then transferred

to a flask with CH2Cl> (1.5 mL + 1 mL wash, 2.5 mL total) followed by 4-DMAP (6.1 mg, 0.050
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mmol, 0.1 equiv.) and EtzN (0.140 mL, 1.00 mmol, 2.0 equiv.) at 23 °C. The colorless solution
was cooled to 0 °C then p-TsCl (0.142 g, 0.750 mmol, 1.5 equiv.) was added to give a colorless
solution that was allowed to stir at 0 °C. Upon consumption of starting material as determined by
TLC (silica gel, hexanes/EtOAc, 9:1; typically 1 hr), the reaction contents were diluted with
deionized H,O (5 mL) and the layers were separated. The aqueous layer was then extracted with
CHxCI> (3 x 5 mL) then the combined organic layers were dried (MgSOg), filtered, and
concentrated. The resultant residue was purified via flash column chromatography (silica gel,
hexanes:Et20, 9:1) to give tosylate 91 (0.151 g, 85% yield) as a colorless oil. 91: Rf = 0.19 (silica
gel, hexanes:Et,0, 9:1); IR (film) vmax 3076, 2977, 2926, 1652, 1598 cm™*; 'H NMR (400 MHz,
CDCl3) § 7.80-7.72 (m, 2 H), 7.36-7.28 (m, 2 H), 7.22-7.10 (m, 3 H), 7.11-7.03 (m, 1 H), 5.81
(ddt, J = 16.8, 10.2, 6.5 Hz, 1 H), 5.08-5.00 (m, 1 H), 4.97 (ddt, J = 10.1, 2.2, 1.2 Hz, 1 H), 4.73
(d, J = 1.6 Hz, 1 H), 4.69-4.64 (m, 1 H), 2.60-2.51 (m, 2 H), 2.46 (s, 3 H), 2.24-2.13 (m, 4 H),
2.08 (dd, J = 9.1, 5.9 Hz, 2 H); 3C NMR (101 MHz, CDCls) § 148.32, 148.15, 145.44, 138.53,
135.43, 133.44, 130.60, 129.97, 128.50, 127.25, 127.16, 122.47, 114.73, 109.75, 77.36, 36.23,
35.54, 32.10, 28.48, 21.87; HRMS (ESI) calcd for C21H2403SNa [M+Na]* 379.1338, found

379.1332.
Synthesis of Mesylate 92
OH OMs
- MsCl, Et;N =
CH,Cl,
140 0°C-23°C 92
84%

Phenol 140 (0.101 g, 0.500 mmol, 1.0 equiv.) was taken up into a syringe then transferred
to a flask with CH2Cl> (1.5 mL + 1.0 mL, 2.5 mL total) followed by EtsN (0.140 mL, 1.00 mmol,

2.0 equiv.) at 23 °C. The colorless solution was cooled to 0 °C and MsClI (0.060 mL, 0.750 mmol,

152



1.5 equiv.) was added, yielding a colorless solution that was then allowed to slowly warm to 23
°C with stirring overnight. Upon consumption of the starting material as determined by TLC
(silica gel, hexanes/EtOAc, 9:1), the reaction was diluted with deionized H2O (5 mL) and then the
layers were separated. The aqueous layer was extracted with CH2Cl2 (3 x 5 mL) and the combined
organic layers were dried (MgSOQa), filtered, and concentrated. The resultant residue was purified
via flash column chromatography (silica gel, hexanes:Et,0, 9:1) to give mesylate 92 (0.117 g, 84%
yield) as a pale yellow oil. 92: Rf=0.24 (silica gel, hexanes:Et20, 9:1); IR (film) vmax 3076, 3031,
2977, 2936, 1642 cmY; 'H NMR (400 MHz, CDCls) § 7.36-7.20 (m, 5 H), 5.83 (ddt, J = 16.8,
10.2, 6.3 Hz, 1 H), 5.04 (dg, J = 17.0, 1.6 Hz, 1 H), 4.97 (ddt, J = 10.2, 2.2, 1.2 Hz, 1 H), 4.82—
4.76 (M, 2 H), 3.21 (s, 3 H), 2.89-2.80 (M, 2 H), 2.38-2.29 (m, 2 H), 2.29-2.12 (m, 4 H); 3C NMR
(101 MHz, CDCls) 6 148.26, 147.56, 138.47, 135.21, 130.96, 127.58, 127.45, 122.15, 114.81,
110.04, 38.45, 36.47, 35.58, 32.12, 28.87; HRMS (ESI) calcd for C15H2103S [M+H]* 281.1206,

found 281.1204.

Synthesis of Nonaflate 93

OH NfF, DIPEA ONf
P DMAP P
©/\)‘\/\/ —>CH2C|2, ©/\)L/\/
140 0°C-23°C 93
70%

Phenol 140 (0.101 g, 0.500 mmol, 1.0 equiv.) was taken up into a syringe then transferred
to a flask with CH>Cl, (0.5 mL + 0.5 mL wash, 1 mL total) followed by 4-DMAP (3.0 mg, 0.025
mmol, 0.05 equiv.) and i-ProNEt (0.11 mL, 0.6 mmol, 1.2 equiv.) at 23 °C. The resultant colorless
solution was then cooled to 0 °C and nonafluorobutanesulfonyl fluoride (0.100 mL, 0.550 mmol,

1.1 equiv.) was added to give a light pink solution that was slowly allowed to warm to 23 °C

overnight with stirring. Upon consumption of starting material as determined by TLC (silica gel,
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hexanes/EtOAc, 9:1), the reaction was diluted with deionized H>O (5 mL) and then the layers were
separated. The aqueous layer was extracted with CH2Cl (3 x 5 mL) and the combined organic
layers were dried (MgSO.), filtered, and concentrated. The resultant residue was purified via flash
column chromatography (silica gel, hexanes) to give nonaflate 93 (0.170 g, 70% yield) as a
colorless oil. 93: Rr = 0.32 (silica gel, hexanes); IR (film) vmax 3080, 2981, 2934, 1644 cm™; H
NMR (400 MHz, CDCls) 6 7.37-7.26 (m, 4 H), 5.83 (ddt, J = 16.8, 10.2, 6.3 Hz, 1 H), 5.04 (dq, J
=17.1, 1.6 Hz, 1 H), 4.97 (ddt, J = 10.2, 2.2, 1.2 Hz, 1 H), 4.79 (dd, J = 5.8, 1.5 Hz, 2 H), 2.91—
2.82 (m, 2 H), 2.34 (dd, J = 9.7, 6.7 Hz, 2 H), 2.28-2.11 (m, 4 H); 3C NMR (101 MHz, CDCls) §
148.26, 147.73, 138.39, 135.03, 131.36, 128.51, 128.02, 121.53, 114.80, 110.38, 36.35, 35.44,
32.11, 28.84; 1°F NMR (376 MHz, CDCls) § —80.60, —~109.75 to —109.88 (m), —~120.74 to —120.85
(m), —125.71 to -125.85 (m); HRMS (ESI) calcd for CigH1sF903S [M+H]" 485.0827, found

485.0825.

Synthesis of Pivaloate 141

OH PivClI, Et;N OPiv
P DMAP =
CH,Cl,, 23 °C
140 88% 141

Phenol 140 (0.101 g, 0.500 mmol, 1.0 equiv.) was taken up into a syringe then transferred
to a flask with CH>Cl> (1.5 mL + 1.0 mL, 2.5 mL total) followed by 4-DMAP (12.2 mg, 0.100
mmol, 0.2 equiv.) and EtsN (0.140 mL, 1.00 mmol, 2 equiv.) at 23 °C. Then PivCI (0.120 mL,
1.00 mmol, 2.0 equiv.) was added to give a colorless solution that was stirred at 23 °C. Upon
consumption of the starting material as determined by TLC (silica gel, hexanes/EtOAc, 9:1;
typically 2 h), the reaction was diluted with deionized H>O (5 mL) and then the layers were

separated. The aqueous layer was extracted with CH2Cl> (3 x 5 mL) and then the combined organic
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layers were dried (MgSOa), filtered, and concentrated. The resultant residue was purified via flash
column chromatography (silica gel, hexanes:Et>0, 49:1) to give pivaloate 142 (0.126 g, 88% yield)
as a colorless oil. 142: Rt =0.24 (silica gel, hexanes:Et20, 49:1); IR (film) vmax 3078, 2976, 2933,
1750, 1643 cm™; *H NMR (400 MHz, CDCl3) § 7.25-7.12 (m, 3 H), 6.97 (dd, J=7.8, 1.5 Hz, 1
H), 5.82 (ddt, J = 16.8, 10.2, 6.3 Hz, 1 H), 5.02 (dg, J = 17.1, 1.7 Hz, 1 H), 4.96 (ddt, J = 10.2, 2.2,
1.2 Hz, 1 H), 4.80-4.75 (m, 2 H), 2.69-2.60 (M, 2 H), 2.30-2.09 (m, 6 H), 1.37 (s, 9 H), 1.27 (s, 2
H); 3C NMR (126 MHz, CDCl3) & 177.17, 149.29, 148.53, 138.46, 134.12, 130.26, 127.19,
126.03, 122.32, 114.76, 109.56, 39.33, 36.59, 35.81, 32.17, 28.80, 27.38, 26.67; HRMS (ESI)

calcd for C19H260Na [M+Na]* 309.1825, found 309.1820.

Synthesis of Anisole 142

OH OMe
P Mel, K2CO3 P
DMF, 23 °C
140 74% 142

Phenol 140 (0.101 g, 0.500 mmol, 1.0 equiv.) was taken up into a syringe then transferred
to a flask with DMF (0.5 mL + 0.5 mL wash, 1 mL total) followed by K>CO3 (0.207 g, 1.50 mmol,
3.0 equiv.) at 23 °C. Then Mel (0.040 mL, 0.550 mmol, 1.1 equiv.) was added, yielding a colorless
solution that was then allowed to stir at 23 °C. Upon consumption of starting material as
determined by TLC (silica gel, hexanes/EtOAc, 9:1; typically 12 h), the reaction contents were
diluted with deionized H2O (5 mL) and Et2O (10 mL) and then the layers were separated. The
aqueous layer was extracted with Et2O (3 x 5 mL) and the combined organic layers were washed
with deionized H20 (10 mL), dried (MgSQa), filtered, and concentrated. The resultant residue was
purified via flash column chromatography (silica gel, hexanes) to give anisole 142 (0.151 g, 85%

yield) as a colorless oil. 142: R¢=0.27 (silica gel, hexanes); IR (film) vmax 3076, 2932, 2834, 1642,
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1601 cm*; *H NMR (400 MHz, CDCls) § 7.23-7.11 (m, 2 H), 6.93-6.81 (m, 2 H), 5.85 (ddt, J =
16.8, 10.3, 6.2 Hz, 1 H), 5.09-4.90 (m, 2 H), 4.89-4.74 (m, 2 H), 3.83 (s, 3 H), 2.79-2.71 (m, 2
H), 2.33-2.13 (m, 6 H); ¥*C NMR (101 MHz, CDCls) & 157.56, 149.36, 138.77, 130.78, 129.81,
127.15, 120.49, 114.58, 110.34, 109.28, 55.36, 36.33, 35.73, 32.18, 31.08, 29.01; HRMS (ESI)

calcd for C15H21:0 [M+H]* 217.1587, found 217.1597.

Synthesis of Carbonate 143

OH OBoc
_~ Boc,O, DMAP P
hexanes, 23 °C
140 90% 143

Phenol 140 (0.101 g, 0.500 mmol, 1.0 equiv.) was taken up into a syringe then transferred
to a flask with hexanes (0.40 mL + 0.31 mL wash, 0.71 mL total) followed by 4-DMAP (3.0 mg,
0.050 mmol, 0.05 equiv.) at 23 °C. Then Boc20 (0.130 g, 0.600 mmol, 1.2 equiv.) was added,
yielding a colorless solution that was allowed to stir at 23 °C. Upon consumption of starting
material as determined by TLC (silica gel, hexanes/EtOAc, 9:1; typically 30 min), the reaction
contents were diluted with deionized H>O (5 mL) and then the layers were separated. The aqueous
layer was extracted with hexanes (3 x 5 mL) and the combined organic layers were dried (MgSOa),
filtered, and concentrated. The resultant residue was purified via flash column chromatography
(silica gel, hexanes/Et.0, 49:1) to give carbonate 143 (0.136 g, 90% yield) as a colorless oil. 143:
R = 0.19 (silica gel, hexanes/Et20, 49:1); IR (film) vmax 3077, 2980, 2933, 1758 cm™*; 'H NMR
(400 MHz, CDCls) § 7.26-7.13 (m, 3 H), 7.09 (dd, J = 7.8, 1.6 Hz, 1 H), 5.83 (ddt, J = 16.8, 10.2,
6.3 Hz, 1 H), 5.09-4.93 (m, 2 H), 4.81-4.75 (m, 2 H), 2.75-2.66 (m, 2 H), 2.33-2.18 (m, 4 H),

2.18-2.11 (m, 2 H), 1.55 (s, 9 H); 3C NMR (101 MHz, CDCl3) § 152.25, 149.38, 148.60, 138.53,
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134.19, 130.29, 127.26, 126.24, 122.25, 114.75, 109.79, 83.46, 36.51, 35.63, 32.15, 28.94, 27.84,

HRMS (ESI), calcd for C19H2603 [M]* 302.1882, no molecular ion was detected.

Synthesis of Triflate 97

AlMe; Mg, I

OH (e}
0 MeONHMeeHCI OMe 5-bromopentene
CH,Cl,, 0 °C THF, 0 °C to 23 °C =
137 138 Me 73% over 2 steps 144

PPhSMeBr\THF, 0°C

KOtBu (70%

Tf,O, DMAP oH

- EtN X

@/\J\/\/\ CHzg‘I&O = W
Ketone 144. Following general procedure A, 137 (0.840 mL, 6.00 mmol, 1.0 equiv.) was
converted into crude Weinreb amide 138. The reaction was worked up as usual and was taken
forward without purification. Following general procedure B, crude Weinreb amide 138 was
reacted with the Grignard reagent from 5-bromopentene to give ketone 144. The reaction was
worked up as usual and then purified by flash column chromatography (silica gel, hexanes/EtOAc,
9:1) to yield ketone 144 (0.956 g, 73% yield over 2 steps) as a colorless oil that existed in a 5:1
ratio of the ketone and hemiketal forms based on NMR analysis. 144: Rs = 0.22 (silica gel,
hexanes/EtOAc, 9:1); IR (film) vmax 3373 (bs), 3076, 3038, 2976, 2932, 1700 cm*; *H NMR (500
MHz, CDCls)  7.68 (s, 1 H), 7.14-7.06 (m, 2.4 H), 7.04 (dd, J = 7.5, 1.7 Hz, 2.4 H), 6.91-6.77
(m, 2.4 H), 5.84 (ddt, J = 16.9, 10.2, 6.6 Hz, 0.2 H), 5.71 (ddt, J = 17.0, 10.2, 6.7 Hz, 1 H), 5.09—
4.87 (m, 2.4 H), 3.02 (ddd, J = 17.5, 12.4, 6.0 Hz, 0.2 H), 2.91-2.77 (m, 4 H), 2.69 (ddd, J = 16.3,
5.8, 2.9 Hz, 0.2 H), 2.49-2.38 (m, 2.2 H), 2.14 (q, J = 7.1 Hz, 0.4 H), 2.07-1.95 (m, 2.4 H), 1.89—
1.78 (m, 0.6 H), 1.71-1.59 (m, 2.4 H); 3C NMR (101 MHz, CDCl3) & 213.22, 154.45, 152.60,

139.03, 138.38, 136.68, 130.58, 129.29, 128.07, 127.72, 127.40, 121.98, 120.79, 120.75, 117.50,
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117.15, 115.67, 115.27, 114.60, 97.69, 77.36, 44.52, 41.72, 40.99, 40.45, 29.86, 28.46, 27.79,

27.75, 23.28, 21.43; HRMS (ESI) calcd for C14H170 [(M+H)-H.0]" 201.1274, found 201.1264.

Phenol 145. Following general procedure C, ketone 144 (0.956 g, 4.38 mmol, 1.0 equiv.)
was converted into phenol 145. The reaction was worked up as usual and then purified via flash
column chromatography (silica gel, hexanes/EtOAc, 20:1) to give phenol 145 (0.671 g, 70% yield)
as a colorless oil. 145: Rs = 0.18 (silica gel, hexanes/EtOAc, 20:1); IR (film) vmax 3446 (bs), 3075,
2977, 2931, 2859, 1700, 1642 cm™*; 'H NMR (400 MHz, CDCl3) § 7.16-7.04 (m, 2 H), 6.87 (td,
J=7.4,1.2Hz, 1 H), 6.75 (dd, J = 8.0, 1.2 Hz, 1 H), 5.82 (ddt, J = 16.9, 10.2, 6.7 Hz, 1 H), 5.07—
4.97 (m, 1 H), 4.97-4.92 (m, 1 H), 4.80 (dd, J = 9.4, 1.7 Hz, 2 H), 4.68 (s, 1 H), 2.79— 2.71 (m, 2
H), 2.36-2.27 (m, 2 H), 2.16-2.01 (m, 4 H), 1.56 (tt, J = 9.0, 6.8 Hz, 2 H); 13C NMR (101 MHz,
CDCl3) 6 153.52, 149.66, 138.92, 130.28, 128.35, 127.33, 121.02, 115.41, 114.69, 109.53, 36.12,

35.88, 33.57, 28.89, 27.13; HRMS (ESI) calcd for C1sH210 [M+H]" 217.1587, found 217.1582.

Triflate 97. Following general procedure D, phenol 146 (0.432 g, 2.00 mmol, 1.0 equiv.)
was converted into triflate 97. The reaction was worked up as usual and purified via flash column
chromatography (silica gel, hexanes) to give triflate 97 (0.654 g, 94% yield) as a colorless oil. 97:
Rt = 0.28 (silica gel, hexanes); IR (film) vmax 3078, 2979, 2934, 1645 cm™; 'H NMR (400 MHz,
CDCl3) § 7.37-7.21 (m, 4 H), 5.82 (ddt, J = 16.9, 10.2, 6.6 Hz, 1 H), 5.07-4.98 (m, 1 H), 4.98—
4.92 (m, 1 H), 4.78 (dd, J = 7.8, 1.6 Hz, 2 H), 2.89-2.76 (m, 2 H), 2.33 (ddd, J = 9.2, 5.9, 1.2 Hz,
2 H), 2.12-2.02 (m, 4 H), 1.55 (p, J = 7.6 Hz, 2 H); 3C NMR (126 MHz, CDCls3) § 148.22, 148.14,
138.81, 134.97,131.33, 128.47,127.97, 121.46, 114.76, 110.22, 36.25, 35.53, 33.53, 28.77, 27.11,
19 NMR (376 MHz, CDCl3) & —73.93; HRMS (ESI) calcd for C16H19F203S [M]* 348.1007, no

molecular ion was detected.
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Synthesis of Triflate 102
AlMe, OH OMe Mg, I OH

0 MeONHMeeHCI . llj\ 4-bromobutene g N
CH,Cl,, 0 °C Me "THE 0 °C to 23 °C
145 68% 146 O 69% 1470

PPh3MeBrJTHF, 0°C

KOtBu |75%
OTf Tf,0, DMAP QH
Et,N
N 3 - X
CH,Cl,, 0 °C
102 97% 148

Weinreb amide 146 Following general procedure A, lactone 145 (6.48 g, 40.0 mmol, 1.0
equiv.) was converted to crude Weinreb amide 146. The reaction was worked up as usual and the
residue was purified by flash column chromatography (silica gel, hexanes/EtOAc, 1.5:1) to yield
Weinreb amide 146 (5.96 g, 68% yield) as a colorless oil. 146: Rf = 0.28 (silica gel,
hexanes/EtOAc, 1.5:1); IR (film) vmax 3289 (bs), 3054, 2970, 2940, 1635 cm*; 'H NMR (400
MHz, CDCl3) 5 8.30 (s, 1 H), 7.16-7.02 (m, 2 H), 6.91 (dd, J = 8.1, 1.3 Hz, 1 H), 6.80 (td, J = 7.4,
1.3 Hz, 1 H), 3.71 (s, 3 H), 3.25 (s, 3 H), 2.67-2.59 (m, 2 H), 2.53 (t, J = 6.0 Hz, 2 H), 1.93-1.81
(m, 2 H); ¥*C NMR (101 MHz, CDCl3) § 175.17, 155.52, 129.84, 127.73, 127.17, 119.62, 116.59,
61.24,32.22,29.92, 29.85, 24.69; HRMS (ESI) calcd for C15sH17NO2Na [M+Na]* 246.1101, found

246.1097.

Ketone 147 Following general procedure B, Weinreb amide 146 (2.23 g, 10.0 mmol, 1.0
equiv.) was reacted with the Grignard reagent from 4-bromobutene to give ketone 147. The
reaction was worked up as usual and then purified by flash column chromatography (silica gel,
hexanes/EtOAcC, 9:1) to yield ketone 147 (1.55 g, 68% vyield) as a light-yellow oil. 147: Rf=0.24

(silica gel, hexanes/EtOAc, 9:1); IR (film) vmax 3389 (bs), 3076, 2935, 1699, 1641, 1593 cm™*; 1H
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NMR (400 MHz, CDCls) § 7.12 (td, J = 7.7, 1.8 Hz, 2 H), 7.05 (dd, J = 7.5, 1.7 Hz, 2 H), 6.90—
6.74 (m, 3 H), 5.81 (ddt, J = 16.8, 10.2, 6.5 Hz, 1 H), 5.09-4.99 (m, 2 H), 4.98 (g, J = 1.4 Hz, 1
H), 2.60-2.50 (m, 6 H), 2.42-2.31 (m, 2 H), 1.89-1.77 (m, 2 H); 2*C NMR (101 MHz, CDCl3) &
212.57, 154.73, 136.98, 130.09, 127.80, 127.28, 120.28, 116.14, 115.59, 42.01, 41.47, 29.71,

27.89, 23.81; HRMS (ESI) calcd for C14H1902 [M+H]* 219.1380, found 219.1378.

Phenol 148 Following general procedure C, ketone 147 (1.50 g, 6.88 mmol, 1.0 equiv.)
was converted into phenol 148. The reaction was worked up as usual and then purified via flash
column chromatography (silica gel, hexanes/EtOAc, 20:1) to give phenol 148 (1.11 g, 75% yield)
as acolorless oil. 148: Ry = 0.21 (silica gel, hexanes/EtOAc, 20:1); IR (film) vmax 3446, 3075, 2932,
1641, 1591 cm*; *H NMR (400 MHz, CDCl3) § 7.16-7.05 (m, 2 H), 6.88 (td, J=7.4, 1.2 Hz, 1
H), 6.76 (dd, J = 7.9, 1.2 Hz, 1 H), 5.83 (ddt, J = 16.8, 10.2, 6.3 Hz, 1 H), 5.03 (dg, J = 17.1, 1.7
Hz, 1 H), 4.96 (ddt, J = 10.2, 2.2, 1.2 Hz, 1 H), 4.82-4.75 (m, 2 H), 4.64 (s, 1 H), 2.66-2.57 (m, 2
H), 2.26-2.16 (m, 2 H), 2.16-2.07 (m, 4 H), 1.84-1.72 (m, 2 H); 3C NMR (101 MHz, CDCls) 5
153.55, 149.02, 138.65, 130.37, 128.38, 127.27, 120.97, 115.37, 114.64, 109.50, 35.89, 35.49,

32.12, 29.64, 27.80; HRMS (ESI) calcd for C15sH2102 [M+H]" 217.1587, found 217.1580.

Triflate 102 Following general procedure D, phenol 149 (0.432 g, 2.00 mmol, 1.0 equiv.)
was converted into triflate 102. The reaction was worked up as usual and purified via flash column
chromatography (silica gel, hexanes) to give triflate 102 (0.675 g, 94% yield) as a colorless oil.
102: Rr = 0.3 (silica gel, hexanes); IR (film) vmax 3078, 2979, 2936, 1643 cm™; *H NMR (400
MHz, CDCls) § 7.37-7.21 (m, 4 H), 5.82 (ddt, J = 16.9, 10.2, 6.3 Hz, 1 H), 5.02 (dg, J = 17.1, 1.6
Hz, 1 H), 4.96 (ddt, J =10.3, 2.2, 1.2 Hz, 1 H), 4.77 (9, = 1.7 Hz, 2 H), 2.76-2.67 (m, 2 H), 2.25—
2.17 (m, 2 H), 2.17-2.05 (m, 4 H), 1.78 (tt, J = 9.2, 6.8 Hz, 2 H); 13C NMR (126 MHz, CDCls) §

148.35, 148.21, 138.55, 135.28, 131.34, 128.48, 127.89, 121.46, 120.02, 117.47, 114.70, 109.85,
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35.85, 35.36, 32.10, 29.79, 28.07; F NMR (376 MHz, CDClIs) § —73.95; HRMS (ESI) calcd for

C16H19F303S [M]* 348.1007, no molecular ion was detected.
Synthesis of Triflate 94

OMOM  Z>CO,Me OMOM

OH 0
nBuLi, Cul OMe AlMe; n-OMe
TMSCI, Et;N MeONHMesHCI Vo
THE CH,Cl,, 0°C
78 °C - 23 °C 80%
149 57% | 15t

Mg, I, | THF, 23 °C
4-bromobutene | 77%

oTf OH OH 0
Z T,0, DMAP Z  KotBu /
Et;N PPh;MeBr
CH,Cly, 0 °C THF, 0 °C
71% 99%
| o | 158 |19

Ester 150 Using a literature procedure,* protected phenol 149° (2.21 g, 12.4 mmol, 1.0

equiv.) was azeotropically dried with benzene three times and then dissolved in THF (12 mL) to
give a colorless solution that was stirred at 23 °C. Then nBuLi (4.96 mL, 2.5 M in hexanes, 1.0
equiv.) was added dropwise to give a dark red solution that was stirred at 23 °C for 1 h. Separately,
anhydrous Cul (2.36 g, 12.4 mmol, 1.0 equiv.) was then added to a flask followed by THF (13
mL) to give a grey suspension that was cooled to 0 °C. After 1 h, the red solution was added to
the Cul suspension via cannula, affording a new dark green suspension that was stirred at 0 °C for
1 h. Upon completion, the suspension was then cooled to —78 °C and TMSCI (7.90 mL, 62.0
mmol, 5.0 equiv.), methyl acrylate (1.11 mL, 12.4 mmol, 1.0 equiv.), and EtsN (1.72 mL, 12.4
mmol, 1.0 equiv.) were added sequentially. The resultant contents were then allowed to slowly
warm to 23 °C and stirred for 48 h. Upon completion, the reaction contents were quenched with
a mixture of saturated aqueous NH4OH and NH4Cl (50 mL, 1:9), diluted with Et,O (20 mL), and
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the layers were separated. The aqueous layer was extracted with Et,O (3 x 25 mL) and the
combined organic layers were washed with saturated aqueous NHsOH until no blue color remained
(=XX mL) and then were dried (Na2S0Osa), filtered, and concentrated. The resultant residue was
purified via flash column chromatography (silica gel, hexanes/Et,O, 9:1) to give ester 150 (1.87 g,
57% vyield) as a colorless oil. 150: Rf = 0.22 (silica gel, hexanes/Et.0O, 9:1); IR (film) vmax 3446
(bs), 3076, 2997, 2951, 2904, 2847, 2827, 2789, 1737, 1608 cm*; *H NMR (500 MHz, CDCl3) &
7.00-6.95 (m, 3 H), 5.93 (ddt, J = 16.8, 10.0, 6.7 Hz, 1 H), 5.18 (s, 2 H), 5.08-5.02 (m, 2 H), 3.67
(s, 3 H), 3.47 (s, 3 H), 3.30 (dt, J = 6.7, 1.5 Hz, 2 H), 2.94 (dd, J = 8.8, 7.1 Hz, 2 H), 2.65-2.58
(m, 2 H); 3C NMR (126 MHz, CDCl3) § 173.89, 153.66, 137.88, 133.35, 130.40, 129.54, 127.68,
115.67, 114.02, 94.55, 56.17, 51.69, 39.56, 34.44, 26.35; HRMS (ESI) calcd for C1sH2004 [M]*

264.1362, no molecular ion was detected.

Weinreb amide 151 Following general procedure A, ester 150! (1.87 g, 7.08 mmol, 1.0
equiv.) was converted into crude Weinreb amide 151. The reaction was worked up as usual and
the residue was purified by flash column chromatography (silica gel, hexanes/EtOAc, 4:1-2.5:1)
to yield Weinreb amide 151 (1.61 g, 80% yield) as a colorless oil. 151: Rf = 0.25 (silica gel,
hexanes/EtOAcC, 2.5:1); IR (film) vmax 3242 (bs), 3077, 3055, 30051 2976, 2938, 1771, 1637, 1500
cm; IH NMR (400 MHz, CDCls) § 8.79 (s, 1 H), 6.93 (dd, J = 8.2, 2.3 Hz, 1 H), 6.90-6.82 (m, 2
H), 5.94 (ddt, J = 16.8, 10.0, 6.7 Hz, 1 H), 5.13-4.99 (m, 2 H), 3.63 (s, 3 H), 3.29 (dd, J = 6.7, 1.5
Hz, 2 H), 3.18 (s, 3 H), 2.87 (td, J = 8.4, 4.9 Hz, 4 H); 3C NMR (126 MHz, CDCls) § 175.32,
153.48, 138.22, 131.86, 130.74, 128.21, 128.16, 118.07, 115.40, 61.18, 39.57, 33.99, 32.46, 23.94;

HRMS (ESI) calcd for C1aHisNO, [(M+H)-H20]* 232.1332, found 232.1328.

Ketone 152 Following general procedure B, Weinreb amide 151 (0.275 g, 1.10 mmol, 1.0

equiv.) was reacted with the Grignard reagent generated from 4-bromobutene to give ketone 152.
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The reaction was worked up as usual and then purified by flash column chromatography (silica
gel, hexanes/EtOAc, 9:1) to yield ketone 152 (0.187 g, 77% yield) as a colorless oil that existed in
a 3:1 ratio of the ketone and hemiketal forms based on NMR analysis. 152: Rt = 0.22 (silica gel,
hexanes/EtOAc, 9:1); IR (film) vmax 3335 (bs), 3078, 2980, 2927, 1701, 1639 cm ™. 'H NMR (400
MHz, CDCl3) § 7.46 (d, J = 1.1 Hz, 1 H), 6.92 (dt, J = 6.9, 2.5 Hz, 1 H), 6.87-6.78 (m, 2 H), 6.02—
5.84 (m, 2 H), 5.75 (ddt, J = 16.8, 10.2, 6.5 Hz, 1 H), 5.17-4.91 (m, 5 H), 3.33-3.24 (m, 2 H),
2.91-2.77 (m, 4 H), 2.72-2.54 (m, 1 H), 2.51 (t, J = 7.4 Hz, 2 H), 2.39-2.25 (m, 2 H), 1.99-1.87
(m, 1 H); 3C NMR (126 MHz, CDCl3) § 213.22, 152.77, 150.92, 138.42, 138.08, 136.71, 132.30,
132.24, 130.59, 129.24, 128.19, 127.62, 117.62, 117.10, 115.71, 115.52, 115.31, 97.67, 77.36,
44.70, 40.49, 39.61, 39.54, 29.93, 27.82, 23.23, 21.47; HRMS (ESI) calcd for C16H190 [M+H]*

227.1430, found 227.1430.

Phenol 153 Following general procedure C, ketone 152 (90.0 mg, 0.370 mmol, 1.0 equiv.)
was converted into phenol 153. The reaction was worked up as usual and then purified via flash
column chromatography (silica gel, hexanes/EtOAc, 20:1) to give phenol 153 (89.0 mg, 99%
yield) as a colorless oil. 153: R = 0.18 (silica gel, hexanes/EtOAc, 20:1); IR (film) vmax 3446,
3077, 3003, 297, 2926, 2853, 1640, 1611, 1506 cm*; 'H NMR (400 MHz, CDCl3) § 6.97-6.86
(m, 2 H), 6.69 (d, J = 8.0 Hz, 1 H), 6.02-5.77 (m, 2 H), 5.11-5.01 (m, 3 H), 4.97 (ddt, J = 10.1,
2.1,1.2 Hz,1 H), 4.81 (dd, J = 12.3, 1.7 Hz, 2 H), 4.56 (d, J = 1.8 Hz,1 H), 3.31 (dd, J = 6.7, 1.5
Hz, 2 H), 2.77-2.69 (m, 2 H), 2.32 (dd, J = 9.7, 6.6 Hz, 2 H), 2.28-2.13 (m, 4 H); 3C NMR (101
MHz, CDCl3) 6 151.83, 149.19, 138.63, 138.10, 132.47, 130.45, 128.25, 127.29, 115.51, 115.39,
114.71, 109.65, 39.57, 36.31, 35.78, 32.15, 28.98; HRMS (ESI) calcd for Ci7H230 [M+H]*

243.1743, found 243.1744.
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Triflate 94 Following general procedure D, phenol 154 (89.0 mg, 0.368 mmol, 1.0 equiv.)
was converted into triflate 94. The reaction was worked up as usual and purified via flash column
chromatography (silica gel, hexanes) to give triflate 94 (97.8 mg, 71% yield) as a colorless oil. 94:
Rr = 0.21 (silica gel, hexanes); IR (film) vmax 3080, 2980, 2928, 2853, 1642, 1611 cm™™. *H NMR
(500 MHz, CDCl3) & 7.21-7.06 (m, 2 H), 6.00-5.78 (m, 1 H), 5.15-5.07 (m, 1 H), 5.07-4.95 (m,
1 H), 4.80 (dd, J = 5.2, 1.4 Hz, 1 H), 3.39 (dd, J = 6.7, 1.6 Hz, 1 H), 2.87-2.79 (m, 1 H), 2.36—
2.27 (m, 1 H), 2.27-2.12 (m, 2 H); 3C NMR (101 MHz, CDCl3) & 147.80, 146.47, 140.59, 138.41,
136.57, 134.72, 131.37, 128.04, 121.32, 120.34, 117.16, 116.79, 114.80, 110.35, 39.62, 36.42,
35.43, 32.12, 28.83; °F NMR (376 MHz, CDCl3) § —73.93; HRMS (ESI) calcd for C1sH2203S

[M+H]" 375.1236, found 375.1232.

Synthesis of Triflate 104
I/\)J\/\/
OH o) TBSCI OTBS o) 155 OTBS o =
N,OMe Imidazole N,OMe t-BuLi
R DMF, 23 °C i) Et,0
e e o o
138 98% 154 -78°C-23°C 156

68%

KOtBu |THF, 0 °C
PPhsMeBr |82%

_ OTBS
OTf Tf,0
_ EtsN, DMAP_ < TBAF
CH,Cl,, 0 °C THZO?; C
104 96% ° 157

Silyl Ether 154. Weinreb amide 138 (0.627 g, 3.00 mmol, 1 equiv.) was added to a flask
followed by DMF (3 mL), imidazole (408 mg, 6.00 mmol, 2 equiv.), and TBSCI (678 mg, 4.50 eq,
1.5 equiv.) at 23 °C. The resulting colorless solution was stirred at 23 °C. Upon completion of the

reaction as indicated by TLC (silica gel, hexanes/EtOAc 1.5:1; typically 4 hr), the reaction contents
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were quenched with saturated aqueous NH4ClI (5 mL), diluted with EtOAc (5 mL), and the layers
were separated. The aqueous layer was then extracted with EtOAc (3 x 10 mL) and the combined
organic layers were washed with brine (15 mL), dried (Na2SO.), filtered, and concentrated. The
resultant residue was purified via flash column chromatography (silica gel, hexanes/EtOAc, 6:1)
to give silyl ether 154 (0.860 g, 89% vyield) as a colorless oil. 154: Rf = 0.19 (silica gel,
hexanes/EtOAC, 6:1); IR (film) vmax 2956, 2931, 2897, 2858, 1670, 1599, 1582 cm*; 'H NMR
(400 MHz, CDCl3) § 7.18 (dd, J = 7.5, 1.8 Hz, 1 H), 7.08 (ddd, J = 8.0, 7.4, 1.8 Hz, 1 H), 6.88 (td,
J=7.4,1.2Hz, 1H),6.79 (dd, J=8.1, 1.2 Hz, 1 H), 3.58 (s, 3 H), 3.16 (s, 3 H), 2.92 (dd, J = 8.9,
6.8 Hz, 2 H), 2.72 (t, J = 7.9 Hz, 2 H), 1.01 (s, 9 H), 0.24 (s, 6 H); 3C NMR (101 MHz, CDCls3) §
153.72, 132.46, 130.42, 126.96, 121.11, 118.53, 61.24, 31.62, 29.98, 25.95, 25.01, 18.38, —4.01;

HRMS (ESI) calcd for C17H29NO3SiNa [M+Na]* 346.1809, found 346.1817.

Ketone 156 Following a literature procedure,® to a colorless solution of iodide 1557 (0.118
g, 0.500 mmol, 1.0 equiv.) in Et20 (2 mL) at—78 °C was added t-BuL.i (2.50 mL, 1.7 M in pentane,
2.0 equiv.) dropwise. Upon addition of the first drop a yellow color appeared, but disappeared
over the course of the addition to give a clear colorless solution that was then stirred at —78 °C for
30 min. The cooling bath was then removed, and the reaction was stirred at 23 °C for 2 h. Upon
warming the reaction contents became a white suspension and finally a yellow solution after the
full 2 h of reaction time. The resultant yellow solution was then cooled to —78 °C and a solution
of silyl ether 154 (0.161 g, 0.500 mmol, 1.0 equiv.) in Et.O (0.5 mL) was added. The now colorless
reaction was allowed to slowly warm to 23 °C overnight. Upon completion, the reaction contents
were quenched with saturated aqueous NH4CI (5 mL), diluted with EtOAc (5 mL), and the layers
were separated. The aqueous layer was then extracted with EtOAc (3 x 10 mL) and the combined

organic layers were dried (Na2SQa), filtered, and concentrated. The resultant residue was purified
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via flash column chromatography (silica gel, hexanes/EtOAc, 6:1) to give ketone 156 (0.126 g,
68% yield) as a colorless oil. 156: Rs = 0.78 (silica gel, hexanes/EtOAc, 6:1); IR (film) vmax 3076,
2955, 2930, 2897, 2858, 1716, 1642, 1599, 1582 cm™*; *H NMR (500 MHz, CDCl3) § 7.12 (dd, J
=7.5,1.8Hz, 1 H),7.08 (td, J=7.7, 1.8 Hz, 1 H), 6.87 (td, J = 7.4, 1.2 Hz, 1 H), 6.78 (dd, J = 8.1,
1.2 Hz, 1 H), 5.80 (ddt, J = 16.9, 10.2, 6.5 Hz, 1 H), 5.02 (dq, J = 17.1, 1.7 Hz, 1 H), 4.96 (ddt, J
=10.2,2.2, 1.3 Hz, 1 H), 4.74 (d, J = 1.4 Hz, 1 H), 4.68 (dd, J = 1.8, 1.0 Hz, 1 H), 2.86 (m, 2 H),
2.72 (M, 6.8 Hz, 2 H), 2.55-2.48 (m, 2 H), 2.31-2.24 (m, 2 H), 2.23-2.14 (m, 2 H), 2.12-2.05 (m,
2 H), 1.00 (s, 9 H), 0.24 (s, 6 H); 3C NMR (126 MHz, CDCls) 5 209.88, 153.71, 147.86, 138.33,
131.66, 130.40, 127.32, 121.28, 118.54, 114.77, 109.46, 42.96, 41.20, 35.77, 32.05, 29.79, 25.90,

25.35, 18.33, —4.01; HRMS (ESI) calcd for C23H3sNaO2Si [M+Na]* 395.2377, found 395.2375.

Triene 157. Following general procedure C, ketone 156 (0.129 g, 0.350 mmol, 1.0 equiv.)
was converted into triene 157. The reaction was worked up as usual and then purified via flash
column chromatography (silica gel, hexanes) to give triene 157 (0.106 g, 82% yield) as a colorless
oil. 157: Rf = 0.14 (silica gel, hexanes); IR (film) vmax 3077, 2930, 2858, 1643, 1599, 1582 cm*;
'H NMR (500 MHz, CDCl3) & 7.14 (dd, J = 7.4, 1.8 Hz, 1 H), 7.07 (ddd, J=8.1, 7.4, 1.8 Hz, 1
H), 6.88 (td, J = 7.4, 1.2 Hz, 1 H), 6.79 (dd, J = 8.1, 1.2 Hz, 1 H), 5.83 (ddt, J = 17.1, 12.7, 6.2 Hz,
1 H), 5.07-4.93 (M, 2 H), 4.82-4.73 (m, 4 H), 2.77-2.70 (m, 2 H), 2.33-2.26 (m, 2 H), 2.23-2.10
(m, 8 H), 1.02 (s, 9 H), 0.24 (s, 6 H); 3C NMR (101 MHz, CDCl3) & 153.66, 149.61, 149.05,
138.63, 132.91, 130.16, 126.93, 121.15, 118.56, 114.65, 109.28, 109.03, 36.52, 35.64, 34.90,
34.64, 32.18, 29.31, 25.96, 18.39, —3.97; HRMS (ESI) calcd for C24H3sOSi [M+H]* 371.2765,

found 371.2764.

Phenol 158. To a solution of triene 157 (0.106 g, 0.290 mmol, 1.0 equiv.) in THF (3 mL)

at 23 °C was added TBAF (0.440 mL, 1.0 M in THF, 1.5 equiv.) and the resultant pale-yellow
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reaction was stirred at 23 °C. Upon completion of the reaction as indicated by TLC (silica gel,
hexanes/EtOAc 20:1; typically 30 min), the reaction contents were quenched with saturated
aqueous NH4ClI (5 mL), diluted with EtoO (5 mL), and the layers were separated. The aqueous
layer was then extracted with Et2O (3 x 5 mL) and the combined organic layers were washed with
brine (10 mL), dried (Na>SOa), filtered, and concentrated. The resultant residue was purified via
flash column chromatography (silica gel, hexanes/EtOAc, 20:1) to give phenol 158 (67.0 mg, 90%
yield) as a colorless oil. 158: Rs = 0.25 (silica gel, hexanes/EtOAc, 20:1); IR (film) vmax 3466,
3076, 2986, 2933,1644 cm™; *H NMR (400 MHz, CDCls3) § 7.17-7.05 (m, 2 H), 6.89 (td, J = 7.4,
1.2 Hz, 1 H), 6.76 (dd, J = 7.9, 1.2 Hz, 1 H), 5.84 (ddt, J = 16.8, 10.2, 6.3 Hz, 1 H), 5.09-5.01 (m,
1 H), 5.00-4.94 (m, 1 H), 4.86 —4.80 (m, 2 H), 4.79-4.73 (m, 3 H), 2.82-2.73 (m, 2 H), 2.40-2.31
(m, 2 H), 2.28-2.09 (m, 8 H); 3C NMR (101 MHz, CDCl3) & 153.54, 149.58, 149.02, 138.64,
130.30, 128.32, 127.35, 121.02, 115.40, 114.67, 109.53, 109.39, 36.22, 35.56, 34.80, 34.54, 32.16,

28.94; HRMS (ESI) calcd for C1gH2s0 [M+H]* 257.1900, found 257.1901.

Triflate 104. Following general procedure D, phenol 158 (0.393 g, 1.53 mmol, 1.0 equiv.)
was converted into triflate 104. The reaction was worked up as usual and then purified via flash
column chromatography (silica gel, hexanes) to give triflate 104 (0.570 g, 96% yield) as a colorless
oil. 104: Rf = 0.30 (silica gel, hexanes); IR (film) vmax 3078, 2979, 2935, 2866, 1644 cm™*; H
NMR (400 MHz, CDCl3) 6 7.37-7.22 (m, 4 H), 5.83 (ddt, J = 16.8, 10.2, 6.3 Hz, 1 H), 5.08-4.99
(m, 1 H), 4.96 (ddt, J = 10.2, 2.2, 1.2 Hz, 1 H), 4.83-4.74 (m, 4 H), 2.90-2.82 (m, 2 H), 2.35 (td,
J=7.1,3.2 Hz, 2 H), 2.26-2.08 (m, 8 H); *C NMR (101 MHz, CDClz) & 148.82, 148.14, 138.60,
134.92,131.34,128.49, 128.01, 121.48, 114.67, 110.22, 109.47, 36.37, 35.56, 34.51, 34.44, 32.16,
28.81, 18.16, 12.16; **F NMR (376 MHz, CDCl3z) & —73.91; HRMS (ESI) calcd for C1gH2203S

[M+H]" 389.1393, found 389.1389.
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Synthesis of Triflate 106

o X
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159 160 93% over 2 steps
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Ketone 161. Following general procedure A, lactone 1592 (1.13 g, 6.00 mmol, 1.0 equiv.)
was converted to crude Weinreb amide 160. The reaction was worked up as usual and was taken
forward without purification. Following general procedure B, crude Weinreb amide 160 was
reacted with MeMgBr to give ketone 161. The reaction was worked up as usual and then purified
by flash column chromatography (silica gel, hexanes/EtOAc, 9:1) to yield ketone 161 (1.13 g, 93%
yield over 2 steps) as a colorless oil that existed in a 1.1:1 ratio of the ketone and hemiketal forms
based on NMR analysis. 161: Rs = 0.20 (silica gel, hexanes/EtOAc, 9:1); IR (film) vmax 3380 (bs),
3076, 3039, 2998, 2978, 2933, 1697, 1640, 1609, 1586 cm*; *H NMR (400 MHz, CDCls3) § 7.18—
7.01 (m, 2 H), 6.93-6.77 (m, 3 H), 5.98-5.71 (m, 1 H), 5.19-4.95 (m, 2 H), 3.14-2.91 (m, 1 H),
2.81-2.39 (m, 3 H), 2.37-2.24 (m, 0.5 H), 2.22-1.79 (m, 3 H), 1.65 (s, 1 H); 3C NMR (101 MHz,
CDCl3) 6 214.24, 154.15, 152.50, 152.05, 136.50, 136.45, 134.81, 131.02, 129.66, 129.22, 128.03,
127.36, 126.21, 122.28, 120.89, 120.75, 120.66, 117.85, 116.93, 116.84, 116.81, 99.36, 98.64,
54.03, 39.98, 39.68, 36.54, 35.06, 34.04, 30.58, 29.89, 27.21, 27.00, 26.92, 24.48; HRMS (ESI)

calcd for C13H170 [(M+H)-H20]* 187.1117, found 187.1110.

Phenol 162. Following general procedure C, ketone 616 (0.817 g, 4.00 mmol, 1.0 equiv.)

was converted into phenol 162. The reaction was worked up as usual and then purified via flash
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column chromatography (silica gel, hexanes/EtOAc, 20:1) to give phenol 162 (0.749 g, 93% yield)
as a colorless oil. 162: Rf=0.17 (silica gel, hexanes/EtOAc, 20:1); IR (film) vmax 3423 (bs), 3073,
3035, 2975, 2923, 2857, 1703, 1641, 1608, 1592 cm™*; *H NMR (400 MHz, CDCl3) & 7.08 (m, 2
H), 6.85 (m, 1 H), 6.75 (dt, J = 7.4, 1.1 Hz, 1 H), 5.74 (ddt, J = 17.2, 10.2, 7.0 Hz, 1 H), 5.08-4.95
(m, 2 H), 4.80-4.70 (m, 2 H), 4.68 (dg, J = 1.6, 0.8 Hz, 1 H), 2.77-2.62 (m, 2 H), 2.49 (p, J = 7.2
Hz, 1 H), 2.27-2.12 (m, 2 H), 1.71-1.66 (m, 3 H); 13C NMR (101 MHz, CDCl3) § 153.75, 147.87,
137.29, 131.26, 127.41, 127.03, 120.77, 115.89, 115.57, 111.74, 77.36, 47.28, 37.59, 34.52, 19.82;

HRMS (ESI) calcd for C14H100 [M+H]* 203.1430, found 203.1427.

Triflate 106. Following general procedure D, phenol 162 (0.404 g, 2.00 mmol, 1.0 equiv.)
was converted into triflate 106. The reaction was worked up as usual and purified via flash column
chromatography (silica gel, hexanes) to give triflate 106 (0.641 mg, 96% yield) as a colorless oil.
106: Ry = 0.27 (silica gel, hexanes); IR (film) vmax 3076, 2926, 1645 cm™; *H NMR (400 MHz,
CDCl3) § 7.33-7.20 (m, 4 H), 5.72 (ddt, J = 17.1, 10.2, 7.0 Hz, 1 H), 5.08-4.96 (m, 2 H), 4.71 (p,
J=15Hz, 1 H), 457 (dt, J=1.8,0.9 Hz, 1 H), 2.84 (dd, J = 14.2, 6.4 Hz, 1 H), 2.72 (dd, J = 14.1,
8.8 Hz, 1 H), 2.49 (tt, J = 8.5, 6.4 Hz, 1 H), 2.26-2.09 (m, 2 H), 1.66 (dd, J = 1.5, 0.8 Hz, 3 H);
13C NMR (126 MHz, CDCls) & 148.42, 145.77, 136.60, 133.70, 132.11, 128.15, 128.00, 121.30,
120.00, 117.46, 116.22, 112.74, 47.58, 37.67, 34.10, 18.94; 1°F NMR (376 MHz, CDCls3) 6 —73.91;

HRMS (ESI) calcd for CisHzoF303S [M+H]* 335.0923, found 335.0920.
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Synthesis of Triflate 109
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Silyl ether 163 To a solution of Weinreb amide 146 (3.35 g, 15.0 mmol, 1.0 equiv.) in
DMF (15 mL) at 23 °C was added imidazole (2.04 g, 30.0 mmol, 2.0 equiv.) and TBSCI (3.39 g,
22.5 mmol, 1.5 equiv.). The resultant colorless solution was then stirred at 23 °C. Upon
consumption of starting material as determined by TLC (silica gel, hexanes/EtOAc, 2:1; typically
1 h, the reaction contents were diluted with deionized H2O (40 mL) and Et,O (40 mL) and the
layers were separated. The aqueous layer was extracted with Et20 (3 x 20 mL). The combined
organic layers were washed with deionized H20 (3 x 20 mL), dried (Na2SOs), filtered, and
concentrated. The resultant residue was purified via flash column chromatography (silica gel,
hexanes/EtOAc, 6:1) to give silyl ether 163 (4.88 g, 97% vyield) as a colorless oil. 163: Rf = 0.30
(silica gel, hexanes/EtOAc, 6:1); IR (film) vmax 2956, 2931, 2897, 2858, 1667, 1599, 1581 cm™*;
IH NMR (400 MHz, CDCls) § 7.15 (dd, J = 7.5, 1.8 Hz, 1 H), 7.06 (td, J = 7.7, 1.8 Hz, 1 H), 6.87
(td, J=7.4, 1.2 Hz, 1 H), 6.77 (dd, J = 8.0, 1.2 Hz, 1 H), 3.62 (s, 3 H), 3.16 (s, 3 H), 2.70-2.61
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(m, 2 H), 2.43 (t, J = 7.7 Hz, 2 H), 1.99-1.87 (m, 2 H), 1.02 (s, 9 H), 0.23 (s, 6 H); °C NMR (101
MHz, CDCls) § 153.72, 132.46, 130.42, 126.96, 121.11, 118.53, 61.24, 31.62, 29.98, 25.95, 25.01,

18.38, —4.01; HRMS (ESI) calcd for CasHesN20eSi2 [2M+H]* 675.4219, found 675.4225.

Silyl ether 164 To a solution of i-PrNH (1.20 mL, 8.45 mmol, 1.2 equiv.) in THF (22
mL) at —10 °C was added nBuLi (6.11 mL, 1.28 M in Hexanes®, 3 equiv.). The resultant pale-
yellow solution was stirred at —10 °C for 30 min and then was cooled to —78 °C. Separately, silyl
ether 163 (2.20 g, 6.52 mmol, 1.0 equiv.) was added to a flask and azeotropically dried with
benzene three times before THF (10 mL) was added. The resultant solution of 163 was added
dropwise to the premade LDA solution via a cannula over the course of 5 min and the resultant
pale-yellow solution was stirred at —78 °C for 1 h. Next, allyl bromide (0.760 mL, 8.50 mmol, 1.3
equiv.) and anhydrous HMPA (2.80 mL, 15.7 mmol, 2.4 equiv.) were added sequentially at —78
°C and the cooling bath was removed. After either stirring overnight or upon consumption of
starting material as determined by TLC (silica gel, hexanes/EtOAc, 6:1; typically 8 h), the reaction
contents were quenched with saturated aqueous NH4Cl (30 mL), diluted with Et,O (10 mL), and
the layers were separated. The aqueous layer was extracted with Et,O (3 x 20 mL) and the
combined organic extracts were dried (Na2SOas), filtered, and concentrated. The resultant residue
was purified via flash column chromatography (silica gel, hexanes/EtOAc, 9:1) to give silyl ether
164 (2.14 g, 87% Yyield) as a colorless oil. 164: R = 0.25 (silica gel, hexanes/EtOAc, 9:1); IR
(film) vimax 3075, 2957, 2930, 2858, 1643, 1599 cm; 'H NMR (500 MHz, CDCl3) § 7.13 (dd, J =
7.5,1.8 Hz, 1 H), 7.05 (td, J = 7.6, 1.8 Hz, 1 H), 6.86 (td, J = 7.4, 1.2 Hz, 1 H), 6.76 (dd, J = 8.0,
1.2 Hz, 1 H), 5.75 (ddt, J = 17.1, 10.1, 7.0 Hz, 1 H), 5.05 (dq, J = 17.1, 1.6 Hz, 1 H), 4.98 (ddt, J
=10.2,2.2, 1.1 Hz, 1 H), 3.59 (s, 3 H), 3.18 (s, 3 H), 2.95 (m, 1 H), 2.65 (ddd, J = 13.6, 10.1, 5.6

Hz, 1 H), 2.53 (ddd, J = 13.7, 10.3, 5.9 Hz, 1 H), 2.41 (dddt, J = 13.9, 8.2, 6.8, 1.3 Hz, 1 H), 2.28—
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2.19 (m, 1 H), 1.98-1.86 (m, 1 H), 1.78 (ddt, J = 13.3, 10.8, 5.6 Hz, 1 H), 1.01 (s, 9 H), 0.22 (d, J
= 3.9 Hz, 6 H); *C NMR (126 MHz, CDCls) & 176.83, 153.62, 136.28, 132.49, 130.14, 126.89,
121.09, 118.48, 116.58, 61.42, 40.64, 36.76, 32.15, 28.22, 25.94, 18.37, -3.99, —4.06; HRMS (ESI)

calcd for Co1H3sNOsSiNa [M+Na]* 400.2278, found 400.2271.

Ketone 165 Following general procedure B, silyl ether 164 (2.49 g, 6.60 mmol, 1.0 equiv.)
was reacted with MeMgBr to give ketone 165. The reaction was worked up as usual and then was
purified by flash column chromatography (silica gel, hexanes/EtOAc, 20:1) to yield ketone 165
(2.03 g, 93% yield) as a colorless oil. 165: Rf = 0.23 (silica gel, hexanes/EtOAc, 20:1); IR (film)
vmax 3075, 2958, 2929, 1700, 1643,1598 cm™; *H NMR (500 MHz, CDCl3) § 7.12-7.04 (m, 2 H),
6.88 (td, J =7.4, 1.2 Hz, 1 H), 6.78 (dd, J = 8.0, 1.2 Hz, 1 H), 5.70 (ddt, J = 17.1, 10.2, 7.0 Hz, 1
H), 5.08-4.97 (m, 2 H), 2.63-2.49 (m, 3 H), 2.35 (dddt, J = 15.0, 8.2, 7.1, 1.3 Hz, 1 H), 2.23 (dddt,
J=142,7.2,5.9, 1.4 Hz, 1 H), 2.12 (s, 3 H), 1.96-1.85 (m, 1 H), 1.74 (dd, J = 4.8, 2.8 Hz, 1 H),
1.02 (s, 9 H), 0.23 (d, J = 1.3 Hz, 6 H); 13C NMR (126 MHz, CDCl3) § 211.81, 153.65, 135.59,
132.15, 130.23, 127.13, 121.20, 118.61, 116.96, 52.46, 35.95, 31.28, 29.39, 28.38, 25.95, 18.39, —

3.97, -3.99; HRMS (ESI) calcd for CaoHesOsSi [(2M+H)-H,0]* 647.4310, found 647.4305.

Diene 166 Following general procedure C, ketone 165 (1.98 g, 5.96 mmol, 1.0 equiv.) was
converted into diene 166. The reaction was worked up as usual and then purified via flash column
chromatography (silica gel, hexanes) to give diene 166 (1.63 g, 83% yield) as a colorless oil. 166:
Rr = 0.17 (silica gel, hexanes); IR (film) vmax 3073, 2956, 2929, 2858, 1643, 1599, 1582 cm*; 1H
NMR (400 MHz, CDCl3) 8 7.11 (dd, J = 7.5, 1.8 Hz, 1 H), 7.05 (td, J = 7.7, 1.8 Hz, 1 H), 6.87 (td,
J=7.4,12Hz, 1H),6.77 (dd, J = 8.0, 1.2 Hz, 1 H), 5.72 (ddt, J = 16.9, 10.1, 6.7 Hz, 1 H), 5.04—
4.91 (m, 2 H), 4.80 (dg, J = 2.9, 1.5 Hz, 1 H), 4.74 (d, J = 2.3 Hz, 1 H), 2.50 (qdd, J = 13.7, 10.5,

5.7 Hz, 2 H), 2.23-2.09 (m, 3 H), 1.77-1.63 (M, 4 H), 1.62-1.48 (m, 2 H), 1.01 (s, 9 H), 0.22 (s, 6
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H); 33C NMR (101 MHz, CDCls) & 153.66, 147.15, 137.58, 133.40, 130.04, 126.69, 121.07,
118.57,115.38, 111.96, 47.56, 38.38, 33.11, 28.57, 25.97, 18.59, 18.41,-3.96, —3.99; HRMS (ESI)

calcd for Co1Hzs0sSi [M+H]* 331.2452, found 331.2452.

Phenol 167. To a solution of diene 166 (0.825 g, 2.50 mmol, 1.0 equiv.) in THF (25 mL)
at 0 °C was added TBAF (5.00 mL, 1.0 M in THF, 2.0 equiv.) and the resultant light-yellow
reaction was allowed to stir at 0 °C. Upon consumption of starting material as determined by TLC
(silica gel, hexanes; typically 20 min), the reaction contents were diluted with deionized H20 (20
mL) and Et2O (15 mL) and the layers were separated. The aqueous layer was extracted with Et.O
(3 x 15 mL) and the combined organic extracts were dried (Na2SOa), filtered, and concentrated.
The resultant residue was purified via flash column chromatography (silica gel, hexanes/EtOAc,
20:1) to give silyl ether 167 (0.517 g, 96% vyield) as a colorless oil. 167: Rf = 0.42 (silica gel,
hexanes/EtOAcC, 9:1); IR (film) vmax 3465 (bs), 3073, 2957, 2929, 2858, 1643 cm™; *H NMR (400
MHz, CDCls) § 7.14-7.03 (m, 2 H), 6.86 (td, J = 7.4, 1.2 Hz, 1 H), 6.76 (dd, J = 7.9, 1.2 Hz, 1 H),
5.73 (ddt, J = 17.0, 10.1, 6.8 Hz, 1 H), 5.05-4.93 (m, 2 H), 4.86 (dg, J = 2.9, 1.5 Hz, 1 H), 4.78
(dd, J=2.1,0.9 Hz, 1 H), 4.66 (s, 1 H), 2.58 (ddd, J = 13.9, 10.1, 5.4 Hz, 1 H), 2.46 (ddd, J = 14.0,
10.1, 6.6 Hz, 1 H), 2.25-2.10 (m, 3 H), 1.78-1.57 (m, 6 H); 3C NMR (126 MHz, CDCls) § 153.56,
147.31, 137.40, 130.27, 128.51, 127.24, 120.96, 115.56, 115.42, 112.20, 46.99, 38.36, 32.86,

27.82, 18.71; HRMS (ESI) calcd for C1sH210 [M+H]* 217.1587, found 217.1586.

Triflate 109. Following general procedure D, phenol 16 (0.212 g, 1.00 mol, 1.0 equiv.)
was converted to triflate 109. The reaction was worked up as usual and purified via flash column
chromatography (silica gel, hexanes/Et.0O, 99:1) to give triflate 109 (0.337 g, 97% yield) as a
colorless oil. 109: R = 0.15 (silica gel, hexanes); IR (film) vmax 3075, 2977, 2928, 2875, 1644 cm~

L1H NMR (500 MHz, CDCls) § 7.33-7.21 (m, 4 H), 5.71 (ddt, J = 16.9, 10.1, 6.8 Hz, 1 H), 5.05—
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4.97 (M, 2 H), 4.85 (p, J = 1.5 Hz, 1 H), 4.75 (d, J = 2.2 Hz, 1 H), 2.68 (ddd, J = 14.2, 10.9, 5.4
Hz, 1 H), 2.56 (ddd, J = 14.3, 10.8, 5.9 Hz, 1 H), 2.23-2.10 (m, 3 H), 1.76-1.56 (m, 5 H); 3C
NMR (126 MHz, CDCls) & 148.18, 146.38, 137.09, 135.51, 131.37, 128.45, 127.80, 121.42,
115.75, 112,51, 47.25, 38.18, 33.01, 28.18, 18.45; 1°F NMR (376 MHz, CDCls) § ~73.91; HRMS

ESI) calcd for C16H20F303S [M+H]" 349.1080, found 349.1079.
(

Synthesis of Triflate 111
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Ketone 169. Using a literature procedure,® hydrazone 168 (0.198 g, 1.00 mmol, 1.0 equiv.)
was dried azeotropically with benzene three times before being dissolved in THF (5 mL) and then
cooled to 0 °C. Then, n-BuLi (0.750 mL, 1.6 M in hexanes, 1.2 equiv.) was added dropwise to
give a yellow solution that was stirred at 0 °C for 2 h. A solution of iodide 1557 (0.283 g, 1.20
mmol, 1.2 equiv.) in THF (1.7 mL) was then added and the resultant yellow solution was allowed
to warm to 23 °C overnight. Upon completion, the reaction contents were quenched with saturated
aqueous NH4ClI (5 mL), diluted with Et.O (5 mL), and the layers were separated. The aqueous
layer was extracted with EtO (3 x 5 mL) and the combined organic layers were concentrated
directly. The resultant residue was dissolved in THF (4.1 mL) and then saturated aqueous oxalic
acid (1.5 mL) was added at 23 °C and the reaction contents were stirred at 23 °C for 1 h. Upon
consumption of starting material as determined by TLC (silica gel, CH2Cl» /Et20, 1:1; typically 5
hr), the reaction contents were diluted with deionized H,O (10 mL) and hexanes (10 mL) and the

layers were separated. The aqueous layer was extracted with hexanes (3 x 5 mL) and then the
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combined organic layers were dried (Na>SOa), filtered, and concentrated. The resultant residue
was purified via flash column chromatography (silica gel, hexanes/EtOAc, 9:1—6:1) to give
ketone 169 (0.168 g, 64% yield) as a light-yellow oil. 169: R = 0.18 (silica gel, hexanes/EtOAc,
6:1); IR (film) vmax 3050, 2983, 2933, 2890, 1715 cm*; *H NMR (400 MHz, CDCls) § 5.81 (ddt,
J=16.8,10.2, 6.4 Hz, 1 H), 5.02 (dq, J = 17.1, 1.7 Hz, 1 H), 4.95 (ddt, J = 10.1, 2.2, 1.2 Hz, 1 H),
474 (t,J = 1.1 Hz, 2 H), 4.11-3.97 (m, 4 H), 2.70-2.57 (m, 2 H), 2.37 (ddd, J = 14.2, 5.1, 3.3 Hz,
1 H), 2.24-1.90 (m, 10H), 1.71 (t, J = 13.1 Hz, 1 H), 1.36-1.23 (m, 1 H); 3C NMR (101 MHz,
CDCl3)5211.63,148.77,138.59, 114.66, 109.66, 107.60, 64.89, 64.74,45.97,40.74, 38.43, 35.38,

34.83, 33.37, 32.11, 27.13; HRMS (ESI) calcd for C16H2503 [M+H]* 265.1798, found 265.1795.

Triflate 111. Ketone 169 (0.168 g, 0.640 mmol, 1.0 equiv.) was azeotropically dried with
benzene three times before it was dissolved in THF (5 mL) and cooled to —78 °C. Then, LIHMDS
(1.30 mL, 1.0 M in THF, 2.0 equiv.) was added and the yellow solution was stirred at —78 °C for
2 h. Then PhNTT2 (0.456 g, 1.28 mmol, 1.2 equiv.) was added as a solution in THF (1.4 mL) and
the reaction was allowed to warm to 23 °C overnight. Upon completion, the reaction contents
were quenched with saturated aqueous NaHCO3 (10 mL), diluted with hexanes (10 mL), and then
the layers were separated. The aqueous layer was extracted with hexanes (3 x 10 mL) then the
combined organic layers were washed with saturated aqueous NaHCO3 (5 x 5 mL), dried (MgSQOa),
filtered, and concentrated. The resultant residue was purified via flash column chromatography
(silica gel, hexanes/EtOAc, 20:1—9:1) to give triflate 111 (0.195 g, 77% yield) as a yellow oil.
111: R = 0.22 (silica gel, hexanes/EtOAc, 9:1); IR (film) vmax 3078, 2933, 1683, 1645 cm*; H
NMR (400 MHz, CDClz3) 6 5.82 (ddt, J = 16.8, 10.2, 6.3 Hz, 1 H), 5.68 (ddd, J =5.1, 3.2, 1.9 Hz,
1 H),5.03 (dg, J = 17.1, 1.7 Hz, 1 H), 4.96 (ddt, J = 10.2, 2.1, 1.2 Hz, 1 H), 4.79-4.74 (m, 2 H),

4.04-3.91 (m, 4 H), 2.83-2.69 (m, 1 H), 2.47 (dt, J = 17.7, 3.3 Hz, 1 H), 2.35 (ddt, J = 17.7, 5.0,
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2.2 Hz, 1 H), 2.25-1.83 (m, 8 H), 1.71 (dd, J = 13.2, 9.0 Hz, 1 H), 1.68-1.55 (m, 1 H); *C NMR
(101 MHz, CDCls) 5 151.19, 148.09, 138.42, 115.98, 114.78, 110.18, 106.61, 64.89, 64.75, 36.68,
36.63, 35.24, 34.63, 32.52, 32.08, 28.96; 1°F NMR (376 MHz, CDCls) § —74.00; HRMS (ESI)

calcd for C17H24F30sS [M+H]* 397.1291, found 396.1286.

Synthesis of Triflate 113
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Diketone 171. Using a literature procedure,® a flask was charged with THF (4 mL) then
cooled to —78 °C and t-BuLi (0.653 mL, 1.7 M in pentane, 1.11 equiv.) was added to give a bright
yellow solution. A solution of dienol ether 170 (0.140 g, 1.00 mmol, 1.0 equiv.) in THF (1 mL)
was then added with no visible change in reaction color and the resultant yellow solution was
stirred at —78 °C for 1 h. HMPA (0.203 mL, 1.17 mmol, 1.17 equiv.) was then added, giving a
dark red solution, followed by a solution of iodide 155’ (0.307 g, 1.30 mmol, 1.3 equiv.) in THF
(1 mL). The resultant light yellow solution was then allowed to warm slowly to 23 °C overnight.
The reaction was then quenched with saturated aqueous NH4CI (10 mL), diluted with Et2O (5 mL),
and the layers were separated. The aqueous layer was then extracted with Et2O (3 x 5 mL) and
the combined organic layers were washed with brine (10 mL) and concentrated. The resultant
crude residue was added to a flask followed by a mixture of acetone and 1 M HCI (6 mL, 3:1) and
the mixture was stirred at 23 °C. Upon completion as indicated by TLC (silica gel, hexanes/EtOAc
1.5:1; typically 1 h), the reaction contents were quenched with saturated aqueous NaHCO3 (5 mL),

diluted with Et2O (5 mL), and the layers were separated. The aqueous layer was then extracted
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with Et20 (3 x 5 mL) and the combined organic layers were washed with brine (10 mL), dried
(NazSO4), filtered, and concentrated. The resultant residue was purified via flash column
chromatography (silica gel, hexanes/Et,0O, 1.5:1) to give diketone 171 (0.136 g, 62% yield) as a
colorless solid. 171: R = 0.25 (silica gel, hexanes/Et,0O, 1.5:1); IR (film) vmax 3079, 2990, 2946,
1720, 1712 cm; 'H NMR (500 MHz, CDCl3) § 6.68 (s, 1 H), 5.81 (ddgq, J = 17.2, 10.3, 6.6 Hz, 1
H), 5.09-4.92 (m, 2 H), 4.84-4.65 (m, 2 H), 3.42 (t, J = 5.7 Hz, 0,3 H), 2.73-2.53 (m, 2 H), 2.41
(dd, J = 8.9, 6.6 Hz, 4 H), 2.31-1.70 (m, 10H); 3C NMR (126 MHz, CDCl3) § 205.14, 149.74,
148.29, 138.78, 138.46, 116.05, 114.69, 114.46, 110.19, 109.15, 66.65, 39.97, 35.61, 35.18, 34.73,
33.49, 32.11, 31.99, 20.93, 20.71, 20.49, 18.29; HRMS (ESI) calcd for CisH2102 [M+H]*

221.1534, found 221.1534.

Triflate 113. Following general procedure D, diketone 171 (68.0 mg, 0.309 mmol, 1.0
equiv.) was converted into triflate 113. The reaction was worked up as usual and then purified via
flash column chromatography (silica gel, hexanes/EtOAc, 9:1) to give triflate 113 (84.0 mg, 77%
yield) as a colorless oil that decomposed readily even when stored at —35 °C. 113: R = 0.28 (silica
gel, hexanes/EtOAC, 9:1); IR (film) vmax 3079, 2936, 1690, 1660 cmtH NMR (400 MHz, CDCls)
5 5.82 (ddt, J =16.8,10.2, 6.3 Hz, 1 H), 5.03 (dg, J = 17.1, 1.6 Hz, 1 H), 4.95 (ddt, J = 10.2, 2.2,
1.2 Hz, 1 H), 4.78-4.71 (m, 2 H), 2.76 (tt, J = 6.3, 1.2 Hz, 2 H), 2.52-2.43 (m, 4 H), 2.25-2.14 (m,
2 H), 2.14 (d, J = 4.8 Hz, 1 H), 2.14-2.05 (m, 4 H), 2.09-2.02 (m, 1 H); 13C NMR (126 MHz,
CDCIs) 6 197.34, 162.13, 147.99, 138.49, 131.81, 119.67, 117.13, 114.70, 110.34, 37.00, 35.03,
34.56, 32.06, 28.86, 22.68, 20.77; °F NMR (376 MHz, CDCls) & —74.31; HRMS (ESI) calcd for

CisH18F303S [(M+H)-H20]" 335.0929, found 335.0920.
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Synthesis of Triflate 128
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Triflate 128. Following general procedure D, phenol 172'° (0.533 g, 2.92 mmol, 1.0
equiv.) was converted into triflate 128. The reaction was worked up as usual and then purified via
flash column chromatography (silica gel, hexanes/EtOAc, 20:1—12:1) to give triflate 128 (0.862
g, 94% vyield) as a colorless solid. 128: Rs = 0.35 (silica gel, hexanes/EtOAc, 9:1); IR (film) vmax
3054, 2986, 1700, 1595 cm; *H NMR (400 MHz, CDCl3) § 10.22 (s, 1 H), 6.97 (d,J=2.9 Hz, 1
H), 6.80 (d, J = 2.9 Hz, 1 H), 3.92 (s, 3 H), 3.87 (s, 3 H); 3C NMR (101 MHz, CDCl3) & 186.55,
159.84, 152.77, 134.28, 129.97, 123.62, 120.43, 117.24, 114.06, 106.72, 102.43, 56.68, 56.17; 1°F
NMR (376 MHz, CDCls) & —72.70; HRMS (ESI) calcd for C1oH10F203S [M+H]* 315.1045, found

315.0144.
General procedure E: Conditions Screening for spirocycle 83

To a dry 2-dram vial in a glove-box was added ligand (0.012 mmol, 0.12 equiv.), base
(0.300 mmol, 3.0 equiv.), and the Ni° source (0.010 mmol, 0.10 equiv.) followed by the reaction
solvent (0.40 mL). The resultant mixture was stirred at 23 °C for 15 min. Then, triflate 82 (33.4
mg, 0.100 mmol, 1.0 equiv.) was added as a stock solution in the reaction solvent (0.18 mL, 185
mg/mL) and the vial was then sealed with a Teflon cap and heated at 100 °C for 24 h using a
heating block. Upon completion, the contents were cooled to 23 °C, removed from the glove box,

and diluted with Et,O (0.5 mL) before being filtered through a silica plug with additional Et,O
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into a vial pre-charged with dodecane (~10 mg) as an internal standard. The final mixture was

diluted to a volume of ~10 mL and the conversion and yield was then determined by GC analysis.
Table S1. Base Screening

Ni(COD), (10 mol%)

OTf DPEPhos (12 mol%)
— Base
dioxane (0.15 M)
100 °C
82 24 hr 83

Entry Base Equiv. Conversion? Yield?
1 DABCO 3 100% 70%
2 DABCO 6 100% 74%
3 Quinuclidine 3 100% 70%
4 Quinuclidine 6 100% 73%
5 Cyo,NMe 3 100% 15%
6 Et;N 3 100% 23%
7 DIPEA 3 >95% 1%
8 PMP 3 >95% 10%
9 urotropine 3 82% 9%
10 Proton Sponge 3 66% 7%
11 pyridine 3 69% 7%
12 imidazole 3 58% 8%
13 DBU 3 100% 58%
14 DBN 3 100% 39%
15 TBD 3 44% 0%
16 MeTBD 3 40% 19%
17 TMG 3 39% 16%
18 KOAc 5 54% 17%
19 K,CO4 5 81% 7%
20 Cs,CO3 5 80% 7%
21 NaOtBu 5 100% 6%
22 KOtBu 5 100% 5%

@ Determined by GC using dodecane as an internal standard
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Table S2. Ligand Screening

Ni(COD), (10 mol%)

OTf ligand
— DABCO (3 equiv.)
dioxane (0.15 M)
100 °C
82 o4 hr 83
Entry Ligand mol% Conversion? Yield?
1 PPhs 40 100% 56% ph
P(2-furyl)s 40 80% 42%  ph,p” P ppp,
3 P(CcFs)s 40 22% 4% Triphos-1
4 P(3,5-CF3-Ph)s 40 65% 14%
5 PCys, 40 82% 7%
6 P(OPh), 40 67% 34%
7 P(OEt)s 40 10% 5%
8 AsPh; 40 48% 12% pth/\k\pphz
9 dppm 12 63% 20%
10 dppe 12 96% 28% PPh;
11 dppbz 12 100% 40% Triphos-2
12 dppp 12 100% 45%
13 dppb 12 100% 56%
14 dpppe 12 100% 70% © BEC
15 dpphex 12 100% 60% Cr4 y H 4
16 DPEphos 12 100% 0% L~ _~_PCypz
17 Xantphos 12 100% 33% P ®
18 BINAP 12 100% 54% A
19 SEGPHOS 12 97% 40%
20 DPPF 12 100% 57%
21 DIOP 12 100% 53%
22 A 12 43% 13% O~
23 Triphos-1 12 100% 25%  PhaP PPh;
24 Triphos-2 12 100% 12% B
25 B 12 100% 64%
26 iPrPhox 12 91% 53%
27 CyJohnphos 12 76% 16% BF?
28 Jackiephos 12 53% 13% l&\@
29 C 12 68% 12% NN
30 1,10-phenathroline 12 51% 18% Cy c

@ Determined by GC using dodecane as an internal standard
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Table S3. Solvent Screening

OTf

Table S4. Temperature Screening

OTf

Ni(COD), (10 mol%)
dpppe (12 mol%)
DABCO (3 equiv.)

Solvent (0.15 M)

100 °C
82 24 hr 5
Entry Solvent Conversion? Yield?
1 dioxane 100% 70%
2 THF 95% 69%
3 DME 100% 76%
4 diglyme 100% 73%
5 toluene 100% 53%
6 MeCN 100% 6%
7 DMF 100% 21%

2 Determined by GC using dodecane as an internal standard

Ni(COD), (10 mol%)
dpppe (12 mol%)
DABCO (3 equiv.)

DME (0.15 M)
T (°C
82 24(f hr) 83

Entry T (°C) Conversion? Yield?
1 0 100% 68%"
2 23 100% 74%
3 40 100% 68%
4 60 100% 68%
5 80 100% 67%
6 100 100% 76%
7 120 100% 63%

@ Determined by GC using dodecane as an internal standard

b Reaction was run for 48 hr to ensure complete conversion
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Table S5. Leaving Group Scope

Ni(COD), (10 mol%)

X dpppe2(12 mol%)
— DABCO (3 equiv.)
DME (0.15 M)
100 °C
24 hr 83
Compound X TESOTf (equiv.) Yield?
82 OoTf 0 76%P
88 Cl 2 54%°¢
89 Br 2 49%°
90 | 2 12%°
141 OPiv 2 0%
142 OMe 2 0%
143 OBoc 2 0%
91 OTs 0 30%°
91 OTs 2 42%°
92 OMs 0 20%°
92 OMs 2 20%°
93 ONf 0 76%P
93 ONf 2 73%°

4Determined by GC using dodecane as an internal standard,
b Complete conversion by TLC, € Incomplete conversion by
TLC, ¢ No conversion by TLC

Table S6. Nickel Source Screening

Ni(0) (10 mol%)

OTf dpppe (12 mol%)
= DABCO (3 equiv.)
DME (0.15 M)
T (°C)
82 24 hr 83

Entry NiSource Conversion? Yield?
1 Ni(COD), 100% 76%
2 Ni(PPhs)4 100% 70%
3 Ni("stb)s 100% 63%
4 Ni("stb)s 91% 47%P
5  Ni(CoD)(DQ) 100% 64%
6  Ni(COD)DQ) 0% 0%P

4 Determined by GC using dodecane as an internal standard
P Reaction was setup outside of glovebox
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Table S7. Additive Screening

Ni(COD), (10 mol%)
Ligand (12 mol%)

oTi DABCO (3 equiv.)
= Additive
DME (0.15 M)
T (°C
Entry Ligand Additive Equiv. Conversion?  Yield?
1 DPEphos nBusNOAc 0.2 42% 4%
2 DPEphos PhCN 1 100% 40%
3 dpppe PhCN 1 100% 31%
4 BINAP PhCN 1 100% 61%
5 Xantphos PhCN 1 100% 46%
6 dpppe TEMPO 1 10% 0%
7 dpppe Galvinoxyl 1 3% 0%
8 dpppe BHT 1 100% 76%
9 dpppe DHA 1 100% 68%
10 dpppe DPE 1 100% 65%

@ Determined by GC using dodecane as an internal standard

Lk 5 ﬁj OO0 A,

TEMPO Galvinoxyl Free Radical DHA DPE
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General Procedure F: Intramolecular Nickel Heck Cascade Conditions

To a dry flask in a glove-box was added dpppe (0.12 equiv.), DABCO (3.0 equiv.), and
Ni(COD) (0.1 equiv.) followed by DME (60% of total solvent) and the mixture was stirred at 23
°C for 15 min. Then, a solution of triflate (1.0 equiv.) in DME (40% of total solvent) was added
and the flask was sealed and heated to the required temperature until starting material was fully
consumed as shown by TLC analysis. The reaction contents were then cooled to 23 °C if heated,
removed from the glove box, and diluted with Et>O before filtered through a silica plug (using
Et20 as eluent). The filtrate was then concentrated and the residue was purified by flash column

chromatography to give the desired product.

Ni(COD), (10 mol%)
_ dpppe (12 mol%)
DABCO (3 equiv.)
OTf DME (0.15 M)
23°C,12h
82 87% 83

Spirocycle 83! Following general procedure F, triflate 82 (3.34 g, 10.0 mmol, 1.0 equiv.)
was converted into spirocycle 83. The reaction was worked up as usual and then purified via flash
column chromatography (silica gel, pentanes) to give spirocycle 83 (1.61 g, 87% vyield) as a
colorless oil. 83: R = 0.70 (silica gel, hexanes); IR (film) vmax 3068, 3019, 2841, 2853, 1653 cm™
1 'H NMR (400 MHz, CDCl3) & 7.24-7.14 (m, 4 H), 4.96-4.93 (M, 2 H), 2.95-2.85 (m, 2 H),
2.60-2.41 (m, 4 H), 2.07-1.90 (m, 3 H), 1.83 (dddd, J = 12.4, 8.1, 4.2, 1.5 Hz, 1 H); 3C NMR
(101 MHz, CDCl3z) & 152.18, 150.01, 143.82, 126.60, 126.52, 124.55, 122.30, 106.10, 55.10,
46.74, 39.18, 39.12, 31.75, 30.51; HRMS (ESI) calcd for CisHi7 [M+H]* 185.1330, found

185.1325.
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Ni(COD), (10 mol%)
dpppe (12 mol%)
X DABCO (3 equiv.)

DME (0.15 M)
ot 80 °C, 12 h
97 70% 98

Spirocycle 98! Following general procedure F, triflate 97 (69.2 mg, 0.200 mmol, 1.0
equiv.) was converted into spirocycle 98. The reaction was worked up as usual and then purified
via flash column chromatography (silica gel, pentanes) to give spirocycle 98 (27.6 mg, 70% yield)
as a colorless oil. 98: Rt = 0.71 (silica gel, hexanes); IR (film) vmax 3054, 2987, 2865, 1655 cm;
IH NMR (500 MHz, CDCls) § 7.24-7.15 (m, 4 H), 4.76 (dt, J = 2.6, 1.6 Hz, 1 H), 4.64 (g, J = 1.9
Hz, 1 H), 2.94-2.80 (m, 2 H), 2.37-1.98 (m, 6 H), 1.80 (dddd, J = 13.7, 7.1, 3.1, 1.6 Hz, 3 H), 1.62
(dtd, J=7.5, 3.6, 1.7 Hz, 1 H), 1.60-1.49 (m, 1 H); 3C NMR (126 MHz, CDCls) § 151.43, 147.73,
143.41, 126.71, 126.35, 124.75, 122.71, 108.87, 49.93, 46.27, 36.85, 35.82, 34.87, 29.94, 24.52.;

HRMS (ESI) calcd for CaoHar [2M+H]* 397.2890, found 397.2896.

Ni(COD), (10 mol%)
dpppe (12 mol%)
W DABCO (3 equiv.)
DME (0.15 M)
oTf 80°C,12h
102 72% 103

Spirocycle 103.1! Following general procedure F, triflate 102 (34.8 mg, 0.100 mmol, 1.0
equiv.) was converted into spirocycle 103. The reaction was worked up as usual and then purified
via flash column chromatography (silica gel, pentanes) to give spirocycle 103 (14.2 mg, 72% yield)
as a colorless oil with ~5% isomers present. An analytically pure sample was accessed using
AgNOz-impregnated silica gel. 103: R = 0.70 (silica gel, hexanes); IR (film) vmax 3051, 3017,

2935, 2863, 1683, 1599 cm™; *H NMR (500 MHz, CDCl3) § 7.35 (d, J = 7.9 Hz, 1 H), 7.16 (tdd,
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J=6.8,2.1,08Hz 1H),7.13-7.03 (m, 2 H), 4.93 (qd, J = 3.9, 1.9 Hz, 2 H), 2.80 (t, J = 6.3 Hz,
2 H), 2.69 (dd, J = 16.2, 2.6 Hz, 1 H), 2.61-2.41 (m, 3 H), 2.08 (dt, = 12.9, 9.3 Hz, 1 H), 1.90—
1.63 (M, 5 H); *C NMR (126 MHz, CDCl3) § 152.65, 144.27, 137.34, 129.11, 126.78, 126.08,
125.53, 106.01, 49.97, 45.51, 41.83, 35.76, 31.29, 30.72, 20.38; HRMS (ESI) calcd for CaoHaz

[2M+H]" 397.2890, found 397.2890.

Ni(COD), (10 mol%)
dpppe (12 mol%)
AN DABCO (3 equiv.)

DME (0.15 M)

oTf 23°C, 12h
104 78% 105

Spirocycle 105. Following general procedure F, triflate 104 (0.194 g, 0.500 mmol, 1.0
equiv.) was converted into spirocycle 105. The reaction was worked up as usual and then purified
via flash column chromatography (silica gel, pentanes) to give spirocycle 105 (0.186 g, 78%, dr =
5:1; major/minor diastereomer identity not determined) as a colorless oil with ~5% isomers
present. An analytically pure sample was prepared using AgNOs-impregnated silica gel. 105: Rs
= 0.75 (silica gel, hexanes); IR (film) vmax 3053, 2942, 2859, 1709 cm™t; 'TH NMR (500 MHz,
CDCls) § 7.25-7.06 (m, 4 H), 4.91-4.88 (m, 1 H), 4.86-4.83 (m, 1 H), 2.88 (t, J = 7.1 Hz, H),
2.46-2.31 (m, 4 H), 2.06 (td, J = 6.8, 4.4 Hz, 2 H), 1.96-1.65 (m, 2 H); 3C NMR (126 MHz,
CDCI3) 6 152.80, 152.48, 152.13, 143.33, 126.61, 126.59, 126.23, 124.39, 122.18, 122.15, 105.66,
55.45, 55.40, 52.43, 52.30, 50.62, 50.59, 48.01, 47.89, 42.12, 41.96, 40.28, 40.25, 40.19, 38.72,

38.61, 31.81, 31.55, 30.81, 30.78; HRMS (ESI) calcd for C1sHz2 [M]2* 119.0856, found 119.0850.
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Ni(COD), (10 mol%) X
dpppe (12 mol%)
AN % DABCO (3 equiv.)

DME (0.15 M)
oTf 0°C, 48 h
94 96%

95 96

Spirocycle 95 and styrene 96. Following general procedure F, triflate 94 (74.4 mg, 0.200
mmol, 1.0 equiv.) was converted into spirocycle 95. The reaction was worked up as usual and
then purified via flash column chromatography (silica gel, pentanes) to give spirocycle 95 (42.9
mg, 96% yield, 95:96 = 20:1) as a colorless oil. 95: Rf = 0.71 (silica gel, hexanes); IR (film) vmax
3054, 2983, 2945, 2859, 1608 cm!; 'H NMR (400 MHz, CDCls) § 7.15-6.89 (m, 3 H), 5.97 (ddt,
J=16.9, 10.0, 6.8 Hz, 1 H), 5.22-4.98 (m, 2 H), 4.95-4.89 (m, 2 H), 3.40-3.33 (m, 2 H), 2.95—
2.78 (m, 2 H), 2.65-2.33 (m, 4 H), 2.05-1.75 (m, 4 H); 13C NMR (101 MHz, CDCls) & 152.26,
147.89, 144.20, 138.58, 137.97, 126.85, 124.71, 122.23, 115.69, 106.05, 54.80, 46.80, 40.32,
39.29, 39.23, 31.75, 30.44, 29.86; HRMS (ESI) calcd for Ci7H21 [M+H]" 225.1638, found

225.1637.

96: R = 0.72 (silica gel, hexanes); IR (film) vmax 3071, 3051, 3006, 2928, 2855, 1653,
1637 cm™%; IH NMR (500 MHz, CDCl3) § 7.22-7.02 (m, 4 H), 6.39 (dg, J = 15.8, 1.7 Hz, 1 H),
6.18 (dg, J = 15.8, 6.6 Hz, 1 H), 4.93 (h, J = 2.0 Hz, 2 H), 2.93-2.75 (m, 2 H), 2.59-2.39 (m, 2 H),
2.07-1.74 (m, 8 H); 3C NMR (126 MHz, CDCl3) & 152.20, 148.80, 144.16, 136.75, 131.27,
124.84, 124.59, 122.27, 121.74, 106.08, 54.88, 46.72, 39.23, 39.17, 31.74, 30.41, 18.64, HRMS

(ESI) C17Ha21 [M+H]* 225.1638, found 225.1630.
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Ni(COD), (10 mol%)
dpppe (12 mol%)

DABCO (3 equiv.) H . ,  unidentified
P DME (0.15 M) isomer
oTf 23°C, 12 h

106 98% 108 107
1:3:1.5

Tricycle 108 and diene 107.1* Following general procedure F, triflate 106 (0.167 g, 0.500
mmol, 1.0 equiv.) was converted into tricycle 108 and diene 107. The reaction was worked up as
usual and then purified via flash column chromatography (silica gel, pentanes) to give tricycle 108,
diene 107, and a unidentified isomer (0.092 g, 98% yield, 108:107:isomer = 1:3:1.5) as a colorless
oil. Analytically pure samples of 108 and 107 were prepared using Pattenden’s procedure!? and
spectral data matched that previously reported. 108: Rs = 0.65 (silica gel, hexanes); *H NMR (500
MHz, CDCl3) & 7.22-7.12 (m, 4 H), 4.76-4.70 (m, J = 1.8 Hz, 2 H), 3.17 (dd, J = 16.1, 7.8 Hz, 1
H), 2.71 —2.63 (m, 3 H), 2.57-2.41 (m, 2 H), 2.15-2.08 (m, 1 H), 1.33 (s, 3 H); *C NMR (126
MHz, CDClz) & 152.55, 151.43, 142.17, 126.80, 126.64, 123.17, 105.45, 55.83, 46.98, 40.20,

37.73, 27.38.

107: Rs = 0.65 (silica gel, hexanes); *H NMR (500 MHz, CDCl3) § 7.70-7.63 (m, 1 H),
7.23-7.06 (m, 3 H), 5.53-5.50 (m, 1 H), 5.00-4.97 (m, 1 H), 4.85-4.78 (m, 2 H), 2.96-2.90 (m, 1
H), 2.85-2.75 (m, 1 H), 2.73-2.63 (m, 1 H), 2.53-2.41 (m, 2 H), 1.82 (s, 3 H); *C NMR (126
MHz, CDCl3) 6 148.83, 143.37, 137.05, 134.27, 129.33, 127.90, 126.18, 124.15, 109.62, 108.55,

42.25, 38.42, 36.02, 20.84.

188



Ni(COD), (10 mol%)
dpppe (12 mol%)
DABCO (3 equiv.) H

DME (0.15 M)
\ 80 °C, 12 h
109 76%, dr 1.7:1 110

OoTf

Tricycle 110.2* Following general procedure F, triflate 109 (69.0 mg, 0.200 mmol, 1.0
equiv.) was converted into tricycle 110. The reaction was worked up as usual and then purified
via flash column chromatography (silica gel, pentanes) to give tricycle 110 (30.0 mg, 76%, dr =
1.7:1 based on *H NMR) as a colorless oil. Analytically pure samples of 110 were prepared via
AgNOs-impregnated silica gel. 110: Rf = 0.63 (silica gel, hexanes); IR (film) vmax 3067, 3015,
2929, 1683, 1660, 1598 cm*; *H NMR (400 MHz, CDCls) § 7.30-7.22 (m, 2 H), 7.22-6.98 (m, 9
H), 5.05-5.01 (m, 1 H), 4.97 (m, 1 H), 4.89-4.81 (m, 3 H), 3.08-2.89 (m, 2 H), 2.83-2.59 (m, 8
H), 2.57-2.39 (m, 4 H), 2.30-2.08 (m, 3 H), 2.08-1.88 (m, 4 H), 1.88-1.69 (m, 3 H), 1.64-1.49
(m, 3 H), 1.32 (d, J = 1.2 Hz, 5 H), 0.99 (d, J = 1.0 Hz, 3 H); 3C NMR (101 MHz, CDCls) &
150.82, 150.72, 147.73, 144.66, 136.02, 135.84, 129.17, 128.80, 127.69, 126.27, 125.73, 125.50,
125.33, 125.11, 107.79, 106.30, 48.62, 45.96, 45.62, 44.98, 44.75, 44.19, 37.86, 35.29, 29.98,
29.13, 28.67, 26.82, 22.79, 22.16; HRMS (ESI) calcd for CisHig [M+H]* 199.1481, found

199.1472.

Ni(COD), (10 mol%)
<\O _ dpppe (12 mol%) <\O H
o DABCO (3 equiv.) T

DME (0.15 M)
ot 100 °C, 12 h
11 90%, dr 20:1

Spirocycle 112.12 Following general procedure F, triflate 111 (0.119 g, 0.300 mmol, 1.0
equiv.) was converted into spirocycle 112. The reaction was worked up as usual and then purified

via flash column chromatography (silica gel, hexanes:EtOAc 19:1) to give spirocycle 112 (66.0
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mg, 90%, dr = 20:1 based on *H NMR) as a colorless oil. 112: R¢= 0.28 (silica gel, hexanes:EtOAc,
19:1); IR (film) vmax 3054, 2984, 2948 cm™; 'H NMR (400 MHz, CDCls) 6 5.33 (dt, J = 4.1, 3.0
Hz, 1 H), 4.82 (ddd, J = 6.8, 3.1, 1.9 Hz, 2 H), 4.08-3.87 (m, 4 H), 2.73-2.58 (m, 1 H), 2.50-2.15
(m, 6 H), 1.99 (ddd, J = 12.1, 5.0, 1.6 Hz, 1 H), 1.89 (dtd, J = 11.9, 6.8, 2.1 Hz, 1 H), 1.75-1.54
(m, 3 H), 1.52-1.32 (m, 2 H), 1.17 (qd, J = 11.4, 7.2 Hz, 1 H); $3C NMR (101 MHz, CDCl3) 5
152.54, 151.50, 112.62, 109.31, 105.59, 64.51, 64.47, 64.43, 51.53, 48.71, 40.84, 40.20, 38.80,

38.06, 36.35, 31.32, 30.78; HRMS (ESI) calcd for C16H2302 [M+H]" 247.1693, found 247.1687.

O Ni(COD), (10 mol%) 0]
_— dpppe (12 mol%)
DABCO (3 equiv.)

OTf DME (0.15 M)
23°C,12h
113 79% 114

Spirocycle 114. Following general procedure F, triflate 113 (71.0 mg, 0.200 mmol, 1.0
equiv.) was converted into spirocycle 114. The reaction was worked up as usual and then purified
via flash column chromatography (silica gel, hexanes:EtOAc 9:1) to give spirocycle 114 (32.0 mg,
79% vyield) as a light yellow oil. 114: Rf = 0.32 (silica gel, hexanes:EtOAc 9:1); IR (film) vmax
3071, 2940, 2861, 1717, 1663, 1608 cm™*; *H NMR (400 MHz, CDCl3) § 4.90 (p, J = 2.1 Hz, 2
H), 2.51-2.34 (m, 7 H), 2.26 (tt, J = 6.0, 2.4 Hz, 2 H), 2.22-2.13 (m, 1 H), 2.10-1.95 (m, 2 H),
1.87-1.73 (m, 3 H), 1.65-1.59 (m, 1 H); 3C NMR (101 MHz, CDCl3) 5 198.50, 169.22, 151.11,
137.16, 106.66, 58.98, 43.72, 37.98, 36.69, 36.31, 31.57, 26.75, 23.86, 23.04; HRMS (ESI) calcd

for C14H190 [M+H]" 203.1430, found 203.1432.
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Ni(COD), (10 mol%)

2
™ dpppe (12 mol%)
CO,Me DABCO (3 equiv.)
DME (0.15 M)
100 °C, 12 h
115 58%

Cyclopropane 116* Following general procedure F, triflate 115 (88.0 mg, 0.250 mmol,
1.0 equiv.) was converted into tricycle 116. The reaction was worked up as usual and then purified
via flash column chromatography (silica gel, hexanes:Et>0O, 19:1) to give tricycle 116 (31.9 mg,
58% yield) as a light yellow oil. Spectral data matched that previously reported'*. 116: Rt = 0.24
(silica gel, hexanes:Et,0, 19:1); *H NMR (500 MHz, CDCl3) § 5.69 (ddd, J = 12.0, 6.9, 3.2 Hz, 1
H), 5.08 (dd, J = 12.0, 2.8 Hz, 1 H), 3.67 (s, 3 H), 2.26-2.12 (m, 2 H), 2.06 (dddt, J = 17.2, 10.2,
4.3,3.0 Hz, 1 H), 1.81-1.59 (m, 5 H), 1.52 (ddd, J = 13.5, 5.7, 3.4 Hz, 1 H), 1.47-1.36 (m, 1 H),
1.13 (s, 3 H), 1.00 (d, J = 5.2 Hz, 1 H), 0.42 (d, J = 5.2 Hz, 1 H); 3C NMR (126 MHz, CDCl3) &

131.99, 130.55, 57.87, 51.66, 39.28, 35.01, 33.19, 32.92, 30.45, 25.13, 23.48, 19.64.

Ni(COD), (10 mol%)

oOTf O (R,R)-chiraphos (12 mol%)
DABCO (3 equiv.)
= DME (0.05 M)
/ .
O N 100 °C, uW, 0.5 hr
120 121 ©

Tetracycle 121.%° Using a modified procedure from Keay,® Ni(COD); (3.7 mg, 0.013
mmol, 0.1 equiv.), (R,R)-chiraphos (11.6 mg, 0.027 mmol, 0.2 equiv.), and DABCO (0.171 g,
0.402 mmol, 3.0 equiv.) were added to a microwave vial followed by DME (4 mL). The resultant
yellow solution was then stirred at 23 °C for 10 min. Next, a solution of triflate 120 (51.9 mg,
0.134 mmol, 1.0 equiv.) in DME (1.4 mL) was added and the vial was sealed and removed from
the glovebox and placed in a microwave reactor and heated at 100 °C for 0.5 hr. Upon completion,

the reaction contents were cooled to 23 °C, diluted with Et2O (5 mL), and then filtered through a
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silica plug, eluting with Et,O. The filtrate was concentrated and the resulting residue was purified

via flash column chromatography (silica gel, hexanes:EtOAc, 19:1—10:1) to give tetracycle 121

(26.0 mg, 82% yield) as a light yellow solid. Spectral data matched that previously reported®®. 121:

Rt = 0.24 (silica gel, hexanes:Et,0 19:1); *H NMR (500 MHz, CDCl3) § 8.37 (dd, J = 7.8, 1.5 Hz,

1H),7.64-7.54 (m,2H), 750 (dd,J=7.8,1.3 Hz,1H), 7.45(td, J=7.5, 1.3 Hz, 1 H), 6.61 (ddd,

J=9.6,3.2,0.8Hz, 1 H),6.06 (ddd, J = 9.8, 6.2, 2.2 Hz, 1 H), 2.94 (ddd, J = 16.6, 6.2, 0.9 Hz, 1

H), 2.53 (dt, J = 16.5, 2.8 Hz, 1 H), 1.47 (s, 3 H); 3C NMR (126 MHz, CDCls) & 172.72, 150.08,

144.39, 144.05, 141.52, 133.55, 132.34, 128.54, 128.18, 127.14, 125.25, 121.01, 117.83, 35.49,

34.77, 31.26. The enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak

OD column (hexanes:iPrOH 9:1, flow rate of 1.0 mL/min, 254 nm) R¢= 11.5 min (R), Rt = 22.2

min (S): 39% ee.

1500~ Ig PDA®/ulti 5 254nm,4nm
] E 2
s wn
2
i : §
10004 HE B
] § il §
o [\=
] | I
|
500+ | N
1 ‘ | |
b | \
4 i | | |‘ \
| oo |
0 _ Y U . U /
0.0 S 2l5 o SIU ‘ 7.5 1dD 12|.5 ‘ 1§0 ‘
min
Peak#| Ret. Time Area Area%
1 8.463| 15714768 49.604
2 14.221| 15965555 50.396
Total 31680323 100.000
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Indenone 124 and 125.1® Following general procedure F except substituting DPEphos as
ligand, triflate 122 (31.4 mg, 0.100 mmol, 1.0 equiv.) and alkyne 123 (53.6 mg, 0.200 mmol, 2.0
equiv.) were converted into indenone 124. The reaction was worked up as usual and then purified
via flash column chromatography (silica gel, hexanes:EtOAc 4:1—3:1) to give a mixture of
indenones 124 and 125 (33.7 mg, 78%, 124:125 = 2.9:1) as a dark purple solid. Spectral data
matched that previously reported®®. 124 + 125: R¢ = 0.24 (silica gel, hexanes:EtOAc 3:1); *H NMR
(400 MHz, CDCl3) § 7.33-7.27 (m, 1 H), 7.16-7.09 (m, 3.2 H), 6.88-6.82 (m, 3.2 H), 6.79-6.70
(m, 3.2 H), 6.49 (d, J = 2.3 Hz, 3.2 H), 6.43 (dg, J = 2.3, 1.1 Hz, 3.6 H), 6.31 (q, J = 1.5 Hz, 1 H),

3.86 (d, J=1.9 Hz, 6.7 H), 3.82 (s, 1.4 H), 3.76 (s, 5.7 H), 3.70 (s, 8.9 H), 3.61 (d, J = 0.9 Hz, 8.9

Ni(COD),, DPEPhos

DABCO

DME, 100 °C

78%, 2.9:1
o

MeO 123

MeO
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H); 3C NMR (126 MHz, CDCls) § 196.75, 195.89, 162.93, 162.63, 160.31, 160.22, 158.99,
158.83, 156.74, 155.14, 154.83, 137.12, 134.20, 131.11, 130.61, 113.56, 113.06, 107.99, 106.69,

104.19, 103.98, 102.90, 102.75, 101.10, 100.23, 56.03, 55.88, 55.78, 55.48, 55.37, 55.29, 55.25.

194



2.25 NMR Spectra
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Chapter 3

Intermolecular Nickel Heck Cascades



3.1 Intermolecular Heck Cascades

While a considerable amount of attention has been given to Heck cascades, much of that
interest has been focused on intramolecular cascades.[*! This is likely because intramolecular
cascades are less challenging to control as the geometric constraints of a molecule can facilitate
highly predictable cascades. In contrast, intermolecular Heck cascades will inherently have access
to multiple reaction pathways, which can render the design process quite challenging. As such,
there are limited examples of such cascades. However, based on the success of the Larock
annulation with our Ni-Heck conditions in the previous chapter, we were curious to see how Ni
might behave in this context. One example that caught our eye was an intriguing variant first

reported by the de Meijere group, which was later improved upon by the Zhou group as shown in

e de Meijere (1998)
Pd(OAc),

©\/\ D nBuyNBr, LiCl, K,CO;
+

. o NMP, 80 °C
1 2

41%

e Zhou (2013)
Pd(OAc),

©f\ O R-BINAP(O), DIPEA
dioxane, 60 °C

82% 99% ee
3:59:1

6 H b
Scheme 3.1 Intermolecular Heck cascades by the de Meijere and Zhou groups.

Scheme 3.1.2%1 In the initial report, the de Meijere group described the coupling of o-

bromostyrene 1 and 2,3-dihydrofuran (DHF) 2 to give indene 3. While the reaction is quite

impressive, the report is limited to a handful of olefins coupling partners and generally proceeds

in low to moderate yield. The Zhou group later investigated this cascade more deeply and in the

314



course of their studies they found that through the use of aryl triflate 4 and monophosphine oxide
bidentate ligands, the reaction could be accomplished in not only high yield, but also excellent ee.
In both cases, the reaction proceeds first by an intermolecular migratory insertion of the aryl Pd
species into the olefin partner to arrive at the intermediate 6. From there, the alkyl Pd species
undergoes an intramolecular cyclization in a [5-exo-trig] fashion and following B-hydride
elimination the observed indene product 3 is obtained. However, as the Pd in 6 possesses syn -
H a B-hydride elimination can occur, which can provide a mix of different alkene isomers 5. In
fact, this is the reason that the de Meijere example is run under ligand free conditions as the
presence of a phosphine ligand was found to promote the B-hydride elimination event. The Zhou
case also suffered from the formation of uncyclized products 5 in every example they reported.
As Ni undergoes B-hydride elimination less readily than its congener, we felt that this cascade
would be an excellent opportunity to see how both our conditions and Ni react to this challenging

cascade reaction.

3.2 Discovery of the [6-Endo-Trig] Selectivity

To begin our studies on the intermolecular Heck cascade, aryl triflate 4 and n-butyl vinyl
ether 7 were subjected to our standard base mediated Heck conditions at 60 °C. Pleasingly, we
isolated the expected indene 8 arising from the [5-exo-trig] pathway in a 40% yield as well as 11%
of an unidentified side product 9. While the yield was modest, it was still comparable to that
observed by the de Meijere group.??! Enticed by the result, we then attempted the cascade with 4.
The overall yield was a modest 34%, but now the indene 3 was isolated in a 4.5:1 ratio favoring
the product 10, which appeared to be structurally related to 9. Intrigued, we decided to attempt

the reaction with yet another olefin, 1-octene 11, and no indene 12 was observed at all. In fact,
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the reaction gave product 13 in a 58% as the major product, with some minor formation of

separable isomers. After subjecting 13 to a battery of NMR experiments, it was assigned as the

Ni(COD),, dpppe
OG- 2T o Q)
f oOTf DME, 60 °C

Olefin 5-exo product 6-endo product Yield
i | 51% 8:9 4.5:1
Z>0onBu E E (49%, 8)12
7 i 9 OnBu i
7 : | 349 3:10 4.5:1
Z > I I (83%, 3)E
0 e e
4 E E
Z SnHex 58% 13
| nHex:
11 12 i 13 |

Table 3.1 Initial discovery of the 6-endo selectivity: Olefin (4.0 equiv.), Ni(COD), (10 mol%), dpppe (12
mol%), DABCO (3.0 equiv.), DME (0.15 M), 60 °C, 5-20 hr.

dihydronaphthalene, which could arise from a [6-endo-trig] selective cyclization. 10 and 9 were
subsequently assigned as the corresponding dihydronaphthalene products. These results were
particularly exciting as this was our first example where Ni provides divergent reactivity to Pd in
a Heck cascade. As such, we then subjected a variety of different olefins to the reaction to see
how general the selectivity appeared to be. Use of styrene 14 or diphenylacetylene 17 only yielded
the indene products 15 and 18 respectively. Given 11’s apparent strong selectivity for
dihydronaphthalene formation, we attempted the reaction with cyclopentene 29, but neither [5-
exo-trig] or [6-endo-trig] products were observed. Instead a complex mixture of unidentified
products was found. As such, we attempted the reaction with norbornene 20 anticipating that the
additional strain could render the olefin more reactive. Indeed, the reaction did proceed more

smoothly, but indene 21 was favored over dihydronaphthalene 22 in a 15:1 ratio. N-Boc
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dihydropyrrole 23 proved a very challenging substrate with only trace indene product 24 being

observed in the reaction. The reaction was complicated by the need for a large excess of 23,

Ni(COD),, dpppe
©j\ . “/R DABCO . @O
° X
oTf DME, 60 °C R N

4
Olefin Result
P Ph 55% 15
P & (53% 1512
14 15
Ph
/ OQ Ph 18 37%
Ph
17 18 N

48% 21:22 15:1
(21 76%)7"ou

| Trace 24
N (24 76%)1!
Boc N
23 24 Boc
AN X
2 coMe @C\ P 27:X28 3:1
CO,Me CO,Me
26 27 28
Additional Substrates:
@ Z>0Ac /\/TMS
29 30 31
Complex Mixture No Reaction Complex Mixture

Table 3.2 Initial screening of olefin partners: Olefin (4.0 equiv.), Ni(COD);, (10 mol%), dpppe (12 mol%),
DABCO (3.0 equiv.), DME (0.15 M), 60 °C, 20 hr.

which made the separation of any products challenging. While methyl acrylate 26 gave only
uncyclized products, it was interesting to note that the reduced ester 27 was formed in a 3:1 ratio

with the traditional Heck product 28, which is indicative of Ni’s recalcitrant B-hydride
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elimination.[*% The reaction was also attempted with vinyl acetate 30 and allyl TMS 31, but both

proved to be ineffective similar to what the Skrydstrup group reported. [
3.3 Optimization for Dihydronaphthalene Formation

While our first results were promising, further screening of the olefin coupling partner
indicated the cascade is quite sensitive to any perturbation in the coupling partners. As such, we
decided to try to optimize the reactions with 2 and 7 for dihydronaphthalene formation to develop
a better understanding of the factors controlling the cascade. As 2 has proceeded with formation
of both the indene and dihydronaphthalene, but favoring the latter, we decided to begin our
optimizations with it. Our first step was to screen a variety of phosphine ligands to see if any
general trends similar to those observed in the intramolecular cascades could be surmised.
Looking at Table 3.3, some dependence on bite angle is apparent, with dppb giving 10 as the sole
product of the reaction ina 29% yield. Decreasing the linker length in the ligand gave lower yields,

but quite intriguingly, increasing the linker length leads to the formation of 3 as well as its

Ni(COD),, L
OTf (0] DME, 60 °C N
4 2 10 H 0
L 4 Conversion? 10 Yield? 3 Yield® 32 Yield?®
dppe ! 100% ! 22% ! 0% ! 0%
dppp ©100% | 28% | 0% | 0%
dppb 1 100% ! 29% 3 0% i 0%
dpppe . 100% 3 21% ; 4% ! 5%
dpphex ! 72% ! 15% 3 4% 3 4%
R-BINAP l 72% i 12% ! 0% | 0%
R-BINAP(O) |  56% 2% 0% | 0%
DPEPhos | 45% i 0% ! 0% | 0%
Xantphos ' 43% ‘ 0% | 0% | 0%

Table 3.3 Ligand screening for intermolecular cascade with DHF: ?Determined by 'H NMR using methyl 3,5-dinitrobenzoate as an internal
standard; 2 (4.0 equiv.), Ni(COD), (10 mol%), L (12 mol%), DABCO (3.0 equiv.), DME (0.3 M), 60 °C, 20 hr.

regioisomer 32. The formation of 32 is rather interesting as the reaction is proceeding via the

cationic pathway, which is reported to be highly selective for a-selective additions into electron
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rich olefins.l”® Other ligands fared less well with only R-BINAP giving any appreciable product
formation, while the corresponding mono phosphine oxide R-BINAP(O), which had been key to
the Zhou group’s report, gave poor conversion and trace 10.°1 Further, it is intriguing that
DPEPhos performs so poorly, even though it was almost interchangeable with dpppe in the

intermolecular cascades.

With an optimal ligand chosen, we turned to investigating the effect of the conditions of
the reaction. As the reaction proceeds via an intermolecular step, we were curious to see what
effect varying the concentration would have upon the reaction. Somewhat surprisingly, there was
only a very mild effect observed even when varying the concentration from 0.05 M to 0.5 M as

shown in Table 3.4. In fact, the only major difference that was observed was that the reaction

Ni(COD),, dppb

OTf o DME, 60 °C

4 2 1Mo
M] t (hr) 10 Yield?
0.05 20  24%
0.1 : 3 L 23%
0.15 ! 3 L 24%
0.2 : 3 o 24%
0.3 i 3 o 25%
0.5 : 3 L 31%

Table 3.4 Concentration screening for intermolecular cascade with DHF:
aDetermined by "H NMR using methy! 3,5-dinitrobenzoate as an internal standard;
2 (4.0 equiv.), Ni(COD);, (10 mol%), dppb (12 mol%), DABCO (3.0 equiv.), DME
(0.3 M), 60 °C.

became considerably slower when run at dilute concentrations. The reaction proved much more
sensitive to variation of the 2 equivalents with the yield increasing up to 54% when 40 equivalents
were used, as shown in Table 3.5. This would seem to suggest that a competing pathway proceeds
more quickly than our desired intermolecular migratory insertion, but this will be discussed in
more detail later in this chapter. Neither loading of Ni or ligand appeared to have much effect on

the reaction. However, running the reaction at 23 °C saw a marked improvement in the yield
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Ni(COD),, dppb

OCp
oTf o DME, T (°C)

4 2 1o
2 equiv. Nimol% dppbmol% T (°C) 10 Yield®
2 100 12 .60 . 16%
4 10 12 L 80 | 24%
10 S0 12 . 60 | 38%
20 L1000 12 L60 1 46%
40 I 12 . 60 | 54%
4 25 12 60 ! 25%
4 3 5 3 12 3 60 3 25%
4 20 12 B0 ! 22%
4 C100 20 .60 1 20%
4 10 12 |23 1 45%

Table 3.5 Further condition screening for intermolecular cascade with DHF:
aDetermined by 'H NMR using methyl 3,5-dinitrobenzoate as an internal standard;
2 (4.0 equiv.), Ni(COD); (10 mol%), dppb (12 mol%), DABCO (3.0 equiv.), DME
(0.3 M), 60 °C.

giving 10 in 45% yield and with a much cleaner reaction profile. Given that 4 is potentially
temperature sensitive, it is possible that the low yield is due to decomposition of the styrene starting
material. However, running the reaction without the Ni catalyst, no conversion was observed even
after heating for 20 hr, which suggests thermal decomposition is not operative under these

conditions.

With these results in hand, our attention turned to 7 to see how general these observations
may be. Indeed, during the ligand screening, the dppe-dpphex family of ligands performed
similarly with dppp and dppb giving the best yields while dpppe and dpphex promoted the [5-exo-
trig] pathway. However, in this case we also observed a significant amount of uncyclized product
33, which was not observed with 2. The formation of the uncyclized product seemed to be the
defining issue for 7 as even with the best ligand, R-BINAP, the uncyclized product was still formed
ina 16% yield. This proclivity for B-hydride elimination could be due to C-C bond rotation moving
the Ni such that it is no longer close to the styrene, thus giving more time for interaction with the

highly activate benzylic position. Next, we attempted the cascade with 7 at high concentration and
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Ni(COD),, dpppe

X DABCO =
7

4 9  OnBu 8 OmBu 33 goupy
L 9 Yield? 8 Yield? 33 Yield?

dppe ! 6% ! 0% ! 39%
dppp Poo19% 1 0% 1 30%
dppb Loo18% 0% I 59%
dpppe i 1% L 40% ! 25%
dpphex ! 4% Poo19% 1%
RBINAP | 36% ! 0% ! 16%
RBINAP©O) | 0% | 0% i 0%
DPEPhos | 0% ! 0% ! 0%
Xantphos ! 0% | 0% i 0%

Table 3.6 Ligand screening for intermolecular cascade with n-butyl vinyl ether: 2Determined by "H NMR using methy! 3,5-
dinitrobenzoate as an internal standard; 7 (4.0 equiv.), Ni(COD), (10 mol%), L (12 mol%), DABCO (3.0 equiv.), DME (0.3 M), 60 °C.

23 °C and pleasingly, 9 was formed in a 54% yield. Intriguingly, the yield of 33 also increased
and we now observed the formation of a small amount of 8. Further attempts to increase the yield

by increasing the equivalents of 7 proved ineffective with essentially no variation in yield even

Ni(COD),, R-BINAP

O - om0y Cp - O
OTf DME, 23 °C
4 ! 9 OnBu 8 OnBu 33 OnBu
7 equiv. 9 Yield® 8 Yield® 33 Yield®
10 54% 6% 25%
20 53% 6% 27%
40 51% 7% 33%

Table 3.7 Equivalents screening for intermolecular cascade with nButyl vinyl ether: 2Determined by "H NMR using methyl 3,5-
dinitrobenzoate as an internal standard; Ni(COD), (10 mol%), R-BINAP (12 mol%), DABCO (3.0 equiv.), DME (0.5 M), 23 °C.

when 40 equivalents were used. While some slightly similar trends are observed for both 2 and 7,
it appears that each olefin is likely to require screening to identify an optimal ligand as well as

further screening to address any issues unique to that partner.

3.4 Current Scope of Base-Mediated Intermolecular Heck Cascade

From here, we decided to conduct a brief survey of the scope of the reaction with our

current conditions. The previously successful olefins, 2, 7, and 11 performed well, all now giving
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either high or exclusive selectivity for the [6-endo-trig] dihydronaphthalene products.

Additionally, we found that further increasing the concentration of the reaction gave a slight

Ni(COD), (10 mol %),

= X Ligand (12 mol %), e N
R1_\ | + /\RZ . > 1. | +
N oTf DABCO (3 equiv), N \
DME, 23 °C Rz
Entry OTf Partner Ligand 6-Endo Product 5-Exo Product Yield
X 9 60%, 8 5%
1 /\OI’IBU BINAP (8 49%)[2]
OTf
4 7 9 OnBu 8 OnBu
X
olal ZSnHex  dpppe nHex 13 58%
OTf nHex
4 1 13 12
X
3 ©\/\ D dppb 10 61%
ot o (3 83%)8!
4 2
F
4 \©\/\ | 9pPb - 52%[3]
0,
oTf o (36 80%)
34 2
A O 38 59%
5 dppb °
/©\/\ | 5 PP (39 67%)0
MeO OTf
37 2
X
7 | dppb 4162%
Me oTf o
40 2
X
8 A ongy  dpPPe OnBu 45 579,
OTf
43 7 44 OnBu 45
X
9 dpppe wH 48 23%
OTf

H
w

(0]

Table 3.8 6-endo selective intermolecular cascade under base promoted conditions: [2 Reaction

performed at 60 °C; Olefin (10 equiv.),

Ni(COD), (10 mol%), L (12 mol%), DME (1 M), 23 °C, 4 - 12 hr.
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increase in the yield with 9 and 10 now being obtained in 60% and 61% Yyield respectively. The
reaction also proved to be tolerant of variation in the aryl coupling partner, with F, Me, and OMe
substituents all giving dihydronaphthalene products in good yield. We also investigated the use
of vinyl triflate 43, but only [5-exo-trig] products 45 and 47 were observed even after extensive
screening of alternative phosphine ligands. While not the desired [6-endo-trig] product, 45 is
notable for the apparent B-selectivity of the initial Heck reaction, which is unusual for cationic

Heck reactions.[”®]
3.5 Outlook of the Base-Mediated Intermolecular Heck Cascade

While we had achieved considerable improvements in the conditions for both yield and
selectivity, our feeling at this point was that the base mediated conditions were non optimal for
this particular application. For one, a major goal of this project was to render the reaction
enantioselective and our attempts with 7 and R-BINAP only yielded a 19% ee. This, coupled with
the challenges we observed with enantioselectivity in the previous chapter, led us to wonder if a
different reaction manifold may prove more effective. The most obvious alternative is the reducing
metal approach.**Y These would allow us to not only use chiral phosphine ligands,*2%3 put also
nitrogen based ligands such as the bisoxazoline (BOX) ligand family, which has been widely used
and highly effective in Ni catalysis.l’?! In the hopes of achieving an effective, general, and
ultimately enantioselective intermolecular Heck cascade, we turned our attention to this new

approach.
3.6 Racemic Reducing Metal Condition Optimization
As a starting point for our study, we decided to utilize Garg’s conditions, and then briefly

screened a number of reaction conditions, examining the halide coupling partner, Ni precatalyst,
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use of a nitrogen ligand, and reductant.’’! From this initial assessment, the literature conditions
with NiCl2(PnBus). and aryl bromide 1 proved best giving the desired dihydronaphthalene 10 in a
49% yield with no indene 3 product observed. In fact, no 3 was observed in any of the conditions

showing selectivity was maintained even after switching to the neutral Heck mechanism.

Ni, L, Nach3
@\/\ . D Reductant H
X o} DMF, 60 °C

1X =Br 2 10H o
49 X = Cl

50 X = |

X Ni source L Reductant  Yield?
Br ! N|CI2(PnBu)2 ! - ! Mn ! 49%
Br | NiCly(PnBu), | - ! Zn L 0%
Br | NiClp(DME) ' 1,10-phen | Mn 9%
Br | NiCl,(DME) | 1,10-phen | Zn L 1%
Cl | NiCly(PnBu), - ! Mn . 0%P
Cl | NiCl,(DME) | 1,10-phen ! Mn L 23%
I | NiCly(PnBu), - } Mn - 29%
I | NiCl,(DME) | 1,10-phen | Mn L 22%

Table 3.9 Initial screening for racemic reducing metal conditions:?Isolated yields,
®No reaction; 2 (10 equiv.), Ni (10 mol%), L (12 mol%), Reductant (3.0 equiv.),
Na,COj3 (3.0 equiv.), DMF (0.3 M), 60 °C, 20 hr.

Next, we screened a veritable cornucopia of solvents. In line with literature reports, highly
polar amide-based solvents proved to be the most effective, but DMF remained the optimal

solvent. It should be noted that this reaction is very sensitive to the presence of water. Generally,

NiCIz(PnBU3)2

Br 0 Solvent, 60 °C
1 2

1Mo
Solvent Yield? Solvent Yield Solvent Yield
DMF | 49% DMSO | 0%P° MeCN L 0%P
DMA | 42% MeOH | 0%P ethyl acetate | 0%
NMP | 43% DME | 0%° toluene | 0%P
DMPU | 19% dioxane ' 0%P - L 0%

Table 3.10 Solvent screen for racemic conditions:?Isolated yield, °No reaction; 2 (10
equiv.), NiCly(PnBug), (10 mol%), Mn (3.0 equiv.), Na,COg3 (3.0 equiv.), Solvent (0.3 M),
60 °C, 20 hr.
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our optimal results were achieved with solvents that contained <5 ppm H20 as measured by Karl
Fischer titration. Reactions run in degassed DMF with ~30 ppm H20, comparable to commercial
anhydrous grade solvent, suffered a 10-20% decrease in yield. This sensitivity also extended to
the reagents, and most of the olefin coupling partners were distilled prior to use to limit the water

content of the reaction.

Following the solvent screen, we examined a collection of ligands. Intriguingly, while the
commercial precatalyst NiClo(PnBus). gives a 49% yield, use of NiCl2(DME) and PnBus only
gave a 7% yield and had to be run at 100 °C for any conversion to be observed. As both the
solutions of NiClx(PnBus), and the NIiClo(DME) and PnBus mixture were visually
indistinguishable, it would appear that the free ligand is able to form at the very least a similar
complex, so it is unclear what exactly led to this issue. We suspected our commercial sample of
PnBus may have decomposed in some fashion, but when NiCl2(PnBus)2 was prepared freshly using

the same bottle of PnBus slightly superior yields to the commercial precatalyst were observed.

NiClo(DME), L

©\/\ . D Na,CO3, Mn H

Br o DMF, 60 °C N
1 2 100
L 10 Yield® L 10 Yield® L 10 Yield?

PnBus | 7%P dppe | 2%P° BINAP 7%

PPhy | 40% dopp | 3%° DPEPhos |  36%

PCy, L 20%° dppb 10%° Xantphos | 9%°¢
P-furyl) | 21%° dpppe | 9%° DPPF | 17%
P(OPh); | 15%° dpphex ! 10%° bipy ! 4%

Table 3.11 Ligand screen for racemic conditions:2Determined by 'H NMR using methyl 3,5-
dinitrobenzoate as an internal standard, °Run at 100 °C, °Run at 80 °C; 2 (10 equiv.), NiCl,(DME)
(10 mol%), monodentate ligand (20 mol%) or bidentate ligand (12 mol %), Mn (3.0 equiv.), Na,CO3
(3.0 equiv.), DMF (0.3 M), 60 °C, 20 hr.

Besides PnBus, monodentate ligands generally outperformed bidentate ligands, though DPEPhos
did provide the second-best yield of the ligands investigated. While yields were low in many cases

and many reactions required 80 °C or even 100 °C for conversion to occur, it is worth noting that
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no [5-exo-trig] product was observed in any case. Furthermore, the consistently exclusive o-
selectivity in the initial Heck coupling is notable when our earlier cationic conditions had issues

on more than one occasion.

Both for optimization purposes and in an effort to address the observed peculiar behavior
of our NiCl2(DME)/nPBus system, we turned to screening various Ni sources for the reaction. As
PnBus fared poorly as the free ligand, PPhz was chosen as the standard ligand in cases where the
precatalyst lacks phosphine ligands. It should be noted that, while in the previous chapter the
number of potential Ni sources was limited to Ni° species, using the reducing metal conditions

now allows for the use of essentially any Ni' salt. We were also curious to see if any of the Ni

Ni, PPh,
@\/\ + D N32CO3, Mn A\H
Br o DMF, 60 °C S
1 2 10 Ho
Ni 10 Yield® Ni 10 Yield? Ni 10 Yield®

NiCl,(dppp) | 9% NiBr, ©  0%° | Ni(OAC)#4H,0 (%P

NiCI(PPhs), | 32% NICl, | 26% Ni(acac), |  0%P

NiBrz(PPh3)2 | 30% N|C|2'6H20 | 29% NI(PPh3)4 | 23%
(R-BINAP)Ni(o-toly)Cl | 18% Nil, | 0%° NiCOD), |  35%

NiBry(DME) | 34% NiF, | 0%° NistbF); | 30%

Table 3.12 Ni source screen for racemic conditions:?Determined by 'H NMR using methy! 3,5-dinitrobenzoate as an
internal standard, °Run at 100 °C, °Run at 80 °C; 2 (10 equiv.), Ni (10 mol%), PPh3 (20 mol%), Mn (3.0 equiv.),
Na,COj3 (3.0 equiv.), DMF (0.3 M), 60 °C, 20 hr.

sources with phosphine ligands already bound would see a similar increase in yield as seen with
NiCl2(PnBuz)> compared to NiClo(DME) and PnBuz. While NiClx(dppp) and the Jamison
precatalyst (R-BINAP)Ni(o-tolyl)CI did outperform their corresponding free ligand, the effect was
not as pronounced as with PnBuz. Furthermore, PPhs and NiCl2(DME) gave a higher yield than
either NiCl2(PPhs). or NiBr2(PPhs)2 indicating that the effect is ligand specific rather than general
and would need to be identified empirically. It is interesting to note that NiX2(DME) salts

performed much better than the corresponding NiXz, perhaps due to differential solubility
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properties. Somewhat remarkably, NiCl26H,O was modestly competent in the reaction, which
was surprising given the previously observed sensitivity of the reaction to H,O content. Ni°
sources also performed well giving product in only slightly lower yield compared to the best Ni"

salts.

For the next screening, we examined the effect of Ni loading, concentration, temperature,
and 2 equivalents. The reaction was relatively insensitive to the Ni loading with 5 mol% only
giving a 5% lower yield than our standard conditions and 20 mol% showing an almost identical
yield. Similar to the base-mediated conditions, the reaction was also insensitive to concentration
with the only variation being an 8% drop in yield at 0.05 M. Temperature proved to be more

crucial, as unlike our previous conditions, the reaction with 2 requiring elevated temperatures with

NiCly(PnBus),

Br o DMF, T (°C)
1

2

Ni mol% [M] T (°C) 2 equiv. 10 Yield®
25 1 03 @ 60 10 0%
50 | 03 | 60 | 10 L 34%
10 | 03 | 60 | 10 o 39%
20 | 03 | 60 | 10 L 40%
10 | 005 | 60 10 1 32%
10 | 01 | 60 | 10 L 40%
10 | 05 | 60 10 41%
0 | 03 | 50 | 10 L 13%
10 | 03 | 70 10 o 43%
10 .03 1 60 2 | 33%
0 | 03 , 60 | 5 L 39%
10 03 ' 60 20 L 4T%
10 ' 03 ' 60 40 L 41%

Table 3.13 Further condition screening for racemic conditions:®Determined by 'H
NMR using methyl 3,5-dinitrobenzoate as an internal standard; 2, NiCl,(PnBus), (10
mol%), Mn (3.0 equiv.), Na,COj3 (3.0 equiv.), DMF, T (°C), 20 hr.

the reaction proceeding with low conversion at 50 °C. However, increasing the temperature to 70
°C gave minimal improvement in the yield yet gave a slightly messier reaction profile.

Intriguingly, the equivalents of 2 did not show as strong of an effect as observed previously with
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the use of 2 equivalents only leading to a 7% decrease in yield. Additionally, while 20 equivalents
of 2 did improve the yield, 40 equivalents gave an essentially identical yield to the standard

conditions.

From here, we then turned to examine the effect of the base upon the reaction. The choice
of base had proved crucial for the success of our base-mediated conditions, but with the reducing
metal conditions the reaction proceeded smoothly in the absence of any base with only a 9% drop
in yield. In this case, the Mn presumably quenches the HBr byproduct through the formation of
H> and MnBr2. Furthermore, most bases appeared to have at best no effect on the yield or more

commonly a deleterious one. Only LioCO3z and Proton Sponge outperformed Na>COz though

LioCOzrequired the reaction not be run at 80 °C for the reaction to proceed to completion.

NiClz(P”BUg)z, L

@\/\ . D Base, Mn H
Br o] DMF, 60 °C
1 2 1o

Base 10 Yield® Base 10 Yield? Base 10 Yield®

- L 38% KsPOs 0% Et3N o 42%
Na,CO; |  47% KoHPO, | 39% Cy,NMe | 35%
Li,CO3 | 57%" DBU | 2%° PMP L 41%
K,CO3 | 0% pyridine |  27%P BusN L 30%
Cs,CO; | 0% DABCO |  19% urotropine | 23%b
NaHCO; |  34%P DIPEA |  40%° Proton Sponge | 49%

Table 3.14 Base screen for racemic conditions:?Determined by GC using dodecane as an internal
standard, °Run at 80 °C; 2 (10 equiv.), NiCl,(PnBus), (10 mol%), Mn (3.0 equiv.), Base (3.0 equiv.),
DMF (0.3 M), 60 °C, 20 hr.

While LioCOs had provided a superior yield, we conducted the additive screening with
Na>COs for the sake of consistency. In addition, if a successful additive could be identified, we
planned to examine any potential interactive effects between our reaction components. Pleasingly,
several additives proved beneficial, particularly those with a bromide anion such as LiBr, NaBr,

and KBr which gave 10 in 59%, 70%, and 69% yield respectively. Metal halide additives are
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NiCly(PnBus),

@\/\ .\ D Na,CO3, Mn
. g DMF, 60 °C
1 2

N\ H

10H o
Additive 10 Yield®  Additive 10 Yield® _ Additive 10 Yield®  Additive 10 Yield®
Bu,NCI |  42% LCl |  29% Nal | 59% MgCl, | 2%
BuNBr ' 50% LiBr | 59% KCl | 43% TESOTf | 14%
Bu,NI |  56% Ll | 53% KBr |  69% LOTf | 0%
BuNOAC | 2% NaCl |  47% KI | 52% LiPFs | 34%
CsF | 1% NaBr |  70% MnCl, |  25% TEMPO | 3%

Table 3.15 Additive screen for racemic conditions:?Determined by GC using dodecane as an internal standard; 2 (10 equiv.),
NiCly(PnBus), (10 mol%), Mn (3.0 equiv.), Na,CO3 (3.0 equiv.), Additive (3.0 equiv.), DMF (0.3 M), 60 °C, 20 hr.

reported to have similar beneficial effects throughout the Ni literature and they are generally
thought to work through promotion of Ni' to Ni° reduction.[**171 For additives that had negative
effects, it is intriguing to note that the addition of triflate anions from either TESOTT or LIiOTf
seriously hinder the reaction with poor conversion with the former and no reaction observed with
the latter even at 80 °C. LiPFs also decreased the yield considerably, but the reaction proceeded
with almost complete conversion. It appears that non-coordinating anions inhibit the reaction,
though the exact mechanism is unknown. One hypothesis would be that triflate anions prevent Ni'
reduction by the reducing metal as has been reported by the Weix group.l'™ Alternatively, the
highly hydroscopic salts could just be a source of adventitious water, but given that both the triflate
additives suffered from poor conversion rather than just poor yield, as is usually the case with
“wet” reactions, this seems unlikely. As in the previous chapter, TEMPO inhibited the reaction,

but did not shut it down completely, since it did proceed with 30% conversion.

Finally, we investigated the effect of different base and additive combinations. In the
absence of base, the presence of bromide anion still promoted the reaction, but to a lesser degree
with NaBr giving the highest yield by a small margin. Of the three best performing bases from
our base screen in Table 3.16, the combination of Na2CO3/NaBr proved the best, though all three

bases are essentially interchangeable. Then, the equivalents of NaBr were varied and it was found
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NiCl,(PnBus),

B o DMF, 60 °C

1 2 1010
Base Additive (equiv.) 10 Yield®

- ; LiBr (2) C 4T%
- | NaBr (2) | 60%
- i KBr (2) . 56%
Na,CO; ! NaBr (2) L 70%P
Li,COs i NaBr (2) . 68%
Proton Sponge | NaBr (2) | 68%
Na,CO, i NaBr (0.5) . 55%
Na,CO, 1 NaBr (1) . 59%
Na,COj 1 NaBr (3) L 62%

Table 3.16 Effect of base and additive combinations:?Determined by GC using
dodecane as an internal standard; 10 (10 equiv.), NiCly(PnBus), (10 mol%), Mn (3.0
equiv.), Base (3.0 equiv.), Additive, DMF (0.3 M), 60 °C, 20 hr.

that 2 equivalents are optimal, as either increasing or decreasing equivalents led to a marked drop

in yield.
3.7 Initial Screening of Chiral Ligands

Now that effective racemic conditions had been determined, our focus turned toward
rendering the reaction enantioselective. As phosphine ligands had performed the best in the
racemic conditions, we initially focused on that class of ligands, but they provided consistently
low to modest ee values. After screening our collection of chiral phosphine ligands, a selection of
which is shown in Table 3.17, with little success, we resorted to nitrogen-based ligands.
Pleasingly, we began to see promising ee values with BOX-type ligand 56 and the related
semicorrin 57, which gave the products in 64% and 78% ee respectively, albeit in poor yield. In
order to take advantage of this promising ee, it appeared that our standard conditions would need

to be reoptimized in order to account for the new ligand class.
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NiCl,(DME)

B o DMF, 60 °C

1 2
Ph,,
Me Ph Q
PhoP A P
2 \;/\Pth @3/\/
Y ., Ph
Me /Ph
49 50
23%, 44% ee 14%, 53% ee 6%, 19% ee

<O O Me\O

O PAr, P ““
e

ror L

P
o A
Me
52 53 54
40%, 16% ee 6%, 24% ee 9%, 22% ee
Ar = 3,5-dimethylbenzene Ar = 3,5-dimethylbenzene
CN
NHMe 0 o o\’)\ro
R X
lilHM N N—/ N HN—/
° Ph Ph pr Ph
55 56 57
6%, 40% ee 6%, 64% ee 5%, 78% ee

Table 3.17 Initial chiral ligand screening: 2 (10 equiv.), NiCl,(DME) (10 mol%), Ligand (12 mol%),
Na,CO3 (3.0 equiv.), Mn (2.0 equiv.), DMF (0.3 M), 60 °C, 20 hr.

3.8 Optimization of Enantioselective Conditions

Our first step was to identify an effective solvent and reductant for the reaction. While we
screened a wide variety of solvents, once again only highly polar, aprotic solvents gave any product
at all, but unlike the racemic conditions, DMSO rather than amide-based solvents proved the best.
As with the racemic conditions, the reaction was very sensitive to water content and required
solvent that was highly anhydrous with the best results observed with <5 ppm H20O. For the
reductant, we screened Mn, Zn, and the organic reductant tetrakis(dimethylamino)ethylene
(TDAE) in the hopes of having a homogeneous reaction mixture.[*¥l However, only Mn or Zn
provided any product and it appeared that in our hands the TDAE was unable to effect the Ni' to

Ni° reduction, as no reaction was observed at any temperature. Further, Zn was generally as
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NiCl,(DME), 57

@\/\ . D Na,CO3, Reductant
Solvent, 60 °C
Br o ven
1 2

Solvent Reductant Yield® ee
DMF Mn . 5% | 78%
DMF ! Zn 9% L -
DMA | Mn | 1% @ -
DMA | Zn L6% | -
NMP ' Mn | 5% | -
NMP | Zn S M% -
DMPU Mn C10% | -
DMPU | Zn - 186% -
DMSO ! Mn | 25% | 86%
DMSO Zn L27T% 1 78%

Table 3.18 Solvent and reductant screen for enantioselective condtiions:
@Determined by GC using dodecane as an internal standard , PNo reaction; 2
(10 equiv.), NiCl(DME) (10 mol%), 57 (12 mol%), Reductant (3.0 equiv.),
Na,COj3 (3.0 equiv.), Solvent (0.3 M), 60 °C, 20 hr.

effective at promoting the reaction as Mn, contrary to the racemic conditions. Still, Mn provided

essentially identical yields and, more importantly, an 8% increase in ee in the reaction with DMSO.

With solvent and reductant chosen, we then explored the effect of the Ni source. Several
different sources performed well in the reaction, giving yields similar to or slightly better than
NiCl2(DME). However, for the effective sources the variance in yield was mostly negligible, but
several of them, namely NiBrz, NiBro(DME), Ni(OAc)2#4H20, and Ni(COD),, gave a slight
decrease in ee. Ni("stb)s provided a modest boost in yield while maintaining a good level of ee.[*°]

As Ni("stb) is not commercially available and the overall benefit was low, for the purposes of

Ni, 57
X Na,CO3, Mn

Br o DMSO, 60 °C ‘

1 2 10 Ho
Ni 10 Yield? ee Ni 10 Yield? ce
NiCl, ! 0%° - Ni(OAc),*4H,0 1+ 26% o 81%
NiBr, | 26% I 81% | Ni(ClOg)*4H,0 | 4%P : -
NiBry(DME) ! 28% | 83% N(PPh3)s L 13%P ; B,
Nil, C0% - Ni(COD), | 29% . 83%
Ni(OAc), : 22% | - Ni(stb"); L 32% . 86%

Table 3.19 Ni source screen for enantioselective conditions:?Determined by GC using dodecane as an internal
standard, °Run at 80 °C; 2 (10 equiv.), Ni (10 mol%), 57 (12 mol%), Mn (3.0 equiv.), Na,CO3 (3.0 equiv.), DMSO (0.3
M), 60 °C, 20 hr.
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screening we continued to use the readily available NiClo(DME).

From here, we then screened a variety of inorganic and amine bases in the reaction, though
we did not expect to see significant positive effects. Indeed, most bases had little influence on the

reaction and in the absence of any base, the yield was only 6% lower than our previous best results.

NiCl,(DME), 57
@\/\ O __Base,Mn WH
DMSO, 60 °C N
ofo
Base 10 Yield? ee Base 10 Yield? ee
- ! 25% r- DABCO ! 47% L87%
Na,CO3 | 31% . 86% DIPEA 3 25% -
Li,CO5 ! 31% L 87% Et;N ! 29% L 84%
K,CO3 1 27%° | - Proton Sponge | 30% L
NaOAc ! 29% | 84% Cy,NMe ! 36% b
K,HPO, 32% | 87% PMP | 36% b

Table 3.20 Base screen for enantioselective conditions:?Determined by GC using dodecane as an
internal standard, °Run at 80 °C; 2 (10 equiv.), NiClo(DME) (10 mol%), 57 (12 mol %), Mn (3.0 equiv.),
Base (3.0 equiv.), DMSO (0.3 M), 60 °C, 20 hr.

However, DABCO provided a substantial increase in yield giving 10 in 47% yield and 87% ee. It
is unclear as to what role DABCO is playing here. It could be simply acting as a base and
promoting the reductive elimination as in our base-mediated conditions, but an alternate role is

possible as well.

NiCl,(DME), 57

DABCO, Mn
\ )
B o DMSO, 60 °C

r

1 2 1o
Additive 10 Yield® ee Additive 10 Yield? ee
Licr . 29% | - KCl L 36% -
LiBr 1 3% 1 - KBr o 38% | 89%
L 2% - KI Co23%
NaCl 33% - nBuyNBr 3 36% -
NaBr | 34% | - LiIOTf 2% .
Nal  28% ' - LiPFg L 26% 1 -

Table 3.21 Additive screen for enantioselective conditions:?Determined by GC using dodecane as an
internal standard, °Run at 80 °C; 2 (10 equiv.), NiCly(DME) (10 mol%), 57 (12 mol %), Mn (3.0 equiv.),
Base (3.0 equiv.), DMSO (0.3 M), 60 °C, 20 hr.
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While the ee of the reaction was consistently good, we were curious if any other ligand
classes or substitution patterns could improve the yield while at least maintaining the degree of
enantioselectivity. For the BOX ligands, the Ph moiety proved optimal as tBu, Bn, and iPr all
failed to give product in appreciable yield. Interestingly though, indabox type ligands such as 67
also performed poorly, which may indicate that some rotational freedom is desirable. Further, the
tetraphenyl BOX 68 performed poorly, but the corresponding semicorrin 69 gave 10 in 52% yield

and 85% ee. It should be noted that while the nitrile of the semicorrin ligand had an apparently

NiCl,(DME), L
@\/\ . D DABCO, Mn
B (o]

r DMF, 60 °C
1 2
X
— © o ° o) P o
@—<\ j\ FsC—\ 7 \Nl </, NT Y
N N7 Ny N R N N
59 R= Ph, 15% Ph 61 Ph
5% 60 R=iPr, 7% trace
CN
O O o o 0 “ o
Lo T )
B N N Bn N N / N HN /
= -
62 56 R= Ph; 20% 57 R = Ph; 47%, 87% ee
6% 63 R= tBu; trace 65 R = Bn; trace
64 R= jPr, trace 66 R = jPr; trace
\> Ph \,/\(J 1Ph Ph \> v1IPh
N HN
trace 6% 52%, 5% ee
P:1tBu
H
QAL o f’ .
PPh, P‘tBu
70 71 51
5% trace trace

Table 3.22 Continued screening of chiral ligands:

334



positive effect, any type of alkyl substituent at that position completely inhibited the reaction with
only trace product being observed. Additionally, phosphine ligands continued to perform poorly,
even QuinoxP” 71 and Duanphos 51, both of which recently reported to be effective for

enantioselective intermolecular Ni-Heck reactions.[?!

To conclude our screening, we finished with screening our best Ni sources with our best
ligands. A selection of these results is shown in Table 3.23. While most of the combinations we
attempted gave similar results with yields between 45-50%, Ni(Fsth)s and tetraphenyl semicorrin

69 enjoyed a cooperative effect that gave our best yield so far at 60% with 85% ee.

Ni, 69, Na,COs

@\/\ . D Reductant

Br o DMSO, 60 °C

1 2

Ni Yield® ee

NiCl,(DME) | 47%
Ni(COD), | 49% | -
Ni(Fstb); | 60% | 85%

Table 3.23 Cooperative effects between ligand and Ni source: ?Determined by GC
using dodecane as an internal standard; 2 (10 equiv.), Ni (10 mol%), 69 (12 mol%),
Mn (3.0 equiv.), DABCO (3.0 equiv.), DMSO (0.3 M), 60 °C, 20 hr.

3.9 Attempts to Inhibit Homopolymerization

Likely the most troublesome side reaction that was identified over the course of the project
was homopolymerization of the styrene 1. What first brought the issue to our attention was that
in most of the reactions for both base- and reducing metal-mediated conditions a significant
amount of a sticky residue was formed. Further, the 'H NMR spectra of the residue, as well as the
crude reaction mixture showed signals very similar to polystyrene with broad peaks around 7 and
2 ppm. As such, our first thought was that the decomposition pathway may be due to thermal
instability. However, once again, running the reaction in the absence of Ni proceeded with no
consumption of starting materials. We then suspected the process may be radical in nature,
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potentially initiated by homolytic cleavage of a Ni-C bond at some point in the cycle. Running
the reaction in the presence of radical inhibitors such as BHT or tBu-catechol (TBC) only resulted
in slightly lower yield of 10 with no effect on the formation of the residue. Based on these results,
it was suspected that the polymerization was arising from a competitive migratory insertion
wherein the Ar-Ni species undergoes an intermolecular Heck reaction with another molecule of 1
rather than 2. The polymerization also appeared to be selective for styrenes, as no broad signals
were apparent in the 3-4 ppm range, indicating that 2 was not incorporated into the structure. This
explains why large equivalents of 2 were required for the desired olefin to outcompete the
undesired migratory insertion of 1. Ultimately, we found that adding a solution of 1 and 2 portion

wise (20 mol% once an hour over 5 hours) led to a significant decrease in polymerization and a

a)NiCIz(PnBu3)2, N32003

@(\ . D Mn, NaBr, DMF, 60 °C
B o b) Ni("stb)3, 69, Mn
;

1 2

DABCO, DMSO, 60 °C

Conditions Dosing Yield® ee
a 55% !
a 66% | -
b 60% | 85%
b Y 81% 87%
Table 3.24 Inhibition of homopolymerization by portionwise addition of starting materials :
8Isolated yield; 2 (10 equiv.), NiCly(PnBujz), (10 mol%), Mn (3.0 equiv.), Na,CO3 (3.0 equiv.),
DMF (0.3 M), 60 °C, Addition of 20 mol% of 1/hour over 5 hours, 20 hr; b) 2 (10 equiv.),
Ni(stb™)3 (10 mol%), 69 (12 mol%), Mn (3.0 equiv.), DABCO (3.0 equiv.), DMSO (0.3 M), 60 °
C, Addition of 20 mol% of 1/hour over 5 hours, 20 h.

N
LY
N |

substantial increase (10-20%) in yield for both the racemic and enantioselective reducing metal
conditions as shown in Table 3.24. 1t was found that adding a solution of both 1 and 2 was superior
to simply adding a stock solution of 1 to the reaction. Further, the addition could be done using a
syringe pump with identical results, but operationally, the portionwise procedure proved simpler.

We hypothesize that the slow addition of 1 works by decreasing the effective concentration of 1
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in the reaction mixture, thus minimizing the amount of homopolymerization, while maintaining

the relative concentration of 1 and 2 thus allowing the desired cascade to predominate.

The observant reader will note that yields for the racemic conditions are actually lower
than what we reported earlier with our optimized conditions. This is due to an unexplained 15-
20% drop in the yield for every reaction we ran under both the racemic and enantioselective
reducing metal conditions. This phenomenon began during our optimization studies of the
enantioselective conditions. Despite preparing or ordering new reagents and solvent, regenerating
the glovebox catalyst, replacing the glovebox catalyst, changing the glovebox atmosphere from
the house N to high purity Ar cylinders, or even setting up and running the reaction in other
gloveboxes, we were unable to either identify or ameliorate the cause of this sudden declining
yield. However, it must be noted that outside of this unexplained event, the yields of the reactions

are quite reproducible with yield variance between runs usually within 0-3%.
3.10 Racemic Reducing Metal Conditions: Aryl Substrate Scope

With both racemic and enantioselective conditions optimized, we started to investigate the
scope of the reaction. To begin, we looked at how the reaction would scale up. It should be noted
that all of the following reactions are reported with their isolated yield and were run for 36 hr rather

than 20 hr as in the screening, because we had noticed a small (3-5%) increase in yield with the

NiC|2(PnBU3)2

©\/\ + D N32CO3, Mn
DMF, °
o 5 .60 °C
1 2

0.2 mmol scale: 66%
2.0 mmol scale: 55%
Setup outside glovebox: 52%

10H o

Scheme 3.2 Optimized racemic conditions with standard substrate: 2 (10 equiv.),
NiCly(PnBus), (10 mol%), Na,COj (3.0 equiv.), Mn (3.0 equiv.), DMF (0.3 M), 60 °C,
Portonwise addition of 1 and 2 over 5 hours, 36 hr.
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additional 16 hr of reaction time. Pleasingly, the reaction scaled well, giving 10 in a 55% yield at
a 2.0 mmol scale. Further, the reaction was able to be setup entirely outside of the glovebox using
only standard Schlenk techniques to give 10 in a 52% yield. This is particularly notable as one of

the great hindrances of Ni° catalysis is that it often requires a glovebox to avoid catalyst death.

We next wanted to explore the scope of aryl coupling partners. Pleasingly, a variety of
substitutions were tolerated in the reaction including fluoro, methyl, methyl and benzyl ethers,
silyl protecting groups, and anilines. Extended m-systems such as naphthalenes were also

competent in the reaction. Trifluoromethyl groups and methyl esters were tolerated to a lesser

NiCI2(PnBu3)2
N32003, Mn _

DMF, 60 °C

36%2
Table 3.25 Substrate scope of aryl partner: 2Isolated as a mixture with uncyclized product; 2 (10 equiv.), NiCly(PnBus), (10 mol%), Na,CO3 (3.0
equiv.), Mn (3.0 equiv.), DMF (0.3 M), 60 °C, 36 hr.
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degree