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ABSTRACT

Since its discovery in 1896, the Buchner reaction has fascinated chemists for more
than a century. The highly reactive nature of the carbene intermediates allows for facile
dearomatization of stable aromatic rings, and provides access to a diverse array of
cyclopropane and seven-membered ring architectures. The power inherent in this
transformation has been exploited in the context of a natural product total synthesis and
methodology studies.

The total synthesis work details efforts employed in the enantioselective total
synthesis of (+)-salvileucalin B. The fully-substituted cyclopropane within the core of the
molecule arises from an unprecedented intramolecular Buchner reaction involving a
highly functionalized arene and an o-diazo-f3-ketonitrile. An unusual retro-Claisen
rearrangement of a complex late-stage intermediate was discovered on route to the
natural product.

The unique reactivity of o-diazo-f-ketonitriles toward arene cyclopropanation was
then investigated in a broader methodological study. This specific di-substituted diazo
moiety possesses hitherto unreported selectivity in intramolecular Buchner reactions.
This technology was enables the preparation of highly functionalized norcaradienes and
cyclopropanes, which themselves undergo various ring opening transformations to afford
complex polycyclic structures.

Finally, an enantioselective variant of the intramolecular Buchner reaction is
described. Various chiral copper and dirhodium catalysts afforded moderate

stereoinduction in the cyclization event.
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Chapter 1

The Intramolecular Buchner Reaction

1.1 INTRODUCTION

The cyclopropane motif is of indisputable importance to the field of chemistry.' In
addition to the prevalence of three membered rings wide array of chemical entities,’
cyclopropanes have been realized as valuable synthetic intermediates capable of
undergoing myriad transformations.’ The synthesis of cyclopropanes has thus captured
the interest of chemists for more than a century. Since the first known synthesis of
cyclopropane by Freund in 1882,* numerous strategies have been developed to access this
moiety.” One involves the generation of metal carbenoids from diazo compounds; this
method accesses reactive intermediates that participate in formal 241 cycloadditions
reactions to afford cyclopropane products.”

The first synthesis of a diazo compound is attributed to Curtius in 1883, who
reported the diazotization of natural a-amino acids to afford ethyl diazoacetate (EDA).°

In 1896, Buchner and Curtius investigated the thermolysis of ethyl diazoacetate in
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benzene, which they proposed resulted in the formation of the corresponding

norcaradiene (Scheme 1.1).” This transformation is now known as the Buchner reaction,
and since this seminal discovery numerous chemists have contributed to the development
of cyclopropanation with diazo compounds throughout the 20" century.® The remarkable
diversity of cyclopropane structures that can be prepared from the reaction of diazo

reagents with alkenes or arenes speaks to the power of this transformation.”

Scheme 1.1. Buchner’s initial report on the reaction of EDA and benzene

150 °C
r COEt  cealed tube
+ I —_— CO,Et
N, 4 hours

1 2

The use of transition metals to catalyze the cyclopropanation reactions of diazo
compounds has transformed this area of research.” For more than half of the preceding
century the utility of diazo reagents for intermolecular cyclopropanation was limited by
the harsh reaction conditions required for de-diazotization and the poor selectivity
exhibited by the resulting carbenes.'’ Although the first metal-catalyzed decomposition of
ethyl diazoacetate dates back to 1906,'" it wasn’t until the 1960’s and 1970’s that the
methodology involving homogeneous catalysts gained wider adoption in synthetic
contexts."

This chapter will focus on specifically the methodological development of the
intramolecular arene cyclopropanation, and highlight the power of the transformation in
selected total synthesis reports. The ensuing chapters will detail the applicability of

intramolecular arene cyclopropanation in a total synthesis work and methodology study.
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1.2 THE INTRAMOLECULAR BUCHNER REACTION?

1.2.1 Historical Development of the Buchner Reaction

In 1896, Buchner and Curtius reported the reaction between benzene and ethyl
diazoacetate.” Although Buchner originally proposed the product of this reaction was
norcaradiene 2, Doering and co-workers,” with the assistance of modern NMR
techniques, subsequently characterized the products as a mixture of cycloheptatrienes 46
(Scheme 1.2)."* Since this discovery, the non-catalyzed and metal-mediated variants of
this reaction have become important methods for the preparation of seven-membered

rings.'®

Scheme 1.2. The Buchner reaction

6! disrotatory
ring

g [1, 5]-hydride
CO2Et penzene opening migration
i — > CO.Et | —=m —_— * *
N, 150 °C

1 2 3 CO,Et 4 CO.Et 5  COEt 6 COEt
"Buchner esters"

We now understand that cycloheptatriene (CHT) 3 arises from reversible 6t
disrotatory electrocyclic ring opening of the initially formed norcaradiene 2, and that
compounds 2 and 3 exist in a dynamic equilibrium that heavily favors 3. Under the
thermal conditions, 1,5-hydride migration results in isomerization of 3 to a
thermodynamic mixture of cycloheptatrienes 4-6."° The original report by Buchner”'” and

subsequent findings by Doering'® have sparked volumes of research on the norcaradiene—

" This review was written in collaboration Dr. Sergiy Levin, a former postdoctoral
researcher in the Reisman group. For a published version, see: Reisman, S. E.; Nani, R.
R.; Levin, S. Synlett 2011, 2437.
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cycloheptatriene equilibrium.">'® In simple, unconstrained systems the equilibrium lies

toward the cycloheptatriene species.'” However, several elegant studies have determined
that a variety of steric®® and electronic®' factors may alter this equilibrium to instead favor
the norcaradiene. Ciganek was the first to report that the incorporation of two m-accepting
electron-withdrawing groups at the C7 position (e.g. 7,7-dicyanonorcaradiene, 7, Figure
1.1) result in the stabilization of the norcaradiene valence tautomer. Geometric contraints
can also affect the norcaradiene-CHT equilibrium. For example, Vogel and co-workers
prepared and compared the 'H NMR spectra of two closely related compounds, 9 and
10.” Tllustrating the influence of geometric constraints on the equilibrium, they found
that for the ten-carbon system, norcaradiene 9a predominates; on the other hand, the

analogous eleven-carbon framework favors the ring-opened cycloheptatriene 10b.

Figure 1.1. Substituent effects on the norcaradiene-cycloheptatriene equilibrium

CN CN
- ‘_’—
CN CN n n
n=109a
7 8 2 30a 9b,10b
n =1[4.3.1]: 9a favored
n=2[4.4.1]: 10b favored

Early synthetic applications of the thermal and photochemical intermolecular
Buchner reaction were plagued by poor yields and the formation of isomeric
cycloheptatriene products that were difficult to separate.'”® Critical improvements in
selectivity were achieved when the inframolecular Buchner reaction was investigated in

combination with the use of heterogenous copper catalysts.
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Julia et al. first reported the intramolecular cyclopropanation of a-diazoketones
in 1970 (Scheme 1.3).” Despite the variable yields obtained and harsh conditions
employed, the utility of the transformation to generate novel bicycle rings systems was
recognized. In 1973, Scott reported that CuCl catalyzes the intramolecular Buchner
reaction of phenyldiazobutane 11 to give, following 1,5-hydride migration, cross-
conjugated dihydroazulenone 15 (Scheme 1.3).>* Due to the labile nature of the
cycloheptatriene species, however, the forcing conditions required even in the presence

of copper catalysts precluded isolation of the kinetic products.

Scheme 1.3. Seminal examples of metal-catalyzed Buchner reactions

Julia:
[¢]
N JH(COZEt Cu (o]
| P IN decalln 130 °C /©/\ decalln 130 °C MeO Y
2 (13% yield) (60% yield) E
1 14
thermodynamlc kinetic
CHT product CHT product
Scott: Noels:
Cucl Rhy(tfa)
(7 mol %) \ rcozEt (0.4 mol %)
—_—— + _Qamol®) o
| (¢} benzene, | P ,\I‘ benzene,
reflux 2 22°C
2 (40-50% yield) 0 - CO,Et
7 15 1 (100% yield) 3

The problems associated with thermal and catalytic Buchner reactions prior to
1980 were solved with the introduction of dirhodium catalysts. In their initial report,
Noels and Hubert demonstrated that Rh,(tfa), catalyzes the reaction between ethyl
diazoacetate (1) and benzene to afford the kinetic cycloheptatriene product 3 in
quantitative yield (Scheme 1.3). The reaction with various substituted benzene

compounds also afforded the ring-expanded product in high yields and good positional
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selectivity. The pitfalls endemic to the heterogeneous copper-catalyzed Buchner

reaction were efficiently mitigated by the use of dirhodium catalysts, and this discovery
greatly facilitated further study of this transformation. As they are the most widely
employed catalysts for the Buchner reaction, development and application of Cu and Rh-

catalyzed arene cyclopropanation will be reviewed in the following two sections.*

1.2.2 Methodological Investigations

1.2.2.1 Dirhodium Catalysts

The synthetic utility of the intramolecular Buchner reaction was greatly improved
with the advent of dirhodium(II) catalysts. Pioneering work by McKervey, Padwa, and
others established the effects of arene substitution, diazo structure and catalyst electronics
on the selectivity of the cyclopropanation. McKervey was first to examine the 1-diazo-4-
phenylbut-2-one systems with dirhodium tetracarboxylate catalysts, and reported
markedly improved yields versus the copper catalysts utilized by Julia and Scott (7,

Scheme 1.4)%

Scheme 1.4. The intramolecular Buchner reaction 1-diazo-4-phenylbut-2-ones
Rhy(OAc),

o)
N
N2 (99% yield)
R o
ha(OAc),, ha(OAc),,
|N DCM 22°C DCM 22°C
quanmatlve yleld

quantitative yield

R = Me, OMe R= Me OMe
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A range of arene substitution is tolerated, and it was further discovered that
cyclopropanation occurs generally at the site distal to m- or o-substituents (18 and 20,
respectively).”® Subsequent studies focused on how parameters such as the diazo
substitution pattern and tether length between the arene and carbonyl influenced the yield
of the intramolecular Buchner reaction. To examine the impact of diazo substitution on
the intramolecular cyclization, 2-diazo-5-phenylpent-3-one 22 and 24 were synthesized
(Scheme 1.5).” Substrates 22 and 24 mirrored the reactivity of the analogous 1-diazo-4-
phenylbut-2-one (7 and 18), affording products that favor the norcaradiene tautomer.
Extension of the tether length in o-diazoketone compounds 26 and 28 revealed the

sensitivity of the Buchner reaction to subtle structural changes. Whereas a-diazoketone

26 undergoes intramolecular cyclopropanation to yield cycloheptatriene 27, a.-diazo-f3-

alkylketone 28 only produces C-H insertion product 29 in modest yield.

Scheme 1.5. Investigations of diazo substitution and tether length
o Me o]

N Me  Rhy(mand), <:Q:o Me Rhy(tfa), &o
bcm,a0°C > DM, 40°C >
I Z N, C 0°c Me N, C 0°c Me

quantitative yield quantitative yield

22 23 24 25
o] o]
H _ Rhy(OAc), 1 = Me _ Rhp(mand), _ o
DCM, 40 °C 3 _ DCM, 40 °C > L
N, quantitative yield o Ny (46 % yield) Me
26 27 28 29

Further limitations of the intramolecular Buchner reaction were revealed in
Kennedy’s work on 2,6-di-substituted arene compounds 30a,b.*° Whereas a-diazoketone

30b readily cyclopropanates the pendant arene, a-diazo-f3-alkylketone 30a only affords a
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mixture of dimeric products and neither of the cycloheptatriene isomers are observed

(31/32, Scheme 1.6). Despite these pitfalls, the ability of metal carbenoids derived from
a-diazoketones such as 30 to smoothly dearomatize arenes under mild conditions
affirmed the great potential of the intramolecular Buchner reaction to synthesize complex

bicycle structures.

Scheme 1.6. Investigations of arene and diazo substitution

o
MeMe Me
or Rhy(mand), R ha(mand)4
D S —
DCM, 40 °C DCM 40 °C
Me'o (69 % yleld) H o
OMe OMe R =Me OMe OMe
CO,Et CO,Et CO,Et CO,Et CO,Et
32 31 R = Me (30a)

not observed!! R =H (30b)

In a series of reports,’ Padwa, Doyle and coworkers made significant
contributions to the development of the intramolecular Buchner reaction. Their findings
established that the ligand and arene electronics exert a significant impact on the
chemoselectivity of intramolecular rhodium carbenoid transformations.”® A series of
intramolecular competition experiments for rhodium carbenoids was undertaken, with the
goal of determining reactivity trends for electronically differentiated ligands. Based on
these extensive studies, reactivity trends for Rh" carbenoids derived from Rh,(pfb), were
established: formal aryl C-H insertion > tertiary aliphatic C-H insertion > olefin
cyclopropanation ca. = Buchner reaction > secondary C—H insertion. This is in contrast to
the electron rich Rh,(cap), catalyst, which provided the following reactivity trend: olefin
cyclopropanation > formal aryl C—H insertion > tertiary C—H insertion > secondary C-H

insertion > Buchner reaction.*
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Compounds 35a-c were synthesized to examine the effect of arene electronics on
the intramolecular Buchner reaction. Using Rh,(OAc), as the catalyst, diazoacetamide
35a yielded a 2:1 ratio of cycloheptatriene 36a to benzylic C—H insertion 37a (Table 1.1).
However, exposure of nitroarene 35c¢ to the various dirhodium catalysts resulted in
predominantly C-H insertion product 37¢, regardless of ligand choice. In this case the
nitro group appears to inhibit the intramolecular Buchner reaction more than the
competing C-H insertion, but an inductive deactivation of the benzylic protons is
nonetheless present due to appearance of f-lactam 38c. For electron neutral- and rich-
arenes (35a,b), the ligand electronics on dirhodium were found to override the
chemoselectivity dictated by arene substitution. Whereas more electron poor catalysts
favor cyclopropanation, electron-releasing ligands promote insertion into the benzylic C-

H bond to form y-lactams 37a,b.

Table 1.1. Catalyst and substrate effects on chemoselectivity

t-Bu
/

t-IBu N, N B
N catalyst -HBu
/©/\/ H——Y NEBu 4+ °© 4+ R N
R
R ° o

o
35a-c 36a-c R 37a-c 38a-c

Relative Amounts of 36:37:38

Catalyst  Total Yield 36a 37a 38a
Rhy(pfb), 80% 95 5
R=H RhyOAc), 85% 68 32
(35a) Rhy(cap), 82% 3 97
Rhy(acam), 80% 23 77
36b 37b 38b
Rh,(pfb), 93% 93 7 -
R=0OMe RhyOAc), 90% 76 24 -
(35b)  Rhy(cap), 81% 14 86 -
Rhy(acam), 80% 36 64 -
36¢c 37¢c 38c
Rh,(pfb), 92% 27 60 13
R=NO, pn(0Ac), 80% 8 77 15

(35¢) Rhy(acam), 92% 0 97 3
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The impact of carbene substituents was also interrogated (Scheme 1.7). It was
found that, irrespective of tether length, a-diazoacetamides 39b and 42¢ (R = H)
underwent intramolecular cyclopropanation to afford cycloheptatrienes 40 and 43c¢.*'***
Consistent with the work of McKervey, introduction of an ester or ketone substituent
completely alters the chemoselectivity of the cyclization, providing the C-H insertion
products 44a and 44b in excellent yield. Remarkably, a-diazo-f-acetamidoketone 39a

prefers four-membered ring formation to form fB-lactam 41 entirely to the alternative

Buchner reaction.

Scheme 1.7. Effect of diazo substitution: divergent reactivity

o]
o]
H;C
LN

R=H N, R = CH,CO

H O N “M-Bu
40  quantitative R = CH,CO (39a) 4 98 % yield
R =H (39b)
o
(TMS)ZHC\N Jkﬂ/ R HsC
R
HyC N, Rhy(OAc), N~CH(TMS), CHs
—>
R = CHyCO (42a) R Yo 43 oW 4
R = CO,Me (42b) LThs
R =H (42c) (TMS),
R Yield 43 Yield 44
CH,CO - 100%
CO,Me - 100%
H 32% 68%

1.2.2.2 Copper Catalysts

Copper catalysts have recently re-emerged as effective promoters of the
intramolecular Buchner reaction. In particular, the use of solubilizing ligands has enabled

further development beyond the heterogeneous catalysts employed since the early 20"
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century. The discovery and application of homogeneous copper catalysts for alkene

:12bc

cyclopropanation expanded greatly after the seminal reports of by Nozaki and

Moser'? in the late 1960’s. However, the intramolecular Buchner reaction of an a-diazo

Scheme 1.8. Homogeneous copper catalysis of the intramolecular Buchner reaction

o Cu(hfacac), 3 mol %
©/ DCM 22 °C, 5 min
I 0 quantitative yleld O
45 N

not observed

ketone using a soluble copper catalyst was not reported until 1984, when Saba disclosed
that Cu(hfacac), catalyzed cyclization of 45 (Scheme 1.8).” As evidenced by this
example, for simple a-diazoketones the reaction rate and efficiency with soluble Cu"
salts rivals that of the dirhodium catalysts.

Although less frequently utilized for intramolecular arene cyclopropanation, in
certain cases copper catalysts have exhibited superior chemoselectivity over
complementary dirhodium catalysts. In the study of the intramolecular reaction of tetralin
2-diazo ketone 49 (Table 1.2), Mander evaluated the selectivity of both catalyst
systems.” These studies revealed that the yields of arene cyclopropanation are highly
dependent on both the catalyst and the arene substitution pattern. In general, rhodium
catalysts provided mixtures of norcaradiene 50 and cyclopentanone 51, sometimes
favoring 51. Alternatively, copper catalysts provided lower overall yields, but delivered

better selectivity for the norcaradiene (Table 1.2, entries 2, 4, 6).
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Table 1.2. Mander’s studies of tetralin 2-diazomethy! ketones

(o]

4 N, catalyst +
Rs_: 7 R—: |
i 49 50 51
Entry | R | Catalyst | Yieldof50(%) | Yield of 51 (%)

1 H Rh,(OAc), 39 41
2 H Cu(acac), 56 6
3 5-MeO Rh,(OAc), 34 41
4 5-MeO Cu(acac), 56 12
5 6-MeO Rh,(OAc), 71 14
6 6-MeO Cu(acac), 61 17
7 7-MeO Rh,(OAc), 46 44
8 7-MeO Cu(acac), 64 3

Chiral copper catalysts have also been demonstrated to promote enantioselective
Buchner reactions. In a series of reports,”” Maguire and coworker’s have established that
for substrates such as 52, superior asymmetric induction is achieved with a copper-
bisoxazoline versus various chiral dirhodium species (Scheme 1.9).”* Furthermore, the
use of a highly active cationic copper species allowed for the reaction to be carried out in
refluxing dichloromethane, a significant improvement from high temperatures required in

heterogeneous copper-catalyzed diazo transformations.

Scheme 1.9. Stereoinduction in the copper-catalyzed Buchner reaction

Me Me. Me

Me, Me© Mej_l’\\
Me catalyst <j'><~\o
—_——— & _—
N, DCM, reflux ."H Me e o)

52 53 54
o\Rh Me Me

3 | 07)%0 Rh,(S-MEPY), :66 % yield, 0 % ee
NARh <,’N h}\z L1, CuSbFg :72 % yield, 80 % ee

Ph Ph

?:OZMe
55 Rhy(S-MEPY), 56 L1
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1.2.3 Summary

This section has described the history of the intramolecular Buchner reaction and
key methodological studies that contributed greatly to the progress of the transformation.
From the collective research of several laboratories the following reactivity trends have
emerged:'** (1) rhodium catalysts promote Buchner reactions at lower temperatures
than copper catalysts;*” (2) in systems where C-H insertion is disfavored, rhodium
catalysts typically provide higher yields than copper catalysts;”* (3) for rhodium
catalysts, electron-deficient ligands favor arene cyclopropanation, whereas electron-rich

ligands favor C-H insertion;"

(4) ortho-substituted aryldiazobutane substrates undergo
arene cyclopropanation at the less substituted site;* (5) doubly stabilized diazo substrates

(e.g. a-diazo-P-keto esters) generally favor C-H insertion over arene cyclopropanation.®

1.3 THE INTRAMOLECULAR BUCHNER REACTION IN TOTAL

SYNTHESIS

Whereas intramolecular alkene cyclopropanation has been often employed in the
synthesis of natural products, the intramolecular Buchner reaction has found far fewer
applications in this area. Nonetheless, this facile method of dearomatization has been
recognized as a powerful method for carbon-carbon bond formation, and thus the
Buchner reaction has been utilized in total synthesis endeavors. Following the early
reports of copper and rhodium catalysis, a number of research groups have applied

intramolecular variants of the Buchner reaction to the preparation of polycyclic systems
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Scheme 1.10. Commonly studied intramolecular Buchner substrates

containing seven-membered rings.” The vast majority of studies reported to date have
focused on compounds with two-carbon tethers between the a-diazocarbonyl and the
arene (e.g. 57a, Scheme 1.10);”*" however, some heteroatom linkers have also been
pursued.” These studies have primarily utilized arenes bearing electron-releasing
substituents, as electron-deficient arenes are typically poor substrates for arene
cyclopropanation.*'**

The interest in aryldiazobutanone substrates such as 57a is fueled in part by the
large number of sesquiterpene natural products with bicycle [5.3.0] decane core
structures (e.g. 58a, Scheme 1.10), to which this synthetic methodology provides a
convenient entry.* Moreover, these substrates do not usually exhibit substantial levels of
competing benzylic C-H insertion; as a result, higher yields of the cycloheptatriene
products (58a) are observed when compared to the Buchner reactions of the
corresponding aryldiazopentane systems (e.g. 57b).

In an early demonstration of the utility of the Rh-catalyzed intramolecular
Buchner reaction, McKervey and Kennedy reported that exposure of a-diazo ketone 59
to catalytic Rh,(mandelate), quantitatively provided a mixture of norcaradiene 60 and
cycloheptatriene 61 (Scheme 1.11).*° Although norcaradiene 60 was the major species
observed by 'H NMR spectroscopy, chemoselective reduction of the equilibrating

mixture allowed for isolation of cycloheptatriene 62 in 77% yield as a mixture of
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diastereomers. Cycloheptatriene 62 was subsequently advanced in several steps to (+)-

confertin A (63).

Scheme 1.11. Totals synthesis of (+)-confertin A

0o
Me o AcO Me Me
N,  Rhymand), © AcO
2 (1 mol %) 60 NaBH,
B —
Me DCM, reflux k (77 % yield;
AcO Me

59 (quantitative

yield) Me

OH
AcO 62

61 confertin A

In their synthesis of hainanolidol (67), Mander and co-workers employed an
intramolecular arene cyclopropanation reaction to access a 5,7-fused ring system in a
considerably more complex setting (Scheme 1.12).* Treatment of a-diazo ketone 64 with
catalytic Rh,(mandelate), resulted in arene cyclopropanation followed by electrocyclic
ring opening to give an unstable cycloheptatriene. Immediate exposure to DBU resulted
in isomerization of the olefin to give the more stable and thermodynamically preferred

enone 66. Tricycle 66 was advanced in seven steps to hainanolidol (67).*

Scheme 1.12. Total synthesis of hainanolidol (67)

MeO.
&COZMe cat. CO,Me
wMe Rhy(mand), S

OMe DCM OMe| (84% yield,

2 steps)

1 ]
N, O TBS OMe TBS OMe
64

o ]
66  TBS OMe

hainanolidol
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In contrast to the numerous studies targeting the formation of bicycle [5.3.0]
decanes by intramolecular arene cyclopropanation, there are far fewer examples of
reactions that provide the corresponding bicycle 5.4.0 undecanes. This is likely due to the
increased propensity for metal-carbenoid insertion into the activated benzylic C-H bonds
of the corresponding substrates (e.g. 57b, Scheme 1.10).*” For aryldiazobutane substrates,
the strain incurred during cyclobutanone formation disfavors C-H insertion processes;
alternatively, it is well known that C-H insertion to give five-membered rings is highly
favorable.*® The competition between C-H insertion and arene cyclopropanation is clearly
illustrated by Mander and co-workers' studies of tetralin 2-diazomethyl ketones discussed
in section 1.2.2.2 (Table 1.2). Of note, due to the geometric constraints of these systems,
the norcaradiene valence tautomer S0 is favored.

Mander subsequently utilized this methodology as part of a cascade reaction
sequence in an elegant total synthesis of gibberellin GA103 (72, Scheme 1.13).*
Treatment of o-diazo ketone 68 with Cu(acac), in refluxing dichloroethane provided
unstable norcaradiene 69, which was trapped in situ by addition of 3-methylfuran-2,5-
dione (70) to deliver polycycle 71. This remarkable sequence proceeded in 75% yield

over two steps. Polycycle 71 was subsequently elaborated in 12 steps to GA ;.

Scheme 1.13. An arene cyclopropanation/Diels-Alder cascade reaction in Mander's

synthesis of GA,,; (72)

[0}

(o]

To¢
cat. o 70
INZ Cu(acac), = Me

—> —»

“ DCE, reflux “ 18h, 22 °C

OMe OMe (75 % yield,
68 69

2 steps)
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1.4 CONCLUSION

The Buchner reaction, and products thereof, have fascinated chemistry for more
than a century. The discovery of transition metal catalysts greatly increased the
applicability in the synthesis of complex molecules via arene dearomatization. As
highlighted in this chapter, the intramolecular Buchner reaction has proven to be a useful
transformation in the context of natural product total synthesis. Although these synthetic
endeavors have driven methodological advances in arene cyclopropanation, there are still

challenges with regard to chemoselectivity and stereoselectivity.
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Chapter 2

An Introduction to Salvileucalin B

2.1 INTRODUCTION

2.1.1 Natural Products from the Salvia Genus of Plants

Plants of the Salvia genus have a rich history in traditional medicine. Indeed, the
name Salvia derives from the Latin word salvare, which means, “to heal.” Isolation
studies targeting Salvia plants have yielded a wealth of structurally intriguing,
biologically active natural products, including the potent hallucinogen salvinorin A (73,
Figure 2.1).! Recently, studies aimed at identifying novel diterpenoids as potential
medicinal leads resulted in the isolation of three new compounds from Salvia leucantha?
all displaying rearranged frameworks of the typical neoclerodane skeleton. Of particular
interest to us was the compound salvileucalin B (76), which exhibits promising
cytotoxicity against A549 (human lung adenocarcinoma) and HT-29 (human colon

adenocarcinoma) cells.” Salvileucalin B is a unique member of the clerodane family in
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that it contains a tricyclo[3.2.1.0>"] octane carbon framework, the first neoclerodane

diterpenoid isolated to possess this structural feature.

Figure 2.1. Salvileucalin B and related rearranged neoclerodane diterpenoids

CO,Me

salvinorin A (73) spiroleucantholide (74) salvileucalin A (75) salvileucalin B (76)
&

2.1.2 Isolation and Structural Characterization of Salvileucalin B

In 2008, Aoyagi et al. isolated a novel cytotoxic diterpenoid from the aerial parts
of Salvia leucantha, more commonly known as the Mexican sage bush. Salvileucalin B
(76) was isolated in a quantity of 18 mg as an amorphous, colorless powder from 18.66
kg of air-dried plant matter. The connectivity of the natural product was determined by
one- and two-dimensional NMR spectroscopy, and the structure was ultimately obtained
by X-ray crystallographic analysis (Figure 2.2). The absolute stereochemistry was

deduced by comparison of the experimental and theoretical IR and VCD spectra.

2.1.3 Proposed Biosynthesis

The isolation report by Aoyagi et al. proposes a biosynthetic pathway for
formation of salvileucalin B (76, Scheme 2.1). The first intermediate 77, consisting of a

salvigenane skeleton,’ is suggested to undergo ring contraction to afford spirocycle 79.
g g8 g g pirocy
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Lactone 77 is itself hypothesized to have evolved from a neoclerodane diterpene by a

ring expansion of the standard clerodane framework.® Following a series of oxidations
that afford salvileucalin A (75), an additional desaturation event is hypothesized to
generate key intermediate 82, which then undergoes an intramolecular Diels—Alder

reaction (IMDA) to provide salvileucalin B (76).

Figure 2.2. Crystal structure of salvileucalin B

Salvileucalin B (76)

Salvia leucantha

A key question in the proposed biosynthesis of salvileucalin B (76) is whether the
Diels—Alder step involves enzyme catalysis. The existence of “Diels—Alderases”
(enzymes that catalyze a concerted [4+2] reaction) is still a controversial topic in the
chemistry community today.’ There are many cyclohexene-containing natural products
that have been characterized as Diels—Alder cycloadducts,6 and in certain cases evidence
for enzymatic catalysis of this transformation has been advanced.” Although speculative
in nature, the intramolecular cycloaddition to form the caged core of salvileucalin B has
garnered some support by both empirical and theoretical evidence. Despite the poor
orientation of the A’-double bond and the diene, the 5-vinyl-1,3-cyclohexadiene motif
has been demonstrated to undergo intramolecular [4+42] cycloaddition to generate

strained, caged polycyclic structures.® Additionally, in 2011, Chen et al. reported that a
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thermal intramolecular Diels—Alder reaction of o,f-unsaturated ester 83 yielded the

propellane core of salvileucalin B (Scheme 2.2).” The forcing conditions required for
intramolecular cycloaddition of 5-vinyl-1,3-cyclohexadienes, however, likely preclude an
unassisted transformation from occurring under typical biological conditions.
Nevertheless, these data suggest an intramolecular [4+42] reaction to provide the densely
fused polycycle of salvileucalin B is feasible, despite the geometric constraints of the

system.

Scheme 2.1. Biosynthetic hypothesis for salvileucalin B
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Computational simulation by Tantillo and coworkers on the non-catalyzed

intramolecular [4+2] of 85 estimated the activation energy to be approximately >25
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kcal/mol, making the transformation highly unlikely in a biologically reasonable

temperature regime. Coordination of the “northern lactone” to positively charged amino
acid residues (e.g., guanidinium, imidazolium, ammonium), however, led to significant
reductions in the activation barrier ranging from ~2 to 6 kcal/mol."”” Although this
activation barrier is near the high end for typical enzyme catalyzed reactions," the
computations nonetheless demonstrate reasonable non-covalent interactions that could

result in reduced energetic boundaries in the IMDA reaction to form salvileucalin B.

Scheme 2.2. Experimental and theoretical evidence for IMDA
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2.2 PREVIOUS TOTAL SYNTHESES OF SALVILEUCALIN B

Prior to our work on salvileucalin B there were no completed total syntheses
reported. After our disclosure of the total synthesis of 76, Chen and coworkers’ published
a route to a functionalized core of the natural product. This section summarizes their

synthetic efforts.
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2.2.1 Chen’s Progress Towards Salvileucalin B

In 2011 Chen and coworkers’ reported a synthetic approach to salvileucalin B that
showcased a biomimetic intramolecular Diels—Alder reaction.” As part of their strategy,
the researchers sought to develop a flexible route that would allow for late-stage
incorporation of the two lactones in order to evaluate the biological activity of
salvileucalin B and analogues. To fulfill this objective they divided the natural product

into three domains, A, B, and C (Scheme 2.3).

Scheme 2.3. Chen’s retrosynthetic analysis of salvileucalin B
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Incorporation of the two lactone subunits (domains B and C) was expected to be
achieved by elaboration of the o,fp-unsaturated ester and cross-coupling of an
appropriately functionalized furan. This convergent entrance to the B and C domains was
anticipated to permit access to variable functionality around the norcaradiene core.
Cyclopropane 84 was thus targeted as the key intermediate, which was envisioned to
arise from an intramolecular Diels—Alder reaction of spirocycle 83. As discussed in

section 2.1.3, this step was inspired by Aoyagi and coworkers’ biosynthetic hypothesis of
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the formation of the polycyclic framework of the natural product. Bicycle 83 was
expected to originate from cyclohexenone 89, which itself can be further simplified into
basic starting materials.

The synthesis commenced with the aldol condensation of cyclohexenone and
aldehyde 90, which afforded diketone 89 after oxidation (Scheme 2.4). Conia—ene
cyclization' of alkyne 89 promoted by Znl, provided the racemic spirocycle 92 in high
yield. A sequence of functional group manipulations yielded the 5-vinyl-1,3-
cyclohexadiene motif (83) required to test the intramolecular cycloaddition. In the event,
microwave heating to 250 °C afforded the fully substituted allylic cyclopropane 84 in 78

% yield.

Scheme 2.4. Intramolecular [4+2] and further elaboration

o O OH o
OHC 1.LDA,-78°C 4 steps
. \\J 2. DMP, DCM Z Znly, PhMe | NG
—_— —_— =
N (75 % yield, 2 steps) (85 % yield) | —>
o
91 90 89 I I~ (2)-02
CO,Me
A OH HO Q ?
= HMDS, uwave 9 steps
O 250 °C g 2 g %
-~ ’ 1,2-dichlorobenzene; 10 >
MeO,C || then7H8F-/Py,. I\III:)CN 5 CO,Me
% yiel
' 83 (78 %y 84 g0 s
o}
TIO ,COMe Ly
o oTBS
N/ CO,Me
* otes Tttt >
o (n-Bu);Sn
(o) 94 88 95

With the A domain of the natural product in hand, efforts were focused on

appending the two lactones onto this central unit. A lengthy sequence furnished (-
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ketoester 93, now a single step away from conversion to an enol species capable of the
ensuing cross coupling. A variety of conditions were investigated to promote this
transformation, however, none afforded the desired product (94). Control experiments
determined the alkenyl y-lactone moiety decomposed during these reactions.

The failure of 93 to undergo further elaboration prompted Chen and coworkers’ to
delay introduction of the B domain lactone. To this end, alcohol 84 was transformed into
enol triflate 96 via a sequence of oxidation, a-acylation with Mander’s reagent,” and
conversion of the ketone to the enol triflate (96). Diester 96 underwent smooth Stille
coupling with stannane 88 to produce o,-unsaturated ester 97 in good yield, albeit as a
mixture of diastereomers. After separation of the correct epimer, an additional four steps
yielded the desired northern lactone and appropriate functionality for synthesis of the B
domain. Ketone 98 was the most advanced structure reported, and no further work on this

synthetic route has been reported at the present time.

Scheme 2.5. Stille coupling and synthesis of domain C
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2.3 SUMMARY

Isolation chemists have discovered an abundance of structurally intriguing
diterpenoid natural products from plants of the Salvia genus. Salvileucalin B (76) is one
of the newer members of this class, and is quite remarkable owing to the presence of a
stable norcaradiene embedded within its structure. The fascinating structure and
intriguing biosynthetic proposal has recently captured the attention of several different

groups, and at the commencement of our studies no partial or full total syntheses existed.

2.4 INTRODUCTION TO SYNTHETIC EFFORTS?

2.4.1 Structure and Synthetic Challenges

Salvileucalin B (76) represents a formidable challenge to modern synthetic
methods (Figure 2.3), with an unprecedented structure bearing several notable features
that merit attention when considering a synthetic strategy. The structure of 76 is striking
in that it contains a stable norcaradiene core embedded within a caged polycyclic
skeleton.'* Construction of this unusual motif requires the formation of a fully substituted
cyclopropane, which remains a challenging transformation despite extensive research in

the area of cyclopropanation chemistry. Furthermore, the core of salvileucalin B is

decorated with two y-lactones, two tertiary carbon stereocenters, and the furan moiety.

" This work was performed in collaboration with Dr. Sergiy Levin, a former postdoctoral
scholar in the Reisman group. Parts of this Chapter have appeared in previous
publications: (a) Levin, S.; Nani, R. R.; Reisman, S. E. Org. Lett. 2010, /2, 780. (b)
Levin, S.; Nani, R. R.; Reisman, S. E. J. Am. Chem. Soc. 2011, 133, 774.
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Figure 2.3. Salvileucalin B

Salvileucalin B (76)

The remarkable structure of 76 presented a unique opportunity to investigate the
chemistry of norcaradienes and highly functionalized cyclopropanes, and thus inspired us
to undertake efforts toward salvileucalin B. At the outset of our studies, there were no
previous approaches to salvileucalin B in the literature, and only one other synthetic
study has been published to date.” This chapter outlines our work toward the completion
of this project, which has culminated in the only total synthesis of this diterpenoid yet

reported.

2.4.2 Outline and Context of Approach

In considering a synthesis of 76, we were intrigued by the possibility of
employing a late-stage intramolecular cyclopropanation reaction of a tricyclic arene such
as 99 to directly form the norcaradiene core (Scheme 2.6). Since the initial report by
Buchner and Curtius in 1885 detailing the thermolysis of ethyl diazoacetate in benzene,"
the cyclopropanation of arenes has been the focus of numerous investigations. Thermal
Buchner reactions generally provide the ring-opened cycloheptatriene products as
mixtures of isomers.'® With the advent of transition metal-catalyzed decomposition of

stabilized diazo compounds,’ several methodological studies have demonstrated that
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isomerically pure cycloheptatrienes can be isolated in synthetically useful yields from
an appropriate diazo precursor and arene with use of copper'® and rhodium' catalysts.
Despite the prevalence of cycloheptane containing natural products, the Buchner reaction
is still under-utilized in total synthesis endeavors.”

Access to 102 via cyclopropanation of 99 requires the chemoselective
intramolecular reaction of a metal-carbenoid (derived from the a-diazo carbonyl of 99)
with the arene st-system, in preference to highly favorable C—H insertion reactions at the
adjacent, activated benzylic proton sites. In addition, cyclopropanation to give 102
requires formation of a fully substituted cyclopropane. In this context, the
cyclopropanation of 99 provides an interesting case study of the factors influencing
benzylic C—H insertion versus arene cyclopropanation. Futhermore, due on the geometric
constraints of the polycyclic system, the norcaradiene of 102 was not expected to undergo

electrocyclic ring opening to the corresponding cycloheptatriene.”

Scheme 2.6. Chemoselectivity considerations in the key step
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Cyclopropanation
ycloprop > H
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2.5 FIRST GENERATION APPROACH

2.5.1 Retrosynthetic Analysis

In our retrosynthetic analysis of salvileucalin B (76), we sought to design a route
that would allow for incorporation of the two lactones in the final stages of the synthesis
(Scheme 2.7). The rationale for late-stage lactone installation was based on several
considerations. Generally, electron-poor aryl rings are less reactive substrates in arene
cyclopropanation,” and it was expected the presence of the northern lactone would
substantially deactivate the benzene moiety. Moreover, the presence of the northern
lactone raises the potential for chemoselectivity issues when manipulating the southern
lactone. The southern lactone was expected to arise from the Buchner reaction product of
acylic diazo ketone 99 via manipulation of the ketone and R groups. Although the use of
a cyclic diazo lactone might provide a more expedient method to access the southern
lactone, examples of such a diazo compound participating in a Buchner reaction are
rare.” The identity of the X and R functional groups that would allow for successful
execution of the proposed arene cyclopropanation event and subsequent elaboration to
the two lactones was critical to the synthetic plan. We initially sought to evaluate two
systems, in which X = CH, or SiR,; in each, the aryl ring of 99 was expected to be
electronically well suited for the Buchner reaction. However, we also recognized that the
norcaradiene products would require late stage functionalization to install the northern
lactone. In terms of R, it was envisioned that an ester or related moiety could provide an

appropriate handle for elaboration to the southern lactone.
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Scheme 2.7. Retrosynthetic analysis of salvileucalin B
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Having established tricycle 99 as a late-stage target, we envisioned that the [5,6,5]
ring system could be rapidly assembled via a metal-catalyzed cycloisomerization of an
appropriately functionalized triyne (103). This acyclic unit, in turn, could be arise from

the union of the three simple building blocks 104, 105, and 106.

2.5.2 Synthesis and Evaluation of a Model System

To assess the feasibility of constructing the norcaradiene core of 76 by arene
cyclopropanation, our initial synthetic efforts focused on rapidly accessing an appropriate
model substrate.”* To this end, we initially identified terminal diazo ketone 114 as a
suitable compound for investigating different catalysts, solvents, and other reaction
parameters (Scheme 3.3). Whereas an enantioselective synthesis of 114 would require an
asymmetric alkylation reaction to prepare triyne 103, for the purpose of rapidly accessing
the a-diazo carbonyl compounds of interest, the compounds in this study were prepared

as racemates.
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Scheme 2.8. Synthesis of a-diazo ketone 114
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Thus, our model studies commenced with the alkylation of commercially
available dimethyl propargyl malonate (107) with TBS-protected propargyl bromide
108,” followed by acid-mediated cleavage of the silyl ether to give diyne 109 in 87%
yield (Scheme 2.8). Alkylation of 109 with propargyl bromide provided the
corresponding triyne, which, after exposure to Pd(PPh,), in the presence of AcOH,
smoothly delivered tricycle 110 in 78% yield (54% yield over the two-step sequence).”
Krapcho dealkoxycarbonylation” of tricycle 110 was followed by saponification with
potassium hydroxide to give carboxylic acid 111. Subsequent conversion to the acid
chloride and homologation following the Arndt—Eistert protocol® furnished carboxylic
acid 112 in 75% yield. The a-diazo ketone 113 was prepared in good yield by treatment
of the acid chloride derived from carboxylic acid 112 with an ethereal solution of
diazomethane.

With a-diazo ketone 114 in hand, a number of metal catalysts were evaluated for

their ability to promote the formation of norcaradiene 115 (Table 2.1). Whereas Rh"
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catalysts favored the formation of C—H insertion products (entries 4-6), Cu(acac),

provided more promising levels of cyclopropanation (entry 7). There are several reports
of Rh" catalysts providing good yields of Buchner products; however, these systems
generally lack benzylic protons, or geometrically disfavor C—H insertion.”” In systems
where C-H insertion is geometrically favorable, Cu" catalysts provide improved

selectivity for cyclopropanation.'®

Table 2.1. Catalysts Screened for Cyclopropanation of a-diazo ketone 114

catalyst
(10 mol %)

u 116 17
C-H insertion products

Entry | Catalyst | Temp (°C) | Norcaradiene Yield (%)
1 Pd(OAc), 22 no rxn
2 Co"(salen) 22 no rxn
3¢ [Ir(cod)Cl], 50 decomp
4 Rh,(OAc), 2 14
5 Rh,(cap), 2 1
6 Rh,(tfa), 2 5
7 Cu(acac), 120 30
8 Cu(tfacac), 120 50 (73)°
9¢ Cu(hfacac), 120 40
10° Cu(TMHD), 120 28
e Cu(TBS), 120 11

“Run in a microwave for 5 minutes. ” Determined by '"H NMR analysis of crude reaction mixture,
using an internal standard. © Isolated yield, slow addition, DCE reflux.

Further screening of several Cu" catalysts revealed that the yields of norcaradiene
115 were highly catalyst dependent, with relatively electron-poor Cu" salts providing the
best results (entries 8,9). Although conducting the reactions in a microwave reactor

proved useful in the context of catalyst screening, improved yields were obtained for
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substrate 115 by using a slow addition protocol. Thus, syringe pump addition of 114 to

a solution of Cu(tfacac), in dichloroethane at reflux cleanly provided norcaradiene 115 in
73% isolated yield. Notably, the '"H NMR spectrum of 115 shows no evidence of the
corresponding cycloheptatriene at room temperature. In spite of the known propensity of
simple norcaradienes to heavily favor the cycloheptatriene valence tautomer,” the
behavior of 115 is not entirely surprising. The electrocyclic ring-opening of norcaradiene
115 would produce two bridgehead olefins within a strained [4.3.1]bicycle, and is
therefore anticipated to be highly unfavorable. Studies have shown that sterically’' or
electronically™ biased, as well as geometrically constrained norcaradienes®' (such as that

found in 115) can be stable at room temperature.

2.5.3 Reactivity of Di-Substituted a-Diazo Ketones

Although we were pleased with our ability to prepare norcaradiene 115, more
functionalized norcaradienes were required to facilitate the implementation of an
endgame strategy toward salvileucalin B (76). This conclusion was driven in part by our
inability to derivatize norcaradiene compound 115 (R = H) a deprotonation/trapping
sequence.” In particular, it was envisioned that use of di-substituted a-diazo ketones (e.g.
118-120, R # H, Table 2.2) would provide a cyclopropane with appropriate functionality
for conversion to the required vy-lactone. To this end, additional a-diazo carbonyl
compounds were prepared from either carboxylic acid 112 or methyl ester 113, each
easily accessible from 112 by simply modifying the conditions of the Arndt—Eistert

homologation.”®
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Table 2.2. Synthesis of a-diazo ketones 118-120

o] o
conditions
—>
o] o]

OR N,
112:R=H R 118:R=Me
113: R=Me 119: R=CO,Me
120: R=CN
Starting Tricycle | Product | Conditions/Yield (%)
112 118 () (COCI),; (i) CH,CH,N,, CH,CL (63 % yield, 2
steps)
12 119 (imid),CO then HCO,CH,CO,K/MgCl, (56% yield);
(i) p-ABSA, EGN, MeCN (63% yield)
113 120 (i) LICH,CN, THF, 78 °C (ii) (imid)SO,N,, pyr,

MeCN (50% yield, 2 steps)

To prepare o-diazo ketone 118, carboxylic acid 112 was converted to the
corresponding acid chloride and treated with diazoethane (generated in situ from N-ethyl-
N-nitrosourea). o-Diazo-f3-ketoester 119 was prepared from acid 112 by a two-step
procedure consisting of conversion to the ketoester,” followed by diazo transfer with p-
ABSA. Alternatively, a-diazo P-ketonitrile 120 was prepared by treatment of methyl
ester 113 with a-lithio-acetonitrile followed by diazo transfer with N-imidazole sulfonyl
azide™ in the presence of pyridine (Table 2.2).

As evidenced by entries 2 and 3 (Table 2.3) slight structural changes dramatically
impact the intramolecular Buchner reaction. Unfortunately, the use of a-diazoethyl
ketone 118 or a-diazo-B-ketoester 119 in conjunction with a variety of either rhodium or
copper catalysts provided only trace quantities of the corresponding norcaradiene
products. Instead, the major products were a mixture of isomeric cyclopentanones
resulting from C-H insertion, even when copper catalysts were used. The significant drop

in yield observed when switching from the a-diazomethyl ketone to a-diazoethyl ketone,
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which are similar in their electronic properties but differ in their steric profile,

suggested that less sterically encumbered substrates may provide improved yields of
norcaradiene 123. A survey of carbon-containing moieties that satisfy this requirement
but also bear suitable functionality for elaboration to the lactone produced the nitrile as an
excellent candidate.® Although intermolecular arene cyclopropanation with
dicyanodiazomethane was known,” there had been no previous reports of a nitrile-

containing diazocarbonyl compound undergoing an intramolecular Buchner reaction.

Table 2.3. Impact of diazo substitution on norcaradiene yield

(o]

(o) o R
catalyst (o] Q
(10 mol %) H
° N 1 minute, CD,Cl, R
d 0 o) 124 125
114, 118-120 115, 121-123 R C-H insertion products
Entry | R | Catalyst | Norcaradiene Yield (%)

1 H Cu(tfacac), 73°
2 Me Cu(acac), 7
3 CO,Me Cu(hfacac), 2¢
4 CN Cu(tfacac), 6°
5 CN Cu(acac), 3b
6 CN Cu(TMHD), 4°
7 CN Cu(TBS), 14°
8 CN Cu(hfacac), 53°
9 CN Cu(hfacac), 64"

* Isolated yield. "Determined by 'H NMR analysis of crude reaction mixture, using an internal
standard.

After extensive screening with a-diazo-f-ketonitrile 120, it was found that
various Cu" salts revealed promising yields of the cyclopropane product (123, R = CN),
albeit in very low yields. Whereas Cu(acac), and Cu(TBS), provided 123 in poor yields,

we were pleased to find that Cu(hfacac), could afford norcaradiene 123 in 53% assay
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yield after brief microwave heating. Notably, a-diazo-p-ketonitriles require high

temperatures to undergo de-diazotization with copper catalysts; in the case of 120 — 123,
the best yields were observed when heated for short periods to 120 °C using microwave
irradiation. Norcaradiene 123 represents the first example of a fully substituted
cyclopropane that is formed through an intramolecular arene cyclopropanation reaction.
More importantly, the highly serviceable yield obtained in the arene cyclopropanation of
a-diazo-B-ketonitrile 120 allowed for facile throughput of material for elaboration to the

requisite lactone.
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2.6 EXPERIMENTAL SECTION

2.6.1 Materials and Methods

Unless otherwise stated, reactions were performed under a nitrogen atmosphere
using freshly dried solvents. Tetrahydrofuran (THF), methylene chloride (CH,Cl,),
diethyl ether (Et,O), acetonitrile (MeCN), toluene and benzene were dried by passing
through activated alumina columns. Dimethylformamide (DMF) was dried over activated
molecular sieves, MeOH was distilled over magnesium oxide and dichloroethane (DCE)
was distilled over calcium hydride. All other commercially obtained reagents were used
as received. All reactions were monitored by thin-layer chromatography using
EMD/Merck silica gel 60 F254 pre-coated plates (0.25 mm). Flash column
chromatography was performed either as described by Still et al. (Still, W. C., Kahn, M.;
Mitra, A. J. Org. Chem. 1978, 43,2923-2925.) using silica gel (partical size 0.032-0.063)
purchased from Silicycle or using pre-packaged RediSep®Rf columns on a CombiFlash
Rf system (Teledyne ISCO Inc.). Optical rotations were measured on a Jasco P-2000
polarimeter using a 100 mm path-length cell at 589 nm. Microwave experiments were
performed using a Biotage Initiator® microwave reactor. 1H and 13C NMR spectra were
recorded on a Varian Mercury 300 (at 300 MHz and 75 MHz respectively) or a Varian
Inova 500 (at 500 MHz and 125 MHz respectively), and are reported relative to internal
CHCI3 (1H, 8 = 7.26) or CDHCI2 (1H, § = 5.32), and CDCI3 (13C, d = 77.0) or CD2CI2
(13C, & = 53.8). Data for IH NMR spectra are reported as follows: chemical shift (0
ppm) (multiplicity, coupling constant (Hz), integration). Multiplicity and qualifier
abbreviations are as follows: s = singlet, d = doublet, t = triplet, q = quartet, m =

multiplet, br = broad, app = apparent. IR spectra were recorded on a Perkin Elmer
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Paragon 1000 spectrometer and are reported in frequency of absorption (cm™). High-

resolution mass spectra were obtained from the Caltech Mass Spectral Facility.
Preparative HPLC was performed with an Agilent 1100 Series HPLC utilizing an Agilent
Zorbax RX-SIL 5um column (9.4 x 250 mm). Analytical chiral HPLC was performed
with an Agilent 1100 Series HPLC utilizing Chiralcel OD-H columns (4.6 mm x 25 cm)
obtained from Daicel Chemical Industries, Ltd with visualization at 220 nm. Analytical
HPLC was performed on an Agilent 1290 Infinity Eclipse Plus C;51.8ym column (2.1 x
50 mm). Melting points were determined using a Biichi B-545 capillary melting point

apparatus and the values reported are uncorrected.

2.6.2 Preparative Procedures and Spectroscopic Data

Preparation of Bromide 108

MsCI, Et;N

HO 0°Cto22°C B'\
— - _
- then LIBITHF, -
OTBS oy e 0TBS
(80 % yield)
S1 108

A 1 L flame-dried flask was charged with the mono-TBS protected diol (S1, 16.1
g, 79.0 mmol) under N,, followed by THF (300 mL) and Et;N (20.5 mL, 135.0 mmol).
The resulting solution was cooled to 0 °C in an ice bath, and MsCl (9.3 mL, 120.0 mmol)
was added dropwise. The resulting thick white slurry was warmed to 22 °C over 30

minutes. In a separate flask, LiBr (35.0 g, 400.0 mmol) was charged under N2 and

dissolved in THF (250 mL). The mesylate/THF slurry was filtered directly into the clear
yellow LiBr/THF solution at 22 °C. After 30 minutes TLC analysis indicated complete

consumption of starting material. The reaction was diluted with Et,O (300 mL), filtered,
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and washed with brine (50 mL). The organic layer was dried (Na,SO,), concentrated,

and purified by flash chromatography (10% EtOAc/hexanes) to afford bromide 108 (16.5
g, 80% yield) as a yellow oil. 'H NMR (300 MHz, CDCl,) d 4.36 (t,J = 2.1 Hz, 2H), 3.94
(t,J =2.1 Hz, 2H), 0.90 (s, 9H), 0.12 (s, 6H); "C NMR (126 MHz, CDCl,) d 85.5,79.7,
77.3,76.8,51.8,25.8,18.3,14.5,-5.7; IR (NaCl/thin film): 2955, 2929, 2896, 2857 cm™;

HRMS (EI+) calc’d for C,,H,,OBrSi [M+] 264.0387, found 264.0368.

Preparation of Diester S2

OTBS
NaH, THF
MeOZC\QC)zMe 22°C MeO,C, \_/—’:
—_—
then Br
_ MeO,C —]
\\ /T/
107 TBSO 108 S2

(94 % yield)

A 500 mL flame-dried flask was charged with NaH (1.3 g, 60% dispersion
mineral oil, 31.9 mmol), followed by THF (150 mL) under N,. The suspension was
cooled to 0 °C in an ice bath, and propargyl dimethyl malonate (107, 4.34 mL, 29.0
mmol) was added dropwise over 10 minutes. After stirring for 25 minutes (cessation of
bubbling), bromide 108 (7.48 g, 29.0 mmol) in THF (100 mL) was added to the
suspension at 0 °C. The reaction was warmed to 22 °C and stirred for 13 hours, after
which time TLC analysis indicated consumption of the starting materials. Water (300
mL) was added, followed by extraction with 2 x 250 mL of Et,O. The organic layer was
dried (MgSO,) and concentrated to yield S2 (9.27 g, 94% yield) as a yellow oil. 'H NMR
(500 MHz, CDCl,) § 4.22 (t,J = 2.1 Hz, 2H), 3.72 (s, 6H), 2.98 (t, J = 2.1 Hz, 2H), 2.93
(d,J =2.7 Hz, 2H), 1.99 (t, J = 2.7 Hz, 1H), 0.86 (s, 9H), 0.06 (s, 6H); "C NMR (126

MHz, CDCl,) 6 169.0, 822, 78.8, 78.3, 77.3, 76.8, 71.6, 56.4, 530, 51.6, 25.7, 229,
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22.6,18.2,-5.3; IR (NaCl/thin film): 3292, 3001, 2956, 2931, 2897, 2858, 1744 cm';

HRMS (ES+) calc’d for C,;H,;0,Si [M+H]" 353.1779, found 353.1771.

Preparation of Alcohol 109

OTBS OH

Meozc: C: _ cvwmHe o Meozc: C:
MeOH, 22 °C _
MeO,C = (93.% yield) Me0,C =

S2 109

A 250 mL flask open to air was charged with S2 (9.27 g, 26.3 mmol), followed by
MeOH (80 mL) and aq. HCI (1M, 0.5 mL, 0.5 mmol) at 22 °C. The clear colorless
solution was stirred for 3 hours, then concentrated and purified by flash chromatography
(0—20% MeOH/DCM), affording 109 (5.88 g, 93% yield) as a light yellow oil. 'H NMR
(500 MHz, CDCl) 6 4.18 (dt,J = 6.1, 2.1 Hz, 2H), 3.74 (s, 6H), 2.99 (t, J = 2.0 Hz, 2H),
294 (d,J=2.6Hz,2H),2.23 (t,J = 6.2 Hz, 1H), 2.03 (t,J = 2.6 Hz, 1H); "C NMR (126
MHz, CDCL,) 6 169.1, 82.0,79.7,78.2,71.8,56.4, 53.1,50.9, 22.9, 22.7; IR (NaCl/thin
film): 3483, 3288, 3008, 2957, 2871, 2848, 1739 cm™'; HRMS (ES+) calc’d for C,,H,,0;

[M+H]* 239.0914, found 239.0913.

Preparation of Triyne S3

OH NaH, THF
then
MeO,C — MeO,C
(69 % yield)

109

A 500 mL flame-dried flask was charged with NaH (1.09 g, 60% dispersion
mineral oil, 27.1 mmol), followed by THF (100 mL) under N,. In a separate flask 109

(5.88 g, 24.6 mmol) was azeotroped 3x with benzene, and diluted with THF (75 mL). To
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the NaH/THF suspension, pre-cooled to 0 °C, was added the THF solution of 109 via

cannula. This brown mixture was stirred for 30 minutes at 0 °C, after which time
propargyl bromide (80 wt% toluene, 3.2 mL, 29.5 mmol) was added in one portion. The
resulting brown/black slurry was warmed to 22 °C and stirred for 22 hours. After TLC
analysis indicated consumption of the starting materials, water (500 mL) was added, and
the reaction extracted with 2 x 250 mL Et,0. The organic layer was dried (MgSO,),
concentrated, and purified by flash chromatography (0—25% EtOAc/hexanes) to afford
S3 (4.67 g, 69% yield) as an orange/brown oil. 'H NMR (500 MHz, CDCl;) 6 4.22 (t,J =
2.1 Hz, 2H),4.21 (d,J = 2.4 Hz, 2H), 3.77 (s, 6H), 3.04 (t,J = 2.1 Hz,2H), 298 (d, J =
2.6 Hz, 2H), 2.44 (t, J = 2.4 Hz, 1H), 2.03 (t, J = 2.7 Hz, 1H); "C NMR (126 MHz,
CDCl,) & 169.1,81.4,78.9,78.5,78.3,77.3,76.8,749,71.8,56.7,56.5,56.1,53.2,23.0,
22.8; IR (NaCl/thin film): 3286, 2955, 2916, 2850, 1738 cm™'; HRMS (ES+) calc’d for

C,H,,0; [M+H]* 277.1071, found 277.1070.

Preparation of Arene 110

o o)
_ Pd(PPh), 2.5 mol%
MeO,C, — \\ AcOH 10 mol% MeO,C,
—_—
MeO,C — MeCN, 80 °C
2 = (78 % yield) Me0,C
S3 110

A 250 mL flask was charged with triyne S3 (4.67 g, 16.9 mmol), followed by

MeCN (150 mL) under N,. Acetic acid (100 mL, 1.7 mmol) was added, followed by
Pd(PPh,), (490 mg, 0.42 mmol) in one portion at 22 °C. The flask was fitted with a
condensor, and the clear orange/red solution was heated to 80 °C. After 30 minutes the

reaction was complete (TLC analysis) and subsequently cooled to 22 °C. The solvent was
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removed via rotary evaporation, and the crude oil was purified by flash

chromatography (0—25% EtOAc/hexanes) to afford 110 (3.65 g, 78% yield) as a white
solid. 'H NMR (500 MHz, CDCl,) 6 7.11 (d, J = 7.7 Hz, 1H), 7.05 (d, J = 7.7 Hz, 1H),
5.08 (s, 2H), 5.04 (s, 2H), 3.75 (s, 6H), 3.61 (s, 2H), 3.49 (s, 2H); "C NMR (126 MHz,
CDCly) 6 1719, 139.3, 138.2, 1349, 1329, 123.1, 119.5, 73.6, 72.4, 60.6, 53.0, 40.2,
38.9; IR (NaCl/thin film): 3436, 3003, 2954, 2916, 2850, 1733 cm™'; HRMS (ES+) calc’d

for C,sH,,05 [M-H]+ 275.0925, found 275.0917.

Preparation of Ester S4
o o
NaCl 1.05 eq
M602C><ﬁ H,02.0eq
—— >  Me0,C
DMSO, 150 °C 2
MeO,C (84 % yield)

110 S4

A 250 mL flask open to air was charged with diester 110 (6.43 g, 23.0 mmol),
NaCl (1.44 g, 25.0 mmol), water (840 mL., 47.0 mmol) and DMSO (65 mL) at 22 °C. The
flask was fitted with a condensor and heated to 150 °C with vigorous stirring. Upon
heating, the reaction darkened from light yellow to brown, and after 30 minutes at 150 °C
was black. After heating for 12 hours TLC analysis indicated consumption of starting
material, and the reaction was cooled to 22 °C. The reaction was diluted with
hexanes/Et,O (700 mL, 7:3) and washed with 2 x 300 mL water. The organic layer was
dried (MgSO,), concentrated, and purified by flash chromatography (0—30%
EtOAc/hexanes) to afford S4 (4.2 g, 84% yield) as a white solid. 'H NMR (500 MHz,
CDCly) 6 7.13 (d,J = 7.7 Hz, 1H), 7.04 (d, J = 7.6 Hz, 1H), 5.10 (s, 2H), 5.04 (s, 2H),

343 -3.35(tt,J = 9.0,8.0 1H), 3.30 — 3.20 (m, 2H), 3.16 (dd, J = 16.1,7.7 Hz, 1H), 3.09
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(dd, J = 16.1,9.0 Hz, 1H); C NMR (126 MHz, CDCL,) & 175.5, 141.0, 137.8, 1350,

134.6, 123.2, 119.1, 73.7, 72.5, 52.0, 43.7, 35.8, 34.4; IR (NaCl/thin film): 3468, 3022,
2048, 2848, 1729 cm™; HRMS (ES+) calc’d for C;H,,0; [M-H]" 217.0870, found

217.0859.

Preparation of Carboxylic Acid 111

! o}
KOH 2.0 eq
—_—
MeO,C MeOH:H,0, 22 °C HO,C
(95 % yield)

S4 111

A 250 mL flask open to air was charged with monoester S4 (4.5 g, 21.0 mmol),
MeOH (100 mL), water (10 mL), and KOH (2.3 g, 42.0 mmol) at 22 °C. After 4.5 hours
the reaction was judged to be complete by TLC, and the reaction volume was reduced to
approximately 50 mL total via rotary evaporation. The carboxylate solution was diluted
with Et,0 (150 mL) and washed with 1M HCI. The organic layer was dried (MgSO,) and
concentrated under reduced pressure, yielding 111 (4.0 g, 95% yield) as a white solid. 'H
NMR (500 MHz, CDCly) 6 7.14 (d, J = 7.6 Hz, 1H), 7.05 (d, J = 7.7 Hz, 1H), 5.10 (s,
2H), 5.05 (s, 2H), 3.48 — 3.40 (tt,J=9.0,7.5 Hz, 1H), 3.34 — 3.23 (m, 2H), 3.20 (dd, J =
16.2,7.4 Hz, 1H), 3.13 (dd, J = 16.1,9.0 Hz, 1H); "C NMR (126 MHz, CDCl,) & 180.90,
140.85, 137.69, 134.88, 134.39, 123.27, 119.22, 73.62, 72.44, 43.51, 35.60, 34.20; IR
(NaCl/thin film): 3436, 3152, 2998, 2948, 2867, 2746, 2638, 1726 cm™; HRMS (ES+)

calc’d for C,H,,0, [M-H]+ 203.0714, found 203.0703.
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Preparation of Diazo Ketone S5

] o]
(COCl),, cat. DMF
DCM, 22 °C 0,
—_—
HO,C then CH,N,
THF, 22 °C N\

% vi N
11 (96 % yield) 2 S5

A flame-dried 250 mL flask containing acid 111 (3.0 g, 13.8 mmol) was charged
with DCM (100 mL) under N,. To the resulting slurry was added 1 drop of DMF,
followed by oxalyl chloride (2.33 mL, 27.6 mmol) at 22 °C. Within 15 minutes the solids
dissolved, yielding a clear brown solution. After 2 hours the DCM was removed under
reduced pressure, followed by azeotroping with 2 x 50 mL anhydrous benzene. 'H NMR
analysis of an aliquot confirmed clean conversion of the starting acid 111 to the acid
chloride. The resulting murky brown oil was diluted with THF (100 mL) under N,.
Diazomethane (~50-60 mmol, solution in Et,0) was briefly dried over KOH (5 minutes)

and carefully decanted at O °C into a 500 mL Erlenmeyer flask. The acid chloride/THF

solution was then carefully transferred via cannula to excess diazomethane at 0 °C with
gentle stirring, resulting in steady gas evolution. After 30 minutes the starting material
was completely consumed (TLC analysis), and the reaction was concentrated under
reduced pressure. The crude brown oil was purified by flash chromatography (0—40%
EtOAc/hexanes), yielding diazo ketone S5 (3.0 g, 96% yield) as a yellow solid. 'H NMR
(500 MHz, CDCl,) 6 7.12 (d, J = 7.7 Hz, 1H), 7.04 (d, J = 7.6 Hz, 1H), 5.31 (bs, 1H),
5.09 (s, 2H), 5.04 (s, 2H), 3.37 (m, 1H), 3.27 — 3.10 (m, 3H), 3.03 (dd, J = 16.1, 8.9 Hz,
1H); "C NMR (126 MHz, CDCl;) & 196.00, 140.89, 137.87, 135.05, 134.53, 123.24,

119.21, 73.67, 72.49, 5397 (br), 49.64 (br), 35.74, 34.22; IR (NaCl/thin film): 3496,
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3081, 3027, 2938, 2900, 2849, 2104, 1635 cm™'; HRMS (ES+) calc’d for C;H,,N,0O,

[M+H]* 229.0972, found 229.0973.

Preparation of Carboxylic Acid 112

) )
AgOCOCF3, Et;N
0 THF, H,0
—_—
-30 °C t0 22°C
A " HO,C

N ( darl )
75 % yield
? s5 112

A 250 mL flask was charged with diazo ketone S5 (3.0 g, 13.2 mmol), THF (55
mL), and water (5.5 mL) and purged with N,. The flask was covered in foil and cooled to
-30 °C. To a N, purged 5 mL conical flask protected from light was added silver
trifluoroacetate (290 mg, 1.32 mmol), followed by Et;N (5.5 mL, 40.0 mmol) with
vigorous stirring at 22 °C. (Note: vigorous stirring during Et,N addition is critical to
ensure dissolution of silver salt. Lack of stirring can result in a brown silver clump and
incomplete dissolution. When dissolved one obtains a clear tan solution). The Et;N/Ag
solution was added in one portion to the clear yellow diazo ketone solution at -30 °C. The
reaction was slowly warmed over 4 hours (starting material consumed by TLC), after
which the reaction was quenched with 300 mL 1M HCI. The product was extracted with
2 x 250 mL Et,0O, the combined organic layers were dried (MgSO,) and concentrated
under reduced pressure. The brown solid was purified by flash chromatography (0—50%
EtOAc/hexanes), affording 112 (2.16 g, 75% yield) as a white solid. 'H NMR (500 MHz,
CDCly) 6 7.12 (d,J = 7.6 Hz, 1H), 7.04 (t,J = 6.8 Hz, 1H), 5.11 (s, 2H), 5.07 — 5.00 (m,
2H),3.19 (dd,J = 15.6,7.9 Hz, 1H), 3.07 (dd, J = 15.8, 7.9 Hz, 1H), 2.95 (septet, J =7.5

Hz, 1H), 2.69 (dd, J = 15.6, 7.3 Hz, 1H), 2.64 — 2.43 (m, 3H); °C NMR (126 MHz,
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CDCl,) 6 178.1, 142.0, 1374, 135.5,135.1, 1234, 1189, 73.7,72.6, 39.6, 38.5, 37.1,
36.1; IR (NaCl/thin film): 3026, 2935, 2848, 2909, 2680, 1728, 1706 cm'; HRMS (ES+)

calc’d for C;H ;05 [M-H] 217.0865, found 217.0872.

Preparation of Ester 113

0 0
AgOCOCF,, Et;N
o) THF, MeOH
—_— -
-30°Ct022°C
A\ dark MeO,C

ar|
N, (82 % yield)
S5 113

A 50 mL flame-dried flask was charged with diazo ketone S5 (107 mg, 0.47
mmol), THF (5 mL), and MeOH (500 uL) and purged with N,. The flask was covered in
foil and cooled to -30 °C. To a N, purged 5 mL conical flask protected from light was
added silver trifluoroacetate (10 mg, 0.047 mmol), followed by Et;N (196 uL, 1.41
mmol) with vigorous stirring at 22 °C. (Note: vigorous stirring during Et;N addition is
critical to ensure dissolution of silver salt. Lack of stirring can result in a brown silver
clump and incomplete dissolution. When dissolved one obtains a clear tan solution). The
Et3N/Ag solution was added in one portion to the clear yellow diazo ketone solution at -
30 °C. The reaction was slowly warmed over 4 hours (starting material consumed by
TLC), after which time became was a clear red/brown solution. The reaction was
quenched with 1 mL of 1M HCI, and diluted with 50 mL Et,0. The aqueous layer was
cut and back-extracted with 20 mL Et,0, and the combined organics were washed with
brine, dried (MgSO,), and concentrated under reduced pressure. The crude brown oil was
purified (0—25% EtOAc/hexanes), yielding 113 (89 mg, 82% yield) as a white solid. 'H

NMR (500 MHz, CDCL,) 6 7.11 (d, J = 7.6 Hz, 1H), 7.02 (d, J = 7.6 Hz, 1H), 5.10 (m,
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2H), 5.07 - 498 (m, 2H), 3.70 (s, 3H), 3.16 (dd, J = 15.6, 7.9 Hz, 1H), 3.04 (dd, J =

15.7,79 Hz, 1H), 2.99 — 2.88 (m, 1H), 2.65 (dd, J = 15.6, 7.3 Hz, 1H), 2.57 — 2.47 (m,
3H); "C NMR (126 MHz, CDCL,) & 1732, 1420, 137.4, 135.6, 1350, 123.3, 118.7,
73.6, 72.5, 51.5, 39.7, 38.5, 37.1, 36.3; IR (NaCl/thin film): 3470, 3020, 2949, 2903,
2845, 1736 cm’'; HRMS (FAB+) calc’d for C,,H, O, [M+H]-H, 231.1025, found

231.1021.

Preparation of Diazo Ketone 114

o]
(COCl),, cat. DMF
THF, 22 °C
—_—
then CH,N, o
HO,C THF, 22 °C N
112 (78 % yield) 2

H 114

A flame-dried 50 mL flask containing acid 112 (154 mg, 0.71 mmol) was charged
with THF (10 mL) under N,. To the solution was added 1 drop of DMF, followed by
oxalyl chloride (120 uL, 1.41 mmol) at 22 °C. After gas evolution had ceased (20
minutes), the dark yellow solution was concentrated under reduced pressure and
azeotroped with 3 x 10 mL benzene. 'H NMR analysis of an aliquot confirmed clean
conversion of the starting acid 112 to the acid chloride. The resulting murky brown oil
was diluted with THF (20 mL) under N,. Diazomethane (15 mL, ~0.4M solution in Et,O)
was briefly dried over KOH (5 minutes) and carefully decanted at 0 °C into a 100 mL
flask under N,. The solution of the acid chloride in THF was then carefully transferred
via cannula over 5 minutes to the diazomethane at 0 °C with gentle stirring, resulting in
steady gas evolution. After 30 minutes the starting material was completely consumed

(TLC analysis), and the concentrated under reduced pressure. The crude yellow oil was



Chapter 2 — An Introduction to Salvileucalin B 51
purified by flash chromatography (0—40% EtOAc/hexanes), yielding diazo ketone

114 (126 mg, 78% yield) as a yellow solid. "H NMR (500 MHz, CDCl;) 6 7.10 (d, J =
7.5 Hz, 1H), 7.02 (d, J = 7.6 Hz, 1H), 5.26 (bs, 1H), 5.09 (s, 2H), 5.06 — 4.98 (m, 2H),
3.15(dd,J=15.6,7.6 Hz, 1H),3.07 - 2.92 (m, 2H), 2.64 (dd, J = 15.6, 6.8 Hz, 1H), 2.57
— 245 (m, 3H). IR (NaCl/thin film): 3082, 2933, 2890, 2845, 2010, 1637 cm™'; HRMS

(ES+) calc’d for C,,H,,N,0, [M+H]" 243.1128, found 243.1126.

Preparation of Diazo Ketone 118

o]
(COCl),, cat. DMF
DCM, 22 °C
—_—
then CH;CHN,
HO,C THF, 22 °C °

(78 % yield) N,
112 HyC 118

A flame-dried 50 mL flask containing acid 112 (97 mg, 0.44 mmol) was charged
with CH,Cl, (5§ mL) under N,. To this solution was added 1 drop of DMF, followed by
oxalyl chloride (74 uL, 0.88 mmol) at 22 °C. After 1 hour the reaction mixture was
concentrated under reduced pressure. 'H NMR analysis confirmed clean conversion of
the starting acid 112 to the acid chloride. The resulting murky brown oil was diluted with
THF (9 mL) under N,, and cannulated into a freshly prepared ethereal diazoethane
solution (20 mL, ~ 10 mmol) at 0 °C. The reaction mixture was warmed to 22 °C over 12
h. The reaction mixture was concentrated under reduced pressure (with acetic acid in the
trap to quench any unreacted diazoethane). The crude dark yellow oil was purified by
flash chromatography (0—50% EtOAc/hexanes), yielding diazo ketone 118 (70 mg, 63%
yield) as a yellow solid. "H NMR (500 MHz, CDCL,) 6 7.11 (d,J = 7.6 Hz, 1H), 7.03 (d,

J =7.6 Hz, 1H), 5.09 (s, 2H), 501 (s, 2H), 3.16 (dd, J = 15.5, 7.4 Hz, 1H), 3.10 — 2.89
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(m, 2H), 2.72 — 2.57 (m, 2H), 2.51 (dd, = 15.1, 6.0 Hz, 1H), 2.17 — 2.04 (br. s, 1H*
methyl rotamer), 2.00 — 1.92 (br. s, 2H* methyl rotamer); *C NMR (125 MHz, CDCl,) &
1935, 1420, 137.4, 135.6, 135.1, 1233, 118.7, 73.6, 72.5, 62.5, 43.1, 38.6, 37.1, 36.2,
8.0. IR (NaCl/thin film): 2916, 2848, 2068, 1631 cm'; HRMS (ES+) calc’d for
C,sH;N,O, [M+H]" 257.1290, found 257.1284.

Preparation of diazoethane: N-ethyl-N-nitrosourea (1.7 g, 15 mmol) in diethyl
ether (20 mL) was slowly added to a stirred 60% aqueous KOH solution (20 mL) at 0 °C.

When gas evolution ceased (15 min), the ethereal layer was separated and briefly dried

with KOH (5 min) at 0 °C. Warning: Diazoethane is a highly toxic volatile compound.

Preparation of B-Ketoester S6

0
imid,CO, THF, 40 °C
.
>
then KO,CCH,CO,Me, o)
HO,C MgCl,, THF, 30 °C

(56 % yield)
12 MeO,C S6

A flame-dried 25 mL round-bottom flask equipped with stir bar and reflux
condenser was charged with potassium monomethyl malonate (156 mg, 1.00 mmol) and
MgCl, (70 mg, 0.74 mmol). This flask was evacuated and backfilled with nitrogen 3
times. THF (2 mL) was added and the suspension was heated to 65 °C for 3 h, followed
by 30 °C for 2 h. A separate 15 mL flame-dried round-bottom flask was charged with
acid 112 (160 mg, 0.73 mmol) in THF (1 mL) and carbonyl diimidazole (140 mg, 0.88
mmol) was added as a suspension in THF (2 mL). The flask was fitted with a reflux
condenser and the solution was heated at 40 °C for 1 hour. The resulting acyl imidazole

solution was added dropwise via syringe to the magnesium malonate suspension at 30 °C
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(NOTE: a white precipitate forms rapidly, and vigorous stirring is necessary to avoid

clumping). After 40 h the white suspension was cooled to 0 °C and quenched by the
addition of 1M HCI (5 mL). The reaction was extracted into EtOAc (3 x 10 mL), washed
with water (ca. 15 mL), saturated aqueous NaCl (ca. 15 mL), dried over anhydrous
Na,SO,, and filtered. Concentration under reduced pressure yielded a crude oil, which
was purified by flash chromatography (0—40% EtOAc/hexanes), yielding 3-ketoester S6
(113 mg, 56% yield) as a white solid. 'H NMR (500 MHz, CDCl,, compound exists as a
10:1 mixture of ketone : enol tautomers, only major ketone peaks are reported) 6 7.10 (d,
J=7.6Hz,1H),7.03 (d,J =7.6 Hz, 1H), 5.09 (apparent s, 2H), 5.07 — 4.93 (m, 2H), 3.75
(s, 1H),3.47 (s,2H),3.17 (dd,J =15.7,79 Hz, 1H), 3.06 (dd,J = 15.7,7.9 Hz, 1H), 3.02
-292 (m, 1H), 2.82 - 2.73 (m, 2H), 2.58 (dd, J = 15.6, 7.1 Hz, 1H), 2.46 (dd, J = 15.7,
6.8 Hz, 1H); "C NMR (125 MHz, CDCl,; compound exists as a 10:1 mixture of ketone :
enol tautomers, ketone tautomer is designated by *, enol tautomer is denoted by %) & "*C
NMR (125 MHz, CDCl;) & 201.9%, 177.3%, 172.9%, 167.5%, 142.1%, 142.0", 137.41%,
137.38%, 135.6%, 135.5%, 135.1%*, 123.3*, 118.8%, 89.7°, 73.7*, 72.5%, 52.4*, 51.1%, 49 2%,
48.7*, 40.7°, 38.5%, 38.4%, 37.2%, 37.1*, 36.9%, 34.9*%. IR (NaCl/thin film): 2840, 1744,

1712 cm™; HRMS (ES+) calc’d for C,(H,,0, [M+H]" 275.1283, found 275.1266.

Preparation of Diazo -Ketoester 119
o (0]

p-ABSA, NEt;
—>
° MeCN 0
0to22C N,

MeO,C S6 (63 % yield) MeO,C 119
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To a flame-dried 15 mL round-bottom flask was added p-ketoester S6 (160 mg,

0.58 mmol), p-ABSA (182 mg, 0.76 mmol) and dry MeCN (5 mL). The reaction mixture

was cooled to 0 °C and triethylamine (180 uL, 1.3 mmol) was added in one portion. The

reaction mixture was allowed to warm up to 22 °C over the period of 12 h, after which
time TLC analysis showed complete consumption of the starting material. The reaction
mixture was concentrated under reduced pressure and treated with 3:1 pentane:EtOAc (ca
10 mL). The slurry was filtered and the filtrate was concentrated under vacuum. The
crude white solid was purified by flash chromatography (3:1 pentane:EtOAc) yielding
diazoketone 119 (110 mg, 63% yield) as a white solid. NMR (500 MHz, CDCl;) 6 7.10
(d,J=75Hz, 1H),7.01 (d,J=7.6 Hz, 1H), 5.09 (s, 2H), 5.02 (apparent s, 2H), 3.83 (s,
3H),3.16 (dd,J =15.5,7.4 Hz, 1H), 3.09 - 3.05 (m, 2H), 3.04 — 2.96 (m, 2H), 2.66 (dd, J
= 15.7, 6.8 Hz, 1H), 2.53 (dd, J = 15.3, 6.3 Hz, 1H); "C NMR (125 MHz, CDCl,) &
1919, 161.7,142.2,137.25,135.8,135.0, 123.3,118.6,76.0,73.7,72.5,52.2,45 8, 38.6,
37.1, 35.8. IR (NaCl/thin film): 2953, 2900, 2846, 2135, 1722, 1655 cm™'; HRMS (ES+)

calc’d for C,(H;sN,O, [M-H] 299.1037, found 299.1028.

Preparation of B-Ketonitrile S7

0
/_C& LiHMDS, MeCN
—_—
Me0,C THF o

-78t022°C

(78 % yield)
113 Ne S7

A flame-dried 25 mL round-bottom flask was charged with LiHMDS (1M
solution in THF, 750 uL, 0.75 mmol) and THF (2 mL), and cooled to —78 °C. MeCN (45

ulL, 0.86 mmol) was added dropwise and solution was stirred at —78 °C for 30 min. A
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solution of ester 113 (83 mg, 0.36 mmol) in THF (5 mL) was added dropwise and

resulting solution was stirred at =78 °C for 30 min and subsequently warmed to 22 °C.
TLC analysis showed complete consumption of starting material. Et;0O (20 mL) was
added and reaction was quenched by the addition of aqueous saturated NH4CI (3 mL).
The organic layer was washed with saturated aqueous NaCl (10 mL), dried over MgSO4
and concentrated under reduced pressure. The crude yellow oil was purified by flash
chromatography (0—40% EtOAc/hexanes) to yield f-ketonitrile S7 (79 mg, 91% yield)
as a yellow oil. NMR (500 MHz, CDCls) ¢ 7.11 (d, J= 7.6 Hz, 1H), 7.03 (d, J = 7.6 Hz,
1H), 5.09 (appar. s, 2H), 5.06 — 4.93 (m, 2H), 3.47 (s, 2H), 3.19 (dd, J = 15.7, 7.8 Hz,
1H), 3.08 (dd, J=15.8, 7.9 Hz, 1H), 3.03 —2.91 (m, 1H), 2.91 — 2.77 (m, 2H), 2.59 (dd, J
= 15.7, 6.9 Hz, 1H), 2.47 (dd, J = 15.8, 6.7 Hz, 1H); °C NMR (125 MHz, CDCL;) &
196.8, 141.5, 137.5, 135.1, 135.1, 123.3, 118.9, 113.7, 73.6, 72.4, 47.7, 38.3, 36.9, 34.7,
32.2. IR (NaCl/thin film): 2943, 2911, 2847, 2260, 1730 cm™'; HRMS (ES+) calc’d for

C15H1NO, [M+H]" 242.1181, found 242.1176.

Preparation of Diazo f-Ketonitrile 120

o (0]

o]

n
N3—S—N/§|

3 \=N

pyridine
o] — > 0
MeCN, 40 °C N,
NC s7 (78 % yield) NG 120

Pyridine (1.13 mL, 14.0 mmol) was added to a solution of imidazole-1-sulfonyl
azide™ (581 mg, 3.36 mmol) and B-ketonitrile S7 (675 mg, 2.80 mmol) in MeCN (25
mL). Reaction mixture was stirred at 40 °C for 7 h, after which time TLC analysis

confirmed consumption of the starting P-ketonitrile S7. The reaction mixture was
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concentrated under reduced pressure and the crude residue was purified by flash

chromatography (0—50% EtOAc/hexanes), yielding diazo B-ketonitrile 120 (460 mg,
62% yield) as a white solid. NMR (500 MHz, CDCl3) 6 7.11 (d, J = 7.6 Hz, 1H), 7.03 (d,
J=17.6 Hz, 1H), 5.08 (s, 2H), 5.01 (s, 2H), 3.18 (dd, J = 15.6, 7.5 Hz, 1H), 3.13 — 2.92
(m, 2H), 2.92 — 2.74 (m, 2H), 2.66 (dd, J = 15.7, 6.8 Hz, 1H), 2.54 (dd, /= 15.1, 6.1 Hz,
1H); “C NMR (125 MHz, CDCls) & 189.3, 141.5, 137.6, 135.12, 135.07, 123.4, 119.0,
108.3, 73.7, 72.5, 57.5, 44.9, 38.4, 37.0, 35.8. IR (NaCl/thin film): 2896, 2847, 2222,
2129, 1674 cm™; HRMS (ES+) calc’d for CysH1sNO, [M-Ny+H]" 240.1019, found

240.1016.

Cyclopropanation of Diazoketone 115

o]

Cu(tfacac),

DCE , reflux

o (slow ad(ig)
N, 73 % yiel

H 14 o H

A flame-dried 250 mL three-neck round bottom flask, equipped with stir bar,
water-cooled condenser and septa, was charged with a solution of Cu(tfacac), (54 mg,
0.15 mmol) in DCE (20 mL) and was heated to reflux under nitrogen. After 15 min a
solution of 114 (0.70 g, 2.9 mmol) in DCE (40 mL) was added at the rate of 0.8 mL/min
(syringe pump). Upon completion of the addition, heating was continued for an additional
20 min. TLC analysis confirmed consumption of the starting diazoketone 114, and
reaction mixture was concentrated under reduced pressure. The crude brown oil was
purified by flash chromatography (0—40% EtOAc/hexanes), yielding norcaradiene 115

(450 mg, 73% yield) as yellow oil, which slowly turns into yellow solid upon storage at -
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20 °C. NMR (500 MHz, CDCl,) 6 6.27 (d, J = 9.4 Hz, 1H), 6.01 (d, J = 9.4 Hz, 1H),

505-4.85 (m, 1H), 4.85 - 4.58 (m, 3H), 2.35 - 2.25 (m, 1H), 2.18 (d, / = 3.0 Hz, 2H),
208 - 2.00 (m, 2H), 1.99 (dd, J =12.2,5.2 Hz, 1H), 1.94 (d, J = 12.1 Hz, 1H), 1.05 (s,
1H); "C NMR (125 MHz, CDCl,) 6 209.1, 133.3, 129.4, 128.1, 118.4, 752, 75.1, 43.8,
43.2,39.2, 382, 35.6, 34.0, 27.4. IR (NaCl/thin film): 2932, 2863, 1690, cm™'; HRMS

(ES+) calc’d for C,,H,;0, [M+H]* 215.1072, found 215.1068.

Cyclopropanation of Diazoketone 121

o]

Cu(acac),

DCE, reflux
o slow addn
N, (7 % yield)

HyC 118

A flame-dried 50 mL three-neck round bottom flask, equipped with stir bar,
water-cooled condenser and septa, was charged with the solution of Cu(acac); (2.6 mg,
0.01 mmol) in DCE (10 mL) and was heated to reflux under nitrogen. After 10 min, a
solution of 118 (50 mg, 0.20 mmol) in DCE (20 mL) was added at a rate of 10 mL/hour
(syringe pump). Upon completion of the addition, the solution was heated at reflux for
additional 60 min. TLC analysis confirmed consumption of the starting diazoketone 118,
and reaction mixture was concentrated under reduced pressure. The crude brown oil was
purified by preparative HPLC chromatography (20—50% EtOAc/hexanes), yielding
norcaradiene 121 (3 mg, 7% yield) as white solid. NMR (500 MHz, CDCls) 6 6 6.16 (d, J
=9.4 Hz, 1H), 6.04 (d, J= 9.5 Hz, 1H), 4.91 — 4.59 (m, 4H), 2.27 — 2.25 (m, 2H), 2.25 —
2.18 (m, 1H), 2.07 — 2.00 (m, 2H), 1.98 — 1.94 (m, 2H), 0.75 (s, 3H). °C NMR (125

MHz, CDCls) 6 209.1, 131.59, 131.54, 126.5, 120.6, 75.4, 75.0, 46.6, 45.0, 40.5, 36.9,
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35.2,31.1, 26.7, 7.0. IR (NaCl/thin film): 2927, 2850, 1738 (weak) 1682, cm™ HRMS

(ES+) calc’d for CsH,70, [M+H]" 229.1229, found 229.1223.

Cyclopropanation of Diazo -Ketonitrile 123

o
Cu(hfacac)2
o DCM 120 °C

1 m|n uVéaVe $
N. 120
2 120 (64 % yield) o

NC

A microwave reaction vessel equipped with a stir bar was charged with a solution

of diazo B-ketonitrile 120 (53 mg, 0.2 mmol) in CH,Cl, (10 mL). Cu(hfacac), (9.5 mg,
0.02 mmol) in CH,Cl, (2 mL) was added via syringe through the septa of the sealed vial.

The vial was placed in the microwave reactor and heated to 120 °C for 1 minute (ramp

from 22 °C to 120 °C required 2 min). TLC analysis confirmed consumption of the
starting material. The solvent was removed under reduced pressure, and the crude residue
was purified by flash chromatography (0—100% EtOAc/hexanes), yielding norcaradiene
123 (30 mg, 64% yield) as a white solid. 'H NMR (500 MHz, CDCl,) 6 6.41 (d,J=9.5
Hz, 1H), 6.27 (d,J = 9.5 Hz, 1H), 5.02 — 4.84 (m, 2H), 4.84 — 4.69 (m, 2H), 2.46 — 2.40
(m, 1H), 2.39 — 2.30 (m, 2H), 2.24 — 2.15 (m, 3H), 2.11 (d, J = 12.7 Hz, 1H); "C NMR
(125 MHz, CDCly) & 1990, 134.7, 130.0, 1244, 123.0, 111.8, 75.0, 74.6, 51.1, 470,
434,360, 34.6,29.7, 26.3. IR (NaCl/thin film): 2963, 2850, 2234, 1691, cm™; HRMS

(ES+) calc’d for C,H,,NO, [M+H]* 240.1019, found 240.1025.
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Isolation of C-H Insertion of Byproducts of a-Diazoketone 114

o o
o) (o)
IIIII Rhy(tfa),
%
0:§: DCM, 23 °C *
N,
H 114 ° 116 17

A flame-dried 50 mL round bottom flask, equipped with stir bar and septa, was
charged with Rhy(tfa)s (2 mg, 0.003 mmol) and DCM (10 mL). A solution of 114 (15 mg,
0.06 mmol) in DCM (2 mL) was slowly added to the above solution at over the period of
5 minutes. Gas evolution was observed. The resulting solution was stirred for an
additional 2 hours. TLC analysis confirmed consumption of the starting diazoketone 114,
and reaction mixture was concentrated under reduced pressure. '"H NMR analysis of the
crude reaction mixture indicated approximately 40% combined yield of two isomeric C-
H insertion products (~8:1 ratio of C-H insertion to cyclopropanation). The crude residue
was loaded on preparative TLC plate and developed in 1:1 EtOAc/hexanes. UV active
band with Rf ~ 0.6 was cut out and extracted into EtOAc. Further purification was
achieved by preparative HPLC chromatography (20% EtOAc/hexanes), yielding two C-H
insertion products (£)-116 (2 mg, 7% yield) and (+)-117 (1.5 mg, 5% yield) as white
solids. Relative stereochemistry was assigned by NOE experiments. 116 (less polar
product): '"H NMR (600 MHz, CDCI3) § 7.16 (d, J = 7.6 Hz, 1H), 7.09 (d, ] = 7.6 Hz,
1H), 5.14 (d, J = 12.1 Hz, 1H), 5.08 (s, 2H), 5.03 (d, J = 12.1 Hz, 1H), 3.93 — 3.79 (m,
1H), 3.30 - 3.17 (m, 2H), 2.84 (app. d, J = 13.7 Hz, 1H), 2.65 (ddd, J = 19.0, 9.6, 1.6 Hz,
1H), 2.58 (ddd, J = 18.9, 8.8, 1.3 Hz, 1H), 2.41 (ddd, J = 18.9, 3.8, 1.1 Hz, 1H), 2.08
(ddd, T = 18.8, 7.3, 1.2 Hz, 1H); °C NMR (125 MHz, CDCI3) § 218.6, 141.8, 138.5,

138.2, 135.7, 124.4, 119.9, 73.3, 71.8, 44.9, 43.9, 41.8, 39.7, 38.5. IR (NaCl/thin film):
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2916, 2849, 1731, 1462 cm-1; HRMS (ES+) calc’d for C14H1302+ [M — HJ+
213.0910, found 213.0914.

117 (more polar product): 'H NMR (600 MHz, CDC3) § 7.10 (s, 2H), 5.13 — 5.08 (m,
2H), 5.05 (s, 2H), 3.88 (td, J = 7.3, 1.9 Hz, 2H), 3.24 (pd, J = 7.2, 1.9 Hz, 1H), 3.15 (dd, J
=16.1, 7.4 Hz, 1H), 2.73 (ddd, J = 19.0, 9.4, 1.7 Hz, 1H), 2.68 (d, J = 1.9 Hz, 1H), 2.59 —
2.54 (m, 2H), 1.97 (dd, J = 18.9, 8.4 Hz, 1H); >C NMR (125 MHz, CDCI3) & 218.8,
144.6, 138.4, 136.0, 123.6, 119.6, 73.6, 72.5, 65.9, 45.6, 43.9, 43.6, 39.8, 36.9. IR
(NaCl/thin film): 2917, 2849, 1737, 1465 cm-1; HRMS (ES+) calc’d for C14H1302 +

[M — H]+ 213.0910, found 213.0913.
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