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ABSTRACT: Functional group taxonomy provides a powerful conceptual framework to classify and predict the chemical
reactivity of molecular structures. These principals are most effective in monofunctional settings, wherein individual functional
groups can be analyzed without complications. In more complex settings, the predictive value of these analyses decreases as
alternative reaction pathways, promoted by neighboring substituents and aggregate molecular properties, emerge. We refer to this
phenomenon as substrate-modified functional group reactivity. In this Perspective, we explain how substrate-modified functional
group reactivity molded our synthetic routes to the hasubanan and acutumine alkaloids. These investigations underscore the
potential for discovery and insight that can only be gained by studying the reactivity of complex multifunctional structures.

I. INTRODUCTION

Our recent syntheses of the hasubanan and acutumine
alkaloids' > inspired the topic of this perspective: substrate-
modified functional group reactivity. As with all synthetic
endeavors, we developed sequences to the targets by an a priori
analysis of starting materials, potential intermediates, and the
established chemical reactivity principles of their functional
groups.4 However, when attempting to implement the
proposed transformations on many of our substrates, we
often encountered a breakdown in this functional group
taxonomy. We refer to this disconnect, which will be apparent
to many, as substrate-modified functional group reactivity. We
argue that an accurate assessment of the reactivity of functional
groups embedded in complex structures necessarily includes an
understanding of (1) the molecules’ chemical reactivity in
aggregate and (2) its bulk physical properties. These modified
assessments often depart considerably from simpler, first-order
analyses. In our work, a deeper understanding of our advanced
intermediates was essential to completing the routes.
Importantly, synthetically useful intermediates, which were
not anticipated at the outset, emerged from these studies, and
these intermediates drove our synthetic planning in new
directions. In this Perspective, we will use our unified synthetic
route to the hasubanan and acutumine alkaloids to illustrate the
concept of substrate-modified functional group reactivity.

Il. BACKGROUND

The hasubanan alkaloids are a family of over 70 botanical
metabolites.” ® The namesake member, (—)-hasubanonine
(19), was first isolated from Stephania japonica in 1951;°"*
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these alkaloids possess a variety of biological properties,
including antimicrobial,'* antiviral (hepatitis B),"> and opioid
receptor binding activities.'"* The acutumine alkaloids are a
smaller family, with 15 members currently known.® The
foremost member, (—)-acutumine (47), was first isolated
from Menispermum dauricum in 1929.”°7" The acutumine
alkaloids have been reported to possess antiviral (hepatitis B)*°
and memory-enhancing properties*' and to selectively inhibit
human T-cell proliferation.”” The hasubanan alkaloids have
received much attention from the synthetic community, with
synthetic studies dating back to 1966.*~* Prior to our work,
racemic syntheses of (+)-hasubanonine (19),*** (+)-cephar-
amine (not shown),**™*® and (+)-metaphanine (not
shown),*”*® and the enantioselective synthesis of (+)-cephar-
amine,”’ had been reported. Recently, syntheses of (—)-8-
demethoxyrunanine (not shown), the related metabolites
(—)-cepharatines A, C, and D (not shown),** and (£)-ceph-
aratine A (not shown) were also completed.*® In the acutumine
family, several groups had reported approaches toward
(=)-acutumine (47),>*"® and a single completed route, by
Castle and co-workers,sg_62 had been disclosed.

Our synthetic efforts culminated in syntheses of 10
hasubanan and two acutumine alkaloids, including the name-
sake alkaloids (—)-hasubanonine (19) and (—)-acutumine
(47). We first reported syntheses of four hasubanan alkaloids
(19, 22, 30, and 31)1 and later adapted our synthetic strategy
to syntheses of the acutumine alkaloids 47 and 48.> Recently,

Received: July 9, 2014
Published: August 7, 2014

dx.doi.org/10.1021/jo501516x | J. Org. Chem. 2014, 79, 8937—8947


pubs.acs.org/joc

The Journal of Organic Chemistry

PREPARATION OF THE KEY INTERMEDIATE 5

CHg0 Ng
H20,

CHyO HCOH
48%

@—TMS

3

—_—
(S)-0-t0l-CBS
78%, 93% ee

CHsogﬁ

C

99%
Ha0

P(CHy)s

CH30
S
CH, O N
5 key intermediate

SYNTHESES OF HASUBANAN ALKALOIDS

CHaoa

CH4OT, —60 °C, then

—_—_—
R’ R?
3
=z R
5 Li
6 R'=Br R2=0CH; R3=O0CH;
7 R'=H R2=0CH, R3=0CH,
8 R'=H R2 R3=0CH,0
-90°C
62% (9)
94% (10)
73% (11)
O—
o
o 0.5NHCI
° 65%
HO o
NJ
3
(-)-stephanaberrine (25)

Ph —(oo 0—
CH40, o o BzCl, pyridine
CH3;0 4%
~J
CHg

(-)-stephabenine (26)

0
Ph —(O 0—
o)
CH30, (0] BzCl, pyridine
e
CHO 66%
Ny
oHy %

(+)-oxostephabenine (29)

o) N
CH40 o)
OCHs
2
T™S
o/ " R?
o C
=

CHO—_AF RS
J

CHO N
!
CH,
9 R'=Br R2=0CH; R3=0CH,
10 R'=H R2=0CH; R3=OCH,
11 R'=H R2 R3=0CH,0
o0—

o
w0~ T,

O N
CHj3
(-)-prostephanaberrine (24)

T

(0]

N

CHy

2. NaOEt, 85%

nY

HO o

CH30,

CH4O

(+)-N,O-dimethylstephine (23)

0
HO =

CH4O, o

CH;0
CH. <
20

(+)-N, O-dimethyloxostephine (28)

1. 0.5 N HCI, 72%

R'=Br R2=0CH; R3=0CH;
R'=H R2=0CH; R3=OCH,
R'=H R2 R%=0CH,0

(20), 89% (21)

oHeo. OCHs
cH ov

CHO N
CHy
18 (from 15)

or

CHSOV

CHSO NS
3

(from 16) R'=0CH; R2=0CH;
(from 17) R1, R2 = OCH,0

RhCI(PPha)s, Hp, TFA
65% (30), 73% (31)

Crabtree 's catalyst
PhCH, 135 °C TFA, H2
86% (12) 62% (15)
85% (13) °H3O N 81% (16)
87% (14) CH3 78% (17)
12 R'=Br R2=0CH; R3=OCH, 15
13 R'=H R2=0CH; R3=OCH, 16
14 R'=H R2 R3=0CH,0 17
TfOH, 75% (18), 72%
OCH,
CHGO# 1. Buaan AIBN
2, RhCI(PPh3)3
CHO' N Ho TEA
CHj
(~)-hasubanonine (19) 51% (two steps)
n
[} o
NaBH, CH30, 0 Co(acac), O,
77% CH30 i-PrOH
N J then HCOH
CHjy
55% (from 21)
(+)-periglaucine B (22) 20
21
KMnO,, 67%{
O
o o
CH30, (o]
NaBH,
75% CH30
Ny
CHa Y%
27

(-)-runanine (30)
(-)-delavayine (31) R', R2=OCH,0

V

CH30 N_)
G

R!=0CH; R2=0CH,

SYNTHESES OF ACUTUMINE ALKALOIDS
1. CH3OTf, -30 °C, then
S

™S
N 0 CH
O—L-CH3 o Crabtree's catalyst, 3
32 CH, _ o TFA, Hy, 86% (34) TB AF o “CH,
CH0 = _Len CHsO
CH.O _90° 0——CH, or 32% (36)
’ 2, Pncfaos ?35 C CHyO Nj CHg BusSnH, Pd(PPh)s ) > 37% (37) CHao N/
CH30 N oHy > (35) CHy  CHs CHg Ha
83% (two steps) 33 34 R=H 36 R=H
35 R =SnBu, 37 R =SnBuy
PTSA, 71% (38) or
Ho o 1. CuCly, 2. PTSA, 79% (39, two steps)
g CHy OCH,
OCHs 1. PTSA, GHiOH ° HCO-H, o S 1. TFAA, DMSO, DIPEA, —60 °C
2.DMP Hg(OAc) then NaSCH3, —-60—0 °C
CHSO - o OCHg 9(0Ac), CHZ0 RO s CH30
3.NaBH, (>20:1 d.r) CH0O 2. CHN
CHSO N7 aBH, (>20:1 dr) G4 0 87% o N 22 CHQO N
Ha 27% (three steps) CHO / CHy 49% (40, two steps) Hy
3 CH/s 97% (41, two steps)
42 (from 40) 40 R=H 38 R=H
41 R=Cl 39 R=Cl
J Hy, Pd/C, 36% (48) l
NIS, HCOH, 3:1 d.r. ¢
[Rh(nt H
H, (300 psl) OCHjz
17% (47) o 1. NHg, CHz0H e
~0CHs (30% conv. of 46) ° 2 DM ° DIPEA ~OCHs
CH30 .OH < CHpO o|OH - -
or 3.NaBH, (>20:1 d.r. o
HaO N Hy, PAIC cHd N J aBH, (> r) CH4CN, 100 °C CH40
60% (48) CHy 28% (five steps) CHaO N J
(-)-acutumine (47) =Cl dehydroacutumine (46) 44 (from a1)
(-)-dechloroacutumine (48) R =H

Figure 1. Summary of our unified synthetic route to the hasubanan and acutumine alkaloids. Blue arrows indicate examples of substrate-modified

functional group reactivity.
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we described the syntheses of six additional hasubanan alkaloids
(23-26, 28, and 29).> This latter manuscript also includes a
full account of our work,” and so a detailed presentation is not
duplicated here. We begin this Perspective by summarizing our
approach and then highlight nine examples of substrate-
modified functional group reactivity encountered in our studies.
The insights gained from each structure, and the ways in which
these insights modified our synthetic planning, will be
presented.

lll. OVERVIEW OF THE FINAL SYNTHETIC ROUTES

Our unified synthetic route to the hasubanan and acutumine
alkaloids is shown in Figure 1. The blue arrows signify steps
where substrate-modified functional group reactivity was
encountered. Our route began with a three-step synthesis of
the tetracyclic imine S, which is the universal precursor to all of
the alkaloids. First, the aryl azide 1°° was oxidized (hydrogen
peroxide, formic acid)® to form the quinone 2 (48%). Then,
regio- and stereoselective Diels—Alder cycloaddition of the
quinone 2 with S-(trimethylsilyl)cyclopentadiene (3),%° using
the protonated form of the Corey—Bakshi—Shibata oxazabor-
olodine,’°~%° provided the endo-adduct 4 as a single
diastereomer and regioisomer (78% yield, 93% ee). A
Staudinger reduction—aza-Wittig (trimethylphosphine) reac-
tion provided the tetracyclic imine $ in quantitative yield.

In total, 10 hasubanan alkaloids were accessed from the
tetracyclic imine $ in five to nine steps and 7—32% overall yield.
Since the two primary structural variations among the
hasubanan alkaloids are the oxidation pattern and aryl
substituents, each synthesis commenced with the addition of
an aryl acetylide (6—8), containing the substitution pattern of
the target, to the N-methyliminium ion derived from S. The
acetylide addition products (9—11) were obtained as single
diastereomers (surprisingly, addition occurred syn to the
silylcyclopentene substituent; see ref 3 and below for a
discussion). Retrocycloaddition of 9—11 was affected by mild
thermolysis (toluene, 135 °C) to provide the dienones 12—14.
Semihydrogenation of 12—14 (Crabtree’s catalyst)’®”" pro-
vided the key cis-alkenes 15—17, which underwent acid-
mediated cyclization to form the tetracycles 18, 20, and 21,
respectively. A two-step sequence comprising debromination
and hydrogenation transformed 18 to (—)-hasubanonine
(19).3572 Hydrogenation of 20 and 21 (Wilkinson’s catalyst)
provided (—)-runanine (30)”* and (—)-delavayine (31),7+7¢
respectively. Hasubanan alkaloids of varying oxidation states
were then accessed from the tetracycle 21. Mukaiyama
hydration”” of 21, followed by in situ acid-mediated cyclization,
afforded (+)-periglaucine B (22),"* which served as a precursor
to six additional alkaloids (23—26, 28, and 29).”%7%!

At the initiation of our acutumine studies, we identified two
major challenges in attempting to adapt our hasubanan route to
these targets. The first involved construction of the two
contiguous quaternary centers of the acutumine alkaloid
skeleton. The second involved introduction of the secondary
alkyl chloride of 47. The initial steps of our acutumine alkaloid
route mirror our hasubanan alkaloid pathway.

Addition of the acetylide 32 to the N-methyliminium ion
derived from § provided an addition product (not shown) as a
single diastereomer. Retrocycloaddition of the addition product
afforded the dienone 33 (83%, two steps). At this juncture, two
different alkyne addition reactions were investigated. Semi-
hydrogenation of 33 with Crabtree’s catalyst provided the cis-
alkene 34 (86%), which is a potential precursor to

(—)-dechloroacutumine (48). Alternatively, hydrostannylation
of 33 formed the vinylstannane 35 (67%).** We envisioned
that the stannyl group of 35 could serve as a precursor to the
alkyl chloride of 47 by copper-mediated chlorodestannyla-
tion.*> In a key step, the spirocyclic centers of the targets were
constructed by a fluoride-promoted Hosomi—Sakurai cycliza-
tion of 34 and 35,**° which afforded the tetracycles 36 (32%)
and 37 (37%), respectively. Acetonide deprotection of 36
revealed the diol 38 (71%). Chlorodestannylation of 37,
followed by acetonide cleavage, provided the diol 39 (79%, two
steps). In advancing the diols 38 and 39, many instances of
substrate-modified functional group reactivity were encoun-
tered, including the reactions that transformed 38 and 39 to the
corresponding formates 42 and 45 (vide infra). Parallel three-
step sequences comprising formate cleavage, oxidation of the
newly formed alcohol, and site- and stereoselective reduction
converted the formates 42 and 4S5 to the final precursors 43 and
46, respectively. Hetereogeneous hydrogenation of 43 and 46
(palladium on carbon) provided (—)-dechloroacutumine (48)
in 36% and 60% yield, respectively.%’87 Homogeneous
hydrogenation of dehydroacutumine (46) ([Rh(nbd)(dppb)]-
BF,, 300 psi H,) furnished (—)-acutumine (47, 17% yield of 47
at 30% conversion of 46).%7%!

In the sections that follow, we describe in detail each example
of substrate-modified functional group reactivity we encoun-
tered en route to the targets.

IV. FORMATION OF THE TETRACYCLIC IMINE 56 AS A
MEANS TO CIRCUMVENT A PROBLEMATIC
AROMATIZATION PATHWAY

Our initial strategy targeted the iminoquinone 51 (Scheme 1A).
We postulated that the iminoquinone 51 could be derived from
the quinone 2 by azide reduction and condensation of the
resulting amine (or iminophorphorane) with the vicinal ketone
(Staudinger reduction—aza-Witting sequence). However, at-
tempts to access the iminoquinone 51 by this approach were
unsuccessful. For example, treatment of the quinone 2 with

Scheme 1. (A) Initial Synthetic Strategy Employing the
Iminoquinone 51. (B) Attempted Synthesis of the
Iminoquinone 51

A.
0, = 0, —
/ =R L =R
CH0 CHz0 .
— 1
CHO j CHz0 NJ
CHg CHg
49
0. N3 Staudinger reduction— (o] R
aza-Wittig sequence | =R
=~ =
CHZ0 o CH,0 Nt ox
OCHg OCH, X
2 51 50
B.
o. Ny o)
PPhy
. =
CHs0 o CHg0 N
OCHg OCH;

51 (not isolated)

tautomerization l

2
HO HO
AN [1,5]-shift =
Pl <
CHz0 N 34% CHg0 N
OCHj OCHs

53 52

dx.doi.org/10.1021/j0501516x | J. Org. Chem. 2014, 79, 8937—8947



The Journal of Organic Chemistry

triphenylphosphine produced the hydroxyindole 53 (34%), in
addition to unidentified decomposition products (Scheme 1B).
We postulated that the hydroxyindole 53 was formed by an
internal redox process involving tautomerization of 53 and 1,5-
hydrogen atom shift.

Simple p-iminoquinones that are not linked through a fused
five-membered ring are isolable.”>™** The instability of S1
appeared to derive from the presence of a low energy pathway
for aromatization. Indeed, this pathway has been exploited as a
means to access highly substituted hydroxyindole deriva-
tives.”> *® We postulated that the first step in this pathway
(tautomerization) could be blocked by the installation of a
quaternary center within the six-membered ring of S51.
Accordingly, we targeted the tetracyclic imine 56, in which a
C-5 quaternary center is installed by a Diels—Alder cyclo-
addition between cyclopentadiene (54) and 2 (Scheme
2).2°7'% n the racemic series, the cycloaddition was efficiently

Scheme 2. Synthesis of the Tetracyclic Imine 56

o Na
- . . 5
CHz0 o BFg-OE, CMa0 Ny 72% CHs0 <
OCH o]
3 80% CH,0 CHO N
2 55 56

promoted by boron trifluoride etherate complex to provide the
endo-adduct $$ as a single diastereomer and regioisomer (80%,
"H NMR analysis). Treatment of 55 with triphenylphosphine
initiated the Staudinger reduction—aza-Wittig sequence to
provide the tetracyclic imine 56 (72%). The tetracyclic imine
56 was stable to acid—base extraction (to remove triphenyl-
phosphine oxide) and purification by flash-column chromatog-
raphy. Ultimately, further study of substrate-modified func-
tional group reactivity of advanced intermediates would lead to
replacement of the tetracyclic imine 56 with the silylcyclo-
pentene tetracyclic imine S in the synthetic sequence (vide
infra).

V. NUCLEOPHILIC ADDITION TO THE TETRACYCLIC
IMINE 56: IMINE ACTIVATION AND
UNANTICIPATED STEREOSELECTIVITY

Our synthetic strategy called for the addition of a nucleophile
to the imine function of the tetracycle 56. This is a challenging
bond construction, as the imine is less electrophilic and more
hindered than the carbonyl, and there is a possibility for 1,4-
addition—elimination to the p-positions of the imine or
carbonyl. Since the hasubanan and acutumine alkaloids contain
an N-methyl substituent, we speculated that we could
productively activate the imine toward 1,2-addition by N-
methylation in situ. The iminium ion 57 was accessed by
treatment of the tetracyclic imine 56 with methyl triflate (86%,
Scheme 3A). This iminium ion was stable toward isolation and
storage, which likely reflects the steric encumbrance about the
imine carbon atom. After extensive investigation, we found that
acetylide-based nucleophiles were uniquely suited in the 1,2-
addition step. For example, addition of 2-lithio-1-
(trimethylsilyl)acetylene at —90 °C afforded the addition
product 58 as a single detectable diastereomer (68%, 'H
NMR analysis). Attempted addition of more reactive or bulky
nucleophiles (enolates, alkyl Grignard reagents, or organo-
copper or zinc reagents) resulted in competitive addition to
both the ketone and iminium functions, N-dealkylation, and
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Scheme 3. (A) Synthesis and X-ray Analysis of the Acetylide
Addition Product 58. (B) Syn and Anti Addition Products 59
and 60

A.
“OoTf
o) CHOTf o)
—_—
CH;0 ( —30°C CH30 0
CHO N 86% CH O N7
CHj
56 57
TMS—==—Li | -90 °C, 68%
S __ms
CH;0 =
- CH40 Nj
/
X-ray CH,
58
B.
0, _ o
CH,0 j/ CHy0
N
CH;0 5\1 CH0 C,H
CHs [l “"s

syn diastereomer (59) anti diastereomer (60)

(relative energy = +13.7 kcal/mol)

(relative energy = 0 kcal/mol)

presumably, deprotonation of 57 to form an extended
azomethine ylide.

X-ray analysis of the reaction product provided insights into
the basis for these observations. Based on molecular models, we
anticipated that the cyclopentene substituent of the iminium
salt 57 would block nucleophilic addition to the top face to
render the anti addition product (see structure 60). To our
surprise, the X-ray analysis of 58 revealed that the nucleophile
had added syn to the cyclopentene substituent of the iminium
ion 57. We postulate that a developing eclipsing interaction
between the N-methyl substituent and the adjacent methoxy
group, as well as the strain associated with the anti addition to
form the anti-6,5 ring fusion in 60, may impede this
pathway.'°>'*® DFT calculations indicated that the syn
diastereomer 59 is 13.7 kcal/mol more stable than the anti
diastereomer 60 (Scheme 3B). Thus, while the cyclopentene
substituent served to stabilize our intermediates, it also altered
the reactivity in an unanticipated way by the introduction of
conformational biasing elements not appreciated at the outset.

VI. RETROCYCLOADDITION OF THE ACETYLIDE
ADDITION PRODUCTS 58 AND 62: A USEFUL
RATE ACCELERATION FROM THE

SILYLCYCLOPENTENE ADDUCTS

Late-stage removal of the cyclopentene fragment by retro-
cycloaddition was a necessary step when we adopted the
cyclopentadiene blocking strategy. To probe the feasibility of
this transformation, we studied the retrocycloaddition of the
acetylide addition product 58 (Scheme 4). Thermolytic
cleavage of the cyclopentene substituent required heating in

Scheme 4. Retrocycloaddition of the Addition Product 58

TMS
CH,O = PhyO
CH40 Nj 220 °C
C}.{a 15%
58 61
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diphenyl ether at 220 °C. Under these conditions, extensive
decomposition of both the starting material and product also
occurred, and the retrocycloaddition product 61 was obtained
in only 15% isolated yield. The high barrier for the
retrocycloaddition was not surprising: in the installation of
the cyclopentadiene substituent (2 — 55, Scheme 2), the
dienophile 2 is activated by two electron-withdrawing groups,
but after the 1,2-addition, only one electron-withdrawing group
remains. All attempts to improve the yield of this trans-
formation, including application of Lewis acid mediated
procedures, were unsuccessful. In fundamental work,
Magnus and co-workers had studied the retrocycloaddition of
Diels—Alder adducts of S-(trimethylsilyl)cyclopentadiene (3).
These researchers showed that the Diels—Alder adduct of 1,4-
benzoquinone and 5-(trimethylsilyl)cyclopentadiene (3) under-
goes retrocycloaddition 95 times faster at 60 °C than the
analogous Diels—Alder adduct of 1,4-benzoquinone and
cyclopentadiene (54).'% This rate enhancement is attributed
to the donation of electron density from the carbon—silicon
bonding orbital to the antibonding orbitals of the carbon—
carbon ¢ bonds that are cleaving in the retrocycloaddition,
allowing for progression through a lower energy asynchronous
transition state.

This strategy was appealing to us, as it could potentially
circumvent the high-temperature extrusion of cyclopentadiene
(54) itself. Accordingly, we investigated the feasibility of
replacing cyclopentadiene (54) with S-(trimethylsilyl)-
cyclopentadiene (3) in our synthetic sequence (Scheme SA).

Scheme 5. (A) Synthesis of the Tetracyclic Imine 5. (B)
Synthesis, X-ray Analysis, and Retrocycloaddition of the
Acetylide Addition Product 62
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To render the route enantioselective, we utilized the
protonated form of the Corey—Bakshi—Shibata oxazaborolidine
(22 mol %)%~ in the Diels—Alder reaction. Under optimized
conditions, the cycloaddition afforded the endo-adduct 4 in 78%
yield, as a single diastereomer and regioisomer (‘H NMR
analysis), and in 93% ee (chiral stationary phase HPLC
analysis). To our knowledge, this constitutes the first example
of an enantioselective Diels—Alder reaction employing S-
(trimethylsilyl)cyclopentadiene (3).
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Treatment of the endo-adduct 4 with triphenylphosphine
initiated the Staudinger reduction—aza-Wittig sequence.
However, whereas the parent tetracyclic imine 56 derived
from cyclopentadiene (54) was stable toward acid—base
extraction, the silylcyclopentene derivative § did not withstand
acidic conditions. Fortunately, we found that the Staudinger
reduction—aza-Wittig sequence could be affected with
trimethylphosphine. The trimethylphosphine oxide could be
easily removed by neutral aqueous workup. Additionally, the
endo-adduct 4 and the tetracyclic imine $ undergo retro-
cycloaddition rapidly in the presence of acid and slowly under
neutral conditions at ambient temperature, presumably due to
the electron-donating ability of the trimethylsilyl group.

Differences in the reactivity of the S-(trimethylsilyl)cyclo-
pentadiene-derived imine § and the cyclopentadiene-derived
imine 56 continued to emerge as we advanced S through the
synthetic sequence (Scheme SB). Notably, unlike the stable
iminium salt §7, attempted isolation of the N-methyliminium
salt derived from $ resulted in retrocycloaddition and
decomposition. We attributed this to the activating effect of
the trimethylsilyl substituent, which promotes retrocycloaddi-
tion. Upon further study of the stability limitations of §, we
found that the iminium ion could be generated cleanly and in
high yield at low temperatures (—60 to —30 °C); direct
addition of 2-lithio-1-(trimethylsilyl)acetylene furnished the
addition product 62 in 54% yield. X-ray analysis of the addition
product 62 revealed that, as in the parent system 58, the
nucleophile had added syn to the (trimethylsilyl)cyclopentene
substituent. Since the (trimethylsilyl)cyclopentene fragment of
62 was installed by an enantioselective Diels—Alder cyclo-
addition (2 — 3), we had therefore developed a handle for
control of absolute stereochemistry in the sequence. In
assessing the requirements for the key retrocycloaddition of
the addition product 62, we found that the trimethylsilyl group
facilitated retrocycloaddition at lower temperatures, as
anticipated. Optimal results were obtained by heating 62 in
toluene at 135 °C, which quantitatively afforded the
retrocycloaddition product 63.

Thus, in our final synthetic route, S-(trimethylsilyl)-
cyclopentadiene (3) had three primary reactivity-altering
roles: (1) stabilizing the iminoquinone intermediates toward
aromatization, (2) directing the addition of acetylide
nucleophiles to the N-methyliminium ion, and (3) facilitating
the thermal retrocycloaddition to unmask the cyclohexanedie-
none. These reactivity-altering roles were observed when
employing the aryl acetylides 6—8 in our hasubanan alkaloid
syntheses and the cyclopentenyl acetylide 32 in our acutumine
alkaloid syntheses. The retrocycloaddition of the hasubanan
(9—11) and acutumine (not shown) acetylide addition
products also proceeded smoothly in toluene at 135 °C,
thereby affording products containing all of the carbon atoms of
the target alkaloids (12—14, 33).

Vil. HYDROSTANNYLATION OF THE ALKYNE 33

The syntheses of the hasubanan alkaloids from the retro-
cycloaddition products (12—14) employed two key steps:
semihydrogenation (Crabtree’s catalyst) to access the cis-
alkenes 15—17, followed by acid-mediated cyclization to
provide 18, 20, and 21, which contain the carbon skeleton of
the targets. In applying this strategy to (—)-acutumine (47), we
planned to access the cis-alkene 64 by a parallel route but
anticipated two major challenges: (1) cyclization to form the C-
8—C-9 bond and (2) installation of the alkyl chloride group
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(Scheme 6A). To address the second challenge, we pursued
installation of the alkyl chloride group earlier in the synthetic

Scheme 6. (A) Initial Synthetic Strategy for (—)-Acutumine
(47). (B) Hydrostannylation of the Dienone 33

o 'S
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CHSO
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CHy0 < R
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CHg
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33 35
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CHO N O\ O
/ &
CHy  CHs CHy

67

route. Specifically, we aimed to replace the semihydrogenation
step with a hydrofunctionalization reactlon We pursued
hydrostannylation of the dienone 33,% since it was known
that a vinylstannane could serve as a handle for the chlorine
atom.*

The regioselectivity of the hydrostannylation step was
important, and thus the inherent reactivity of the dienone 33
was evaluated. Hydrostannylation of the dienone 33 [tributyltin
hydride, tetrakis(triphenylphosphine)] afforded the vinyl-
stannane 35 as a single regioisomer (67%, Scheme 6B). The
connectivity of 35 was determined by HMBC and HMQC
analysis. We attribute the selectivity of this transformation to
the more favorable insertion of the alkyne 33 into a palladium
hydride to form an intermediate with 7’-allyl character. The
regioselectivity could also result from the steric congestion of
the fully substituted C-S carbon, which would disfavor
palladium—carbon bond formation at C-6. To install the
chloride group of (—)-acutumine (47), chlorodestannylation of
the vinylstannane 35 was attempted, but this led to erosion of
the exocyclic olefin stereochemistry. Thus, our efforts turned to
construction of the C-8—C-9 bond of (—)-acutumine (47)
prior to installation of the chloride. We anticipated that
chlorodestannylation of the cyclized product would proceed
cleanly.

VIIl. CYCLIZATION OF THE ALLYLIC SILANES 34 AND

35

We prepared the model substrate 69 to investigate formation of
the C-8—C-9 bond by Lewis acid mediated pathways (Scheme
7). We had established that this bond could be made in our
hasubanan route (15—17 — 18, 20, 21) under protic
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Scheme 7. Synthesis of the Model Cyclization Product 70

o}
CH40
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69 (two separable C-12 diastereomers) 0% (for the more polar isomer of 69) 70

conditions, and exploratory experiments indicated that various
cyclization precursors were unstable under basic conditions.
The model substrate 69 was prepared as a mixture of two C-12
diastereomers, which could be separated by preparative thin-
layer chromatography, although the C-12 stereochemistry of
each diastereomer could not be assigned. We found that
treatment of the less polar diastereomer of 69 with boron
trifluoride etherate complex at 0 °C provided the cyclization
product 70 as a single diastereomer (43%, '"H NMR analysis).
Under all conditions examined, the more polar diastereomer
did not undergo cyclization.

To apply this reaction in the synthesis of (—)-dechlor-
oacutumine (48), the functionalized allylic silane 34 was
prepared by semihydrogenation of the dienone 33 (Crabtree’s
catalyst, 86%, Scheme 8A). However, the cyclization conditions

Scheme 8. (A) Cyclization of the exo-Allylic Silanes 34 and
35. (B) Cyclization of the endo-Allylic Silane 71
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developed for the model system 69 were ineffective; treatment
of 34 with Lewis or protic acids resulted in decomposition,
acetonide cleavage, or elimination of one of the cyclopentenyl
oxygen atoms. The latter pathways were not entirely
remarkable given the acidic nature of the reaction conditions.
Further study of the reactivity of the functionalized allylic silane
34 revealed that the cyclization of 34 could be affected by a
basic/nucleophilic pathway. Treatment of 34 with tetrabuty-
lammonium fluoride at —10 °C provided the cyclization
product 36 in 32% yield. The low yield of this transformation
was initially attributed to unfavorable steric interactions
between the trimethylsilyl group and the dienone of 34. To
alleviate this, we prepared the endo-allylic silane 71, in which
the stereochemistry of the silyl group is inverted. However, the
cyclization of 71 proceeded in similar yield (24%, Scheme 8B).
To access (—)-acutumine (47), the analogous fluoride-
mediated cyclization of the vinylstannane 35 was attempted,
and the reaction proceeded in 37% yield (Scheme 8A).

IX. TRANSFORMATION OF THE DIOL 38 TO THE
METHYL ETHER 40

Acid-mediated deprotection of the cyclization product 36
afforded the diol 38 (71%). Our efforts turned toward
elaboration of the cyclopentene of the diol 38 to the
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cyclopentenone of (—)-dechloroacutumine (48). This synthetic
transformation required installation of the C-10 oxygen
functionality of (—)-dechloroacutumine (48). Our initial
approach to install the C-10 ketone involved selective oxidation
of the diol 38 (manganese oxide) to the enone 72 (40%,
Scheme 9). We anticipated that Michael addition of an oxygen

Scheme 9. Synthesis of the Enone 72 and the Sulfide 74
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—60—24 °C, 50%

CH3S, Nu
0 OH O o)
CH30 \ CH30 -
CHO N J CHO N J
CHg CHg

74 73

nucleophile to 72 would provide the intermediate 73, which
contains all the cyclopentenone heteroatoms present in
(—)-dechloroacutumine (48). In studying the reactivity of the
enone 72, we found oxygen-based nucleophiles (including
sodium hydrogen peroxide, carboxylate salts, oximes, primary
alcohols, and water) were unreactive in the nucleophilic
addition. We attribute this lack of reactivity to the neopentyl
nature of C-10. Sulfur-based nucleophiles did add to the enone
72, but these addition products formed reversibly and often
reverted to the enone 72 during chromatographic purification
or attempted S-functionalization.

In order to render the 1,4-addition reaction successful, it was
deemed necessary to decrease the kinetic barrier to addition
and to increase the thermodynamic stability of the resulting
adducts. We recognized that exhaustive oxidation of 38 would
form the a-dicarbonyl (or enedione) 75, which cannot adopt
the preferred enol tautomer'® due to the absence of any
exchangeable protons in the cyclopentyl ring (Scheme 10). We

Scheme 10. Synthesis of the Methyl Ethers 40 and 41
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reasoned that this activated dicarbonyl should be much more
electrophilic and that the resulting 1,4-addition products, which
can now adopt the enol tautomer, would be more stable. To
access the enedione 75, Swern oxidation of the diol 38 using
methyl sulfoxide, trifluoroacetic anhydride, and triethylamine
was investigated.'””'® Owing to the small scales of these early

8943

exploratory experiments, an excess of reagents was employed,
and the major product was the sulfide 74 (50%). The sulfide 74
is believed to derive from the expected enedione 75 by 1,4-
addition of methanethiol, formed by degradation of the
activated methyl sulfoxide. While unexpected, the formation
of the sulfide 74 directly from the diol 38 was a useful
transformation because it accomplished the oxidation and 1,4-
addition in a single step.

Ultimately, a more reproducible and scalable oxidation—1,4-
addition procedure was developed. This procedure includes
two key modifications: (1) replacement of triethylamine with
Hiinig’s base, which was less prone to decomposition under the
reaction conditions, and (2) addition of a standard solution of
sodium thiomethoxide (3.30 equiv) directly to the enedione 75
following oxidation. Under these conditions, the enedione 75
could be formed reproducibly and quantitatively using a slight
excess of reagents (3 equiv of trifluoroacetic anhydride, 6 equiv
of methyl sulfoxide, 10 equiv of Hiinig’s base); addition of
sodium thiomethoxide completed the transformation. Although
the 1,4-addition product 74 could be isolated, it was prone to
elimination (to regenerate the enedione 75) and other
decomposition pathways. To circumvent this, the unpurified
sulfide 74 was treated directly with diazomethane to provide
the methyl ether 40 as a single detectable diastereomer ('H
NMR analysis, 49%, two steps). In this way, the methyl group
serves as a cap that prevents reversion of the 1,4-addition
product 74. The inherent reactivity of the diol 39, which
contains the chloride group of (—)-acutumine (47), mirrored
that of the parent diol 38. Subjection of 39 to the same two-
step sequence afforded the corresponding methyl ether 41 in
97% yield.

X. SUBSTITUTION OF THE PARENT AND
CHLORINATED METHYL ETHERS 40 AND 41

With the parent and chlorinated methyl ethers 40 and 41 in
hand, we envisioned installation of the C-10 ketone of the
acutumine alkaloids by elimination of the sulfide group to form
an oxocarbenium ion, followed by 1,4-addition of an oxygen
nucleophile (Scheme 11). Our initial studies focused on using
this strategy to transform the parent methyl ether 40 to the
formate 42. Extensive studies of the reactivity of 40 revealed
that the desired transformation could be achieved with
mercuric acetate in formic acid,'® which furnished the
stereoretentive substitution product 42 in 87% yield (Scheme
11A). However, these conditions did not provide the expected
substitution product 77 when applied to the chlorinated methyl
ether 41, and the only isolable product was the enedione 76.
We attributed the difference in the reactivity of the parent 40
and chlorinated 41 methyl ethers to the steric encumbrance
introduced by the vinyl chloride of 41, which blocks addition of
formate to the f-position.

Further study of the reactivity of the chlorinated methyl ether
41 revealed the formation of an unexpected product, the 1,2-
addition product 44, upon treatment of 41 with N-
iodosuccinimide in formic acid."'® The production of 44 is
proposed to occur by activation of the sulfide of 41 to provide a
putative oxocarbenium ion (not shown), followed by 1,2-
addition. The 1,2-addition product was obtained as a 3:1
mixture of diastereomers, in favor of the isomer shown. The
diastereoselectivity of this 1,2-addition is distinct from the 1,4-
addition to form 42. We attribute this change to the steric
encumbrance of the chloride group in the methyl ether 41,
which forces addition from the opposite face. We hypothesize
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Scheme 11. (A) Synthesis of the Parent formate 42. (B)
Synthesis of the Chlorinated Formate 45
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that under these conditions (formic acid as solvent) trapping by
formate is faster than cleavage of the methyl ether. Ultimately,
we accessed the target chlorinated formate 45 by a [3,3]-
rearrangement of the 1,2-addition product 44 (100 °C,
acetonitrile).111 Here too, interesting reactivity trends were
observed. Specifically, the minor diastereomer of 44 did not
undergo efficient rearrangement, presumably due to unfavor-
able steric interactions with the chloride group (Scheme 12).

Scheme 12. Possible Explanation for the Failure of the
Minor Diastereomer of 44 To Rearrange

CHig o

o]
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XI. SITE- AND STEREOSELECTIVE REDUCTION OF THE
VINYLOGOUS a-DIKETONES 78 AND 79

The syntheses of (—)-dechloroacutumine (48) and (—)-acutu-
mine (47) required the site- and stereoselective reduction of
the C-13 carbonyl group of the vinylogous a-diketones 78 and
79, respectively (Scheme 13). We anticipated that the site-
selectivity of this transformation would not be an issue, because
the remaining carbonyls in 78 and 79 are vinylogous esters.
The stereoselectivity for this transformation was less predict-

Scheme 13. Site- and Stereoselective Reduction of the
Vinylogous a-Diketones 78 and 79
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able, but based on our studies in the sulfide displacement and
[3,3]-shifts above, it seemed that the chloride substituent
effectively shields the f-face of the cyclopentyl ring. Thus, it
was anticipated that the vinyl chloride of 79 could impart
selectivity in the reduction of 79, but the selectivity in the
deschloro series 78 was not unambiguous. In the event, we
found that treatment of the parent vinylogous a-diketone 78
with sodium borohydride afforded the desired alcohol 43 as a
single stereoisomer (64%, '"H NMR analysis). Similar site- and
stereoselectivity was obtained in the analogous reduction of the
chlorinated vinylogous a-diketone 79. Thus, the stereo-
selectivity may be due to gross topological biases introduced
by the tetracyclic skeleton, rather than any specific steric effects
introduced by the vinyl chloride.

XIl. DIRECTED HYDROGENATION OF
DEHYDROACUTUMINE (46) TO FORM
(—)-ACUTUMINE (47)

The final step in the synthesis of (—)-acutumine (47) called for
the directed hydrogenation of the vinyl chloride group of
dehydroacutumine (46). The selective hydrogenation of vinyl
halides to alkyl halides is a difficult transformation because
hydrodehalogenation byproducts are often formed. For
example, heterogeneous hydrogenation of dehydroacutumine
(46) with palladium on carbon cleanly produced (—)-dechlor-
oacutumine (48) in 60% yield (Scheme 14A). However, we

Scheme 14. (A) Hydrogenation of Dehydroacutumine (46)
To Form (—)-Acutumine (47) and (—)-Dechloroacutumine
(48). (B) Proposed Substrate—Catalyst Complexes for the

Directed Hydrogenation of Dehydroacutumine (46)
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anticipated that nearby functional groups in 46 could modify
the inherent reactivity of the vinyl chloride group. It was
expected that a catalyst could bind to the amine or alcohol
group of 46 to direct the hydrogenation reaction (Scheme
14B).""* After extensive study, we found that homogeneous
hydrogenation of dehydroacutumine (46) with [Rh(nbd)-
(dppb)]BF, under 300 psi of hydrogen affected the desired
transformation,** ! affording (—)-acutumine (47) as a single
detectable diastereomer ("H NMR analysis, 17% yield of 47 at

dx.doi.org/10.1021/j0501516x | J. Org. Chem. 2014, 79, 8937—8947



The Journal of Organic Chemistry

30% conversion of 46). Attempts to increase the yield of this
transformation by increasing the conversion of 46 using
[Rh(nbd)(dppb)]BF, led to the formation of (—)-dechlor-
oacutumine (48) exclusively. We attribute the exclusive
formation of (—)-acutumine (47) at low conversion of 46 to
the coordination of the amine or alcohol functional group to
the catalyst. Subsequently, we have developed a more general
process for the reduction of alkenyl halides by a hydrogen atom
transfer pathway.''

Xlll. SUMMARY AND CONCLUSION

In this Perspective, we have tried to articulate the concept of
substrate-modified functional group reactivity and demonstrate
how it influenced the development of our syntheses of the
hasubanan and acutumine alkaloids. In the course of our
synthetic work, progress through many steps was only achieved
after developing an understanding of the innate reactivity of our
intermediates. For many of these steps, the reactivity differed
significantly from what was anticipated based on a first-order
functional group analysis.

These syntheses illustrate the challenges of predicting
molecular reactivity a priori and argue for the inherent value
in the study of complex molecular architectures. In many
instances, unexpected functional group reactivity led us to
incorporate molecules into our final synthetic route that were
not included in our initial synthetic analysis. In this way, the
reactivity and stability profiles of the synthetic intermediates
were the primary driver in the development of the synthetic
route. While most synthetic chemists possess an innate
understanding of the concept of substrate-modified functional
group reactivity, it is our hope that this perspective will
promote appreciation of this concept by younger students and
further motivate the study of complex molecular architectures
en route to natural product targets.
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