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Direct Dehydrative N-Pyridinylation of Amides, the Interrupted Bischler—Napieralski
Reaction, and the Enantioselective Total Synthesis and Arylative Dimerization of
Aspidosperma Alkaloids

by

Jonathan William Medley

Submitted to the Department of Chemistry
on May 14™, 2013 in Partial Fulfillment of the
Requirements for the Degree of Doctor of Philosophy in
Organic Chemistry

ABSTRACT

L. Direct Dehydrative N-Pyridinylation of Amides

A method for the single-step N-pyridinylation of secondary amides is described. The
process involves electrophilic activation of secondary amides with trifluoromethanesulfonic
anhydride in the presence of 2-fluoropyridine followed by introduction of a pyridine N-oxide
derivative and warming to afford the corresponding N-pyridinyl tertiary amide derivatives. The
structure of activated amide intermediates is probed through in situ monitoring, and a
mechanism supported by in situ monitoring and deuterium labeling experiments is discussed.

I1. Synthesis of Spirocyclic Indolines by Interruption of the Bischler—Napieralski Reaction

The development of a versatile method for the synthesis of spirocyclic
pyrrolidinoindolines is described. Treatment of N-acyltryptamines with trifluoromethanesulfonic
anhydride-2-chloropyridine reagent combination affords highly persistent spiroindoleninium
ions, which are selectively trapped intra- and intermolecularly by various nucleophiles.

III. A Concise and Versatile Double-Cyclization Strategy for the Highly Stereoselective
Synthesis and Novel Arylative Dimerization of Aspidosperma Alkaloids

A strategy for the concise, stereoselective synthesis of aspidosperma alkaloids and
related structures via a common putative diiminium ion intermediate is described. The approach
enables the dimerization of aspidosperma-type structures at the sterically hindered C2-position.
The diiminium intermediate is prepared in situ from an enantioenriched oa-quaternary 2-
chlorotryptamine lactam through a stereoselective electrophilic double-cyclization cascade. The
key C5-quaternary stereocenter is secured via successive diastereoselective a-alkylations of
pseudoephenamine crotonamide.

Thesis Supervisor: Professor Mohammad Movassaghi
Title: Associate Professor of Chemistry
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Chapter 1

Direct Dehydrative N-Pyridinylation of Amides
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Introduction and Background

Pyridin-2-ylated amides are key structural motifs in a wide variety of pharmaceutical
compounds and fine chemicals.' Propiram” (Figure 1) is a partial mu opioid receptor agonist and
weak mu antagonist analgesic that has been shown to be more effective and potent than codeine.
Eszopiclone® (Lunesta™), a CNS stimulant, is a short-acting, nonbenzodiazepine hypnotic agent
widely used for the treatment of chronic insomnia. Pike:toprofen4 (Calmatel®) and piroxicamS
(Feldene™) are non-steroidal anti-inflammatory drugs, the latter of which is prescribed for the
relief of symptoms of rheumatoid and osteoarthritis. The pyridin-2-ylated amide structure is also
present in topical retinoids used for the treatment of psoriasis.’ Pirenzipine’ (Gastrozepin®) is an
M;-selective antagonist used to treat peptic ulcers. The importance of pyridinylated amides

continues to inspire new methods for their syntheses.

Me

N N
o M =( o
ve L LO l_ﬁ A ; \Nl
) ML 0 Me
N* | N* |
S x ci
propiram eszopiclone piketoprofen
analgesic CNS stimulant anti-inflammatory
S0,
N
N &
HO Me Me Me Q O Me-N/\\ \3\\
07 "NH NN N N o]
H N7 NH
N | [
x Me Me x
piroxicam antipsoriatic pirenzepine
anti-inflammatory anti-ulcer drug

Figure 1. Representative compounds containing a pyridin-2-ylated amide substructure.

Among the earliest methods for the introduction of a pyridin-2-yl substituent onto a
nitrogen atom was the reaction between sodamide and pyridine at elevated temperature reported
by Chichibabin and co-workers (Scheme 1)} Addition of strongly basic sodamide into the
weakly electrophilic 2-position of pyridine, followed by loss of hydrogen gas, affords 2-
sodamidopyridine; acidification affords 2-aminopyridine. Recently, a milder set of conditions
has been reported by Yin and co-workers’ (Scheme 2), in which a pyridine N-oxide derivative'®

is activated with para-toluenesulfonic anhydride (Ts;0) in the presence of excess tert-butyl
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amine to effect in situ formation of a 2-fers-butylamino pyridine derivative. Addition of
trifluoroacetic acid and heating affords the 2-aminopyridine product. While these methods
provide efficient access to 2-aminopyridines,'' they are not known to effect the N-pyridinylation

of amide substrates.

y NH2 NH, NHNa NH,
NaNH2 Na _HZ H+
N~ I — N | —  » |[NT t +NaH| —— = | N7 l — = N7 |
g heat R 2 2 R

Scheme 1. The Chichibabin reaction.

_ IBUNHZ “NH lB NH'BU NHZ
O\aﬁ Ts,0 105~ PNHEBY | p7eon | CFiCOOH Jj
- I o= —_— —_— =
&/\‘ r PhCF; K/\LR Ts0 R‘/\l R heat &/\! =]
-isobutylene

Scheme 2. Synthesis of 2-aminopyridines from pyridine N-oxides.

Metal-catalyzed cross-coupling reactions between nitrogen nucleophiles and aryl or
heteroaryl halides or sulfonates,'” such as the palladium- and copper-catalyzed methods reported
by Buchwald'? and the complementary palladium-catalyzed method reported by Hartwig,'* have
proven to highly efficient and mild means for the N-arylation and N-heteroarylation of a variety
of nitrogen-containing compounds, including amines and amides (Scheme 3). Primary amide
substrates, in general, are efficiently substituted with a wide range of aryl and heteroaryl groups,
including pyridin-2-yl groups. Secondary lactams and sterically unhindered'” acyclic secondary
amides are also generally useful in these transformations, though sterically hindered acyclic
secondary amides represent a challenging substrate class,'® and to date, methods for the

intermolecular cross-coupling of sterically hindered acyclic secondary amides and 2-

Buchwald:
Pd(OAc),, ‘BuBrettPhos

o] 0 /N
N K3PO,, Ho0 L I
cy e U 48
o ol X 'BUOH, 110 °C o

93%

Hartwig:

0 cl Pd(OAc),, Josiphos

(o] ~=3
] NaOBy L)
NHp 4+ N7 - N™ N
Q 1,2-DME, 70 °C H

99%

Scheme 3. N-pyridinylation of amides via the Buchwald-Hartwig reaction.
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halopyridines has not been reported.

In 1969, R. A. Abramovitch and co-workers reported a fascinating methodology for the
synthesis of N-pyridinyl amide derivatives via the nucleophilic addition of heteroaromatic N-
oxides to N-aryl and N-alkyl imidoyl chlorides or nitrilium salts at elevated temperature followed
by a thermal rearrangement (Scheme 4).'” Abramovitch’s proposed mechanism was supported
by elegant mechanistic investigations, although the reversibility or irreversibility of the steps
involved was not determined. The reactions in general give good regioselectivity with respect to
site of substitution on the pyridine ring, typically affording the N-pyridin-2-yl amide product as
the only regioisomer. The high temperatures required for the reaction, the need for the synthesis
and isolation of sensitive imidoyl chlorides or nitrilium salts in a separate step, the failure of
electron-deficient N-oxides to undergo reaction, and the tendency for undesired side-product
formation represent drawbacks to the original methodology.

i o O_‘!tllﬁ _Proi °r fr@R = - J(JD\ R?
>

o ;
RT N * ”\, R reflux ,& . R‘A\g H N;j
|

RV N*

' H2
R? R’\H
Scheme 4. The Abramovitch reaction.

Recently, more direct methods for the N-pyridinylation of amides through reaction with
pyridine N-oxide derivatives have been developed. Couturier and co-workers'® reported the N-
quinolinylation and N-isoquinolinylation of primary amides by in situ activation of the amide
with oxalyl chloride at elevated temperature to afford an N-acylisocyanate intermediate, which
undergoes trapping by a quinoline or isoquinoline N-oxide and subsequent thermal
rearrangement to afford a secondary N-quinolin-2-ylated or N-isoquinolin-1-ylated amide
product as single regioisomers (Scheme 5). Also, Bilodeau and co-workers'’ reported a
modification of the Abramovitch reaction for the N-pyridinylation of secondary amides via in
situ activation of the amide substrate with oxalyl chloride in the presence of 2,6-lutidine (Scheme
6). Addition of a pyridine N-oxide derivative to the imidoyl chloride intermediate affords the N-
pyridinylated amide product. While this method allows for the direct N-pyridinylation of
sterically unhindered N-methyl and N-benzyl acetamides and benzamides, no successful
examples of the N-pyridinylation of sterically hindered amides were reported, and N-aryl amides

proved to be a highly recalcitrant substrate class. Given the importance of N-pyridinylated amide
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products, we sought to develop a mild protocol that would expand the substrate scope of the
Abramovitch reaction.

(\l@
\N - 9
0 cocl o) i Q" - 0 #
S o= il s R LD
Me” N7 SN
H

Mok = ' .

. M
Me™ °N reflux A 83%
o

—
Me™ “NHz (CICH,), reflux
-2 HCI, -cO

Scheme 5. N-pyridinylation of primary amides via N-acylisocyanates.

o+
LR
(COCI)s,
(o} cl } N~"osn  Me n-Me
e

2,6-lutidine
WL~ Wi il

H CH,Cly, 0°C

Me
0—-23°C

66% -

Scheme 6. A modified Abramovitch reaction.

Our laboratory has previously reported the use of 2-chloropyridine (2-CIPyr) with

trifluoromethanesulfonic anhydride®® (Tf,0) as a versatile reagent combination for the synthesis

of pyrimidine®' and pyridine derivatives (Scheme 7).> These methodologies provide the desired

Xy TIO~
| = Ry

o T,
i TH,0
Y J.,»:JH;— CI” N 5
R N ) + J ---R *+———
H 2-ClIPyr H(gﬁ Fr
H

R2
e
\\N

N
-2-CIPyreTfOH
™ N,

R
AR R3 P

TOH « JN\J] 2R TIOH » I =R
RSN RSN e

Scheme 7. Previous condensative heterocycle syntheses by Movassaghi et al.
azaheterocycles via electrophilic activation of secondary N-aryl or N-vinyl amides to enable

nucleophilic addition and annulation. Early spectroscopic studies indicated that activation of N-

15



aryl amides with our laboratory’s reagent combination Tf,0-2-CIPyr gives rise to 2-
chloropyridinium adducts, which were proposed to potentially be highly electrophilic species
that might enable reaction with the nucleophile. We envisioned that our laboratory’s conditions
would serve well for a modified Abramovitch reaction (eq 1). In this chapter, we describe the N-
pyridinylation, N-isoquinolinylation and N-quinolinylation of various secondary amides and
discuss a plausible mechanism supported by deuterium labeling and in situ monitoring

experiments.

TLO, 2-ClPyr, R "N

0 +
AR O‘q’ﬁ — L. A o
H kl;(H CH,Cly ||\/
=

-78 = 23°C

Results and Discussion

Based off of our laboratory’s previous results in the context of azaheterocycle synthesis,
we reasoned that N-aryl amide 1a would be competent for in situ electrophilic activation with 2-
CIPyr-Tf,0 and subsequent reaction with N-oxide nucleophiles. ~Thus, amide la and
isoquinoline N-oxide (2a) served as substrates for our early exploration of this chemistry (Table
1). Interestingly, the use of 2-fluoropyridine (2-FPyr, 1.2 equiv) as a base additive afforded a
significant improvement in the reaction yield as compared to 2-CIPyr, furnishing amide 3aa in
99% yield (compare entries 1 and 11, Table 1). More nucleophilic and stronger base additives
generally gave poorer yields as compared to base additives with attenuated nucleophilicity and
basicity. These observations suggest that optimal conditions provide a balance between the need
for a base additive to promote electrophilic activation of the amide substrate while avoiding
nucleophilic inhibition of this reaction. Consistent with our earlier f"lndin,<gs,2"22 both the
presence of the optimal base additive in excess or its absence led to a marked decrease in the
yield of the desired product (entries 3, 12 and 13, Table 1). The use of the Hendrickson reagent
((Ph3P+)20-2Tf07)23 as the activating agent for this dehydrative N-pyridinylation reaction proved
less effective as compared to the optimal conditions described above (entry 16, Table 1). The
overall yield can be improved by use of excess 2a due to competitive N-oxide decomposition
(entry 2, Table 1).

We next examined the optimal conditions with a range of amide substrates with three
representative heteroaromatic N-oxides (Table 2). Isoquinolinylation of amides under our

conditions is highly efficient, giving good to excellent yields in all cases examined.
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Table 1. Optimization of Reaction Conditions.?
O

+ —_—_—

O CHyClp,3h  MeO I
) i -78 -23°C 3aa [
a

entry base additive  base equiv  N-oxide X equiv yield (%)®

MeO -Ph
N i 0
©/LLH Tf,0 (1.1 equiv)
MeO 1a base additve =~ MeO O)L -Ph
N

1 2-Cl-pyridine 1.2 1.1 77
2 2-Cl-pyridine 1.2 2.0 81
3 None - 1.1 16
4 pyridine 1.2 1.1 10
5 EtsN 1.2 1.1 0

8 2-Br-pyridine 1.2 1.1 58
7 3-Cl-pyridine 1.2 1.1 74
8 Ethyl Nicotinate 1.2 1.1 73
9 3-Br-pyridine 1.2 14 72
10 2,6-lutidine 1.2 11 55
11 2-F-pyridine 1.2 1.1 99
12 2-F-pyridine 2.0 1.1 88
13 2-F-pyridine 5.0 1.1 76
14 DIPEA 1.2 1.1 48
15 2,6-dichloropyridine 1:2 1.1 15
16 Hendrickson Reagent® 1.5 1z 72

4Conditions: Amide 1a, Tf,0 (1.1 equiv), base additive,
CH,Cl,, =78 — 0 °C; isoquinoline N-oxide, 0 — 23 °C,
3 h blsolated yield. “Hendrickson reagent
((Ph3P"),0+2TfO") was prepared (reference 23) and used
in place of Tf,0 without base additive.

Isoquinolinylation of both N-alkyl benzamides (entries 3da, 3fa, and 3ga, Table 2), in addition to
N-aryl and N-vinyl amides (entries 3ca and 3ha, Table 2) were achieved in high yields under our
standard reaction conditions. The high efficiency of our reaction with sterically hindered amide
substrates (3fa, 3ga, and 3ha, Table 2) is notable. Electron rich benzamides notwithstanding
(entry 3aa, Table 2), the least efficient substrates in this series were N-aryl benzamides (entries
3ba and 3ea, Table 2). In all cases, completely regioselective isoquinolinylations proceeded at
the 1-position of the isoquinoline ring.'” "

The use of quinoline N-oxide (2b, Table 2) and pyridine N-oxide (2c¢) as substrates also
gave completely regioselective acylamination, however, with reduced overall efficiency for the
formation of the desired products. This is due in part to the faster decomposition'"*** of N-

oxides 2b and 2c¢ (as compared to 2a) under the electrophilic activation reaction conditions.”

Interestingly, in reactions employing N-oxide 2c¢, amides that exhibited high reactivity in
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Table 2. Direct Dehydrative N-Pyridinylation of Amides.?

o
2
1,0, 2-FPyr, CHoCly H1JI\N'R

0 i

O

FhJLN‘M2 + @
H >R

1x 2y

-78-23°C  NT®

3xy Il\"{R

N-oxide: — . il
O‘N = o+ D\N =
| SN |
= | =
2a 2b ~F 2¢
amids N-(isoquinolin-1-yl)  N-(quinolin-2-yl)  N-(pyridin-2-yl)

product 3 product 3 product 3

O

MeO .Ph
N 3aa: 99%° 3ab: 0%° 3ac: 41%
MeO 1a

0
Ph)LN,Pn 3ba: 72% 3bb: 36% 3be: 40%
1 H
o)
M .ph 3ca: 97% 3cb: 35% 3cc: 66%°
Me N
1c H
o
on )LN.Me 3da: 100% 3db: 60% 3dc: 67%°
1d H
o)

Q/OMG
3ea: 74% 3eb: 42% 3ec: 37%

N
H
Br 1e 0
Jpr
H 3fa: 92% 3fb: 13% 3fc: 74%
1f
OoN
2 o}
MeO IjLN -Br 3ga: 94% 3gb: 25% 3gc: 48%
H
1g

0
JI\N@ 3ha: 91% 3hb: 78% 3hc: 39%7
H

1h

2Jsolated yields of products 3xy. Average of two experiments.
Conditions: Amide 1x (1 equiv), TH,0 (1.1 equiv), 2-FPyr (1.2
equiv), CH,Cl,, —78 — 0 °C; N-oxide 2y (2.0 equiv), 0 — 23 °C,
4 h. Y N-oxide 2a (1.1 equiv), 3 h. © Decomposition of 1a
observed over 4 h. 42 6-lutidine used as base. ¢ Low yield due
to product decomposition.

isoquinolinylation reactions gave higher yields when 2,6-lutidine'® was used in place of 2-FPyr
as the base additive (products 3cc, 3dc and 3hc Table 2), likely owing to slight suppression of N-

oxide decomposition. However, the use of 2,6-lutidine in place of 2-fluoropyridine with less

18



reactive N-aryl benzamides (1b and le, Table 2) resulted in significantly lower yields of the
desired products.

Attempts to N-quinolinylate amide 1a under our standard conditions gave no detectable
amount of the desired product 3ab. This is consistent with poor nucleophilic addition of 2b to

26 Given that

the activated intermediate allowing a competitive decomposition of amide 1a.
nucleophilic base additives inhibit the desired reaction (Table 1), we conjectured that the N-
pyridinylated products formed may also play an inhibitory role. Activation of amide 1f followed
by sequential addition of N-pyridinylated amide 3fe (1.00 equiv) and pyridine N-oxide (2¢) gave
a low 33% vyield of the desired amide 3fc (eq 2),”” which is less than half the expected yield.
This suggests that product inhibition can be significant in these pyridinylation reactions.

However, activation of amide 1f under optimized conditions, followed by sequential addition of

Tf,0, 2-FPyr
9 iy CH4Cly, -78 — 0 °C; i P
H 3fc (1.00 equiv)
O.N 1f N-Oxide 2c (2.00 equiv) O,N N*
0—-23°C 3fc L I
33%
Tf,0, 2-FPyr
O . CH2C|2, -78 =0 DC; ? ’P
H 3fa (1.00 equiv)
O,N 1f N-Oxide 2a (2.00 equiv) O,N N* =
0—-23°C 3fa L | >

92%

product 3fa (1.00 equiv) and isoquinoline N-oxide (2a) gave 92% yield of the desired N-
isoquinolinylated amide 3fa (eq 3),%” indicating no significant product inhibition in this reaction.
Furthermore, sequential activation of an enantiomerically enriched amide 1h** under optimized
conditions followed by introduction of isoquinoline N-oxide (2a) provided the optically active N-

isoquinolinylated amide (+)-3ha without erosion of optical activity (eq 4).

0 @ T£,0, 2-FPyr; O @
N-oxide 2a /Y"\
Me’\l)l\m M ] N (4)

CH,Cly, 4h
-78 = 23°C
1h, 98% ee 88% x

(+)-3ha, 98% ee
Interestingly, while N-pyridinylation of amides was generally less efficient as compared to N-
isoquinolinylation, the use of both electron-rich and electron-poor 4-substituted pyridine N-
oxides 2d and 2e, respectively, gave good yields of the desired products (eqs 5 and 6). The

successful N-pyridinylation of amide 1d with 4-nitropyridine N-oxide (2e) is notable, as its use
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as a nucleophile for the Abramovitch reaction was previously reported to be unsuccessful,'’*

suggesting greater electrophilicity of the intermediate under the conditions described here.

O.* T1,0, 2-FPyr e
H v + NS M me 5
N i Ph” N
OMe

H CH2C|2, 4 h
78 > 23°C N7?
1d 2d 75% 3dd |
=
OMe

o o.* T1,0, 2-FPy O
. 20, 2- T
PhJJ\N,Me # N PhJ\N,Me ®)
N Z CHoCly, 4 h
NO,
78— 23°C N?
0
1d 2e 67%  3de ||
NO,

To gain better understanding of the intermediates involved in this transformation, a series
of in situ IR and NMR monitoring experiments were performed. The conversion of amide 1d to
N-isoquinolinylated amide 3da under optimized conditions was monitored by in situ [R analysis.
Addition of Tf;O to a mixture of amide 1d and 2-FPyr resulted in complete consumption of the
amide absorption band (1668 cm ') and appearance of a persistent absorption at 2370 cm ',
suggestive of a nitrilium ion intermediate.'”*® Addition of isoquinoline N-oxide (2a) resulted in
immediate disappearance of the absorption at 2370 cm ' and appearance of a persistent
absorption at 1691 cm ', which was due to the protonated product 3da. Interestingly, the
activation of N-(4-methoxyphenyl)benzamide (1i) with the reagent combination of 2-CIPyr and
T1,0 did not lead to an observable absorption corresponding to a nitrilium ion, but instead gave
rise to a persistent absorption at 1600 cm ™', suggestive of an amidinium intermediate.”> These

observations suggest that while electrophilic activation of 1d using 2-FPyr results in 5d (Scheme

8), similar activation of 1i using 2-CIPyr leads to predominant formation of 4i rather than Si.
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Scheme 8. Mechanism for direct dehydrative N-pyridinylation of amides.
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To determine the degree to which the formation of a nitrilium ion depends on the nature
of the base additive and the amide structure itself, a series of in situ IR monitoring experiments
were carried out.”’ For comparison, while activation of N-alkyl benzamide 1d under optimal
conditions resulted in an absorption suggesting a nitrilium ion (2370 ¢cm '),? the activation of N-
aryl benzamides 1b and 1i under the same conditions led to no detection of an IR absorption
consistent with a nitrilium ion, but instead resulted in the appearance of an IR absorption
suggesting an amidinium ion (1621 c¢cm™ in both cases).”” However, TH,O activation of the
electron-rich N-aryl benzamide 1a in the presence of either 2-FPyr or 2-CIPyr (1.2 equiv) indeed
resulted in an absorption at 2312 cm™, suggesting a persistent nitrilium ion intermediate.
Interestingly, addition of extra equivalents of 2-CIPyr resulted in complete disappearance of this
absorption band and appearance of a persistent absorption at 1594 cm ', consistent with the
formation of the previously observed amidinium ion.”> Even the electron-poor N-alkyl
benzamide 1f resulted in a lasting nitrilium ion (2354 cm™") upon electrophilic activation in the
presence of either 2-FPyr or 2-CIPyr (1.2 equiv), although the presence of excess 2-ClPyr
resulted in disappearance of the absorption at 2354 cm ' and the appearance of an absorption at
1609 cm '.*® These observations suggest that activation of N-alkyl amides under these
conditions more readily results in persistent nitrilium ion formation, while N-aryl amides show
reluctance to form the corresponding nitrilium ion, likely owing to the inductive effect of the
nitrogen substituent.’’ Only the particularly electron-rich N-aryl benzamide 1a resulted in any
observable nitrilium ion, perhaps due to greater stabilization by resonance contribution. These
differences in amide reactivity were further substantiated by in situ '"H NMR monitoring of the
electrophilic activation step. Interestingly, amides that demonstrated the least propensity to form
a nitrilium ion upon activation under the optimal reaction conditions also gave the lowest yields
in reactions with isoquinoline N-oxide (e.g., entry 3ba, Table 2). Furthermore, reduced yield of
the desired product upon addition of excess base additive (or use of nucleophilic bases, Table 1)
is consistent with the observed disappearance of the nitrilium species during in situ monitoring
experiments.

Additional mechanistic insight was obtained using deuterated substrates 2a-d,, 2¢-d; and
2¢-d) (eqs 7 and 8). Electrophilic activation of N-alkyl benzamide 1f under optimal conditions
followed by introduction of excess®” isoquinoline N-oxide (2a) and 1,3-dideuteroisoquinoline N-

oxide (2a-d,) provided a mixture of N-isoquinolinylated products 3fa and 3fa-d; corresponding
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to ki:kp = 1.0:1.0 in 86% combined yield (eq 7).” The same outcome was observed in a similar
experiment using excess 2¢-d» and 2¢, resulting in a mixture of the N—pyridinyiated products 3fc
and 3fc-d, corresponding to ky:kp = 1.0:1.0 in a combined yield of 59% (eq 7). As another
mechanistic probe, activation of 1f under optimal conditions and the use of excess 2-
deuteropyridine N-oxide (2a-d,) provided the expected N-pyridinylated amide 3fc as a mixture of
non-deuterated and monodeuterated derivatives (eq 8).”” Importantly, the ratio of 3fe-dp and 3fe-
dy was found to be 1.0:2.0, reflecting an observable primary kinetic isotope effect (ku:kp =
2.0:1.0).* These observations suggest that addition® of the imidate nitrogen onto the pyridinium
ring is reversible, whereas nucleophilic addition of the N-oxide 2 to the nitrilium ion 5 (or

another electrophilic variant) is irreversible (Scheme 8).
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Conclusion

We have presented a direct method for the dehydrative N-pyridinylation of amides under
electrophilic activation by the reagent combination of Tf,0 and 2-FPyr. This method allows for
a highly effective activation of a variety of amide substrates, including sterically hindered and N-
aryl amides,'” without requiring the isolation of sensitive intermediates or the use of heavy metal
Lewis acid additives, allows for the use of electron-deficient pyridine N-oxide derivatives, and

7" Qur in situ

proceeds in shortened reaction times without the need for elevated temperatures.
monitoring experiments suggest greater propensity for the formation of persistent nitrilium ion
intermediates when N-alkyl amide substrates are used as compared to N-aryl amides. Our
studies with deuterated N-oxide substrates suggest an irreversible nucleophilic addition step and

a plausible interconversion of intermediates 7 and 8 based on the observed kinetic isotope effect.
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Experimental Section

General Procedures. All reactions were performed in oven-dried or flame-dried round bottomed
flasks, modified Schlenk (Kjeldahl shape) flasks or glass pressure vessels. The flasks were fitted
with rubber septa and reactions were conducted under a positive pressure of argon. Stainless steel
gas-tight syringes or cannulae were used to transfer air- and moisture-sensitive liquids. Flash column
chromatography was performed as described by Still et al. using silica gel (60 A pore size, 32—63 um,
standard grade) or non-activated alumina (80-325 mesh, chromatographic grade). Analytical thin—
layer chromatography was performed using glass plates pre-coated with 0.25 mm 230-400 mesh
silica gel or neutral alumina impregnated with a fluorescent indicator (254 nm). Thin layer
chromatography plates were visualized by exposure to ultraviolet light and/or by exposure to an
ethanolic phosphomolybdic acid (PMA), an acidic solution of p-anisaldehyde (anis), an aqueous
solution of ceric ammonium molybdate (CAM), an aqueous solution of potassium permanganate
(KMnOy) or an ethanolic solution of ninhydrin followed by heating (<1 min) on a hot plate (~250
°C). Organic solutions were concentrated on rotary evaporators at ~20 Torr (house vacuum) at 25-35
°C, then at ~1 Torr (vacuum pump) unless otherwise indicated.

Materials. Commercial reagents and solvents were used as received with the following exceptions:
Dichloromethane, diethyl ether, tetrahydrofuran, acetonitrile, toluene, and triethylamine were
purchased from J.T. Baker (Cycletainer' ") and were purified by the method of Grubbs et al. under
positive argon pressure.” 2-Chloropyridine was distilled from calcium hydride and stored sealed
under an argon atmosphere. Secondary amides were prepared by acylation of the corresponding
primary amines® or by previously reported copper—catalyzed C—N bond-forming reactions.*

Instrumentation. Proton nuclear magnetic resonance (‘'H NMR) spectra were recorded with 300 and
500 MHz spectrometers. Chemical shifts are recorded in parts per million on the & scale and are
referenced from the residual protium in the NMR solvent (CHCl;: 8 7.27, C;DsHSO: & 2.50). Data are
reported as follows: chemical shift [multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet), coupling constant(s) in Hertz, integration, assignment]. Carbon-13 nuclear magnetic
resonance (°C NMR) spectra were recorded with 300 and 500 MHz spectrometers and are recorded in
parts per million on the 6 scale and are referenced from the carbon resonances of the solvent (CDCls:
8 77.2, (D3C),S0: 8 39.5). Data are reported as follows: chemical shift [multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet), coupling constant(s) in Hertz, assignment]. Infrared
data were obtained with an FTIR and are reported as follows: [frequency of absorption (cm ),
intensity of absorption (s = strong, m = medium, w = weak, br = broad), assignment]. In situ IR
reaction monitoring was performed with an in situ monitoring IR spectrometer.

i Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923,
- Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. Organometallics 1996, 15, 1518.
3 Fora general procedure, see: DeRuiter, J.; Swearingen, B. E.; Wandrckar, V.; Mayfield, C. A. J. Med. Chem. 1989, 32, 1033,
For the gencral procedure used for the synthesis of N-vinyl amides, see: Jiang, L.; Job, G. E.; Klapars, A.; Buchwald, S. L. Org. Lett.
2003, 5, 36607.
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MeOD)‘\N,Ph Ti,0, 2-FPyr, CH,Cly; Mer(\:HL N’Ph
H
MeO isoquinoline N-oxide MeO NZ

—78 - 23°
1a 3 °C \l

1,
99% 3aa

N-(Isoquinolin-1-y1)-3.4-dimethoxy-N-phenylbenzamide (3aa, Table 2):

Trifluoromethanesulfonic anhydride (46.0 uL, 0.270 mmol, 1.10 equiv) was added via syringe
to a solution of 3,4-dimethoxy-N-phenylbenzamide® (1a, 63.0 mg, 0.245 mmol, 1 equiv) and 2-
fluoropyridine (25.3 uL, 0.294 mmol, 1.20 equiv) in dichloromethane (1.0 mL) at 78 °C. After 2
min, the reaction mixture was warmed to 0 °C. After 5 min, isoquinoline N-oxide (39.2 mg, 0.270
mmol, 1.10 equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting
mixture was allowed to warm to 23 °C. After 3 h, triethylamine (100 pL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (40 — 60% ethyl acetate in
hexanes) to afford the amide 3aa (93.1 mg, 99%).

'H NMR (500 MHz, CDCls, 20 °C) 8: 8.37 (d, 1H, J = 5.6 Hz), 8.16 (dd, 1H, J = 8.5, 0.8 Hz),
7.86 (d, 1H, J = 8.3 Hz), 7.69-7.57 (m, 3H), 7.31 (t, 2H,
J=8.0 Hz), 7.24 (d, 2H, J = 7.5 Hz), 7.20 (m, 2H), 7.07
(s, 1H), 6.64 (s, 1H), 3.82 (s, 3H), 3.58 (s, 3H).

3C NMR (125 MHz, CDCl, 20 °C) §: 171.1, 155.4, 151.0, 148.1, 143.5, 141.9, 138.4, 130.7,
129.3, 128.5, 128.0, 127.3, 126.5, 126.3, 125.7, 125.0,
123.0, 121.1, 112.1, 110.1, 55.9, 55.7.

FTIR (neat) cm™: 3061 (w), 2936 (m), 1661 (s), 1516 (s), 1268 (s).

HRMS (ESI): calc’d for Cp4H,N,O03; [M+H]': 385.1547,
found: 385.1551.

TLC (50% EtOAc in hexanes), R 0.21 (UV).

5 Gore, V. G.; Narasimhan, N. S. J, Chem. Soc., Perkin Trans. 1 1988, 481.
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3.4-Dimethoxy-N-phenyl-N-(pyridin-2-yl)benzamide (3ac, Table 2):

Trifluoromethanesulfonic anhydride (38.2 uL, 0.227 mmol, 1.10 equiv) was added via syringe
to a solution of 3,4-dimethoxy-N-phenylbenzamide® (1a, 52.7 mg, 0.206 mmol, 1 equiv) and 2-
fluoropyridine (21.2 uL, 0.247 mmol, 1.20 equiv) in dichloromethane (1.0 mL) at —78 °C. After 2
min, the reaction mixture was warmed to 0 °C. After 5 min, pyridine N-oxide (39.2 mg, 0.412 mmol,
2.00 equiv) was added as a solid under an atmosphere of argon. After 5 min, the resulting mixture
was allowed to warm to 23 °C. After 3 h, triethylamine (100 ulL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (40 — 60% ethyl acetate in
hexanes) to afford the amide 3ac (28.0 mg, 41%).

'"H NMR (500 MHz, CDCls, 20 °C) & 8.43-8.42 (m, 1H), 7.67-7.64 (m, 1H), 7.35-7.32 (m,
2H), 7.24-7.21 (m, 2H), 7.18-7.10 (m, 4H), 7.03 (d, 1 H,
J=2.0Hz), 6.70 (d, 1H, J = 8.0 Hz), 3.85 (s, 3H), 3.69

(s, 3H).

C NMR (75 MHz, CDCl;, 20 °C) &: 170.7, 157.0, 151.1, 149.3, 148.3, 143.4, 138.0, 129.5,
128.0, 127.8, 126.8, 123.6, 122.2, 121.4, 112.6, 110.2,
56.0, 55.9.

FTIR (neat) cm ' 3007 (w), 2936 (m), 1660 (s), 1585 (s), 1239 (s).

HRMS (ESI): calc’d for CaoH 9N203 [M+H]': 335.1390,

found: 335.1381.

TLC (50% EtOAc in hexanes), Ry: 0.09 (UV).
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N-(Isoquinolin-1-yl)-N-phenylbenzamide® (3ba, Table 2):

Trifluoromethanesulfonic anhydride (49.2 uL, 0.292 mmol, 1.10 equiv) was added via syringe
to a solution of N-phenylbenzamide (1b, 52.3 mg, 0.265 mmol, 1 equiv) and 2-fluoropyridine (27.3
ul, 0.318 mmol, 1.20 equiv) in dichloromethane (2.0 mL) at —78 °C. After 2 min, the resulting
mixture was warmed to 0 °C. After 5 min, isoquinoline N-oxide (77.0 mg, 0.530 mmol, 2.00 equiv)
was added as a solid under an argon atmosphere. After 5 min, the resulting mixture was allowed to
warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the trifluoromethanesulfonate
salts, and the mixture was diluted by the addition of dichloromethane (10 mL). The reaction mixture
was washed with brine (10 mL), and the layers were separated. The aqueous layer was extracted with
dichloromethane (2 x 5 mL). The combined organic layers were dried over anhydrous sodium
sulfate, were filtered, and were concentrated under reduced pressure. The residue was purified by
flash column chromatography on silica gel (20 — 30% ethyl acetate in hexanes) to afford the amide
3ba® (63.6 mg, 74%).

'"H NMR (500 MHz, (D;C),S0, 20 °C) 8:  8.34-8.28 (m, 1H), 8.22 (d, 1H, J = 8.3 Hz), 8.02 (d, 1H,
J =82 Hz), 7.84-7.74 (m, 2H), 7.73-7.67 (m, 1H), 7.47
(s, 2H), 7.34-7.27 (m, 3H), 7.26-7.16 (m, SH).

3C NMR (125 MHz, (D5C),S0, 100 °C) 8: 170.2, 153.8, 142.3, 140.8, 137.4, 135.7, 130.1, 129.7,
128.4, 128.0, 127.6, 127.3, 126.6, 126.1, 125.7, 124.4,

124.1, 120.5.
FTIR (neat) cm ' 3059 (m), 1663 (s), 1584 (s), 1494 (s), 1386 ().
HRMS (ESI): calc’d for CoH 7N,O [M+H]": 325.1335,

found: 325.1345.

TLC (30% EtOAc in hexanes), Ry: 0.35 (UV).

6 Abramovitch, R. A.; Rogers, R. B.; Singer, G. M. J. Org. Chem. 1975, 40, 41.
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N-(()uinolin-2-vl)-N-phenvlbenzamide6 (3bb, Table 2):

Trifluoromethanesulfonic anhydride (46.3 uL, 0.275 mmol, 1.10 equiv) was added via syringe
to a solution of N-phenylbenzamide (1b, 49.0 mg, 0.250 mmol, 1 equiv) and 2-fluoropyridine (25.8
uL, 0.300 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at =78 °C. After 2 min, the reaction
mixture was allowed to warm to 0 °C. After 5 min, quinoline N-oxide (72.6 mg, 0.500 mmol, 2.00
equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting mixture was
allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (20 — 30% ethyl acetate in
hexanes) to afford the amide 3bb°® (28.2 mg, 35%).

'H NMR (300 MHz, CDCls, 20 °C) &: 8.09 (d, 1H, J = 8.7 Hz), 7.81-7.74 (m, 2H), 7.66-7.59
(m, 1H), 7.58-7.45 (m, 3H), 7.39-7.17 (m, 9H).

'*C NMR (125 MHz, CDCl;, 20 °C) &: 171.7, 155.6, 147.3, 142.7, 138.1, 136.4, 130.7, 130.0,
129.4, 129.3, 129.0, 128.1, 128.1, 127.5, 127.0, 126.6,

126.5, 120.0.
FTIR (neat) cm 3062 (m), 1666 (s), 1594 (s), 1502 (s), 1301 (s).
HRMS (ESI): calc’d for CpH sN,0 [M+H]': 325.1335,

found: 325.1343.

TLC (30% EtOAc in hexanes), Ry: 0.44 (UV).
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N-(Pyridin-2-yl)-N-phenylbenzamide’ (3b¢, Table 2):

Trifluoromethanesulfonic anhydride (48.1 uL, 0.286 mmol, 1.10 equiv) was added via syringe
to a solution of N-phenylbenzamide (1b, 51.1 mg, 0.260 mmol, 1 equiv) and 2-fluoropyridine (26.8
ul, 0.312 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2 min, the reaction
mixture was allowed to warm to 0 °C. After 5 min, pyridine N-oxide (49.5 mg, 0.520 mmol, 2.00
equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting mixture was
allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dricd over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (20 — 50% ethyl acetate in
hexanes) to afford the amide 3bc’ (28.4 mg, 40%).

'"H NMR (500 MHz, CDCls, 20 °C) 8: 8.40 (d, 1H, J = 4.5 Hz), 7.65 (dt, 1H, J = 7.5, 2.0 Hz),
7.49 (d, 2H, J = 6.0 Hz,), 7.36-7.29 (m, 3H), 7.28-7.20
(m, 4H), 7.18 (d, 2H, J = 7.5 Hz), 7.12-7.08 (m, 1H).

C NMR (125 MHz, CDCl;, 20 °C) §: 171.2, 156.6, 149.3, 142.9, 137.9, 136.2, 130.6, 129.4,
129.3, 128.2, 127.9, 127.0, 122.0, 121.5.

FTIR (neat) cm™': 3060 (w), 1660 (s), 1582 (s), 1435 (m), 1348 (m).

HRMS (ESI): calc’d for Ci1gHsN,O [M+H]": 275.1179,
found: 275.1185.

TLC (30% EtOAc in hexanes), Ry 0.24 (UV).

7 Abramovitch, R. A_; Singer, G. M. J. Org. Chem. 1974, 39, 1795.
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N-(Isoquinolin-1-y1)-/N-phenylacetamide (3ca, Table 2):

Trifluoromethanesulfonic anhydride (54.0 uL, 0.321 mmol, 1.10 equiv) was added via syringe
to a solution of N-phenylacetamide (1¢, 39.5 mg, 0.292 mmol, 1 equiv) and 2-fluoropyridine (30.2
uL, 0.351 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2 min, the reaction
mixture was allowed to warm to 0 °C. After 5 min, isoquinoline N-oxide (84.8 mg, 0.584 mmol, 2.00
equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting mixture was
allowed to warm to 23 °C. After 4 h, triethylamine (100 ulL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (30 — 50% ethyl acetate in
hexanes) to afford the amide 3ca (73.6 mg, 96%).

'H NMR (500 MHz, (D;C),S0, 80 °C)  8.47(d, 1H, J = 5.7 Hz), 8.18 (d, 1H, J = 8.4 Hz), 8.05
(d, 1H, J = 8.3 Hz), 7.89 (d, 1H, J = 5.7 Hz), 7.84-7.79
(m, 1H), 7.74-7.70 (m, 1H), 7.46 (d, 2H, J = 7.8 Hz),
7.39-7.34 (m, 2H), 7.26-7.22 (m, 1H), 1.98 (s, 3H).

3C NMR (125 MHz, (DsC),S0, 100 °C) 8:  169.4, 153.4, 141.3, 141.0, 137.6, 130.3, 128.4, 128.1,
126.6, 126.2, 126.1, 124.6, 124.3, 120.9, 22.4.

FTIR (neat) cm ' 3059 (m), 2932 (w), 11680 (s), 1495 (s), 1370 (s).

HRMS (ESI): calc’d for Ci7H;5N,0 [M+H]+: 263.1179,
found: 263.1172.

TLC (50% EtOAc in hexanes), Ry: 0.24 (UV).
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N-(Quinolin-2-y)-N-phenylacetamide (3cb, Table 2):

Trifluoromethanesulfonic anhydride (57.7 uL, 0.343 mmol, 1.10 equiv) was added via syringe
to a solution of N-phenylacetamide (1¢, 42.1 mg, 0.311 mmol, 1 equiv) and 2-fluoropyridine (32.1
uL, 0.374 mmol, 1.20 equiv) in dichloromethane (1.75 mL) at =78 °C. After 2 min, the reaction
mixture was allowed to warm to 0 °C. After 5 min, quinoline N-oxide (90.4 mg, 0.623 mmol, 2.00
equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting mixture was
allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (20 — 30% ethyl acetate in
hexanes) to afford the amide 3cb (26.7 mg, 33%).

"H NMR (300 MHz, CDCls, 20 °C) &: 8.13 (d, LH, 8.7 Hz), 7.98 (d, 1H, 8.4 Hz), 7.80 (d, 1H, J
= 7.8 Hz), 7.73-7.65 (m, 1H), 7.56-7.50 (m, 1H), 7.46—
7.29 (m, 6H), 2.27 (s, 3H).

C NMR (75 MHz, CDCl;, 20 °C) é: 171.6, 154.6, 147.1, 141.9, 138.2, 130.0, 129.6, 129.1,
128.6, 127.7,127.5, 126.8, 126.7, 119.7, 24.7.

FTIR (neat) cm ' 3062 (m), 2927 (w), 1682 (s), 1593 (s), 1501 (s), 1292
(s).

HRMS (ESI): calc’d for C17HsN,O [M+H]": 263.1179,

found: 263.1168.

TLC (70% EtOAc in hexanes), Rs: 0.64 (UV).

34



o
P 1,0, 2600t CHLCL; Ve )J\N,Ph

pyridine N-oxide =
1e —78 - 23°C N

67%

N-(Pyridin-2-y1)-N-phenylacetamide® (3ce, Table 2):

Trifluoromethanesulfonic anhydride (48.3 nL, 0.287 mmol, 1.10 equiv) was added via syringe
to a solution of N-phenylacetamide (1c¢, 35.3 mg, 0.261 mmol, 1 equiv) and 2,6-lutidine (36.5 uL,
0.313 mmol, 1.20 equiv) in dichloromethane (1.75 mL) at —78 °C. After 2 min, the reaction mixture
was allowed to warm to 0 °C. After 5 min, pyridine N-oxide (49.7 mg, 0.522 mmol, 2.00 equiv) was
added as a solid under an argon atmosphere. After 5 min, the resulting mixture was allowed to warm
to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the trifluoromethanesulfonate salts,
and the mixture was diluted by the addition of dichloromethane (10 mL). The reaction mixture was
washed with brine (10 mL), and the layers were separated. The aqueous layer was extracted with
dichloromethane (2 x 5 mL). The combined organic layers were dried over anhydrous sodium
sulfate, were filtered, and were concentrated under reduced pressure. The residue was puritied by
flash column chromatography on silica gel (0 — 50% ethyl acetate in hexanes) to afford the amide
3cc® (42.1 mg, 67%).

'H NMR (500 MHz, CDCl, 20 °C) §: 8.44 (d, 1H, J = 5.0 Hz), 7.75-7.70 (m, 1H), 7.48 (d, 1H,
J=17.5Hz), 7.45-7.40 (m, 2H), 7.35 (d, 1H, J = 7.5 Hz),
7.32-7.29 (m, 2H), 7.16-7.12 (m, 1H), 2.12 (s, 3H,).

PC NMR (125 MHz, CDCls, 20 °C) &: 171.2, 155.4, 149.0, 142.2, 138.1, 129.7, 128.6, 127.8,
121.7, 121.4, 24.5.

FTIR (neat) cm 3058 (w), 2920 (w), 1678 (s), 1585 (s), 1433 (s).

HRMS (ESI): cale’d for C13Hp3N,0 [M+H]': 213.1022,
found: 213.1023.

TLC (70% EtOAc in hexanes), Rs: 0.35 (UV).

8 Manley, P. J.; Bilodeau, M. T. Org. Lett. 2002, 4, 3127.

35



Ph)J\ E,Me Tt,0, 2-FPyr, CH,Cly; oh /U\ Ve
1d isoquinoline N-oxide =
-78 = 23°C N |
™

100%

N-(Isoguinolin-1-y1)-N-methylbenzamide (3da, Table 2):

Trifluoromethanesulfonic anhydride (55.7 uL, 0.331 mmol, 1.10 equiv) was added via syringe
to a solution of N-methylbenzamide (1d, 40.7 mg, 0.301 mmol, 1 equiv) and 2-fluoropyridine (31.0
ul, 0.361 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2 min, the reaction
mixture was allowed to warm to 0 °C. After 5 min, isoquinoline N-oxide (87.4 mg, 0.602 mmol, 2.00
equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting mixture was
allowed to warm to 23 °C. After 4 h, triethylamine (100 puL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (30 — 50% ethyl acetate in
hexanes) to afford the amide 3da (79.0 mg, 100%).

'H NMR (300 MHz, CDCls, 20 °C) &: 8.31 (d, 1H, J = 5.5 Hz), 7.99 (d, 1H, J = 8.5 Hz), 7.78
(d, 1H, J = 8.5 Hz), 7.65-7.50 (m, 3H), 7.40-7.20 (m, 2
H), 7.15-6.90 (m, 3H), 3.63 (s, 3H).

13C NMR (75 MHz, CDCl;, 20 °C) §: 171.8, 155.9, 141.5, 138.2, 136.2, 130.8, 130.0, 128.4,
128.1, 127.8, 127.3, 125.0, 124.5, 121.0, 37.2.

FTIR (neat) cm™': 3058 (m), 2936 (w), 1651 (s), 1560 (s), 1363 (s).

HRMS (ESI): calc’d for C7H,sN,O [M+H]': 263.1179,

found: 263.1179.

TLC (50% EtOAc in hexanes), Ry 0.33 (UV).
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N-(Quinolin-2-yD-N-methylbenzamide (3db, Table 2):

Trifluoromethanesulfonic anhydride (41.9 pL, 0.249 mmol, 1.10 equiv) was added via syringe
to a solution of N-methylbenzamide (1d, 30.6 mg, 0.226 mmol, 1 equiv) and 2-fluoropyridine (23.4
uL, 0.272 mmol, 1.20 equiv) in dichloromethane (2.0 mL) at —78 °C. After 2 min, the reaction
mixture was allowed to warm to 0 °C. After 5 min, quinoline N-oxide (65.7 mg, 0.453 mmol, 2.00
equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting mixture was
allowed to warm to 23 °C. After 4 h, triethylamine (100 pulL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (10 — 30% ethyl acetate in
hexanes) to afford the amide 3db (38.4 mg, 65%).

'"H NMR (500 MHz, CDCls, 20 °C) &: 7.97 (d, 1H, J= 9.0 Hz), 7.84 (d, 1H, J = 9.0 Hz), 7.73—
7.69 (m, 2H), 7.52-7.48 (m, 1H), 7.45-7.42 (m, 2H),
7.35-7.31 (m, 1H), 7.25-7.21 (m, 2H), 6.91 (d, 1H, J =
9.0 Hz), 3.74 (s, 3H).

C NMR (75 MHz, CDCl3, 20 °C) &: 171.6, 156.0, 147.1, 137.1, 136.3, 130.7, 130.2, 128.9,
128.7, 128.4,127.6, 126.5, 126.0, 120.3, 36.4.

FTIR (neat) cm : 3050 (m), 2918 (m), 1652 (s), 1595 (s), 1502 (m).

HRMS (ESI): calc’d for C17H sN,O [M+H]": 263.1179,

found: 263.1182.

TLC (70% EtOAc in hexanes), Ry 0.71 (UV).
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N-(Pyridin-2-yl)-N-methylbenzamide® (3dc, Table 2):

Trifluoromethanesulfonic anhydride (48.1 uL, 0.286 mmol, 1.10 equiv) was added via syringe
to a solution of N-methylbenzamide (1d, 35.1 mg, 0.260 mmol, 1 equiv) and 2,6-lutidine (36.3 uL,
0.312 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2 min, the reaction mixture
was allowed to warm to 0 °C. After 5 min, pyridine N-oxide (49.4 mg, 0.519 mmol, 2.00 equiv) was
added as a solid under an argon atmosphere. After 5 min, the resulting mixture was allowed to warm
to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the trifluoromethanesulfonate salts,
and the mixture was diluted by the addition of dichloromethane (10 mL). The reaction mixture was
washed with brine (10 mL), and the layers were separated. The aqueous layer was extracted with
dichloromethane (2 x 5 mL). The combined organic layers were dried over anhydrous sodium
sulfate, were filtered, and were concentrated under reduced pressure. The residue was purified by
flash column chromatography on silica gel (0 — 50% ethyl acetate in hexanes) to afford the amide
3dc® (40.4 mg, 73%).

'H NMR (500 MHz, CDCls, 20 °C) §: 8.46-8.44 (m, 1H), 7.46-7.42 (m, 1H), 7.36-7.29 (m,
3H), 7.25-7.20 (m, 2H), 7.06-7.02 (m, 1H), 6.81 (d, 1H,
J= 8.0 Hz), 3.60 (s, 3H).

C NMR (125 MHz, CDCls, 20 °C) &: 171.2, 156.9, 148.9, 137.5, 136.2, 130.3, 128.7, 128.2,
121.8, 121.1, 36.2.

FTIR (neat) cm™: 3058 (w), 2931 (w), 1651 (s), 1587 (s), 1359 (s).

HRMS (ESI): calc’d for C3H;3N,O [M+H]": 213.1022,

found: 213.1022.

TLC (70% EtOAc in hexanes), Ry: 0.45 (UV).
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4-Bromo-N-(isoquinolin-1-yl)-NV-(4-methoxyphenyl)benzamide (3ea, Table 2):

Trifluoromethanesulfonic anhydride (32.0 uL, 0.190 mmol, 1.10 equiv) was added via syringe
to a solution of 4-bromo-N-(4-methoxyphenyl)benzamide® (1e, 52.9 mg, 0.173 mmol, 1 equiv) and 2-
fluoropyridine (17.9 uL, 0.208 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2
min, the reaction mixture was allowed to warm to 0 °C. After 5 min, isoquinoline N-oxide (50.2 mg,
0.346 mmol, 2.00 equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting
mixture was allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (10 — 50% ethy! acetate in
hexanes) to afford the amide 3ea (57.7 mg, 77%).

'H NMR (300 MHz, CDCls, 20 °C) §: 8.34 (d, 1H, J = 4.8 Hz), 8.15 (d, 1H, J = 8.1 Hz), 7.85
(d, 1H, J = 8.1 Hz), 7.72-7.56 (m, 3H), 7.46-7.24 (m,
4H), 7.20 (d, 2H, J = 7.8 Hz), 6.83 (d, 2H, J = 8.7 Hz),
3.76 (s, 3H).

Bc NMR (125 MHz, (D3C),S0, 20 °C) &: 169.3, 157.4, 153.7, 140.8, 137.5, 135.0, 134.8, 130.4,
130.2, 129.5, 128.0, 127.5, 126.6, 124.2, 124.2, 123.2,
120.5, 114.0, 54.9.

FTIR (neat) cm 3057 (m), 2933 (w), 1660 (s), 1509 (s), 1248 (s).

HRMS (ESI): calc’d for Cp3sH sBrN,O, [M+H]": 433.0546,
found: 433.0545.

TLC (50% EtOAc in hexanes), Ry: 0.45 (UV).

? Yang, K.; He, X.; Ha-soon, C.; Wang, Z.; Woodmansee, D. H.; Liu, H. Tetrahedron Lett. 2008, 49, 1725.
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4-Bromo-N-(quinolin-2-yl)-/V-(4-methoxyphenyl)benzamide (3eb, Table 2):

Trifluoromethanesulfonic anhydride (30.8 uL, 0.183 mmol, 1.10 equiv) was added via syringe
to a solution of 4-bromo-N-(4-methoxyphenyl)benzamide® (1e, 51.0 mg, 0.167 mmol, 1 equiv) and 2-
fluoropyridine (17.2 uL, 0.200 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2
min, the reaction mixture was allowed to warm to 0 °C. After 5 min, quinoline N-oxide (48.3 mg,
0.333 mmol, 2.00 equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting
mixture was allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (5 — 30% ethyl acetate in
hexanes) to afford the amide 3eb (30.7 mg, 43%).

'H NMR (500 MHz, CDCls, 20 °C) §: 8.08 (d, 1H, J = Hz), 7.78-7.72 (m, 1H), 7.65-7.58 (m,
1H), 7.54-7.46 (m, 1H), 7.42-7.25 (m, 6H), 7.18-7.12
(m, 2H), 6.95-6.83 (m, 2H), 3.79 (s, 3H).

C NMR (75 MHz, CDCL, 20 °C) 8: 170.7, 158.6, 155.3, 147.1, 138.3, 135.4, 135.1, 131.4,
130.8, 130.1, 129.2, 129.0, 127.5, 126.7, 126.5, 125.0,
119.5, 114.8, 55.6.

FTIR (neat) cm ': 3062 (), 2956 (w), 1663 (s), 1509 (s), 1247 (s).

HRMS (ESI): calc’d for C23H1gBI‘N202 [M+H]+I 4330546,
found: 433.0546.

TLC (30% EtOAc in hexanes), Ry: 0.39 (UV).

40



OMe
o) /@/ o OMe
/@/‘LN Tf20, 2-FF’yr, CH20|2, /@)LN
H
Br pyridine N-oxide z
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39% 3ec

4-Bromo-N-(pyridin-2-yl)-N-(4-methoxyphenyl)benzamide (3ec, Table 2):

Trifluoromethanesulfonic anhydride (37.4 uL, 0.222 mmol, 1.10 equiv) was added via syringe
to a solution of 4-bromo-N-(4-methoxyphenyl)benzamide® (1e, 61.8 mg, 0.202 mmol, 1 equiv) and 2-
fluoropyridine (20.8 ul., 0.242 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2
min, the reaction mixture was allowed to warm to 0 °C. After 5 min, pyridine N-oxide (38.4 mg,
0.404 mmol, 2.00 equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting
mixture was allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (20 — 30% ethyl acetate in
hexanes) to afford the amide 3ec (29.9 mg, 39%).

'H NMR (300 MHz, CDCls, 20 °C) & 8.39 (dd, 1H, J = 4.8, 1.5 Hz), 7.67 (dt, 1H, J = 8.1, 2.1
Hz), 7.40-7.32 (m, 4H), 7.24 (d, 1H, J = 8.1 Hz), 7.14—
7.07 (m, 3H), 6.85 (d, 2H, J = 8.7 Hz), 3.79 (s, 3H).

>C NMR (125 MHz, CDCls, 20 °C) &: 170.2, 158.5, 156.4, 149.2, 138.0, 135.3, 135.2, 131.4,
130.8, 129.1, 125.0, 121.5, 121.5, 114.8, 55.6.

FTIR (neat) cm 3055 (m), 2933 (m), 1662 (s), 1509 (s), 1247 (s).

HRMS (ESI): calc’d for C19H6BrN,O, [M+H]": 383.0390,
found: 383.0391.

TLC (30% EtOACc in hexanes), Ry: 0.14 (UV).
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/©)J\N,fpr T1,0, 2-FPyr, CH,Cly: ©/U\N,Pr
H
O,N isoguinoline N-oxide OuN N7

1f ~78 - 23°C

90% 3fa

N-(Isoquinolin-1-yl)-N-isopropyl-4-nitrobenzamide (3fa, Table 2):

Trifluoromethanesulfonic anhydride (44.3 uL, 0.263 mmol, 1.10 equiv) was added via syringe
to a solution of N-isopropyl-4-nitrobenzamide'® (1f, 49.7 mg, 0.239 mmol, 1 equiv) and 2-
fluoropyridine (24.6 uL, 0.286 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2
min, the reaction mixture was allowed to warm to 0 °C. After 5 min, isoquinoline N-oxide (69.2 mg,
0.477 mmol, 2.00 equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting
mixture was allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (10 — 20% ethyl acetate in
hexanes) to afford the amide 3fa (72.0 mg, 90%).

'H NMR (500 MHz, CDCl, 20 °C) 8 8.43 (d, 1H, J = 5.5 Hz), 7.92 (d, 1H, J = 8.5 Hz), 7.78
(d, 2H, J = 8.5 Hz), 7.72 (d, 1H, J = 8.0 Hz), 7.63—7.54
(m, 3H), 7.39 (d, 2H, J = 8.5 Hz), 5.15-5.05 (m, 1H),
1.65 (d, 3H, J = 6.5 Hz), 1.14 (d, 3H, J = 6.5 Hz).

C NMR (125 MHz, CDCls, 20 °C) &: 168.8, 152.9, 147.9, 143.5, 141.5, 138.1, 131.0, 128.9,
128.6, 127.4, 127.2, 124.6, 122.8, 121.7, 50.9, 22.2,
19.7.

FTIR (neat) cm ; 3057 (w), 2977 (m), 1651 (s), 1523 (s), 1346 (s).

HRMS (ESI): calc’d for C19H;gN3O; [M+H]": 336.1343,

found: 336.1353.

TLC (30% EtOAc in hexanes), Ry 0.30 (UV).

' Van den Hoven, B. G.; Alper, H. J. Am. Chem. Soc. 2001, 123, 10214.
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05N 3fe, 0O,N N7

1f pyridine N-oxide
—78 - 23°C

33%

N-(Pyridin-2-yl)-N-isopropyl-4-nitrobenzamide (3fc, Table 2):

Trifluoromethanesulfonic anhydride (45.1 puL, 0.268 mmol, 1.10 equiv) was added via syringe
to a solution of N-isopropyl-4-nitrobenzamide'® (1f, 50.7 mg, 0.244 mmol, 1 equiv) and 2-
fluoropyridine (25.1 uL, 0.292 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2
min, the reaction mixture was allowed to warm to 0 °C. After 5 min, pyridine N-oxide (46.3 mg,
0.487 mmol, 2.00 equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting
mixture was allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (0 — 20% ethyl acetate in
hexanes) to afford the amide 3fc (51.6 mg, 74%).

'"H NMR (500 MHz, CDCls, 20 °C) 8 8.47-8.43 (m, 1H), 8.01 (d, 2H, J = 8.4 Hz), 7.56-7.48
(m, 1H), 7.43 (d, 2H, J = 8.4 Hz), 7.16-7.10 (m, 1H),
6.86 (d, 1H, J= 8.1 Hz), 5.12-4.98 (m, 1H), 1.34 (d, 6H,

J=6.9 Hz).

C NMR (125 MHz, CDCl;, 20 °C) &: 168.3, 153.7, 149.5, 148.0, 143.5, 138.0, 129.3, 124.8,
123.2,122.9,49.3,21.1.

FTIR (neat) cm™: 3075 (w), 2976 (m), 1651 (s), 1522 (s), 1346 (s).

HRMS (ESI): calc’d for CisH gN3O3 [M+H]": 286.1186,

found: 286.1182.

TLC (30% EtOAc in hexanes), R 0.21 (UV).
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H
MeO isoquinoline N-oxide MeO N7

1 -78 — °C
g 23 « |

95% 3ga

N-(Isoquinolin-1-yl)-N-isopropyl-3.4-dimethoxybenzamide (3ga, Table 2):
Trifluoromethanesulfonic anhydride (41.9 uL, 0.249 mmol, 1.10 equiv) was added via syringe
to a solution of N-isopropyl-3,4-dimethoxybenzamide'' (1g, 50.5 mg, 0.226 mmol, 1 equiv) and 2-
fluoropyridine (23.3 uL, 0.271 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at 0 °C. After 7 min,
1soquinoline N-oxide (65.7 mg, 0.452 mmol, 2.00 equiv) was added as a solid under an argon
atmosphere. After 5 min, the resulting mixture was allowed to warm to 23 °C. After 4 h,
triethylamine (100 uL) was added to quench the trifluoromethanesulfonate salts, and the mixture was
diluted by the addition of dichloromethane (10 mL). The reaction mixture was washed with brine (10
mL), and the layers were separated. The aqueous layer was extracted with dichloromethane (2 x 5
mL). The combined organic layers were dried over anhydrous sodium sulfate, were filtered, and
were concentrated under reduced pressure.  The residue was purified by flash column
chromatography on silica gel (50% ethyl acetate in hexanes) to afford the amide 3ga (75.3 mg, 95%).

'H NMR (500 MHz, CDClL, 20 °C) 8 8.45 (d, 1H, J= 5.5 Hz), 7.93 (d, |H, J = 8.5 Hz), 7.72
(d, 1H, J = 8.0 Hz), 7.59-7.53 (m, 2H), 7.51-7.46 (m,
1H), 6.91 (d, 1H, J = 8.5 Hz), 6.79 (s, 1H), 6.43 (d, 1H,
J = 8.5 Hz), 5.19-5.07 (m, 1H), 3.65 (s, 3H), 3.56 (s,
3H), 1.63 (br's, 3H), 1.13 (br s, 3H).

C NMR (125 MHz, CDCl, 20 °C) &: 170.5, 154.6, 150.0, 147.7, 141.3, 138.1, 130.6, 130.0,
128.1, 127.5, 127.1, 125.3, 122.1, 121.1, 111.6, 109.9,
55.8,55.8, 50.8,22.5, 19.8.

FTIR (neat) cm 3057 (w), 2971 (m), 2934 (m), 1640 (s), 1516 (s), 1264
(s)-
HRMS (ESI): calc’d for Cy H3N,03 [M+H]': 351.1703,

found: 351.1703.

TLC (70% EtOAc in hexanes), Ry: 0.46 (UV).

' Aljundi, F.; Hannig, E.; Boehm, R. Pharmazie 1973, 28, 362.
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MeoD)LN;‘Pr Ti,0, 2-FPyr, CHyCly; MeoD)L P
H
MeO quinoline N-oxide MeO N7

1g 0—23°C |

30% 3gb

N-(Quinolin-2-y1)-V-isopropyl-3,4-dimethoxybenzamide (3gb, Table 2):

Trifluoromethanesulfonic anhydride (40.6 uL, 0.241 mmol, 1.10 equiv) was added via syringe
to a solution of N—isopropyl—3,4-dimethoxybenzamidell (1g, 49.0 mg, 0.219 mmol, 1 equiv) and 2-
fluoropyridine (22.6 uL, 0.263 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at 0 °C. After 7 min,
quinoline N-oxide (63.7 mg, 0.439 mmol, 2.00 equiv) was added as a solid under an argon
atmosphere. After 5 min, the resulting mixture was allowed to warm to 23 °C. After 4 h,
triethylamine (100 uL) was added to quench the trifluoromethanesulfonate salts, and the mixture was
diluted by the addition of dichloromethane (10 mL). The reaction mixture was washed with brine (10
mL), and the layers were separated. The aqueous layer was extracted with dichloromethane (2 x 5
mL). The combined organic layers were dried over anhydrous sodium sulfate, were filtered, and
were concentrated under reduced pressure.  The residue was purified by flash column
chromatography on silica gel (20 — 50% ethyl acetate in hexanes) to afford the amide 3gb (23.1 mg,
30%).

'H NMR (300 MHz, CDCls, 20 °C) &: 8.03 (d, 1H, J = 9.0 Hz), 7.85 (d, 1H, J = 8.7 Hz), 7.76~
7.68 (m, 2H), 7.52 (dt, 1H, J = 6.9, 1.2 Hz), 6.98-6.89
(m, 2H), 6.80 (d, 1H, J = 8.7 Hz), 6.54 (d, 1H, J = 8.4
Hz), 5.25-5.15 (m, 1H), 3.75 (s, 3H), 3.56 (s, 3H), 1.43
(d, 6H, J = 6.9 Hz).

C NMR (125 MHz, CDCl;, 20 °C) &: 170.0, 155.2, 150.4, 148.2, 147.2, 137.2, 130.1, 129.6,
129.2, 127.5, 126.8, 126.3, 123.2, 122.8, 112.2, 110.1,
55.9, 55.8,50.2, 21.3.

FTIR (neat) cm: 3063 (w), 2969 (m), 2934 (m), 1647 (s), 1594 (s), 1264
(s)-
HRMS (ESI)I calc’d for C21H23N203 [M‘}‘H]'I 351.1703,

found: 351.1702.

TLC (70% EtOAc in hexanes), R¢: 0.52 (UV).
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MeOD)J\NJPr Tf,0, 2-FPyr, CHoCly; MBOD)LN,’PF
H
MeO pyridine N-oxide MeO N7

1g 0—-23°C . |

48% 3ge
N-(Pyridin-2-yl)-N-isopropyl-3,4-dimethoxybenzamide (3gc, Table 2):

Trifluoromethanesulfonic anhydride (40.9 uL, 0.243 mmol, 1.10 equiv) was added via syringe
to a solution of N—isopropyl-3,4-dimethoxybenzamide]l (1g, 49.3 mg, 0.221 mmol, 1 equiv) and 2-
fluoropyridine (22.8 uL, 0.265 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at 0 °C. After 7 min,
pyridine N-oxide (42.0 mg, 0.442 mmol, 2.00 equiv) was added as a solid under an argon
atmosphere. After 5 min, the resulting mixture was allowed to warm to 23 °C. After 4 h,
triethylamine (100 uL) was added to quench the trifluoromethanesulfonate salts, and the mixture was
diluted by the addition of dichloromethane (10 mL). The reaction mixture was washed with brine (10
mL), and the layers were separated. The aqueous layer was extracted with dichloromethane (2 x 5
mL). The combined organic layers were dried over anhydrous sodium sulfate, were filtered, and
were concentrated under reduced pressure.  The residue was purified by flash column
chromatography on alumina (30 — 40% cthyl acetate in hexanes) to afford the amide 3ge (31.8 mg,
48%).

'H NMR (500 MHz, CDCls, 20 °C) 8 8.54-8.47 (m, 1H), 7.51-7.44 (m, 1H), 7.13-7.07 (m,
1H), 6.91-6.83 (m, 2H), 6.75 (d, 1H, J = 8.4 Hz), 6.6!
(d, 1H, J = 8.7 Hz), 5.13-5.00 (m, 1H), 3.80 (s, 3H),
3.70 (s, 3H), 1.34 (d, 6H, J = 7.2 Hz).

3C NMR (125 MHz, CDCls, 20 °C) &: 170.0, 155.7, 150.3, 149.0, 148.2, 137.7, 129.6, 125.2,
122.5,121.9,112.1, 110.1, 56.0, 55.9, 49.5, 21.2.

FTIR (neat) cm : 2970 (m), 2934 (m), 1643 (s), 1585 (s), 1270 (s).

HRMS (ESI): calc’d for C7H,N203 [M+H]": 301.1547,
found: 301.1534.

TLC (70% EtOAc in hexanes), Rr: 0.27 (UV).
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93%

Trifluoromethanesulfonic anhydride (50.2 uL, 0.298 mmol, 1.10 equiv) was added via syringe
to a solution of (&)-N-cyclohexenyl-2-methylbutanamide'* (1h, 49.1 mg, 0.271 mmol, 1 equiv) and 2-
fluoropyridine (27.9 uL, 0.325 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2
min, the reaction mixture was allowed to warm to 0 °C. After 5 min, isoquinoline N-oxide (78.7 mg,
0.542 mmol, 2.00 equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting
mixture was allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (10 — 50% ethyl acetate in
hexanes) to afford the amide 3ha (77.7 mg, 93%).

"H NMR (500 MHz, (D5C),S0, 100 °C) 6: 8.40 (d, 1H, J = 5.7 Hz), 8.06-7.96 (m, 2H), 7.85-7.76
(m, 2H), 7.74-7.67 (m, 1H), 5.67 (br s, 1H), 2.99 (br s,
1H), 2.51-2.20 (m, 3H), 2.12-1.83 (m, 2H), 1.75-1.25
(m, 5H), 1.06 (d, 3H, J = 6.4 Hz), 0.83 (t, 3H, J = 7.3
Hz).

C NMR (125 MHz, (DsC),S0, 100 °C) 8: 175.7, 153.4, 140.8, 139.0, 137.3, 130.1, 128.7, 127.7,
126.6, 124.8, 124.2, 120.4, 27.9, 26.4, 24.8, 23.8, 22.0,

20.7, 17.0, 11.0.
FTIR (neat) cm 3055 (w), 2964 (s), 1673 (s), 1461 (m), 1384 (s).
HRMS (ESI): calc’d for CapH,sN,0 [M+HT": 309.1961,

found: 309.1949,

TLC (50% EtOAc in hexanes), Ry: 0.61 (UV).

"2 Movassaghi, M.; Hill, M. D.; Ahmad, O. K. .J. Am. Chem. Soc. 2007, 129, 10096.
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77%

N-Cyclohexenyl-2-methyl-N-(quinolin-2-yl)butanamide (3hb, Table 2):

Trifluoromethanesulfonic anhydride (51.3 uL, 0.305 mmol, 1.10 equiv) was added via syringe
to a solution of N-cyclohexenyl-2-methylbutanamide'? (1h, 50.2 mg, 0.277 mmol, 1 equiv) and 2-
fluoropyridine (28.5 uL, 0.332 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2
min, the reaction mixture was allowed to warm to 0 °C. After 5 min, quinoline N-oxide (80.4 mg,
0.554 mmol, 2.00 equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting
mixture was allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (5 — 30% ethyl acetate in
hexanes) to afford the amide 3hb as an equal mixture of atropisomers (65.7 mg, 77%).

'H NMR (300 MHz, CDCls, 20 °C, equal mixture of atropisomers) &: 8.70 (d, IH,.J=2.7 Hz), 8.12—
8.03 (m, 2H), 7.98-7.93 (m, 1H), 7.85-7.81 (m, 1H),
7.80-7.74 (m, 2H), 7.70-7.59 (m, 2H), 7.54-7.45 (m,
3H), 5.78-5.73 (m, 1H), 4.85-4.80 (m, 1H), 2.97-2.73
(m, 2H), 2.37-2.26 (m, 2H), 2.23-2.14 (m, 2H), 2.09—
2.00 (m, 2H), 1.97-1.40 (m, 14H), 1.33 (d, 3H, J = 6.9
Hz), 1.22 (d, 3H, J = 6.9 Hz), 1.03 (t, 3H, J = 7.5 Hz),
0.92 (t, 3H, J="7.5 Hz).

BC NMR (75 MHz, CDCl3, 20 °C, equal mixture of atropisomers) §: 178.5, 164.8, 154.3, 147.4,
147.1, 146.9, 145.5, 142.7, 139.7, 137.6, 129.7, 129.2,
129.0, 128.7, 128.5, 127.7, 127.6, 127.4, 127.0, 126.5,
126.2, 126.0, 119.3, 108.4, 40.4, 35.8, 29.2, 29.1, 28.1,
27.2,25.1,243,23.0,22.8,22.4,21.8, 19.1, 18.3, 12.7,

12.4.

FTIR (neat) cm ' 3060 (w), 2963 (s), 1683 (s), 1597 (s), 1502 (s), 1225
(s).

HRMS (ESI): calc’d for CyH,sN,0 [M+H]': 309.1961,

found: 309.1961.

TLC (30% EtOAc in hexanes), R: 0.67 (UV).
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42% 3he

N-Cyclohexenyl-2-methyl-N-(pyridin-2-yl)butanamide (3hc, Table 2):

Trifluoromethanesulfonic anhydride (46.1 uL, 0.274 mmol, 1.10 equiv) was added via syringe
to a solution of N-cyclohexenyl-2-methylbutanamide'? (1h, 45.1 mg, 0.249 mmol, 1 equiv) and 2,6-
lutidine (34.8 uL, 0.299 mmol, 1.20 equiv) in dichloromethane (1.75 mL) at —78 °C. After 2 min, the
reaction mixture was allowed to warm to 0 °C. After 5 min, pyridine N-oxide (47.3 mg, 0.498 mmol,
2.00 equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting mixture was
allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (0 — 30% ethyl acetate in
hexanes) to afford the amide 3hc (27.3 mg, 42%).

'H NMR (500 MHz, CDCl3, 20 °C) &: 8.47-8.43 (m, 1H), 7.71-7.65 (m, 1H), 7.42 (d, 1H, J =
7.3 Hz), 7.14-7.09 (m, 1H), 5.77 (br s, 1H), 2.71 (br s,
1H), 2.19 (br s, 4H), 1.84-1.58 (m, 5H), 1.48-1.38 (m,
1H), 1.17 (d, 3H, J = 6.7 Hz), 0.92 (t, 3H, J = 7.4 Hz).

C NMR (125 MHz, CDCL, 20 °C) 8: 177.8, 154.8, 148.9, 1394, 137.7, 127.5, 121.3, 121.1,
40.0, 29.1, 28.1, 25.1, 23.0, 21.8, 18.4, 12.4.

FTIR (neat) cm 2933 (m), 2875 (w), 1667 (s), 1586 (s), 1432 (s).

HRMS (ESI): calc’d for CiH3N,0 [M+H]"™: 259.1805,

found: 259.1812.

TLC (30% EtOAc in hexanes), Ry: 0.25 (UV).
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Me isoquinoline N-oxide MeN %
1h, 98% ee 7823 g

0,
88% (+)-3ha, 98% ee

(S)-(+)-N-Cyclohexenyl-N-(isoquinolin-1-yl)-2-methylbutanamide ((+)-3ha, Equation 1):

Trifluoromethanesulfonic anhydride (44.1 uL, 0.262 mmol, 1.10 equiv) was added via syringe
to a solution of (S)-N-cyclohexenyl-2-methylbutanamide' (1h, 43.2 mg, 0.238 mmol, 1 equiv) and 2-
fluoropyridine (24.6 uL, 0.286 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2
min, the reaction mixture was allowed to warm to 0 °C. After 5 min, isoquinoline N-oxide (69.2 mg,
0.477 mmol, 2.00 equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting
mixture was allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (10 — 50% ethyl acetate in
hexanes) to afford the amide (+)-3ha (77.7 mg, 93%). The enantiomeric excess of the product amide
was determined to be 98% by chiral HPLC analysis [Whelk-O (R,R); 0.5 mL/min; 3% 'PrOH in
hexanes; tgz (minor) = 69.3 min, tz (major) = 74.5 min]. The enantiomeric excess of the starting
material amide was determined to be 98% by chiral HPLC analysis [Whelk-O (S,S); 0.8 mL/min; 3%
'PrOH in hexanes; tz (major) = 37.7 min, tz (minor) = 42.3 min]. (S)-(+)-3ha: [a]*’p = +98.3 (c 0.480,
CHCl). See page 47 for complete characterization data for amide 3ha.
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Ph)kN,Me Tt,0, 2-FPyr, CH,Cls; Ph )LN,Me
4-methoxypyridine Z
1d N-oxide N [
~78 = 23°C X N0Me
3dd

75%

N-(4-Methoxypyridin-2-y])-N-methylbenzamide (3dd, Equation 2):

Trifluoromethanesulfonic anhydride (46.0 uL, 0.273 mmol, 1.10 equiv) was added via syringe
to a solution of N-methylbenzamide (1d, 33.6 mg, 0.249 mmol, 1 equiv) and 2-fluoropyridine (25.6
ul, 0.298 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2 min, the reaction
mixture was allowed to warm to 0 °C. After 5 min, 4-methoxypyridine N-oxide (62.2 mg, 0.497
mmol, 2.00 equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting
mixture was allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was added to quench the
trifluoromethanesulfonate salts, and the mixture was diluted by the addition of dichloromethane (10
mL). The reaction mixture was washed with brine (10 mL), and the layers were separated. The
aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on alumina (10 — 20% ethyl acetate in
hexanes) to afford the amide 3dd (44.9 mg, 75%).

'H NMR (500 MHz, CDCls, 20 °C) 8 8.22 (d, 1H, J = 6.0 Hz), 7.38-7.28 (m, 3H), 7.26-7.20
(m, 2H), 6.57 (dd, 1H, J = 6.0, 2.5 Hz), 6.28 (d, 1H, J =
2.5 Hz), 3.56 (s, 3H), 3.55 (s, 3H).

3C NMR (125 MHz, CDCls, 20 °C) §: 171.2, 166.6, 158.4, 149.6, 136.3, 130.3, 128.5, 128.2,
108.4, 107.3, 55.4, 36.1.

FTIR (neat) em 3061 (w), 2941 (w), 1652 (s), 1595 (s), 1362 ().

HRMS (ESI): cale’d for C4HsN>O, [M+HT": 243.1128,

found: 243.1133.

TLC (50% EtOAc in hexanes), Ry: 0.28 (UV).
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O O
Ph)kH-Me ™0, 2-FPyr CHuClyy /U\N,Me
4-nitropyridine Z
1d N-oxide U\
-78 - 23°C XNO,
3de

67%

N-(4-Nitropyridin-2-yl)-N-methylbenzamide (3de, Equation 3):

Trifluoromethanesulfonic anhydride (44.1 pL, 0.262 mmol, 1.10 equiv) was added via syringe
to a solution of N-methylbenzamide (1d, 32.2 mg, 0.238 mmol, ! equiv) and 2-fluoropyridine (24.6
uL, 0.286 mmol, 1.20 equiv) in dichloromethane (1.5 mL) at —78 °C. After 2 min, the reaction
mixture was allowed to warm to 0 °C. After 5 min, 4-nitropyridine N-oxide (66.7 mg, 0.476 mmol,
2.00 equiv) was added as a solid under an argon atmosphere. After 5 min, the resulting mixture was
allowed to warm to 23 °C. After 4 h, triethylamine (100 puL) was added to quench the
trifluoromethanesulfonate salts, and the resulting mixture was concentrated under reduced pressure. "

The residue was purified by flash column chromatography on silica gel (10 — 30% ethyl acetate in
hexanes) to afford the amide 3de (40.8 mg, 67%).

'H NMR (500 MHz, CDCls, 20 °C) §: 8.66 (d, 1H, J=5.0 Hz), 7.93 (d, 1H, J = 1.5 Hz), 7.75—
7.71 (m, 1H), 7.46-7.40 (m, 3H), 7.38-7.33 (m, 2H),
3.62 (s, 3H).

3C NMR (125 MHz, CDCls, 20 °C) &: 171.9, 158.3, 154.5, 150.3, 135.6, 131.2, 128.8, 128.3,
113.2, 112.7, 36.6.

FTIR (neat) cm ': 3090 (w), 2923 (w), 1663 (s), 1534 (s), 1356 (s).

HRMS (ESI): cale’d for C13H 2N;05 [M+H]': 258.0873,

found: 258.0883.

TLC (30% EtOACc in hexanes), Ry: 0.38 (UV).

" In the case of amide 3de, aqueous work-up resulted in a decreased isolated yield (60%).
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Product Inhibition Studies:

(0] (0]
/@)LN,’Pr Tf20, 2-FPyr, CH,Cly; /@/U\N/Pr
H
OoN 3fa, O,N N
2 1f isoquinoline N-oxide 2 |
-78 - 23°C =

929% 3fa

N-(Isoquinolin-1-y])-N-isopropyl-4-nitrobenzamide:

Trifluoromethanesulfonic anhydride (22.6 uL, 0.134 mmol, 1.10 equiv) was added via syringe
to a solution of N-isopropyl-4-nitrobenzamide'® (1f, 25.4 mg, 0.122 mmol, 1 equiv) and 2-
fluoropyridine (12.5 uL, 0.146 mmol, 1.20 equiv) in dichloromethane (0.75 mL) at =78 °C. After 2
min, the reaction mixture was warmed to 0 °C. After 5 minutes, a solution of amide 3fa (38.2 mg,
0.114 mmol, 1.00 equiv) in dichloromethane (0.75 mL) was added via cannula followed by addition
of isoquinoline N-oxide (35.4 mg, 0.244 mmol, 2.00 equiv) as a solid under an argon atmosphere.
After 5 min, the reaction mixture was allowed to warm to 23 °C. After 4 h, triethylamine (100 pL)
was added to quench the trifluoromethanesulfonate salts, and the mixture was diluted by the addition
of dichloromethane (10 mL). The reaction mixture was washed with brine (10 mL), and the layers
were separated. The aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined
organic layers were dried over anhydrous sodium sulfate, were filtered, and were concentrated under
reduced pressure. The residue was purified by flash column chromatography on silica gel (10 —
20% ethyl acetate in hexanes) to afford the amide 3fa (75.7 mg). This corresponded to 37.5 mg
(92%) of newly formed amide 3fa. See page 42 for complete characterization data for amide 3fa.

o] o]
/@/U\N,'Pr Ti,0, 2-FPyr, CH,Cly; Q}LN,‘H
H
O,N 3fC, 0O.N N%
2 1f pyridine N-oxide 2 l
-78 >23°C X

33% 3fc

N-(Pyridin-2-y)-N-isopropyl-4-nitrobenzamide:

Trifluoromethanesulfonic anhydride (33.5 uL, 0.199 mmol, 1.10 equiv) was added via syringe
to a solution of N-isopropyl-4-nitrobenzamide'® (1f, 37.7 mg, 0.181 mmol, 1 equiv) and 2-
fluoropyridine (18.6 uL, 0.217 mmol, 1.20 equiv) in dichloromethane (0.75 mL) at -78 °C. After 2
min, the reaction mixture was warmed to 0 °C. After 5 minutes, a solution of amide 3fc (51.6 mg,
0.181 mmol, 1.00 equiv) in dichloromethane (1.0 mL) was added via cannula followed by addition of
pyridine N-oxide (34.4 mg, 0.362 mmol, 2.00 equiv) as a solid under an argon atmosphere. After 5
min, the reaction mixture was allowed to warm to 23 °C. After 4 h, triethylamine (100 uL) was
added to quench the trifluoromethanesulfonate salts, and the mixture was diluted by the addition of
dichloromethane (10 mL). The reaction mixture was washed with brine (10 mL), and the layers were
separated. The aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined
organic layers were dried over anhydrous sodium sulfate, were filtered, and were concentrated under
reduced pressurc. The residue was purified by flash column chromatography on silica gel (15 —
20% ethyl acetate in hexanes) to afford the amide 3fc (68.8 mg). This corresponded to 17.2 mg
(33%) of newly formed amide 3fc. See page 43 for complete characterization data for amide 3fe.
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React-IR Monitoring of Reactions:
All reactions were performed in a reaction vessel under an atmosphere of argon with the
React-IR probe completely submerged in the reaction mixture.

o o]
)I\N,Me Tt,0, 2-FPyr, CHoCly;

H
1 isoquinoline N-oxide =
d -78 > 23°C N |
.

O,
85% ada

Ph

In situ IR Analysis of the Conversion of Amide 1d to Amide 3da:

In situ IR monitoring of the addition of trifluoromethanesulfonic anhydride (70.0 uL, 0.416
mmol, 1.1 equiv) via syringe to a solution of N-methylbenzamide (1d, 51.1 mg, 0.378 mmol, 1 equiv)
and 2-fluoropyridine (39.0 uL, 0.454 mmol, 1.2 equiv) in dichloromethane (4.5 mL) at 0 °C revealed
within 1 min complete consumption of the starting material amide (cm ') and appearance of a
persistent absorption at 2370 cm', corresponding to an activated compound. After 5 min,
isoquinoline N-oxide (109.8 mg, 0.756 mmol, 2.00 equiv) was added as a solid, resulting in
immediate consumption of the activated compound and appearance of a persistent absorption at 1691
cm ', corresponding to a protonated amide 3da. After 3 h, triethylamine (100 nL) was added to
quench the trifluoromethanesulfonate salts, and the mixture was diluted by the addition of
dichloromethane (10 mL). The reaction mixture was washed with brine (10 mL), and the layers were
separated. The aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined
organic layers were dried over anhydrous sodium sulfate, were filtered, and were concentrated under
reduced pressure. The residue was purified by flash column chromatography on silica gel (30 —
50% ethyl acetate in hexanes) to afford the amide 3da (84.3 mg, 85%).
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React-IR Control Experiments:

Assignment _of the 2-fluoropyridine _and the 2-fluoropyridinium__trifluoromethanesulfonate
characteristic stretches:

In situ IR monitoring of the addition of trifluoromethanesulfonic acid (26.8 pL, 0.303 mmol
1.00 equiv) to a solution of 2-fluoropyridine (26.0 uL, 0.303 mmol, 1 equiv, 1598 cm Y in
dichloromethane (3.5 mL) at 0 °C resulted in formation of the expected 2-fluoropyridinium
trifluoromethanesulfonate salt (1632 cm ).

Assignment _of the isoquinoline N-oxide and N-hydroxyisoquinolium trifluoromethanesulfonate
characteristic stretches:

In situ IR monitoring of the addition of trifluoromethanesulfonic acid (36.2 uL, 0.409 mmol,
1.00 equiv) to a solution of isoquinoline N-oxide (59.3 mg, 0.409 mmol, 1 equiv, 1327 cm™') in
dichloromethane (3.5 mL) at 0 °C resulted in formation of the expected N-hydroxyisoquinolium
trifluoromethanesulfonate salt (1309 cm™).

Assignment_of Protonated, Trifluoromethanesulfonate Salt Derivatives of N-(isoquinolin-1-yl)-N-
methylbenzamide 3da:

In situ IR monitoring of the addition of trifluoromethanesulfonic acid (28.1 uL, 0.317 mmol,
1.00 equiv) to a solutlon of N-(isoquinolin-1-yl)-N-methylbenzamide (3da, 83.1 mg, 0.317 mmol, 1
equiv, 1648 cm™) in dichloromethane (3.5 mL) at 0 °C resulted in consumptlon of the amide 3da and
formation of the expected ftrifluoromethanesulfonate salt (1649 cm'). Further addition of
trifluoromethanesulfonic acid (28.1 uL, 0.317 mmol, 1.00 equiv) resulted in disappearance of the
absorption at 1649 ¢cm!' and appearance of a strong absorption at 1691 ¢m ', corresponding to the
doubly protonated amide ditrifluoromethanesulfonate salt.
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React-IR Monitoring of Activated Amides:

Activation of N-methylbenzamide and addition of 2-fluoropyridine:

In situ IR monitoring of the addition of trifluoromethanesulfonic anhydride (52.0 uL, 0.309
mmol, 1.10 equlv) to a vigorously stirred solution of N-methylbenzamide (38.0 mg, 0.281 mmol, 1
equiv, 1668 cm ') in dichloromethane (2.5 mL) at 0 °C resulted in immediate consumption of the
starting material and appearance of a strong absorption consistent with a nitrilium
trifluoromethanesulfonate salt (2370 cm ). Addition of 2-fluoropyridine (29.0 uL, 0.337 mmol, 1.20
equiv) resulted in a drastic increase in the intensity of this absorption. Further addition of 2-
fluoropyridine (24.1 uL, 0.281 mmol, 1.00 equiv) had no significant effect on the intensity of this
absorption. Subsequent addition of 2-fluoropyridine (67.6 uL, 0.787 mmol, 2.80 equiv) had no
significant effect on the intensity of the absorption at 2370 cm '. Addition of triethylamine (47.0 uL,
0.337 mmol, 1.20 equiv) resulted in a significant decrease in intensity of this absorption.

Activation of N-methylbenzamide and addition of 2-chloropyridine:

In situ IR monitoring of the addition of trifluoromethanesulfonic anhydride (67.1 uL, 0.399
mmol, 1.10 equlv) to a vigorously stirred solution of N-methylbenzamide (49.0 mg, 0.363 mmol, 1
equiv, 1668 cm™) in dichloromethane (2.5 mL) at 0 °C resulted in immediate consumption of the
starting material and appearance of a strong absorption consistent with a nitrilium
trifluoromethanesulfonate salt (2370 cm™'). Addition of 2-chloropyridine (41.2 uL, 0.435 mmol, 1.20
equiv) resulted in a drastic increase in the intensity of this absorption. Further addition of 2-
chloropyridine (34.3 uL, 0.363 mmol, 1.00 equiv) had no significant effect on the intensity of this
absorption. Subsequent addition of 2-chloropyridine (96.0 uL, 1.01 mmol, 2.80 equiv) had no
significant effect on the intensity of the absorption at 2370 cm'. Addition of triethylamine (60.6 uL,
0.435 mmol, 1.20 equiv) resulted in a significant decrease in intensity of this absorption.

Activation of N-phenylacetamide and addition of 2-fluoropyridine:

In situ IR monitoring of the addition of trifluoromethanesulfonic anhydride (55.6 uL, 0.330
mmol, 1.10 equlv) to a vigorously stirred solution of N-phenylacetamide (40.6 mg, 0.300 mmol, 1
equiv, 1695 cm™') in dichloromethane (2.5 mL) at 0 °C resulted in immediate consumption of the
starting material but did not result in appearance of an absorption consistent with a nitrilium
trifluoromethanesulfonate salt. Addition of 2-fluoropyridine (30.9 uL, 0.360 mmol, 1.20 equiv)
resulted in appearance of a strong absorption consistent with a nitrilium trifluoromethanesulfonate
salt (2364 cm '). Further addition of 2-fluoropyridine (25.8 uL, 0.300 mmol, 1.00 equiv) had no
significant effect on the intensity of this absorption. Subsequent addition of 2-fluoropyridine (72.3
uL, 0.841 mmol, 2.80 equiv) had no significant effect on the intensity of the absorption at 2364 cm .
Addition of triethylamine (50.2 pL, 0.360 mmol, 1.20 equiv) resulted in a significant decrease in

intensity of this absorption.

Activation of N-isopropyl-4-nitrobenzamide'® and addition of 2-fluoropyridine:

In situ IR monitoring of the addition of trifluoromethanesulfonic anhydrlde (66.7 uL, 0.396
mmol, 1.10 equiv) to a Vlgorously stirred solution of N-isopropyl-4-nitrobenzamide'’(75.0 mg, 0.360
mmol, 1 equiv, 1668 cm ') in dichloromethane (2.5 mL) at 0 °C resulted in immediate consumption
of the starting material and appearance of a strong absorption consistent with a nitrilium
trifluoromethanesulfonate salt (2354 cm '). Addition of 2-fluoropyridine (37.1 ul, 0.432 mmol, 1.20
equiv) resulted in a drastic increase in the intensity of this absorption. Further addition of 2-
fluoropyridine (30.9 uL, 0.360 mmol, 1.00 equiv) had no significant effect on the intensity of this
absorption. Subsequent addition of 2-fluoropyridine (86.6 uL, 1.01 mmol, 2.80 equiv) had no
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significant effect on the intensity of the absorption at 2354 cm™'. Addition of triethylamine (60.3 uL,
0.432 mmol, 1.20 equiv) resulted in a significant decrease in intensity of this absorption.

Activation of N-isopropyl-4-nitrobenzamide'® and addition of 2-chloropyridine:

In situ IR monitoring of the addition of trifluoromethanesulfonic anhydride (66.7 uL, 0.396
mmol, 1.10 equiv) to a vigorously stirred solution of N-isopropyl-4-nitrobenzamide'® (75.0 mg, 0.360
mmol, 1 equiv, 1668 cm ') in dichloromethane (2.5 mL) at 0 °C resulted in immediate consumption
of the starting material and appearance of a strong absorption consistent with a nitrilium
trifluoromethanesulfonate salt (2354 cm ). Addition of 2-chloropyridine (40.9 uL, 0.432 mmol, 1.20
equiv) resulted in a drastic increase in the intensity of this absorption. Further addition of 2-
chloropyridine (34.1 uL, 0.360 mmol, 1.00 equiv) resulted in a drastic decrease in the intensity of this
absorption and the appearance of a strong absorption consistent with an amidinium
trifluoromethanesulfonate salt (1609 cm™'). Subsequent addition of 2-chloropyridine (95.5 uL, 1.01
mmol, 2.80 equiv) resulted in a further decrease in the intensity of the absorption at 2354 cm ' and an
increase in the intensity of the absorption at 1609 cm™'. Addition of triethylamine (60.3 uL, 0.432
mmol, 1.20 equiv) resulted in a further decrease in intensity of the absorption at 2354 ¢cm™' and a
drastic decrease in the absorption at 1609 cm .

Activation of 3,4-dimethoxy-N-phenylbenzamide® and addition of 2-fluoropyridine:

In situ IR monitoring of the addition of trifluoromethanesulfonic anhydride (36.0 ulL, 0.214
mmol, 1.10 equiv) to a vigorously stirred solution of 3,4-dimethoxy-N-phenylbenzamide® (50.1 mg,
0.195 mmol, 1 equiv, 1691 cm™') in dichloromethane (2.5 mL) at 0 °C resulted in immediate
consumption of the starting material and appearance of a very weak absorption consistent with a
nitrilium trifluoromethanesulfonate salt (2312 ¢cm™'). Addition of 2-fluoropyridine (20.1 uL, 0.234
mmol, 1.20 equiv) resulted in a drastic increase in the intensity of this absorption. Further addition of
2-fluoropyridine (16.8 uL, 0.195 mmol, 1.00 equiv) had no significant effect on the intensity of this
absorption. Subsequent addition of 2-fluoropyridine (46.8 uL, 0.545 mmol, 2.80 equiv) resulted in a
slight decrease in the intensity of the absorption at 2312 ¢cm '. Addition of triethylamine (32.6 ul,
0.234 mmol, 1.20 equiv) resulted in a drastic decrease in intensity of this absorption.

Activation of 3,4-dimethoxy-N-phenylbenzamide® and addition of 2-chloropyridine;

In situ IR monitoring of the addition of trifluoromethanesulfonic anhydride (44.6 uL, 0.265
mmol, 1.10 equiv) to a vigorously stirred solution of 3,4-dimethoxy-N-phenylbenzamide® (62.0 mg,
0.241 mmol, 1 equiv, 1691 cm™') in dichloromethane (2.5 mL) at 0 °C resulted in immediate
consumption of the starting material and appearance of a very weak absorption consistent with a
nitrilium trifluoromethanesulfonate salt (2312 cm™'). Addition of 2-chloropyridine (27.3 uL, 0.289
mmol, 1.20 equiv) resulted in a drastic increase in the intensity of this absorption and the appearance
of a strong absorption consistent with an amidinium trifluoromethanesulfonate salt (1594 c¢m ).
Further addition of 2-chloropyridine (22.8 uL, 0.241 mmol, 1.00 equiv) resulted in a significant
decrease in the intensity of the absorption at 2312 c¢m™' and an increase in the intensity of the
absorption at 1594 cm '. Subsequent addition of 2-chloropyridine (63.9 uL, 0.675 mmol, 2.80 equiv)
resulted in disappearance of the absorption at 2312 cm ' and an increase in the intensity of the
absorption at 1594 cm ' Addition of triethylamine (40.3 uL, 0.289 mmol, 1.20 equiv) resulted in
disappearance of the absorption at 1594 ¢m .

Activation of N-phenylbenzamide and addition of 2-fluoropyridine:
In situ IR monitoring of the addition of trifluoromethanesulfonic anhydride (44.1 uL, 0.262
mmol, 1.10 equiv) to a vigorously stirred solution of N-phenylbenzamide (47.0 mg, 0.238 mmol, 1
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equiv, 1679 cm ') in dichloromethane (2.5 mL) at 0 °C resulted in immediate consumption of the
starting material but did not result in appearance of an absorption consistent with a nitrilium
trifluoromethanesulfonate salt. Addition of 2-fluoropyridine (24.6 uL, 0.286 mmol, 1.20 equiv)
resulted in appearance of a strong absorption consistent with an amidinium trifluoromethanesulfonate
salt (1621 cm ™). Further addition of 2-fluoropyridine (20.4 uL, 0.238 mmol, 1.00 equiv) resulted in
a slight increase in the intensity of this absorption. Subsequent addition of 2-fluoropyridine (57.3 uL,
0.667 mmol, 2.80 equiv) resulted in an additional slight increase in the intensity of the absorption at
1621 ecm . Addition of triethylamine (39.9 uL, 0.286 mmol, 1.20 equiv) resulted in a drastic
decrease in intensity of this absorption.

Activation of N-(4-methoxvphenvl)benzamide14 and addition of 2-fluoropyridine:

In situ IR monitoring of the addition of trifluoromethanesulfonic anhydride (41.6 uL, 0.247
mmol, 1.10 equiv) to a vigorously stirred solution of N—(4-methoxyphenyl)benzamide14 (51.0 mg,
0.224 mmol, 1 equiv, 1513 cm ') in dichloromethane (2.5 mL) at 0 °C resulted in immediate
consumption of the starting material but did not result in appearance of an absorption consistent with
a nitrilium trifluoromethanesulfonate salt. Addition of 2-fluoropyridine (23.1 uL, 0.269 mmol, 1.20
equiv) resulted in appearance of a strong absorption consistent with an amidinium
trifluoromethanesulfonate salt (1621 cm™'). Further addition of 2-fluoropyridine (19.2 uL, 0.224
mmol, 1.00 equiv) resulted in a slight increase in the intensity of this absorption. Subsequent
addition of 2-fluoropyridine (54.0 uL, 0.628 mmol, 2.80 equiv) resulted in an additional slight
increase in the intensity of the absorption at 1621 em™'. Addition of triethylamine (37.5 uL, 0.269
mmol, 1.20 equiv) resulted in a drastic decrease in intensity of this absorption.

Deuterium Labelling Studies:

D
+
O A o
i I = pr
§ N/
NP e T,0, 2-FPyr
H o o+ o |
O2N N
O2N 1t _ H CH,Cl, - |
o.fF -78 - 23°C R
NS 59%
= R =H, 3fc
H Kipkp = 1.0:1.0 R =D, 3fc-d;

2¢c
Reaction of N-isopropvl-4-nitrobenzamide10 with a mixture of pyridine N-oxide and 2,6-

dideuteropyridine /N-oxide:

Trifluoromethanesulfonic anhydride (45.1 uL, 0.268 mmol, 1.10 equiv) was added via syringe
to a solution of N—is0pr0pyl-4-nitrobenzamide10 (1f, 50.7 mg, 0.244 mmol, 1 equiv) and 2-
fluoropyridine (25.1 pL, 0.292 mmol, 1.20 equiv) in dichloromethane (1.0 mL) at —78 °C. After 2
min, the reaction mixture was allowed to warm to 0 °C. After 5 min, a solution of 2,6-
dideuteropyridine N-oxide'® (2¢-dh, 105 mg, 1.08 mmol, 4.42 equiv) and pyridine N-oxide (2¢, 110
mg, 1.15 mmol, 4.73 equiv) in dichloromethane (1.0 mL) was added via cannula. After 5 min, the
resulting mixture was allowed to warm to 23 °C. After 2 h, triethylamine (100 uL) was added to
quench the trifluoromethanesulfonate salts, and the mixture was diluted by the addition of
dichloromethane (10 mL). The reaction mixture was washed with brine (10 mL), and the layers were
separated. The aqueous layer was extracted with dichloromethane (2 x 5 mL). The combined
organic layers were dricd over anhydrous sodium sulfate, were filtered, and were concentrated under
reduced pressure. The residue was purified by flash column chromatography on silica gel (15 —

* Movassaghi, M.; Hill, M. D. J. Am. Chem. Soc. 2006, 128, 14254,
15 pavlik, . W.; Laohhasurayotin, S. J. Heterocyclic Chem. 2007, 44, 1485.
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20% ethyl acetate in hexanes) to afford the amide 3fc (21.8 mg, 31%) and amide 3fc-d; (19.4 mg,
28%) as a 1.1:1.0 mixture, indicating kw:kp = 1.0:1.0 based on the ratio of the respective starting
materials.

D
+
i 2 ,'Pr
VAR T1,0, 2-FPyr N
H + 2 _
O,N N7
O.N 1f _H CH.Cl, |
O A 78 = 23°C R
N 86%
P R=H, 3fa
H Kigikp = 1.0:1.0 R=D,3fa-dy
2a

Reaction of N-isopropyl-4-nitrobenzamide'® with a mixture of isoquinoline N-oxide and 1,3-
dideuteroisoquinoline N-oxide (equation 5):

Trifluoromethanesulfonic anhydride (24.9 uL, 0.148 mmol, 1.10 equiv) was added via syringe
to a solution of N—isopropyl-4-nitrobenzamide10 (1f, 28.1 mg, 0.135 mmol, 1 equiv) and 2-
fluoropyridine (13.9 uL, 0.162 mmol, 1.20 equiv) in dichloromethane (0.8 mL) at 0 °C. After 7 min,
a solution of 1,3-dideuteroisoquinoline N-oxide'®! (2a-d», 100 mg, 0.68 mmol, 5.0 equiv) and
isoquinoline N-oxide (2a, 98 mg, 0.68 mmol, 5.0 equiv) in dichloromethane (0.8 mL) was added via
cannula. After 5 min, the resulting mixture was allowed to warm to 23 °C. After 2 h, triethylamine
(100 uL) was added to quench the trifluoromethanesulfonate salts, and the mixture was diluted by the
addition of dichloromethane (10 mL). The reaction mixture was washed with brine (10 mL), and the
layers were separated. The aqueous layer was extracted with dichloromethane (2 x 5 mL). The
combined organic layers were dried over anhydrous sodium sulfate, were filtered, and were
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (0 — 20% ethyl acetate in hexanes) to afford the amide 3fa (20.7 mg, 46%) and amide 3fa-
d; (18.3 mg, 40%) as a 1.1:1.0 mixture, indicating ky:kp = 1.0:1.0.

_ 0
o o.*+ TH,0, 2-FP i
) ~ 20, yr JPr
Z CHsClo, 4 h
H D = OoN NZ
O,N l
1f R N

—78 -» 23 °C
2c-dy 30%
Keptkp = 2.0:1.0 R=H, g;c .
=D, 31c-04

Reaction of N—isopropvl—4-nitrobenzamide10 with 2-deuteropyridine N-oxide (Equation 6):
Trifluoromethanesulfonic anhydride (24.7 uL, 0.147 mmol, 1.10 equiv) was added via syringe
to a solution of N—isopropyl—4—nitrobenzamide10 (1f, 27.8 mg, 0.134 mmol, 1 equiv) and 2-
fluoropyridine (13.7 uL, 0.160 mmol, 1.20 equiv) in dichloromethane (1.0 mL) at 0 °C. After 7 min,
a solution of 2-deuteropyridine N-oxide (2¢-di, 116 mg, 1.20 mmol, 9.00 equiv) in dichloromethane
(0.7 mL) was added via cannula. After 5 min, the resulting mixture was allowed to warm to 23 °C.
After 4 h, triethylamine (100 uL) was added to quench the trifluoromethanesulfonate salts, and the
mixture was diluted by the addition of dichloromethane (10 mL). The reaction mixture was washed
with brine (10 mL), and the layers were separated. The aqueous layer was extracted with
dichloromethane (2 x 5 mL). The combined organic layers were dried over anhydrous sodium
sulfate, were filtered, and were concentrated under reduced pressure. The residue was purified by
flash column chromatography on silica gel (0 — 50% ethyl acetate in hexanes) to afford the amide
3fc (3.81 mg, 10%) and amide 3fc-d; (7.65 mg, 20%) as a 1.0:2.0 mixture, indicating kukp = 2.0:1.0.

18 Pavlik, J. W.; Laohhasurayotin, S. J. Heterocyclic Chem. 2007, 44, 1485.

7 The 1,3-dideuteroisoquinoline N-oxide employed contained 100% deuterium incorporation at the 1-position of the isoquinoline ring,
and 91% deuterium incorporation at the 3-position by 'H NMR. This incomplete isotopic cnrichment was taken into account when
calculating ky:kp,
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Chapter 11

Synthesis of Spirocyclic Indolines by Interruption of the

Bischler—Napieralski Reaction

60



Introduction and Background

Spirocyclic pyrrolidinoindolines are a ubiquitous substructure in nature, representing the
core of the aspidosperma, kopsia, and strychnos alkaloid families, and are prevalent also in
pharmaceutically active compounds and other fine chemicals (Figure 1).! (9)-Vindoline® is a
member of the aspidosperma alkaloid family with a complex pentacyclic core, while (-)-
kopsinine® represents the kopsia alkaloids, a related family with a distinct cage substructure. (-)-
Strychnine® is a potently poisonous glycine antagonist of the strychnos alkaloid family that
blocks postsynaptic inhibition in the spinal cord.’ The importance of the
spiropyrrolidinoindoline structural motif has motivated the development of a number of elegant
synthetic strategies in complex alkaloid synthesis.® Synthetic spiropyrrolidinoindolines display a

range of useful properties and include insecticidal compoundsld and sky kinase inhibitors."

(-)-kopsinine (=)-strychnine

f -0-
Cl
@\Q (#)

N Cl

sky kinase inhibitor insecticide

Figure 1. Representative spiropyrrolidinoindoline compounds.

A direct route to the valuable spiropyrrolidinoindoline substructure would involve
intramolecular electrophilic trapping of an appropriate tryptamine derivative at C3. Such an
approach finds plausibility in the Pictet-Spengler reaction,” a common reaction in the synthesis
and biosynthesis of tetrahydro-B-carbolines from tryptamines. Numerous studies into the
mechanism of this reaction,® most notably Bailey’s elegant isotope labelling study,* have shown
that the reaction proceeds by initial intramolecular electrophilic trapping of the 2H-indole
nucleus at C3 by a pendant iminium ion to afford a spiroindoleninium intermediate (Scheme 1).
Wagner—-Meerwein rearrangement affords the C2-protonated tetrahydro-B-carboline, which
undergoes deprotonation to afford the tetrahydro-f-carboline product. It is known, however, that

the initial spirocyclization event is reversible, and it cannot be ruled out that the protonated
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tetrahydro-p-carboline is formed by eventual direct attack of C2 onto the iminium ion.’
Furthermore, kinetic isotope studies®™ in a biological setting have shown the final deprotonation
event to be rate-limiting, suggesting that all three of the aforementioned intermediates may be in

or near equilibrium during the reaction.
H

3/  NH, R2CHO +,N’(He +/ “WH  -H* NH
\ 2 —_— \ 2 H — H —_— H
N H N Ny B2 R?

R1 R R R
\ /Vagner-Meerwein

NH rearrangement
R2
W H
72

N
*h

Scheme 1. Mechanism of the Pictet-Spengler reaction.

B

The presence of spiroindoleninium ions during the course of the Pictet—Spengler reaction
suggests the feasibility of intercepting such intermediates en route to spiropyrrolidinoindoline
products; however, the inherent tendency of such 2H-indoleninium systems to undergo rapid
Wagner—Meerwein rearrangement (Scheme 1) makes such an approach difficult. Previously
reported methods®*®"'® for such transformations overcome this problem by using strongly
nucleophilic intramolecular traps or by employing electron-withdrawing groups on the indole or
aliphatic nitrogen, or both, to minimize such rearrangements, which can still occur (Scheme 2).
An early and illustrative example was reported in 1971 by Biichi®® in his seminal total synthesis
of (x)-vindorosine: electrophilic activation of an N-acetyl vinylgous amide in boron trifluoride
diethyl etherate resulted in electrophilic trapping of the indole nucleus at C3, followed by
cyclizative trapping at C2 with a strongly nucleophilic boron trifluoride enolate to afford the
desired spirocyclic product in 38% yield en route to the natural product. However, the isolation
of the undesired tetrahydro-f3-carboline side product in 20% yield demonstrates the difficulty of
kinetically outcompeting the Wagner—Meerwein rearrangement. In Corey’s enantioselective
synthesis of (-)-aspidophytine,” a similar strategy employing a chiral dialdehyde with a highly
nucleophilic pendant allylic trimethylsilane allows for a remarkable condensative cascade
reaction with a tryptamine derivative, affording the pentacyclic core of the natural product in
66% yield. Their use of an elaborate alkene reflects the need to outcompete rearrangement, as a
simple vinyl group would have been an ideal synthon: manipulation of the exocyclic alkene in

their pentacyclic product to the endocyclic alkene in the natural product requires four extra steps.
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Scheme 2. Representative examples of trapping spiropyrrolodinoindoleninium ions.
Heteroatom nucleophiles have also been used as nucleophilic traps, as seen in an example
reported by Nakagawa in which the nitrogen atom of a secondary carbamate serves as a trapping

moiety to afford a spirocyclic product in 70% yield.th Nonetheless, under their conditions, the
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Wagner-Meerwein rearrangement competes with trapping of the spirocyclic indoleninium, as
two diasteromeric tetrahydro-B-carboline products were isolated in a combined 29% yield. The
use of an intermolecular nucleophilic trap present during iminium formation was employed by
Bosch,'” who found that that the presence of an electron-withdrawing para-toluenesulfonyl
group on the indole nitrogen was essential to reduce the rate of Wagner-Meerwein
rearrangement relative to nucleophilic trapping by triethylsilane en route to their spirocyclic
product. The absence of such an electon-withdrawing group gave the tetrahydro-f-carboline
product under identical conditions.

While the vast majority of examples of interception of spiropyrrolidinoindoleninium ions

10a-d 1 the use

have been in the context of the Pictet—Spengler reaction, there have been reports
of carbon nucelophiles in such a strategy in the context of the related Bischler—Napieralski
reaction,'' which differs by employing electrophilically activated amide electrophiles in place of

1%2¢ and Biswas reported an example of a tryptamine derived secondary

iminium ions. Jackson
amide bearing a highly nucleophilic dimethoxyphenyl group undergoing a
spirocyclization/intramolecular trapping sequence when treated with a large excess of
trifluoroacetic anhydride, affording the spirocyclic product in 95% yield. Notably, an electron-
withdrawing trifluroacetyl group was installed on both nitrogen atoms during the reaction; the
use of trichlorooxyphosphine as activating agent resulted in a mixture of spiroindoline and
dihydro-pB-carboline products. Later, Biswas'*® reported two examples of a less nucleophilic
phenyl group as a trap in a similar reaction. While doubly trifluoroacetylated spirocyclic
products were isolated in yields of 73-74%, together with singly trifluoroacetylated 1H-
spirocycles in yields of 8-9%, singly trifluoroacetylated products resulting from competetive
Wagner—Meerwein rearrangement were also isolated in yields of 3—5%, consistent with a need
for trifluoroacetylation of the indole nitrogen atom to enable trapping at C2 to sufficiently
outcompete rearrangement when less powerful nucleophiles are used as intramolecular traps.

Due to the importance of spiropyrrolidinoindoline compounds, our group is interested in
new methods for their synthesis. In this chapter, we report a method for the efficient synthesis of
spiropyrrolidinoindolines by interruption of the Bischler—Napieralski reaction of 2H-N-
acyltryptamines via spiroindoleninium intermediates with high resilience to Wagner-Meerwein

rearrangements (eq 1).
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Results and Discussion
Earlier, our laboratory reported the wuse of the reagent combination
trifluoromethanesulfonic anhydride (Tf,O)-2-chloropyridine (2-CIPyr)'? to effect the Bischler—

13 Interestingly, exposure of amide 1a to T£,0 (1.1

Napieralski reaction of secondary amides.
equiv) in the presence of 2-CIPyr (1.2 equiv) followed by warming and addition of excess
triethylamine'* provided the expected Bischler—Napieralski product 2a (76%) along with the
unexpected spirocyclic side product (+)-3a in low yield (~5%, Scheme 3). The sulfonylation of
the amide nitrogen was easily rationalized by sulfonylation of a spirocyclic indoleninium
intermediate (+)-4a with the slight excess of Tf,0 used for amide activation to afford
spiroindoleninium (%)-5a. Consistent with N-sulfonylation of intermediate (+)-4a, the use of 2.1
equivalents of Tf,O and 3.2 equivalents of 2-CIPyr greatly increased the yield of (+)-3a to 30%
together with a complex mixture of side products and none of the Bischler-Napieralski product
2a. The reduction at C2 of the indoline nucleus prompted further investigation to better
understand the reactivity of the intermediates. Given the propensity of
spiropyrrolidinoindoleninium intermediates to undergo Wagner-Meerwein rearrangement unless

6d,1,10a—f,h-k

a strongly nucleophilic trap present is prior to spirocyclization, we hypothesized

0]
. N
Ti,0 (X equiv) H#Me
2-CIPyr (Y equiv) N Me
CH,Cly (0.3 M) N

-78 - 23°C 1a Me
S0,CFs
Me
ThHO
_—.
@ _HOTt+2-CIPyr @
Tigr e TI0- Me g
l Wagner Meerwein reduction at C2 by
rearrangement NEt; (5.8 equiv) SO,CF3
N Me
Wa 5 %‘E(
N1 SR o b
N Me 76%-----1.1,1.2----- 5% @ 2
Me wi 0% ----- 2.1,3.2-----30% N
2a (+)-3a Me

Scheme 3. Mechanism of the Interrupted Bischler—Napieralski Reaction.
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that the reduction at C2 may have been the result of a rapid hydride transfer reaction between
two intermediates along the reaction pathway'> (Scheme 3). This, however, was ruled out with a
concise set of deuterium labeling studies. First, hexadeuterated amide 1a-ds was subjected to the
reaction conditions. Spirocycle (+)-3a-ds was isolated in 29% yield with complete deuterium
retention on the alkenyl methyl groups and no deuterium enrichment at C2 (eq 2). Furthermore,
when amide 1a was exposed to the reaction conditions with lithium aluminum deuteride used in
place of triethylamine as the quenching reagent, monodeuterated spirocycle (+)-3a-d; was
isolated in 60% yield with incorporation of exactly one deuterium atom at C2 (eq 3, 6:1 dr at
C2).'"® This showed unequivocally that reduction at C2 does not occur until an exogenous
hydride source is introduced. We posited that triethylamine might be acting as a hydride
source'”'® and conjectured that the modest mass balance might be the result of
spiroindoleninium (£)-5a undergoing competitive decompostion. Notably, when lithium
aluminum hydride (eq 2) or lithium aluminum deuteride (eq 3, without warming to 23 °C) were
introduced just 5 min after warming the respective reactions to 0 °C, products (+)-3a-ds and (£)-

3a-d, were isolated in 95% and 96% yields, respectively.

0 Tt,0, 2-CIPyr ﬁOZCFa

" JS/ CH,Cly, -78 °C; CD,
Chy — \ el
Ny A LiAlH,, THF, 0 °C wX M CD3
N DsC or —H
N
-g. Me 23 °C, 3h; Et;N
ey 3 (1)-3a-dgMe No deuterium
95% (29%) incorporation at *
SO,CF3

0 Tf,0, 2-CIPyr

N
i CH,Cly, 78 °C; s
Me —— = (3)
3 A wXCH e
Me LIAID,, THF, 0 °C @ [ p
N or N

23°C, 1h; LIAID; (4)-3a-d, Me

THF, 0°C 1 deuterium atom

96% (60%) at * (87:13 dr)

These results suggested that spirocyclic N-trifluoromethanesulfonyl indoleninium (+)-5a
was electrophilic at C2 but recalcitrant to undergo a Wagner—Meerwein rearrangement due to
deactivation of the trifluoromethanesulfonamide nitrogen lone pair. Electrophilic activation of
1a followed by reduction with lithium aluminum hydride afforded spirocycle (+)-3a in excellent
yield (Table 1, entry 1, 98% yield). When a less potent hydride source, triethylsilane, was
introduced after activation and the resulting mixture warmed to ambient temperature, spirocycle
(¥)-3a was afforded in just 55% yield (Table 1, entry 2). On the other hand, 1-methyl-N-
acetyltryptamine (1b), which bears no B-hydrogens, underwent highly efficient spirocyclization
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and reduction to afford spirocycle (+)-3b using triethylsilane (Table 1, entry 3, 97% yield),
lithium aluminum hydride (Table 1, entry 4, 92% yield), or triethylamine (Table 1, entry 5, 72%
yield) as reducing agent. Spirocyclization followed by reduction with triethylsilane proceeded
smoothly with 1-benzyl-N-acetyltryptamine (1c¢) and even with electron-deficient 1-para-
toluenesulfonyl-N-acetyltryptamine (1d), providing the corresponding spirocycles (+)-3¢ (Table
1, entry 6, 100% vyield) and (+)-3d (Table 1, entry 7, 94% yield), respectively. Trapping the
spironindoleninium of amide 1b at C2 with a carbon nucleophile, 1-methylindole, afforded the

Table 1. Spirocyclization and Reduction.

0 Tf,0 (2.1equiv) EIO?CFZ*Q
2-ClIPyr (3.2 equiv) R

N HoCl —

4 HJS,RZ CHxCl, s -
N R? -78 °C — temp. N
R time; Et3SiH P
1a-1d (2 equiv), 23 °C, 3 h (+)-3a-3d
entry amide R’ R? temp. time  vyield®

1a Me Me 0°C 5min  98%°
1a Me Me 0°C 30 min  55%
1b Me 0°C 30 min  97%
1b Me 0°C 5min  92%P

0°C 30 min  100%
23°C 30 min  94%

1c Bn
1d Ts

I > T & 1 B S O N \C B

H
H

b Me H  23°C  60min 72%°
H
H

3[solated yield. °LiAlH, (3.0 equiv) used as reducing
agent at 0 °C. °Et3N (5.0 equiv) used as reducing agent.
spirocyclic indole adduct (+)-6b in excellent overall yield (eq 4, 76%) as a single diastereomer.'®

The stereochemical outcome of the reaction is consistent with approach of the 1-methylindole

9

nucleophile opposite the bulky and highly electronegative'’  trifluoromethanesulfonamide

moiety.
SO,CF5
O T,0, 2-CIPyr N
NJ( 1-methylindole
AN H Me =y e (4)
i CHoCl g 7 “NMe
i Me 78 = 23°C (2)-6b Me

76%

In order to avoid N-trifluoromethanesulfonylation, we hypothesized that a rapid,
reversible nucleophilic trap at C2 with an oxygen nucleophile might give a persistent
intermediate that could be further derivatized. Thus, 1-methyltryptamine oxazolidinone urea 1i

was activated with TH,0 (1.1 equiv) and 2-CIPyr (2.2 equiv); introduction of 1-methyltryptamine
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and titanium tetrachloride followed by heating to 45 °C afforded 1-methyltryptamine adduct (£)-
6e in 83% yield as a single diastereomer'® (eq 5) that was consistent with nucleophile approach
from the same face of the spiroindoleninium as seen with amide 1b (eq 4). The use of titanium
tetrachloride was found to be essential to achieve C—C bond formation, consistent with

competitive nucleophilic inibition at C2 by the oxazolidinone oxygen atom.

0
0 1,0, 2-CIPyr : g -
N"{ O CHzclz .
L e — . )
(Lo -m1-0° 7 "NMe
N 1-methylindole Ne
1e TiCly, 45 °C ()-6e

83%

Motivated by a desire to extend the range of diastereoselective trappings of
spiroindoleninium intermediates, we hypothesized that non-enolizable tertiary amides would,
upon activation with Tf,0-2-CIPyr, undergo rapid spirocyclization to afford a persistent
diiminium dication resilient to Wagner—Meerwein rearrangement.”’ To our delight, treatment of
tertiary pivalamide 1f with 1.1 equivalents of Tf,0-2-CIPyr at 0 °C in acetonitrile’’ and warming
to 23 °C, followed by sequential trapping with triethylsilane and lithium aluminum hydride,
afforded spirocyclic indoline ()-7f as a single diastereomer'® in 91% yield (eq 6), suggesting the
in situ formation of a putative persistent diiminium dication intermediate. The
diastereoselectivity is likely a result of the steric bulk of the arene, which blocks approach of
lithium aluminum hydride. Use of lithium aluminum deuteride in place of lithium aluminum
hydride afforded monodeuterated spirocyclic indoline (+)-7f-d;, demonstrating the regioselective
trapping at C2 with triethylsilane.'® Similarly, activation of lactam 1g followed by tandem
reduction with triethylsilane—lithium aluminum hydride afforded tetracyclic indoline (+)-7g in

quantitative yield as a single diastereomer'® (eq 7).

0 2-ClIPyr, Tf,0

MeCN NMe Me
?'Ae Me -78 = 0 °C; ' {—Me
N e WX X Me (6)
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LiAlH,, X = H: (£)-7f, 91%
LIAID,, X = D (£)-7f-dy, 91%
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100%
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Encouraged by the efficiency of the spirocyclization/intermolecular nucleophilic trapping
protocol, we envisaged a double-cyclization cascade making use of enolizable secondary amides
with pendant nucleophiles. To explore and optimize this reaction, 1-methyltryptamine
phenylacetamide (1h) was selected as substrate. Activation with a slight excess of Tf,0 (2.1
equiv) in the presence of 2-CIPyr (3.2 equiv) in CH,Cl, followed by warming to 23 °C provided
pentacycle (+)-8h in 40% yield (Scheme 4) accompanied with monocyclized side products and
no recovered starting material or Bischler—Napieralski products. Heating the reaction to 45 °C in
an oil bath afforded (+)-8h in excellent yield** (Scheme 2, 91% yield), while brief heating in a
microwave™ to 130 °C provided (+)-8h in quantitative yield. While similar cascades have been

104 ¢
Oacd or

reported previously, the lack of any requirement of large excesses of activating agents
installation of an electron-withdwrawing group on N1'°¢¢ and the ability to completely avoid
Wagner—Meerwein rearrangement'* are specific advantages to our conditions, and highlight the
importance of nitrogen lone pair deactivation by the highly electronegative
trifluoromethanesulfonyl group. Not surprisingly, electron-rich 3,4-dimethoxyphenylacetamide
1i provided pentacycle ()-8i in 98% yield as a single regio- and diastereomer'® under 45 °C
conditions on half-gram scale (Scheme 4). Even highly electron-deficient 4-
nitrophenylacetamide 1j afforded pentacycle (+)-8j in moderate yield (53%) under microwave

heating conditions (130 °C, 10 min), and vinylacetamide 1k afforded tetracyclic spiroindoline

(x)-8k in 56% yield under 45 °C conditions.

S0,CF4
N
O THO
@:(\H’K’Hz 2-ClPyr @ Re
AN —_—
r CH,Cl, N R
1h-k R, (+)-8h-k R,
SO,CF4 SO,CF, S0,CF4 SO,CF,
N N N N
N H N H N H N H
Me Me OMe SO,CF;  NO, S0,CF,
(£)-8h 100%*° ()-8i: 98%° (2)-8j: 53% (£)-8K: 56%9

91%¢
40%9

Scheme 4. Double-Cyclization Cascades. “Isolated yields of single diastereomers. °Tf,0 (2.1 equiv), 2-CIPyr
(3.2 equiv), 130 °C (microwave), 5 min. 45 °C, 3 h. 423 °C, 3 h. °Tf,0 (2.1 equiv), 2-CIPyr (3.2 equiv), 45
2E; 3 h.
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The trifluoromethanesulfonyl group present in the spirocyclic indolines derived from
secondary amides is readily removed under reductive or eliminative conditions: desulfonylation
of pentacycle (+)-8i with sodium and ammonia in the presence of methanol provided pentacyclic
diamine (%)-9i in excellent yield (95%) as a single diastereomer'® (eq 8), while
dehydrosulfinylation of tricycle (+)-3a is effected with 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) in acetonitrile under microwave heating conditions (eq 9) to afford enimine (+)-10a in

71% yield.

SOQCFS H
N
Na, NHa
@ OMe yaon, THE @ OMe (8)
-78°C N H
(+)-8i Me (£)-9i Me OMe
95%
SOZCF3
MeCN, 125 °C ©\
()-3a Me +)-10a Me

1%
Conclusion

We have presented a method for the efficient generation of distinctively persistent
spiroindoleninium intermediates from secondary and tertiary N-acyl tryptamines. The
exceptional resilience of these intermediates to Wagner—Meerwein rearrangement, determined
through mechanistic studies, allows for efficient intra- and intermolecular trapping with

nucleophiles, including weak nucleophiles such as deactivated arenes, which can be introduced

6d,1,10a—f,h—k

even after initial activation and spirocyclization. The use of oxazolidinone ureas and

tertiary amides under our conditions allows for the direct and highly diastereoselective synthesis

6d,10a,c—e,h,k

of spiropyrrolidinoindolines without competitive rearrangement or the need for an

6d,10a,c,d,g,.k

electron-withdrawing group on the aliphatic or indole nitrogen atoms.
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' (a) Bischler, A.; Napieralski, B. Ber. 1893, 26, 1903. (b) Whaley, W. M.; Govindachari, T. R.
Org. React. 1951, 6, 74.
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' The addition of triethylamine at the end of the reaction was carried out with the intention of
neutralizing the trifluoromethanesulfonate salts prior to work-up.

" For a review on a classical redox disproportionation reaction, see Geissman, T. A. Org. React.
1944, 2, 94.

' Please see Experimental Section for details.

' When the quench was carried out by adding potassium carbonate or 1,4-
diazabicyclo[2.2.2]octane, no trace of (+)-3a was detected.

18 Coquerel, Y.; Brémond, P.; Rodriguez, J. J. Organomet. Chem. 2007, 692, 4805.

*” Chérest, M.; Felkin, H.; Prudent, M. Tetrahedron Lett. 1968, 18, 2199.

** For previous examples of activation conditions that result in Wagner—Meerwein
rearrangements in similar systems, see: (a) Desmaelee, D.; Mekouar, K.; d’Angelo, J. J. Org.
Chem. 1997, 62, 3890. (b) Yasui, Y.; Takeda, H.; Takemoto, Y. Chem. Pharm. Bull. 2008, 56,
1567.

*! Acetonitrile was used as solvent due to the poor solubility of the activated intermediates in
dichloromethane in this case.

22 2-CIPyr was found to be the optimal base additive for this reaction; the use of 2-fluoropyridine
or 2,6-lutidine gave yields of 90% and 66%, respectively, of (£)-8h under 45 °C conditions.

? (a) Hill, M. D.; Movassaghi, M. Tetrahedron Let. 2008, 49, 4286. For related reviews, see: (b)
Caddick, S. Tetrahedron 1995, 51, 10403. (c) Lidstrom, P.; Tierney, J.; Wathey, B.; Westman, J.
Tetrahedron 2001, 57, 9225. (d) Kappe, C. O. Angew. Chem., Int. Ed. 2004, 43, 6250.
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Experimental Section

General Procedures. All reactions were performed in oven-dried or flame-dried round bottomed
flasks, modified Schlenk (Kjeldahl shape) flasks or glass pressure vessels. The flasks were fitted
with rubber septa and reactions were conducted under a positive pressure of argon. Stainless steel
gas-tight syringes or cannulae were used to transfer air- and moisture-sensitive liquids. Flash column
chromatography was performed as described by Still et al. using silica gel (60 A pore size, 32-63 um,
standard grade) or non-activated alumina (80-325 mesh, chromatographic grade).! Analytical thin—
layer chromatography was performed using glass plates pre-coated with 0.25 mm 230400 mesh
silica gel or neutral alumina impregnated with a fluorescent indicator (254 nm). Thin layer
chromatography plates were visualized by exposure to ultraviolet light and/or by exposure to an
aqueous solution of ceric ammonium molybdate (CAM) or an aqueous solution of potassium
permanganate (KMnQO,) followed by heating (<1 min) on a hot plate (~250 °C). Organic solutions
were concentrated on rotary evaporators at ~20 Torr (house vacuum) at 25-35 °C, then at ~1 Torr
(vacuum pump) unless otherwise indicated.

Materials. Commercial reagents and solvents were used as received with the following exceptions:
Dichloromethane, diethyl ether, tetrahydrofuran, acetonitrile, toluene, and triethylamine were
purchased from J.T. Baker (Cycletainer™) and were purified by the method of Grubbs et al. under
positive argon pressure.” 2-Chloropyridine and N,N-diisopropylamine were distilled from calcium
hydride and stored sealed under argon atmospheres. The molarity of n-butyllithium solutions was
determined by titration against diphenylacetic acid® (average of three titrations).
Trifluoromethanesulfonic anhydride was purchased from Oakwood Products, Inc.; all other solvents
and chemicals were purchased from Sigma-Aldrich.

Instrumentation. All reaction conducted at 130 °C were performed in a CEM Discover Lab Mate
microwave reactor. Proton nuclear magnetic resonance ('H NMR) spectra were recorded with Varian
inverse probe INOVA-500 and Varian INOVA-500 spectrometers, are reported in parts per million
on the § scale, and are referenced from the residual protium in the NMR solvent (CDCl;: & 7.24
(CHCl3), toluene-ds: & 2.09 (C¢DsCD;H)). Data are reported as follows: chemical shift [multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, sp = septet, m = multiplet, br = broad), coupling
constant(s) in Hertz, integration, assignment]. Carbon-13 nuclear magnetic resonance (°C NMR)
spectra were recorded with a Varian INOVA-500 spectrometer, are reported in parts per million on
the & scale, and are referenced from the carbon resonances of the solvent (CDCls: 6 77.23, toluene-ds:
0 20.4). Data are reported as follows: chemical shift (assignment). Fluorine-19 nuclear magnetic
resonance ('°F NMR) spectra were recorded with a Varian Mercury 300 spectrometer or a Varian
INOVA-500 spectrometer, are reported in parts per million on the & scale, and are referenced from
the fluorine resonance of neat trichlorofluoromethane (CFCls: & 0). Data are reported as follows:
chemical shift (assignment). Infrared data (IR) were obtained with a Perkin-Elmer 2000 FTIR, and
are reported as follows: frequency of absorption (cm™), intensity of absorption (s = strong, m =
medium, w = weak, br = broad). Optical rotations were measured on a Jasco-1010 polarimeter. We

"'W. C. Still, M. Kahn, A. Mitra, J. Org. Chem. 1978, 43,2923,
? A. B. Pangborn, M. A. Giardello, R. H. Grubbs, R. K. Rosen, F. J. Timmers, Organometallics 1996, 15, 1518.
*W. G. Kofron, L. M. Baclawski, .J. Org. Chem. 1976, 41, 1879.
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are grateful to Dr. Li L1 for obtaining the mass spectrometric data at the Department of Chemistry’s
Instrumentation Facility, Massachusetts Institute of Technology. High resolution mass spectra
(HRMS) were recorded on a Bruker Daltonics APEXIV 4.7 Tesla FTICR-MS using a direct analysis
in real time (DART) ionization source.
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Isobutyryl chloride (1.96 mL, 18.7 mmol, 1.00 equiv) was added via syringe to a solution of
tryptamine (S1, 3.00 g, 18.7 mmol, 1 equiv) and triethylamine (2.87 mL, 20.6 mmol, 1.10 equiv) in
tetrahydrofuran (47.0 mL) at 23 °C. After 20 min, water was added, and the organic layer was
diluted with ethyl acetate (250 mL). The layers were separated, and the organic layer was washed
with aqueous hydrogen chloride solution (IN, 250 mL), saturated aqueous potassium carbonate
solution (250 mL), and brine (250 mL). The organic layer was dried over anhydrous sodium sulfate,
was filtered, and was concentrated under reduced pressure to afford N-isobutyryltryptamine (S1a,
3.56 g, 82.6%) as a tan powder. Structural assignments were made with additional information from

gCOSY data.

'H NMR (500 MHz, CDCls, 20 °C):

*C NMR (125 MHz, CDCls, 20 °C):

FTIR (neat) cm ':

HRMS (DART):

TLC (Al,Os, 30% EtOAc in hexanes), Ry

d 8.32-8.18 (br-s, 1H, N;H), 7.60 (dd, /= 1.0, 7.9, 1H,
CsH), 7.37 (d, J = 8.0, 1H, CgH), 7.19 (app-dt, J = 1.1,
7.6, 1H, C;H), 7.11 (app-dt, J = 1.1, 7.5, 1H, CsH), 7.01
(d, J=2.3, 1H, C;H), 5.61-5.46 (br-s, 1H, N;2H), 3.58
(app-q, /= 6.7, 2H, C;1Hy), 2.96 (t, J = 6.7, 2H, C,oH>),
2.24 (sp, J=17.0, 1H, C4H), 1.09 (d, J= 7.0, 6H, C,sHs,
CisHy).

0 177.4, 136.6, 127.5, 122.4, 122.1, 119.4, 118.7, 112.7,
111.6, 39.9, 35.7, 25.4, 19.7.

3286 (br-s), 2969 (m), 1652 (s), 1529 (s), 1457 (m),
1229 (m), 743 (s).

calc’d for Ci4H;sN>NaO [M+Na]': 253.1311,
found: 253.1314.

0.08 (UV, CAM, KMnO,).

* The C15,C16-hexadeuterated isotopomer S1a-ds was synthesized by dehydrative coupling of tryptamine (S1) with isobutyric acid-ds
gref. 5) in the presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrogen chloride (EDC+HCI) in dichloromethane.
* For a previous preparation of isobutyric acid-ds, see Semmelhack, M. F.; Bargar, T. J. Am. Chem. Soc. 1980, 102, 7765.
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1-Methyl-N-isobutyryltryptamine (12):°

Sodium hydride (60% dispersion in mineral oil, 564 mg, 14.1 mmol, 1.30 equiv) was added as
a solid under an argon atmosphere to a solution of N-isobutyryltryptamine (S1a, 2.50 g, 10.9 mmol, 1
equiv) in N,N-dimethylformamide (27 mL) at 23 °C. After 55 min, iodomethane (901 uL, 14.4
mmol, 1.33 equiv) was added dropwise via syringe over 5 min. After 15 h, water (20 mL) was added
to quench the excess base. The resulting mixture was diluted with diethyl ether (300 mL), and the
organic layer was washed with brine (3 x 300 mL). The organic layer was dried over anhydrous
sodium sulfate, was filtered, and was concentrated under reduced pressure. The residue was purified
by flash column chromatography on alumina (0 — 20% ethyl acetate in hexanes) to afford 1-methyl-
N-isobutyryltryptamine (1a, 1.64 g, 61.8%) as a tan powder. Structural assignments were made with
additional information from gCOSY data.

'H NMR (500 MHz, CDCl3, 20 °C): 87.59(d, J=7.9, 1H, CsH), 7.29 (d, J = 8.2, 1H, CsH),
7.23 (app-dt, J = 1.2, 7.7, 1H, C;H), 7.10 (app-dt, J =
1.0, 7.5, 1H, C¢H), 6.86 (s, 1H, CoH), 5.58-5.43 (br-s,
1H, N;H), 3.74 (s, 3H, Cy7H3), 3.56 (app-q, J = 6.7, 2H,
C11H2), 2.94 (t, J= 6.7, 2H, C[()Hz), 2.23 (Sp, J= 69,
1H, C]4H), 1.09 (d, J= 6.9, 6H, C15H3, C|(,H3).

3C NMR (125 MHz, CDCl;, 20 °C): §177.0,137.2, 127.9, 126.9, 121.8, 119.0, 119.0, 111.7,
109.4, 39.9, 35.7, 32.7, 25.4, 19.7.

FTIR (neat) cm™': 3301 (br-s), 2967 (m), 1646 (m), 1548 (m), 1472 (m),
1236 (m), 740 (m).

HRMS (DART): calc’d for C;sHaoN2NaO [M+Na]': 267.1468,
found: 267.1465.

TLC (ALOs, 30% EtOAc in hexanes): Rg: 0.21 (UV, CAM, KMnOy).

¢ The C15,C16-hexadeuterated isotopomer 1a-d, was synthesized by an analogous procedure starting from Sla-de.
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Spirocyclic indoline (+)-3a:

Trifluoromethanesulfonic anhydride (62.8 uL, 373 pmol, 2.10 equiv) was added via syringe to
a solution of 1-methyl-N-isobutyryltryptamine (1a, 43.4 mg, 178 umol, 1 equiv) and 2-chloropyridine
(53.3 pL, 568 pmol, 3.20 equiv) in dichloromethane (1.8 mL) at -78 °C. After 5 min, the reaction
mixture was allowed to warm to 0 °C.”* After 5 min, tetrahydrofuran (1.0 mL) was added via
syringe. After 30 sec, lithium aluminum hydride”'*!" (20.2 mg, 533 pmol, 3.00 equiv) was added as
a solid under an argon atmophere. After 20 min, sodium sulfate decahydrate was added to quench the
unreacted aluminum hydride salts. The resulting suspension was filtered, and the filter cake was
extracted with ethyl acetate (20 mL). The combined filtrates were concentrated under reduced
pressure. The residue was purified by flash column chromatography on silica gel (0 — 10% ethyl
acetate in hexanes) to afford spirocyclic indoline (+)-3a (62.7 mg, 97.9%) as a beige powder.
Structural assignments were made with additional information from gCOSY, HSQC, gHMBC, and
NOESY data.

'H NMR (500 MHz, CDCls, 20 °C): 0 7.11 (app-dt, J= 1.3, 7.7, 1H, C;H), 6.95 (dd, J = 0.8,
7.4, 1H, CsH), 6.68 (app-dt, /= 0.9, 7.4, 1H, CsH), 6.51
(d, J=17.9, 1H, CsH), 3.75-3.60 (m, 2H, C,;H,), 3.52
(d, J=9.3, 1H, C,H,), 3.38 (d, /= 9.3, 1H, C;Hy), 2.81
(s, 3H, Cy7H3), 2.38 (app-dt, J = 13.0, 6.5, 1H, C,oH,),
2.13 (app-dt, J = 13.0, 6.7, 1H, C;oH,;), 1.86 (s, 3H,
CisHj), 1.41 (s, 3H, C;6H3).

C NMR (125 MHz, CDCls, 20 °C):  151.8 (Cy), 135.6 (C4), 134.7 (Cy3), 130.1 (Cy4), 128.4
(C7), 122.4 (Cs), 120.0 (g, J = 323.4, SO,CF5), 118.6
(Ce), 107.6 (Cy), 68.8 (C,), 53.0 (C3), 50.5 (Cyy), 43.9
(C10), 35.7 (C17), 23.5 (C11s), 21.2 (C6).

F NMR (471 MHz, CDCls, 20 °C): 8 —75.1

FTIR (neat) cm ' 2860 (m), 1606 (m), 1493 (m), 1378 (s), 1223 (s), 1191
(s), 1024 (m), 738 (m).

HRMS (DART): calc’d for C¢Hz0F3N20,S [M+H]": 361.1192,
found: 361.1184.

TLC (30% EtOAc in hexanes), Ry: 0.67 (UV, CAM, KMnOy).

" Warming to 23 °C followed by addition of triethylsilane affords spirocyclic indoline (+)-3a in 55% yield. Warming to 23 °C and
keeping the mixture at 23 °C for 4.5 h followed by addition of triethylamine affords spirocyclic indoline (+)-3a in 30% yield.

¥ The use of C15,C16-hexadeuterated analog 1a-dj as substrate and addition of triethylamine after warming to 23 °C for 4.5 ]1 affords
C15,C16-hexadeuterated spirocyclic indoline (+)-3a-ds in 29% yield (>99% deuterium incorporation at C15 and C16 by 'H NMR
analysis).

’ Th)E(! use of the C15,C16-hexadeuterated isotopomer 1a-dj as substrate affords C15,C16-hexadeuterated spirocyclic indoline (+)-3a-dj
in 95% yield (>99% deuterium incorporation at C15 and C16 by 'H NMR analysis).

' The addition of lithium aluminum deuteride (98 atom% D) in place of lithium aluminum hydride affords C2-monodeuterated analog
(£)-3a-d, in 96% yield (98% deuterium incorporation at C2 [d.r. = 6:1] by "H NMR analysis). The C2—deuterium bond in the major
diastereomer is syn to the C3—C10 bond, as determined by 'H NMR analysis and NOESY correlations for spirocyclic indoline (+)-3a.

"' The addition of lithium aluminum deuteride (98 atom% D) 1 h after allowing the reaction mixture to warm to 23 °C affords C2-
monodeuterated analog (+)-3a-d, in 60% yield (=98% deuterium incorporation at C2 [dr = 6:1] by "H NMR analysis).
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Spirocyclic indoline ()-3b:
Trifluoromethanesulfonic anhydride (70.7 pL, 420 pmol, 2.10 equiv) was added via syringe to

a solution of 1-methyl-N-acetyltryptamine'* (1b, 43.3 mg, 200 umol, 1 equiv) and 2-chloropyridine
(60.1 puL , 640 umol, 3.20 equiv) in dichloromethane (500 pL) at =78 °C. After 2 min, the reaction
mixture was allowed to warm to 0 °C. After 25 min, triethylsilane'® (63.9 pL, 400 pmol, 2.00 equiv)
was added via syringe. After 5 min, the reaction mixture was allowed to warm to 23 °C. After 3 h,
triethylamine (300 uL) was added to neutralize the trifluoromethanesulfonate salts. Brine (10 mL)
was added, and the aqueous layer was extracted with dichloromethane (10 mL, 2 x 5 mL). The
combined organic layers were dried over anhydrous sodium sulfate, were filtered, and were
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (0 — 20% ethyl acetate in hexanes) to afford spirocyclic indoline (+)-3b (64.7 mg, 97.3%)
as an off-white powder. Structural assignments were made with additional information from gCOSY,
HSQC, gHMBC, and NOESY data.

'H NMR (500 MHz, CDCl, 20 °C): 8 7.17 (app-dt, J = 1.3, 7.7, 1H, C;H), 6.99 (d, J = 7.4,
1H, CsH), 6.75 (app-dt, J = 1.0, 7.5, 1H, C¢H), 6.56 (d,
J=179, 1H, CsH), 5.25 (d, J = 2.4, 1H, C 4Hy), 4.42 (d,
J = 2.4, 1H, CisHg), 4.00 (app-dt, J = 2.5, 9.2, 1H,
CiHy), 3.78 (app-dt, J = 6.6, 10.2, 1H, C; Hy), 3.36 (d,
J=288, 1H, C:H,), 3.21 (d, J = 8.8, 1H, C3Hy), 2.77 (s,
3H, C;sHy), 2.22 (ddd, J = 2.5, 6.6, 12.6, 1H, CoH,),
2.07 (ddd, J= 8.2, 10.2, 12.6, 1H, C;oHy).

3C NMR (125 MHz, CDCls, 20 °C): 8 153.2 (Co), 148.4 (C13), 132.1 (C4), 129.2 (C7), 123.5
(Cs), 120.6 (q, J = 325.8, SO,CF;), 118.8 (Ce), 108.1
(Cg), 94.8 (C14), 68.4 (C2), 55.6 (C13), 49.8 (C11), 35.9
(Cis), 35.1 (Cyo).

F NMR (471 MHz, CDCls, 20 °C): 8 —74.0.

FTIR (neat) cm 2954 (w), 1657 (m), 1608 (m), 1492 (m), 1404 (m),
1383 (m), 1227 (s), 1198 (s), 1147 (s), 748 (m).

HRMS (DART)Z calc’d for C14H16F3N202S [M+H]+Z 3330879,
found: 333.0872.

TLC (30% EtOAc in hexanes), R 0.60 (UV, CAM, KMnOs).

2 For previous preparations of amides 1b, 1¢, and 1d, see Song, H.; Yang, I.; Chen, W.; Qin, Y. Org. Lett. 2006, 8, 6011. )
3 The addition of tetrahydrofuran and lithium aluminum hydride in place of triethylsilane affords spirocyclic indoline (+)-3b in 92%
yield. The addition of triethylamine in place of triethylsilane affords spirocyclic indoline (£)-3b in 72% yield.
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Spirocyclic indoline (+)-3¢:

Trifluoromethanesulfonic anhydnde (154 uL, 916 umol, 2.10 equiv) was added via syringe to
a solution of 1-benzyl-N-acetyltryptamine'? (1¢, 128 mg, 436 umol, 1 equiv) and 2-chloropyridine
(131 pL, 1.40 mmol, 3.20 equiv) in dichloromethane (1.5 mL) at =78 °C. After 2 min, the reaction
mixture was allowed to warm to 0 °C. After 25 min, triethylsilane (63.9 puL, 400 umol, 2.00 equiv)
was added via syringe. After 5 min, the reaction mixture was allowed to warm to 23 °C. After 3 h,
triethylamine (500 pL) was added to neutralize the trifluoromethanesulfonate salts. Brine (15 mL)
was added, and the aqueous layer was extracted with dichloromethane (3 x 15 mL). The combined
organic layers were dried over anhydrous sodium sulfate, were filtered, and were concentrated under
reduced pressure. The residue was purified by flash column chromatography on silica gel (0 — 5%
ethyl acetate in hexanes) to afford spirocyclic indoline (+)-3¢ (128 mg, 99.5%) as a viscous, colorless
oil. Structural assignments were made with additional information from gCOSY, HSQC, gHMBC,
and NOESY data.

'"H NMR (500 MHz, CDCls, 20 °C): 8 7.44-7.38 (m, 2H, CisH, CaoH), 7.44-7.38 (m, 2H,
C17H, Cy H), 7.44-7.38 (m, 1H, CioH), 7.20 (app-dt, J =
1.2,7.7, H, C;H), 7.07 (dd, J = 1.2, 7.5, 1H, CsH), 6.81
(app-dt, J = 0.8, 7.4, 1H, CeH), 6.65 (d, J = 7.9, 1H,
CsH), 5.30 (d, J= 2.3, 1H, C14Hy), 4.49 (d, J= 2.3, 1H,
Ci4Hg), 4.43 (d, J = 14.8, 1H, CisH,), 4.25 (d, J = 14.8,
1H, CisHy), 4.06-3.97 (m, 1H, C; H,), 3.82-3.70 (m,
1H, C11Hp), 3.38 (d, J=9.2, 1H, C;H,), 3.33 (d, /= 9.2,
1H, C;Hy), 2.27-2.09 (m, 2H, CoHy).

*C NMR (125 MHz, CDCls, 20 °C): 8 152.3 (Cy), 148.6 (C13), 137.8 (Ci6), 131.9 (Cy), 129.3
(C7), 128.8 (Cis, Cyo), 127.9 (Cy7, Ca1), 127.6 (Ciy),
123.8 (Cs), 120.6 (q, J = 325.3, SO,CF3), 118.9 (C),
108.0 (Cs), 94.8 (C14), 66.1 (Cy), 55.4 (C3), 530((:,5)
49.7 (C1y), 35.5 (C1o).

'F NMR (282 MHz, CDCls, 20 °C): d —~74.0.

FTIR (neat) cm 2831 (m), 1656 (m), 1606 (m), 1489 (s), 1404 (s), 1382
(s), 1228 (s), 1198 (s), 1029 (m), 742 (m).

HRMS (DART): calc’d for CyoHzoF3N20,S [M+H]': 409.1192,
found: 409.1178.

TLC (20% EtOAc in hexanes), Ry 0.67 (UV, CAM, KMnOy,).
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Spirocyclic indoline (+)-3d:
Trifluoromethanesulfonic anhydride (64.9 pL, 386 pmol, 2.10 equiv) was added via syringe to

a solution of 1-(p-toluenesulfonyl)-N-acetyltryptamine'” (1d, 65.5 mg, 184 umol, 1 equiv) and 2-
chloropyridine (55.2 pL, 588 pmol, 3.20 equiv) in dichloromethane (1.0 mL) at -78 °C. After 2 min,
the reaction mixture was allowed to warm to 0 °C. After 10 min, the reaction mixture was allowed to
warm to 23 °C. After 30 min, triethylsilane (58.7 pL, 368 umol, 2.00 equiv) was added via syringe.
After 3 h, triethylamine (300 pL) was added to neutralize the trifluoromethanesulfonate salts. Brine
(15 mL) was added, and the aqueous layer was extracted with dichloromethane (3 x 15 mL). The
combined organic layers were dried over anhydrous sodium sulfate, were filtered, and were
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (0 — 10% ethy] acetate in hexanes) to afford spirocyclic indoline (+)-3d (81.2 mg, 93.5%)
as a white powder. Structural assignments were made with additional information from gCOSY,
HSQC, gHMBC, and NOESY data.

'H NMR (500 MHz, CDCl3, 20 °C): 8 7.70 (d, J = 8.2, 1H, CsH), 7.66 (d, J = 8.3, 2H, Ci7H,
CyH), 7.30 (app-dt, J = 1.4, 7.8, 1H, C;H), 7.23 (d, J =
8.3, 1H, CisH, CyH), 7.05 (app-dt, J = 0.9, 7.5, 1H,
CsH), 6.99 (d, J = 7.6, 1H, CsH), 5.00 (d, J = 2.8, 1H,
C14Hy), 3.99-3.95 (m, 1H, C;1H,), 3.93 (d, J=10.8, 1H,
C:H,), 3.75 (d, J=10.8, 1H, C,H}), 3.74 (d, J= 2.8, 1H,
C14HE), 3.73-3.65 (m, 1H, Cng), 2.36 (S, 3H, C22H3),
2.01 (ddd, J = 8.3, 10.9, 12.8, 1H, CioH,), 1.91 (ddd, J =
2.0, 6.2, 12.8, 1H, C;oHb).

13C NMR (125 MHz, CDCl;, 20 °C): 5 1482 (Ci3), 144.8 (Cy), 142.4 (Cy), 133.6 (Cis),
133.5 (Cy4), 130.0 (Ciz, Cap), 129.8 (Cs), 127.5 (Ci7,
Ca1), 124.7 (Cg), 124.5 (Cs), 120.5 (q, J = 325.3,
S0,CF3), 115.2 (Cs), 95.4 (C14), 62.5 (Ca), 55.0 (C3),
49.5 (Cll), 36.5 (CIG), 21.7 (sz).

'F NMR (282 MHz, CDCls, 20 °C): & —74.0.

FTIR (neat) cm 2919 (w), 1656 (m), 1599 (m), 1478 (m), 1405 (s), 1359
(s), 1229 (s), 1199 (s), 1169 (s), 1027 (m).

HRMS (DART) calc’d for C20H20F3N204SZ [M+H]+Z 473.081 1,
found: 473.0807.

TLC (10% EtOAc in hexanes), Ry: 0.13 (UV, CAM, KMnOsy).
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Spirocyclic 1-methyltryptamine adduct (+)-6b:
Trifluoromethanesulfonic anhydride (220 pL, 1.31 mmol, 2.10 equiv) was added via syringe

to a solution of 1-methyl-N-acetyltryptamine'? (1b, 135 mg, 622 pumol, 1 equiv), 2-chloropyridine
(187 pL, 1.99 mmol, 3.20 equiv) and 1-methyltryptamine (85.5 pL, 685 pmol, 1.10 equiv) in
dichloromethane (5.0 mL) at =78 °C. After 5 min, the reaction mixture was allowed to warm to 0 °C.
After 5 min, the reaction mixture was allowed to warm to 23 °C. After 4 h, saturated aqueous
potassium carbonate solution (5 mL) was added to neutralize the trifluoromethanesulfonate salts.
Brine (10 mL) was added, and the aqueous layer was extracted with dichloromethane (3 x 10 mL).
The combined organic layers were dried over anhydrous sodium sulfate, were filtered, and were
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (25% dichloromethane in hexanes) to afford spirocyclic 1-methyltryptamine adduct (+)-6b
(219 mg, 76.0%) as a white powder. Structural assignments were made with additional information
from gCOSY, HSQC, gHMBC, and NOESY data.

'H NMR (500 MHz, PhMe-ds, 100 °C): & 7.69 (d, J = 8.1, 1H, CsH), 7.14-7.07 (m, 2H, C;H,
C,H), 7.02 (app-t, J = 7.7, 1H, CgH), 7.00 (d, J = 8.1,
1H, CgH), 6.91 (d, J = 7.4, 1H, CsH), 6.72 (app-t, J =
7.5, 1H, C¢H), 6.70 (s, 1H, C,H), 6.47 (d, J = 7.9, 1H,
CsH), 5.48 (d, J= 1.7, 1H, C14Hy), 4.55 (d, J= 1.7, 1H,
Ci4Hp), 4.54 (s, 1H, C;H), 3.19 (s, 3H, C;sH3), 3.15
(app-t, J = 9.1, 1H, C1Hy,), 2.52-2.43 (m, 1H, C; Hy),
2.48 (s, 3H, CisHs), 2.26-2.16 (m, 1H, CoH,), 1.52—
1.43 (m, 1H, CoHb).

C NMR (125 MHz, PhMe-ds, 100 °C): & 153.3 (Cy), 151.2 (C13), 138.5 (Cy), 134.1 (Cy), 129.4
(C7), 128.9 (C2), 128.4 (Cy4), 124.0 (Cs), 122.8 (Cy),
121.4 (Cs), 121.3 (q, J = 325.8, SO,CF3), 120.6 (Cg),
119.7 (Cg), 110.5 (Cs), 109.9 (Cg), 108.5 (Cs), 95.5
(C14), 77.9 (Cy), 61.4 (C3), 50.3 (Cyy), 34.1 (Cys), 33.2
(C1o), 32.2 (C)5).

'F NMR (471 MHz, PhMe-ds, 100 °C): & -75.1.

FTIR (neat) cm 2915 (w), 1650 (m), 1605 (m), 1485 (s), 1402 (s), 1382
(s), 1228 (s), 1197 (s), 1146 (s), 1021 (m), 744 (m).
HRMS (DART)I calc’d for C23H23F3N3028 [M+H] +'Z 462. 1458,
found: 462.1477.
TLC (50% CHCl; in hexanes), Ry: 0.42 (UV, CAM, KMnOy).
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Oxazolidinone urea le:

A solution of 1-methyltryptamine'* (S2, 1.66 g, 9.53 mmol, 1 equiv) in tetrahydrofuran (20
mL) was added via cannula to a solution of N—chlorocarbonyloxazolidin—2-0neI5 (S3, 1.56 g, 10.4
mmol, 1.09 equiv) and triethylamine (3.33 mL, 23.9 mmol, 2.51 equiv) in tetrahydrofuran (40 mL) at
23 °C. After 12 h, the reaction mixture was diluted with ethyl acetate (250 mL). The organic layer
was washed with saturated aqueous ammonium chloride solution (2 x 250 mL), aqueous sodium
hydroxide solution (IN, 250 mL), saturated aqueous sodium bicarbonate solution (250 mL), and
brine (250 mL). The organic layer was dried over anhydrous sodium sulfate, was filtered, and was
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (50% ethyl acetate in hexanes) to afford oxazolidinone urea 1e (1.76 g, 64.3%) as a beige
powder. Structural assignments were made with additional information from gCOSY data.

'H NMR (500 MHz, CDCl3, 20 °C):

3C NMR (125 MHz, CDCl3, 20 °C):

FTIR (neat) cm ':

HRMS (DART):

TLC (50% EtOAc in hexanes), Ry

8 7.92-7.84 (br-m, 1H, N;;H), 7.63 (d, J = 7.9, 1H,
CsH), 7.30 (d, J = 8.2, 1H, CgH), 7.24 (app-dt, J = 1.1,
7.6, 1H, C;H), 7.13 (app-dt, J = 1.1, 7.4, 1H, C¢H), 6.92
(s, 1H, CH), 432 (t, J = 8.2, 2H, CjsHy), 3.98 (t, J =
8.2, 2H, Ci9H,), 3.74 (s, 3H, CioH3), 3.58 (app-q, J =
7.1, 2H, C11H2), 3.02 (t, J= 71, lH, CmHz).

& 155.7, 151.6, 137.1,,127.6, 1269, 121.6, 118.8; 118.8,
111.1,109.3, 62.3, 42.4, 40.7, 32.6, 25.4.

3349 (br-m), 2922 (m), 1755 (s), 1697 (s), 1540 (s),
1478 (s), 1400 (s), 1245 (s), 1104 (s), 1037 (m), 744 (s).

cale’d for C;sH gsN3O3 [M+H]": 288.1343,
found: 288.1348.

0.19 (UV, CAM, KMnOsy).

4 For a previous preparation of 1-methyltryptamine (82), see Lygin, A. V.; de Meijere, A. Eur. J. Org. Chem. 2009, 5138.
'3 For a previous preparation of N-chlorocarbonyloxazolidin-2-one (S3), see Evans, D. A.; Johnson, D. S. Org. Lett. 1999, 1, 595.
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Spirocyclic 1-methyltryptamine adduct (+)-6e:

Trifluoromethanesulfonic anhydride (25.9 pL, 154 pmol, 1.10 equiv) was added via syringe to
a solution of oxazolidinone urea 1e (40.2 mg, 140 umol, 1 equiv) and 2-chloropyridine (28.9 pL, 308
pumol, 2.20 equiv) in dichloromethane (1.8 mL) at -78 °C. After 5 min, the reaction mixture was
allowed to warm to 0 °C. After 30 min, 1-methylindole (19.2 pL, 154 umol, 1.10 equiv) was added
via syringe. After 1 min, titanium tetrachloride (1.0 M solution in dichloromethane, 154 pL, 154
umol, 1.10 equiv) was added via syringe. After 5 min, the reaction mixture was allowed to warm to
23 °C. After 5 min, the reaction vessel was placed into an oil bath and heated to 45 °C. After 3 h, the
reaction vessel was removed from the oil bath and allowed to cool to 23 °C before saturated aqueous
sodium bicarbonate solution (15 mL) was added to quench the titanium and
trifluoromethanesulfonate salts. The aqueous layer was extracted with dichloromethane (3 x 10 mL).
The combined organic layers were dried over anhydrous sodium sulfate, were filtered, and were
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (30 — 70% ethyl acetate in hexanes) to afford spirocyclic 1-methyltryptamine adduct (+)-6e
(46.6 mg, 83.2%) as a white powder. Structural assignments were made with additional information
from gCOSY, HSQC, gHMBC, and NOESY data.

'H NMR (500 MHz, PhMe-ds, 100 °C): & 7.83-7.60 (br-s, 1H, CsH), 7.13 (app-t, J = 7.6, 1H,
C-H), 7.09 (app-t, J = 7.8, 1H, C;H), 7.04 (app-t, J =
8.0, 1H, CgH), 7.01 (d, J = 8.2, 1H, CsH), 6.79 (d, J =
7.7, 1H, CsH), 6.79-6.74 (br-s, 1H, C;H), 6.66 (app-t, J
=74, 1H, C¢H), 6.52 (d, J = 7.9, 1H, CgH), 5.82-5.69
(br-s, 1H, C,H), 3.78 (app-q, J = 9.0, 1H, CisH.),
3.71-3.57 (m, 1H, CisHy), 3.71-3.57 (m, 1H, Ci-H,),
3.53 (app-q, J = 8.3, 1H, Ci7Hp), 3.39 (ddd, J = 3.5, 8.6,
14.8, 1H, Cy1Hy), 3.17 (s, 3H, CioHs), 2.83 (app-dt, J =
15.0, 7.5, 1H, CiHy), 2.72 (s, 3H, CioH3), 2.70-2.62
(m, 1H, CmHa), 1.86 (app-dt, J= 130, 7.9, lH, C;()Hb).

3C NMR (125 MHz, PhMe-ds, 80 °C): 8 163.9 (C13), 154.0 (Cy), 153.0 (Cy5), 138.4 (Co), 135.4
(C4), 129.3 (Cy), 128.9 (C2), 128.6 (Cy), 122.3 (C7),
121.6 (Cs), 120.7 (Cs), 120.0 (Cg), 118.4 (Cs), 113.2
(C3), 109.6 (Cg), 108.2 (Cy), 69.7 (C2), 64.4 (C3), 62.1
(C17), 54.9 (C11), 46.8 (C5), 40.4 (C1), 34.7 (C9), 32.2

(Cro).

FTIR (neat) cm ; 2931 (m), 1770 (s), 1611 (s), 1488 (s), 1399 (s), 1121
(m), 1066 (m), 741 (s).

HRMS (DART): ' calc’d for Co4Hy5N4O; [M+H]': 401.1972,
found: 401.1972.

TLC (70% EtOAc in hexanes), Ry: 0.18 (UV, CAM, KMnOy).
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1.N-Dimethyl-N-pivalyltryptamine (1

Sodium hydride (60% dlspersmn in mineral oil, 1.24 g, 31.0 mmol, 8.00 equiv) was added
slowly over 5 min as a solid under an argon atmosphere to a solution of N-pivalyltryptamine'® (S4,
946 mg, 3.87 mmol, 1 equiv) in N,N-dimethylformamide (12.0 mL) at 0 °C, and the resulting mixture
was allowed to warm to 23 °C. After 30 min, iodomethane (2.42 mL, 38.7 mmol, 10.0 equiv) was
added slowly via syringe over 5 min. After 48 h, saturated aqueous ammonium chloride solution (20
mL) was added via syringe to quench the excess base, and the resulting biphasic mixture was
concentrated under reduced pressure. The residue was diluted with diethyl ether (250 mL) and was
washed with water (2 x 200 mL) and brine (200 mL). The organic layer was dried over anhydrous
magnesium sulfate, was filtered, and was concentrated under reduced pressure. The residue was
purified by flash column chromatography on silica gel (20 — 40% ethyl acetate in hexanes) to afford
1,N-dimethyl-N-pivalyltryptamine (1f, 993 mg, 94.1%) as a viscous yellow oil.  Structural
assignments were made with additional information from gCOSY data.

'H NMR (500 MHz, CDCls, 20 °C): 87.63 (d, J=7.7, 1H, CsH), 7.28 (d, J = 8.2, 1H, CsH),
(d, J = 7.7, 1H, CsH), 7.21 (app-t, J = 7.6, 1H, C;H),
7.10 (app-t, J = 7.4, 1H, C¢H), 6.86 (s, 1H, C;H), 3.73
(s, 3H, CioH3), 3.62 (t, J = 7.3, 2H, C11Hy), 3.05 (s, 3H,
CisHs), 2.99 (t, J = 7.3, 2H, CjoHy), 1.28 (s, 9H,

C(CHs3)3).

BC NMR (125 MHz, CDCls, 20 °C): o 1773, 137.1, 1279, 126.7; 1217, 119.0, 118.9, 1117/,
109.3, 51.6, 38.9, 36.9, 32.7, 28.4, 23.4.

FTIR (neat) cm 3054 (w), 2933 (m), 1623 (s), 1482 (s), 1403 (m), 1379
(m), 1328 (m), 1094 (m), 740 (s).

HRMS (DART): calc’d for C17H24N;NaO [M+Na]': 2951781,
found: 295.1771.

TLC (30% EtOAc in hexanes), Ry: 0.20 (UV, CAM, KMnOy).

' Fora previous preparation of amide S4, see Eichele, O.; Mutschler, E. Archiv der Pharmazie 1967, 300, 1038.
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Tricyclic indoline ()-7f:
Trifluoromethanesulfonic anhydride (59.7 pL, 355 pmol, 1.10 equiv) was added via syringe to

a solution of 1,N-dimethyl-N-pivalyltryptamine (1f, 87.8 mg, 322 pmol, 1 equiv) and 2-
chloropyridine (36.3 pL, 387 umol, 1.20 equiv) in acetonitrile (3.6 mL) at 0 °C. After 10 min, the
reaction mixture was allowed to warm to 23 °C. After 20 min, triethylsilane (154 pL, 967 umol, 3.00
equiv) was added via syringe. After 8 h, the reaction mixture was cooled to 0 °C, and
tetrahydrofuran (3.0 mL) was added via syringe. After 30 sec, lithium aluminum hydride'’ (48.9 mg,
1.29 mmol, 4.00 equiv) was added as a solid under an argon atmosphere. After 10 min, sodium
sulfate decahydrate was added to quench the unreacted aluminum hydride salts. The resulting
suspension was filtered, and the filter cake was extracted with ethyl acetate (20 mL). The combined
filtrates were concentrated under reduced pressure. The residue was purified by flash column
chromatography on alumina (0 — 1.5% ethyl acetate in hexanes) to afford tricyclic indoline (%)-7f
(76.1 mg, 91.4%) as a viscous, colorless oil. Structural assignments were made with additional
information from gCOSY, HSQC, gHMBC, and NOESY data.

'"H NMR (500 MHz, CDCls, 20 °C): 8 7.20 (d, J = 7.4, 1H, CsH), 7.10 (app-t, J = 7.7, 1H,
C;H), 6.68 (app-t, J = 7.4, 1H, C¢H), 6.49 (d, J = 7.7,
1H, CsH), 3.37-3.24 (m, 1H, C;)H,), 3.18 (d, J = 7.9,
1H, C,H,), 2.72 (s, 1H, Ci3H), 2.69 (s, 3H, CioH3), 2.64
(s, 3H, CisH3), 2.63 (d, J= 7.9, 1H, C;Hy), 2.54 (app-dt,
J=15,12.2, 1H, CioH,), 2.42 (ddd, J = 5.9, 8.7, 12.2,
IH, C11Hb), 1.71 (app-dd, J = 59, 120, lH, C10Hb),
0.68 (s, 9H, C(CH3)3).

3C NMR (125 MHz, CDCl;, 20 °C): 8 155.5 (Cs), 134.0 (Cy), 128.1 (C»), 1252 (Cs), 117.8
(Cs), 108.0 (Cg), 80.4 (C13), 74.2 (C2), 55.4 (C3), 55.3
(Cn1), 48.1 (Cy), 37.3 (Ci4), 37.0 (Cy9), 36.5 (Cip), 27.2
(C(CHa)3).

FTIR (neat) cm 2953 (s), 2797 (s), 1606 (s), 1484 (s), 1461 (m), 1365
(m), 1269 (m), 1154 (m), 1047 (m), 965 (m), 740 (s).

HRMS (DART): calc’d for Ci7H27N; [M+H]+: 259.2169,
found: 259.2164.

TLC (ALLO3, 10% EtOAc in hexanes), Ry:  0.76 (UV, CAM, KMnOy,).

'" The use of lithium aluminum deuteride (98 atom% D)] affords the Cl3-monodeuterated analog (£)-7f-d, (= 8% deuterium
incorporation at C13 and <5% deuterium enrichment at C2 by "H NMR analysis).
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Tetracyclic indoline (+)-7g:
Trifluoromethanesulfonic anhydride (10.2 pL, 60.7 umol, 1.10 equiv) was added via syringe

to a solution of a-quaternary 1-methyltryptamine lactam 1g'® (15.7 mg, 55.2 umol, 1 equiv) and 2-
chloropyridine (11.4 pL, 121 pmol, 2.20 equiv) in dichloromethane (600 pL) at =78 °C. After 5 min,
the reaction mixture was allowed to warm to 0 °C. After 10 min, the reaction mixture was allowed to
warm to 23 °C. After 20 min, triethylsilane (26.5 pL, 166 pmol, 3.00 equiv) was added via syringe.
After 2 h, the reaction mixture was cooled to 0 °C, and tetrahydrofuran (2.0 mL) was added via
syringe. After 30 sec, lithium aluminum hydride (8.4 mg, 221 pmol, 4.00 equiv) was added as a solid
under an argon atmosphere. After 10 min, sodium sulfate decahydrate was added to quench the
unreacted aluminum hydride salts. The resulting suspension was filtered, and the filter cake was
extracted with ethyl acetate (20 mL). The combined filtrates were concentrated under reduced
pressure. The residue was purified by flash column chromatography on silica gel (1% triethylamine,
10% ethyl acetate in hexanes) to afford tetracyclic indoline (£)-7g (14.9 mg, 99.8%) as an off-white
powder. Structural assignments were made with additional information from gCOSY, HSQC,
gHMBC, and NOESY data.

'H NMR (500 MHz, CDCls, 20 °C): 8 7.15 (d, J = 7.3, 1H, CsH), 7.06 (app-dt, J = 1.0, 7.6,
1H, C7H), 6.61 (app-t, J = 7.3, 1H, C¢H), 6.39 (d, J =
7.8, 1H, CgH), 3.50 (d, J = 9.3, 1H, C;H,), 3.29 (app-dt,
J=43,09.1, 1H, C;;H,), 3.17-3.11 (m, 1H, C;7H,), 3.09
(d, J=9.3, 1H, C;Hy), 2.71 (s, 3H, CxoH3), 2.20 (app-dt,
J=6.6,9.9, 1H, C;Hy), 2.09 (ddd, J = 6.6, 8.8, 12.7,
1H, CioH.), 1.92 (app-dt, J = 3.1, 11.7, 1H, C;7Hy),
1.87-1.79 (m, 1H, CiHy), 1.81 (s, IH, Ci;3H),
1.69-1.56 (m, 1H, CisH,), 1.39-1.32 (m, 1H, CisHy),
1.20-1.13 (m, 1H, C;sH,), 1.05 (app-dt, J = 3.7, 13.3,
IH, C15Hb), 1.00 (S, 3H, C13H3), 0.28 (S, 3H, C19H3).

13C NMR (125 MHz, CDCl;, 20 °C): 5 153.0 (Cs), 136.6 (Cs), 127.8 (Cy), 126.7 (Cs), 117.4
(Ce), 106.6 (Cs), 82.1 (C13), 67.8 (C2), 56.0 (C17), 53.4
(C11), 52.9 (C3), 43.8 (Cis), 40.3 (Cio), 35.7 (C20), 34.3
(C14), 28.8 (Cls), 22.3 (CIG), 21.7 (C19).

FTIR (neat) cm : 2933 (s), 1605 (s), 1492 (s), 1386 (w), 1271 (m), 1163
(m), 1105 (w), 1023 (m), 740 (m).
HRMS (DART): calc’d for CgHayN, [M+H]': 271.2169,

found: 271.2170.
TLC (ALLOs, 10% EtOAc in hexanes), Rz 0.60 (UV, CAM, KMnO,).

'8 Lactam lg was prepared from the Cl4-didemethyl derivative by sequential treatment with excess lithium diisopropylamide and
methy! iodide in tetrahydrofuran. For a previous preparation of the Cl14-didemethyl derivative of lactam 1g, see Nagawa, M.; Kiuchi,
M.; Obi, M.; Tonozuka, M.; Kobayashi, K.; Hino, T.; Ban, Y. Chem. Pharm. Bull. 1975, 23, 304.
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Pentacyclic indoline (+)-8h:
Trifluoromethanesulfonic anhydride (38.4 puL, 228 pmol, 2.10 equiv) was added via syringe to

a solution of 1-methyl-N-phenylacetyltryptamine'® (1h, 31.8 mg, 109 pmol, 1 equiv) and 2-
chloropyridine (32.7 pL, 348 pmol, 3.20 equiv) in dichloromethane (1.0 mL) at —78 °C. After 5 min,
the reaction mixture was allowed to warm to 0 °C. After 5 min, the reaction mixture was allowed to
warm to 23 °C. After 5 min, the reaction vessel was placed into a microwave reactor and heated to
130 °C. After 5 min, the reaction vessel was removed from the microwave reactor and allowed to
cool to 23 °C before triethylamine (500 uL) was added to neutralize the trifluoromethanesulfonate
salts. Brine (10 mL) was added, and the aqueous layer was extracted with dichloromethane (10 mL,
then 2 x 5 mL). The combined organic layers were dried over anhydrous sodium sulfate, were
filtered, and were concentrated under reduced pressure. The residue was purified by flash column
chromatography on silica gel (0 — 20% ethyl acetate in hexanes) to afford spirocyclic indoline (£)-
8h (44.1 mg, 99.8%) as an off-white powder. Structural assignments were made with additional
information from gCOSY, HSQC, gHMBC, and NOESY data.

'H NMR (500 MHz, CDCls;, 20 °C): 0 7.43 (d, J=6.7, 1H, C;oH), 7.14-7.05 (m, 1H, C;H),
7.14-7.05 (m, 1H, C7H), 7.14-7.05 (m, 1H, CisH),
6.98-6.93 (m, 1H, CsH), 6.98-6.93 (m, 1H, C;cH), 6.63
(app-dt, J = 0.9, 7.4, 1H, CgH), 6.49 (d, J = 7.8, 1H,
CsH), 6.38 (s, 1H, Ci4H), 4.80 (s, 1H, C,H), 4.04 (app-t,
J =93, 1H, C; Hy), 3.94 (app-dt, J = 5.7, 10.9, 1H
CiiHy), 3.38 (s, 3H, C21H3), 2.23 (app-dt, J = 8.6, 11.8,
1H, C1oH,), 2.12 (app-dd, J = 5.7, 11.8, 1H, C1oH).

3C NMR (125 MHz, CDCl, 20 °C): 8 149.6 (Co), 137.4 (C13), 133.7 (Ca), 133.4 (C4), 133.0
(Cis), 129.4 (Cy), 128.2 (Ci7), 127.6 (Ci6), 127.1 (Cy5),
126.8 (Cyo), 121.7 (Cs), 120.4 (g, J = 324.8, SO,CF3),
118.1 (Ce), 108.1 (Cs), 106.1 (C14), 73.4 (C2), 55.0 (C3),
49.1 (C1y), 38.7 (C1o), 37.2 (Ca1).

"F NMR (471 MHz, CDCls, 20 °C): &~75.0.

FTIR (neat) cm ': 2911 (w), 1671 (m), 1605 (m), 1485 (s), 1399 (s), 1227
(s), 1194 (s), 1147 (s), 1039 (m), 746 (m).

HRMS (DART): calc’d for C20H|3F3N2028 [M+H]+: 407.1036,
found: 407.1026.

TLC (20% EtOAc in hexanes), R¢: 0.56 (UV, CAM, KMnOQOy).

' For a previous preparation of amide 1h, see Ho, B. T.; Mclsaac, W. M.; Tansey, L. W.; Kralik, P. M. J. Pharm. Sci. 1968, 57, 1998.
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1-Methyl-N-(3.4-dimethoxyphenylacetyltryptamine (1i):

Sodium hydride (60% dispersion in mineral oil, 147 mg, 3.68 mmol, 1.30 equiv) was added
slowly over 5 min as a solid under an argon atmosphere to a solution of N-(3,4-
dimethoxyphenyl)acetyltryptamine™ (S5, 958 mg, 2.83 mmol, 1 equiv) in N,N-dimethylformamide
(25 mL) at 23 °C. After 30 min, iodomethane (230 uL, 3.68 mmol, 1.30 equiv) was added slowly via
syringe over 5 min. After 18 h, the reaction mixture was concentrated under reduced pressure and
then diluted with diethyl ether (125 mL). The organic layer was washed with water (2 x 125 mL),
was dried over anhydrous sodium sulfate, was filtered, and was concentrated under reduced pressure.
The residue was purified by flash column chromatography on alumina (50% ethyl acetate in hexanes)
to afford 1-methyl-N-(3,4-dimethoxyphenyl)acetyltryptamine (1i, 536 mg, 53.7%) as a white powder.
Structural assignments were made with additional information from gCOSY, HSQC, and gHMBC
data.

'"H NMR (500 MHz, CDCl3, 20 °C): d7.50 (d, J=17.9, 1H, CsH), 7.26 (d, J = 8.2, 1H, CgH),
7.21 (app-t, J= 7.6, 1H, C;H), 7.07 (app-t, J = 7.4, 1H,
CsH), 6.74 (d, J= 8.1, 1H, C;9H), 6.65 (dd, /= 1.5, 8.1,
1H, CyH), 6.62 (d, J = 1.5, 1H, C;cH), 6.57 (s, 1H,
CzH), 5.61-5.42 (b]‘-S, lH, N[zH), 3.85 (d, 3H, C23H3),
3.73 (s, 3H, Cx:Hs), 3.66 (s, 3H, C;1H3), 3.49 (app-q, J
= 6.3, 2H, C, Hy), 3.44 (s, 2H, C4H>), 2.86 (t, J = 6.6,
2H, CoH>).

3C NMR (125 MHz, CDCls, 20 °C): & 171.3 (Ci3), 149.3 (Cyy), 148.3 (Cis), 137.2 (Cy),
127.8 (C4), 127.6 (Cis), 126.8 (Cy), 121.9 (C7), 121.8
(Ca0), 119.1 (Cg), 118.9 (Cs), 112.5 (Cys), 111.5 (Cyo),
111.3 (C3), 109.4 (Cs), 56.0 (Ca), 56.0 (Ca), 43.6
(CM), 40.0 (C]]), 32.6 (CZl), 25.0 (C]o).

FTIR (neat) cm 3293 (br-m), 2934 (m), 1645 (s), 1514 (s), 1465 (m),
1328 (m), 1262 (s), 1235 (s), 1156 (m), 1027 (s), 742
(m).

HRMS (DART): calc’d for C5;H24N>NaOs [M+Na]™: 375.1679,

found: 375.1687.

TLC (50% EtOAc in hexanes), Ry: 0.64 (UV, CAM, KMnOy).

» For a previous preparation of amide S5, see Onda, M.; Kawanishi, M. Yakugaku Zasshi 1956, 76, 966.
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Pentacyclic indoline (+)-8i:
Trifluoromethanesulfonic anhydride (417 pL, 2.48 mmol, 2.10 equiv) was added via syringe

to a solution of 1-methyl-N-(3,4-dimethoxyphenyl)acetyltryptamine (1i, 416 mg, 1.18 mmol, 1 equiv)
and 2-chloropyridine (355 pL, 3.78 mmol, 3.20 equiv) in dichloromethane (12.0 mL) at =78 °C.
After 5 min, the reaction mixture was allowed to warm to 0 °C. After 5 min, the reaction mixture was
allowed to warm to 23 °C. After 5 min, the reaction vessel was placed into an oil bath and heated to
45 °C. After 3 h, the reaction vessel was removed from the oil bath and allowed to cool to 23 °C
before triethylamine (1.0 mL) was added to neutralize the trifluoromethanesulfonate salts. Brine (60
mL) was added, and the aqueous layer was extracted with dichloromethane (60 mL, then 2 x 30 mL).
The combined organic layers were dried over anhydrous sodium sulfate, were filtered, and were
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (10 — 30% ethyl acetate in hexanes) to afford pentacyclic indoline (%)-8i (540 mg, 98.1%)
as a tan powder. Structural assignments were made with additional information from gCOSY,
HSQC, gHMBC, and NOESY data.

'H NMR (500 MHz, CDCls, 20 °C): 8 7.11 (app-dt, J = 1.2, 7.7, 1H, C;H), 6.96 (d, J = 7.3,
1H, CsH), 6.94 (s, 1H, CioH), 6.64 (app-dt, J = 1.0, 7.5,
1H, C¢H), 6.51 (d, J = 7.7, 1H, CsH), 6.48 (s, 1H,
CiH), 6.29 (s, 1H, C14H), 4.76 (s, 1H, C,H), 4.03 (app-
t, J=9.2, 1H, C;;H,), 3.93 (app-dt, J = 5.9, 11.0, 1H,
C11Hb), 3.84 (S, 3H, C22H3), 3.79 (S, 3H, C23H3), 3.37 (S,
3H, Cy1Hs), 2.24 (app-dt, J = 8.4, 11.8, 1H, CioH,), 2.11
(app-dd, J= 56, 119, IH, C]()Hb).

3C NMR (125 MHz, CDCl;, 20 °C): d 149.5 (Cy), 148.7 (Ci7), 147.9 (Cis), 136.2 (Ci3),
133.8 (C4), 129.4 (C7), 126.1 (Cis), 125.6 (C), 121.7
(Cs), 120.5 (q, J = 325.3, SO,CF3), 118.4 (Cg), 110.7
(C16), 110.7 (Cyo), 108.5 (Cs), 105.7 (Ci4), 73.6 (C2),
56.3 (Ca2), 56.0 (C23), 55.0 (C3), 49.1 (C11), 38.6 (Co),

37.4 (Cy).

'F NMR (282 MHz, CDCl;, 20 °C): 8 =75.0.

FTIR (neat) cm 2935 (m), 1670 (m), 1603 (m), 1516 (m), 1489 (m),
1396 (s), 1256 (s), 1225 (s), 1212 (s), 1148 (m), 1040
(m), 666 (s).

HRMS (DART) calc’d for C22H22F3N204S [M+H]+Z 467. 1247,

found: 467.1232.

TLC (50% EtOAc in hexanes), Ry: 0.64 (UV, CAM, KMnOs,).
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N-(4-nitrophenylacetyltryptamine (1j):

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrogen chloride (EDC+HCI, 4.81 g, 25.1
mmol, 1.50 equiv) was added under an argon atmosphere to a solution of tryptamine (S1, 2.95 g, 18.4
mmol, 1.10 equiv), 4-nitrophenylacetic acid (3.03 g, 16.7 mmol, 1 equiv), N-hydroxybenzotriozole
(HOBT, 3.39 g, 25.1 mmol, 1.50 equiv), and powdered 4 A molecular sieves (3.0 g) in
dichloromethane (100 mL) at 23 °C. After 48 h, the reaction mixture was concentrated under
reduced pressure. The residue was diluted with ethyl acetate (275 mL) and was washed with aqueous
hydrogen chloride solution (IN, 250 mL), saturated aqueous ammonium chloride solution (250 mL),
saturated aqueous sodium bicarbonate solution (2 x 250 mL), and brine (250 mL). The organic layer
was dried over anhydrous sodium sulfate, was filtered, and was concentrated under reduced pressure
to afford N-(4-nitrophenyl)acetyltryptamine (1j, 4.71 g, 87.1%) as a tan powder. Structural
assignments were made with additional information from gCOSY data.

'H NMR (500 MHz, CDCls, 20 °C): S 8.29-8.18 (br-s, 1H, N H), 8.05 (d, J= 8.6, 2H, C;7H,
CioH), 7.52 (d, J=17.8, 1H, CsH), 7.35 (d, J= 8.1, 1H,
CgH), 7.25 (d, J = 8.6, 2H, Ci¢H, CxoH), 7.21 (t, J =
7.6, 1H, C;H), 7.10 (t, J = 7.5, 1H, C¢H), 6.89 (s, 1H,
C;H), 5.62-5.48 (br-s, 1H, Ni2H), 3.59 (app-q, J = 6.3,
2H. CiiHs), 3.53 (s, 2H,, Culls), 295 (f J=6.0, 21,
CioH>).

13C NMR (125 MHz, CDCl;, 20 °C): § 169.3, 147.2, 142.5, 136.5, 130.3, 127.4, 124.0, 122.5,
122.3,119.8, 118.7, 112.6, 111.6, 43.5, 40.3, 25.0.

FTIR (neat) cm 3403 (br-s), 3293 (br-s), 2929 (w), 1652 (s), 1517 (s),
1457 (m), 1346 (s), 1109 (w), 743 (m).

HRMS (DART): calc’d for CisH;7N3NaO; [M+Na]": 346.1162,
found : 346.1150.

TLC (70% EtOAc in hexanes), Ry: 0.25 (UV, CAM, KMnOQsy).
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Pentacyclic indoline (+)-8j:

Trifluoromethanesulfonic anhydride (110 pL, 652 pmol, 3.10 equiv) was added via syringe to
a solution of N-(4-nitrophenyl)acetyltryptamine (1j, 68.0 mg, 210 pmol, 1 equiv) and 2-
chloropyridine (82.9 pL, 883 pumol, 4.20 equiv) in dichloromethane (2.1 mL) at =78 °C. After 5 min,
the reaction mixture was allowed to warm to 0 °C. After 5 min, the reaction mixture was allowed to
warm to 23 °C. After 5 min, the reaction vessel was placed into a microwave reactor and heated to
130 °C. After 10 min, the reaction vessel was removed from the microwave reactor and allowed to
cool to 23 °C before triethylamine (500 uL) was added to neutralize the trifluoromethanesulfonate
salts. Brine (10 mL) was added, and the aqueous layer was extracted with dichloromethane (10 mL,
then 2 x 5 mL). The combined organic layers were dried over anhydrous sodium sulfate, were
filtered, and were concentrated under reduced pressure. The residue was purified by flash column
chromatography on silica gel (0 — 10% ethyl acetate in hexanes) to afford pentacyclic indoline (%)-
8j (63.7 mg, 53.2%) as a white powder. Structural assignments were made with additional
information from gCOSY, HSQC, gHMBC, and NOESY data.

'H NMR (500 MHz, CDCls, 20 °C): d 8.54 (s, 1H, CoH), 8.05 (dd, J = 2.0, 8.2, 1H, C;7H),
7.59 (d, J=8.1, 1H, CsH), 7.33 (app-dt, /= 1.2, 7.8, 1H,
C;H), 7.22 (app-dt, J = 0.8, 7.6, 1H, C¢H), 7.18-7.10
(m, 1H, CsH), 7.18-7.10 (m, 1H, CicH), 6.55 (s, 1H,
CisH), 5.74 (s, 1H, C;H), 4.20 (app-t, J = 9.5, 1H,
CiiH,), 4.01 (app-dt, J = 5.7, 11.1, 1H, C;;Hy), 2.51
(app-dt, J= 8.8, 11.9, 1H, CioH,), 2.22 (app-dd, J= 5.7,
12.1, 1H, CioHy).

C NMR (125 MHz, CDCl3, 20 °C): 8 147.3 (Cig), 140.3 (Cy3), 138.8 (Cis), 137.8 (Cy),
134.5 (Cy), 130.7 (C7), 130.1 (Ca), 128.1 (Cy¢), 127.7
(Cé), 125.0 (Cy7), 123.1 (Cy9), 122.6 (Cs), 120.4 (q, J =
325.3, SO,CF3), 120.3 (q, J = 324.8, SO,CF3), 117.5
(Cs), 105.1 (C14), 72.4 (Cy), 54.8 (C3), 49.3 (C1y), 37.1

(C1o).
F NMR (282 MHz, CDCls, 20 °C): 8 —73.9, -75.0.
FTIR (neat) cm': 2918 (w), 1666 (m), 1582 (m), 1524 (s), 1404 (s), 1340

(s), 1229 (s), 1203 (s), 1145 (s), 1077 (m), 666 (m).

HRMS (DART): calc’d for CoH4FeN306S; [M+H]": 570.0223,
found: 570.0220.

TLC (10% EtOAc in hexanes), Ry: 0.15 (UV, CAM, KMnOy).
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Tetracyclic indoline (+)-8k:
Trifluoromethanesulfonic anhydride (199 pL, 1.18 mmol, 3.10 equiv) was added via syringe

to a solution of N—vinylacetyltlyptamine2l (1k, 87.0 mg, 381 umol, 1 equiv) and 2-chloropyridine
(150 pL, 1.21 mmol, 4.20 equiv) in dichloromethane (19.1 mL) at =78 °C. After 2 min, the reaction
mixture was allowed to warm to 0 °C. After 5 min, the reaction mixture was allowed to warm to 23
°C. After 5 min, the reaction vessel was placed into an oil bath and heated to 45 °C. After 3 h, the
reaction vessel was removed from the oil bath and allowed to cool to 23 °C before saturated aqueous
sodium bicarbonate solution (30 mL) was added to neutralize the trifluoromethanesulfonate salts.
Brine (40 mL) was added, and the aqueous layer was extracted with ethyl acetate (3 x 60 mL). The
combined organic layers were dried over anhydrous sodium sulfate, were filtered, and were
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (0 — 5% ethyl acetate in hexanes) to afford tetracyclic indoline (+)-8k (102 mg, 56.4%) as
an off-white powder. Structural assignments were made with additional information from gCOSY,
HSQC, gHMBC, and NOESY data.

'"H NMR (500 MHz, CDCl;, 53 °C): 0 7.55 (d, J= 8.1, 1H, CsH), 7.34 (app-dt, J = 1.4, 7.8,
1H, C;H), 7.20 (app-dt, J = 1.0, 7.5, IH, C¢H), 7.14 (d,
J=1.5, 1H, CsH), 5.97-5.91 (m, 1H, CisH), 5.87 (d, J =
6.3, 1H, Ci4H), 543 (dd, J = 2.2, 9.5, 1H, C;cH), 5.39
(s, 1H, C;H), 4.06 (app-t, J= 9.6, 1H, Ci1H.), 3.92 (app-
dt, J= 6.1, 10.8, 1H, C;;Hy), 2.33 (app-q, J = 10.9, 1H,
CioH,), 2.11 (app-dd, J = 5.8, 12.2, 1H, C;oHp).

3C NMR (125 MHz, CDCls, 53 °C): 8 137.9 (Cy3), 137.7 (Cy), 135.3 (Cs), 130.2 (C7), 126.7
(Co), 125.8 (Cys), 122.8 (Cs), 121.1 (C1), 120.5 (q, J =
324.8, SO,CF3), 120.4 (g, J = 324.3, SO,CF;), 116.2
(Cy), 101.6 (C14), 72.4 (C3), 53.6 (C3), 48.7 (C1y), 37.3

(Cho).

F NMR (471 MHz, CDCl, 53 °C): 5-75.0, <75:5.

FTIR (neat) cm 2918 (w), 1671 (m), 1603 (m), 1474 (m), 1463 (m),
1405 (s), 1229 (s), 1205 (s), 1146 (s), 1077 (m), 1048
(m), 666 (s).

HRMS (DART): calc’d for CisH3FgN204S; [M+H]': 475.0215,

found: 475.0226.

TLC (20% EtOAc in hexanes), Ry 0.51 (UV, CAM, KMnOy,).

2 For a previous preparation of amide 1k, see Airiau, E.; Spangenberg, T.; Girard, N.; Schoenfelder, A.; Salvadori, J.; Taddei, M.;
Mann, A. Chem. Eur. J. 2008, /4, 10938,
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Pentacyclic indoline (+)-9i:

Sodium metal ingot (25.0 mg, 1.09 mmol, 9.91 equiv) was added as a solid under an argon
atmosphere to a solution of pentacyclic indoline (+)-8i (51.3 mg, 110 umol, 1 equiv) and methanol
(31.4 pL, 776 pmol, 7.05 equiv) in tetrahydrofuran (2.0 mL) and ammonia (2.5 mL) at -78 °C. After
4.25 h, ammonium chloride (150 mg) was added as a solid to quench the sodium salts, and the
resulting mixture was allowed to warm to 23 °C over 1 h. Saturated aqueous potassium carbonate
solution (60 mL) was added, and the aqueous layer was extracted with diethyl ether (3 x 50 mL).
The combined organic layers were dried over anhydrous potassium carbonate, were filtered, and were
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (1.4% ammonium hydroxide [40% aqueous solution], 12.6% methanol, 30%
dichloromethane in chloroform) to afford pentacyclic indoline (£)-9i (35.0 mg, 94.6%) as a yellow
powder. Structural assignments were made with additional information from gCOSY, HSQC,
gHMBC, and NOESY data.

'H NMR (500 MHz, CDCl, 20 °C): 8 7.16 (d, J = 7.2, 1H, CsH), 7.12 (app-t, J = 7.6, 1H,
C-H), 6.80-6.75 (m, 1H, C¢H), 6.79 (s, 1H, C1oH), 6.77
(s, 1H, CisH), 6.47 (d, J = 7.6, 1H, CgH), 3.91 (s, 3H,
CaoHs), 3.88 (s, 3H, CosHs), 3.81 (s, 1H, CoH), 337 (br-
s, 1H, C;3H), 3.07 (dd, J = 3.7, 14.7, 1H, C4H,), 3.03-
2.87 (m, 2H, C;;H;), 2.80 (d, J = 14.7, 1H, C4Hy),
2.57-2.47 (m, 1H, CioH,), 2.53 (s, 3H, CaiHa), 1.69
(app-dt, J=12.8, 8.3, 1H, CoHp).

C NMR (125 MHz, CDCls, 20 °C): 8 152.8 (Co), 149.1 (Cy3), 147.4 (C17), 136.0 (Cs), 128.9
(C20), 128.0 (C7), 125.7 (Cis), 122.8 (Cs), 119.1 (Ce),
114.3 (Cyg), 113.6 (Ci6), 107.5 (Cg), 76.8 (C,), 68.4
(Ci3), 56.4 (C22), 56.1 (C23), 54.7 (C3), 48.1 (Cn1), 43.7
(C10), 33.6 (Ca1), 31.8 (C14).

FTIR (neat) cm ™ ': 3335 (br-w), 2952 (m), 1606 (m), 1515 (s), 1486 (s),
1294 (m), 1250 (m), 1119 (s), 1022 (m), 742 (m).

HRMS (DART): calc’d for Ca1HasN,O, [M+H]'™: 337.1911,
found: 337.1924.

TLC (2% NH4OH [40% aqueous solution], 18% MeOH in CHCls), R¢: 0.59 (UV, CAM, KMnOQy).
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1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU, 257 pL, 1.72 mmol, 15.0 equiv) was added via
syringe to a solution of spirocyclic indoline 3a (41.3 mg, 115 umol, 1 equiv) in acetonitrile (4.0 mL)
at 23 °C. After 5 min, the reaction vessel was placed into a microwave reactor and heated to 125 °C.
After 10 min, the reaction vessel was removed from the microwave reactor and allowed to cool to 23
°C and concentrated under reduced pressure. The residue was purified by flash column
chromatography on alumina (0 — 10% ethyl acetate in hexanes) to afford spirocyclic enimine (+)-
10a (18.3 mg, 70.6%) as a white powder. Structural assignments were made with additional
information from gCOSY, HSQC, gHMBC, and ROESY data.

'"H NMR (500 MHz, CDCls, 20 °C):

13C NMR (125 MHz, CDCls, 20 °C):

FTIR (neat) cm

HRMS (DART):

TLC (30% EtOAc in hexanes), Ry:

8 7.09 (app-dt, J = 1.3, 7.7, 1H, C;H), 6.86 (dd, J = 1.3,
7.3, 1H, CsH), 6.63 (app-dt, J = 0.9, 7.4, 1H, CsH), 6.48
(d, J= 7.8, 1H, CsH), 5.30 (s, 1H, CisHg), 5.19 (s, 1H,
CisHy), 4.05 (ddd, J = 4.5, 8.4, 16.6, 1H, C;1H,), 3.86
(app-dt, J = 16.6, 7.4, 1H, C;Hy), 3.61 (d, J = 9.4, 1H,
C:H,), 3.35 (d, J = 9.4, 1H, C;Hy), 2.80 (s, 3H, C7H3),
2.32 (ddd, J=4.5, 7.8, 12.9, 1H, CyoH,), 2.18 (ddd, J =
7.2, 8.4, 12.9, 1H, C]()Hb), 1.97 (S, 3H, C16H3).

8 176.0 (C13), 151.8 (Cs), 137.7 (C14), 135.4 (C4), 128.5
(C7), 1232 (Cs), 122.5 (Cis), 118.3 (Ce), 107.3 (Cy),
65.1 (Cs), 61.1 (C2), 57.9 (C11), 43.3 (Cho), 35.7 (C17),
21.6 (Cio).

2918 (s), 2849 (s), 1679 (m), 1605 (s), 1493 (s), 1463
(s), 1377 (m), 744 (m), 666 (s).

calc’d for C sHioN; [M+H]'": 227.1543,
found: 227.1554.

0.38 (UV, CAM, KMnOy).
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Chapter III
A Concise and Versatile Double-Cyclization Strategy for the Highly

Stereoselective Synthesis and Novel Arylative Dimerization of

Aspidosperma Alkaloids
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Introduction and Background

The monoterpene—indole alkaloids represent the largest family of alkaloid natural
products, whose more than 2,000 members display a broad range of chemical diversity and
potent biological activity.! The structural challenges presented by this family have long been a
source of interest, resulting in the development of a variety of inventive synthetic strategies to
access various family members. The biogenetically related natural alkaloids N-
methylaspidospermidine (1), N-methylquebrachamine (2), and tabernaebovine (3) represent the

aspidosperma subfamily of indole—monoterpene alkaloids (Figure 1).2'3’4’5’6‘7‘8’9 The desmethyl

R = Me, (-)-N-methylaspidospermidine (1) R = Me, (+)-N-methylquebrachamine (2) X = 0, (+)-tabernaebovine (3)
R = H, (-)-aspidospermidine (1a) R =H, (+)-quebrachamine (2a) X = H,, (+)-dideepoxytabernaebovine (4)

(-)-aspidospermine (5) (-)-tabersonine (6) X = H, (-)-vindorosine (7) X = COsMe: (-)-vinblastine (9)
X = OMe, (-)-vindoline (8)

Figure 1. Representative aspidosperma alkaloids.

derivatives of 1 and 2, aspidospermidine (1a) and quebrachamine (2a), are also natural products
of the aspidosperma family. Aspidospermine (5) and tabersonine (6) represent further
monomeric derivatives of 1; tabersonine (6) is a key intermediate in the biosynthesis of the
aspidosperma alkaloids (Scheme 1). Vindorosine (7) and vindoline (8) are skeletally
functionalized derivatives of 1, while dimeric alkaloid vinblastine (9), a potent oncolytic agent, is
an dimeric natural product containing an aspidosperma alkaloid derived subunit. The dimeric
alkaloid tabernaebovine (3), isolated from Tabernaemontana bovina in 1998,”" has a fascinating
molecular constitution that exhibits a unique C2-C15' linkage between two pentacyclic
aspidosperma skeletons. While elegant strategies for synthesis of other dimeric indole-
monoterpene alkaloids have been reported,” no synthetic solution to the distinctive C2-C15'
union present in 3 existed prior to our work. As an outgrowth of our laboratory’s studies

concerning electrophilic amide activation'® and of our results discussed in chapter II, we were
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inspired to develop a concise and convergent strategy for the enantioselective synthesis of
alkaloids (—-)-1, (+)-2, and dimeric (+)-dideepoxytabernaebovine (4).

The biosynthesis' of the aspidosperma alkaloids is known to begin from tryptamine (10)
and geraniol derivative secologanin (11), and proceeds through the skeleton of the related
corynanthe family of indole—monoterpene alkaloids followed by several structural

rearrangements (Scheme 1). The first step in the biosynthetic route is the strictosidine synthase

1 8 CHO strictosidine 21 strictosidine
NH; synthase PUIC deglusosidase

4 o T a5

™

MeO. 20 3

tryptamine (10) secologanm (11) strictosidine (12) MeO,C
Glc = glucosyl!
19 "’\
A ) ~
N St~
CO,Me 1[}} COxMe MeO,C *“oH
(-)-tabersonine (6) dehydroscodine (16) preakuammicine (15) dehydrogeissoschizine (14)

Scheme 1. Proposed biosynthesis of the aspidosperma alkaloids.

catalyzed Pictet—Spengler reaction between tryptamine (10) and secologanin (11), which affords
strictosidine (12). Strictosidine deglucosidase acts on 12 to reveal an aldehyde intermediate 13,
which undergoes condensative N9—C19 double bond formation and isomerization of the C20—
C21 olefin to give key intermediate dehydrogeissoschizine (14), an alkaloid of the corynanthe
type. While the enzymes responsible for the remaining biosynthetic steps are not known,
previous studies have allowed for a proposed sequence involving a retro-Pictet-Spengler
reaction of 14 and subsequent C2—C3 bond formation to furnish preakuammicine (15), which
undergoes a series of rearrangements to give dehydrosecodine (16). The final step is proposed to
be an intramolecular Diels—Alder reaction to give tabersonine (6), which serves as a gateway into
the biosynthesis of related aspidosperma alkaloids.
Review of Prior Total Syntheses of Aspidosperma Alkaloids

The first total synthesis of aspidosperma alkaloids related to 1 and 2 was the seminal
collective syntheses of (+)-aspidospermine (5) and (+)-quebrachamine (2a) reported by Stork®
in 1963 (Scheme 2). The synthetic route exploits the potential for interconversion of the
aspidospermidine- and quebrachamine-type skeletons, allowing for the collective syntheses of
both targets through late-stage divergence. Michael addition of enamine 17 onto methyl acrylate

and in situ enamine hydrolysis, followed by enamine formation and a subsequent Robinson
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annulation with methyl vinyl ketone, afforded C-ring containing enone (£)-18 in 32% yield over
three steps. Enone (+)-18 was converted to bicyclic chloroacetamide (+)-19 in five steps.
Treatment of ()-19 with potassium tert-butoxide in benzene effected smooth CI1-C12

cyclization to afford tricycle (+)-20. Reduction of the Cl0-amide over 3 steps

Scheme 2. Stork's seminal syntheses of (=)-aspidospermine (5) and (=)-quebrachamine (2a): a) methyl
acrylate, 67%. b) pyrrolidine. c) methyl vinyl ketone; AcOH, 48% (2 steps). d) KO'Bu, PhH. e) 2-
methoxyphenylhydrazine. f) AcOH, heat. g) LiAlH,. h) Ac,0. i) phenylhydrazine. j) KBH,.

afforded key tricyclic ketone (£)-21. A two-step Fischer indoleninization sequence between (+)-
21 and 2-methoxyphenylhydrazine afforded pentacycle (+)-22 with inversion of the C19-
stereocenter to the more stable natural configuration via a reversible C12—C19 retro-Mannich
reaction; reduction of (+)-22 with lithium aluminum hydride and subsequent acetylation of N1
afforded (+)-aspidospermine (5). Alternatively, Fischer indoleninization of (+)-21 with phenyl
hydrazine afforded pentacycle (+)-23, which, upon treament with potassium borohydride,
underwent C12—C19 bond cleavage and reduction of a putative C19-iminium ion to afford (£)-
quebrachamine (2a). The judicious exploitation of late-stage divergence to form both natural
products from a common intermediate highlights the strategic sophistication of Stork’s synthetic
route.

Following Stork’s seminal work, over two decades would pass before the first
enantioselective total synthesis of 1a, the aspidosperma alkaloid most directly related to (-)-1,
was achieved by Fuji in 1987 (Scheme 3).>* Enantioenriched chiral lactone 24"" was converted
in six steps to key acetal 25 in 57% overall yield. An acetic acid mediated Picter-Spengler
reaction of 25 with tryptamine (10) at elevated temperature and subsequent basic hydrolysis
afforded corynanthe related tetracycle 26 in 42% overall yield. Trifluoromethanesulfonic acid
mediated rearrangement of 26 afforded aspidosperma type pentacycle 27 in 60% yield, and

subsequent reduction with lithium aluminum hydride afforded (—)-aspidospermidine (1a) in 81%

99



0O

p Q =/)Et 6steps OMe 8 N
. a,
[\Et =-—— 079 = ofe WEt COOH —_— N 5 3 OH
57% NS

Et

24,85% e OVeral 25 26
3 steps from
commercial material

2aH
Sch:gle A Enantioselectiv(:t;:al syntheses of (—)-1a and (+)-2a by Fuji: a) tryptamine (10), AcOH, A. b)
NaOH, MeOH, 42% (2 steps). ¢) TfOH, 60%. d) LiAlH,, Et,0, 81%. e) TiCl;, MeOH, pH 5. f) tryptamine
(10), AcOH, A, 84% (2 steps). g) LiAlH,, THF. h) MsCl, Et;N, CHCl,. i) Na, NH;, EtOH, 53% (3 steps).
yield, completing the first enantioselective total synthesis of this alkaloid. Additionally,
reduction of nitroolefin 24 with titanium trichloride afforded acetal 28, which underwent a
Pictet—Spengler reaction with tryptamine (10) to afford tetracycle 29 as a diastereomeric mixture
in 84% yield. Conversion of 29 to quaternary ammonium salt 30 over two steps, followed by
reductive cleavage of the C3-N9 bond under Birch conditions, afforded (+)-2a in 53% yield
from 29, thus completing the total synthesis. While Fuji’s collective approach to (-)-1a and (+)-
2a does not benefit from the strategic late-stage divergence employed by Stork, the completion
of the first enantioselective synthesis of (—)-1a in biomimetic fashion was a substantial step

forward in aspidosperma alkaloid synthesis.

Two more recent examples of aspidosperma alkaloid syntheses demonstrate efficient

MeO,C _N/\/ MeO,C N/\/’
e a ~_.CHO b-d
2 2Et
BuMe,SiO BuMe,SiO
31 33, 95% ee
2 steps from 1 )
commercial material SbFg
_N + N e (N«
n.. Me
Bu k A
(y2a »~ N
calalyst 32 36

Scheme 4. Rawal's enantioselective total syntheses of (+)-1a and (-)-2a: a) ethacrolein, catalyst 32
(5.0 mol %), 4A-MS, CH,Cl,, 84%, 95% ee. b) Phy;PCH,I, "BuLi, THF. c¢) Grubbs' 1st generation
catalyst (7.5 mol %), CH,Cl,, A. d) (2-nitrophenyl)(phenyl)iodonium fluoride, THF, DMSO, 57-62%
(3 steps). e) TiCl;, NH,OAc, acetone, H,O, 90%. f) Me,Sil, CH,Cl,, A. g) Br(CH,),OH, Na,CO;,
EtOH, A. h) MsCl, NEt;; KO’Bu, 79% (3 steps). i) NaBH,, EtOH. j) H,, PtO,, EtOH, 73% (2 steps).
k) H,, PtO,, AcOH, 69%.
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approaches for asymmetric synthesis. Rawal’s>" 2002 collective syntheses of (+)-1a and (-)-2a
(Scheme 4) commenced with a catalytic enantioselective Diels—Alder reaction between super-

s 12

diene 31 and ethacrolein promoted by Jacobsen’s'” chiral chromium salen catalyst 32, affording
monocyclic compound 33 in 84% yield and 95% ee. Elaboration of 33 to nitroarene 34 through

Wittig olefination, ring-closing olefin metathesis and arylation, followed by reductive

NHBoc
NBoc 3 steps / SePh a
NG N O
1N 63% 1 N
37H overall 338“ ‘B
40, 97% ee
e. i
Me n.. N
PBu“ Hz BI’GCOO N2 " 1[5 "’H
B
catalyst 39 (+)-1a 'H 43 "

Scheme 5. MacMillan's enantioselective total synthesis of (+)-1a: a) propynal, catalyst 41 (20 mol %),
PhMe, 83%, 97% ee. b) PhyPCH;1, "BuLi, THF; NaBH;CN, AcOH. ¢) TFA, CH,Cl,. d) (Z)-3-bromo-
1-iodopropene, K,CO5, DMF, 73% (3 steps). ) (Ph3P),Pd, Et;N, PhMe, 80 °C, 65%. f) H; (200 psi),
Pd(OH),, MeOH, EtOAc, 98%.

indolization of 34, afforded tetracycle 35 in 51-56% overall yield. The C10—-C11 ethylene group
was installed in 79% yield over 3 steps in a sequence reminiscent of Stork’s strategy to afford
indolenine 36. Reduction of indolenine 36 with sodium borohydride and subsequent catalytic
hydrogenation afforded (—)-1a in 73% yield, completing a 12-step total synthesis. Catalytic
hydrogenation of 36 in acetic acid afforded (+)-2a in 69% yield via a putative C19-iminium ion.
Additionally, Rawal was able to access (+)-tabersonine (6) and other aspidosperma alkaloids via
his route, highlighting the utility of late-stage synthetic divergence in a modern, asymmetric
setting. MacMillan’s 312009 synthesis of (+)-1a (Scheme 5) centered on a key organocatalytic
enantioselective Diels—Alder reaction/Michael addition cascade between 2-vinylindole 38 and
propynal promoted by catalyst 39 afforded tetracycle 40 in 83% yield and 97% ee. Elaboration
of 40 to vinyl iodide 42 and subsequent Heck cyclization afforded pentacyclic triene 43 in 47%
yield over four steps. Exhaustive catalytic hydrogenation and hydrogenolysis afforded (+)-1a in
98% yield, completing a nine-step synthesis from tricycle 37. Their strategy was also applied to
the synthesis of related kopsia and strychnos alkaloids through a similar key Diels—Alder

reaction/Michael addition cascade.
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Despite numerous previous total syntheses of aspidosperma alkaloids, prior to our work,
no total synthesis of N-methquebrachamine (2) had been reported, and no enantioselective
synthesis of N-methylaspidospermidine (1) had been reported.”> The only synthesis of 1 was
reported by Boger® in 2006 in the context of his groups’ total synthesis of (+)-vindoline (8).
Oxadiazole 45, synthesized in three steps from N-methyltryptamine (44), was acylated with 4-
methylenehexanoic acid in the presence of EDC*HCI to afford achiral intermediate 46 in 87%
yield. Heating of 46 in refluxing 1,2-dichlorobenzene effected a unique [4+2]/[3+2]
cycloaddition cascade to secure hexacycle (+)-47 in 74% yield; separation of the enantiomers by
chiral HPLC afforded (+)-47, which was reduced in a single step or through a higher yielding
two step sequence to pentacyclic diol 48. Oxidative diol cleavage with sodium periodate, ketone
reduction with sodium borohydride, and a two step Barton-McCombie deoxygenation afforded
(+)-1 in 68% yield over four steps, completing a nine or ten step synthesis from N-

methyltryptamine (44).
0
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Scheme 6. Boger's total synthesis of (+)-N-methylaspidospermidine (1): a) 4-methylenehexanoic acid,
4-DMAP, EDC*HCIl, CH,Cl,, 87%. b) 1,2-dichlorobenzene, 180 °C, 74% of (+)-47; 37% of (+)-47
after chiral HPLC separation of enantiomers. ¢) LiAlH,, 31%. d) NaBH;CN, HCIl, MeOH, 96%. ¢)
LiAlHy, 99%. f) NalOy4, 93%. g) NaBH,, 99%. h) LIHMDS, CS,; Mel, 77%. i) AIBN, "Bu;SnH, 96%.

In chapter II, we discussed the development of a methodology for the interruption of the
Bischler—Napieralski reaction by intra- and intermolecular trapping of spirocyclic indoleninium
ions. In this chapter, we discuss the development of a double-cyclization cascade based on our
interrupted Bischler—Napieralski reaction methodology and its application to the previously
unprecedented C2—C15' union of aspidosperma alkaloids in the enantioselective total synthesis
of dimeric decacyclic product (+)-4 in addition to enantioselective total syntheses of (—)-1 and

(+)-2.
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Results and Discussion

Inspired by precedence in biogenetically relevant dimerizations of other monoterpene—

1,9

indole alkaloids, ” we posited the biogenesis of (+)-tabernaebovine (3) to involve late-stage

interrupted o Me
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- i — = N Ci <
C12-C19 N 2
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Ca2-C1%'
Friedel-Crafts; ) N9-alkylation and
reduction hydrative Grob N9-acylation
fragmentation;
reduction SNHNs o I;’h o _/Me .
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(+)-4 (2 Me

Scheme 7. Retrosynthetic analysis of the aspidosperma alkaloids.

union of two aspidosperma fragments at the C2—-C15' linkage. This retrobiosynthetic analysis'*
prompted the development of a regio- and diastereoselective C2-arylation of pentacycle 51
(Scheme 7) en route to decacycle (+)-4. Based on our results discussed in chapter II, we
envisioned that a highly electrophilic diiminium ion 51 would allow for stereo- and
regioselective transformations that provide divergent access to dideepoxytabernaebovine (+)-4 as
well as monomeric aspidosperma alkaloids (—)-N-methylaspidospermidine (1) and (+)-N-
methylquebrachamine (2) (Scheme 7). We expected reduction of the diiminium ion 51 would
afford (-)-1, whereas hydrative Grob fragmentation followed by reduction would afford (+)-2.
We hypothesized that the diiminium ion 51 could be generated from lactam (—)-53 via a novel,
stereoselective  double-cyclization cascade. We envisioned a transformation involving
spirocyclization of an electrophilically activated lactam intermediate onto the 2-chloroindole and
subsequent interruption of the Bischler—Napieralski reaction by cyclization of an unactivated
C3—C4 vinyl group onto the C2-position of the putative 2-chlorospiroindoleninium intermediate
52, a bond formation uniquely favored by the relative stereochemistry in 52. The overall
stereochemical outcome of the process would be secured from the resident stereochemistry of the
C5-quaternary center. The requisite lactam (-)-53 could be simplified via N-acylation and N-

alkylation transforms to 2-chlorotryptamine sulfonamide 54 and a-quaternary amide (+)-55, the
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latter of which could be synthesized diastereoselectively via alkylative quaternization of an
amide enolate.
The concise enantioselective synthesis of the key tryptamine—lactam (—)-53 is illustrated

in Scheme 8. Regioselective methylation of sulfonamide 56'° via its disodium dianion provided

NHN NHN En @ 19
S 9 S Ph i
ab i\ N:g\-'C/\ NS a= Me OTES
Q:C zC c L \ Me (+)-61
Me

N 54 OR Me \
Me
eT ()80 R Tes < O e
Ph Ph O Ph O Ndﬁ/\S
\‘/\H Me _°, PhY\Ng\/\ A %\(\/\ @:C\ . (57
OH ()87 OH Me  (+)-58 OH Me s ()59 Me (-)-53,94% ee

Scheme 8. Enantioselective synthesis of lactam (-)-53: a) NaH, DMF, 23 °C; Mel, 0 — 23 °C, 91%. b) N-
chlorosuccinimide, MeCN, 23 °C, 76%. c) E-crotonyl chloride, Et;N, THF, =30 — 23 °C, 97%. d) lithium
2,2,6,6-tetramethylpiperidide, LiCl, THF, 0 — =78 °C; 3-chloro-1-iodopropane, -78 — 0 °C, 83%. e) lithium
diisopropylamide, LiCl, THF, =78 — 0 °C; N,N'-dimethylpropylene urea, -40 °C; EtI, —50 °C, 72%, >29:1 dr.
f) triethylsilyl triflate, 2,6-lutidine, CH,Cl,, 23 °C, 100%. g) (+)-60, 54, KH, "BuyNI, DMF, 100 °C, 86%. h)
PhSH, K,CO;, DMSQO, 23 °C; KOEt, Et;N*3HF, EtOH, 85 °C, 95%, 94% ee, 99% recovery of (-)-57. DMF
= N,N'-dimethylformamide, Ns = 2-nitrobenzenesulfonyl, TES = triethylsilyl.

the requisite NIl-methylated derivative in 91% yield."® Subsequent treatment with N-
chlorosuccinimide afforded C2-chlorotryptamine 54 in 76% yield. The C5-quaternary
stereogenic center that we envisioned would enable stereocontrolled introduction of all
stereocenters found in alkaloids (—-)-1, (+)-2, and (+)-4 was secured by successive
diastereoselective oa-alkylations of crotonamide (+)-58. Acylation of (—)-pseudoephenamine
(57)"" with E-crotonyl chloride gave the enamide (+)-58 in 97% vyield. Chemoselective Y-
deprotonation of enamide (+)-58 with lithium 2,2,6,6-tetramethylpiperidide in the presence of
lithium chloride,'® followed by electrophilic trapping of the resulting enolate with 3-chloro-1-
1odopropane afforded a-vinyl amide (+)-59 as a single diastereomer in 83% yield. Inspired by
Myers’ alkylative quaternizations'’ of pseudoephedrine amides and precedent for a-alkylation of
a-methyl crotonimides,”® we reasoned that deprotonation of a-vinyl amide (+)-59 would afford
the corresponding enolate with the sterically less demanding vinyl group cis to the amide

1718 would secure the

nitrogen. Alkylation from the less sterically shielded face of the enolate
desired C5-quaternary stereocenter. Gratifyingly, deprotonation of amide (+)-59 with lithium

diisopropylamide in the presence of lithium chloride, followed by electrophilic trapping with

104



iodoethane at —50 °C in the presence of NV,N'-dimethylpropylene urea provided the a-quaternary
amide (+)-55 in 72% yield with an excellent level of stereoselection (>29:1 dr).'%2122

Attempts to hydrolyze amide (+)-55 to the corresponding carboxylic acid were
unsatisfactory due to competitive lactone formation under either basic or acidic conditions.
Initial efforts to couple a-quaternary amide (+)-55 with sulfonamide 54 via nucleophilic
displacement of the C8-chloride proved inefficient; fast N—O acyl transfer of amide (+)-55 led
to intramolecular N-alkylation. This propensity of amide (+)-55, however, could be used to our
advantage for the synthesis of lactam (—)-53 and recovery of the chiral auxiliary. Sequential
treatment of sulfonamide 54 with potassium hydride and O-silyl derivative (+)-60 in DMF in the
presence of tetrabutylammonium iodide followed by heating to 100 °C afforded N-alkylated
sulfonamide (+)-61 in 86% yield. Desulfonylation” of (+)-61 to the corresponding secondary
amine and in situ desilylation and heating in ethanol afforded the key lactam (-)-53 in 95% yield
and 94% ee.'® This single-step transformation, which occurs via a desilylation/N—O acyl
transfer/lactam C){clization cascade, also leads to efficient recovery of the chiral auxiliary (-)-57
in 99% yield (Scheme 8}~

We next focused on the development of a unified strategy to access a versatile
intermediate en route to alkaloids (-)-1, (+)-2, and (+)-4. Electrophilic activation of lactam (-)-

10,25 .

53 with trifluoromethanesulfonic anhydride initiated a double-cyclization cascade leading to

the versatile diiminium ion 51 (Scheme 9). Guided by our methodology for the interrupted

& 9 .
e %
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Scheme 9. Synthesis of aspidosperma alkaloids by interception of diiminium ion 51: a) Tf,0, 3-
cyanopyridine, MeCN, 85 °C. i) NaBH;CN, THF, 50%. ii) 4-(Me,;N)-CcH4MgBr, -40 °C; Red-Al, 40%.
iii) trifluoroacetic acid, sodium trifluoroacetate, H,O, 70 °C, 57%. b) H,, Pt/C, THF, 100%. c) H,, Pt/C,
THF. d) LiAlHy4, THF, 65 °C, 82% (two steps). Tf,0 = trifluoromethanesulfonic anhydride.
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Bischler—Napieralski reaction discussed in chapter I1 and by our prior methodologies for
azaheterocycle syntheses employing electrophilic amide activation,'® we recognized the optimal
conditions for conversion of lactam (-)-53 to diiminium ion 51 involve the use of mildly basic
additive 3-cyanopyridine in acetonitrile followed by warming. This transformation relies on
C19-electrophilic activation of lactam (-)-53 and rapid Cl2-nucleophilic spirocyclization
affording the putative 2-chlorospiroindoleninium intermediate 52 (Scheme 7) that undergoes C2-
addition by the vinyl group and loss of hydrogen chloride. The ability to employ an unactivated
C3—C4 olefin as the nucleophile in the second cyclization is likely due to the enhanced C2-

%% together with a high

electrophilicity of intermediate 52 imparted by the chlorine atom,
resilience of 52 toward an undesired Wagner-Meerwein rearrangement.””>® Consistent with the
sensitivity of this double-cyclization step, the use of less basic 2-chloropyridine or more
nucleophilic pyridine as the additive gave the desired diiminium ion 51 with reduced efficiency
as evidenced by the presence of singly cyclized side-products, recovered starting material, and
significant decomposition.” The synthetic versatility of diiminium ion 51 is illustrated by its
conversion to alkaloids (-)-1, (+)-2, and (—)-63 (Scheme 9). In situ reduction of intermediate 51
with sodium cyanoborohydride furnished (-)-N-methyldehydroaspidospermidine (62) in 50%
yield as a single diastereomer. Catalytic hydrogenation of cis-alkene (-)-62 with a carbon-
supported platinum catalyst afforded (-)-N-methylaspidospermidine (1) {[a]*'p = =23 (¢ 0.17,
CHCL); lit. [a]®p = =23 (¢ 1.1, CHCl);® for (+)-1, [a]*’p = +24 (¢ 1.25, CHCL)*'} in
quantitative yield (Scheme 9). All spectroscopic data for our synthetic (-)-1 was consistent with
those reported in the literature’ The concise enantioselective synthesis of lactam (-)-53
combined with the double-cyclization strategy described above enables rapid access to useful
intermediates with highly reactive C2- and C19-iminium functions.

The unique reactivity of diiminium ion 51 is demonstrated by its utility in a C2-arylation
reminiscent of the C2—-C15' bond adjoining the two halves of the complex natural alkaloid (+)-
tabernaebovine (3, Figure 1). We reasoned that the vicinal C19-iminium ion of intermediate 51
would enhance the electrophilicity of the C2-iminium ion both inductively and by reducing the
steric environment through the flattening of the DE-ring system. Gratifyingly, treatment of in
situ generated diiminium ion 51 with 4-(N,N-dimethylamino)phenylmagnesium bromide at —40

°C for 30 seconds followed by addition of Red-Al afforded hexacyclic C2-aniline adduct (~)-63

in 40% yield as a single diastereomer (Scheme 9).'® The steric congestion about C2 in adduct
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(-)-63 is evidenced by the ~20 kcal/mol barrier to rotation'® about the C2-C23 o -bond as
measured through NMR coalescence temperature experiments. Also, heating an acidic aqueous
solution of diiminium ion 51 to 70 °C effected Grob fragmentation to give the tetracyclic lactam
(-)-64°% in 57% yield in a single step from lactam (-)-53. Platinum catalyzed hydrogenation®' of
the C3—C4 olefin and subsequent C19-carbonyl reduction with lithium aluminium hydride at 60
°C provided (+)-N-methylquebrachamine (2) {[a]**p = +102 (¢ 0.22, CHCL); lit. [a]*p = +110
(CHCI5)*%} in 82% yield over two steps.'®

With particular interest in evaluating this chemistry as a general entry to the synthesis of
complex aspidosperma alkaloids, we investigated a series of C2-addition reactions of relevance
in synthetic planning. Importantly, lactam (-)-64, requiring mild activation conditions, proved to
be an excellent precursor to diiminium ion 51. Treatment of lactam (-)-64 with Tf,0-2-
chloropyridine reagent combination'® in acetonitrile (23 °C, 10 min) resulted in rapid stereo- and
regioselective electrophilic transannular spirocyclization to 51 en route to various C2-adducts
6269 (Table 1). Introduction of sodium cyanoborohydride afforded (-)-N-
methyldehydroaspidospermidine (62) in 95% yield (Table 1, entry 1) consistent with efficient
generation of the same electrophilic intermediate 51 accessed from lactam (-)-53 (Scheme 9).
The greater reactivity at C2 compared to C19 of diiminium ion 51 can be used for regioselective
addition of the first nucleophile at the former.’* For example, treatment of 51 with
tributylstannane, followed by introduction of sodium borodeuteride, afforded C19-deuterated
pentacycle (-)-65 in 94% yield with no deuterium enrichment at C2 and 93% deuterium
incorporation at C19 (Table 1, entry 2). Notably, the C2-arylated product (-)-63 could be
prepared efficiently from lactam (-)-64 using 4-(N,N-dimethylamino)phenylmagnesium bromide
as the first nucleophile followed by in situ C19 reduction (Table 1, entry 3, 76% yield).
Alternatively, hexacyclic iminium triflate (=)-66 could be isolated then reduced with sodium
cyanoborohydride to (-)-63 in a subsequent step (Table 1, entries 4 and 9). That this C19-
reduction of pentacycle (-)-66 occurs in the absence of an acidic additive is consistent with its
spectroscopic data revealing its iminium ion structure.'® It is notable that the ~12 kcal/mol
barrier to rotation'® about the C2-C23 ¢-bond in iminium ion (-)-66 is significantly lower than
in the reduced product (-)-63 (vide supra), consistent with the aforementioned structural

flattening effect of the C19-iminium ion. The high electrophilicity of diiminium ion 51 allows
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Table 1. Regio- and stereoselective transformations of lactam (-)-64.

Entry Nuc-12 Nuc-2 Product Yield®

0,
1 NaBH;CN - (-)-62 R

2 "BuzSnH NaBD,4 94%
BrMg
3 @\ Red-Al 76%
NMeg
BrMg
4 @ } 76%
NMEZ
Me
5 Big Red-Al 59%
Me
g 1% NaHB(OMe), 92%
)\/SIME:i
OMe
7 NaHB(OMe); 79%
)\OSiMengu
@\ NaHB(OHMe)s 74%
NMe, 5 73%

3Grignard reagents at —40 °C. Other nucleophiles at 23 °C. PIsolated
yield of single diastereomer. °93% Deuterium incorporation at C19.
2-C1Pyr = 2-chloropyridine.
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for C—C bond formation at C2 with highly hindered and mildly nucleophilic species. Treatment
of intermediate 51 with 2,6-dimethylphenylmagnesium bromide followed by hydride reduction
afforded the highly congested xylene adduct (-)-67 in 59% yield (Table 1, entry 5). The high
degree of steric congestion about C2 in (-)-67 is evidenced by the complete lack of observable
C2—C23 o-bond rotation on the 'H NMR timescale, even at 140 °C. Reaction of 51 with 2-
methallyltrimethylsilane or 1-(fers-butyldimethylsilyloxy)-1-methoxyethene and subsequent
hydride reduction afforded methallyl adduct (-)-68 (Table 1, entry 6, 92% yield) or methyl
acetate adduct (-)-69 (Table 1, entry 7, 79% yield), respectively. The utility of this strategy to
access C2-arylated derivatives is highlighted by a Friedel-Crafts reaction of 51 with N,N-
dimethylaniline (23 °C, 90 min) and either in situ C19-reduction to provide C2-arylated amine
(-)-63 or isolation of the pentacyclic C19-iminium salt (-)-66 (Table 1, entries 8 and 9, 74% and
73% yield, respectively).

With insight gained from these studies, in particular entries 8 and 9 of Table 1, we
sought to implement this chemistry in effecting the dimerization of two pentacyclic
aspidosperma type molecular frameworks at the challenging C2-C15' linkage (Scheme 10). In
the event, electrophilic activation of tetracyclic lactam (-)-64 followed by treatment with
equimolar (-)-N-methyldehydroaspidospermidine (62) and heating to 85 °C afforded the
decacyclic iminium triflate (+)-70 in 80% yield. Subsequent C19-reduction of (+)-70 gave (-)-

didehydrodideepoxytabernaebovine  (71), which upon hydrogenation provided (+)-

()4 MeM (71 MeH

Scheme 10. Synthesis of (+)-dideepoxytabernaebovine (4): a) Tf,0, 2-CIPyr, MeCN,
23 °C. i) (-)-62 (1.0 equiv), 85 °C, 80%. ii) (-)-62, 85 °C; NaHB(OMe);, THF,
73%. b) Red-Al, THF, 0 °C, 73%. ¢) Hp, Pt/C, THF, 84%.
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dideepoxytabernaebovine (4) in 64% yield over two steps. Alternatively, in situ C19-reduction
of dimeric iminium ion (+)-70, formed through the union of lactam (-)-64 with (-)-N-
methyldehydroaspidospermidine (62) as described above, with sodium trimethoxyborohydride
directly afforded product (-)-71 from (-)-64 in 73% yield. Apart from increasing the
electrophilicity of the vicinal C2-iminium ion, the C19-iminium ion may be responsible for
reducing the nucleophilicity of the dimeric intermediate (+)-70, as no oligomerized products
could be observed even when only one equivalent of (-)-62 was employed as nucleophile.
Conclusion

We have developed a concise synthetic strategy to access the aspidosperma type
molecular framework employing a double-cyclization cascade that sets up to three contiguous
stereogenic centers and forms up to three carbon—carbon bonds with complete regio- and
stereochemical control in a single step. The use of the chiral auxiliary (-)-57"7 was critical in
enabling our concise and enantioselective synthesis of the key intermediate (-)-63. The ability
to use an unactivated olefin as a pendant nucleophile minimizes the need for functional group
removal and allows for concise and convergent access to complex aspidosperma alkaloids. We
have shown putative diiminium ion 51 to be a highly reactive and versatile intermediate,
allowing the rapid enantioselective total syntheses of (—)-N-methylaspidospermidine (1) and (+)-
N-methylquebrachamine (2) in 8 and 9 steps, respectively, from E-crotonyl chloride and (-)-
pseudoephenamine (57), as well as previously unprecedented C—C bond formations onto the
highly congested C2-position of the aspidosperma skeleton. The power of this synthetic strategy
has been demonstrated in the first example of a C2—C15' dimerization of two aspidosperma type
systems, a complex assembly drawing on biogenetic considerations of (+)-3, in the synthesis of

(+)-dideepoxytabernaebovine (4).33

' For reviews, see: (a) Brown, R. T. Indoles, The Monoterpenoid Indole Alkaloids. In The
Chemistry of Heterocyclic Compounds; Saxton, J. E., Weissberger, A., Taylor, E. C., Eds,;
Wiley: New York, 1983; Vol. 25, Part 4, pp 85. (b) Saxton, J. E. In The Alkaloids. Chemistry and
Biology; Cordell, G. A., Ed.; Academic Press: San Diego, 1998; Vol. 51, pp 1. (¢) Dewick, P. M.
In Medicinal Natural Products: A Biosynthetic Approach, 2nd ed.; Wiley: Chichester, 2001; pp
350. (d) O’Connor, S. E.; McCoy, E. Recent Adv. Phytochem. 2006, 40, 1. (¢) O’Connor, S. E.;
Maresh, J. J. Nat. Prod. Rep. 2006, 23, 532. (f) O’Connor S. E. In Plant-Derived Natural
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Am. Chem. Soc. 2006, 128, 10596.
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59,7677. (k) Forns, P.; Diez, A.; Rubiralta, M. J. Org. Chem. 1996, 61, 7882. (1) Callaghan, O.;
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*! Hydrogenation was carried out at 400 psi: the C3—C4 olefin in 3,4-dehydroquebrachamine
systems is resilient to hydrogenation (see ref. 7b).
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Experimental Section

General Procedures. All reactions were performed in oven-dried or flame-dried round bottomed
flasks, modified Schlenk (Kjeldahl shape) flasks or glass pressure vessels. The flasks were fitted
with rubber septa and reactions were conducted under a positive pressure of argon. Stainless steel
gas-tight syringes or cannulae were used to transfer air- and moisture-sensitive liquids. Flash column
chromatography was performed as described by Still et al. using silica gel (60 A pore size, 32-63 ym,
standard grade) or non-activated alumina (80-325 mesh, chromatographic grade).! Analytical thin—
layer chromatography was performed using glass plates pre-coated with 0.25 mm 230400 mesh
silica gel or neutral alumina impregnated with a fluorescent indicator (254 nm). Thin layer
chromatography plates were visualized by exposure to ultraviolet light and/or by exposure to an
ethanolic solution of phosphomolybdic acid (PMA), an acidic solution of p-anisaldehyde (anis), an
aqueous solution of ceric ammonium molybdate (CAM), an aqueous solution of potassium
permanganate (KMnO,), or an ethanolic solution of ninhydrin followed by heating (<1 min) on a hot
plate (~250 °C). Organic solutions were concentrated on rotary evaporators at ~20 Torr (house
vacuum) at 25-35 °C, then at ~1 Torr (vacuum pump) unless otherwise indicated.

Materials. Commercial reagents and solvents were used as received with the following exceptions:
Dichloromethane, diethyl ether, tetrahydrofuran, acetonitrile, toluene, and triethylamine were
purchased from J.T. Baker (Cycletainer'™) and were purified by the method of Grubbs et al. under
positive argon pressure.” 2-Chloropyridine, N,N-diisopropylamine and N,N'-dimethylpropylene urea
were distilled from calcium hydride and stored sealed under argon atmospheres. Lithium chloride was
dried by the method of Myers et al.’ and stored in a chemical glovebox. The molarity of -
butyllithium solutions was determined by titration against diphenylacetic acid* (average of three
titrations). Trifluoromethanesulfonic anhydride was purchased from Oakwood Products, Inc.; all
other solvents and chemicals were purchased from Sigma-Aldrich.

Instrumentation. Proton nuclear magnetic resonance ('H NMR) spectra were recorded with Varian
inverse probe INOVA-500 and Varian INOVA-500 spectrometers, are reported in parts per million
on the O scale, and are referenced from the residual protium in the NMR solvent (CDCl,: 6 7.24
(CHCl,), benzene-d,;: 0 7.16 (benzene-d;), CD,CN: o6 1.94 (CD,HCN), toluene-d;: 6 2.09
(C,DCD,H), DMSO-d,: 6 2.50 (DMSO-d,)). Data are reported as follows: chemical shift
[multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, br = broad), coupling constant(s) in
Hertz, integration, assignment]. Carbon-13 nuclear magnetic resonance (°C NMR) spectra were
recorded with a Varian INOVA-500 spectrometer, are reported in parts per million on the ¢ scale,
and are referenced from the carbon resonances of the solvent (CDCl;: 6 77.23, benzene-d,: 6 128.39,
CD,CN: d 1.39, toluene-d;: 6 20.4, DMSO-d: & 39.51). Data are reported as follows: chemical shift
(assignment). Fluorine-19 nuclear magnetic resonance ('’F NMR) spectra were recorded with a
Varian Mercury 300 spectrometer, are reported in parts per million on the O scale, and are referenced
from the fluorine resonance of neat trichlorofluoromethane (CFCl;: & 0). Data are reported as
follows: chemical shift (assignment). Infrared data (IR) were obtained with a Perkin-Elmer 2000
FTIR, and are reported as follows: frequency of absorption (¢cm™"), intensity of absorption (s = strong,

'Sull, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978,43,2923.

? Pangbom, A. B.; Giardello, M. A; Grubbs, R. H; Rosen, R. K ; Timmers, F. J. Organometallics 1996, 15,1518.
*Myers, A.G.; Yang, B. H.; Chen, H.; McKinstry, L. Kopecky, D. J,; Gleason, J. L. J. Am. Chem. Soc. 1997, 119, 6496.
*Kofron, W. G.; Baclawski, L. M. J. Org. Chem.1976,41,1879.
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m = medium, w = weak, br = broad). Optical rotations were measured on a Jasco-1010 polarimeter.
We are grateful to Dr. Li Li for obtaining the mass spectrometric data at the Department of
Chemistry’s Instrumentation Facility, Massachusetts Institute of Technology. High resolution mass
spectra (HRMS) were recorded on a Bruker Daltonics APEXIV 4.7 Tesla FTICR-

MS using a direct analysis in real time (DART) ionization source.

Positional Numbering System. At least two numbering systems exist in the literature for the
aspidosperma alkaloids.” For direct comparison between structures, the system employed by Yates
for (—)-aspidophytine is optimal and is used throughout this report. In the case of dimeric structures
such as (+)-tabernaebovine (3), the subunit bearing C15' substitution is given primed numbers.

(-)-N-methylaspidospermidine (1) (+)-N-methylquebrachamine (2)

(+)-tabernaebovine (3)

5 (a) Yates, P.; Maclachlan, F. N.; Rae, . D.; Rosenberger, M.; Szabo, A. B.; Willis, C.R.; Cava, M. P.; Behforouz, M.;
Lakshmikantham, M. V ; Zeiger, W. J. Am. Chem. Soc. 1973,95,7842.(b) J. E. Saxton, The Alkaloids, Chem.and Biol.1998,51, 1.
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NHNs NaH, DMF; L NHNs

N —— N

2 Mel 2
16
N 919 ° it
56 s1
1-Methyltryptamine nosylami 1):

Sodium hydride (60% dispersion in mineral oil, 1.06 g, 26.5 mmol, 3.52 equiv) was added as
a solid under an argon atmosphere to a solution of sulfonamide 56° (2.60 g, 7.53 mmol, 1 equiv) in
N,N-dimethylformamide (28 mL) at 23 °C. After 20 min, the reaction mixture was cooled to 0 °C.
Iodomethane (470 pL, 7.53 mmol, 1.00 equiv) was added dropwise via syringe over 5 min. After 3
h, the reaction mixture was allowed to warm slowly to 23 °C. After 6 h, saturated aqueous
ammonium chloride solution (20 mL) was added via syringe to quench the sodium salts. The
resulting biphasic mixture was concentrated under reduced pressure. The residue was diluted with
ethyl acetate (500 mL) and was washed with brine (2 x 500 mL). The organic layer was dried over
anhydrous sodium sulfate, was filtered, and was concentrated under reduced pressure. The residue
was purified by flash column chromatography on silica gel (30 — 40% ethyl acetate in hexanes) to
afford sulfonamide S1 (2.46 g, 90.9%) as a yellow powder. Structural assignments were made with
additional information from gCOSY data. :

'H NMR (500 MHz, CDCl,, 20 °C): 8 8.00-7.95 (m, 1H, Phy-H), 7.65-7.60 (m, 1H, Phy.-
H), 7.59-7.53 (m, 2H, Phy-H),7.29 (d,J = 7.6, 1H, C,,-
H), 720 (d, /=82, 1H, C\;-H), 7.17-7.12 (m, 1H, C -
H), 6.96-6.91 (m, 1H, C,;-H), 6.84 (s, 1H, C,-H), 5.36—
5.30 (br-m, 1H, N,-H), 3.68 (s, 3H, C,,-H,), 3.41 (app-q,
J=6.6,2H, C,,-H,),2.97 (app-t, /= 6.6, 2H, C,,-H,).

*C NMR (125 MHz, CDCl,, 20 °C): 8 147.5,1374,133.4,1334,132.7, 131.0, 127.8, 127 .2,
125.5, 1219, 119.1, 118.5, 109.7, 109.6, 44.0, 32.8,
25.5.

FTIR (neat) cm™": 3339 (br-m), 3095 (w), 2934 (m), 1538 (s), 1407 (s),

1344 (s), 1167 (s), 739 (s).

HRMS (DART): calc’d for C,;HN,0,S [M+H]": 360.1013,
found: 360.1007.

TLC (50% EtOAc in hexanes), R 038 (UV,CAM).

® The 2-nitrobenzenesulfonyl amide 56 was prepared in 1-step, see Matsuda, Y .; Kitajima, M .; Takayama, H. Org. Letr. 2008, /0, 125.
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2-Chloro-1-methyltryptamine nosylamide (54):

N-Chlorosuccinimide (1.01 g, 7.57 mmol, 1.10 equiv) was added as a solid under an argon
atmosphere to a solution of sulfonamide S1 (2.47 g, 6.88 mmol, 1 equiv) in acetonitrile (120 mL) at
23 °C. After 1 h, saturated aqueous sodium thiosulfate solution (20 mL) was added to quench excess
N-chlorosuccinimide. The mixture was diluted by addition of brine (125 mL) and dichloromethane
(125 mL), and the layers were separated. The aqueous layer was further extracted with
dichloromethane (2 x 125 mL). The combined organic layers were dried over anhydrous sodium
sulfate, were filtered, and were concentrated under reduced pressure. The residue was purified by
flash column chromatography on silica gel (20% ethyl acetate in hexanes) to afford sulfonamide 54
(2.06 g, 76.1%) as a yellow powder. Structural assignments were made with additional information

from gCOSY data.

'"H NMR (500 MHz, CDCl,, 20 °C):

3C NMR (125 MHz, CDCl,, 20 °C):

FTIR (neat) cm:

HRMS (DART):

TLC (30% EtOAc in hexanes), R;:

87.96-7.91 (m, 1H, Phy-H), 7.67-7.64 (m, 1H, Phy-
H), 7.59-7.53 (m, 2H, Phy-H), 7.29 (d,J =79, IH, C, -
H), 7.16-7.14 (m, 1H, C,-H), 7.16-7.14 (m, 1H, C,-
H), 7.01-6.97 (m, 1H, C,s-H), 5.38-5.30 (br-m, 1H, N-
H), 3.63 (s, 3H, C,,-H,), 3.44 (app-q, J = 6.8, 2H, C -
H.,), 2.98 (app-t, J = 6.8, 2H, C,,-H,).

8 147.6, 135.8, 133.8, 133.3, 132.8, 130.9, 126.2, 125.5,
125.0, 1222, 120.2, 117.9, 1094, 106.5, 43.6, 30.1,
24 8.

3354 (br-m), 2937 (m), 1537 (s), 1468 (s), 1332 (s),
1163 (s), 738 (s).

calc’d for C,;H,,CIN,O,S [M+H]": 394.0623,
found: 394.0610.

0.35 (UV, CAM).
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Crotonamide (+)-58:
An ice-cooled solution of E-crotonyl chloride (S2, 1.28 mL, 13.2 mmol, 1.00 equiv) in

tetrahydrofuran (7.0 mL) was added slowly via cannula to a solution of amine (-)-57 (3.00 g, 13.2
mmol, 1 equiv) and triethylamine (2.21 mL, 15.8 mmol, 1.20 equiv) in tetrahydrofuran (40 mL) at
-30 °C. The resulting mixture was allowed to warm slowly to =10 °C over 80 min and then allowed
to warm to 23 °C. After 2 h, saturated aqueous sodium bicarbonate solution (20 mL) was added to
quench the amine hydrochloride salts. The mixture was diluted with ethyl acetate (600 mL), and the
layers were separated. The organic layer was washed successively with aqueous hydrogen chloride
solution (IN, 400 mL), saturated aqueous potassium carbonate solution (400 mL), and brine (400
mL). The organic layer was dried over anhydrous sodium sulfate, was filtered, and was concentrated
under reduced pressure. The residue was recrystallized from 40% ethyl acetate in hexanes to afford
crotonamide (+)-58 (3.78 g, 97.0%) as lustrous yellow needles.” Structural assignments were made
with additional information from gCOSY data.

'H NMR (500 MHz, CDCl,, 20 °C, 6:1 atropisomer mixture, * denotes minor atropisomer): 8 7.43—
7.15 (m, 10H, Ph-H), 7.43-7.15 (m, 10H, Ph-H¥), 6.92
(dgq,J/=15.0,6.9, 1H, C,-H), 6.72-6.60 (m, 1H, C,-H*),
6.21(d,J=15.0, 1H, Cs-H), 6.20-6.13 (m, 1H, C,-H*),
5.70 (d, J = 84, 1H, NC-H), 541-5.35 (m, 1H, OC-
H*),5.34 (app-t,J=7.8, IH, OC-H), 5.24-5.18 (m, 1H,
NC-H*),4.45 (d,J =6.9, 1H, O-H), 3.18-3.10 (m, 1H,
0-H#), 2.93 (s, 3H, NC-H,*), 2.91 (s, 3H, NC-H,), 1.87
(d,/=69,3H, C,-H,), 1.82-1.76 (m, 3H, C;-H;*).

C NMR (125 MHz, CDCl,, 20 °C, 6:1 atropisomer mixture, * denotes minor atropisomer): § 168.9,
168.9%, 143.1, 142.1, 141.3*, 140.8*%, 137.2, 136.6%*,
128.7, 128.6, 128.5, 128.3*, 127.9*% 127.8* 127.8,
127.7, 127.2%, 127.1, 127.0*%, 126.8*, 122.7*, 122.3,
73.9,73.4%,66.0,65.8%, 34.3,30.1*%, 18.5, 15.4*.

FTIR (neat) cm ' 3395 (br-s), 3031 (w), 1656 (s), 1597 (s), 1062 (m), 699
(m).

HRMS (DART): calc’d for C,,H,NO, [M+H]": 296.1645,
found: 296.1640.

[er] +199 (¢ =0.41, CHCL,).

TLC (50% EtOAc in hexanes), R;: 0.20 (UV, KMnO,).

" For a synthesis of a related unsaturated pseudoephedrine amide, see Yang, B. H. Ph.D. thesis, Harvard University, 1997,
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Vinyl tertiary amide (+)-59:
2.2.6,6-Tetramethylpiperidine (2.12 mL, 12.5 mmol, 2.30 equiv) was added via syringe to a

suspension of lithium chloride (1.39 g, 32.7 mmol, 6.00 equiv) in tetrahydrofuran (6.0 mL) at -78 °C.
A solution of n-butyllithium (2.01 M in hexanes, 5.56 mL, 11.2 mmol, 2.06 equiv) was added via
syringe, and the resulting mixture was warmed to 0 °C. After 20 min, an ice-cooled solution of
crotonamide (+)-58 (1.61 g, 5.45 mmol, 1 equiv) in tetrahydrofuran (15 mL) was added via cannula.
The transfer was quantitated with additional tetrahydrofuran (2 x 2.5 mL). After 10 min, the reaction
mixture was cooled to =78 °C. After 10 min, 3-chloro-1-iodopropane (1.17 mL, 10.9 mmol, 2.00
equiv) was added via syringe. After 40 min, the reaction mixture was warmed to 0 °C. After 4.5 h,
saturated aqueous ammonium chloride solution (40 mL) was added to quench the lithium alkoxide
salts. Brine (85 mL) and ethyl acetate (125 mL) were added, and the layers were separated. The
aqueous layer was further extracted with ethyl acetate (2 x 125 mL). The combined organic layers
were dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced
pressure. The residue was purified by flash column chromatography on silica gel (20 — 30% ethyl
acetate in hexanes) to afford vinyl tertiary amide (+)-59 (1.69 g, 83.4%) as a colorless gum.*
Structural assignments were made with additional information from gCOSY data.

'H NMR (500 MHz, CDCl,, 20 °C, 4.6:1 atropisomer mixture, * denotes minor atropisomer): & 7.47—
7.22 (m, 10H, Ph-H), 7.47-7.22 (m, 10H, Ph-H*), 5.88—
5.79 (m, 1H, C,-H*), 5.79-5.72 (m, 1H, C,-H), 5.65 (d,
J=74,1H,NC-H), 549 (dd, J = 1.6, 6.5, 1H, OC-H*),
5.40 (app-t, J = 7.2, 1H, OC-H), 5.34 (d, J = 6.5, IH,
NC-H*), 5.19 (app-d, J = 10.3, 1H, C;-H,), 5.15, (app-d,
J =172, 1H, C;-H,), 5.14-5.08 (m, 2H, C;-H,*), 4.05
(br-s, 1H, O-H), 3.59-3.53 (m, 2H, C;-H,), 3.51-3.44
(m, 2H, C;-H,*), 3.22 (app-q, J = 7.1, 1H, Cs-H), 3.15
(app-q, J = 7.3, 1H, C;-H*), 2.94 (s, 3H, NC-H,), 2.90,
(s, 3H, NC-H,*), 2.34 (br-d, J = 1.6, 1H, O-H*), 1.96—
1.82 (m, 2H, C-H,), 1.96-1.82 (m, 2H, C,-H,), 1.77-
1.59 (m, 2H, C,-H,*), 1.77-1.59 (m, 2H, C,-H,*).

3C NMR (125 MHz, CDCl,, 20 °C, 4.6:1 atropisomer mixture, * denotes minor atropisomer):
& 1749, T74.2*, 1420, 141.8%, 137.8%, 137.1, 137.0%,
136.2, 129.0*, 128.8*, 128.7, 128.5, 128.4, 1279, 127 .8,
127.1%, 126.8, 117.8*%, 117.7, 73.8, 73.5%, 66.1, 64.2%,
47.4,47.2%, 45.1*%,44.9, 34.6, 31.0%, 30.4*,30.3, 30.0%*,
29.8.

FTIR (neat) cm : 3382 (s), 3031 (w), 2958 (w), 1619 (s), 1451 (m), 1403
(m), 1063 (m), 700 (s).

¥ For a-alkylation of related pseudoephedrine amides, see Yang, B. H. Ph.D. thesis, Harvard University, 1997.
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HRMS (DART): calc’d for C,,H,,CINO, [M+H]": 372.1725,
found: 372.1738.

[a]y™: +122 (¢ =0.37, CHCl,).

TLC (40% EtOAc in hexanes), R;: 0.51 (UV, KMnO,).
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a-Quaternary amide (+)-53:

N N-Diisopropylamine (531 pL, 3.79 mmol, 2.26 equiv) was added via syringe to a
suspension of lithium chloride (428 mg, 10.1 mmol, 6.01 equiv) in tetrahydrofuran (3.0 mL) at -78
°C. A solution of n-butyllithium (2.25 M in hexanes, 1.55 mL, 3.48 mmol, 2.07 equiv) was added via
syringe, and the resulting mixture was warmed to 0 °C. After 5 min, the resulting solution was
cooled to =78 °C. An ice-cooled solution of vinyl tertiary amide (+)-59 (625 mg, 1.68 mmol, 1
equiv) in tetrahydrofuran (5.0 mL) was added via cannula.” The transfer was quantitated with
additional tetrahydrofuran (2 x 1.0 mL), and the resulting mixture was warmed to 0 °C. After 1 h,
the reaction mixture was cooled to —40 °C, and N,N'-dimethylpropylene urea (507 pL, 4.21 mmol,
2.51 equiv) was added via syringe. After 10 min, the reaction mixture was cooled to -60 °C, and
iodoethane (1.01 mL, 12.6 mmol, 7.50 equiv) was added slowly via syringe. After 5 min, the
reaction mixture was warmed to =50 °C. After 42 h, saturated aqueous ammonium chloride solution
(5 mL) was added to quench the lithium alkoxide salts, and the resulting biphasic mixture was
allowed to warm to 23 °C. Brine (55 mL) and dichloromethane (60 mL) were added, and the layers
were separated. The aqueous layer was further extracted with dichloromethane (3 x 60 mL). The
combined organic layers were dried over anhydrous sodium sulfate, were filtered, and were
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (10 — 18% ethyl acetate in hexanes) to afford o-quaternary amide (+)-55 (484 mg, 72.0%)
as a colorless gum. Structural assignments were made with additional information from gCOSY
data. The diastereomeric ratio of the purified a-quaternary amide (+)-55 was determined to be >29:1
by '"H NMR analysis of the oxazolinium trifluromethanesulfonate derivative $3."

'H NMR (500 MHz, C,Dq, 73 °C): 8732 (d,J=17.6,2H, Ph-H), 7.28 (d, J = 7.5, 2H, Ph-
H), 7.10-7.02 (m, 4H, Ph-H), 7.02-6.95 (m, 2H, Ph-H),

9 We are grateful to professor Myers and co-workers for sharing their new asymmetric alkylation methodelogy in advance of
publication: (a) Personal communication, Myers, A. G. 2011. (b) Morales, M. R.; Mellem, K. T.; Myers, A. G. Angew. Chem., Int. Ed.
2012,517,4568.

" The diastereomeric ratio of the product (+)-55 was determined by its conversion to the corresponding a-quaternary oxazolinium
trifluoromethanesulfonate S3; see Chain, W.J.; Myers, A. G. Org. Lert. 2007, 9, 355.

21 Me
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A sample of 83 was prepared as follows: Trifluoromethanesulfonic anhydride (2.3 pL, 14 pmol, 1.5 equiv) was added via
syringe to a solution of a-quaternary amide (+)-55 (3.7 mg, 9.3 pmol, 1 equiv) and pyridine (2.2 pL, 28 pmol, 3.0 equiv) in
dichloromethane (1.0 mL) at 0 °C. After 10 min, the solution was allowed to warm to 23 °C. After 10 min the reaction mixture was
concentrated under reduced pressure. The residue was dissolved in CDCl; for 'H NMR analysis. Structural assignments were made
with additional information from gCOSY experiments. 'H NMR (500 MHz, CDCl,, 20 °C, >29:1 diastereomer mixture, * denotes
minor diastereomer): & 7.21-7.10 (m, 6H, Ph-H), 7.21-7.10 (m, 6H, Ph-H*), 6.98-6.92 (m, 2H, Ph-H), 6.98-6.92 (m, 2H, Ph-H*),
6.98-6.92 (m, 1H, NC-H), 6.98-6.92 (m, 1H, NC-H*), 6.88-6.83 (m, 2H, Ph-H), 6.88-6.83 (m, 2H, Ph-H*), 632 (d, / = 119, 1H,
OC-H*), 624 (d,J =109, 1H, OC-H), 6.18 (dd, J = 10.8, 17.7, 1H, C,-H), 6.10 (dd, J = 109, 17.7, 1H, C,-H), 5.69 (d, /= 10 8, 1H,
C,H,),568 (d,J =109, 1H, C;-H,*),5.52 (d,J = 17.7, 1H, C+-H,), 550 (d, J = 177, 1H, C;-H*), 3.76-3.68 (m, I1H, C;-H,), 3.76-
3.68 (m, 1H, C,-H,*), 3.67-3.59 (m, 1H, C4-H,), 3.67-3.59 (m, 1H, C;-H,*), 3.39 (s, 3H, NC-H,), 3.37 (s, 3H, NC-H,*), 2.30-2.04
(m, 2H, C-H,), 2.30-2.04 (m, 2H, C-H,*), 2.30-2.04 (m, 2H, C;-H,), 2.30-2.04 (m, 2H, C;-H,*), 2.04-1.94 (m, 1H, C;-H,), 2.04—
194 (m, 1H, C,-H,*), 1.92-1.82 (m, 1H, C,-H,), 1.92-1.82 (m, 1H, C,-H,*), 1.15 (t, / = 7.5, 3H, C,-H;®), 106 (1, J=75,3H, C,-
H,).

(+)-55 3
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"C NMR (125 MHz, C,D;, 73 °C):

FTIR (neat) cm™:

HRMS (DART):

[a]D245

TLC (30% EtOAc in hexanes), R;:

591 (d, J = 8.1, IH, NC-H), 5.69 (dd, J = 109, 17.8,
1H, C,-H), 522 (d,J = 8.1, 1H, OC-H), 4.92 (app-d, J =
109, 1H, C,-H,), 4.84 (app-d, J = 17.8, 1H, C,-H)),
3.38-3.27 (br-s, 1H, O-H), 3.27-3.16 (m, 2H, Cy-H,),
274 (s, 3H, NC-H,), 1.89-1.79 (m, 1H, C-H,), 1.73—
1.49 (m, 1H, C-H,), 1.73-1.49 (m, 2H, C,-H,), 1.73-
149 (m, 2H, C,,-H,), 0.76 (t, J = 7.4, 3H, C,,-H,).

d 1758, 1434, 142.6,138.9, 129.6, 128.8, 128.7, 128.1,
128.0, 127.8, 114.2, 74.2, 66.4, 53.2, 46.1, 34.8, 34.2,
29.3,28.5,90.

3407 (br-s), 2965 (m), 1607 (s), 1451 (m), 1391 (m),
1083 (m), 699 (s).

calc’d for C,,H;,CINO, [M+H]": 400.2038,
found: 400.2056.

+92 (¢ = 0.44, CH,CL).

0.39 (UV, KMnO,).
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(+)-55 3 0—23°C (+)-60 3

100%
0-Silylated a-quaternary amide (+)-60:
Triethylsilyltrifluoromethanesulfonate (535 pL, 2.37 mmol, 2.00 equiv) was added via

syringe to a solution of o-quaternary amide (+)-55 (473 mg, 1.18 mmol, 1 equiv) and 2,6-lutidine
(343 pL, 2.96 mmol, 2.50 equiv) in dichloromethane (8.0 mL) at 0 °C. After 5 min, the solution was
allowed to warm to 23 °C. After 4.5 h, the reaction mixture was poured into saturated aqueous
sodium bicarbonate solution (15 mL). Brine (25 mL) was added, and the layers were separated. The
aqueous layer was further extracted with dichloromethane (4 x 40 mL). The combined organic layers
were dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced
pressure. The residue was purified by flash column chromatography on silica gel (0 — 5% ethyl
acetate in hexanes) to afford O-silylated oi-quaternary amide (+)-60 (608 mg, 100%) as a viscous
colorless oil. Structural assignments were made with additional information from gCOSY data.

'H NMR (500 MHz, CDCl,, 20 °C, 4.5:1 atropisomer mixture, * denotes minor atropisomer): & 7.46—
7.04 (m, 10H, Ph-H), 7.46-7.04 (m, 8H, Ph-H*), 6.94-
6.77 (m, 2H, Ph-H*), 6.24-6.03 (br-m, 1H, NC-H),
5.92-5.80 (m, 1H, C,-H*), 5.85 (dd, J = 10.7, 17.6, 1H,
C,-H), 5.66-5.56 (br-m, 1H, NC-H*), 5.36 (d, J = 7.0,
1H, OC-H), 5.18-5.11 (m, 1H, C,-H,*), 5.14 (d, J =
10.7, 1H, C;-H,), 5.11-5.02 (br-m, 1H, OC-H*), 5.00-
492 (m, 1H, C;-H,*), 496 (d, J = 17.6, 1H, C;-H,),
3.47-3.35 (m, 2H, C;-H,), 3.30 (s, 3H, NC-H;*), 3.09
(s, 3H, NC-H,), 3.04-2.92 (m, 1H, C;-H,*), 2.88-2.75
(m, 1H, C;-H,*), 1.90-1.16 (m, 2H, C,-H,), 1.90-1.16
(m, 2H, C,-H,*), 1.90-1.16 (m, 2H, C;-H,), 1.90-1.16
(m, 2H, C,-H,*), 1.90-1.16 (m, 2H, C,,-H,), 1.90-1.16
(m, 2H, C,-H,*), 0.86-0.71 (m, 9H, Si(CH,CH,);*),
0.79 (t, J = 7.7, 9H, Si(CH,CH,),), 0.78-0.73 (m, 3H,
C,-H;*), 0.64 (t, J = 7.1, 3H, C,-H,), 0.46-0.32 (m,
6H, Si(CH,CH,),*), 0.39 (q, J = 7.7, 6H, Si(CH,CH,),).

“C NMR (125 MHz, CDCl,, 20 °C, 4.5:1 atropisomer mixture, * denotes minor atropisomer): &
175.1%, 174.0, 143.4*, 1423, 142.1, 141.9%, 139.3*,
138.6, 128.8, 128.6*%, 128.2, 128.1, 128.0*%, 127.7,
127.6%; 1274, 127.2, 113.9; 113.3*, 718.0%, 75.3, 66.0%;
63.2,:52.2,52.1*,46.1, 45.2%, 338, 33,2, 31.3%, 29 9%,
28.4%,27.7. 275,85, 84%,70,69%,5.1, 5.0°.

FTIR (neat) cm ': 3031 (w), 2957 (s), 2877 (m), 1624 (s), 1454 (m), 1384
(m), 1088 (m), 1005 (m), 699 (s).

HRMS (DART): calc’d for C;,H,,CINNaO,Si [M+Na]*: 536.2722,
found: 536.2706.

Jals™: +72 (¢ = 0.52, CHCl,).

TLC (20% EtOAc in hexanes), R;: 0.61 (UV, KMnO,).

125



10 10
21 " L _en
Ph O _Me 5 NHNs KH, "BugNI 14 NS 6 19|‘|q v
Ph._~ : [ Ig al DMF N\ S .2  Me OTEs
Cl 3
\./\IN%QKG\/\Q * e 2 =g ,Nz

TESO Me s T Me 100 °
00°C M -61
(+)-60 3 54 i B (+)

Tertiary sulfonamide (+)-61:

Potassium hydride (47.4 mg, 1.18 mmol, 1.10 equiv) was added as a solid under an argon
atmosphere to a solution of O-silylated a-quaternary amide (+)-60 (553 mg, 1.08 mmol, 1 equiv),
sulfonamide 54 (466 mg, 1.18 mmol, 1.10 equiv), and tetrabutylammonium iodide (392 mg, 1.08
mmol, 1.00 equiv) in N,N-dimethylformamide (2.5 mL) at 23 °C. After 5 min, the solution was
warmed to 100 °C. After 24 h, the solution was allowed to cool to 23 °C. Saturated aqueous
ammonium chloride solution (20 mL) was added to quench the sulfonamide salts. Brine (40 mL) and
dichloromethane (60 mL) were added, and the layers were separated. The aqueous layer was further
extracted with dichloromethane (2 x 60 mL). The combined organic layers were dried over
anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure. The residue
was purified by flash column chromatography on silica gel (80% dichloromethane in hexanes — 30%
ethyl acetate in hexanes) to afford tertiary sulfonamide (+)-61 (806 mg, 86.0%) as a beige foam.
Structural assignments were made with additional information from gCOSY data.

Z2Z -

'H NMR (500 MHz, CDCl,, 20 °C, 4.4:1 atropisomer mixture, * denotes minor atropisomer): 8 7.93—
7.85 (m, 1H, Phy-H), 7.85-7.75 (m, 1H, Phy-H*),
7.65-7.53 (m, 3H, Phy-H), 7.65-7.53 (m, 3H, Phy-H*),
7.53-7.05 (m, 14H, Ar-H), 7.53-7.05 (m, 12H, Ar-H*),
6.96-6.84 (m, 2H, Ar-H*), 6.21-6.07 (br-m, 1H, NC-
H), 593-5.81 (m, 1H, C,-H*), 5.86 (dd, /=110, 18.1,
1H, C,-H), 5.66-5.56 (br-m, 1H, NC-H*), 5.36 (d, J =
6.8, 1H, OC-H), 5.17-5.09 (m, 1H, C;-H,*),5.12 (d, J =
11.0, 1H, C;-H,), 5.08-5.02 (br-m, 1H, OC-H*), 4.98—
488 (m, 1H, C;-H,*), 4.93 (d, J = 18.1, 1H, C;-H,),
3.66 (s, 3H, C,,-H,), 3.66 (s, 3H, C,,-H,*), 3.45 (app-t, J
= 7.3, 2H, C,-H,), 3.45 (app-t, J = 7.3, 2H, C,,-H,*),
3.42-3.32 (m, 2H, C;-H,), 3.30 (s, 3H, NC-H,*), 3.07
(s, 3H, NC-H,), 3.03-2.92 (m, 1H, C;-H,*), 2.97 (app-t,
J=173,2H, C,-H,), 2.97 (app-t, J = 7.3, 2H, C,-H,*),
2.93-2.75 (m, 1H, C;-H,*), 1.88-1.06 (m, 2H, C,-H,),
1.88-1.06 (m, 2H, C,-H,*), 1.88-1.06 (m, 2H, C,-H,),
1.88-1.06 (m, 2H, C,-H,*), 1.88-1.06 (m, 2H, C,,-H,),
1.88-1.06 (m, 2H, C,-H,*), 0.88-0.73 (m, O9H,
Si(CH,CH,);*), 0.80 (t, J = 7.8, 9H, Si(CH,CH,),),
0.73-0.65 (m, 3H, C,,-H;*), 0.60 (t, J = 7.0, 3H, C,,-
H,), 0.49-0.32 (m, 6H, Si(CH,CH,),*), 040 (q, /= 7.8,
6H, Si (CH,CH,),).

»C NMR (125 MHz, CDCl,, 20 °C): 61739, 147.9,142.3, 142.1, 138.5, 135.7, 133.9, 133.1,
131.5, 1308, 1289, 128:2, 128.1, 127.7, 127.5, 127.2,
1264, 1244 124.1, 122.1, 120.2, 118.3, 114.0, 109.2,
107.5,75.1,63.2,52.3,48.3, 46.6, 34.0,33.1, 30.0, 27 .2,
25:8:230,87; 1.0; 54
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FTIR (neat) cm™: 2955 (m), 1622 (s), 1544 (s), 1468 (m), 1372 (s), 1091

(m), 741 (m).

HRMS (DART): calc’d for C,;Hg,CIN,O,SSi [M+H]": 871.3686,
found: 871.3678.

[a]p™: +49 (¢ = 0.38, CH,CL,).

TLC (50% EtOAc in hexanes), R;: 0.87 (UV).

127



-
21Me. O Ph o _M

10 10
14 N’s\/ﬁ)’g'ﬂ)\:’% phsSH. Kok g Itgj(/\\\ Ph
s : DMSO, 23 °C; 5 :
. :2 cl 3/ Me OTES it Sanaliive. A\ » 5 i Ph\l/\h\lH

2

1 ¥ NEtg*3HF, KOEt 18 1 Ne OH Me
© (+)-61 EtOH, 85 °C (-)-53 (-)-57
95%, 94% ee 99%

Lactam (-)-53:

Thiophenol (203 pL, 1.98 mmol, 3.00 equiv) was added via syringe to a suspension of tertiary
sulfonamide (+)-61 (574 mg, 0.658 mmol, 1 equiv) and potassium carbonate (455 mg, 3.29 mmol,
5.00 equiv) in dimethylsulfoxide (3.6 mL) at 23 °C. After 3 h, triethylamine trihydrofluoride (716
pL, 4.39 mmol, 6.67 equiv) was added via syringe. After 1 min, potassium ethoxide (2.25 M solution
in ethanol, 17.1 mL) was added via syringe. After 5 min, the solution was warmed to 85 °C. After 24
h, the solution was allowed to cool to 23 °C. Saturated aqueous ammonium chloride solution (20
mL) was added to quench the potassium ethoxide, and the resulting biphasic mixture was
concentrated under reduced pressure. Saturated aqueous sodium bicarbonate (60 mL) and
dichloromethane (60 mL) were added, and the layers were separated. The aqueous layer was further
extracted with dichloromethane (2 x 60 mL). The combined organic layers were dried over
anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure. The residue
was purified by flash column chromatography on silica gel (10 — 20% ethyl acetate in hexanes) to
afford lactam (-)-53 (216 mg, 95.1%) as a viscous light orange oil. Further elution (0.5% ammonium
hydroxide, 4.5% methanol, 20% chloroform in dichloromethane) afforded amine (-)-57 (148 mg,
98.9%) as a white powder. Structural assignments were made with additional information from
gCOSY data. Lactam (—)-7 was determined to be of 94% ee by chiral HPLC analysis (Chiralpak IC,
25% 'PrOH / 75% hexanes, 0.5 ml/min, 230 nm, 7z (minor) = 19.8 min, #z (major) = 22.7 min).

'H NMR (500 MHz, CDCl,, 20 °C): 6764(d,J=178,1H,C,,-H), 7.24-7.15 (m, 1H, C,,-H),
7.24-7.15 (m, 1H, C,-H), 7.10 (app-t, J = 7.8, 1H, C,s-
H), 590 (dd, J = 10.7, 17.6, 1H, C,-H), 5.11 (dd, J =
1.0, 10.7, 1H, C;-H,), 501 (dd, J = 1.0, 17.6, 1H, C;-
H,), 3.69 (s, 3H, C,,-H,), 3.63-3.55 (m, 1H, C,-H),
3.54-3.46 (m, 1H, C,,-H,), 3.29-3.20 (m, 1H, C;-H,),
3.20-3.13 (m, 1H, Ci-H,), 3.07-2.95 (m, 2H, C,,-H,),
1.96-1.56 (m, 2H, C,-H,), 1.96-1.56 (m, 2H, C,-H,),
1.96-1.56 (m, 2H, C,-H,), 0.80 (t,J = 7.5, 3H, C,,-H,).

“C NMR (125 MHz, CDCl,, 20 °C): 0172.8,142.7,135.8,126.9, 124.0, 122.0, 120.0, 118.8,
113.9, 109.1, 108.8, 49.3, 49.2, 48.3, 31.7, 30.0, 28.7,
22.4,19.6,8.6.

FTIR (neat) cm ' 2937 (m), 1629 (s), 1467 (s), 1328 (m), 1199 (m), 740
(m).

HRMS (DART): calc’d for C, H,,CIN,O [M+H]": 345.1728,
found: 345.1721.

[a]y -5 (¢=0.19, CHCl,).

TLC (30% EtOAc in hexanes), R;: 0.70 (UV, CAM, KMnO,).
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50%

—)-N-Methyldehydroaspidospermidine (62):

Trifluoromethanesulfonic anhydride (18.5 pL, 110 umol, 1.10 equiv) was added via syringe
to a solution of lactam (-)-53 (34.6 mg, 100 umol, 1 equiv) and 3-cyanopyridine (12.5 mg, 120 pmol,
1.20 equiv) in acetonitrile (6.5 mL) at 23 °C. After 5 min, the solution was warmed to 85 °C. After 3
h, the solution was allowed to cool to 0 °C. A solution of sodium cyanoborohydride (62.8 mg, 1.00
mmol, 10.0 equiv) in tetrahydrofuran (4 mL) was added via cannula, and the resulting mixture was
allowed to warm to 23 °C. After 6 h, saturated aqueous sodium bicarbonate solution (15 mL) was
added to quench the trifluoromethanesulfonate salts. Dichloromethane (15 mL) was added, and the
layers were separated. The aqueous layer was further extracted with dichloromethane (2 x 15 mL).
The combined organic layers were dried over anhydrous sodium sulfate, were filtered, and were
concentrated under reduced pressure. The residue was purified by flash column chromatography on
alumina (0 — 3% ethyl acetate in hexanes) to afford (-)-N-methyldehydroaspidospermidine (62, 14.7
mg, 49.8%) as a light tan gum. Structural assignments were made with additional information from
gCOSY, HSQC, gHMBC, and ROESY data.

'"H NMR (500 MHz, C,D;, 20 °C): 8 7.11 (app-t, J = 7.8, 1H, C,-H), 7.02 (d, J = 7.8, 1H,
C,,-H), 6.74 (app-t,J = 7.8, 1H, C,s-H), 6.25 (d,J = 7.8,
1H, C,,-H), 5.80 (dd, J = 4.0, 10.3, 1H, C;-H), 5.59 (d, J
=103, 1H, C,-H), 3.68 (d, J = 4.0, 1H, C,-H), 2.97 (dt,
J=33,85, IH, C,,-H,), 2.88 (m, 1H, Cy-H,), 2.53 (s,
3H, C,,-H,), 2.25-2.18 (m, 1H, C,,-H,), 2.23 (s, 1H, C -
H), 2.03 (dt, J = 12.2, 8.5, 1H, C,-H,), 1.94-1.82 (m,
1H, C-H,), 1.94-1.82 (m, 1H, C,-H,), 1.68-1.57 (m,
1H, C,-H,), 1.57-1.49 (m, 1H, C,-H,), 1.40-1.29 (m,
IH, C,-H,), 1.40-1.29 (m, 1H, C,-H,), 1.12-103 (m,
1H, C,-H,), 1.03-0.95 (m, 1H, C,-H,), 0.61 (t, J = 7.5,
3H, C,-H,).

3C NMR (125 MHz, C,D,, 20 °C): 8 151.6 (C,y), 137.8 (C,), 136.0 (C,5), 128.4 (C o), 124.6
(Cy), 123.8 (C,,), 117.5 (C,s), 106.1 (C,,), 73.3 (C,y),
71.5 0G5, .53.0(Cx: 529 {Cyo): 529 (€439 C,),
39.4 (Cy), 35.6 (Cy), 34.9 (Cy),32.6 (C,,), 23.8 (C,), 8.2

(C2l)'

FTIR (neat) cm 2931 (s), 1605 (m), 1492 (m), 1264 (m), 1121 (m), 736
(s).

HRMS (DART): calc’d for C,oH,,N, [M+H]": 295.2169,
found: 295.2165.

[] > =28 (¢ = 0.30, CH,Cl,).

TLC (ALQO,, 10% EtOAc in hexanes), R;:  0.40 (UV, CAM, KMnQO,).
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Alternate Synthesis:

Trifluoromethanesulfonic anhydride (18.0 pL, 107 pmol, 1.10 equiv) was added via syrmge
to a solution of tetracyclic lactam (-)-64 (29.9 mg, 96.9 pmol, 1 equiv) and 2-chloropyridine (10.9
pL, 116 pmol, 1.20 equiv) in acetonitrile (3.0 mL) at 23 °C. After 10 min, a solution of sodium
cyanoborohydride (36.6 mg, 582 umol, 6.00 equiv) in tetrahydrofuran (1.0 mL) was added via
cannula. After 6 h, saturated aqueous sodium bicarbonate solution (15 mL) was added via syringe to
quench the trifluoromethanesulfonate salts. Dichloromethane (15 mL) was added, and the layers
were separated. The aqueous layer was further extracted with dichloromethane (2 x 15 mL). The
combined organic layers were dried over anhydrous sodium sulfate, were filtered, and were
concentrated under reduced pressure. The residue was purified by flash column chromatography on
alumina (0 — 3% ethyl acetate in hexanes) to afford (-)-N-methyldehydroaspidospermidine (62, 27.1
mg, 949%) as a light tan gum. See page 129 for characterization data for (-)-N-
methyldehydroaspidospermidine (62).

Tf,0, 2-CIPyr
MeCN, 23 °C;

4 Mez2t —

"BuzSnH;
NaBD;, MeOH
94%

Synthesis of C19-deuterated pentacycle (-)-65 from tetracyclic lactam (-)-64:
Trifluoromethanesulfonic anhydride (2.4 pL, 14 pmol, 1.1 equiv) was added via syringe to a

solution of tetracyclic lactam (-)-64 (4.0 mg, 13 umol, 1 equiv) and 2-chloropyridine (1.5 pL, 16
umol, 1.2 equiv) in acetonitrile (0.8 mL) at 23 °C. After 10 min, tributylstannane (5.2 pL, 20 pmol,
1.5 equiv) was added via syringe. After 30 min, a solution of sodium borodeuteride (98 atom% D,
2.2 mg, 52 pmol, 4.0 equiv) in methanol (0.8 mL) was added via cannula. After 30 min, saturated
aqueous sodium bicarbonate solution (15 mL) was added via syringe to quench the
trifluoromethanesulfonate salts. Dichloromethane (15 mL) was added, and the layers were separated.
The aqueous layer was further extracted with dichloromethane (2 x 15 mL). The combined organic
layers were dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced
pressure. The residue was purified by flash column chromatography on alumina (0 — 3% ethyl
acetate in hexanes) to afford pentacycle (-)-65 (3.6 mg, 94%) as a light tan gum. 'H NMR analysis
of the purified pentacycle (-)-65 showed 0% deuterium incorporation at C2 and 93% deuterium
incorporation at CIl9. See page 129 for characterization data for (-)-N-
methyldehydroaspidospermidine (62).
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THF, 23 °C
100%

(=)-N-Methylaspidospermidine (1):
Platinum on charcoal (10% w/w, 10.0 mg, 5.13 pmol, 0.130 equiv) was added as a solid to a

solution of (-)-N-methyldehydroaspidospermidine (62, 11.6 mg, 394 umol, 1 equiv) in
tetrahydrofuran (2.0 mL) at 23 °C. The opened reaction vessel was placed in a Fischer-Porter tube
and sealed under an atmosphere of hydrogen gas (80 psi). After 48 h, the Fischer—Porter tube was
opened in air, and the suspension was filtered over Celite. The solids were extracted with ethyl
acetate, and the combined filtrates were concentrated under reduced pressure. The residue was
purified by flash column chromatography on alumina (0 — 3% ethyl acetate in hexanes) to afford
(-)-N-methylaspidospermidine (1, 11.7 mg, 100%) as a pale off-white powder. Structural
assignments were made with additional information from gCOSY, HSQC, gHMBC, and NOESY
data.

'H NMR (500 MHz, CDCL,, 20 °C): 8 7.04 (app-t, J = 7.3, 1H, C,,-H), 7.00 (d, J = 7.1, IH,
C,.-H), 6.61 (app-t,J =73, 1H,C,s-H), 6.35 (d,J = 7.7,
1H, C,,-H), 3.40 (dd, J = 5.8, 11.0, 1H, C,-H), 3.15-
3.06 (m, 1H, C,,-H,), 3.06-2.99 (m, 1H, Cg-H,), 2.72 (s,
3H, C,,-H,), 2.35-2.17 (m, 1H, C,-H,), 2.35-2.17 (m,
1H, Co-H,), 2.17 (s, 1H, C,,-H), 1.99-1.81 (m, IH, C,-
H,), 1.99-1.81 (m, 1H, C,-H,), 1.80-1.65 (m, 1H, C;-
H,), 1.80-1.65 (m, 1H, C,-H,), 1.64-1.56 (m, 1H, C,-
H,), 1.53-1.37 (m, 1H, C,-H,), 1.53-1.37 (m, 1H, C -
H,), 1.53-1.37 (m, 1H, C,-H,), 1.26-1.16 (m, 1H, C;-
H,), 1.15-1.03 (m, 1H, C,-H,), 1.15-1.03 (m, 1H, C-
H,), 0.90-0.80 (m, 1H, C,-H,), 0.60 (t,J = 7.5, 3H, C, -
H,).

'3C NMR (125 MHz, CDCl,, 20 °C): 8 150.8 (Cy), 137.1 (C,3), 1274 (C,y), 1224 (C,),
117.3 (C,5), 106.6 (C,,), 72.0 (C,), 71.4 (C,,), 54.1 (Cy),
533 (C,y), 52.8 (C,,), 39.3 (C,)), 35.7 (Cy), 34.7 (Cy),
31.7 (C,,), 30.3 (Cy), 23.1 (C,), 22.2 (C5),22.0 (C,), 7.0

(Cy).

FTIR (neat) cm ': 2929 (s), 1606 (m), 1485 (m), 1446 (m), 1376 (m), 1265
(s), 1122 (m), 737 (m).

HRMS (DART): calc’d for C,,H,,N, [M+H]": 297.2325.
found: 297.2317.

[a]p™: -23 (¢ =0.17, CHCL,)."

TLC (ALO;, 20% EtOAc in hexanes),R;:  0.63 (UV, CAM, KMnO,).

" Literature value: [a],= =23 (¢ 1.1, CHCL,) for (=)-1, Ishikawa, H.; Elliott, G. L; Velcicky, I.; Choi, Y .; Boger, D. L. J. Am. Chem.
Soc. 2006, 128, 10596. [a], = +24 (¢ 1.25, CHCL,) for (+)-1, Mokry, I.; Kompis, L.; Spiteller, G. Collect. Czech. Chem. Commun.
1967, 32,2523.
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Table S1. Comparison of our '"H NMR data for (-)-N-methylaspidospermidine (1) with
literature data for (+)-N-methylaspidospermidine (1):

(+)-N-methylaspidospermidine (1)

(-)-N-methylaspidospermidine (1)

Assignment

Boger’s Report"
(+)-N-Methylaspidospermidine (1)
'H NMR, 400 MHz,
cDCl,

This Work
(-)-N-Methylaspidospermidine (1)
'H NMR, 500 MHz,
CDCl,, 20 °C

c2

340 (dd,J=5.8,10.7, 1H)

340(dd,/=5.8,11.0,1H)

C3

1.80-1.65 (m, 1H)
1.29-1.20 (m, 1H)

1.80-1.65 (m, 1H)
1.26-1.16 (m, 1H)

ca4

2.00—1.80 (m, 1H)
1.20-1.10 (m, 1H)

1.99-1.81 (m, 1H)
1.15-1.03 (m, 1H)

C5

Cé6

1.65-1.60 (m, 1H)
1.20-1.10 (m, 1H)

1.64-1.56 (m, 1H)
1.15-1.03 (m, 1H)

c7

1.80-1.65 (m, 1H)
1.55-1.40 (m, 1H)

1.80-1.65 (m, 1H)
1.53-1.37 (m, 1H)

C8

3.20-3.05 (m, 1H)
2.35-2.20 (m, 1H)

3.06-2.99 (m, 1H)
2.35-2.17 (m, 1H)

Cl10

3.20-3.05 (m, 1H)
2.00-1.80 (m, 1H)

3.15-3.06 (m, 1H)
1.99-1.81 (m, 1H)

Cll

2.35-2.20 (m, 1H)
1.55-1.40 (m, 1H)

2.35-2.17 (m, 1H)
1.53-1.37 (m, 1H)

Cl12

Cl13

Cl4

702d,J=77,1H)

700(d,/=7.1,1H)

Cl15

6.63 (t,J =173, 1H)

6.61 (app-t, /= 7.3, 1H)

Cl6

705 (t,J=7.7, |H)

7.04 (app-t, J = 7.3, 1H)

C17

6.37(d,/=177,1H)

635(,/=7.7,1H)

Cl18

Cl19

221 (s, 1H)

2.17 (s, 1H)

C20

1.55-1.40 (m, 1H)
0.90-0.80 (m, 1H)

1.53-1.37 (m, 1H)
0.90-0.80 (m, 1H)

C21

0.62 (t,J=74,3H)

0.60 (t,/=17.5,3H)

C22

2.74 (s, 3H)

2.72 (s, 3H)

2 [shikawa, H.; Elliott, G. L; Velcicky, J.; Choi, Y .; Boger, D. L. J. Am. Chem. Soc. 2006, 128, 10596.
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Table S2. Comparison of our BC NMR data for (-)-N-methylaspidospermidine (1) with
literature data for (+)-N-methylaspidospermidine (1):

(+)-N-methylaspidospermidine (1) (=)-N-methylaspidospermidine (1)
Assignment Boger’s Report'” This Work Chemical Shift
(+)-N-Methylaspidospermidine (1) (-)-N-Methylaspidospermidine (1) Difference
13C NMR, 100 MHz, '*C NMR, 125 MHz, Ad =
CDCl, CDCl,, 20 °C & (this work) —
) O (Ref. 12)
C2 71.7 720 0.3
€3 220 22.2 0.2
C4 229 23.1 0.2
C5 355 35.7 0.2
C6 345 34.7 0.2
C7 21.7 220 0.3
C8 53.8 54.1 0.3
C10 530 533 03
Cll 390 393 03
Cl2 525 52.8 03
Cl13 1369 137.1 0.2
Cl4 122.1 122.4 0.3
Cl5 1170 117.3 0.3
Cl6 127.2 127.4 0.2
C17 106.4 106.6 02
C18 150.5 150.8 0.3
C19 71.2 714 0.2
C20 30.1 303 0.2
C21 6.8 7.0 0.2
Cc22 315 317 0.2
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57%

Tetracyclic lactam (=)-64:

Trifluoromethanesulfonic anhydride (115 pL, 686 umol, 1.10 equiv) was added via syringe to
a solution of lactam (-)-53 (215 mg, 623 pmol, 1 equiv) and 3-cyanopyridine (77.9 mg, 748 umol,
1.20 equiv) in acetonitrile (25 mL) at 23 °C. After 5 min, the solution was warmed to 85 °C. After 3
h, the solution was allowed to cool to 23 °C. Sodium trifluoroacetate (254 mg, 1.87 mmol, 3.00
equiv) was added as a solid under an argon atmosphere. After 2 min, water (12.5 mL) was added via
syringe. After 5 min, trifluoroacetic acid (382 pL,4.99 mmol, 8.00 equiv) was added via syringe, and
the solution was warmed to 70 °C. After 12 h, the solution was allowed to cool to 23 °C. Saturated
aqueous potassium carbonate solution (20 mL) was added to quench the trifluoroacetic acid. Brine
(100 mL) and dichloromethane (120 mL) were added, and the layers were separated. The aqueous
layer was further extracted with dichloromethane (2 x 120 mL). The combined organic layers were
dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (1.5% acetone in
dichloromethane — 30% ethyl acetate in hexanes) to afford tetracyclic lactam (-)-64 (110.4 mg,
57.4%) as a beige powder. Structural assignments were made with additional information from
gCOSY, HSQC, and gHMBC data.

'"H NMR (500 MHz, CD,CN, 73 °C): 87.55(d,J=179, 1H, C,-H), 7.30 (d,J = 7.9, 1H, C,,-
H), 7.17 (app-t, J = 7.9, 1H, C,,-H), 7.06 (app-t, J = 7.9,
1H, C,;-H), 6.37 (d, J = 119, 1H, C,-H), 6.21 (d, J =
11.9, 1H, C,-H), 4.29-4.22 (m, 1H, C,,-H,), 3.59 (s, 3H,
C,,-H,), 3.06-2.95 (m, 2H, C,-H,), 3.06-2.95 (m, 1H,
C,-H,),2.89 (ddd, J =29, 6.0, 12.7, 1H, C,,-H,), 2.74—
2.66 (m, 1H, C,,-H,), 1.92-1.58 (m, 2H, C,-H,), 1.92—
1.58 (m, 2H, C,-H,), 1.92-1.58 (m, 2H, C,,-H,), 0.94 (t,
J=175,3H, C,-H,).

3C NMR (125 MHz, CD;CN, 73 °C): § 176.1 (C,0), 149.2 (C,), 138.4 (C,), 135.1 (C,), 129.1
(C,s), 1227 (C,o), 121.2 (C,), 120.0 (C,), 119.2 (C,)),
112.0 (C,,), 1103 (C,;), 52.3 (C,,), 49.8 (Cs), 48.3 (Cy),
32.5 (C,), 32.0 (Cy), 31.0 (C,y), 23.4 (C,), 216 (C,),

9.5 (C,).

FTIR (neat) cm™: 2926 (m), 1638 (s), 1469 (m), 1321 (m), 1245 (w), 742
(m).

HRMS (DART): calc’d for C,0H,sN,O [M+H]": 309.1961,
found: 309.1971.

[l -200 (c = 0.38, CHCl,).

TLC (50% EtOAc in hexanes), R;: 0.45 (UV, CAM, KMnO,).
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1. H,, PYC 6
THF, 23 °C. e
aMeot o 4 Me 21
2. LiAlH,4, THF
o, 16 N
60 °C Me

82% (two steps) (+)-2 .

(+)-N-Methylquebrachamine (2):

Platinum on charcoal (10% w/w, 10.0 mg, 5.13 pmol, 0.0806 equiv) was added as a solid to a
solution of tetracyclic lactam (-)-64 (19.6 mg, 63.6 umol, 1 equiv) in tetrahydrofuran (2.0 mL) at 23
°C. The opened reaction vessel was placed in a Parr bomb and sealed under an atmosphere of
hydrogen gas (400 psi). After 48 h, the Parr Bomb was opened in air, and the suspension was filtered
over Celite. The solids were further extracted with ethyl acetate (30 mL), and the combined filtrates
were concentrated under reduced pressure. The residue was dissolved in tetrahydrofuran (1.5 mL) at
23 °C. Lithium aluminum hydride (2.0 M solution in tetrahydrofuran, 160 pL, 320 pmol, 5.0 equiv)
was added via syringe. After 5 min, the reaction mixture was warmed to 60 °C. After 12 h, the
reaction mixture was allowed to cool to 23 °C. Sodium sulfate decahydrate was added as a solid to
quench the aluminum hydride salts. The resulting suspension was filtered over Celite. The solids
were further extracted with ethyl acetate (30 mL), and the combined filtrates were concentrated under
reduced pressure. The residue was purified by flash column chromatography on alumina (0 — 5%
ethyl acetate in hexanes) to afford (+)-N-methylquebrachamine (2, 15.3 mg, 81.7% over two steps) as
a white gum. Structural assignments were made with additional information from gCOSY, HSQC,
and gHMBC data.

'H NMR (500 MHz, CDCl,, 20 °C): 6751, J=78,1H,C,-H),7.28 (d,/ =738, I1H, C,;-
H), 7.15 (app-t,J = 7.8, 1H, C,(-H), 7.07 (app-t, J = 7.8,
1H, C;s-H), 3.70 (s, 3H, C,,-H,), 3.36 (d, /= 11.9, 1H,
C,,-H,), 3.03-2.82 (m, 1H, C,-H,), 3.03-2.82 (m, IH,
C,,-H,), 2.79 (app-dd, J = 10.8, 15.3, 1H, C;-H,), 2.65
(app-dd, J = 6.8, 15.6, 1H, C;-H,), 2.51-2.40 (m, IH,
C,-H,), 2.51-2.40 (m, 1H, C4-H,), 2.34-2.21 (m, 1H,
C,-H,), 2.34-2.21 (m, 1H, C;-H,), 1.81 (app-dd, J =
6.8,13.7, 1H, C,-H,), 1.64 (app-t, J = 12.1, 1H, C,-H,),
1.61-1.54 (m, 1H, C,-H,), 1.51 (d,J =119, 1H, C,,-H,),
1.35-1.24 (m, 1H, C,-H,), 1.35-1.24 (m, 1H, C,-H,),
1.35-1.24 (m, 1H, C,-H,), 1.24-1.10 (m, 1H, C,-H,),
1.24-1.10 (m, 1H, C-H,), 0.90 (t, J = 7.5, 3H, C,,-H;).

“C NMR (125 MHz, CDCl,, 20 °C): d 142.2 (C,), 136.4 (C,y), 1279 (C,5), 1199 (C,(), 118 .4

(Cy5), 117.5 (C,,), 108.7 (C,y), 108.4 (C,,), 56.8 (C,),

554 (Cp): 53.7 (Cy)s 378 (C,), 35.0 (Cy); 32.5 (C,),

32.2 (Cy), 29.7 (C,,), 22.8 (C)), 22.7 (C,), 19.2 (Cy),

8.1 (C,)).

FTIR (neat) cm ' 3051 (w), 2928 (s), 2782 (m), 1472 (s), 1371 (s), 1299
(m), 1191 (m), 1140 (m), 1012 (w), 736 (s).

HRMS (DART): calc’d for C,yH, N, [M+H]": 297.2325,
found: 297.2329

Jei] s +102 (¢ =0.22, CHCl,).”

TLC (Al O;, 5% EtOAc in hexanes), R;: 0.59 (UV, CAM, KMnO,).

"* Literature value: [a],*= +110 (CHCI,), Mokry, J.; Kompis, L; Dubravkova, L ; Sefcovic, P. Tetrahedron Lett. 1962,25,1185.
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Table S3. Comparison of our '"H NMR data for (+)-N-methylquebrachamine (2) with literature
data for (-)-kopsiyunnanine D (S4) and (+)-quebrachamine (2a):

Though early reports concerning (+)-N-methylquebrachamine (2) have not reported 'H or °C
NMR spectra, later reports'* have included 'H and C NMR data for the structural analog (-)-
kopsiyunnanine D (S4) and have made assignments based on gCOSY, HSQC and gHMBC data.
Furthermore, 'H and ""C NMR spectra have been reported for (+)-quebrachamine (2a), though
assignments based upon 2D NMR data were not reported. A comparison of the 'H data for the three

compounds is presented below; a comparison of the ?C NMR data is presented on page 137.

~
N _;5
1 19 N4 Me 2

° b Me
22L0' 24

(-)-kopsiyunnanine D (S4)

(+)-quebrachamine (S5)

8

(+)-N-methylquebrachamine (2)

Assignment Takayama’s Report' Schrock’s Report" This Work
(=)-Kopsiyunnanine D (S4) (+)-Quebrachamine (2a) (+)-N-Methylquebrachamine (2)
'H NMR, 500 MHz, 'HNMR, 400 MHz, 'H NMR, 500 MHz,
CDCl, CDCl, CDCl,, 20 °C
N1 - 7.70 (br-s, 1H) -
C2 - - -
C3 2.79 (m, 1H) 2.74 (ddd,J=20,104,15.6, 1H) 2.79 (app-dd, J =10.8,15.3, 1H)
2.55:(ddd; 7 =15,75,75,1H) 2.67(ddd,/=20,7.2,152,1H) 2.65 (app-dd, J=6.8,15.6, IH)
c4 1.74 (dd,/J=6.0,13.0,1H) 192 (ddd,/=2.0,6.8,14.0, 1H) 1.81 (app-dd,/=6.8,13.7, 1H)
1.55 (m, 1H) 1.65-1.53 (m, 1H) 1.64 (app-t, J = 12.1, 1H)
CS - - -
Cé6 1.18 (m, 1H) 1.33-1.08 (m, 2H) 1.35-1.24 (m, 1H)
1.09 (m, 1H) 1.24-1.10 (m, 1H)
c7 1.20 (m, 2H) 1.65-1.53 (m, 1H) 1.61-1.54 (m, 1H)
1.33-1.08 (m, 1H) 1.35-1.24 (m, 1H)
C8 2.32(dd,/=55,13.0,1H) 241(dd,/=28,44,1H) 2.51-2.40 (m, 1H)
2.18 (ddd,/=3.5,13.0,13.0, 1H) 2.25(dt,J=2.8,11.6,1H) 2.34-2.21 (m, 1H)
Cl10 240 (ddd,/=1.5,4.5,13.0,1H)) 2.48-2.43 (m, 1H)) 2.51-2.40 (m, 1H)
222 (ddd,/=45,13.0,13.0,1H) 233 (dt,/J=44,116, 1H) 2.34-2.21 (m, 1H)
C11 287 (ddd,/=45,130,150,1H) 294 (ddd,/=4.8,11.6,14.8,1H) 3.03-2.82 (m, 1H)
2.77 (m, 1H) 2.84(ddd,/=28,44,148, 1H) 3.03-2.82 (m, 1H)
Cl12 - - -
C13 - - -
Cl4 741(d,/=7.5,1H) 749-747 (m, 1H) 751(d,/=7.8,1H)
Cl5 7.03(ddd,J=1.5,75,75,1H) 7.06(dt,/=1.6,7.2,1H) 7.07 (app-t,J =738, 1H)
Cl6 7.08 (ddd,/=1.5,7.5,7.5, IH) 7.09(dt,/J=1.6,72,1H) 7.15 (app-t,/=7.8, IH)
C17 733(d,J=7.5,1H) 7.29-7.26 (m, 1H) 7.28(d,/=7.8,1H)
C18 - - -
Cl19 3.28 (br-d,/ =120, 1H) 3.25(br-d,/=11.6,1H) 336(d,/=119,1H)
141 (m, 1H) 1.50 (d,/J=11.6, 1H) 151 (d,/J=11.9,1H)
C20 1.21 (m, 1H) 1.33-1.08 (m, 2H) 1.35-1.24 (m, 1H)
1.05 (m, 1H) 1.24-1.10 (m, 1H)
C21 0.80 (t,J=7.5,3H) 0.85(t,J=72,3H) 090 (t,/=7.5,3H)
22 539(,/=115,1H) - 3.70 (s, 3H)
535(d,J=11.5,1H)
C24 3.19 (s, 3H) - -

" Wu, Y ; Suehiro, M.; Kitajima, M.; Matsuzaki, T.; Hashimoto, S.; Nagaoka, M .; Zhang, R.; Takayama, H. J. Nat. Prod. 2009, 72,

204.

"* Sattely, E. S.; Meek, S. J.; Malcolson, S. J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131,943,
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Table S4. Comparison of our C NMR data for (+)-N-methylquebrachamine (2) with literature

data for (-)-kopsiyunnanine D (S4) and (+)-quebrachamine (2a):

(-)-kopsiyunnanine D (S4)

(+)-quebrachamine (S5)

(+)-N-methylquebrachamine (2)

Assignment | Takayama’s Report" Schrock’s Report'” This Work Chemical Chemical
(-=)-Kopsiyunnanine D | (+)-Quebrachamine (2a) (+)-N-Methyl Shift Shift
(S4) “C NMR, 100 MHz, quebrachamine (2) Difference Difference
C NMR, 125 MHz, CDCl, C NMR, 125 MHz, Ad = Ad =
CDCl, CDClL;, 20°C & (this work) | 0 (this work)
— 0 (Ref. 14) | — & (Ref. 15)
C2 141.8 140.0 142.2 04 22
3 18.5 22.1 19.2 0.7 -29
C4 324 336 32.5 0.1 ~1.1
5 375 373 37.8 0.3 0.5
C6 34.7 349 350 0.3 0.1
C7 22.6 228 228 0.2 0.0
C8 55.2 552 554 0.2 02
C10 53.0 534 5357 0.7 0.3
Cll 22.3 22.6 229 04 0.1
Cl12 110.2 108.9 108 .4 -1.8 —0.5
Cl13 128.3 129.1 127.9 04 ~12
Cl4 1174 117.5 117.5 0.1 0.0
C15 119.2 118.8 1184 -0.8 04
C16 120.5 120.3 119.9 —0.6 04
C17 108.8 110.1 108.7 -0.1 -14
C18 136.7 135.0 136.4 03 1.4
C19 56.5 56.9 56.8 0.3 =0.1
C20 31.8 322 322 04 0.0
Cc21 7.9 79 8.1 0.2 0.2
22 73.8 - 29.7 441" A7
C24 336 - - =it w2

' Significant difference in chemical shift is due to oxygenation of C22 in (-)-kopsiyunnanine D (S4).

' No difference in chemical shift is reported due to absence of C22 in (+)-quebrachamine (2a).
'® No difference in chemical shift is reported due to absence of C24 in (-)-N-methylquebrachamine (2).
' No difference in chemical shift is reported due to absence of C24 in (+)-N-methylquebrachamine (2) and (+)-quebrachamine (2a).
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o O Me Tf,0, 3-CNPyr
» h@;\ MeCN,85°C;
3
N ot (4-(dimethylamino)phenyl)-

18 1 lej magnesium bromide
(-)-53 -40 °C;
Na(MeO(CH;),0),AIH,
40%

Hexacyclic aniline adduct (-)-63:

Trifluoromethanesulfonic anhydride (4.8 pL, 29 umol, 1.1 equiv) was added via syringe to a
solution of lactam (-)-53 (9.0 mg, 26 umol, 1 equiv) and 3-cyanopyridine (3.3 mg, 32 umol, 1.2
equiv) in acetonitrile (1.0 mL) at 23 °C. After 5 min, the solution was warmed to 85 °C. After 3 h,
the solution was cooled to —40 °C, and (4-(dimethylamino)phenyl)magnesium bromide (0.50 M
solution in tetrahydrofuran, 130 pL, 65 pmol, 2.5 equiv) was added via syringe. After 30 sec, sodium
bis(2-methoxyethoxy)aluminum hydride (65% w/v solution in toluene, 80 pL, 260 pmol, 10 equiv)
was added via syringe. After 2 min, acetic acid (50 pL) was added via syringe to quench the
aluminum hydride salts, and the solution was allowed warmed to 23 °C. Saturated aqueous
potassium carbonate solution (15 mL) and ethyl acetate (15 mL) were added, and the layers were
separated. The aqueous layer was further extracted with ethyl acetate (2 x 15 mL). The combined
organic layers were dried over anhydrous sodium sulfate, were filtered, and were concentrated under
reduced pressure. The residue was purified by flash column chromatography on alumina (0 — 1.5%
ethyl acetate in hexanes) to afford hexacyclic aniline adduct (-)-63 (4.3 mg, 40%) as a white powder.
Structural assignments were made with additional information from gCOSY, HSQC, gHMBC, and
ROESY data. The connectivity and relative stereochemistry of hexacyclic aniline adduct (-)-63 were
secured by X-Ray diffraction of a single crystal of its bis-(hydrogen chloride) salt (+)-63*2HCI*
(page 164, vide infra).

'"H NMR (500 MHz, CDCl,, 20 °C): 8 7.44 (dd, J = 22, 8.7, 1H, Cpi-H), 7.27 (dd, J = 2.2,
8.6, 1H, C,,-H), 7.06 (app-t, J = 7.7, 1H, C,-H), 6.97
(d,J=77, 1H, C,-H), 6.69 (dd, J = 2.7, 8.7, 1H, C,-
H), 6.64 (dd, J = 2.7, 8.6, 1H, C,5-H), 6.56 (app-t, J =
7.7, 1H, C,s-H), 630 (d, J = 7.7, 1H, C,,-H), 5.77 (d, J =
10.4, 1H, C,-H), 5.70 (dd, J = 1.4, 10.4, 1H, C,-H), 2.94
(s, 6H, Cy-(Hs),), 2.88-2.82 (m, 1H, Cy-H,), 2.66 (s,
3H, C,,-H,), 2.46 (s, 1H, C,o-H), 2.19-2.11 (m, 1H, C,,-
H,), 2.07-2.00 (m, 1H, C,;-H,), 2.00-1.91 (m, 1H, C,-
H,), 1.81-1.72 (m, 1H, C,-H,), 1.70-1.64 (m, 1H, C,-
H,), 1.64-1.56 (m, 1H, C,-H,), 1.56-1.41 (m, 1H, C,-
H,), 1.56-1.41 (m, 1H, C,-H,), 1.20 (app-dt, J = 4.2,
12.9, 1H, C,-H,), 1.02-0.83 (m, 2H, C,,-H,), 0.65 (t, J =
7.5,3H, C,-Hy).

* A sample of the corresponding bis-(hydrogen chloride) salt (x)-63°2HC! was prepared from hexacyclic aniline adduct (+)-63 as
follows: Hydrogen chloride (2.0 M in diethyl ether, 9.6 pL, 19 umol, 2.0 equiv) was added via syringe to a solution of hexacyclic
aniline adduct (x)-63 (4.0 mg, 9.7 umol, 1 equiv) in diethyl ether-chloroform (3:1, 500 pL) at 23 °C. A white solid precipitated
immediately. The resulting slurry was concentrated under reduced pressure, and the residue was dissolved in chloroform (200 pL).
Vapor diffusion of diethyl ether into this solution provided crystals of hexacyclic aniline adduct bis-(hydrogen chloride) salt (z)-
63°2HClI suitable for X-Ray diffraction. For a thermal ellipsoid representation of (x)-63°2HCI, see page 164.

138



13C NMR (125 MHz, CDCl,, 20 °C): & 150.7(C ). 1492:(C,), 1361 (G, 1332 (€s), 1321
(C), 131.6 (C,y), 128.9 (C,,), 128.6 (C,), 127.8 (C,).
123.5 (C,,), 116.0 (C,5), 1123 (C,,), 111.1 (C,5), 104.3
(C,,), 73.8 (C,), 72.3 (Cyo), 574 (C)y), 524 (Cy), 515
(C,), 409 (Cy), 38.6 (C,)), 38.3 (Cs), 35.6 (Cy), 34.4
(Cy),29.8 (C,,), 23.6 (C,), 7.8 (C.,)).

FTIR (neat) cm™': 2929 (s), 2791 (m), 1603 (s), 1517 (s), 1497 (s), 1315
(m), 1186 (m), 1121 (m), 734 (s).

HRMS (DART): calc’d for Co,yHy N, [M+H]™: 414.2904,
found: 414.2912.

[l -186 (¢ =0.16, CH,Cl,).

TLC (Al,O;, 5% EtOACc in hexanes), R;: 0.65 (UV, CAM, KMnO,).

Tf,0, 2-CIPyr
N O )Ff MeCN, 23 °C;

4 Me 21 (4-(dimethylamino)phenyl)-
magnesium bromide
-40 °C;
Na(MeOEtO),AlH,
76%

Synthesis of hexacyclic aniline adduct (=)-63 from tetracyclic lactam (=)-64 and (4-
(dimethylamino)phenyl)magnesium bromide:

Trifluoromethanesulfonic anhydride (19.7 pL, 117 pmol, 1.10 equiv) was added via syringe
to a solution of tetracyclic lactam (-)-64 (32.7 mg, 106 pumol, 1 equiv) and 2-chloropyridine (11.9
uL, 127 pmol, 1.20 equiv) in acetonitrile (4 mL) at 23 °C. After 10 min, the reaction mixture was
cooled to -40 °C, and (4-(dimethylamino)phenyl)magnesium bromide (0.50 M solution in
tetrahydrofuran, 320 pL, 160 pumol, 1.5 equiv) was added via syringe. After 30 sec, sodium bis(2-
methoxyethoxy)aluminum hydride (65% w/v solution in toluene, 323 pL, 1.06 mmol, 10.0 equiv)
was added via syringe. After 2 min, acetic acid (500 pL) was added via syringe to quench the
aluminum hydride salts, and the solution was allowed warmed to 23 °C. Saturated aqueous
potassium carbonate solution (15 mL) and ethyl acetate (15 mL) were added, and the layers were
separated. The aqueous layer was further extracted with ethyl acetate (2 x 15 mL). The combined
organic layers were dried over anhydrous sodium sulfate, were filtered, and were concentrated under
reduced pressure. The residue was purified by flash column chromatography on alumina (0 — 1.5%
ethyl acetate in hexanes) to afford hexacyclic aniline adduct (-)-63 (33.1 mg, 75.5%) as a white
powder. See page 138 for characterization data for hexacyclic aniline adduct (-)-63.
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Tf,0, 2-CIPyr
MeCN, 23 °C;

—_— s m m e
N,N-dimethylaniline;
Na(OMe);BH, THF
74%

Synthesis of hexacyclic anilin —)-63 from tetracyclic lactam (=)-64 an -
dimethylaniline:

Trifluoromethanesulfonic anhydride (5.6 pL, 34 umol, 1.1 equiv) was added via syringe to a
solution of tetracyclic lactam (-)-64 (9.4 mg, 31 umol, 1 equiv) and 2-chloropyridine (3.4 pL, 37
pumol, 1.2 equiv) in acetonitrile (0.7 mL) at 23 °C. After 10 min, N,N-dimethylaniline (4.6 pL, 37
umol, 1.2 equiv) was added via syringe. After 90 min, a solution of sodium trimethoxyborohydride
(39.0 mg, 305 pmol, 10.0 equiv) in tetrahydrofuran (1.0 mL) was added via cannula. After 2 h,
saturated aqueous sodium bicarbonate solution (15 mL) was added to quench the
trifluoromethanesulfonate salts. Dichloromethane (15 mL) was added, and the layers were separated.
The aqueous layer was further extracted with dichloromethane (2 x 15 mL). The combined organic
layers were dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced
pressure. The residue was purified by flash column chromatography on alumina (0 — 1.5% ethyl
acetate in hexanes) to afford hexacyclic aniline adduct (-)-63 (9.3 mg, 74%) as a white powder. See
page 138 for characterization data for hexacyclic aniline adduct (-)-63.
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Activation energy calculation for hexacyclic aniline adduct (=)-63 C2-C23 bond rotation:

The rate constant for rotation about the C2-C23 bond of hexacyclic aniline adduct (-)-63 in
dimethyl sulfoxide-d, was approximated from changes in the 'H NMR peak separation of the
resonances corresponding to the C24 and C28 protons. Data were collected at temperatures
sufficiently below the coalescence point of the two resonances. In this regime, defined by k ¥ Av
where k is the exchange rate constant and Av = 102.03 Hz is the peak separation of the resonances of

the C24 and C28 protons at a temperature where negligible exchange is occurring, the rate constant

for rotation can be approximated by k = % ’(sz—m’g?‘), where Av, is the separation of the

resonances of the C24 and C28 protons at the experimental temperature, T.?'

_Ea )
The activation energy E, was calculated from the Arrhenius equation k = Ae &7, where R is
the Boltzmann constant (1.98 cal/mol) and A is a constant factor. This can be written in form

suitable for application of linear least squares regression: Ink = — i—fr + C, where C is a constant.
[¢ : = =

T} Ave (Hz) | TH(mK™") In(k) I

52.0 100.98 3.08 3.48 T Mo
56.0 100.52 3.04 3.66 e |s S
60.0 97.46 3.00 4.21 B

64.0 93.27 2.97 4.52 [1

68.0 80.93 2.93 4.93 B

o | 29 2.95 3 3.05 1
T'(mK™)

Linear least squares gives E, = 20.1 = 0.1 kcal/mol.

2! (a) Gasparro, F. P.; Kolodny, N. H. J. Chem. Ed. 1977, 54,258. (b) Johnson, E. S. In Advances in Magnetic Resonance, Waugh, J.S.,
Ed.; Academic Press: New York, 1956, Vol. 1, Chapter 2, pp. 64-68. (c) Gutowsky, H. S.; Holm, C. H. J. Chem. Phys. 1956, 25, 1228.
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Tf,0, 2-CIPyr
N O )6 MeCN, 23 °C;

N
4 Me21  (4-(dimethylamino)phenyl)-
magnesium bromide
-40 °C; AcOH
76%

Trifluoromethanesulfonic anhydride (6.0 uL, 36 pmol 1.1 equiv) was added via syringe to a
solution of tetracyclic lactam (-)-64 (10.0 mg, 32.4 pmol, 1 equiv) and 2-chloropyridine (3.7 pL, 39
pmol, 1.2 equiv) in acetonitrile (1.5 mL) at 23 °C. After 10 min, the reaction mixture was cooled to
-40 °C, and (4-(dimethylamino)phenyl)magnesium bromide (0.50 M solution in tetrahydrofuran, 97
pl, 49 umol, 1.5 equiv) was added via syringe. After 30 sec, acetic acid (20 pL) was added via
syringe to quench the arylmagnesium bromide salts, and the solution was allowed warmed to 23 °C.
Saturated aqueous sodium bicarbonate solution (15 mL) and dichloromethane (15 mL) were added,
and the layers were separated. The aqueous layer was further extracted with dichloromethane (2 x 15
mL). The combined organic layers were dried over anhydrous sodium sulfate, were filtered, and
were concentrated under reduced pressure. The residue was purified by flash column
chromatography on alumina (20 — 80% acetone in hexanes) to afford hexacyclic iminium
trifluoromethanesulfonate (-)-66 (13.9 mg, 76.3%) as a yellow oil. Structural assignments were
made with additional information from gCOSY, HSQC, gHMBC, and NOESY data.

'H NMR (500 MHz, C,Dy, 72 °C): 6776 (d,J=17.5,1H, C,,-H), 7.06 (d, J = 7.5, 1H, C-
H), 701 (br-d, J = 8.3, 2H, C,,-H, C,;-H), 6.80 (app-t, J
=7.5, 1H, Cs-H), 6.74 (d, J = 8.3, 2H, C,s-H, C,-H),
6.29 (d,J =75, 1H, C,;-H), 553 (d, 1H, /=99, C,-H),
543 (d,J =99, 1H, C;-H), 4.25 (app-dd, 1H, J = 5.6,
16.6, C,;-H,), 4.17-4.07 (m, 1H, Ce-H,), 3.57-3.44 (m,
2H, C,-H,), 2.68 (s, 6H, C;;-(H,),), 2.68-2.55 (m, 1H,
Cs-H,), 2.44 (s, 3H, C,,-H,), 2.20-2.10 (m, 1H, C,-H,),
2.10-2.02 (m, 1H, C,-H,), 2.10-2.02 (m, 1H, C,-H,),
2.02-1.93 (m, 1H, C,-H,), 1.86-1.73 (m, 1H, C,-H,),
1.86-1.73 (m, 1H, C,-H,), 1.67-1.55 (m, 1H, C,-H,),
1.33-1.21 (m, 1H, C(-H,), 0.52 (t, /= 7.5, 3H, C,,-H;).

C NMR (125 MHz, C,D,, 72 °C): 8 192.0 (C,y), 151.8 (C,), 150.6 (C,y), 132.7 (C,), 130.9
(C,3), 130.5 (C,g), 129.2 (C,,, Cy), 127.5 (C,), 1259
(C,), 1232 (C,y), 1229 (q, J = 322.4, F,CSO;), 120.1
(C,s), 113.5 (C,5,C,,), 108.1 (C,,), 82.8 (C,), 69.4 (C,,),
59.3 (Gy), 50.7 (C,y), 43.5 (C5), 40.4 (Cy), 32.8 (C,),
31.8 (€5): 302 (C); 218 (CH; 177 (C.): 7T 8 (C):

F NMR (300 MHz, C,D,, 20 °C): d-78.6

FTIR (neat) cm ' 2925 (m), 1670 (m), 1609 (s), 1521 (m), 1489 (m), 1262
(s), 1157 (s), 1031 (s), 638 (s).

HRMS (DART): calc’d for C,gH;,N; [M—CF;0,57]": 412.2747,
found: 412.2745.

(o], -85 (¢ =0.25, CH,Cl,).

TLC (Al O;, 75% acetone in hexanes), R 0.26 (UV, CAM, KMnO,).
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Tf,0, 2-CIPyr
MeCN, 23 °C;
- -
N,N-dimethylaniline
74%

Synthesis of hexacyclic iminium trifluoromethanesulfonate (—)-66 from tetracyclic lactam (=)-
64 and N.N-dimethylaniline:

Trifluoromethanesulfonic anhydride (17.2 pL, 102 pmol, 1.10 equiv) was added via syringe
to a solution of tetracyclic lactam (—)-64 (28.7 mg, 93.1 umol, 1 equiv) and 2-chloropyridine (10.5
uL, 112 pmol, 1.20 equiv) in acetonitrile (3.5 mL) at 23 °C. After 10 min, N,N-dimethylaniline (14.2
pL, 112 pmol, 1.20 equiv) was added via syringe. After 90 min, a solution of sodium bicarbonate
(150 mg) in water (15 mL) was added to quench the trifluoromethanesulfonic acid salts.
Dichloromethane (15 mL) was added, and the layers were separated. The aqueous layer was further
extracted with dichloromethane (2 x 15 mL). The combined organic layers were dried over
anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure. The residue
was purified by flash column chromatography on alumina (20 — 80% acetone in hexanes) to afford
hexacyclic iminium trifluoromethanesulfonate (-)-66 (37.9 mg, 72.5%) as a yellow oil. See page 142
for characterization data for hexacyclic iminium trifluoromethanesulfonate (-)-66.
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bond rotation:
The rate constant for rotation about the C2-C23 bond of hexacyclic iminium

trifluoromethanesulfonate (-)-66 in acetonitrile-d; was approximated from changes in the '"H NMR
peak separation of the resonances corresponding to the C24 and C28 protons. Data were collected at
temperatures sufficiently below the coalescence point of the two resonances. In this regime, defined
by k ¥ Av where k is the exchange rate constant and Av = 327.89 Hz is the peak separation of the

resonances of the C24 and C28 protons at a temperature where negligible exchange is occurring, the

rate constant for rotation can be approximated by k = % ‘(Av?‘ — Av,?), where Av, is the separation

of the resonances of the C24 and C28 protons at the experimental temperature, T.

_Ea .
The activation energy E, was calculated from the Arrhenius equation k = Ae &r, where R is
the Boltzmann constant (1.98 cal/mol) and A is a constant factor. This can be written in form

suitable for application of linear least squares regression: Ink = — %" + C, where C is a constant.
— 3.72

T(°C) AVe(Hz) | T'(mK™) | In(k) iz

-2.0 318.41 3.69 5.16 vt . |
1.0 311.86 3.65 5.42 K | T oo
4.0 300.67 3.61 5.67 S
7.0 287.73 3.57 5.86 "

10.0 256.17 3.53 6.12 - e

T (mK™)

Linear least squares gives E, = 11.7 + 0.2 kcal/mol.
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NaBH3CN, AcOH
e
MeOH, 23 °C;
97%

Reduction of hexacyclic iminium trifluoromethanesulfonate (=)-66:
Sodium cyanoborohydride (10.1 mg, 161 pmol, 7.89 equiv) was added as a solid under an

argon atmosphere to a solution of hexacyclic iminium trifluoromethanesulfonate (-)-66 (11.5 mg,
20.4 umol, 1 equiv) and acetic acid (42.9 pL, 533 pmol, 26.1 equiv) in methanol (2.0 mL) at 23 °C.
After 2 h, saturated aqueous sodium bicarbonate solution (15 mL) was added via syringe to quench
the trifluoromethanesulfonate salts. Dichloromethane (15 mL) was added, and the layers were
separated. The aqueous layer was further extracted with dichloromethane (2 x 15 mL). The
combined organic layers were dried over anhydrous sodium sulfate, were filtered, and were
concentrated under reduced pressure. The residue was purified by flash column chromatography on
alumina (0 — 1.5% ethyl acetate in hexanes) to afford hexacyclic aniline adduct (-)-63 (8.2 mg,
97%) as a white powder. See page 138 for characterization data for hexacyclic aniline adduct (-)-63.
If the reaction is run in the absence of acetic acid, hexacyclic aniline adduct (—)-63 is afforded in 92%
yield.
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Tf,0, 2-CIPyr
MeCN, 23 °C;

(2,6-dimethylphenyl)-
magnesium bromide
-40°C;
Na(MeQO(CH3),0),AIH,
59%

He lic xylene adduct (=)-67:

Trifluoromethanesulfonic anhydride (10.5 pL, 62.4 pmol, 1.10 equiv) was added via syringe
to a solution of tetracyclic lactam (-)-64 (17.5 mg, 56.7 pmol, 1 equiv) and 2-chloropyridine (6.4 pL,
68 umol, 1.2 equiv) in acetonitrile (1.5 mL) at 23 °C. After 10 min, the reaction mixture was cooled
to —40 °C, and (2,6-dimethylphenyl)magnesium bromide (1.0 M solution in tetrahydrofuran, 85.1 pL,
85 umol, 1.5 equiv) was added via syringe. After 10 min, sodium bis(2-methoxyethoxy)aluminum
hydride (65% w/v solution in toluene, 104 pL, 340 pumol, 6.00 equiv) was added via syringe. After 2
min, acetic acid (100 pL) was added via syringe to quench the aluminum hydride salts, and the
solution was allowed warmed to 23 °C. Saturated aqueous potassium carbonate solution (15 mL) and
ethyl acetate (15 mL) were added, and the layers were separated. The aqueous layer was further
extracted with ethyl acetate (2 x 15 mL). The combined organic layers were dried over anhydrous
sodium sulfate, were filtered, and were concentrated under reduced pressure. The residue was
purified by flash column chromatography on silica gel (0 — 2% ethyl acetate in hexanes) to afford
hexacyclic xylene adduct (-)-67 (13.4 mg, 59.2%) as a white powder. Structural assignments were
made with additional information from gCOSY, HSQC, gHMBC, and NOESY data.

'H NMR (500 MHz, CDCl,, 20 °C): 87.03(t,J=1738,1H, C,-H), 7.01-6.95 (m, 1H, C,s-H),
7.01-6.95 (m, 1H, C,-H), 7.01-6.95 (m, 1H, C,,-H),
6.91 (m, 1H, C,;,-H), 6.50 (app-t, J = 7.8, 1H, Cs;-H),
6.06 (d, J =105, 1H, C;-H), 6.03 (d, J = 7.8, 1H, C;-
H), 544 (dd, J = 1.5, 10.5, 1H, C,-H), 2.89-2.83 (m,
1H, Cy-H,), 2.72 (s, 3H, C,,-H;), 2.56-2.50 (m, 1H, C,-
H,), 2.49 (s, 3H, C,,-H;), 2.27 (s, 1H, C,,-H), 2.17 (ddd,
J=57,86, 105, 1H, C,-H,), 2.02-1.95 (m, 1H, C,-
H,), 1.95-1.88 (m, 1H, C,-H,), 1.92 (s, 3H, C;-H,),
1.82 (ddd, J = 4.4, 10.5, 140, 1H, C,-H,), 1.65-1.59
(m, 1H, C,-H)), 1.57-1.42 (m, 2H, C;-H,), 1.29-1.13
(m, 1H, Cs-H,), 0.81-0.66 (m, 2H, C,-H,), 0.55 (t, J =
7.5,3H, C,-H,).

C NMR (125 MHz, CDCl,, 20 °C): d 1499 (C), 142.0 (C,), 140.1 (C,,), 139.7 (Cy),
134.2 (C,3), 132.5 (C)), 131.6 (C)), 131.5 (C,s), 130.6
(C,;); 128.5 (C,), 126.3 (C,); 123.0 (C,,), 115.1 (C,y),
103.0 (Cy), 74.5 (Cy), 74.0 (C,y), 57.8 (C},), 52.3 (Cy),
51.8 (Cyy), 38.4 (Cy), 36.9 (C,)), 34.9 (Cy), 344 (Cy),
28.7 (C1), 25.5 (Cy), 23.6 (Cy), 23.2 (C), 79 (Cyy).

FTIR (neat) cm™: 2929 (s), 1603 (s), 1503 (s), 1457 (m), 1382 (m), 1188
(m), 666 (s).

HRMS (DART): calc’d for C,;H3sN, [M+H]™: 399.2795,
found: 399.2790.

[o]™": -145 (¢ = 0.14, CH,CL).

TLC (2% EtOAc in hexanes), R;: 0.26 (UV, CAM, KMnO,).
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Tf,0, 2-CIPyr
MeCN, 23 °C;
—
trimethyl(2-methallyl)silane;
Na(OMe);BH, THF
92%

Pentacyclic methallyl adduct (—)-68:
Trifluoromethanesulfonic anhydride (6.0 pL, 36 pmol, 1.1 equiv) was added via syringe to a

solution of tetracyclic lactam (-)-64 (10.0 mg, 32.4 pumol, 1 equiv) and 2-chloropyridine (3.7 pL, 39
umol, 1.2 equiv) in acetonitrile (1.3 mL) at 23 °C. After 10 min, trimethyl(2-methallyl)silane (8.5 pL,
49 upmol, 1.5 equiv) was added via syringe.  After 90 min, a solution of sodium
trimethoxyborohydride (24.9 mg, 195 pmol, 6.00 equiv) in tetrahydrofuran (1.0 mL) was added via
cannula. After 2 h, saturated aqueous sodium bicarbonate solution (15 mL) was added to quench the
trifluoromethanesulfonate salts. Dichloromethane (15 mL) was added, and the layers were separated.
The aqueous layer was further extracted with dichloromethane (2 x 15 mL). The combined organic
layers were dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced
pressure. The residue was purified by flash column chromatography on silica gel (10 — 20% ethyl
acetate in hexanes) to afford pentacyclic methallyl adduct (-)-68 (10.4 mg, 92.0%) as a viscous
yellow oil. Structural assignments were made with additional information from gCOSY, HSQC,
gHMBC, and NOESY data.

'"H NMR (500 MHz, CDCl,, 20 °C): 8 7.03-6.93 (m, 1H, C,-H), 7.03-6.93 (m, 1H, C,,-H),
6.51 (app-t, J = 7.8, 1H, C,;-H), 6.10 (d, J = 7.8, 1H,
C,,-H), 5.80 (d, J = 10.3, 1H, C,-H), 5.64 (d, J = 10.3,
1H, C,-H), 4.87-4.76 (m, 2H, C,-H,), 3.03-2.94 (m,
IH, C,,-H,), 3.03-2.94 (m, 1H, C;-H,), 2.69 (s, 3H, C,,-
H,), 2.65-2.55 (m, 1H, C,-H,), 247 (s, 2H, Cy,-H,),
2.28 (app-q, J = 8.5, 1H, C,,-Hy), 2.06 (s, 1H, C,o-H),
1.96-1.86 (m, 1H, C;-H,), 1.86-1.76 (m, 1H, C,-H,),
172 (s, 3H, Cy-Hy), 1.70-1.61 (m, 1H, C-H,), 1.54—
143 (m, 2H, C,-H,), 1.16-1.06 (m, 1H, C-H,), 1.06-
0.96 (m, 1H, Cy,-H,), 0.84-0.74 (m, 1H, C,-H,), 0.53 (t,
J=175,3H, C,-H,).

3C NMR (125 MHz, CDCl,, 20 °C): 8 150.3(C,y), 143.2 (C,,), 137.2 (C,), 136.3 (C,3), 129.5
(Cy), 128.0 (C,y), 1232 (C,), 1158 (C,s), 114.4 (C,y),
104.1 (C,,), 774 (C,,), 68.4 (C,), 57.4 (C,,), 53.9 (C,),
53.0 (Cy), 45.6 (Cy), 39.0 (Cy), 36.3 (C,)), 34.7 (Cy),
337 (Cs), 300 (€5,): 254 (€0, 232(C; 1.7 (C)-

FTIR (neat) cm ' 2927 (s), 1604 (s), 1501 (s), 1462 (s), 1376 (m), 736 (s).

HRMS (DART): calc’d for C,,Hy;N, [M+H]": 349.2638,
found: 349.2645.

(o], ~1304e= 0015,/ CHLCL).

TLC (Al,O;, 5% EtOAc in hexanes), R;: 0.63 (UV, CAM, KMnO,).
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Tf,0, 2-CIPyr,

MeCN, 23 °C;
_— =
tert-butyl((1-methoxyvinyl)oxy)
dimethylsilane;
Na(OMe)3BH, THF,
-30—0°C;

79%

Pentacyclic methyl acetate adduct (=)-69:
Trifluoromethanesulfonic anhydride (12.0 pL, 71.3 pmol, 1.10 equiv) was added via syringe

to a solution of tetracyclic lactam (—)-64 (20.0 mg, 64.8 umol, 1 equiv) and 2-chloropyridine (7.3 pL,
78 pmol, 1.2 equiv) in acetonitrile (2.5 mL) at 23 °C. After 10 min, tert-butyl((1-
methoxyvinyl)oxy)dimethylsilane (21.2 pL, 97.3 umol, 1.50 equiv) was added via syringe. After 90
min, the reaction mixture was cooled to =30 °C, and a solution of sodium trimethoxyborohydride
(49.8 mg, 389 umol, 6.00 equiv) in tetrahydrofuran (1.0 mL) was added via cannula. After 30 min,
the reaction mixture was allowed to warm slowly to 0 °C. After 30 min, saturated aqueous sodium
bicarbonate solution (15 mL) was added to quench the trifluoromethanesulfonate salts, and the
resulting biphasic mixture was allowed to warm to 23 °C. Dichloromethane (15 mL) was added, and
the layers were separated. The aqueous layer was further extracted with dichloromethane (2 x 15
mL). The combined organic layers were dried over anhydrous sodium sulfate, were filtered, and
were concentrated under reduced pressure. The residue was purified by flash column
chromatography on alumina (5 — 10% ethyl acetate in hexanes) to afford pentacyclic methyl acetate
adduct (—)-69 (18.8 mg, 79.1%) as a yellow oil. Structural assignments were made with additional
information from gCOSY, HSQC, gHMBC, and NOESY data.

'"H NMR (500 MHz, CDCl,, 20 °C): 8 7.04-6.93 (m, 1H, C,,-H), 7.04-6.93 (m, 1H, C,-H),
6.54 (app-t, J = 7.8, 1H, C,-H), 6.16 (d, J = 7.8, 1H,
C,-H), 5.84 (d, J = 10.3, 1H, C,-H), 5.70 (d, J = 103,
1H, C,-H), 3.46 (s, 3H, C,.-H,), 3.07-2.99 (m, 1H, C,,-
H,), 2.99-2.90 (m, 1H, C,-H.), 2.80 (d, J = 14.1, 1H,
C,-H,), 275 (d,J = 14.1, 1H, C,,-H,), 2.72 (s, 3H, C,,-
H,),2.55-2.45 (m, 1H, C,,-H,), 2.30 (app-q, J = 84, 1H,
Cyo-H), 2.12 (s, 1H, C,o-H), 1.98-1.81 (m, 1H, C,-H,),
1.98-1.81 (m, 1H, C,-H,), 1.73-1.64 (m, 1H, C,-H,),
1.53-1.42 (m, 2H, C,-H,), 1.19-1.02 (m, 1H, C.-H,),
1.19-1.02 (m, 1H, C,-H,), 0.92-0.80 (m, 1H, C,-H,),
0.56 (t,J = 7.4, 3H, C,-H,).

'3C NMR (125 MHz, CDCl,, 20 °C): § 171.7 (C,,), 149.9 (C,5), 138.3 (C,), 135.7 (C,3), 127.9
(C,4), 127.8 (Cy), 123.0 (Cyf), 116.6 (C,s), 104.8 (C,,),
76.3 (C,y), 68.9 (C,), 57.1 (C,,), 53.4 (C,), 52.7 (Cy),
51.5 (Cy), 42.1 (Cy), 39.0 (Cy), 36.6 (C,)), 34.8 (Cy),
33.8 (Cy), 29.6 (C»,),23.0 (C,), 7.8 (C,)).

FTIR (neat) cm™: 2934 (s), 1733 (s), 1603 (s), 1494 (s), 1304 (m), 1189
(m), 1156 (m), 737 (m).

HRMS (DART): calc’d for C,;H;,N,O, [M+H]": 367.2380,
found: 367.2377.

[a]p™: ~95 (¢ =0.17, CH,CL,).

TLC (Al O,, 10% EtOACc in hexanes), R;:  0.26 (UV, CAM, KMnO,).
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N O )b T6,0, 2-CIPyr

o VA SN MeCN, 23 °C;
/ 4 Me 21
N (-)-N-methyldehydro-
16 TN aspidospermidine (62)
Me 85 °C; NaHCO,
(-)-64 80%

Decacyclic iminium trifluoromethanesulfonate (+)-70:

Trifluoromethanesulfonic anhydride (16.3 pL, 97.0 umol, 1.10 equiv) was added via syringe
to a solution of tetracyclic lactam (—)-64 (27.2 mg, 88.2 umol, 1 equiv) and 2-chloropyridine (10.0
uL, 106 pmol, 1.20 equiv) in acetonitrile (2.0 mL) at 23 °C. After 10 min, a solution of (=)-N-
methyldehydroaspidospermidine (62, 26.0 mg, 88.2 umol, 1.00 equiv) in acetonitrile (2.0 mL) was
added via cannula. After 5 min, the reaction mixture was warmed to 85 °C. After 90 min, the
reaction mixture was allowed to cool to 23 °C, and a solution of sodium bicarbonate (150 mg) in
water (15 mL) was added to quench the trifluoromethanesulfonic acid salts. Dichloromethane (15
mL) was added, and the layers were separated. The aqueous layer was further extracted with
dichloromethane (2 x 15 mL). The combined organic layers were dried over anhydrous sodium
sulfate, were filtered, and were concentrated under reduced pressure. The residue was purified by
flash column chromatography on alumina (10 — 85% acetone in hexanes) to afford decacyclic
iminium trifluoromethanesulfonate (+)-70 (51.8 mg, 79.9%) as an amorphous orange solid.
Structural assignments were made with additional information from gCOSY, HSQC, gHMBC, and
NOESY data.

'"H NMR (500 MHz, PhMe-dj, 80 °C): 5786 (d,J =75, 1H, C,-H), 7.01 (app-t, J = 7.5, 1H,
C,-H), 7.01-6.96 (br-s, 1H, C,,-H), 6.78 (app-t, J = 7.5,
1H, C,-H), 6.77-6.66 (br-m, 1H, C,s-H), 6.30-6.21 (m,
1H, C,,-H), 6.30-6.21 (m, 1H, C,,-H), 5.69 (dd, J = 3.8,
10.3, 1H, C,-H), 5.56 (d, J = 10.0, 1H, C,-H), 5.51 (d,J
=103, 1H, C,-H), 546 (d, J = 10.0, 1H, C,-H), 4.38—
4.25 (m, 1H, Cy-H,), 4.38-4.25 (m, 1H, C,-H,), 3.68 (d,
J=38, 1H, C,-H), 3.38-3.27 (m, 1H, Cy-H,), 3.07-2.98
(m, 1H, C,,-H,), 2.86-2.79 (m, 1H, Cy-H,), 2.72-2.64
(m, 1H, C,-H,), 2.64 (s, 3H, Cp,-Hy), 249 (s, 3H, C,,-
H,), 2.35-2.26 (m, 1H, C,,-H,), 2.26-2.15 (m, 1H, C,-
H), 2.26-2.15 (m, 2H, C,,-H,), 2.15 (s, 1H, C,;-H),
2.14-2.04 (m, 1H, C,-H,), 2.14-2.04 (m, 1H, C,,-H,),
1.95-1.88 (m, 1H, C,-H,), 1.88-1.74 (m, 1H, C,-H,),
1.88-1.74 (m, 1H, Cy-H,), 1.88-1.74 (m, 1H, C,,-H,),
1.68 (dg, J = 6.3, 7.5, 1H, Cy,-H,), 1.58-1.47 (m, 1H,
C,-H,), 1.58-1.47 (m, 1H, C,-H,), 1.39-131 (m, 1H,
C,-H,), 1.25-1.17 (m, 1H, C-H,), 1.13-1.04 (m, 1H,
Cy-H,), 1.01-091 (m, 1H, C,-H,), 1.01-0.91 (m, 1H,
Cy-H,), 0.59 (t, J = 7.5, 3H, C,-H,), 0.56 (t, J = 7.5,
3H, C,,-H,).

3C NMR (125 MHz, PhMe-d;, 80 °C): & 1922 (C,,), 152.0 (Cy3), 1504 (Cy5), 1374 (Cyy),
136.9 (C.), 132.7 (C,), 130.8 (C,), 130.3 (C,o), 128.6
(C,e), 127.7 (C,.), 1259 (Cy), 124.0 (Cy), 123.2 (C\y),
122.8 (C,.), 1225 (q, J = 322.4, F,CSO5), 120.0 (C,,),
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107.9 (Cp,), 105.6 (C,,), 83.1 (C,), 73.0 (C,,), 71.5
(C,), 69.6 (C,,), 59.2 (C,y), 52.9 (C,,), 52.6 (Cy), 52.4
(C,y), 50.7 (Cy), 44.4 (C,,), 43.6 (Cy), 39.3 (Cs), 3622
(Cyg)s 34.6 (Cy), 324 (C,)), 31.7 (Cyy), 314 (Cyp), 29.9
(Cy), 28.1 (Cy), 23.5 (C,), 17.6 (C,), 7.7 (C,), 7.6

(C21')'
“F NMR (300 MHz, CDCl,, 20 °C): 0 -78.9
FTIR (neat) cm™: 2933 (s), 1672 (m), 1608 (s), 1489 (s), 1454 (m), 1262

(s), 1155 (s), 1031 (s), 752 (m).

HRMS (DART): calc’d for C,,H, N, [M-CF,0,S7]": 585.3952,
found: 585.3941.

[a]p™*: +9 (c = 0.076, CH,CL).

TLC (ALOs, 75% acetone in hexanes), R  0.48 (UV, CAM, KMnQ,).
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Tf,0, 2-CIPyr
MeCN, 23 °C;
(=)-N-methyldehydro-
aspidospermidine (62) 16
85 °C; Na(OMe);BH
THF, 23 °C
73%

Decacyclic dimer (=)-71:
Trifluoromethanesulfonic anhydride (7.2 pL, 42 pmol, 1.1 equiv) was added via syringe to a

solution of tetracyclic lactam (—)-64 (11.8 mg, 38.2 umol, 1 equiv) and 2-chloropyridine (4.3 pL, 46
umol, 1.2 equiv) in acetonitrile (0.6 mL) at 23 °C. After 10 min, a solution of (-)-N-
methyldehydroaspidospermidine (62, 13.5 mg, 45.9 pmol, 1.20 equiv) in acetonitrile (1.2 mL) was
added via cannula. After 5 min, the reaction mixture was warmed to 85 °C. After 90 min, the
reaction mixture was allowed to cool to 23 °C, and a solution of sodium trimethoxyborohydride (29.3
mg, 229 pmol, 6.00 equiv) in tetrahydrofuran (1.8 mL) was added via cannula. After 3 h, saturated
aqueous sodium bicarbonate solution (15 mL) was added to quench the trifluoromethanesulfonate
salts, and the resulting biphasic mixture was allowed to warm to 23 °C. Dichloromethane (15 mL)
was added, and the layers were separated. The aqueous layer was further extracted with
dichloromethane (2 x 15 mL). The combined organic layers were dried over anhydrous sodium
sulfate, were filtered, and were concentrated under reduced pressure. The residue was purified by
flash column chromatography on silica gel (0.5% acetic acid, 20% methanol, 20% tetrahydrofuran in
dichloromethane — 30% methanol in dichloromethane) to afford decacyclic dimer (-)-71 as its acetic
acid salt, which was dissolved in ethyl acetate (30 mL) and washed with saturated aqueous potassium
carbonate solution (30 mL) and brine (30 mL). The organic layer was dried over anhydrous sodium
sulfate, was filtered, and was concentrated under reduced pressure to afford decacyclic dimer (-)-71
(16.3 mg, 72.6%) as a colorless gum. Structural assignments were made with additional information
from gCOSY, HSQC, gHMBC, and NOESY data.

'H NMR (500 MHz, CDCl,, 20 °C, 1.7:1 atropisomer mixture, * denotes minor atropisomer): & 7.36
(d,J=1.7,1H, C,,-H*), 7.28 (d, J = 8.3, 1H, C4,-H),
7.11-7.07 (m, 1H, C,,-H*), 7.09-7.06 (m, 1H, C,,-H),
708 (d,J = 1.8, 1H, C,,-H), 7.04 (app-dt, J = 1.1, 7.5,
1H, C,,-H*),6.97 (d,/=7.7, 1H, C,,-H), 6.97-6.94 (m,
1H, C,,-H*), 6.58 (app-t,J = 7.2, 1H, C,5-H), 6.55 (app-
t,J=73,1H, Cs-H*), 6.33 (d,/=7.7, 1H, C,;-H), 6.30
d,J =177, 1H, C,.-H*), 6.23 (d, J = 8.3, 1H, C,;-H),
6.17 (d, J = 8.2, 1H, C,,-H*), 598 (dd, J = 4.5, 10.2,
1H, C;-H), 5.98-5.95 (m, 1H, C;-H*),5.74 (d, J = 10.2,
1H, C,-H), 5.73-5.63 (m, 1H, C,-H*), 5.73-5.63 (m,
1H, C;-H), 5.73-5.63 (m, 1H, C,-H), 5.73-5.63 (m, 1H,
C,-H*), 5.73-5.63 (m, 1H, C,-H*), 3.76-3.71 (m, 1H,
C,-H), 3.76-3.71 (m, 1H, C,-H*), 3.16-3.00 (m, 1H,
C,,-H,*), 3.16-3.00 (m, 1H, C,,-H,), 3.16-3.00 (m, 1H,
C,-H*), 3.16-3.00 (m, 1H, Cg-H,), 2.84 (s, 3H, Cy,-
H,), 2.82 (s, 3H, C,,-H,*), 2.80-2.73 (m, 1H, Ci-H)),
2.80-2.73 (m, 1H, C,-H,*), 2.62 (s, 3H, C,,-H,), 2.61 (s,
3H, C,,-H;*), 2.54 (s, 1H, C,,-H*), 2.52 (s, 1H, Cjy-H),
2.34-2.26 (m, 1H, C,,-H,), 2.26-2.19 (m, 1H, C,,-H,*),
2.17 (s, 1H, C,,-H*), 2.12 (s, 1H, C,;-H), 2.15-1.83 (m,
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IH, C,,-H,), 2.15-1.83 (m, 1H, C;-H,), 2.15-1.83 (m,
IH, Co-H,*), 2.15-1.83 (m, 1H, Cy-H,*), 2.15-1.83 (m,
H, C,,-H.*), 2.15-1.83 (m, 1H, C,,-H,), 2.15-1.83 (m,
1H, C,,-H,), 2.15-1.83 (m, 1H, C;-H,), 2.15-1.83 (m,
1H, C,-H, %), 2.15-1.83 (m, 1H, C,,-H,*), 2.15-1.83 (m,
1H, C,,-H,), 2.15-1.83 (m, 1H, C,,-H,*), 1.77-1.60 (m,
H, C,-H,*), 1.77-1.60 (m, 1H, C,-H,*), 1.77-1.60 (m,
1H, Co-H,), 1.77-1.60 (m, 1H, C,-H,), 1.67-1.48 (m,
2H, C,-H,*), 1.67-1.48 (m, 1H, C,-H,*), 1.67-148 (m,
1H, C,-H,), 1.67-1.48 (m, 1H, C,-H,), 1.67-148 (m,
1H, C,-H,), 1.67-1.48 (m, 1H, C,-H,*), 1.67-148 (m,
1H, C,-H,), 1.53-1.39 (m, 1H, C,-H,), 1.53-1.39 (m,
1H, C,,-H,*), 1.32-1.15 (m, 1H, C-H,*), 1.32-1.15 (m,
H, C-H,), 132-1.15 (m, 1H, C,-H,), 1.32-1.15 (m,
1H, Co-H,*), 1.15-0.83 (m, 2H, C,;-H,*), 1.15-0.83 (m,
1H, C,y-H,), 1.15-0.83 (m, 2H, C,,-H,*), 1.15-0.83 (m,
1H, C,-H,), 1.15-0.83 (m, 1H, C,,-H,), 0.66 (t, J = 7.4,
3H, C,,-H,*), 0.65 (t, J = 7.5, 3H, C,,-H,), 0.62 (t, J =
7.4,3H, C,-H,*), 0.50 (t,J = 7.5, 3H, C,-H,).

*C NMR (125 MHz, CDCl,, 20 °C, 1.7:1 atropisomer mixture, * denotes minor atropisomer): 8

FTIR (neat) cm™:
HRMS (DART):

[a]D24:

TLC (ALO;, 10% EtOAc in hexanes), Ry:

150.8 (C,y), 150.8 (C,*), 1494 (C,y), 149.3 (C,.*),
139.1 (C,*), 137.9 (C,), 135.5 (C,), 135.4 (C,*), 134.8
(C,»), 134.6 (C,y), 1340 (C,0), 1339 (C%), 131.8
(C,), 1315 (C,5), 1312 (C,s%), 128.7 (C,*), 1284
(C,), 1277 (Cy), 1277 (C,¥), 1277 (C,e%), 127.1
(C®), 125.1 (Cy), 124.6 (C,%), 123.5 (C,,), 1235
(C.*), 1232 (C,,), 1162 (C,¥), 116.1 (C,s), 1047
(C,,), 1047 (C,,*), 104.6 (C,), 103.4 (C,*), 75.3
(C,p), 744 (C,¥), 74.3 (C,), 74.0 (C,s*), 71.7(C,), 71.5
(C,*%), 71.3 (Co), 71.2 (Cp*), 57.0 (Cp,%), 57.0 (C,,),
533 (C,p*), 53.0 (Cy), 52.9 (Cg*), 52.8 (Cy), 52.3
(C,%), 52.3 (C,p), 52.1 (Cy), 52.1 (C,,%), 51.2 (C,p*),
50.7 (C,), 454 (C,,), 44.5 (C,,*), 39.1 (Cy), 39.1
(Cs*), 38.5 (Cy), 384 (Cs*¥), 38.2 (C,*¥), 38.1 (C,)),
36.1 (Cy), 360 (Cyp*), 354 (Cy), 344 (C.*), 34.3
(C.), 34.3 (Cy), 34.2 (Co%), 34.1 (Cpy®), 334 (Cyy), 33.2
(Cyy®), 29.9 (C,,%), 29.5 (C,y), 23.7 (C,%), 23.6 (C.),
23.3 (C,), 233 (C,*), 8.0 (Cy*), 7.9 (Cyy), 7.9 (C,,*),
7.7 (Cyy).

2928 (s), 2781 (m), 1603 (s), 1494 (s), 1373 (m), 1263
(m), 1190 (m), 1122 (m), 736 (m), 666 (m).

calc’d for C,0H, N, [M+H]": 587.4108,
found: 587 4111.

~240, (c = 0.10, CH,CL,).
0.40 (UV, CAM, KMnO,).
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Table S5. Comparison of our '"H NMR data for decacyclic dimer (-)-71 with literature data for

(+)-tabernaebovine (3)

«2223

Blue arrows in the figure below represent key NOESY correlations:

key NOESY

correlations:
-

For clarity most

methines are

omitted; arrows

16

point to the carbon of
the methines of interest.

(+)-tabernaebovine (3)

(-)-71
minor rotamer

-7
major rotamer

Assignment Ripperger’s Report™ This Work
(+)-Tabernaebovine (3) (-)-71
'H NMR, 500 MHz, 'H NMR, 500 MHz,
CDCl, CDCl,, 20 °C
* denotes minor atropisomer resonance
G2 - -
€3 2.83(dd,J=3.7,134, 1H) 5.73-5.63 (m, 1H)
1.83 (m, 1H) 5.73-5.63* (m, 1H)
C4 2.08 (m, 1H) 5.73-5.63 (m, IH)
143 (m, 1H) 5.73-5.63* (m, 1H)

C5 - -

C6 298 (d,J=39,1H) 1.77-1.60 (m, 1H)
1.32-1.15 (m, IH)
1.77-1.60* (m, 1H)
1.32-1.15% (m, 1H)

C7 3.30 (m, 1H) 1.67-1.48 (m, 2H)
1.67-1.48*% (m, 2H)

C8 349 (dd,/J=130,15,1H) 2.80-2.73 (m, 1H)

227(d,J=12.8,1H) 2.15-1.83 (m, 1H)
2.80-2.73* (m, 1H)
2.15-1.83* (m, 1H)

C10 278 (dt,/=34,85,1H) 2.15-1.83 (m, 2H)

2.07 (m, 1H) 2.15-1.83* (m, 2H)

Cl1 1.59 (m, 1H) 2.15-1.83 (m, 1H)

1.50 (m, 1H) 1.53-1.39 (m, 1H)
2.15-1.83%* (m, 1H)
1.53-1.39* (m, 1H)

Cl12 - -

C13 - -

Cl4 6.90 (d,J=6.7, 1H) 697 (d,J=7.7,1H)
6.97-6.94* (m, 1H)

C15 6.54 (dt,/=0.7,73, 1H) 6.58 (app-t,/=7.2,1H)

6.55* (app-t, /=73, 1H)

Cl16 7.09 (dt,J=1.2,76,1H) 7.09-7.06 (m, 1H)

7.04* (app-dt,J=1.1,7.5, 1H)
C17 6.27(d,/=179, 1H) 633(d,/=7.7,1H)
6.30* (d,/=7.7, 1H)
Cl18 - -
C19 2.04 (s, 1H) 2.52 (s, 1H)
2.54* (s, 1H)

€20 1.07 (m, 2H) 1.15-0.83 (m, 2H)

1.15-0.83* (m, 2H)

2 Lim, T. P.; Kamperdick, C.; Sung, T. V.; Adam, G.; Ripperger, H. Phytochemistry 1998, 49,1797.
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C21

0.68 (1, J =74, 3H)

0.65(t,J=17.5,3H)
0.62*% (t, J=7.4, 3H)

Cc22 2.46 (s, 3H) 2.62 (s,3H)
2.61%* (s, 3H)

Cc2 334 (br-d,J=52,1H) 3.76-3.71 (m, 1H)
3.76-3.71% (m, |H)

C3' 1.74 (m, 1H) 598(dd,/=4.5,10.2,1H)

1.10 (m, 1H) 5.98-5.95* (m, 1H)

C4' 1.76 (m, 1H) 574(d,J=102,1H)

1.37 (m, 1H) 5.73-5.63* (m, |H)

C5s' - -

Cé' 2.88 (br-s, 1H) 1.77-1.60 (m, 1H)
132-1.15 (m, 1H)
1.77-1.60* (m, 1H)
1.32-1.15% (m, 1H)

c7 3.30 (m, 1H) 1.67-1.48 (m, 2H)
1.67-1.48% (m,2H)

C8' 353 (br-d, /=128, IH) 3.16-3.00 (m, 1H)

ca.2.30 (m, 1H) 2.15-1.83 (m, LH)

3.16-3.00* (m, 1H)

2.15-1.83*% (m, 1H)

c1o 315(,J=76,1H) 3.16-3.00 (m, 1H)
2.07 (m, 1H) 2.34-2.26 (m, 1H)

3.16-3.00* (m, 1H)

2.26-2.19*% (m, 1H)

cly 2.23 (m, 1H) 2.15-1.83 (m, 2H)
1.50 (m, 1H) 2.15-1.83* (m, 2H)

Cc12 - -

Ci13' - -

Cc14 not observed 708 (d,/=18,1H)

736%(d,J=1.7, 1H)

C15' - -

cile' 6.93 (br, 1H) 728(d,/J=83,1H)
7.11-707* (m, 1H)

ci17 6.24 (br-d,J =70, 1H) 6.23(d,/=83,1H)

6.17* (d,/=82,1H)
C18 - -
cio 2.05 2.12 (s, 1H)
2.17*% (s, 1H)

Cc20' 1.11 (m, 2H) 1.15-0.83 (m, 2H)
1.15-0.83* (m, 2H)

c2r 0.68(t,J=74,3H) 050(t,J=75,3H)

0.66* (t,/=74,3H)
c22' 2.70 (s, 3H) 2.84 (s, 3H)
2.82% (s, 3H)
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Table S6. Comparison of our "C NMR data for decacyclic dimer (-)-71 with literature data for
(+)-tabernaebovine (3):*

(+)-tabernaebovine (3) (-)-71 (=)-71
major rotamer minor rotamer
Ripperger’s This Work Chemical
Report” (-)-71 Shift
(+)-tabernaebovine BC NMR, 125 MHz, Difference
(3) CDCl,,20 °C Ad =
C NMR, * denotes minor atropisomer resonance o (this work)
125 MHz, — 0 (Ref. 22)
CDCl,
Assign Chemical Chemical Key gHMBC
-ment Shift Shift Correlations
c2 74.8 743 C3,C4,Cl11,C19,C22,C14',C16' -0.5
74 4% C3*,C4*,C11*,C19*%,C22*,C14'*,C16™* —04*
c3 26.0 1284 - 102 4%
128.7* - 102.7**
Cc4 284 135.5 C6,C19,C20 107.1%
135.4%* C6*,C19%; CR0* 107.0%*
C5 328 385 C3,C4,C7,C19,C20,C21 57
38.4* C3*,C4*,C7*,C19%,C20*,C21* 5.6%
cé6 60.2 343 C4,C7,C8,C19,C20 -259%
34.2% CA% CT*,CR*, C19*C20* —26.0*
C7 53.12 236 C6,C8 99 52%
23.7% 6%, 8% —29 425
Cc8 522 521 C6,C7,C10,C19 -0.1
52:3* Co*, C7%,C10*, C19* 0.1*
C10 536 50.7 C8,C11,C19 -29
51.2* C8*,CL1*%,C19* —2.4*
Ccil 362 38.1 C10,C19 19
38.2* C10*,C19* 2.0%
Cl12 56.8 570 @3,C10,C11,C14,C19 02
57.0* C3*,C10*,C11*,C14*,C19* £k
€13 135.1 1340 C11,C15,C17,C19 -1.1
133.9* C11¥;C15%:€17*,C19% -1.2%
Cl4 123.0 1235 C15,€16 0.5
123.5% C15*,C16* 0.5%
C15 1156 116.1 C16,C17 05
116.2% Cl6*,CI17* 0.6%
Cl16 128.1 127.7 C14,C15 04
127.7* Cl14*,C15% —0.4*
Cl7 102.7 104.6 C15,C16 19
104.7% C15%;C16* 2.0%
C18 1524 150.8 C14,C16,C22 -1.6
150.8* Cl14*,C16*,C22* -1.6*

23 The lack of epoxides and the presence of alkenes in dimer (-)-71 results in greater C2-C15" atropisomerism compared to (+)-
tabernaebovine (3).
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Cl19 72.8 71.3 C4,C6,C8,C10,C11,C20 -15
71.2* C4*,C6*, C8*, C10*, C11*, C20* —1.6%
C20 329 36.1 C4,C6,C19,C21 3.2
36.0% C4* C6* C19* C21* 3.1%
C21 8.1 79 C20 -02
7.9% C20* —0.2%
Cc22 290 295 - 05
29 9* 3 0.9%
c2 733 71.7 C3%.C4 Gl C19, C22! -16
71.5% C3'*,C4'*, C11'*, C19"*, C22'* —1.8%
a3 20.1 125.1 c2! 105.0%
124 .6* C2'* 104 5%
c4' 243 1379 C2',Cé6',C19', C20' 113.6%
139.1% C2'*, C6™, C19"*, C20'* 114 8*%
C5' 345 39.1 C3',C4',C7',C19',C20', C21' 46
39.1% C3'*, C4'*, C7*, C19'*, C20'*, C21'* 4.6%
Co6' 57.6 343 Cc4',C7',C8',C19', C20' -23.3%
34 4% C4™, C7'*, C8'*, C19'*, C20'* 23257
c7' 53.1 233 C6',C8' —29 8%
23.3* C6'*, C8'* —29 87
C8' 53.06 52.8 ce',C7',C10',C19' -0.26
52.9% C6'*, C7'*,C10'*, C19'* -0.16%
clo' 53.6 530 Ccg',C11',C19' 06
53.3% C8'*, C11'*,C19'* —03*
cir 41.1 454 C2',C10',C19' 43
44 5% C2'*,C10"*,C19'* 3.4%
Ccl12' 51.2 523 c2',C3',C10,C11',C14',C19' 1.1
52.1% C2'%,C3"*, C10%*, C11'*, C14'*,C19'* 0.9*
C13' 136.4 134.6 C11',C17',C19' -18
134 8% C11'*,C17'*,C19'* —1.6%
cl4 120.7 1232 Cl16' 25
127.1* C16'* 6.4%
C15' 132.2 131.5 C3,C17' -0.7
131.2% C3*,C17'* —1 0%
Cl16' 126.9 131.8 Cc14' 49
127.7* Cl4'* 0.8%
C17' 105.9 1047 C16' 12
103.4% Cl6'* —2.5%
C18' 148.8 149 4 C14',C16',C22' 06
149 3% Cl4'* C16'*, C22'* 0.5%
C19' 66.7 75.3 Cc2',C4,C6',C8',C10',C11', C20' 8.6
74 0% C2'* C4'* C6'*, C8'*, C10'*,C11'*,C20'* 7.3%
C20' 279 354 CA',CH,.C19'.C21! 75
34.1% C4'* C6'*,C19'*,C21'* 6.2%
c21 7.5 77 C20' 02
8.0* C20'* 0.5%
22! 31.5 334 @2 19
332 C2'* 1.7%

* Difference in chemical shift is due to presence and absence of C3—C4 double bond in (-)-71 and (+)-tabernaebovine (3),
respectively.

* Difference in chemical shift is due to absence and presence of C6-C7 epoxide in (=)-71 and (+)-tabernaebovine (3), respectively.
* Difference in chemical shift is due to presence and absence of C3'-C4' double bond in (-)-71 and (+)-tabernaebovine (3),
respectively.

*’ Difference in chemical shift is due to absence and presence of C6'-C7' epoxide in (-)-71 and (+)-tabernaebovine (3), respectively.
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Na(MeOEt(CH,),0),AIH,

THF,0°C
76%

(-)-71 "NeH

Synthesis of decacylic dimer (—)-71 by reduction of decacyclic iminium trifluoromethane-
sulfonate (+)-70:

Sodium bis(2-methoxyethoxy)aluminum hydride (65% w/v solution in toluene, 91.2 pL, 299
umol, 5.00 equiv) was added via syringe to a solution of decacyclic iminium
trifluoromethanesulfonate (+)-70 (43.9 mg, 59.7 umol, 1 equiv) in tetrahydrofuran (4.0 mL) at 0 °C.
After 30 min, aqueous hydrogen chloride solution (2.0 mL) was added to quench the aluminum
hydride salts, and the reaction mixture was allowed to warm to 23 °C. Saturated aqueous potassium
carbonate solution (15 mL) and ethyl acetate (15 mL) were added, and the layers were separated.
The aqueous layer was further extracted with ethyl acetate (2 x 15 mL). The combined organic
layers were dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced
pressure. The residue was purified by flash column chromatography on alumina (3 — 7% ethyl
acetate in hexanes) to afford decacyclic dimer (-)-71 (26.6 mg, 75.9%) as a colorless gum. See page
151 for characterization data for decacyclic dimer (-)-71.
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g H,, PH/C

—

) .,,,6 THF, 23°C 16
4' \}wezr B4%
(=71 MeH
(+)-Dideepoxytabernaebovine (4):
Platinum on charcoal (10% w/w, 50.0 mg, 25.6 pmol, 2.00 equiv) was added as a solid to a
solution of decacyclic dimer (-)-71 (7.5 mg, 13 pmol, 1 equiv) in tetrahydrofuran (1.4 mL) at 23 °C.
The opened reaction vessel was placed in a Parr bomb and sealed under an atmosphere of hydrogen
gas (900 psi). After 72 h, the Parr Bomb was opened in air, and the suspension was filtered over
Celite. The solids were further extracted with ethyl acetate, and the combined filtrates were
concentrated under reduced pressure. The residue was purified by flash column chromatography on
alumina (0 — 2% ethyl acetate in hexanes) to afford (+)-dideepoxytabernaebovine (4, 6.3 mg, 84%)
as a colorless gum. Structural assignments were made with additional information from gCOSY,
HSQC, gHMBC, and NOESY data.

'"H NMR (500 MHz, CDCl,, 53 °C): 87.19 (br-d, J = 8.2, 1H, C,,-H), 7.16 (br-s, 1H, C,,-H),
7.08 (app-t, J = 7.5, 1H, C,.-H), 6.94 (d, J = 7.1, 1H,
C,,-H), 6.57 (app-t, J = 7.4, 1H, C,s-H), 6.30 (d, J = 7.6,
1H, C,,-H), 6.24 (d, J = 8.2, 1H, C,,-H), 3.37 (dd, J =
6.0, 10.6, 1H, C,-H), 3.07 (app-dt, J = 2.9, 8.9, 1H, C,,-
H.,), 2.99 (app-d, J = 10.8, 1H, Cy-H,), 2.86 (app-d, J =
9.5, 1H, C;-H,), 2.73 (s, 3H, C,,-H,), 2.60-2.51 (m, 1H,
C,-H,), 2.50 (s, 3H, Cp,-H,), 2.32-2.20 (m, 1H, C,,-H,),
2.32-2.20 (m, 1H, C-H,), 2.17 (s, 1H, C,,-H), 2.17-
2.06 (m, 1H, C,,-H,), 2.17-2.06 (m, 1H, C,-H,), 2.03 (s,
1H, C,,-H), 1.98-1.82 (m, 1H, C,-H,), 1.98-1.82 (m,
1H, Cy-H,), 1.98-1.82 (m, 1H, C-H,), 1.98-1.82 (m,
1H, C,-H,), 1.98-1.82 (m, 1H, C,,-H,), 1.82-1.64 (m,
I1H C;-H,), 1.82-1.64 (m, 1H, C;-H,), 1.82-1.64 (m,
1H, C,-H,), 1.82-1.64 (m, 1H, C,-H,), 1.63-1.28 (m,
1H, C,-H,), 1.63-1.28 (m, 1H, C,-H,), 1.63-1.28 (m,
1H, C-H,), 1.63-1.28 (m, 1H, C,-H,), 1.63-128 (m,
1H, C,,-H,), 1.63-1.28 (m, 1H, C,,-H,), 1.63—1.28 (m,
1H, C,-H,), 1.63-1.28 (m, 1H, C,,-H,), 1.28-1.17 (m,
1H, C,-H,), 1.28-1.17 (m, 1H, C;-H,), 1.16-0.98 (m,
H, C-H,), 1.16-0.98 (m, 1H, C,-H,), 1.16-0.98 (m,
1H, C,-H,), 0.98-0.82 (m, 1H, C,-H,), 0.78-0.65 (m,
1H, C,-H,), 0.57 (t, J = 7.5, 3H, C,,-H,), 0.53 (t, J =
7.3,3H, C,,-H,).

“C NMR (125 MHz, CDCl,, 20 °C): d 1514 (Cp), 149.1 (Cp,), 1359 (Cy3), 1358 (C,3),
133.4 (C,5), 127.8 (C,e), 127.7 (C,4), 123.4 (C,,), 123.3
(C,4), 1165 (C,5), 105.4 (C,,), 105.1 (C,,), 74.5 (C,o),
74.1 (C,), 72.0 (C,), 71.6 (C,y), 57.1 (C,,), 54.1 (Cy),
53.5 (Cy), 53.3 (Cyp), 52.7 (Cyp), 51.9 (C,3), 39.5 (C,,),
37.3 (C,)), 35.6 (Cy), 35.3 (Cs), 34.6 (C,), 31.8 (Cy),
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31.8 (Cy), 31.7 (Cyy), 303 (Cay), 29.3 (Csy), 28.8 (C,),
26.4 (C,), 232 (C.), 224 (C3), 22.3 (C,), 22.0 (C,), 7.6
(C,), 6.8 (Cyy).

FTIR (neat) cm™: 2929 (s), 1604 (s), 1490 (s), 1375 (m), 1262 (m), 1181
(m), 1122 (m), 801 (m), 737 (m), 666 (m).

HRMS (DART): calc’d for C,yH N, [M+H]": 591.4421,
found: 591.4420.

Lo, +144, (c =0.10, CHCL,).

TLC (ALO,, 10% EtOAc in hexanes), R 0.48 (UV, CAM, KMnO,).
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Table S7. Comparison of our '"H NMR data for (+)-dideepoxytabernaebovine (4) with literature
data for (+)-tabernaebovine (3):*
Blue arrows in the figure below represent key reported NOESY correlations:

key NOESY
correlations:

-
For clarity most
methines are 16
omitted; arrows
point to the carbon of
the methines of interest.

(+)-tabernaebovine (3)

(+)-dideepoxytabernaebovine (4)

Assignment Ripperger’s Report” This Work
(+)-Tabernaebovine (3) (+)-Dideepoxytabernaebovine (4)
'H NMR, 500 MHz, 'H NMR, 500 MHz,
CDCl, CDECl;, 53 °C
a2 - -
C3 2.83(dd,/=3.7,134,1H) 2.60-2.51 (m, 1H)
1.83 (m, 1H) 1.82-1.64 (m, 1H)
C4 2.08 (m, 1H) 2.17-2.06 (m, 1H)
1.43 (m, 1H) 1.63-1.28 (m, 1H)
G5 - -
C6 298(,/=39,1H) 1.63-1.28 (m, 1H)
1.16-0.98 (m, 1H)
C7 3.30 (m, 1H) 1.82-1.64 (m, 1H)
1.63—1.28 (m, 1H)
C8 349 (dd,/=130,1.5,1H) 2.86 (app-d,J=9.5, 1H)
2.27(d,/=128,1H) 1.98-1.82 (m, 1H)
C10 278 (dt,/=34,8.5,1H) 2.32-2.20 (m, 1H)
207 (m, 1H) 1.98-1.82 (m, 1H)
Cl1 1.59 (m, 1H) 1.98-1.82 (m, 1H)
1.50 (m, 1H) 1.63-1.28 (m, 1H)
Cl12 = -
Cl13 - -
Cl4 690 (d,/=6.7,1H) 694 (d,/=7.1,1H)
Cl5 6.54 (dt,J=0.7,7.3, 1H) 6.57 (app-t,J = 7.4, 1H)
C16 709 (dt,J=12,7.6,1H) 7.08 (app-t, J = 7.5, 1H)
C17 6.27(d,J=79,1H) 6.30 (d,J=7.6, IH)
Cl8 - -
C19 2.04 (s, IH) 2.17 (s, 1H)
C20 1.07 (m, 2H) 1.28-1.17 (m, 1H)
0.98-0.82 (m, 1H)
C21 0.68 (t,/=74,3H) 0.57 (t,J=7.5,3H)
C22 2.46 (s, 3H) 2.50 (s, 3H)
C2' 3.34 (br-d,/=52,1H) 3.37(dd,J=6.0,10.6, 1H)
c3 1.74 (m, 1H) 1.82-1.64 (m, 1H)
1.10 (m, 1H) 1.28-1.17 (m, 1H)
c4' 1.76 (m, 1H) 1.98-1.82 (m, 1H)
1.37 (m, 1H) 1.16-0.98 (m, 1H)
s’ - -
Co' 2.88 (br-s, 1H) 1.63—-1.28 (m, 1H)
1.16-0.98 (m, 1H)
c7 3.30 (m, 1H) 1.82—-1.64 (m, 1H)
1.63-1.28 (m, 1H)
Cg' 3.53 (br-d,/J =128, 1H) 299 (app-d, J=10.8, 1H)
ca. 230 (m, 1H) 1.98-1.82 (m, 1H)

™ The lack of epoxides in (+)-dideepoxytabernaebovine (4) results in local variation compared to (+)-tabernaebovine (3).
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C10' 3.15(t,/=76,1H) 307 (app-dt,J=29,89, 1H)
207 (m, 1H) 2.17-2.06 (m, 1H)

C1! 2.23 (m, 1H) 2.32-2.20 (m, 1H)
1.50 (m, 1H) 1.63-128 (m, 1H)

C12' - -

C13' - -

C14' not observed 7.16 (br-s, 1H)

C15' - -

Cl6' 6.93 (br, 1H) 7.19 (br-d,J=8.2, 1H)

Ci7 624 (br-d,J =70, 1H) 624 (d,/=82,1H)

C18’ - -

Cl19' 2.05 2.03 (s, 1H)

C20' 1.11 (m, 2H) 1.63-1.28 (m, 1H)

0.78-0.65 (m, 1H)
c21 0.68 (t,J=74,3H) 0.53 (t,J=7.3,3H)
C22' 2.70 (s, 3H) 2.73 (s, 3H)
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Table S8. Comparison of our “C NMR data for (+)-dideepoxytabernaebovine (4) with
literature data for (+)-tabernaebovine (3):*

(+)-tabernaebovine (3)

(+)-dideepoxytabernaebovine (4)

Ripperger’s This Work Chemical
Report™ (+)-Dideepoxytabernaebovine (4) Shift
(+)-Tabernaebovine 3C NMR, 125 MHz, Difference
3) CDCl,, 20 °C Ad =
“C NMR, 125 MHz, & (this work)
CDCl, — & (Ref. 22)
Assign- Chemical Chemical Key gHMBC
ment Shift Shift Correlations
C2 74 .8 74.1 C4,C11,C22,C19,C14',C16' =0.7
C3 26.0 288 - 2.8
C4 28 .4 264 C6,C19,C20 20
C5 328 31.8 C3.C7,C19,C21 -1.0
C6 60.2 35.6 C4,C8,C19,C20 —24.6%
C7 53.12 223 - —30.82"
C8 52.2 535 C6,C10,C19 1.3
CI10 53.6 527 C8,C19 -0.9
Cl1 36.2 37.3 C19 1.1
Ci2 56.8 57.1 C3,C10,C14 0.3
Cl13 135.1 1359 C11,C15,C17,C19 0.8
Cl4 123.0 1234 Cl16 04
Cl15 115.6 116.5 Cl17 09
Cl6 128.1 127.8 Cl4 0.3
C17 102.7 105.1 Cl15 24
C18 1524 1514 Cl14,C16,C22 -1.0
C19 72.8 745 C4,C6,C8,C10,C11,C20 1.7
C20 329 318 C4,C6,C19,C21 —1.1
C21 8.1 7.6 - 0.5
22 29.0 293 - 0.3
C2' 733 72.0 C4',C11% €19, C22 -1.3
C3' 20.1 224 - 23
C4' 243 232 C2,C¢';C19, c20 -1.1
C5' 34.5 353 c3',Cc7,C19', C21' 0.8
6! 576 34.6 c4',C8',C19', C20' =TI
c7 53.1 220 - —31.1%
C8' 53.06 54.1 Ce',C10',C19' 1.04
C10' 536 533 C8',C19' 0.3
Ci1' 41.1 395 €219 0.6
c12! 512 519 C3',Cl10',C14',C19' 0.7
C13' 136.4 135.8 c11',C17',C19' -0.6
Cl14' 120.7 123.3 Cl6' 2.6
C15' 1322 1334 C3,CIT 1.2
Cl6' 1269 1277 Cl4' 0.8
C17 1059 1054 - -0.5

* The lack of epoxides in (+)-dideepoxytabernaebovine (4) results in local variation compared to (+)-tabernaebovine (3).
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C18' 148.8 149.1 C14',Cle', C22" 0.3
c19 66.7 716 C2',C4,C6',C8, Cl10,CL1Y, C20' 49
C20' 279 30.3 C4',C6', C19', C21' 24
C21' 7.5 6.8 - -0.7
c22' 315 317 c2 0.2

* Difference in chemical shift is due to absence and presence of C6-C7 epoxide in (+)-dideepoxytabernaebovine (4) and (+)-
tabernaebovine (3), respectively.

*! Difference in chemical shift is due to absence and presence of C6'-C7' epoxide in (+)-dideepoxylabernaebovine (4) and (+)-
tabernaebovine (3), respectively.
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Crystal structure of diammonium dichloride (x)-63*2HCI.

Structural parameters for diammonium dichloride (+)-63+2HCI are freely available from the
Cambridge Crystallographic Data Center under CCDC 862060.

:Y.
*;%N
Ak
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Table S9. Crystal data and structure refinement for (+)-63*2HCI.

Identification code
Empirical formula
Formula weight
Temperature
Wavcelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =28 91°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

x8_11133

(28 H38.66 C12 N3 O1.33

509.50

100(2) K

071073 A

Monoclinic

P2(1)/n

a=12.4338(15) A o= 90°.
b=126833(16) A B=105.660(2)°.
c=17.824(2) A y =90°,
2706.6(6) A3

4

1.250 Mg/m?

0267 mm!

1089

0.30 x 0.09 x 0.02 mm>

1.79 to 28.91°.

-16<=h<=16, -17<=k<=17, -24<=1<=24
57036

7129 [R(int) = 0.0547]

100.0 %

Semi-empirical from equivalents
0.9947 and 0.9243

Full-matrix least-squares on F?
7129/29/356

1.017

R1 =0.0413, wR2 = 0.0954

R1 =0.0706, wR2=0.1113

0.530 and -0.242 ¢ A"
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Table S10. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2 10%)
for (2)-63*2HCI. U(eq) is defined as one third of the trace of the orthogonalized UY tensor.

X y z U(eq)
CI(1) -1713(1) 8982(1) -1123(1) 29(1)
Cl(2) -1102(1) 7643(1) -4549(1) 30(1)
N(1) 3463(1) 9333(1) -3315(1) 23(1)
C(2) 2326(1) 8847(2) -3539(1) 22(1)
C(3) 1564(1) 9560(2) -4134(1) 24(1)
c4 1454(1) 9523(2) -4896(1) 23(1)
C(5) 2043(1) 8717(2) -5265(1) 23(1)
C(6) 1396(1) 8504(2) -6125(1) 25(1)
(N 318(1) 7880(2) -6225(1) 27(1)
C(8) 553(D) 6844(2) -5791(1) 26(1)
N(©) 1053(1) 7108(1) -4951(1) 23(1)
C(10) 1318(2) 6207(2) -4396(1) 27(1)
) 1920(2) 6774(2) -3645(1) 26(1)
C(12) 2550(1) 7728(1) -3886(1) 22(1)
C(13) 3812(1) 7622(2) -3586(1) 23(1)
C(14) 4484(2) 6756(2) -3593(1) 28(1)
C(15) 5641(2) 6844(2) -3281(1) 31()
C(16) 6097(2) 7794(2) -2965(1) 30
can 5431(1) 8674(2) -2934(1) 27(1)
C(18) 4278(1) 8572(2) -3255(1) 23(1)
C(19) 2155(1) 7688(1) -4798(1) 22(1)
C(20) 3235(1) 9104(2) -5248(1) 26(1)
c2n 3260(2) 10052(2) -5772(1) 33(1)
C(22) 3675(2) 10317(2) -2890(1) 31(1)
C(23) 1891(1) 8722(2) -2813(1) 23(1)
C(24) 2624(1) 8446(2) -2099(1) 25(1)
C(2%) 2253(1) 8296(2) -1437(1) 26(1)
C(26) 1124(1) 8430(2) -1497(1) 24(1)
C27) 376(1) 8705(2) -2194(1) 28(1)
C(28) 759(1) 8845(2) -2855(1) 28(1)
N(29) 708(1) 8276(1) -803(1) 25(1)
C(30) 843(2) 7166(2) -513(1) 34(1)
C@3l1 1230(2) 9023(2) -157(1) 30(1)
o1s) -1326(5) 5786(5) - -3361(3) 72(2)
oamn -1036(8) 5537(9) -3607(8) 63(3)
o@Em -1118(4) 6723(4) -1925(2) 35(1)
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Table S11. Bond lengths [A] and angles [°] for (2)-63°2HCI.

N(1)-C(18)
N(1)-C(22)
N(1)-C(2)
C(2)-C(3)
C(2)-C(23)
C(2)-C(12)
C(3)-C(4)
C(4)-C(5)
C(5)-C(19)
C(5)-C(6)
C(5)-C(20)
C(6)-C(7)
C(7)-C(8)
C(8)-N(9)
N(9)-C(10)
N(9)-C(19)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(12)-C(19)
C(13)-C(14)
C(13)-C(18)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(20)-C(21)
C(23)-C(24)
C(23)-C(28)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)
C(26)-N(29)
C(27)-C(28)
N(29)-C(30)
N(29)-C(31)

C(18)-N(1)-C(22)
C(18)-N(1)-C(2)
C(22)-N(1)-C(2)
N(1)-C(2)-C(3)
N(1)-C(2)-C(23)
C(3)-C(2)-C(23)
N(1)-C(2)-C(12)
C(3)-C(2)-C(12)
C(23)-C(2)-C(12)
C(4)-C(3)-C(2)
C(3)-C(4)-C(5)
C(4)-C(5)-C(19)

1.383(2)
[ 447(2)
[ 494(2)
1.517(2)
1.539(2)
1.602(2)
1.327(2)
1.5102)
1.533(2)
1.549(2)
1.554(2)
1.525(2)
1.513(3)
1.497(2)
| 489(2)
1.514(2)
1.526(2)
1.564(2)
1.521(2)
1.567(2)
1.382(3)
1.396(3)
1.400(3)
1.384(3)
1.400(3)
1.399(2)
1.528(3)
1.395(2)
1397(2)
1.392(2)
1.388(2)
1.380(2)
1.478(2)
1.397(2)
1.493(3)
1.496(2)

122.32(15)
110.73(14)
121.41(14)
107.90(14)
109.91(13)
110.77(13)
102.59(12)
113.51(13)
111.76(14)
124.57(16)
122.78(16)
108.87(13)
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C(4)-C(5)-C(6)
C(19)-C(5)-C(6)
C(4)-C(5)-C(20)
C(19)-C(5)-C(20)
C(6)-C(5)-C(20)
C(7)-C(6)-C(5)
C(8)-C(7)-C(6)
N(9)-C(8)-C(7)
C(10)-N(9)-C(8)
C(10)-N(9)-C(19)
C(8)-N(9)-C(19)
N(9)-C(10)-C(11)
C(10)-C(11)-C(12)
C(13)-C(12)-C(11)
C(13)-C(12)-C(19)
C(11)-C(12)-C(19)
C(13)-C(12)-C(2)
C(11)-C(12)-C(2)
C(19)-C(12)-C(2)
C(14)-C(13)-C(18)
C(14)-C(13)-C(12)
C(18)-C(13)-C(12)
C(13)-C(14)-C(15)
C(16)-C(15)-C(14)
C(15)-C(16)-C(17)
C(18)-C(17)-C(16)
N(1)-C(18)-C(13)
N(D-C(18)-C(17)
C(13)-C(18)-C(17)
N(9)-C(19)-C(5)
N(9)-C(19)-C(12)
C(5)-C(19)-C(12)
C(21)-C(20)-C(5)
C(24)-C(23)-C(28)
C(24)-C(23)-C(2)
C(28)-C(23)-C(2)
C(25)-C(24)-C(23)
C(26)-C(25)-C(24)
C(27)-C(26)-C(25)
C(27)-C(26)-N(29)
C(25)-C(26)-N(29)
C(26)-C(27)-C(28)
C(27)-C(28)-C(23)
C(26)-N(29)-C(30)
C(26)-N(29)-C(31)
C(30)-N(29)-C(31)

111.43(14)
109.62(15)
110.45(15)
108.16(14)
108.24(12)
114.33(13)
110.41(14)
106.72(15)
116.73(15)
103.14(13)
113.58(13)
100.84(14)
106.73(13)
112.40(14)
111.49(12)
102.70(13)
102.28(13)
115.30(13)
113.03(14)
120.44(16)
129.47(17)
110.07(15)
119.44(18)
119.71(18)
121.84(17)
117.56(18)
110.92(15)
128.08(17)
120.98(17)
111.76(13)
102.52(12)
119.53(14)
114 44(15)
118.46(15)
120.07(15)
121.44(14)
121.59(16)
118.45(15)
121.55(15)
118.90(15)
119.55(15)
119.29(16)
120.65(16)
112.52(14)
112.56(14)
110.23(14)

Symmetry transformations used to generate equivalent

atoms.



Table S12. Anisotropic displacement parameters (A2x 103) for (2)-63*2HCI. The anisotropic
displacement factor cxponent takes the form: -2n2[ h? a*2U!! + ... + 2 hk a* b* U!2 ]

U]] U22 U33 U23 UI3 U12
CI(1) 21(1) 39(1) 28(1) 1(1) 10(1) 1(1)
Cl(2) 21(1) 47(1) 24(1) 2(1) 8(1) -3(1)
N(1) 21(1) 311D 19(1) 2(1) 7(1) 1(1)
C(2) 20(1) 33(1) 14(1) -1 6(1) 2(1)
Cc(3) 22(1) 33(1) 19(1) 0(1) 8(1) 4(1)
C(4) 19(1) 32(1) 18(1) 2(1) 5(1) 2(1)
C(5) 19(1) 35(1) 15(1) 0(1) 7(1) 0(1)
C(6) 21(D) 40(1) 15(1) o) 5() o)
C(7 19(1) 42(1) 18(1) -2(1) 4(1) -1(1)
C(8) 21(1) 38(1) 20(1) -7(1) 5(1) 3(D)
N(9) 20(1) 31(D) 19(1) -1(1) (1) -1(1)
C(10) 25(1) 31(1) 25(1) 0(1) 7(1) -1(1)
cn 26(1) 32(1) 20(1) 2(1) 8(1) -1(1)
C(12) 20(1) 31(1) 16(1) o(1) 71 0(1)
C(13) 19(1) 36(1) 14(1) 1(1) 6(1) 3(1)
C(14) 27(1) 38(1) 19(1) -3(D 5(1) 6(1)
C(15) 26(1) 49(1) 18(1) 0(1) 7(1) 13(1)
C(16) 19(1) 55(1) 18(1) 3(1) 8(1) 4(D
c(17) 22(1) 42(1) 17(1) 2(1) 7(1) -3(1)
C(18) 23(1) 34(1) 13(1) 2(1) 9D 1(1)
C(19) 16(1) 32(1) 17(1) -I(1) 5(1) -1(1)
C(20) 21(1) 39(1) 19(1) -2(1) 7(1) -4(1)
C2l) 31(1) 45(1) 25(1) 1(1) 10(1) -8(1)
C(22) 32(1) 34(1) 28(1) -4(1) 9(1) o(1)
C(23) 22(1) 33(1) 15(1) -1(1) (D) 2(1)
C(24) 19(1) 40(1) 19(1) 1(1) 8(1) 3(1)
C(25) 21(1) 41(1) 16(1) 2(1) 4(1) 3(1)
C(26) 22(1) 36(1) 16(1) -1(1) 9(1) 0(1)
27 19(1) 46(1) 21(1) -1(1) 8(1) 4(1)
C(28) 21(1) 45(1) 16(1) 2(1) 5(1) 7(1)
N(29) 20(1) 38(1) 17¢1) (1) 8(1) 1(1)
C(30) 32(1) 39(1) 35(1) 7(1) 16(1) 0(1)
C(31) 30(1) 43(1) 18(1) “1(1) 10(1) 2(1)
O(18) 58(3) 64(3) 72(3) 27(2) -19(2) -18(2)
o1 25(3) 47(5) 105(8) 29(5) -1(4) -1(3)
oQRT) 31(2) 45(3) 27(2) 3(2) 6(2) 3(2)
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Table S13. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10 3) for (+)-63+2HCI.

X y b4 U(eq)
H(3) 1137 10069 -3949 29
H(4) 983 10026 -5222 27
H(6A) 1214 9189 -6396 30
H(6B) 1889 8114 -6380 30
H(7A) 217 8297 -6024 32
H(7B) -25 7743 -6786 32
H(8A) -147 6439 -5856 32
H(8B) 1080 6414 -5992 32
H(9N) 536(15) 7531(15) -4792(11) 28
H(10A) 1809 5685 -4553 32
H(10B) 631 5850 -4347 32
H(11A) 2455 6293 -3296 31
H(11B) 1376 7024 -3369 31
H(14) 4163 6106 -3807 34
H(15) 6111 6256 -3287 37
H(16) 6885 7849 -2763 36
H(17) 5750 9316 2704 32
H(19) 2687 7223 -4977 26
H(20A) 3634 9293 -4705 31
H(20B) 3646 8515 -5408 31
H(21A) 2989 9839 -6319 50
H(21B) 4028 10313 -5670 50
H(21C) 2781 10611 -5662 50
H(22A) 3791 10179 -2333 47
H(22B) 3033 10788 -3075 47
H(220) 4344 10649 -2974 47
H(24) 3394 8360 -2064 31
H(25) 2760 8105 -954 31
H(27) -393 8799 -2223 34
H(28) 246 9025 -3337 33
H(29N) -42(13) 8455(16) -941(12) 30
H(30A) 1636 6976 -368 51
H(30B) 429 6692 -924 51
H(30C) 550 7102 -56 51
H(31A) 2032 8879 30 44
H(31B) 884 8929 272 44
HG31C) 1114 9749 -349 44
H(ISA) -1270(60) 6270(40) -3660(30) 108
H(1SB) -1900(40) 5400(40) -3510(40) 108
H(I1TA) -1110(90) 6130(50) -3820(70) 94
H(1TB) -1620(60) 5180(70) -3690(70) 94
H(2TA) -1400(70) 7330(30) -1900(40) 70(30)
H(2TB) -1300(40) 6470(40) -2386(17) 18(14)
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Appendix A

Spectra for Chapter I
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STANDARD PROTON PARAMETERS

Pulse Sequence: sZpul
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Pulse Seguence: sZpul

Solvent: CDC13
Ambient temperature

INOVA-500 "zippy"

Relax . delay 0.763 sec 0
Pulse 69.0 degrees
Acg. time 1.736 sec MeO N,Ph
Width 37735.8 Hz AN o o
221 repetitions gl B
OBSERVE C13, 125.7822234 MHz - R <
DECOUPLE H1, 500.2282208 MHz ot MeO N
Power 37 dB et v | -t I
continuously on [ [ { i .
WALTZ-16 modulated B gt
DATA PROCESSING ]
Line broadening 0.3 Hz |
FT size 131072 | 3aa
Total time 45 hr, 39 min, 31 sec |
- ‘_‘—4
E L -]
. m ' w
[=] .m(\l .
2 g“""cﬂ 3
- | w 2
L J/,’a‘?hg L®
~ 2 ¢ — .
CE- (R Rk 1
:3 i "o
. s | |+t J
- 0 J ].-1'-‘
< ™ = J |
— - o
i |
ji
N4 il
25 |
R
DT~ N
T gz
I\“\\“-\. nee
| = |
e
| ™
i |
=
o i
- P i
L 1 1
i 1 i
’ '
| |
| |i i
| |
mmm——lh—u—l-i“th“w WMMW&W
T T YT LB B B e o e i L e e Bt Sl e 7T T T S L B B P o o B o o o i o 1 S i L D B ) e
220 200 180 160 140 120 100 80 60 40 20 0

ppm



84.4

2252.67

e e o~
e T
. s o
e —_—

752.44

1023.83

I S
e —— —_— o

S
3aa

—— o
s
e wy
e oo
e Ao
S—-L1
D
=
Lo ]
— - S

173

731.13

1515.73

1337.45 ||

1303.16

1268.09

500 400.0

1000

1500

2000

F.5 10 (8

3000

4000.0

cm-1
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Amb ient temperature

INOVA-500 "zippy"

Relax. delay 0.100 sec (@)

Pulse 78.7 degrees

Acg. time 4.399 sec Ph
Width 12012.0 Hz MeQ N~

16 repetitions

OBSERVE H1, 500.4294875 MHz

DATA PROCESSING =
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13C OBSERVE

Pulse Sequence: sZpul

Solvent: CDCI13
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: DMSO
Ambient temperature

INODVA-500 "zippy"

Relax. delay 0.100 sec
Pulse 78.7 degrees

Acqg. time 4.999 sec

Width 12012.0 Hz

16 repetitions

O0BSERVE H1, 500.4318716 MHz
DATA PROCESSING

FT size 262144

Total time 1 min, 21 sec

il R i T

14 13 12

11

10

3ba

TSP T O PR
1.00.091.183.32
1. E0 2.211.95 .33
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STANDARD CARBON PARAMETERS

Pulse Sequence: sZ2pul

Solvent: DHMSO
Temp. 100.0 C , 373.1 K

INOVA-500 “zippy" /U\ _Ph

Relax. delay 0.763 sec
Pulse 69.0 degrees
Acg. time 1.736 sec i N ’d |

Wwidth 37735.8 Hz gmmmgim

296 repetitions pifadid |

OBSERVE C13, 125.7829573 MHZ it i A
DECOUPLE H1, 500.2315969 MHz E’gx;ﬁ}i

Power 37 dB o lak | o) 3b

continuously on | | a
WALTZ-16 modulated Ny

it Al
DATA PROCESSING ~‘}k i
Line broadening 0.3 Hz i —
FT size 131072 11—43 o
Total time 22 hr, 49 min, 46 sec A | 2w 50 o
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STANDARD 1H OBSERVE

Pulse Sequence: szZpul

Solvent: COCIZ
Temp. 20.0 C / 293.1 K

INOVA-S00 "zippy"

Relax. delay 0.050 sec
Pulse 31.3 degrees
Acqg. time 4.003 sec
Width 6002.4 Hz

16 repetitions

0BSERVE H1, 300.1052783 MHz

DATA PROCESSING
FT size 131072

Total time 1 min, 4 sec

W

1.00

Spt gl
1.149.29
1.92.98

S L

- T‘ “T""‘P““—T‘f“r' T

1 ppm



[81

13C OBSERVE

Pulse Sequence: sZpul

Solvent: CDCI3
Temp. 20.0 C y 293 1 ¥ O

INOVA-500 “zippy" )_I\ Ph

Relax. delay 0.500 sec

Pulse 46.2 degrees
Acg. time 1.500 sec N e
Width 22624.4 Hz oo oo |
512 repetitions ot ) Sst,
OBSERVE C13, 75.4615196 MHz i e
DECOUPLE M1, 300.1067546 MHz 5% o
Power 39 dB v et o vt 3bb
continuously on <
WALTZ-16 modulated - B et
DATA PROCESSING e 4 o o
Sq. sine bell 1.500 sec ~ 2 ~ L@
Shifted by -1.500 sec hwgg — u:_;w.
FT size 262144 c:(‘?c;'_' - ~ oo
Total time 17 min, 8 sec 25 ) e
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STANDARD PROTON PARAMETERS

Pulse Seqguence: s2pul

Solvent: CDC13
Ambient temperature

INOVA-500 "zippy"

Relax. delay 2.000 sec
Pulse 94.4 degrees

Acq. time 3.001 sec

Width 10504.2 Hz

16 repetitions

0BSERVE H1, 499.7417199 MHz
DATA PROCESSING

FT size 262144

Total time 1 min, 20 sec

o
2.18.1318
1.173.8518
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13C OBSERVE

Pulse Sequence: szpul

Solvent: CDC13
Temp. 20.0 C , 293.1 K (@]

INOVA-500 "“zippy" /Jl\ Ph

Relax. delay 0.500 sec
Pulse 46.2 degrees
Acg. time 1.500 sec
Width 22624.4 Hz
512 repetitions
OBSERVE C13, 75.4615190 MHz
DECOUPLE H1, 300.1067546 MHz
Power 39 dB
continuously on
WALTZ-16 modulated
DATA PROCESSING
Sg. sine bell 1.500 sec
Shifted by -1.500 sec
FT size 262144
Total time 17 min, 8 sec

-129.262
138

=

\

128

—127.933
~.77.653
. 77.230

76.807

. 129.440

137.988
/ _130.641

i
/
-126.965

. 122.045

p-

\h,121.503

149 .283

—142.834

171.216
156.575
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: DMSO
Temp. 80.0 C s 353.1 K 0

INOVA-500 "“zippy" Ph

Relax. delay 0.100 sec

Pulse 73.1 degrees

Acq. time 4,999 sec N ~
Width 12012.0 Hz |
32 repetitions

OBSERVE H1, 500.4318712 MHz NS
DATA PROCESSING

FT size 262144

Total time 2 min, 43 sec 3ca
I
VULV | _— | S S— |
T T T T I T T 1 T T T T '! T T T T T T T T T T : T T T Rl 7T7 T T T [ T T L i T T T T ] T T T T I T T ™ 3‘_'T’7 TrruT— 1 L .
12 11 10 9 8 7 6 5 4 3 2 1 =0 ppm
WY P gy W

1.00 1.0F.102.06.12
1.08.87142.21 3.09
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STANDARD CARBON PARAMETERS

Pulse Sequence: sZpul

Solvent: DMSO
Temp 100.0 2 , 373 1 K

INOVA-500 “zippy"

Relax. delay 0.763 sec
Pulse 69.0 degrees

ACq. time 1.736 sec

Width 37735.8 Hz

168 repetitions

OBSERVE C13, 125.7829567 MHz
DECOUPLE H1, 500.2315969 MHz
Power 37 dB

cont inuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.3 Hz

FT size 131072

Total time 22 hr, 4% min, 46 sec

.Ph

Me N
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MWwOrMo o
— T~ 0 =}

(=T Y] EIPN & N
SO 0w E
TN NN
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- —c-c--—<-r 3ca

3
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% S T e e e m e e S S i o S e 5 T e T

160 140 120 100 80 60 a0 20 0 -20 ppm




881

%T

90.2

85 .

80

75 3478.85 |

70 |

50 .

45

293222

3000

1959.19

SE—

2000

1796.25 u1092$ 90605 1l
: P i I
| | 1] D li\.,=- IIfWEIJ L
; fi 1200.63 I!'.| | 7361/ | | !
| I |11580 ||1j?050 Ii'“i“
ol Mgt
o 1225.66 1058§é | ISR
LA I LU Tia1 5 | L]
L [ | el 1032129 | 1#7.6# H I
N 1016.87| i \| I
|l \ ; Lo 5 963.98 i Wi
; ;E(, | 45352 | l { | |
IR RER | | | |
B !‘ ! Pl !
L ; | 82005 || I
1625, | | i\' 648.71
| o
| 158444 : Ho
| i l$6001" : il b
| 15942 127473 }
| N |
. ! I 696.44
| i H 755.59
* 149492 133088
P
g 1370.11 |
H 1301.83
|
1679.51
1500 1000 600.0

cm-1



681

STANDARD 1H OBSERVE

Pulse Sequence

Solvent: CDC1
Temp. 20.0 C

INOVA-500 "zi

Relax . delay
Pulse 34.3 de
Acqg. time 4.0
Width 6002.4

: s2pul

K]
/ 293.1 K

ppy"

0.050 sec
grees

03 sec

Hz

16 repetitions

OBSERVE H1,

300.1052818 MHz

DATA PROCESSING

FT size 131072

Total time 1 min, 4 sec

Q)
J\ ’Ph
Me N
N/
-
3chb

JJ

Nl

12

11

10

o i e
1.091:13:11

1.04.166.25

=
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13C OBSERVE

Pulse Sequence: s2pul

Solvent: CDC13
Temp. 20.0 C s 293.1 K

INOVA-500 "“zippy"

Relax. delay 0.500 sec
Pulse 46.2 degrees
Acg. time 1.500 sec
Width 22624.4 Hz
256 repetitions
OBSERVE C13, 75.4615215 MHz
DECOUPLE H1, 300.1067546 MHz
Power 39 dB
continuously on
WALTZ-16 modulated
DATA PROCESSING
Sq. sine bell 1.500 sec
Shifted by -1.500 sec
FT size 262144
Total time 8 min, 34 sec
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STANDARD PROTON PARAMETERS

Pulse Seguence: s2pul

Solvent: CDC13
Ambient temperature O

INOVA-500 “zippy" Ph
-

Relax. delay 2.000 sec

Pulse 59.1 degrees

Acg. time 3.001 sec N -
Width 10%04.2 Hz

16 repetitions
OBSERVE  H1, 499.7417203 MHz S
DATA PROCESSING
FT size 262144
Total time 1 min, 20 sec 3cc

61

I A
. 5 S — P e

12 11 10 9 8 7

r r el -
0.83 0.8385.00
0.971.B699
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STANDARD CARBON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Temp. 20.0 C ,/ 293.1 K 0

INOVA-500 "zippy" Me N

Relax. delay 0.763 sec .
Pulse 69.0 degrees N~ 1
Acq. time 1.736 sec |

Width 37735.8 Hz

4096 repetitions

OBSERVE C13, 125.7822090 MHz
DECOUPLE H1, 500.2292208 MHz
Power 37 dB

cont inuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.3 Hz t
FT size 131072 i
Total time 2 hr, 51 min, 15 sec '
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77.486
77.431

023
76.978

e 149.023
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121.662
- 121.415
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171.216
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
ambient temperature

INOVA-500 "zippy" )j\
_Me

Relax. delay 0.100 sec Ph N
Pulse 78.7 degrees
Acg. time 4.999 sec

-
width 12012.0 Hz N
Single scan |
OBSERVE  H1, 500.4234965 MHz 9

DATA PROCESSING
FT size 262144
Total time 0 min, 5 sec 3da

| s

12 11 10 9 8 7

W b
0.95 1.1412.931.76
1.021119D1 1.08

-0

ppm
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13C OBSERVE

Pulse Sequence: sZpul
Solvent: C0CI13 0
Temp. 20.0 C s 293.1 K

INOVA-500 ‘“zippy"

Relax . delay 0.500 sec
Pulse 46.2 degrees N ~
Acq. time 1.500 sec

|

width 22624.4 Hz (-ﬁmnﬁo_.w

256 repetitions SNbpRes o N
OBSERVE C13, 75.4615277 MHz N R

DECOUPLE H1, 300.1067546 MHz = (B Recbalid

Power 39 dB R T R Rl 3da
continuously on LI =

WALTZ-16 modulated S o

DATA PROCESSING | ~

Sq. sine bell 1.500 sec
Shifted by -1.500 sec

FT size 262144

Total time 8 min, 34 sec

141,515
-138.192
o 136,165

! -

s
/
/
/
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_76.807

7.230

171.818
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Pulse Sequence: s2Zpul

Solvent: CDC13 0
Ambient temperature
INOVA-500 "zippy" )J\ -Me
Relax. delay 0.100 sec

Pulse 78.7 degrees =
Acg. time 4.999 sec N
Width 12012.0 Hz I
16 repetitions N
OBSERVE H1, 500.4294963 MHz

DATA PROCESSING

FT size 262144 3db
Total time 1 min, 21 sec

et

12 14 10 9 8 7

MR g
0.93.83.78.01
1.051.0200 0.94



661

13C OBSERVE

Pulse Sequence: s2pul
Solvent: CDC13
Temp. 20.0 C 7 293.1 K

INOVA-500 "zippy"

Relax. delay 0.500 sec

Pulse 46.2 degrees

Acg. time 1.500 sec

Width 22624.4 Hz

256 repetitions

OBSERVE C13, 75.4615208 MH=z

DECOUPLE H1, 300.1067546 MHz
Power 39 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Sq. sine bell 1.500 sec
Shifted by -1.500 sec

FT size 262144

Total time 8 min, 34 sec

171551

180

160

156 .042

147.103

—~- 187,132

/- 136.320

A
4

140

~-130.677

Iy

/

130.192
/—128.914

-/

/

128.690

128.397
—-127.564

126.462

126.029

a
\

120

N\_-120.313

100

3db

—77.655

77.230

\_76.807

af

80

60

40

~36.350

20

ppm



28.09 .

275

= — i
s Dt o e .
s ———- —_— o o
e S,
I = e — =T ﬂ
B )
e bl
T o
R S
S ——— P Y.
= —
, o0
e
[] K-
°
2 //\ s
= Z—\ /
HWI! O”A =z
F Y
o
_— = -
- <
e
— %
O = SeE e— TN
=8
o
L.
y
n.n..:”.m.
——a
=

R . i
—_— i _ “a
e e e o e
em—— -

o A o b
- == S —— s g— S
I
)

B -”,'.l‘ .
R —
- S -
——= - o =
mmrm e A = = 124
e e — =g 3
—_— —~ 0Q
i s et ey — — 0O
=S A R —— ~
R———S —
e — =
—_— -
== e N -
— = g
I TR ——
e o ~
e - = ]
e e
T P
\H."lil\ll—'l 4
2 —

27.0._

26.5 |

26.0 _

25.5..
25.0
245

185 |
18.0 |

1745 . .o

3000

600.0

1000

1500

2000

4000.0

cm-1



10¢

Pulse Sequence: s2pul

Solvent: CDC13
Aambient temperature (o]

INDVA-500 “zippy" )J\ _Me

Pulse 88.0 degrees

Acq. time 3.200 sec ~
Width 10000.0 Hz N

16 repetitions |
OBSERVE Hl, 500.2272164 MHz "
DATA PROCESSING

FT size 131072

Total time 0 min, 54 sec 3dc

12 11 10 9 8
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STANDARD CARBON PARAMETERS

Pulse Segquence: sZ2pul

Solvent: CDC13
Ambient temperature O

INOVA-500 "“zippy" ’Jl‘ Me

Relax. delay 3.000 sec

Pulse 33.6 degrees N e
Acq. time 2.000 sec I
Width 31337.2 Hz N
435 repetitions

OBSERVE C13, 125.6601347 MHz

DECOUPLE H1, 499.7442194 MHz 3d
Power 34 dB c
continuously on .
WALTZ-16 modulated g

. 77.485
[ ...77.230
76.978

o

DATA PROCESSING
Line broadening 1.0 Hz i
FT size 131072
Total time 91 hr, 11 min, 2 sec |

128.711
-128.215

\

-137.525
—-121.074

-130.331

148.879
—-121.772

136.164
— 36163

171.17%
156.942
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3503.25 302886 1077311 || 1
3009.11 )OL 1250.11 i .
. Me ! SRR i
12931.24 Ph N~ 11892 ! _1‘ |640L‘59'
3058.13 | ' . 117785 991.56 62281
NZ I ! i i)
[ A Looons20n | i
N - ‘ L 1051.10 i
| 1012.67 ||
3dc | | ;‘\‘: !
[ Il I
] 147.08
, 73385
1320.79 111630 662.42
L 1p9gisl 696.37
i 787.48 |
14(18.93
1287.88
714.12
1569.14
1438.01
1586.76
1471.77
1359.22
1650.96
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STANDARD 1H OBSERVE

Pulse Sequence: sZpul

Solvent: CDCI13
Temp. 20.0 C 7 292.1 K

INOVA-500 "zippy"

Relax. delay 0.050 sec
Pulse 34.3 degrees
Acq. time 4.003 sec
Width 6002.4 Hz
16 repetitions
H1, 3200.1052785 MHz

O0BSERVE
DATA PROCESSING

FT size 131072
Total time 1 min, 4 sec

: {4 11

OMe
0
Br N~ |
™
3ea
!
i
{
r{if f
I (1 f
F !
| |
3 (] f i
/ P f
[ I S| J|
[ O A I ]
! i J H ! i i
\—ﬂ i ﬁ ) !
Ak Wi ‘t i
A U Lo .
T ‘l' T T T T T T | - T T T T
9 8 7 b 5 4
A BTG e igs
1.00 1.12.30 2.3 3.44
1.14 1.294.88 2.27
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STANDARD CARBOMN PARAMETERS

Pulse Sequence: s?pul

Solvent: DMS0
Temp. 100.0 C 731 K

INOVA-500 "zippy"

OMe
Relax. delay 0.763 sec 0]
Pulse 69.0 degrees
Acg. time 1./36 sec !
Width 37735.8 Hz N NN MOO OO DD
271 repetitions i Homo A R
OBSERVE C13, 125.7829%/3 MHz . QA ORI R
DECOUPLE Hl, 500.2315969 MHz Br N~ 0 o
Power 37 dB | el s bl s
continuously on | |

WALTZ-16 modulated X A1
DATA PROCESSING |
Line broadening 0.3 Hz !
FT size 131072 3ea f
Total time 22 hr, 49 min, 46 sec
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Br | | 1 il N 10689”] T
x 162508 || i | 7242 " o
i i | el | I ' ;
¢l 151.54} | N 1031. z 1 666.98 |
3ee ')T‘ L T o7h2
!
“ 138382 |, | | 747.30
‘ ‘ 1276.03 1011.56
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STANDARD 1H OBSFRVE

Pulse 3Sequence: sZpul

Solvent: CDC13
femp. 20.0 C s 292.1 K

INOVA-500 "zippy"

Relax . delay 0.050 sec
Pulse 34.3 degrees
Acg. time 4.003 sec
Width 6002.4 Hz

16 repetitions

OBSERVE HLI, 300.1052821 MHZz

DATA PROCESSING
FT size 131072
Total time 1 min, 4 sec

Br

0.82

o L s

0.95.71 2.
1.64.37 2.00

OMe
(0]
N
N7 |
3eb
i
{
/
i
' i
y — e et
6 5 ppm
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13C OBSERVE

Pulse Sequence: sZpul

Solvent: CDC13
Temp. 20.0 C s 293.1 K
Mercury-300 "mrhat"

Relax. delay 0.500 sec

Pulse 46.2 degrees OMe
Acg. time 1.500 sec 0]
Width 22624.4 Hz

1756 repetitions

OBSERVE C13, 75.4615196 MHz N

DECOUPLE H1, 300.1067546 MHz

Power 39 dB

continuously on ’
WALTZ-16 modulated Br N |

DATA PROCESSING

Sqg. sine bell 1.500 sec A
Shifted by -1.500 sec

P, r~
FT size 262144 o e
Total time 41 hr, 47 min, 0 sec 3eb 6 ®
~ow®
~ 0~
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i
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STANDARD 'H OBSERVE

Pulse Sequence: sZpul

Solvent: CDCI123
Temp. 20.0 C s 2493.1 K

INOVA-500 "Zippy"

Relax. delay 0.050 sec

Pulse 34.3 degiees

Acg. time 4.003 sec

Width 6002.4 Hz

16 repetitions

OBSERVE  H1, 300.1052821 MHz
DATA PROCESSING

FT size 131072

Total time 1 min, 4 sec

(0]
N
Br N"|
N
3ec
r
f
|
{
f
|
, s ![
.f i
J i
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I

OMe

T e 1 T

11 10

Ly wd L
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8 7
il S Reeiied! e
1.00 3.963.00

1.10 1.45 2.05

e
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STANDARD CARBON PARAMETERS

Pulse Sequence: sZpul

Solvent: CDC13
Ambient temperature

INOVA-500 "zippy"

Relax. delay 0.763 sec
Pultse 69.0 degrees
Acq. time 1.736 sec
Width 37735.8 Hz

512 repetitions Lo b g
OBSERVE C13, 125.7822136 MHz e j OMe
DECOUPLE H1, 500.2292208 MHz gl 2 o}
Power 37 dB e -
continuously on ! E
WALTZ-16 modulated f" | N
DATA PROCESSING | |
Line broadening 0.3 Hz [
FT size 131072 i i Br N~=
Total time 21 min, 26 sec ! I
.i - N
e
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDCI13
Ambient temperature

INOVA-500 "zippy"

Relax. delay 2.000 sec 0

Pulse 94.4 degrees ¢
Acg. time 3.001 sec Pr
Width 10504.2 Hz N~
16 repetitions

0BSERVE EHI.. 199.7117185 MHz
DATA PROCESSING

FT size 262144 O,N N~
Total time 1 min, 20 sec I

S

1.00 1.93.41
1.1v.12 2.12
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STANDARD CARBON PARAMETERS

Pulse Seguence: s2pul

Solvent: CDC13
Ambient temperature

INOVA-500 “zippy"

Relax. delay 0.763 sec
Pulse 69.0 degrees
Acqg. time 1.736 sec
Width 37735.8 Hz

:nci-..rx
256 repetitions g 18 28y
OBSERVE €13, 125.7822113 MHz i
DECOUPLE H1, 500.2292208 MHz =R m e
Power 37 dB Lol Sl
continuously on Coil
WALTZ-16 modulated 3
DATA PROCESSING |
Line broadening 0.3 Hz |
FT size 131072 |
Total time 10 min, 44 sec |
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STANDARD 1H OBSERVE

Pulse Sequence: sZpul

Solvent: CDCI3
Temp. 20.0 C , 293.1 K

INOVA-500 “zippy"

Relax. delay 0.050 sec

Pulse 34.3 degrees

Acg. time 4.003 sec

Width 6002.4 Hz

16 repetitions
OBSERVE H1, 300.1052786 MHz
DATA PROCESSING
FT size 131072
Total time 1 min, 4 sec

T T T T T T T y JIEREE s s I T T T T T T T 1 T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 ppm
B ] ) TR e =]
0.99 1.16 1.18 1.22
1.95 1.96 1.18 6.32
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STANDARD CARBON PARAMETERS

Pulse Sequence:

Solvent: CDCIZ
Ambient temperature

sZpul

INOVA-500 “zippy"

Relax. delay 0.763 sec
Pulse 63.0 degrees
Acg. time 1.736 sec
Width 37735.8 Hz

2124 repetitions
0BSERVE C13,

Power 37 dB
cont inuously on
WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.3 Hz
FT size 131072
Total time 44 hr,

8 min,

125.7822072 MHz
DECOUPLE H1, 500.2292208 MHz

23 sec

e 168.383

-153.825

149.545

3fc

- 143.544

JPr

138.046
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77.486
W 2T

7.230
76.978

— A49.415

.116

21
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STANDARD PROTON PARAMETERS

Pulse Sequence: sZ2pul

Solvent: CDC13
Ambient temperatuie

INOVA-500 “zippy"

Relax . delay 2.000 sec
Pulse 94.4 degrees
Acg. time 3.001 sec
wWidth 10504.2 Hz

16 repetitions

O0BSERVE Hl, 499.7417206 WHZ

DATA PROCESSING
FT size 262144
Total time 1 min, 20 sec

12 11

()
MeO N,’Pr
MeO N~
"
3ga

M il S L 3 L - =
i ae pl ey T T T T = T T L
9 8 7 6 S 3 2 1 ppm
1.00 1.15.11 1.06 1.11 3.43 3.23
1.10 2.18 1.01 1.13 3.30 3.49
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STANDARD CARBON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC1x
Temp. 20.0 C s 293.1 K

INOVA-500 "“zippy"

Relax. delay 0.763 sec 0 '
Pulse 69.0 degrees i #
Acqg. time 1.736 sec MeQ _Pr

width 37735.8 Hz N cobo
4719 repetitions L <l
OBSERVE C13, 125.7822078 MHz . K
DECOUPLE H1, 500.2292208 MHz MeO N d e
Power 37 dB | |
continuously on . ) i

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.3 Hz

FT size 131072 3ga
Total time 22 hr, 49 min, 46 sec

128.066
127.535
.55.801
TEs5,792

130.021
127.086

~-130.602

l:”:

/

ﬁ141.2?ﬂ
o~
———\__.125.306

138.073
“-121.108

—122.079

-111.554
109.865

—150.044

147 .710
-50.835

170.498
154.617
22.503
-19.797
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STANDARD 1H OBSERVE

Pulse Sequence: sZpul

Solvent: CDC13
Temp. 20.0 C s 293.1 K

INOVA-500 “zippy"

Relax. delay 0.050 sec

Pulse 34.3 degrees

Acq. time 4.003 sec

Width 6002.4 Hz

16 repetitions
OBSERVE H1, 300.1052782 MHz
DATA PROCESSING
FT size 131072
Total time 1 min, 4 sec

12 11 10

MeO Jpr

MeO NZ |

8 7 6 5 4 3 2 1 ppm

1.002.10 2.03 1.18 3.33 6.62
1.061.16 1.15 3 B8 ] 3.74
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STANDARD CARBON PARAMETERS

Pulse Sequence: s2pul

Solvent: COC13
Temp. 20.0 C ;s 293.1 K

INOVA-500 “zippy"

Relax . delay 0.763 sec
Pulse 69.0 degrees MeO SPr
Acg. time 1.736 sec N
width 37735.8 Hz

480 repetitions
OBSERVE €13, 125.7822130 MHz MeO N~
DECOUPLE H1l, 500.2292208 MHz |
Power 37 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.3 Hz

FT size 131072
Total time 22 hr, 49 min, 46 sec

21.308

129.618
-129.179
©
w
(=]
o
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—
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\-77.230
76.974

o™
o =
<
.=
~ ¢
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STANDARD 1H OBSERVE

Pulse Sequence: s2pul

Solvent: CDC13
Temp. 20.0 C s 293.1 K

INOVA-500 "zippy"

Relax. delay 0.050 sec

Pulse 34.3 degrees

Acg. time 4.003 sec

Width 6002.4 Hz

16 repetitions

0BSERVE H1, 300.1052789 MHz
DATA PROCESSING

FT size 131072

Total time 1 min, 4 sec

13 i

11

10

MeO

MeO

n.11 9.99
0.98

1.96

ppm
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STANDARD CARBON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDCI13
Ambient temperature

INOVA-500 "“zippy"

Relax. delay 0.763 sec

Pulse 69.0 degrees

Acg. time 1.736 sec

Width 37735.8 Hz

644 repetitions
OBSERVE C13, 125.7822084 MHz
DECOUPLE H1, 500.2292208 MHz
Power 37 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.3 Hz

FT size 131072

Total time 45 hr, 39 min, 31 sec

170.017

150.264

-155.698

w148 378

148.172

e 137 .661

129.568

MeQ

MeQO

~-125.187
~—122.509

o -121.941

—112.071
e 110 . 080

N d

3gc

JPr

—- 77 .186
77.436

/

/

77.230
—76.978

—-55.862

— +—55.934

—— 49,489

21.184
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: DMSO
Temp. 100.0 C s 373.1 K

INOVA=500 "zippy"

Pulse 79.0 degrees
Acg. time 3.200 sec
width 10000.0 Hz

16 repetitions

OBSERVE H1, 500.2295896 MHz

DATA PROCESSING
FT size 131072
Total time 0 min, 54 sec

87T

Me N

N
10 9 8 7
0.69  1.83 -0.00
2.001.05

.88

i i
e
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STANDARD CARBON PARAMETERS

Pulse Sequence: s2pul

Solvent: DMSO
Temp. 100.0 C s 373.1 K

INOVA-500 "zippy"

Relax. delay 0.763 sec
Pulse 69.0 degrees

Acq. time 1.736 sec Me N
Width 37735.8 Hz

[7- T o ¥ =] P OWNO—~ r~ @
1272 repetitions prghad = Me ~ o Rt gy,
OBSERVE €13, 125.7829550 MHz oo & N i S o
DECOUPLE  H1, 500.2315969 MHz =41 B l 9 mim o He
Power 37 dB & - = [0 |
continuously on L ! A =)
WALTZ-16 modulated ( - -
DATA PROCESSING | 3ha
Line broadening 0.3 Hz | o
FT size 131072 ! m:;g o
Total time 22 hr, 49 min, 46 sec | o _; ‘
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STANDARD 1H OBSERVE

Pulse Sequence: s2pul

Solvent: CDC13
20.0 C s 293.1 K
0

Acqg. time 4.003 sec
Width 6002.4 Hz

16 repetitions

OBSERVE H1, 300.1052790 MHz
DATA PROCESSING

FT size 131072

Total time 1 min, 4 sec

Temp.
INOVA-500 "zippy"
Relax. delay 0.050 sec
Pulse 34.3 degrees Me N
MeN -

3hb

1:1 mixture of atropisomers

1€C

v f
4 ! ‘ /
/‘. J /
M
i | ‘ ' J‘
i 1 I
'y Rl i spssms o Ml de = woae o A
12 11 10 9 8 7 6 5 4 3
1.15 12.1455{240 1.11
1:11 2.18

2.0p.0B.17

¢.21 .89
2.01

13:61

2.702.71
2.793.40



13C OBSERVE

Pulse Sequence:

Solvent: CDC13
Temp. 20.0 C , 293.1 K

sZ2pul

INOVA-500 "zippy"

Relax. delay 0.500 sec
Pulse 46.2 degrees
Acg. time 1.500 sec
Width 22624.4 Hz

512 repetitions

OBSERVE C13, 75.4615227 MHz
DECOUPLE H1, 300.1067546 MHz
Power 39 dB

continuously on
WALTZ~16 modulated
DATA PROCESSING
Sq. sine bell 1.500 sec
Shifted by -1.500 sec
FT size 262144
Total time 17 min, 8 sec

Me
MeN Z

N

3hb

1:1 mixture of atropisomers
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Temp. 20.0 C , 293.1 K

INOVA-500 "Zzippy"

Pulse 79.0 degrees

(0]
Acqg. time 3.200 sec
Width 10000.0 Hz
16 repetitions Me N

OBSERVE  H1, 500.2272157 MHz
DATA PROCESSING Me -
FT size 131072 N
Total time 0 min, 54 sec | ;
\ ]
|
!
3hc
i
|
|
|
|

13 12 11 10 9 8

! I Lo
i 4 v
Eo NARNLAVA
S & N - o e o] R g - Begow _
7 6 5 4 3 2 1 ppm
. 1.‘23 5..79 3.46 4.14
-25

1.50 a4.75¢.11 4.89



S %4

STANDARD CARBON PARAMETERS

Pulse Sequence: sZpul

Solvent: CDCI13
Temp. 20.0 C s 293.1 K

I[NOVA-500 "zippy"

Relax. delay 0.763 sec

Pulse 69.0 degrees

Acg. time 1.736 sec

Width 37735.8 Hz

12712 repetitions
OBSERVE C13, 125.7821446 MHz
DECOUPLE HI1, 500.2292208 MHz
Power 37 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.3 Hz

FT size 131072
Total time 45 hr, 29 min, 31 sec

178.307

Me

A

Me

3hc

149 .368
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MWD1 D, Sig=254,16 Ref=360,100

mAU

Ty 74.489
P

80
[N\

40
/
/ ‘\

20
[a]
8] 77%7 — e ~
| 5 Gl — " % UL s ——T
67.5 70 72.5 75 775 80 82.5
Area Percent Report
Sorted By i Signal
Multiplier : 1.0000
Dilution : 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal MWDl D, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
i [min: [min] [mAU*s] [mAU] %
R e |---------- | ——==mmmmm e | e |
i |
1 569.292 PV 1.4743 143.10532 G EI 2 [ 1.0655
2 74.489 VB 2.4760 1.32871e4d 72.98418 98.9345
Totals : 1.34302e4d 74..13538
RFesul-s obtained with enhanced integrator!
*»*¥* End 'of Report =%%
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MeN ~ |
NN
(+)-3ha
MWD1 D. Sig=254.16 Ref=360,100 - B -
mAU |
a
6 & &
s rﬁr w0 g
oW ©
N Q4
) & 2
- ™
/. .3
5 ) e S \\\\\
s — o = e o
. ) - — } =
-4
64 66 68 70 72 74 78 78 ) min

Signal
1.0000
5 1.0000
& Dilution Factor with ISTDs

Signal L: MWD1 D, S8ig=254,16 Ref=360,100

Peak RetTime Type Width Area Height Area
b finin; imin] [mAU*s] [mAU] %
o R Sy s IS P |
1 58,254 MM 2.3878 422.22662 2.947132 50.0681
2 75.665 MM 2.6063 421.07855 2.69268 49.9319
Totals : 843.30518 5.63980

Resulte obtained with enhanced integrator!

*** End of Report ***
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Me
1h
MWD1 B, Sig=230.16 Ref=360,100 )
mAL g
~
100 3
f;‘éa\.
80 [
! \
i \
60 | \'\‘
40 }
i X ©
/! \ Oy
20 / \ s af
I "\ ~ '\
b o v?@?
o e . I . o
‘ T ——7 T T . —
34 36 38 ) 40 42 )
Area Percent Report
Sorted By Signal
Multinlies 1.0000
Dilution . 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal l: MWDl B, Sig=230,16 Ref=360,100
Peak RetTime Type Width Area Height Area
i [min] [min] [mAU*s] [mAU] %
1 37.749 BB 0.9076 6347.98145 102.34804 98.7931
2 42.340 MM 0.9913 77.54951 1.30385 1.2069
Totals 6425.53096 103.65188

Results obtained with enhanced integrator!

¥*% End of

Report ***
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MWD1 B. Sig=230,16 Ref=360,100

mAU
15
10
(=)
>
5 ~
-4
/ \\\ ‘\
0 s R //// ™
¥ Y L
= S [ vl AR _._‘4_._.—‘:__‘_:__‘7____” — e L-// -
-5
-10
15 ¢ — = —— = :
34 36 38 40 42
Area Percent Report
Sorted By : Signal
Muitiplier 1.0000
Dilution 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal MWDl B, Sig=230,16 Ref=360
Peak RerTime Type Width Area
# [min| [min] [mAU*s])

Rl Pl s | -ommmmeee- |

1 37.910 EB 0.7657 323.57190

2 42.281 EB 0.7854 327.61554

Totals 651.18744

, 100
Height Area
[mAU] %
5.65401 49.6895
5.28346 50.3105
10.93746

x*% HEnd of

Report **~*
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

INOVA-500 “zippy"

Relax. delay 2.000 sec
Pulse 89.5 degrees
Acg. time 3.001 sec
Width 10504.2 Hz

16 repetitions

OBSERVE H1, 499.7417195 MHz

DATA PROCESSING
FT size 262144
Total time 1 min, 20 sec

N8

: I8

00

(0]
)]\ -Me
Ph N
N o
-
3dd
I i i
8 7

1.%8
2.81

0.
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STANDARD CARBON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

INOVA-500 "zippy"
i )—L _Me

Relax. delay 0.763 sec Ph N
Pulse 69.0 degrees

Acg. time 1.736 sec

Width 37735.8 Hz ~
52 repetitions i
OBSERVE C13, 125.7822142 MHz -
DECOUPLE H1, 500.2282208 MHz o
Power 37 dB b
continuously on

WALTZ-16 modulated 3dd
DATA PROCESSING

Line broadening 0.3 Hz

FT size 131072

Total time 45 hr, 39 min, 31 sec

130.286
128.231

108.423

107.301

—-.55,380

ez 9 550
——

~-36.144

-77.482

27.230
 76.974

171.194
- -166.620
158 .412

—_ . 136.325
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STANDARD PROTON PARAMETERS

Pulse Sequence: sZpul

Solvent: CDCI?
Ambient temperature

INOVA-500 “zippy"

Relax. delay 2.000 sec
Pulse 89.5 degrees

Acg. time 3.001 sec

Width 10501.2 Hz

16 repetitions

OBSERVE H1, 499.7417195 MHz
DATA PROCESSING

FT size 262144
Total time 1 min, 20 sec

0

Ph)LN'Me
N7 |
X"No,
3de

0
0.81

.98 2.27
316
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STANDARD CARBON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDCI3
Ambient temperature

INOVA-500 "zippy"

Relax. delay 0.763 sec
Pulse 69.0 degrees

Acg. time 1.736 sec

Width 37735.8 Hz

255 repetitions
OBSERVE C13, 125.7822118 MHz
DECOUPLE H1, 500.2292208 MHz
Power 37 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.3 Hz

FT size 131072
Total time 45 hr, 39 min, 31 sec

150.250

171.940
-158.270

— 154,540

128.785
.336

128

—4131..188

-— 113,230
=4 12:676

36.602

77.486
27 .230
76.378

135.556

220 200 180 160 140
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N ¢
™
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Appendix B

Spectra for Chapter 11
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. delay 0,100 sec
Pulse 72.4 degrees

Acg. time 4.999 sec

Width 12012.0 Hz

16 repetitions 0

OBSERVE  H1, 500.4252875 MHz
DATA PROCESSING
FT size 262144 N Me
A\
Me
N
H
S1a
i
T ] | T T T T l H T T T ? T T T T ‘ T T T T ‘ T T ¥ T ] T T T T [
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STANDARD CARBON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. delay 0.763 sec

Pulse 60.9 degrees

Acq. time 1.736 sec

Width 37735.8 Hz

65536 repetitions
OBSERVE C13, 125.7822245 MHz
DECOUPLE H1, 500.2292208 MHz
Power 46 dB

continuously on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.3 Hz
FT size 131072

Iz

S1a

Iz

Me

Me
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160

140

120

100

80

60

490

20

LALLM AL L A L 0 O O L AL 0 St O O B O

ppm



0ST

%T 40 |

84.9

50

45 _

35

30

4000.0

| 0
| i
\ | f H#Me
| I H \ M
i i \ rl N e
‘. 3057.5L a H
{ ‘ 1]
1 7300 S1a
R i
N If
[ 2931.04
o
Il I
340538 I 2969.38
3285.74
3000 20.00

1651.87

B 928l.14 :
\ o “ ‘ |
fU 1ypss) | H 805.51
v | | [‘I]Old.ZZ |‘
AR “ e
AT '.JIT?.M | ! {' “'
| I | ‘ |
L Jossss |
| e | I
Ly e0es | i
I | L i |
| || i ‘,! 1098.28 '\ ‘
\ | Y |
5 ;14 5.34 1229.08 |‘
1.‘ | J ’
i |
|1 I :|
1457.41 i
1528.73 "-‘
74251
- T T
1500 1000 500 400.0

cm-1



554

STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. delay 0.100 sec

Pulse 72.4 degrees

Acqg. time 4.999 sec

width 12012.0 Hz

16 repetitions
OBSERVE H1, 500.4252862 MHz
DATA PROCESSING

FT stze 262144

Iz

Me
Me

1a

il )

A

o
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STANDARD CARBON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. detlay 0.763 sec
Pulse 60.9 degrees
Acq. time 1.736 sec
wWidth 37735.8 Hz

65536 repetitions

OBSERVE C13, 125.7822245 MHZz
DECOUPLE H1, 500.2292208 MHz

Power 46 db
continuously on
WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.3 Hz
FT size 131072

Me
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. delay 2.000 sec
Pulse 81.5 degrees SO,CF4
Acqg. time 3.001 sec N Me

Width 10504.2 Hz
16 repetitions

OBSERVE  H1, 499.7417347 MH2

DATA PROCESSING w Me
FT size 262144
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STANDARD CARBON PARAMETERS

Pulse Segquence: s2pul

Solvent: CDCI3
Ambient temperature

Relax. delay 3.000 sec

Pulse 35.0 degrees

Acq. time 2.000 sec

width 31397.2 Hz

302 repetitions
OBSERVE C13, 125.6601362 MHz
DECOUPLE H1, 499.7442134 MHz
Power 34 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.0 H2

FT size 131072

v

(x)-3a

SO,CF,
N Me

Me
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19F SENSITIVITY
0.05% TRIFLUOROTOLUENE
Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. delay 2.000 sec SO,CF3
Pulse 0.0 degrees N
Acq. time 0.232 sec Me

width 140.8 kHz
12 repetitions
OBSERVE F19, 470.2272133 MHz

DATA PROCESSING e Me
Line broadening 1.0 Hz
FT size 131072 N
Me
(+)-3a
(-]
w
(=]
w
~
1
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. delay 2.000 sec

Pulse 81.5 degrees

Acq. time 3.001 sec

Width 10504.2 Hz

16 repetitions
OBSERVE Hi, 499.7417336 MHz D
DATA PROCESSING v
FT size 262144

SO,CF;
N
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STANDARD CARBON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. delay 3.000 sec

Pulse 35.0 degrees SOQCFS
Acq. time 2.000 sec

width 31397.2 Hz

142 repetitions
OBSERVE C13, 125.6601405 MHz
DECOUPLE H1, 499.7442194 MHz v
Power 34 dB .

continuously on

WALTZ~16 modulated N
DA{A PRDCESSI?G 1.0 H

Line broadening 1. z

FT size 131072 (=)-3b
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200 180 160 140 120 108 80 60 40 20 0 ppi



09T

19F SENSITIVITY
0.05% TRIFLUOROTOLUENE

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. delay 2,000 sec

Pulse 90.0 degrees SO,CF4
Acq. time 0.232 sec

Width 140.8 kHz

16 repetitions
OBSERVE F19, 470.2272133 MHz

DATA PROCESSING v
tine broadening 1.0 Hz
FT size 131072
N
Me
(=)-3b
£ -3
™~
-
)
™~
]
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Amhient temperature

Relax. delay 1.800 sec

Pulse 90.0 degrees

Acq. time 3.200 sec

width 10000.0 Hz

5 repetitions
OBSERVE H1, 500.2272318 MNHz
DATA PROCESSING
FT size 131072

SO,CF,
N
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STANDARD CARBON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. delay 0.763 sec SO,CF3
Pulse 60.9 degrees N

Acq. time 1.736 sec

width 37735.8 Hz

397 repetitions
OBSERVE C13, 125.7822193 MHz we
DECOUPLE H1, 500.2292208 MH2

Power 46 dB

cont inuously on N
WALTZ~16 modulated

DATA PROCESSING

Line broadening 0.3 Hz (£)-3¢
FY size 131072
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19F OBSERVE
STANDARD PARAMETERS

Pulse Sequence: s2pul

Solvent: CDCI3
Ambient temperature

Relax. delay 4.000 sec

Pulse 45.0 degress

Acq. time 0.300 sec

width 100.0 kHz

6 repetitions
OBSERVE F19, 282.3814158 MWHz
DATA PROCESSING

Line broadening 0.3 Hz

FT size 262144

SO,CF,
N
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. delay 0.100 sec

Pulse 72.4 degrees

Acg. time 4.999 sec

Width 12012.0 Hz

16 repetitions
OBSERVE H1, 500.4252873 MHz
DATA PROCESSING
FT size 262144

(+)-3d

SO,CF,
N

Me

" TN
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STANDARD CARBON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. delay 0.763 sec

Pulse 60.9 degrees

Acg. time 1.736 sec

Wwidth 37735.8 Hz

534 repetitions
OBSERVE C13, 125.7822118 MH2
DECOUPLE H1, 500.2292208 MHZz
Power 46 dB

continuously on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.3 Hz
FY size 131072
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19F OBSERVE
STANDARD PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. delay 4.000 sec

Pulse 45.0 degrees

Acq. time 0.300 sec

width 100.0 xHz

27 repetitions
OBSERVE F19, 282.3814158 MHz
DATA PROCESSING

Line broadening 0.3 Hz

FT size 262144

SO,CF,
N
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STANDARD PROTON PARAMETERS

Pulse Sequence: S2pul

Solvent: toluene
Temp. 100.0 C / 373.1 K

Relax. delay 2.000 sec

Pulse 84.1 degrees

Acq. time 3.001 sec

wWidth 10504.2 Hz

12 repetitions
OBSERVE Hi, 499.7418474 MHz
DATA PROCESSING
FT size 262144
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STANDARD CARBON PARAMETERS

Pulse Sequence: s2pul

Solvent: toluene
Temp. 100.0 C / 373.1 K

Relax. delay 3.000 sec
Pulse 37.8 degrees SOZCF3
Acq. time 2.000 sec

Width 31397.2 Hz

1581 repetitions

OBSERVE C13, 125.6600986 MHz

DECOUPLE H1, 489.7442944 MHz e

Power 34 dB

continuously on 2 NMe
WALTZ-16 modulated N

DATA PROCESSING Me

Line broadening 2.0 Hz

FT size 131072 (t)-Gb

“ A Jl . A L _J -
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19F SENSITIVITY
0.05% TRIFLUOROTOLUENE

Pulse Sequence: s2pul

Solvent: toluene
Temp, 100.0 C / 373.1 K

Retax. delay 2.000 sec
Pulse 90.0 degrees
Acg. time 0.232 sec
Width 140.8 kH2

17 repetitions

OBSERVE

F18, 470.2272838 MHz

DATA PROCESSING
Line broadening 1.0 Hz
FT size 131072

SO,CF,
N

Me
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STANDARD PROTON PARAMETERS

Pulse Sequence: s2pul

Solvent: CDC13
Ambient temperature

Relax. delay 1.800 sec
Pulse 90.0 degrees
Acg. time 3.2008 sec
width 10000.0 Hz

32 repetitions

OBSERVE Hi, 500.2272234 MHz

DATA PROCESSING
FT size 131072

o)
~J -
(=2
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STANDARD CARBON PARAMETERS

Pulise Sequence: s2pul

Solvent: COCI3
Ambient temperature

Relax. delay 3.000 sec

Pulse 37.8 degrees

ACq. time 2.000 sec

Width 31397.2 Hz

320 repetitions
OBSERVE C13, 125.6601534 MHz

DECOUPLE H1, 489.7442194 MHz N\
Power 34 dB [\\v/()
continuously on
WALTZ-16 modulated N
DATA PROCESSING Me
Line broadening 3.0 Hz
FT size 131072 1e
§
! |
dypro W WW PN S i ey —o— e ]
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