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Abstract — Spirooxindole and iminoindoline structures can be found in a wide
range of complex natural products, and compounds containing these groups
invariably display interesting biological activities. Considering their interesting
biological properties and complex architecture, significant research efforts have
been directed towards developing new synthetic methods for constructing these
structures. This review summarizes our studies towards developing novel
synthetic strategies capable of accessing these structures, as well as the
applications of these methods to synthesizing natural products, including

elacomine and dehaloperophoramidine.
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1. SPIROOXINDOLE

The spirooxindole structure (1) is found in many complex natural products, and several compounds
containing a spirooxindole moiety have been reported to possess interesting biological properties (Figure
1).X For example, prosurugatoxin (2),% alstonisine (3)> and spirotryprostatin A (4),> which are complex
pentacyclic indole alkaloids bearing contiguous stereocenters, have been reported to exhibit anti-nicotinic,
moderate in vitro antiplasmodial, and antimitotic activities, respectively. The related compounds
scholarisine A (5) and arbophylline (6), however, have not been reported to possess any interesting
biological properties,> although these molecules have captured the attention of synthetic chemists all
over the world because of their unusual cage-like structures. Interestingly, various spiro-ring systems
have been reported in spirooxindole natural products, such as those fused with pyrrolidine [e.g.,
alstonisine (3), spirotryprostatin A (4), and elacomine (7)’], piperidine [e.g., tabernoxidine (9)*], five- and
six-membered carbocycles [e.g., prosurgatoxin (2) and gelsemine (10)%], and six-membered oxacycles
[e.g., scholarisine A (5) and arbophylline (6)]. The spirooxindole structure is also an important
pharmacophore in medicinal chemistry,'® and structures of this type can also be used as intermediates for
synthesizing other indole alkaloids. Considering their numerous applications and interesting properties,
there has been significant interest in developing new methods for the construction of spirooxindoles from

researchers working in both synthetic and medicinal chemistry.
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Figure 1. 3,3"-Pyrrolidinyl-spirooxindole-type natural products
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1-1. REPORTED SYNTHETIC METHODS FOR SPIROOXINDOLE BY FORMING C2-C3
BOND

A variety of methods have been reported for synthesizing spirooxindoles,'* and these methods can be
divided into two categories, including (i) stepwise synthesis involving the formation of the oxindole ring
followed by the construction of the spiro-ring system, and (ii) direct synthesis involving the simultaneous
construction of the two rings making up the spiro-ring system. 3,3-Disubstituted oxindoles are quite often
employed as synthetic intermediates for the stepwise synthesis of spirooxindoles because a variety of
methods, including asymmetric procedures, have been developed for the synthesis of these compounds.
However, the development of a direct method for the simultaneous construction of a spiro-center and an
oxindole skeleton would be desirable from the perspective of synthetic efficiency. Murphy'* and
Overman® reported the development of an elegant one-step procedure for synthesizing the
spiro[indoline-3,3"-pyrrolidine] skeleton using a radical-mediated or palladium-catalyzed tandem
cyclization and intramolecular trapping reaction. Several other methods have also been reported for
constructing spirooxindole structures in a single step, including oxidative rearrangement,'* Heck,™
intramolecular Mannich,'® ring expansion,’” and 1,3-dipolar cycloaddition'® reactions. Despite the large
number of methods that have been reported in this area, research towards developing new methods for

constructing spirooxindoles continues to attract considerable attention.

1-2. OUR SYNTHETIC STRATEGIES

We developed a cyanoamidation process for synthesizing 3,3-disubstituted oxindoles, which involved the
formation of the C2—C3 bond (Scheme 1).™ The reaction of compound 11 with Pd(PPh;3)4 in xylene at
130 °C proceeded regioselectively to give 3,3-disubstituted oxindole 12 without any of the six membered
lactam.™*® We also developed an enantioselective version of this cyanoamidation process using Pd(dba),
with the chiral phosphoramidite 13 and N,N-dimethylpropylene urea (DMPU)."**¢ It was envisaged that
several new approaches could be developed for constructing the spirooxindole skeleton by extending the
idea of the cyanoamidation reaction used for the formation of the C2—C3 bond, including (i) a domino
reaction for the construction of the spiro-ring system; and (ii) a stepwise reaction for constructing various
spiro-ring systems (Scheme 2). The first half of this review has been focused on our most recent research

efforts that explore these two strategies and their application to the synthesis of natural products.”*%
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Scheme 1. Synthesis of 3,3-disubstituted oxindole by cyanoamidation
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Scheme 2. Synthetic strategy for spirooxindoles

1-3. CONSTRUCTION OF SPIROOXINDOLE SKELETON BY DOMINO CYCLIZATION

When we started our research towards developing of a novel domino reaction strategy for constructing
spirooxindole skeletons, we had already developed a palladium catalyzed cyanoamidation process for
constructing 3,3-disubstituted oxindoles from 2-(alkenyl)phenylcarbamoyl cyanide 11, as described above
(Scheme 1).22 However, this cyanoamidation reaction only worked for substrates bearing a terminal olefin,
which represented a major limitation for this transformation. It was envisaged that the use of a diene
instead of a terminal olefin would allow 13 to react to give the n-allylpalladium intermediate 17, which
could be converted to the spirooxindole 18 by a trapping reaction involving an intramolecular nucleophile
(Scheme 3).** With this in mind, we focused our initial efforts on the development of a palladium

catalyzed cyclization reaction for carbamoyl chlorides such as 13 (X = Cl) bearing a 1,3-diene moiety.”
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Scheme 3. Synthetic strategy for constructing the contiguous stereogenic centers of spirocyclic

compounds

We initially examined an intermolecular reaction to determine the most appropriate nucleophiles for the
effective trapping of the m-allylpalladium intermediate. The treatment of carbamoyl chlorides 19 bearing a

diene moiety with a catalytic amount of palladium acetate (Pd(OAc),), triphenylphosphine (PPh;) and
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cesium carbonate (Cs,CO;) gave the corresponding m-allylpalladium intermediates, which were trapped
with several nucleophiles (Table 1). As expected, the reaction with p-NsNH, proceeded smoothly to give
the 1,4-adduct 20a via the corresponding m-allylpalladium intermediate, with none of the 1,2-adducts
being observed (Table 1, entry 1). Two other sulfonamides, TsNH, and TfNH,, were also used as
nucleophiles in the reaction, resulting in the formation of oxindoles 20b and 20c (Table 1, entries 2 and 3).
Although the reactions of 19 with morpholine and aniline gave the corresponding ureas 21d and 21e
instead of the cyclized products 20d and 20e, the use of indole as a nitrogen nucleophile resulted in the
successful formation of the cyclized product 20f (Table 1, entries 4—6). Interestingly, the n-allylpalladium
intermediate also reacted with phenol and benzoic acid, which are both only weakly nucleophilic, to give
the corresponding oxindoles 20g and 20h in 81% and 74% yields, respectively (Table 1, entries 7 and 8).
Furthermore, the m-allylpalladium intermediate could be trapped with organoboronic acids under the same
reaction conditions to give the corresponding arylated and alkenylated adducts 20i and 20j (Table 1,
entries 9 and 10).

Table 1. Synthesis of 3,3-disubstituted oxindole by palladium(0)-catalyzed amidation

Pd(OAc), (10 mol %)
PPh3 (20 mol %)

I P v Y e
Bn[\"@ xyIZne,3130 °C N;: ° BrZ\l/«Nu
19 20a-j 21d,e
entry Nu-H time (h) yield (%)
1 p-NsNH, 2 20a: 51
2 p-TsNH; 0.5 20b: 73
3 TfNH, 3 20c: 94
4 morpholine 1 20d: 0
5 aniline 24 20e: 0
6 indole 8 20f: 62
7 phenol 0.5 20g: 811
8 benzoic acid 0.5 20h: 74
9 PhB(OH), 0.5 20i: 58
10 PhCH=CHB(OH), 24 20j: >37

[a] A doubly alkylated product was obtained in 29% yield as a by-product. [b] A carbamate was obtained
in 10% yield.
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Following on from our successful synthesis of several 3,3-disubstituted oxindoles via the trapping of a
n-allylpalladium intermediate with a range of nucleophiles, we proceeded to investigate the direct
synthesis of spirooxindoles based on an extension of this approach. This extended approach involved
sequential palladium(0)-catalyzed amidation and intramolecular nucleophilic addition reactions, which
were conducted in a single pot (Scheme 4). Carbamoyl chloride 26 was prepared from aryl iodide 22 via a
six-step linear sequence, including a Stille coupling with trimethylstannyl-1,3-hexadiene 23,%® as well as
the introduction of a nitrogen unit using TfNH,. The domino cyclization of 26 was conducted in the
presence of 10 mol% Pd(OAc),, 20 mol% PPhs 1.2 equiv. of Cs,CO; (1.2 equiv) at 130 °C, and gave the
desired spirocyclic products 27a and 27b in a combined yield of 71% as a 63:37 mixture of two
diastereomers. The newly generated stereochemistry was determined by extensive 2D NMR
measurements, including NOE experiments. Notably, the major product 27a possessed the same

configuration as spirotryprostatin A (4) and elacomine (7) (Figure 1).
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Scheme 4. Application of the palladium(0)-catalyzed amidination for spiro-ring formation

A novel domino palladium-catalyzed method was developed by our group for the direct synthesis of
spirooxindole 27 from carbamoyl chloride 26 bearing a terminal 1,3-diene moiety.”® Although the
selectivity of the spiro-ring formation was poor, we proceeded to investigate the application of this

palladium-catalyzed spirooxindole formation to the formal synthesis of elacomine (7) and isoelacomine

(8).

1-4. FORMAL SYNTHESIS OF ELACOMINE BY THE DOMINO
PALLADIUM(0)-CATALYZED SPIROOXINDOLE FORMATION

Elacomine (7, Figure 1) is a hemiterpene spirooxindole alkaloid, which was first isolated from the shrub

IE

Elaeagnus commutata in 1968 by Slywka et al.™ The structure of elacomine was determined by X-ray
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crystallography by James and Williams.”™ Borschberg et al.2” later reported that 7 occurred naturally in its
racemic form following a series of re-isolation studies. The first enantioselective total synthesis of 7 and
its diastereomer 8, which is known as isoelacomine and was isolated from the same species, was
described by Borschberg in the same paper, and proceeded via the oxidative rearrangement of B-carboline.
The authors of this particular study also reported that elacomine and isoelacomine could be interconverted
and undergo racemization under mild conditions. Although compounds 7 and 8 have not been reported to
exhibit any biological activity, these molecules are regarded by many researchers as important synthetic
targets and benchmark compounds, because they contain a simple spiro(pyrrolidine-3,3-oxindole)
skeleton that is often found in spirooxindole natural products. In 2004, Horne et al.®® reported the total
synthesis of 7 and 8 based on a stereoselective intramolecular iminium ion spirocyclization method.
White et al.* developed a tandem intramolecular photocycloaddition retro-Mannich fragmentation
strategy and applied it to the diastereoselective synthesis of 7. Notably, tryptamine derivatives were
selected as starting materials in all three of these total syntheses, with the main focus of each approach
being the construction of the spiro-center.

We envisioned that the application of our newly developed domino reaction to an internal 1,3-diene
would allow for the efficient construction of the spirooxindole skeleton of elacomine (7) and
isoelacomine (8) from carbamoyl chloride 29, which would act as a cyclization precursor (Scheme 5).
Oxidative addition and insertion into the 1,3-diene would give the m-allylpalladium complexes 30a and
30b as well as the oxindole. Intramolecular nucleophilic attack to the n-allylpalladium moiety would give
compound 28. Considering the acidity required to generate a suitably nucleophilic nitrogen-based
nucleophile and the feasibility of the subsequent deprotection, a methoxy carbamate was chosen as an
internal nitrogen-based nucleophile (i.e., R* = Me). Carbamoyl chloride 29 could be synthesized in
several steps, including the Heck reaction of iodoaniline 31 and dihydro-2H-pyranone 32 followed by the
ring-opening of the dihydro-2H-pyranone moiety to allow for the introduction of the nitrogen and
isoprenyl units, and the formation of the carbamoyl chloride.

Practical work towards realizing this strategy was initially focused on the intermolecular Heck reaction of
dihydro-2H-pyranone 32, because the reaction of this species had not been reported in the same way as
the intermolecular Heck reaction of cyclic enones.>® Screening experiments revealed that 31a could be
coupled to 32 using Pd(OAc),, PPhs;, iPr,NEt and tetrabutylammonium bromide (BusNBr) in
dimethylformamide (DMF) at 100 °C followed by deprotection of the z-butoxycarbonyl (Boc) group to
give lactone 33 in a 52% yield over the two steps (Scheme 6). The diene unit was introduced by the
half-reduction of lactone 33 using diisobutylaluminum hydride (DIBAL-H) followed by a Wittig reaction.
Trifluoroacetylation of the aniline moiety followed by mesylation of the primary alcohol gave 35, which

was treated with NaNj to give the corresponding azide 36. Reduction of the azide followed by the
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protection of the resulting amine as a methoxy carbamate gave compound 37, which was treated with
KOH to allow for the deprotection of the trifluoroacetyl group. The resulting secondary amine 38 was
treated with a mixture of triphosgene and pyridine in CH,Cl, at —78 °C to give carbamoyl chloride 29a,

which could be used as a cyclization precursor.

Scheme 5. Retrosynthetic analysis of elacomine (7) and isoelacomine (8)
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Scheme 6. Synthesis of carbamoyl chloride 29a

We subsequently investigated the domino palladium-catalyzed spirooxindole formation of carbamoyl
chloride 29a bearing an internal diene moiety. Compound 29a was initially subjected to a set of

conditions that had been optimized for terminal dienes, such as those shown in Scheme 4% Unfortunately,
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however, the treatment of 29a with Pd(OAc),, PPh; and Cs,COj in xylene at 130 °C gave compound 39
in a 86% yield, which was most likely produced by the B-elimination of the m-allylpalladium complex
instead of the nucleophilic addition of the nitrogen atom (Table 2, entry 1). Several additives and ligands
were screened in an attempt to suppress the undesired B-elimination. Disappointingly, the use of
diphenylphosphinoferrocene (dppf) as a ligand or BusNPFs as an additive in the presence of Cs;COs or
Ag,CO; proved to be unsuccessful, whereas the addition of BuyNI led to the formation of 28 in only 11%
yield with no diastereoselectivity (Table 2, entries 2—5). Interestingly, the reaction proceeded smoothly to
give the desired spirooxindole 28 as the major product when it was conducted without a base such as
Cs,CO; (Table 2, entry 6). Given that the undesired B-elimination step could potentially be suppressed
under acidic conditions, we investigated the addition of several acids to the reaction mixture, including
TfOH, Hf(OTf),; and Bi(OTf); (Table 2, entries 7—9). The results of these experiments revealed that
Bi(OTf); was an effective additive for this domino palladium-catalyzed spirooxindole formation (Table 2,
entry 9). The resulting spirooxindole 28 was isolated as a 1:1 mixture of diastereomers in all cases
because the inversion of the m-allylpalladium intermediates 30a and 30b would occur prior to the

nucleophilic addition of the nitrogen atom (Scheme 5).

Table 2. Palladium-catalyzed spirooxindole formation of carbamoyl chloride 29a

,CO,Me CO,Me
N Pd(OAc), (10 mol%) COMe HN
igan mol % N
citive (4 oquie ) P «
=/ xylene, 130 °C “__
cl NF 0 " N ©
MeO 5\‘/&0 MeO \Bn eO \Bn
Bn 28 (d.r. = 1:1) 39
29a
entry ligand additives yield (%) of 28  yield (%) of 39
1 PPh; Cs,CO3 0 86
2 PPh3 CSQCO}, BU.4NPF6 0 66
3 PPh3 CSQCO3, BU,4NI 11 28
4 Dppf Cs,CO3 0 84
5 Dppf Ag,CO; 0 74
6 Dppf{b] none 37 17
7 Dppf TfOH!! 17 0
8 Dppf Hf(OTf),4 33 0
9 Dppf Bi(OTH); 52 0

[a] The ratio was estimated by 'H NMR. [b] Pd(TFA), was used instead of Pd(OAc)». [c] 50 mol% was

used.
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The Lewis acid catalyzed intramolecular hydroamination of 39 was investigated to determine whether
diene 39 was formed as an intermediate in the domino cyclization reaction described above. The
treatment of 39 with a Bi(OTf); or Hf(OTf), catalyst in xylene at 130 °C according to the conditions
described above for the domino cyclization reaction, except for the absence of the palladium catalyst and
ligand, gave spirooxindole 28 as a mixture of diastereomers in 49 and 41% yields, respectively (Table 3,
entries 1 and 2). The use of Shibasaki’s conditions,>" which involved the use of a PF, salt and Bi(OTf)s,
Hf(OTf)4 or Sc(OTY)s, led significant improvements in the yield, with a combination of Bi(OTf); and
KPF being especially effective (Table 3, entries 3—6).22 In contrast, the use of Zn(OTf), did not afford
any of the cyclized products (Table 3, entry 7). The diastereoselectivity of the cyclization was found to be
1:3 under almost all of the conditions tested, and therefore different to the results observed in the domino
cyclization process. These results therefore indicated that 39 was not an intermediate in the domino
cyclization reaction. A comparison of these results with those from the hydroamination reaction
suggested that nucleophilic addition to the m-allylpalladium complex would be preferred to the

hydroamination pathway in the domino reaction.

Table 3. Hydroamination of diene 39

CO,Me CO,Me
HN N
Y
’ . conditions '/,/70
=0 MeO "!ﬁ
MeO N Bn
39 BN 28 (d.r. = 1:3)
entry conditions solvent temp (°C)  yield (%)
1 Bi(OTf)3 xylene 130 49
2 Hf(OTf), xylene 130 411
3 Bi(OTf);, Cu(MeCN)4PF, 1,4-dioxane 50 66
4 Bi(OTf)s, KPFg 1,4-dioxane 50 80
5 Hf(OTf)4, KPFg 1,4-dioxane 50 57
6 Sc(OTY)3, KPFq 1,4-dioxane 50 58
7 Zn(OTY),, KPFq 1,4-dioxane 50 0

[a] mixture of 1:2 diastereomers.

Having successfully synthesized spirooxindole 28, which possessed the same carbon skeleton as
elacomine (7) and isoelacomine (8), we turned our attention to the final stage of the synthesis. The

hydrogenation of 28 under high pressure conditions gave diastercomers 40a and 40b, which were
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separated by column chromatography over silica gel (Scheme 7). Finally, the formal synthesis of
elacomine and isoelacomine was achieved by the removal of the benzyl group from the nitrogen atom of
the isoxazole ring with lithium di-z-butylbiphenyl (LiDBB). The spectral data for the key intermediates

41a and 41b were in agreement with those reported by Horne et al. 22

CO,Me ‘COZMe C‘OzMe
N N )\ N
)\ H, (400 kPa), Pd/C
EtOH, rt - “
=0 /~—0 /~—0
MeO N MeO N MeO N
Bn R R
28 LiDBB, THF — 40a (R = Bn) LiDBB, THF . 40b (R = Bn)
78 °C, 61% —=41a (R = H) 78 °C, 64% — 41b (R = H)
Horne's Horne's ‘
procedure | procedure
elacomine (7) isoelacomine (8)

Scheme 7. Formal synthesis of elacomine (7) and isoelacomine (8)

This newly developed domino palladium-catalyzed spirooxindole formation was successfully applied to
the formal synthesis of elacomine (7) and isoelacomine (8). It is noteworthy that terminal and internal

dienes could both be employed in this domino cyclization.**

1-5. SYNTHESIS OF SPIROOXINDOLES USING SILYL AMIDATION

The focus of our research subsequently shifted to synthesizing spirooxindoles fused with tetrahydropyran,
piperidine, and five-membered carbocycle ring systems. Developing a unified synthetic strategy capable
of providing access to various spirooxindoles would be of considerable value to synthetic and medicinal
chemists because it could be applied to the synthesis of natural products as well as compound libraries for
use in drug discovery. The domino cyclization reaction described above?®?! is a convenient method for
constructing spiro-ring systems fused with pyrrolidine, although the scope of this reaction has been
limited by its requirement for strong nucleophiles to allow for the intramolecular trapping of the
n-allylpalladium intermediate. For this reason, the domino cyclization reaction could be unsuitable for the
synthesis of other spiro-ring systems. To develop a comprehensive method capable of providing access to
various spirooxindole systems, we turned our attention to the bismetallation of 1,3-dienes, which provides
products containing two carbon-metal bonds that could be subjected to further transformations.** Mori et
al2* developed a nickel-catalyzed process for the bismetallative cyclization of 1,3-dienes with an
aldehyde on their side chain. Furthermore, the same reaction with Me;SiSnBuj gave a cyclized product
containing an allylstannyl group. This reaction was extended to include the formation of two

carbon—carbon bonds by sequential allylic transfer reactions in one pot by Yu.*> The nickel-catalyzed
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cyclization of 1,3-dienes with internal and external aldehydes in the presence of a diboronyl reagent
proceeded in high levels of diastereoselectivity. Based on this bismetallative cyclization process, we
became interested in developing a carbosilylation strategy for constructing various spirooxindole ring
systems. We envisioned that the treatment of 1,3-diene 13 bearing a carbamoyl chloride with a catalytic
amount of palladium catalyst and hexamethyldisilane would give the disubstituted oxindole 42 via the
reaction of the m-allyl complex 41 with the internal carbamoyl chloride (Scheme 8). The C1 position of
the diene unit would be converted to a quaternary carbon center and the resulting oxindole 42, bearing an
allylic silanyl group, could be readily converted to spirooxindole 43 by the Sakurai-type reaction of the
tethered electrophile (R"), which would allow for a high level of control over the three contiguous
stereocenters. Although the realization of this strategy would mean that the spirooxindole ring would have
to be formed in a stepwise manner, various spiro-ring systems could be accessed from this intermediate
by the nucleophilic attack of the allyl metal species on the electrophile in the side chain. Conceptually,
this idea is effectively the reverse of that described above for the domino cyclization reaction in terms of

the nucleo- and electro-philicity of the allyl metal intermediate derived from the diene.

MRy
" Pd Ex
R R’ MR3 w2 4
e 24 s - Pd(0) RS MR %
5 NT PdO) - RgMCI 3 ° a\
B —— Cl —_— (0] _— (e]
O R3;M-MR: N "o N
N~ 3 3 N/&o \ R"= ‘G\E .
R ¢ M=Si N 42 R
13 R 41 E (electrophile) 43

Scheme 8. Synthetic strategy for spirooxindole fused with various rings

When we started our work in this area, there had been no reports in the literature pertaining to the
palladium-catalyzed bismetallative cyclization of a carbamoyl chloride with a 1,1-disubstituted diene. In
the absence of any related examples to guide our research, our initial efforts focused on the
carbosilylation of 1,3-diene 19 using hexamethyldisilane and 10 mol% of a palladium or rhodium catalyst
in xylene (Table 4). Although the use of Rh(PPh;);Cl as a catalyst resulted in none of the desired
cyclization product, the use of the chloro(1,5-cyclooctadiene)rhodium(I) dimer ([Rh(cod)Cl],) gave 44 in
43% yield as a mixture of (E)- and (Z)-isomers (Table 4, entries 1 and 2).2® Several palladium catalysts
were screened against this reaction and performed effectively in the cyclization to give the desired
product 44 in 22%—-75% yields (Table 4, entries 3-7)21 Interestingly, however, the addition of PPh;
hampered the cyclization reaction (Table 4, entries 8 and 9). Finally, we found that the allylpalladium(II)

chloride dimer [Pd(n’-allyl)Cl], was an efficient catalyst for this transformation, with 5 mol% catalyst
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allowing the reaction to proceed to completion within 1 h to afford the desired product 44 in 77% yield

(Table 4, entry 10).

Table 4. Screening of palladium and rhodium catalysts for the carbosilylation reaction

S SiMe:
XX\ catalyst (10 mol%) s
' e gene o
N e3Si),, xylene N
Bn‘<

> temp., time Bn
19 44
entry catalyst temp (°C) time (h) yield (%)
1 [Rh(cod)Cl]> 130 10 43l
2 Rh(PPh;);Cl 130 24 0
3 Pd(TFA), 100 24 22
4 Pd(acac), 100 8 32
5 Pd(dba), 100 24 75
6 Pd(OAc), 100 24 55
7 PdCl,(PhCN), 100 24 48
8 Pd(OAc),, PPh; 130 2 12
9 PdCl,(PhCN),, PPhs 130 24 0
10 [Pd(n’-ally])CI1],™ 100 1 77

[a] Mixture of isomers. [b] 5 mol% catalyst was used.

The optimal conditions were subsequently applied to a variety of substrates to assess the scope of this
reaction (Table 5). Carbamoyl chlorides 45a—c were prepared from Boc-protected 2-iodoaniline, because
the presence of a siloxyethyl or aminoethyl group was essential for the formation of the spiro-ring.
Compounds 45a—c were subsequently converted to the desired oxindoles 46a—c in 75%—95% yields using
5 mol% [Pd(n3—allyI)Cl]2 and hexamethyldisilane. The substrate scope of this reaction was also
investigated using carbamoyl chlorides without a siloxyethyl or aminoethyl side chain (i.e., 45d—f). A
p-methoxybenzyl (PMB) group was tolerated under the cyclization conditions, with the PMB substituted
product 46d being isolated in good yield. Substrates bearing a chlorine or methoxy group on their
aromatic ring also reacted smoothly to give oxindoles 46e and 46f in 86% and 80% yields, respectively.

Spirooxindoles fused with a five-membered carbocycle were synthesized by a Sakurai-type reaction®®
using the 3,3-disubstituted oxindole described above (Scheme 9). The removal of the z-butyldimethylsilyl
(TBS) group from 46a under acidic conditions gave alcohol 47, which was converted to enol ether 48
following sequential oxidation and Wittig reactions. Enol ether 48, which existed as a 2:1 mixture of E:Z

isomers, was converted to spirooxindole 49 under acidic conditions in 89% yield as a 5:3 mixture of
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diastereomers. The formation of spirooxindoles fused with a six-membered piperidine ring was also
achieved with excellent diastereoselectivity. The Mitsunobu reactions of compound 47 with succinimide
and glutarimide gave the corresponding addition products, which were reduced with NaBH4 to give the
cyclization precursors S0a and 50b, respectively. Treatment of compounds 50a and 50b with BF;-OEt,
gave compounds 51a and 51b in 95% and 98% yields, respectively, with excellent diastereoselectivity,
and the newly generated stereochemistry was confirmed by 2D NMR analyses, including NOESY
experiments. Notably, these products possessed the same relative configuration as the core structure of

tabernoxidine (9) (Figure 1).2

Table 5. Scope of the cyclization reaction!”

R [Pd(n3-allyl)Cl], SiMey
/@\)\/\ (5 mol%)
e —————>
R" N« (Me3Si),, xylene

100 °C,1h
45a-f 46a-f
OTBS OTBS NHBoc
©§Q/\SM93 ©§Q/\SM93 ©§Q/\SIM%

Bn Me
46a (75%) 46b (85%) 46¢ (95%

F’MB Me
46d (72%) 46e (86%) 46f( o%)

[a] TBS = fert-butyldimethylsilyl, Boc = tert-butoxycarbonyl

1) SOzpyr OMe pTsOH
DMSO SiMez  acetone-H,O
EtzN, CH,Cl, 89% OH
L
2) MeOCH,PPh,ClI N
Bn

OoP NaHMDS, THF Bn ©
62% (2 steps)
=~ "SiMe3 48 (2:1) 49 (5:3)
o}
N
Bn
46a (P =TBS) pTsOH
47 (P = H) MeCN-H,0, 70%
1) succinimide (n=0) n
or glutarimide (n=1)  © p) noe /Y r’)
PPh, DBAD, THF N—on HoH
2) NaBH,4, MeOH . BF 5 OFEt, Ha
~ ~SiMe; CHZCIZ -78°C
e,
S
o H
N b
N Bn ©
Bn 51
50a (n = 0): 79% (2 steps) 51a (n =0): 95% _
50b (n = 1): 55% (2 steps) 51b (n = 1): 98% JHa,Hp = 10.3-10.6 Hz

Scheme 9. Synthesis of spirooxindoles fused with piperidine and a five-membered carbocycle
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The 3,3-disubstitued oxindole 46¢ was used to synthesize a series of spirooxindoles fused with a
tetrahydropyran ring using a Sakurai-type cyclization. Deprotection of the TBS group in compound 46¢
gave the corresponding alcohol 52, which was treated with trimethyl orthoformate or an aryl aldehyde in
the presence of BF;5-OEt; to give the spirooxindoles 53a—e in high yields (Table 6). The reaction with
trimethyl orthoformate gave 53a in 83% vyield as a single diastereomer, and several other aldehydes,
including electron-rich or electron-deficient aromatic aldehydes, reacted smoothly to give the desired

products 53b—e as single isomers in 78%—89% yields.

Table 6. Synthesis of spirooxindoles fused with tetrahydropyran

OR
CH(OMe); or ArCHO o
= SiM
Mes  BF,.0Et, | R
N CH,Cly NNy
Me O°Ctort Me
- pTsOH 53a-e
oo iR = TBS) MeCN-H;0 (R'= OMe or Ar)
52 (R=H) 030
(o] (0] o
OMe . Ph O Br
N /§ — A=
NTY N
Me Me © Me
53a (83%) 53b (85%) 53c (89%)
m Wt Q\Q—O
53d (87%) 53e (78%)

The excellent diastereoselectivity observed in this cyclization can be rationally explained as follows: It
would be possible for the 3,3-disubstitued oxindole substrates to adopt four chair-like transition states
A-D via the formation of an oxonium cation (Figure 2). Given that an aromatic ring is more sterically
encumbered than an amide group, transition state A, where the aromatic ring and allylic silane group are
both sitting in pseudo-equatorial positions, would be energetically more favorable than transition states

B-D.

SiMeg SiMe3
///Rl Lt Q{ ~Lr
O SiMes SiMe3

Figure 2. Transition states of Sakurai-type reaction (X = NR?, O)

The examples shown above provide a good illustration of the powerful and concise nature of this newly
developed method for constructing various spirooxindoles via the palladium-catalyzed carbosilylation of

1,3-dienes bearing a carbamoyl chloride moiety followed by a Sakurai-type cyclization.? Spiro-ring
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systems fused with tetrahydropyran, piperidine, and five-membered carbocycles can be constructed
according to this method with a high level of control over two or three contiguous stereocenters.
Furthermore, the work described here was the first reported example of the construction of a quaternary
stereocenter from the 1,1-disubstituted diene via a bismetallation strategy.*

Using this methodology, it is now possible to access spirooxindole systems fused with pyrrolidine,
piperidine, five-membered carbocycle and six-membered lactone rings based on the originally developed
method. These two synthetic strategies could therefore not only be useful for synthesizing natural

spirooxindoles but could also be used to synthesize the intermediates of indole alkaloids.

2. SYNTHETIC STUDIES ON 2-IMINOINDOLINE

During the course of our synthetic studies of spirooxindoles, we became interested in synthesizing
2-iminoindolines (54a), 2-aminoindolenines (54b) and 2-aminoindolines (55) (Figure 3). In some cases,
54a and 54b could be tautomers of each other. The class of natural products containing these structures is
very similar to that of spirooxindoles, and several interesting examples from this class have been reported
in the literature, including communesin F (56)," perophoramidine (57),** flustramine C (58),
quinadoline B (59)* and neoxaline (60)* (Figure 4). These compounds often exhibit interesting
biological activities, and communesin F (56), perophoramidine (57) and neoxaline (60), for example,
have been reported to be cytotoxic. Flustramine C (58) shows moderate antibiofilm activity against
Acinetobacter baumannii, Escherichia coli and methicillin resistant Staphylococcus aureus (MRSA);*
and quinadoline B (59) has been reported as a moderate inhibitor of lipid droplet synthesis in mouse
macrophages. The synthesis of these compounds, however, is challenging because of their complex

structural architecture. In the latter half of this review, we will focus in detail on our synthetic efforts

N
N.
7 Me
Br N

flustramine C (58)

47,48

towards developing a robust strategy for constructing 2-iminoindolines.

Cﬁém
N
R
2-iminoindoline &
(54a) NR;
N

R

2-aminoindoline
(59)
7 —NR,
N

-

2-aminoindolenine N N Nmﬁ\
(54b) MeO H N Q/NH
. o '
quinadoline B (59) neoxalline (60)

Figure. 3. Natural products containing 2-iminoindoline and 2-aminoindoles
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2-1. REPORTED SYNTHETIC METHODS FOR CONSTRUCTING 2-IMINOINDOLINES AND
RELATED COMPOUNDS
Various methods have been reported in the literature for synthesizing 2-iminoindolines and related

compounds. Most of the reported methods involve the tether-dependent condensation of oxindole

49a-d 49¢

and the oxidative cyclization of indoles.™ Several other synthetic strategies have also

derivatives
been developed to provide access to these systems, including aza-Pauson—Khand-type reactions,™
heteroannulation of N-alkynylanilines,”> ring enlargement of aminoazirines,”> addition of azides to
indoles, oxidation of aminals,®® and amidination of aryl halides.>> Despite several methods being
available for constructing these compounds, the development of mild and selective synthetic methods is

still highly desired.

2-2. SmI,-MEDIATED REDUCTIVE CYCLIZATION OF CARBODIIMIDES FOR SYNTHESIS
OF SPIRO-2-IMINOINDOLINES

For the synthesis of spiro-2-iminoindolines 61, we envisioned a retrosynthetic disconnection of the
C2—C3 bond because we had already developed a synthetic method for constructing spirooxindoles by
forming the C2—C3 bond (Scheme 10). Compound 62 bearing an unsaturated carbonyl group and a
carbodiimide moiety was therefore identified as a suitable synthetic precursor for the cyclization reaction.
Carbodiimides are often employed as synthetic precursors for amidines for their reactions with various

organometallic species.® However reports pertaining to their use as radical acceptors have been scarce.”

EWG

' EWG | .
3 :
(L3t = (T
N N==NR
H
61 62

Scheme 10

Sml,, which was first introduced as a reagent for synthetic chemistry in 1977 by Kagan, is a powerful

single-electron reductant.>®>2

Sml, exhibits excellent functional group selectivity and is regularly used to
affect the formation of carbon—carbon bonds and selective reduction reactions in synthesizing complex
natural products.®? Although various reductive homo-/hetero-coupling reactions have been reported
involving the reaction of Sml, with substrates bearing electron-withdrawing groups,® there have, to the
best of our knowledge, been no reports to date pertaining to the development of similar reactions

. . e . 2
involving carbodiimides.®*
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Before we started this project, a report appeared in the literature describing the synthesis of oxindoles
based on the Sml,-promoted intramolecular cyclization of aryl isocyanates bearing a cyclohexenone
moiety as part of a synthetic study towards welwitindolinone A isonitrile.*’# Inspired by these results, it
was envisioned that a quaternary-carbon center and an imine carbon bond could be constructed via a
reductive cyclization reaction involving Sml, an a,B-unsaturated carbonyl moiety and carbodiimide.
According to this strategy, the radical or anionic species generated from the reaction of Sml, with an
unsaturated carbonyl group would attack the central carbon atom of the carbodiimide species, or vice
versa. Although tandem nucleophilic addition and 6z electrocyclic reactions have been reported for the
related carbodiimides 62, which gave the corresponding dihydroquinazolines 63 and 2-aminoquinoline 64,

63,64

respectively, > there have been no reports concerning similar cyclization reactions for 62 to give

quaternary-carbon centers (Scheme 11).

7 Ewe
E‘W 6m electrocyclic nucleophilic '\
addltlon
©\)\/[ ___reaction J\I\R
“ ~
N NHR N==NR N Nu
63

64

Scheme 11. Nucleophilic addition and 6m electrocyclic reaction of the related carbodiimides 62

Compound 65 was selected as a simple model substrate to establish suitable conditions for the reductive
cyclization reaction. Treatment of THF solution of 65 with Sml, at —78 °C resulted in no reaction (Table
7, entry 1), although the desired reaction did proceed at room temperature to give the cyclized product 66
exclusively (Table 7, entry 2). The addition of an additive to the reaction was also investigated, with
hexamethylphosphoramide (HMPA)® and z-butanol (‘BuOH) providing similar enhancements in the yield
of the cyclized product (Table 7, entries 3 and 4). In contrast, the addition of several other additives,
including LiCI®® and NiL,*® did not lead to any significant improvements in the yield (Table 7, entries 5
and 6). The structure of iminoindoline 66 was unambiguously determined by the X-ray crystallographic
analysis of 67, which was prepared by the Boc protection of 66 (Figure 4).

The scope and limitations of this Sml,-mediated reductive cyclization reaction were evaluated using a
series of carbodiimides, and the results are shown in Table 8. Some of the cyclized products were found
to be unstable, and the cyclization yields were therefore determined following the regioselective Boc
protection of amidine. Under the optimal reaction conditions (method A), both electron-donating and
electron-withdrawing functionalities were well tolerated on the phenyl ring to the left-hand side of the

carbodiimide, including chlorine, methyl and methoxy groups, which gave the spirocyclic products 69a—d
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in 62% to 87% yields. It is noteworthy that compound 68a, bearing a conformationally restricting
substituent at the 3-position of its aromatic ring, reacted smoothly to give the desired product in good
yield. When substrates 68e—i bearing substituents on the phenyl ring to the right-hand side of the
carbodiimides were used in the reaction, the optimized conditions (method A) gave lower yields of the
cyclized products as well as several unidentified byproducts. Further experimental work concerning
substrates 68e—i revealed that the use of an inverse addition and changes to the amounts of Sml, and
t-butanol to the reaction (Table 8, condition B) led to much higher yields with fewer byproducts. In the
case of 68e, a small amount of byproduct was formed from a 6mn electrocyclic reaction, which most likely

occurred as a result of Lewis acid-promoted acceleration through a chelated Sm species.

Table 7. Optimization of reaction conditions'™

(0] /Bn
| N2 Smi,, additives ( " =0
THF, temp. -
N===NPh N\R
o 66 (R =H) Boc,0
67 (R = Boc) DMAP, 98%
entry temp. additives yield (%) of 66
1 —78°C none N.R.
2 rt none 55
3 it HMPA 78
4 rt ‘BuOH! 83
5 rt ‘BuOH" + LiC1¥ 68
6 rt 'BuOHC + NiL,™ 79

[a] Substrate solutions were added to 0.1 M Sml, solutions (2.4 equiv.). [b] 10% vol in SmlI, solution. [c]

2.2 equiv. [d] 10 equiv. [e] 5 mol%.

Figure 4. X-Ray structure of 67
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When the acyclic unsaturated ester 68j and lactone 68k were subjected to the optimal reaction conditions
(condition B) they gave the desired products 69j and 69k in 76% and 83% yields, respectively (Table 8).
In sharp contrast, the reaction of the corresponding ethyl cinnamate 68l resulted in a complex mixture.
Analysis of this mixture by mass spectroscopy revealed the presence of dimerized and trimerized
products. These results therefore indicated that the B,B-disubstituted carbonyl moiety was essential to the

success of the reaction.

Table 8. Scope and limitations of the reductive cyclization™

o

| X 1) Sml,, 'BUOH o)
THF, rt A »
. .
2) Boc,O, DMAP —N 3
N=—=—N 5 N \©

CH,Cly, rt \
\© 6 Boc 4'
68a-1 69a-I

Bn Bn 5n 33n
N N N N
MeO o o} o o
Me MeO Cl
,N 7N —N =N
: ¢ O O
\ Boc Boc
69a (A 75%)[*’1 69b (A 87%) 69c (A: 73%) 69d (A: 62%)
\© \© \BOC
69e (A: 42%, B: 66%)I<! 69f (A: 45%, B: 86%) 699 (A: 65%, B: 86%) 69h (A: 46%, B: 74%)
?n
N_o CO,Et 0-° CO,Et
H
=N —N =N —N
O, L O, OO
Boc E Boc Boc Boc
69i (A: 54%,B: 87%) 69j (B: 76%) 69k (B: 83%) 691 (B: 0%)

[a] All of these reactions were carried out on a 0.100 mmol scale. [b] A indicates the yield from condition
A: A THF solution of the substrate and ‘BuOH (2.2 equiv.) was added to a THF solution of Sml, (2.4
equiv.). [c] B indicates the yield from condition B: A THF solution of Sml, (2.1-2.2 equiv.) was added to
a THF solution of substrate and ‘BuOH (10 equiv.).

A possible mechanism for this reductive cyclization reaction is shown in Scheme 12. The carbonyl
oxygen of compound 68 would initially coordinate to Sml,. The subsequent reduction of the unsaturated
carbonyl group would produce a radical anion 70 that would attack the carbon of the carbodiimide at a
faster rate than the samarium enolate. Further reduction by a second equiv. of Sml, would provide the Sm

amidinate 71. Given that cyclized product was formed in the absence of #-butanol, dianion 71 would be
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generated without the assistance of a proton source (Table 7, entry 2). Finally, protonation of 71 would
give the reductively cyclized iminoindoline 69. However, it remains unclear whether the formation of the
carbon—carbon bond is promoted by chelation between a carbodiimide moiety and Sml, prior to the
cyclization. The reported instability and difficulties associated with the generation of nitrogen-centered

radical species®” suggest that dianion 71 could be formed from a chelated complex.

OSml, oy
oSml, : o)
X, sml_ X smly BUOH
s NR
/\
N | N
NINR NINR “sm 2 H

69

Scheme 12. Possible mechanism for the Sml,-promoted intramolecular reductive cyclization of

carbodiimides

The Sml-promoted intramolecular reductive cyclization reaction of carbodiimides bearing unsaturated
carbonyl moieties was developed for the synthesis 2-iminoindolines bearing quaternary-carbon centers at
their C3 position.*” We considered this newly developed synthetic method is a powerful tool for the
construction of 2-iminoindolines, and consequently applied this strategy to synthesize the core structure

of perophoramidine (57).

2-3. SYNTHETIC STUDIES OF PEROPHORAMIDINE
Perophoramidine (57) was isolated from an extract of Philippine ascidian Perophora namei by Ireland et
al.** in 2002 (Figure 3). The structure of this compound is characterized by a pentacyclic alkaloid bearing
two contiguous quaternary carbon stereocenters, and was determined following extensive spectroscopic
analyses, including a series of 2D NMR experiments. Perophoramidine (57) has been reported to induce
apoptosis via PARP cleavage as well as being cytotoxic towards HCT116 colon carcinoma cells, with an
ICso of 60 puM. Significant research efforts have been directed towards the synthesis of this natural
product because of its highly complex polycyclic structure and interesting biological activities.®~" In
2004, Funk et al.®”® accomplished the first total synthesis of (+)-perophoramidine, and its absolute
configuration was confirmed by Qin in 2010 following his total synthesis of (+)-perophoramidine.®®* The
key step in all of these syntheses was the Diels-Alder reaction of an indole with an ortho-quinone
methide imine, which was inspired by the proposed biosynthetic pathway.®”* Rainier also described a

synthesis of (+)-dehaloperophoramidine 72,”% and Wang recently reported the total synthesis of

(+)-perophoramidine, which involved the catalytic asymmetric alkylation reaction of a 3-bromooxindole
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as a key step.”> We also became interested in the total synthesis of perophoramidine because we had

developed a synthetic method for constructing 2-iminoindolines.

Dehaloperophoramidine 72 was selected as our initial target, because this compound can be synthesized
from the pentacyclic compound 73 according to an existing procedure (Scheme 13).”" The key features of
our retrosynthesis can be summarized as follows: (i) palladium-catalyzed intramolecular C—N bond
formation between the amidine nitrogen and the aryl chloride in spiro-2-iminoindoline 74; and (ii) the
Sml,-mediated reductive cyclization of carbodiimide 75 bearing an electron-deficient tetrasubstituted
olefin. This strategy was reliant on the aryl chloride moiety of 75 remaining intact throughout the
Sml,-mediated reductive cyclization reaction so that it could then be used in the palladium-catalyzed
cyclization. Our strategy for this compound was unique in terms of the way in which we planned to
assemble the 3,3-disubstituted 2-iminoindoline during the initial stage of the process. In contrast, Funk,
Qin, Rainier, and Wang had all employed indoles and their oxidized intermediates during the latter stages

of their respective processes for constructing the core structure.

Me R R
(N\ N (N z N o
N, _ FNR'
N NTON N cl
73R 74

dehaloperophoramidine (72)

Scheme 13. Retrosynthesis of dehaloperophoramidine (72)

Carbodiimide 75, which contains a tetrasubstituted olefin, was synthesized from the commercially
available ethyl N-(benzylamino)propionate (76) (Scheme 14). The introduction of the ethyl malonyl
moiety followed by the Dieckmann condensation of the resulting amide gave lactam 77, which was
converted to B-keto-lactam 78 via a one-pot hydrolysis decarboxylation reaction. Treatment of 78 with
N-phenyl trifluoromethanesulfonimide (Tf,NPh) and Et;N gave the corresponding vinyl triflate 79. The
Suzuki coupling reaction of triflate 79 with boronic acid 80’ gave the biaryl product 81, which was
sequentially brominated and trityl (Tr)-protected to give 82. The second Suzuki coupling of lactam 82
with 2-chlorophenyl boronic acid 83 proceeded smoothly to give the tetrasubstituted olefin, which was
treated with trifluoroacetic acid to give aniline 84 in 50% yield from 82. Two carbodiimides (75a and
75b) bearing a p-methoxyphenyl (PMP) or p-methoxybenzyl (PMB) group were synthesized to determine
the effect of different protecting groups on the palladium-catalyzed intramolecular C—N bond forming

reaction. These carbodiimides were prepared by the treatment of compound 84 with an appropriate aryl
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isocyanate followed by the dehydration of the resulting urea with triphenylphosphine and carbon
tetrabromide. The resulting carbodiimides 75a and 75b were found to be stable at room temperature,
whereas carbodiimide 65, which did not possess an a-substituent on its o,-unsaturated lactam, was
gradually converted to 2-aminoquinoline through an undesired 6m electrocyclic reaction under the same

conditions (Scheme 11 and Table 7).%

1) Et0,CCH,COCI o 0
iPrNEt Tf,NPh, Et;N
Nl _ CHyCl, 99% _ EtO,C §-BN _MeCN-H;0,98% _ CHiCh99% ‘ N BN
EtozC\) 2) NaH, EtOH | o
99% HO
76 77 79
B(OH), o] CI
N B glrazuclcif E:lhen
loXxane
NHBoc go | e B(OH)2 7 TBOH): 83
- el
PdCl(PPNa), 2) TrCl, EtN PdCLEPh),
g 20 3 NHBoc CH,Cly, 79% ag. Na,CO3
THF, 88% 81 NHTr 1,4-dioxane NH
2) TFA, CH,Cl,

(50%, 2 steps)

c Sml, (4 equiv)
RNCO, DMAP PPha, CBr, tBuOH (10 equiv)
CH,Cl, Et3N3, CH2é|2 N’B additive, THF, temp.
- .
see Table 9
N=C=NR
85a (87%, R = PMP) 75a (97%, R = PMP) 74a (R = PMP)
85b (71%, R = PMB) 75b (61%, R = PMB) 74b (R = PMB)

Scheme 14. Synthesis of spiro-2-iminoindolines 74a and 74b

With carbodiimides 75a and 75b bearing tetrasubstituted olefins in hand, we proceeded to investigate
their performance in the Sml,-mediated reductive cyclization. The reductive cyclization of the N-PMP
carbodiimide 75a with Sml, in the presence of #-butanol at room temperature proceeded smoothly to give
spiro-2-iminoindoline 74a in 86% yield (Scheme 14 and Table 9, entry 1). '"H NMR and X-ray
crystallography indicated that 74a existed as a mixture of amidine-tautomers, with the ratio of the
tautomers depending on the solvent. X-ray crystallographic analysis of 74a also revealed that the two aryl
groups on the 2-piperidinone ring were in a syn configuration (Figure 5, left). The stereoselectivity of this
reaction was attributed to the selective protonation of the samarium enolate 85 from the same side as the
PMP-imine moiety, which was less sterically hindered (Figure 5, right). We also investigated the
reductive cyclization of N-PMB carbodiimide 75b under the optimal conditions. Unfortunately, the
reaction did not proceed at room temperature or 60 °C, with the starting material 75b being recovered in
both cases (Table 9, entries 2 and 3). Pleasingly, the use of HMPA as a co-solvent, which is generally
used to increase the reduction potential of SmlI,* allowed for the desired cyclization reaction to proceed

at room temperature to give iminoindoline 74b in 90% yield (Table 9, entry 4).
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Table 9. Reductive cyclization of carbodiimide 75a and 75b

entry substrate additives temp results
1 75a none rt 86%!
2 75b none rt no reaction
3 75b none 60 °C no reaction
4 75b HMPA (10%vol) rt 90%

[a] 2.8 equiv of SmlI, was used.

Figure 5. X-Ray structure of 74a (left) and the protonation of samarium enolate 85 (right)

The epimerization of the a-position of the lactam was investigated prior to evaluating the intramolecular
palladium-catalyzed aryl amidination’’ because the spiro-2-iminoindolines 74a and 74b were much less
likely than the other diastereomers to undergo the cyclization based on their conformation. Treatment of
spiro-2-iminoindoline 74a with sodium #-butoxide in DMA at room temperature resulted in no reaction,
whereas 74¢ was obtained by epimerization after 2 h at 60 °C, which was observed by "H NMR analysis
(Scheme 15). Surprisingly, the desired cyclization reaction occurred to give the pentacyclic compound
73a when the material was heated at 120 °C for 24 h (Table 10, entry 1). While we did not extensively
investigate these transition-metal-free conditions, we suspected a involvement of a trace amount of
palladium catalyst under these conditions. Several alkylphosphine ligands were screened to develop a
concise cyclization reaction for the palladium catalyzed amidination of compound 74a. Although the use
of Ad,PBu in the presence of Pd(OAc), did not give satisfactory results (Table 10, entry 2), /Bu;P- HBF,,
CylJohnPhos, DavePhos, and tricyclohexylphosphine (CysP) led to improvements in the yield up to 78%
(Table 10, entries 3—6). Notably, Cy;P, which was identified as the best ligand for the reaction, also led to
a significant increase in the reaction rate (17 h, 78% yield) (Table 10, entry 6). Decreasing the amounts of
palladium catalyst and Cy;P led to an increase in the yield up to 86% (Table 10, entry 7). The newly
generated stereochemistry in pentacycle 73a was determined by 2D NMR analyses, including NOESY
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experiments (Figure 6). In sharp contrast, the application of these optimized conditions to the
N-PMB-protected iminoindoline 74b did not give the cyclized product. In this particular case, the starting
material was recovered unchanged, and the differences in the reactivities of the two substrates were
attributed to differences in the electronic properties. However, it is important to mention that a detailed
mechanism for this cyclization reaction has not yet been determined.

The pentacyclic skeleton of perophoramidine (57) was successfully constructed by the Sml,-mediated
reductive cyclization of carbodiimide 75a bearing a tetrasubstituted olefin followed by a
palladium-catalyzed intramolecular C—N bond formation.”® The resulting pentacyclic compound 73a was
synthetically equivalent to Rainier’s pentacyclic amidine, which was used as an intermediate for
dehaloperophoramidine.” This newly developed and unique strategy provided a novel platform for

synthesizing natural products containing an amidine moiety.

NaOt-Bu
DMA 60°C N o
/—NR 31% conversion

74a (R=PMP) 74c (R=PMP)
Scheme 15. [somerization of iminoindoline 74a

Table 10. Intramolecular aryl amidination of iminoindoline 73a

Pd(OAc),, ligand

NaOt-Bu (3 equiv)
DMA 120 °C, time
ﬁNR O
PMP

74a (R = PMP)
entry Pd(OAc), ligand (mol%) Time (h) Yield (%)
1 none none 24 27
2 10 mol% Ad,PnBu (20) 24 31
3 10 mol% fBu;P- HBF, (20) 24 63
4 10 mol% Cyclohexyl JohnPhos (20) 24 66
5 10 mol% Davephos (20) 24 70
6 10 mol% Cy;P- HBF, (20) 17 78
7 5 mol% Cvy;P- HBF4 (10) 17 86
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|
PMP

Figure 6. NOESY correlation of pentacycle 73a

3. SUMMARY

We have been heavily involved in developing novel synthetic strategies for constructing spirooxindoles
based on the formation of the C2—C3 bond. Our work in this area has led to the development of a
palladium-catalyzed domino reaction for the formation of spirooxindoles, as well as an alternative
strategy involving the palladium-catalyzed carbosilylation of carbamoyl chlorides bearing a 1,3-diene
moiety. Using the former method, we successfully completed a formal synthesis of elacomine and
isoelacomine. The combination of our newly developed domino palladium-catalyzed carbosilylation of
1,3-dienes with a Sakurai-type cyclization reaction allowed for the successful construction of
spirooxindoles fused with tetrahydropyran, piperidine, and five-membered carbocycles, with control over
two or three contiguous stereocenters.

Inspired by these newly developed methods for constructing spirooxindoles, we also established a
Sml,-mediated process involving the intramolecular reductive cyclization of carbodiimides, which
allowed for the synthesis of 2-iminoindolines bearing a quaternary-carbon center at their C3 position.
This unique synthetic method was combined with a palladium-catalyzed intramolecular C—N bond
formation reaction to allow for the effective construction of the core structure of perophoramidine, which
is a hexacyclic alkaloid.

We believe that these synthetic strategies represent a powerful addition to the plethora of synthetic
transformations already available to synthetic chemists, and could be readily applied to the synthesis of
complex spirooxindole- and iminoindoline-containing natural products. Further work towards the

application of these reactions is currently underway in our laboratory and will be reported in due course.”™
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