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Abstract: 2-Substituted indoles may be directly transformed to 3,3-dialkyl indolenines with
trichloroacetimidate electrophiles and the Lewis acid TMSOTf. These reactions provide rapid
access to complex indolenines which are present in a variety of complex natural products and
medicinally relevant small molecule structures. This method provides an alternative to the use of
transition metal catalysis. The indolenines are readily transformed into spiroindoline systems which
are privileged scaffolds in medicinal chemistry.
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1. Introduction

3,3-Dialkyl indolenines are common substructures found in many complex alkaloids like
strictamine 1 [1] and tubifoline 2 [2] (Figure 1). A number of other alkaloids appear to derive from the
intramolecular addition of heteroatom nucleophiles to the indolenine. This includes complex alkaloids
such as echiboline 3 [3], aspidophylline A 4 [4], and perophoramidine 5 [5] (Figure 1). 3,3-Dialkyl
indolenines have also been utilized as platforms in medicinal chemistry studies [6,7], as a means to
move towards more three-dimensional structures with a greater proportion of sp> hybridized carbons,
which is desirable in order to create molecules which interact with more complex pharmaceutical target
receptors [8-11]. Structurally related spiropiperidine-indanes have also been referred to as “privileged
scaffolds” [12-14] for the design of medicinally relevant small molecules, including the ghrelin receptor
agonists MK-0677 6 [15] and 7 [16], the Akt inhibitor 8 [17] and the P2Y; antagonist 9 [18]. Besides their
presence in natural products, similar indolines are also utilized as precursors to indolenine dyes [19],
which have applications in biological imaging [20-23], sensors [24,25], and in solar cells [26,27].

Given the common nature of 3,3-dialkyl indolenines and related structures, researchers have
been active in investigating efficient methods to access similar architectures [28-31]. These include
intramolecular condensation of an aniline [32-34], the interrupted Fischer indole synthesis [35-37],
and the addition of organometallic reagents to benzylic nitriles [38—40]. One popular method is the
dearomatization of indoles [41-44] with an electrophilic alkylating agent. Many of these reactions
are complicated by competing N-alkylation of the indole. In spite of this issue, a number of acid
promoted [45-47], base promoted [48-54], and transition metal catalyzed [55-64] transformations have
been described to access indolenines from 3-substituted indoles.
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Figure 1. Natural products containing the 3,3-dialkyl indolenine motif and related spiroindoline
structures.

In a recent study on the alkylation of indoles utilizing trichloroacetimidate electrophiles [65],
we observed a small amount of the dialkylated indolenine 13 as a side product from the TMSOT{
catalyzed C3-alkylation of 2-methyl-5-nitroindole 10 with allyl imidate 11 in dichloromethane (DCM)
(Scheme 1). While the formation of indolenines from 2,3-disubstituted indoles with imidates has been
reported [66], the direct dialkylation of indoles could provide a rapid entry to 3,3-dialkyl indolenine
intermediates from less substituted (and therefore less expensive) indole starting materials. This would
provide an efficient alternative approach for the direct C3-dialkylation of indoles that does not rely on
costly transition metal catalysts. The use of trichloroacetimidate electrophiles as the alkylating agent is
attractive because they can be easily formed from readily available alcohols under mild conditions [67].
Intrigued by the potential of this dialkylation reaction, we began optimization studies to explore the
scope of this Lewis acid promoted dearomatization reaction.

11 J\Jl\'-i 0.5 equiv / \
O,N ORC” 0T O,N 7
A 20 mol % TMSOTf 2 QA 2
Me T’ Me + »—Me
N N N
10 12 (28%) 13 (trace)

Scheme 1. Detection of the dialkylation product 13 during alkylation of 5-nitro-2-methyl-indole 10.
2. Results & Discussion

Our recent studies on promoter free substitution reactions with trichloroacetimidate
electrophiles [68-74] led us to speculate that imidates may be reactive enough to participate in
indole dialkylation without the need for a Lewis acid catalyst. Heating 2-methyl indole 14 and allyl
trichloroacetimidate 11 in refluxing 1,2-dichloroethane (DCE) for 24 h showed no trace of alkylation
product, however, so the use of TMSOTT as the Lewis acid was then investigated (Table 1). Previous
investigations with indoles and trichloroacetimidates have demonstrated that TMSOTT is especially
effective in these systems [65,66], and encouraging results were immediately obtained. Use of 20 mol%
TMSOTI led to the formation of indolenine 15 with a 27% yield (Table 1, Entry 2). Increasing reaction
time, temperature and using excess imidate were then evaluated, but these changes only led to modest
increases in yield (Entries 3-5). Given that a more basic reaction media is being formed after the second
alkylation (the imine on 15 is a functional base), it was considered that perhaps product inhibition
was occurring, with the imine scavenging the Lewis acid and halting the reaction. An increase in the
TMSOTTf loading would therefore be necessary to obtain higher conversions. Increasing the amount of
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TMSOT{ provided a 61% yield of 15 when a stoichiometric amount of the Lewis acid was employed
(Entry 7). Further increasing the amount of TMSOT{ did not significantly improve the yield, nor did
heating the reaction. Little indole starting material 14 was isolated from the reaction, with the rest of
the mass balance being a mixture of overalkylation products (alkylation can also occur at C5 and C7 of
the indole ring).

Table 1. Optimization of the diallylation reaction.

\
7
@—Me + J\II\H conditions
N T s N Me
14 H 1 15a
Entry Equiv Equiv Temp. (°C) Reaction Yield (%)

Imidate 11 TMSOT({ Time
1 2.2 0 84 24 h 0
2 2.2 0.2 rt 3h 27
3 2.2 0.2 rt 6h 20
4 2.2 0.2 84 3h 41
5 3.0 0.2 rt 3h 31
6 25 0.5 rt 3h 39
7 2.5 1.0 rt 3h 61
8 2.5 1.5 rt 3h 59
9 2.5 1.0 84 3h 59

Conditions: 1,2-Dichloroethane (DCE), TMSOT, rt or reflux.

The indole dialkylation was then evaluated with regard to the indole nucleophile. The addition of
either electron donating or electron withdrawing groups to the 5-position of the indole was tolerated,
with yields in the 40%—-70% range being observed (Table 2). Interestingly, the 5-nitro-2-methyl indole 10
provided the diallylation product 13, which is not accessible using palladium catalysis, as N-alkylation
is favored when this indole is employed [6]. Changing the alkyl group at the 2-position of the indole
was also explored. Use of indole (Entry 7) provided only a complex mixture of products, and this
substrate was not pursued further. A more moderate yield was obtained with 2-phenylindole, likely
due to steric effects from the larger group at the indole 2-position. Indole 2-carboxylic acid methyl ester
14h was not reactive under these conditions, returning the starting indole and decomposed imidate
from the reaction mixture. While many of these yields are moderate, it is important to realize that two
reactions are actually occurring in sequence during the dialkylation, so the yield may perhaps be best
thought of in terms of a sequence of two separate steps proceeding a ~75% yield where isolation and
purification of the intermediate 3-alkylindole is avoided.

The efficacy of these conditions was then evaluated using a number of allylic and benzylic
imidates (Table 3). More highly substituted allylic imidates gave lower yields, this may be due to
the electrophile being more highly stabilized and therefore less reactive. Improved yields could be
achieved by performing many of the reactions in refluxing DCE. Similar results were obtained with
propargyl imidate 18, which was less reactive (only providing trace product at room temperature)
but would participate when the reaction was heated to reflux, albeit in a moderate yield. Benzylic
trichloroacetimidates were also evaluated. The highly reactive 4-methoxybenzyl imidate 19 gave
a complex mixture of products due to polyalkylation. Better results were obtained with the less
reactive benzyl imidate 20, which gave a 30% yield of the dialkylation product 15m (38% when the
reaction was performed under reflux). Benzylic imidates decorated with electron withdrawing groups
(21-23) were also less reactive and provided only trace amounts of the dialkylation products at rt, with
C3-monoalkylation being the major product [65]. Heating the reaction to reflux provided the desired
dialkylation products in much improved overall yields, however.
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Table 2. C3-Dialkylation of functionalized indoles with allyl imidate.

X 2.5 equiv 11
mR 1 equiv TMSOTF
-
N DCE. M, 3h

Entry Indole Product Yield (%)
\ Va
A\
1 N e 61
H / Me
14a N 15a
MeO \ Y
H )—Me
14b N 1sb
Me \ Y
H 14c
cl
H 14d
- A\
Me
s ULy F .

H
6 Me O,N 70
N
H
o
7 N

0 a
H 14f
8 ey 4
H 14g
9 mCOZMe ob
H 14h

2 A complex mixture resulted. P Starting material was recovered.
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1 equiv TMSOTf

2.5 equiv ROC(NH)CClj
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Table 3. Direct C3-dialkylation of 2-methyl indole 14a with trichloroacetimidates.

50f15

DCE, rt, 3h
Entry Imidate Product Yield (%)
NH \ Y
1 PPN 61 (592
Cl,C O/\/ll >—Me ( )
N 15a
NH Me
Me
2 Clsc)J\OWMe 40 (46 2)
16 7—Me
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Ph
i ! /~Ph
3 B0~ 12 (209)
17 2>—Me
N 15j
NH = -
4 CISCJ\O/\ N Me trace (24 ?)
18 N 15k
NH MeO O
5 ClC o/\©\ O oMo ob
OVeg e 151
NH Ph Ph
6 cl,c” ~0" > Ph ©E§Me 30 (38 %)
20 N 15m
: G
7 ClsC o/\©\ O cl trace (52 ?)
Cl Me
21 O N/ 15n
NH FsC O
8 Cl,C” "0 O CF4 trace (45 ?)
CF322 O N/ Me 150
j\ﬂ-l
9 ClyC O/\© trace (63 ?)

NO, 23

(o)
~
z

=z

<
1@
4
o
N

Q.

15p

2 Yield when the reaction was performed at reflux. b A complex mixture resulted.

With ready access to 3,3-diallyl indolenines via imidate alkylation, we turned our attention to the
functionalization of these systems to three-dimensional scaffolds like those used in medicinal chemistry
studies. Initially a spirocycle formation was explored utilizing the Grubbs metathesis catalyst. This
led to the formation of spirocycle 24 (Scheme 2). The indolenine 15a was also transformed into a
spiropiperidine-indane that is similar to that found in the ghrelin receptor agonists MK-0677 6 and
7. This involved initial reduction of the indolenine 15a to the indoline 25 with lithium aluminum
hydride. The sulfonamide 26 was then formed with TsCl and triethylamine. Oxidative cleavage
of the alkenes to the corresponding aldehyde was executed via ozonolysis. Purification of this
dialdehyde proved difficult when triphenylphosphine was used to reduce the ozonide, but the use
of 1,3-bis(diphenylphosphino)propane (dppp) as the reductant made the purification easier as the
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bisphosphine oxide was more polar and easier to separate from the product. The dialdehyde proved
to be unstable and readily self-condensed, so it was immediately subjected to a reductive amination
with benzylamine and NaBH(OAc)s, which provided the desired spiropiperidine-indane 27 with a
35% yield over two steps.

Grubbs II
10 mol %)
Me “oomn o Me
N 15a 24
46%
1) O, DCM, -100 °C
LiAlH,, THF TsCl, Et3 then dppp

Me BnNH2
NaBH (OAc);
26 T 27 T
O% 81% 35%
(2 steps)

Scheme 2. Elaboration of the 3,3-Diallyl indolenine 15a to spiro-polycyclic systems.

Oddly, the spiropiperidine 27 showed a multiplet in the 'H NMR at 0.28 ppm that integrated
for a single hydrogen resonance. A proton with this chemical shift was not congruent with the
proposed structure, so some additional studies were performed. A COSY experiment verified that the
upfield proton was part of the piperidine ring. Some molecular modeling studies indicated that this
unusual chemical shift is likely to be attributed to diamagnetic anisotropy from the aromatic ring of the
toluenesulfonamide, which prefers to reside on the opposite face of the pyrroline ring as the methyl
group due to steric effects. This holds the -system of the sulfonamide in a position to shield one of
the protons on the piperidine ring (H,, Figure 2). The molecular modeling predicts that in the lowest
energy conformation H, is only ~2.8 A from the center of the aromatic ring. This upfield chemical
shift is consistent with literature reports of similar spiropiperidine-indanes [75]. In further support of
this rationale, in structures where the C2 position of the pyrroline is unsubstituted [76], or there is no
aromatic sulfonamide [77], no similar upfield shifts are observed in the 'H NMR.

Me

Figure 2. Upfield Shift of Ha in the 'H NMR of Spiropiperidine 27 due to Diamagnetic Anisotropy
from the Sulfonamide -System.
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3. Materials and Methods

3.1. General Experimental Information

All anhydrous reactions were run under a positive pressure of argon. Dichloromethane (DCM)
was dried by passage through an alumina column. 1,2-Dichloroethane (DCE) was freshly distilled
from calcium hydride before use. Silica gel column chromatography was performed using 60 A silica
gel (230—400 mesh). Melting points are uncorrected. The indoles used in this study were purchased
from commercial sources.

3.2. Preparation of Trichloroacetimidates

Allyl-2,2,2-trichloroacetimidate 11 [78], 1-(1-imino-2,2,2-trichloroethoxy)-3-phenyl-2(E)-propene 17
[79], propargyl-2,2,2-trichloroacetimidate 18 [70], (4-methoxyphenyl)methyl-2,2,2-trichloroacetimidate
19 [69], benzyl-2,2,2-trichloroacetimidate 20 [78], (4-chloro)methyl-2,2,2-trichloroacetimidate
21 [80], (4-trifluoromethyl)methyl-2,2,2-trichloroacetimidate 22 [66], and (4-nitrophenyl)methyl-2,2,2-
trichloroacetimidate 23 [81] were synthesized as previously reported.

2-Methyl-2-propenyl trichloroacetimidate (16). A flame dried flask was charged with 2-methyl-
2-propen-1-ol (7.0 mmol, 0.589 mL) and placed under argon. Dry DCM (35 mL) was then added, and
the flask was cooled to 0 °C. 1,8-Diazabicyclo [5.4.0Jundec-7-ene (0.7 mmol, 0.108 mL) was added to
the solution, followed by trichloroacetonitrile (8.4 mmol, 0.843 mL). After ~22 h the reaction mixture
was concentrated and the residue purified by silica gel column chromatography (10% EA/3% Et3N/87%
hexanes). Clear oil (1.502 g, 99%). TLC Rf = 0.42 (60% DCM/40% hexanes); IR (thin film) 3365, 3072,
2975, 2904, 1637, 1607, 1482, 912 cm~!; 'H NMR (400 MHz, CDCl3) § 8.31 (bs, 1H), 5.11 (s, 1H), 4.99
(s, 1H), 4.71 (s, 2H), 1.83 (s, 3H); 13C NMR (100 MHz, CDCl3) & 162.6, 139.4, 113.3, 91.5, 72.3, 19.4.;
HRMS (ESI+) caled for C¢HgCIsNONa*t [M + Na]*: 237.9563. Found: 237.9564.

3.3. Synthesis of 3,3'-Disubstituted Indolenines

General procedure for C3-dialkylation of indoles. In a flame dried flask, the imidate (2.5 equiv)
was dissolved in anhydrous DCE (0.3 M) followed by the addition of the indole (1.0 equiv). To this
solution freshly distilled TMSOTf (1.0 equiv) was added and the resulting mixture was stirred at
room temp. or heated to reflux for 3 h. After cooling to room temperature, the reaction mixture was
quenched with 10 mL 1 M NaOH. The organic layer was separated and the aqueous layer was extracted
with DCM (3 x 5 mL). The combined organic layers were dried over sodium sulfate, filtered and
concentrated. The residue was purified by silica gel chromatography using the listed solvent system.

3,3-Diallyl-2-methyl-3H-indole (15a). Synthesized by the general procedure from 2-methylindole
14a and imidate 11 [78], purified using silica gel chromatography (3% EA/97% DCM). This compound
has been previously reported [58]. Orange oil (0.14 g, 59%); TLC R¢ = 0.35 (5% EA/95% DCM); 'H NMR
(300 MHz, CDCl;) § 7.52 (d, ] = 7.6 Hz, 1H), 7.34-7.28 (m, 2H), 7.22-1.17 (m, 1H), 5.18-5.05 (m, 2H),
495 (d, ] =17.0 Hz, 2H), 4.85 (d, ] = 10.9 Hz, 2H), 2.69 (dd, ] = 13.9, 6.1 Hz, 2H), 2.45 (dd, ] = 13.9, 7.7
Hz, 2H), 2.25 (s, 3H); '3C NMR (100 MHz, CDCl3) § 185.2, 154.8, 141.2, 132.1, 127.9, 125.0, 122.2, 119.8,
118.1, 61.8, 40.3, 16.5.

3,3-Diallyl-5-methoxy-2-methyl-3H-indole (15b). Synthesized by general procedure from 5-methoxy-
2-methyl-1H-indole 14b and imidate 11 [78], purified using silica gel chromatography (5% EA/95%
DCM). This compound has been previously reported [6]. Brown solid (0.18 g, 61%); mp = 45-46 °C;
TLC Rf = 0.33 (10% EA/90% DCM); IR (ATR) 3077, 3000, 1640, 1591, 1576, 908 cm~!; 'H NMR (300 MHz,
CDCl3) 67.44 (d, ] = 9.0 Hz, 1H), 6.85-6.83 (m, 2H), 5.20-5.06 (m, 2H), 4.96 (d, ] = 16.2 Hz, 2H), 4.87 (d, ]
= 9.8 Hz, 2H), 3.83 (s, 3H), 2.66 (dd, ] = 13.8, 5.8 Hz, 2H), 2.45 (dd, ] = 13.9, 7.7 Hz, 2H), 2.25 (s, 3H); 1*C
NMR (100 MHz, CDCl3) 4 182.9, 157.8, 142.9, 132.1, 119.9, 118.1, 117.5, 112.2, 109.2, 61.9, 55.7, 40.4, 16.4.

3,3-Diallyl-2,5-dimethyl-3H-indole (15¢c). Synthesized by general procedure from 2,5-dimethyl-
1H-indole 14c and imidate 11 [78], purified using silica gel chromatography (20% EA/80% hexanes).
Brown solid (0.13 g, 41%); mp = 38-40 °C; TLC Rf = 0.38 (40% EA/60% hexanes); IR (ATR) 3081, 3002,
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1638, 1574, 820 cm™!; 'H NMR (400 MHz, CDCl3) 6 7.38 (d, ] = 7.8 Hz, 1H), 7.11 (d, ] = 7.8 Hz, 1H),
7.07 (s, 1H), 5.16-5.06 (m, 2H), 4.95 (d, ] = 17.0 Hz, 2H), 4.85 (d, ] = 9.9 Hz, 2H), 2.66 (dd, ] = 13.9, 6.0
Hz, 2H), 2.43 (dd, ] = 13.9, 7.8 Hz, 2H), 2.39 (s, 3H), 2.22 (s, 3H); 13C NMR (100 MHz, CDCl) § 184.0,
152.7,141.3, 134.7, 132.3, 128.5, 122.9, 119.3, 118.0, 61.5, 40.4, 21.5, 16.5; HRMS (ESI+) m/z calcd for
CisHi9NNa* [M + Na]*: 248.1409, found: 248.1409.

3,3-Diallyl-5-chloro-2-methyl-3H-indole (15d). Synthesized by general procedure from 5-chloro-
2-methyl-1H-indole 14d and imidate 11 [78], purified using silica gel chromatography (10% EA/90%
hexanes). Yellow oil (0.10 g, 45%); TLC Rf = 0.42 (30% EA/70% hexanes); IR (ATR) 3076, 1728, 1577,
1451, 920, 825 cm~!; 'H NMR (400 MHz, CDCl3) § 7.44 (d, ] = 8.4 Hz, 1H), 7.31-7.26 (m, 2H), 5.18-5.08
(m, 2H), 4.99 (d, ] = 16.8 Hz, 2H), 4.91 (d, ] = 10.4 Hz, 2H), 2.68 (dd, ] = 13.6, 6.0 Hz, 2H), 2.47 (dd, |
= 14.0, 7.6 Hz, 2H), 2.26 (s, 3H); 1>*C NMR (100 MHz, CDCl3) § 185.7, 153.4, 143.1, 131.5, 130.9, 128.1,
122.7,120.6, 118.6, 62.3, 40.1, 16.5; HRMS (ESI+) m/z calcd for C15H;4CINNa* [M + Na]*: 268.0863,
found: 268.0864.

3,3-Diallyl-5-fluoro-2-methyl-3H-indole (15e). Synthesized by general procedure from 5-chloro-
2-methyl-1H-indole 14e and imidate 11 [78], purified using silica gel chromatography (10% EA/90%
hexanes). Purple oil (0.16 g, 68%); TLC Rf = 0.37 (30% EA/70% hexanes); IR (ATR) 3077, 1727, 1581,
1462, 918, 821 cm™!; 'H NMR (400 MHz, CDCl3) § 7.41 (dd, | = 8.2, 4.7 Hz, 1H), 7.00-6.94 (m, 2H),
5.15-5.04 (m, 2H), 4.94 (d, | = 16.8 Hz, 2H), 4.85 (d, ] = 10.0 Hz, 2H), 2.63 (dd, ] = 13.9, 6.3 Hz, 2H), 2.43
(dd, ] = 13.6, 7.7 Hz, 2H), 2.21 (s, 3H); 13C NMR (100 MHz, CDCl3) & 184.8 (d, ] = 3.5 Hz), 161.0 (d, ] =
242.1 Hz), 150.8 (d, ] = 1.8 Hz), 143.2 (d, ] = 8.5 Hz), 131.6, 120.3 (d, ] = 8.8 Hz), 118.5, 114.6 (d, ] =
23.4Hz),109.9 (d, ] = 23.3 Hz), 62.3 (d, ] = 2.0 Hz), 40.2, 16.4; HRMS (ESI+) m/z calcd for C15H;cFNNa*
[M + Na]*: 252.1159, found: 252.1158.

3,3-Diallyl-5-nitro-2-methyl-3H-indole (13). Synthesized by the general procedure from 2-methyl-
5-nitro-1H-indole 10 and imidate 11 [78], purified using silica gel chromatography (5% EA/95% DCM).
Brown oil (0.21 g, 71%); TLC Rf = 0.47 (10% EA/90% DCM); IR (ATR) 3007, 1703, 1571, 1518, 1338 cm™};
'H NMR (300 MHz, CDCl3) § 8.28 (dd, ] = 8.5,2.3 Hz, 1H), 8.16 (d, ] = 2.0 Hz, 1H), 7.62 (d, ] = 8.5 Hz,
1H), 5.17-5.04 (m, 2H), 5.03-4.88 (m, 4H), 2.77 (dd, ] = 14.0, 6.1 Hz, 2H), 2.53 (dd, ] = 14.0, 7.1 Hz, 2H),
2.35 (s, 3H); 1*C NMR (100 MHz, CDCl3) & 191.6, 159.6, 145.6, 142.4, 130.7, 124.9, 119.9, 119.4, 117.9,
62.9, 40.0, 17.0; HRMS (ESI+) m/z calcd for C;5H1sN>Op,Na* [M + Na]*: 279.1104, found: 279.1103.

3,3-Diallyl-2-phenyl-3H-indole (15g). Synthesized by general procedure from the known indole
14g and imidate 11 [78], purified using silica gel chromatography (5% EA/95% hexanes). This compound
has been previously reported [6]. Yellow oil (0.09 g, 34%); TLC Rf = 0.52 (5% EA/95% DCM); 'H NMR
(300 MHz, CDCl3) 6 8.14-8.10 (m, 2H), 7.67 (d, ] = 7.5 Hz, 1H), 7.49-7.47 (m, 3H), 7.40-7.26 (m, 3H),
5.18-5.05 (m, 2H), 4.79-4.71 (m, 4H), 2.90 (d, ] = 6.9 Hz, 4H); 13C NMR (100 MHz, CDCl3) § 180.3, 154.4,
142.9,133.9,131.8, 130.6, 128.6, 128.1, 128.0, 125.7, 121.7, 120.7, 118.3, 62.4, 41.8.

2-Methyl-3,3-bis(2-methyl-2-propenyl)-3H-indole (15i). Synthesized by general procedure from
2-methylindole 14a and imidate 16, purified using silica gel chromatography (10% EA/90% hexanes).
Yellow oil (0.13 g, 46%); TLC Rf = 0.52 (5% EA/95% DCM); IR (ATR) 3074, 2967, 2918, 1642, 1575,1447,
765 cm™!; TH NMR (400 MHz, CDCl3) § 7.42 (d, ] = 8.0 Hz, 1H), 7.25-7.21 (m, 2H), 7.12-7.09 (m, 1H),
4.48-4.47 (m, 2H), 4.40 (s, 2H), 2.63 (d, ] = 13.6 Hz, 2H), 2.53 (d, ] = 14.0 Hz, 2H), 2.26 (s, 3H), 1.06 (s,
6H); 13C NMR (100 MHz, CDCl3) & 185.8, 155.2, 141.7, 140.9, 127.8, 124.6, 122.9, 120.0, 114.2, 62.3, 45.5,
23.4,17.2; HRMS (ESI+) m/z calcd for C;7HyNNat [M + Na]*: 262.1566, found: 262.1566.

3,3-Bis[(E)-3-phenyl-2-propenyl]-2-methyl-3H-indole (15j). Synthesized by the general procedure
from 2-methylindole 14a and imidate 17 [79], purified using silica gel chromatography (100% DCM).
Yellow oil (0.055 g, 20%); TLC Rf = 0.26 (100% DCM); IR (ATR) 3024, 2919, 1576, 1447, 906, 730 cm™!;
'H NMR (400 MHz, CDCl3) § 7.53 (d, ] = 7.6 Hz, 1H), 7.35-7.31 (m, 3H), 7.26-7.12 (m, 10H), 6.35 (d,
=15.7 Hz, 2H), 5.60-5.52 (m, 2H), 2.89 (dd, ] = 14.0, 6.7 Hz, 2H), 2.63 (dd, ] = 13.9, 8.0 Hz, 2H), 2.33
(s, 3H); 13C NMR (100 MHz, CDCl5) § 185.0, 154.8, 141.2, 136.9, 133.3, 128.5, 128.4, 128.1, 127.3, 126.1,
125.1,123.7,122.3, 120, 62.1, 39.4, 16.7; HRMS (ESI+) m/z caled for Cpy;HpsNNa* [M + Na]*: 386.1879,
found: 386.1878.
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2-Methyl-3,3-di(prop-2-yn-1-yl)-3H-indole (15k). Synthesized by the general procedure from
2-methylindole 14a and imidate 18 [70], purified using silica gel chromatography (3% EA/97% DCM).
Yellow oil (0.06 g, 24%); TLC Rf = 0.55 (10% EA/90% DCM); IR (ATR) 3285, 2924, 2119, 1579, 1468, 770,
624 cm~!; '"H NMR (400 MHz, CDCl3) § 7.53 (t, ] = 7.7 Hz, 2H), 7.36 (dt, ] = 7.6, 1.2 Hz, 1H), 7.22 (t, ] =
74Hz, 1H), 2.76 (dd, ] = 16.7, 2.6 Hz, 2H), 2.60 (dd, | = 16.8, 2.6 Hz, 2H), 2.37 (s, 3H), 1.98 (t, ] = 2.6 Hz,
2H); 13C NMR (100 MHz, CDCl3) 6 183.1, 154.4, 140.0, 128.7, 125.4, 122.4, 120.0, 78.6, 71.5, 57.6, 24.4,
16.7; HRMS (ESI+) m/z calcd for C;sH13NNa* [M + Na]*: 230.0940, found: 230.0939.

3,3-Dibenzyl-2-methyl-3H-indole (15m). Synthesized by the general procedure from 2-methylindole
14a the imidate 20 [78], purified using silica gel chromatography (1% EA/99% DCM). This compound
has been previously reported [58]. Brown oil (0.10 g, 30%); TLC R¢ = 0.49 (5% EA/95% DCM); 'H NMR
(400 MHz, CDCl3) 6 7.18-7.14 (m, 2H), 7.06 (td, ] = 7.2, 1.6 Hz, 1H), 7.02-6.95 (m, 7H), 6.68 (dd, ] = 7.2,
1.2 Hz, 4H), 3.28 (d, ] = 13.6 Hz, 2H), 2.99 (d, ] = 13.6 Hz, 2H), 2.32 (s, 3H); 3C NMR (100 MHz, CDCl3)
5184.1,155.1,140.5, 135.7,129.4, 127.9, 127.8, 126.7, 124.4, 23.7, 119.8, 64.0, 42.3, 17.3.

3,3-Bis[(p-chlorophenyl)methyl]-2-methyl-3H-indole (15n). Synthesized by the general procedure
from 2-methylindole 14a and imidate 21 [80], purified using silica gel chromatography (3% EA/97%
DCM). Yellow oil (0.08 g, 18%); TLC Rf = 0.24 (30% EA/70% hexanes); IR (ATR) 3046, 2918, 2848, 1595,
1491, 1013, 837 cm™!; 'H NMR (300 MHz, CDCl3) & 7.32-7.17 (m, 3H), 7.11 (d, ] = 6.9 Hz, 1H), 7.02 (d, ]
= 8.4 Hz, 4H), 6.66 (d, | = 8.4 Hz, 4H), 3.32 (d, ] = 13.7 Hz, 2H), 3.04 (d, | = 13.6 Hz, 2H), 2.42 (s, 3H);
13C NMR (100 MHz, CDCl3) § 183.3, 155.1, 139.8, 133.9, 132.7, 130.5, 128.3, 128.0, 124.6, 123.3, 120.2,
63.8,41.5,17.3; HRMS (ESI+) m/z calcd for Co3H19Clo,NNa*t [M + Na]*: 402.0787, found: 402.0785.

2-Methyl-3,3-bis{[p-(trifluoromethyl)phenyl]methyl}-3H-indole (150). Synthesized by the general
procedure from the known indole 14a and imidate 22 [66], purified using silica gel chromatography
(2% EA/98% DCM). Yellow oil (0.23 g, 45%); TLC Rf = 0.51 (5% EA/95% DCM); IR (ATR) 3049, 2924,
1919, 1726, 1616, 1319, 1100 cm™}; 'H NMR (400 MHz, CDCl3) § 7.30 (d, ] = 8.4 Hz, 4H), 7.26-7.19 (m,
3H),7.15(d, ] =72 Hz, 1H), 6.84 (d, ] = 8.0 Hz, 4H), 3.42 (d, | = 13.6 Hz, 2H), 3.15 (d, ] = 13.6 Hz,
2H), 2.40 (s, 3H); '*C NMR (100 MHz, CDCl3) 5 182.8, 154.9, 139.4, 129.5, 129.4 (q, ] = 32.3 Hz), 128.6,
124.8 (q,] = 3.7 Hz), 124.0 (q, ] = 270.3 Hz), 123.2, 120.3, 63.6, 42.0, 17.2; HRMS (ESI+) m/z calcd for
CasHi9FgNNa* [M + Na]*: 470.1314, found: 470.1311.

2-Methyl-3,3-bis[(p-nitrophenyl)methyl]-3H-indole (15p). Synthesized by general procedure
from 2-methylindole 14a and imidate 23 [81], purified using silica gel chromatography (50% EA/50%
hexanes). Yellow oil (0.29 g, 63%); TLC Rf = 0.50 (10% EA/90% DCM); IR (ATR) 3076, 1728, 1577, 1451,
920, 825 cm™!; 'H NMR (400 MHz, CDCl3) § 7.90 (d, | = 8.8 Hz, 4H), 7.31-7.20 (m, 4H), 6.88 (d, ] =
8.4 Hz, 4H), 3.48 (d, ] = 13.6 Hz, 2H), 3.26 (d, ] = 13.6 Hz, 2H), 2.44 (s, 3H); '3C NMR (100 MHz, CDCl,)
5182.0,154.9,147.0, 142.6, 138.7,129.9, 129.0, 125.3, 123.1, 123.0, 120.6, 63.6, 41.9, 17.2; HRMS (ESI+)
m/z calcd for Co3Hi19N3O4 [M + H]*: 402.1448, found: 402.1451.

3.4. Elaboration of the 3,3’-Disubstituted Indolenines

2’-Methylspiro[3-cyclopentene-1,3’-indole] (24). The diallyl indoline 15a (0.236 mmol, 50 mg) was
dissolved in 2 mL of DCM. In a round bottom flask, Grubbs II catalyst (0.024 mmol, 21 mg) was taken
in DCM (4 mL) and flushed with argon. The indoline in DCM was then added dropwise to the flask
and stirred for 6 h at rt. Evaporated the solvent, purified using silica gel chromatography (5% EA/95%
DCM). This compound has been previously prepared [7]. Yellow oil (21 mg, 46%); TLC Rf = 0.43
(10% EA/90% DCM); 'H NMR (400 MHz, CDCl3) § 7.52 (d, ] = 7.6 Hz, 1H), 7.34 (d, ] = 7.6 Hz, 1H),
7.29 (dt, ] =7.6,0.8 Hz, 1H), 7.18 (t, ] = 7.6 Hz, 1H), 5.92 (s, 2H), 2.68 (s, 4H), 2.27 (s, 3H); 13C NMR
(100 MHz, CDCl3) 6 186.9, 153.7, 146.4, 129.8, 127.6, 125.5. 121.0, 119.5, 61.4, 41.4, 15.6.

3,3-Diallyl-2-methylindoline (25). The diallyl indoline 15a (2.37 mmol, 0.50 g) was dissolved in
10 mL THF and cooled to 0 °C using an ice bath. LiAlH, solution (1 M in THEF, 8.3 mmol, 8.3 mL)
was then slowly added. After 5 min the reaction mixture was allowed to warm to room temperature.
After 30 min the reaction mixture was recooled to 0 °C and quenched by dropwise addition of 15 mL
solution of saturated aqueous Rochelle’s salt (potassium sodium tartrate). The reaction was poured
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into another 15 mL solution of saturated aqueous Rochelle’s salt and extracted to with EA (3 x 20 mL).
The organic layers were combined and washed with saturated aqueous sodium chloride (50 mL), dried
over sodium sulfate, filtered and concentrated. Purification using silica gel chromatography (60%
DCM/40% hexanes) provided indoline 25. Colorless oil (0.35 g, 70%); TLC Rf = 0.42 (60% DCM/40%
hexanes); IR (ATR) 3365, 3072, 2975, 2904, 1637, 1607, 1482, 912 cm~!; 'H NMR (400 MHz, CDCl3) &
7.04 (dt,J=7.6,1.2Hz, 1H),6.99 (d, ] =7.4 Hz, 1H), 6.74 (dt, ] = 7.4, 0.8 Hz, 1H), 6.65 (d, ] = 7.8 Hz,
1H), 5.80-5.68 (m, 2H), 5.06-4.97 (m, 4H), 3.78 (q, ] = 6.6 Hz, 1H), 2.53 (dd, | = 14.2, 6.6 Hz, 1H), 2.39
(dd, ] = 14.0, 7.9 Hz, 2H), 2.16 (dd, ] = 13.8, 7.8 Hz, 1H), 1.24 (d, ] = 6.6 Hz, 3H); '3C NMR (100 MHz,
CDCl3) 5 149.5,134.92, 134.91, 134.6, 127.5, 124.4, 118.6, 117.7, 117.5, 109.7, 62.5, 49.3, 40.5, 37.5, 15.3.
HRMS (ESI+) calcd for C15sHoNH™' [M + H]*: 214.1590, found: 214.1594.

3,3-Diallyl-2-methyl-1-(p-tolylsulfonyl)indoline (26). The diallyl indole 25 (5.02 mmol, 1.07 g) was
dissolved in 20 mL of DCM and p-toluene sulfonyl chloride (8.78 mmol, 1.67 g) was added followed by
triethylamine (10.97 mmol, 1.52 mL). After 16 h the reaction was quenched with 1M aq. HCI (50 mL)
and extracted with DCM (3 x 50 mL). The combined organic extracts were washed with sat. ag. NaCl
(50 mL), dried over NaySOy, filtered and concentrated. Purification using silica gel chromatography
(70% DCM/30% hexanes) provided sulfonamide 26. Colorless oil (1.49 g, 81%); TLC Rf = 0.48 (80%
DCM/20% hexanes); IR (ATR) 3073, 2979, 1637, 1457,1351, 1163, 915 cm~!; 'H NMR (300 MHz, CDCl3)
6 7.70-7.67 (m, 3H), 7.25-7.19 (m, 3H), 6.98-6.96 (m, 2H), 5.80-5.66 (m, 1H), 5.41-5.27 (m, 1H), 5.11
(s, 1H), 5.07 (d, ] = 7.6 Hz, 1H), 4.83 (d, ] = 13.6 Hz, 1H), 459 (d, ] = 16.8 Hz, 1H), 3.99 (q, ] = 6.6
Hz, 1H), 2.49 (dd, | = 14.9, 7.7 Hz, 1H), 2.35 (s, 3H), 2.30 (dd, ] = 14.8, 6.3 Hz, 1H), 1.92 (dd, ] = 13.9,
7.2 Hz, 1H) 1.46-1.39 (m, 4H); 1*C NMR (100 MHz, CDCl3) § 143.9, 140.2, 136.5, 135.6, 133.9, 132.7,
129.5,128.2,127.0, 124.6, 123.2, 118.7, 118.6, 115.5, 67.4, 49.6, 42.8, 36.3, 21.5, 17.5. HRMS (ESI+) caled
for CooHysNO,SNa™ [M + Na]™: 390.1498, found: 390.1495.

1’-Benzyl-2-methyl-1-(p-tolylsulfonyl)spiro[indoline-3,4’-piperidine] (27). The diallyl indole 26
(0.517 mmol, 0.190 g) was dissolved in 5 mL DCM and cooled to —100 °C (dry ice/ethyl ether bath). Ozone
was then bubbled through the solution for about 2 min until the color changed to blue. The reaction
mixture was then purged with argon until the blur color dissipated. 1,3-Bis(diphenylphosphino)propane
(0.517 mmol, 0.213 g) was then added and reaction mixture was allowed to warm to room temp.
The reaction mixture was then stirred for 1.5 h and then the solvent was evaporated. The resulting
residue was purified by silica gel chromatography (75%EA/25%DCM) to provide the corresponding
crude dialdehyde. The dialdehyde was dissolved in DCE (5.3 mL) and benzylamine (0.269 mmol, 0.029
mL) was added. After 5 min, sodium triacetoxyborohydride (1.07 mmol, 0.227 g) was added. After
16 h, the reaction was quenched with addition of water (5 mL) and extracted with DCM (3 x 10 mL).
The combined organic extracts were washed with sat. aq. NaCl (20 mL), dried over sodium sulfate
and concentrated. Purification of the residue using silica gel chromatography (20% EA/80% DCM)
provided piperidine 27. Off-white powder (0.08 g, 35% over 2 steps); TLC Rf = 0.47 (80% DCM/20%EA);
IR (ATR) 2927, 2802, 2757, 2359, 2341, 1598, 1493, 1348, 1132 cm~!; 'H NMR (400 MHz, CDCl3) & 7.67
(d, ] =8.2Hz 2H),7.64 (d, ] = 8.0 Hz, 1H), 7.33-7.28 (m, 5H), 7.23-7.17 (m, 3H), 7.06-6.99 (m, 2H), 4.30
(q, ] = 6.6 Hz, 1H), 3.51-3.43 (m, 2H), 2.88 (d, ] = 9.1 Hz, 1H), 2.44 (d, | = 11.7 Hz, 1H), 2.32 (s, 3H),
2.07-1.94 (m, 3H), 1.76 (d, ] = 11.8 Hz, 1H), 1.34 (d, ] = 6.6 Hz, 3H), 1.14 (t, ] = 11.1 Hz, 1H), 0.28 (d, ] =
13.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) & 143.8, 139.3, 136.3, 129.6, 129.1, 128.3, 128.2, 127.1, 126.6,
124.0,123.0,115.7, 64.5, 63.4, 51.4, 50.1, 45.7, 38.6, 28.9, 21.5, 17.6; HRMS (ESI+) calcd for CpyH31N,O,S*
[M + H]J*: 447.2101. Found: 447.2108.

4. Conclusions

A new method for the synthesis of 3,3-dialkyl indolenines has been developed utilizing the Lewis
acid promoted alkylation of indoles with trichloroacetimidates. This method is differentiated from past
methods in that it does not depend on transition metal mediated alkylation or the use of strong base,
instead a Lewis acid and a trichloroacetimidate leaving group are utilized to perform the alkylation.
Notably even electron poor indoles undergo the dialkylation, which are difficult substrates for other
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alkylation reactions. The indolenines generated from this reaction provide ready access to spirocyclic
structures which are useful platforms for the development of three dimensional architectures that may
interact with more complex biological receptors of interest to the medicinal chemistry community.

Supplementary Materials: Copies of 1H and 13C spectra are available at http://www.mdpi.com/1420-3049/24/22/
4143/s1.

Author Contributions: Conceptualization, J.D.C., T.S.,, N.A.M. and A.A.A,; investigation, T.S., N.A.M., and
A.AA,; formal analysis, ].D.C., T.S. and N.A.M.; writing—original draft preparation, ].D.C., T.S. and N.A.M,;
writing—review and editing, ].D.C., T.S. and N.A.M.; supervision, ].D.C.

Funding: Acknowledgement is also made to the Donors of the American Chemical Society Petroleum Research
Fund for a New Directions award in support of this research (54823-ND1). The National Institute of General
Medical Sciences (R15-GM116054) also provided partial financial support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Ahmad, Y;; Fatima, K,; Atta-ur, R.; Occolowitz, J.L.; Solheim, B.A.; Clardy, J.; Garnick, R.L.; Le Quesne, PW.
Structure and Absolute Configuration of Strictamine and Strictalamine from Rhazya Stricta. Stereochemistry
of the Picralima Alkaloids. J. Am. Chem. Soc. 1977, 99, 1943-1946. [CrossRef]

2. Kump, W.G.; Patel, M.B.; Rowson, ].M.; Schmid, H. Pleiocarpa alkaloids. VII. Indole Alkaloids of Pleiocarpa
Pycnantha var. Tubicina Leaves. Helv. Chim. Acta. 1964, 47, 1497-1503. [CrossRef]

3.  Fritz, H,; Fischer, O. Indole Alkaloids. III. Tetracyclic x-Aminoindolines. New Class of Compounds with
Ring-Chain Tautomerism, Including Synthesis of a Modified C-Curarine III. Tetrahedron 1964, 20, 1737-1753.

4. Subramaniam, G.; Hiraku, O.; Hayashi, M.; Koyano, T.; Komiyama, K.; Kam, T.-S. Biologically Active
Aspidofractinine, Rhazinilam, Akuammiline, and Vincorine Alkaloids from Kopsia. J. Nat. Prod. 2007, 70,
1783-1789. [CrossRef] [PubMed]

5. Verbitski, S.M.; Mayne, C.L.; Davis, R.A.; Concepcion, G.P.; Ireland, C.M. Isolation, Structure Determination,
and Biological Activity of a Novel Alkaloid, Perophoramidine, from the Philippine Ascidian Perophora
namei. J. Org. Chem. 2002, 67, 7124-7126. [CrossRef]

6.  Dhankher, P.; Benhamou, L.; Sheppard, T.D. Rapid Assembly of Functionalised Spirocyclic Indolines by
Palladium-Catalysed Dearomatising Diallylation of Indoles with Allyl Acetate. Chem. Eur. ]. 2014, 20,
13375-13381. [CrossRef]

7. Liddon, ].T.R.; Rossi-Ashton, ].A.; Taylor, R.J.K.; Unsworth, W.P. Dearomatizing Spiroannulation Reagents:
Direct Access to Spirocycles from Indoles and Dihalides. Org. Lett. 2018, 20, 3349-3353. [CrossRef]

8. Lovering, F; Bikker, ].; Humblet, C. Escape from Flatland: Increasing Saturation as an Approach to Improving
Clinical Success. J. Med. Chem. 2009, 52, 6752-6756. [CrossRef]

9. Lovering, F. Escape from Flatland 2: Complexity and Promiscuity. Med. Chem. Comm. 2013, 4, 515-519.
[CrossRef]

10. Karawajczyk, A.; Giordanetto, F.; Benningshof, ].; Hamza, D.; Kalliokoski, T.; Pouwer, K.; Morgentin, R.;
Nelson, A.; Mueller, G.; Piechot, A.; et al. Expansion of chemical space for collaborative lead generation and
drug discovery: The European Lead Factory Perspective. Drug Discov. Today 2015, 20, 1310-1316. [CrossRef]

11.  Mueller, G.; Berkenbosch, T.; Benningshof, ].C.]J.; Stumpfe, D.; Bajorath, ]J. Charting Biologically Relevant
Spirocyclic Compound Space. Chem. Eur. J. 2017, 23, 703-710. [CrossRef] [PubMed]

12.  Bondensgaard, K.; Ankersen, M.; Thogersen, H.; Hansen, B.S.; Wulff, B.S.; Bywater, R.P. Recognition of
Privileged Structures by G-Protein Coupled Receptors. J. Med. Chem. 2004, 47, 888-899. [CrossRef] [PubMed]

13. Patchett, A.A. 2002 Alfred Burger Award Address in Medicinal Chemistry. Natural Products and Design:
Interrelated Approaches in Drug Discovery. |. Med. Chem. 2002, 45, 5609-5616. [CrossRef] [PubMed]

14. Xie, J.S.; Huang, C.Q.; Fang, Y.Y,; Zhu, Y.F. A Convenient Synthesis of 1’-H-Spiro-(Indoline-3,4’-Piperidine)
and its Derivatives. Tetrahedron 2004, 60, 4875-4878. [CrossRef]

15. Patchett, A.A; Nargund, R.P; Tata, ].R.; Chen, M.H.; Barakat, K.J.; Johnston, D.B.R.; Cheng, K.; Chan, WW.S.;
Butler, B.; Hickey, G.; et al. Design and Biological Activities of L-163,191 (MK-0677): A Potent, Orally Active
Growth Hormone Secretagogue. Proc. Natl. Acad. Sci. USA 1995, 92, 7001-7005. [CrossRef] [PubMed]


http://www.mdpi.com/1420-3049/24/22/4143/s1
http://www.mdpi.com/1420-3049/24/22/4143/s1
http://dx.doi.org/10.1021/ja00448a041
http://dx.doi.org/10.1002/hlca.19640470612
http://dx.doi.org/10.1021/np0703747
http://www.ncbi.nlm.nih.gov/pubmed/17939738
http://dx.doi.org/10.1021/jo026012f
http://dx.doi.org/10.1002/chem.201403940
http://dx.doi.org/10.1021/acs.orglett.8b01248
http://dx.doi.org/10.1021/jm901241e
http://dx.doi.org/10.1039/c2md20347b
http://dx.doi.org/10.1016/j.drudis.2015.09.009
http://dx.doi.org/10.1002/chem.201604714
http://www.ncbi.nlm.nih.gov/pubmed/27859909
http://dx.doi.org/10.1021/jm0309452
http://www.ncbi.nlm.nih.gov/pubmed/14761190
http://dx.doi.org/10.1021/jm020424z
http://www.ncbi.nlm.nih.gov/pubmed/12477342
http://dx.doi.org/10.1016/j.tet.2004.03.081
http://dx.doi.org/10.1073/pnas.92.15.7001
http://www.ncbi.nlm.nih.gov/pubmed/7624358

Molecules 2019, 24, 4143 12 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Panknin, O.; Baeurle, S.; Ring, S.; Schwede, W.; Schmees, N.; Nowak-Reppel, K.; Langer, G.
Spiro[indolin-3,4’-piperidine] Derivatives as GnRH Receptor Antagonists and Their Preparation,
Pharmaceutical Compositions and Use in the Treatment of Sex-Hormone-Related Diseases. Germany
Patent WO2015091315A1, 25 June 2015.

Kauffman, G.S; Li, C.; Lippa, B.S.; Morris, ].; Pan, G. Preparation of Bicyclic Heteroaromatic Derivatives as
Anticancer Agents. US Patent WO2006090261A1, 15 February 2006.

Qiao, J.X.; Wang, T.C.; Ruel, R.; Thibeault, C.; Lheureux, A.; Schumacher, W.A ; Spronk, S.A.; Hiebert, S.;
Bouthillier, G.; Lloyd, J.; et al. Conformationally Constrained ortho-Anilino Diaryl Ureas: Discovery of 1
(2-(1’-Neopentylspiro[indoline-3,4’-Piperidine]-1-yl)Phenyl)-3-(4-(Trifluoromethoxy)Phenyl)urea, a Potent,
Selective, and Bioavailable P2Y1 Antagonist. J. Med. Chem. 2013, 56, 9275-9295. [CrossRef] [PubMed]
Bricks, J.L.; Kachkovskii, A.D.; Slominskii, Y.L.; Gerasov, A.O.; Popov, S.V. Molecular Design of Near Infrared
Polymethine Dyes: A Review. Dyes Pigm. 2015, 121, 238-255. [CrossRef]

Schnermann, M.J. Chemical Biology Organic Dyes for Deep Bioimaging. Nature 2017, 551,176-177. [CrossRef]
Hyun, H.; Park, M.H.; Owens, E.A.; Wada, H.; Henary, M.; Handgraaf, H.].M.; Vahrmeijer, A.L.; Frangioni, ].V.;
Choi, H.S. Structure-Inherent Targeting of Near-Infrared Fluorophores for Parathyroid and Thyroid Gland
Imaging. Nat. Med. 2015, 21, 192-197. [CrossRef]

Cooper, M.E.; Gregory, S.; Adie, E.; Kalinka, S. pH-Sensitive Cyanine Dyes for Biological Applications.
J. Fluoresc. 2002, 12, 425-429. [CrossRef]

Njiojob, C.N.; Owens, E.A ; Narayana, L.; Hyun, H.; Choi, H.S.; Henary, M. Tailored Near-Infrared Contrast
Agents for Image Guided Surgery. . Med. Chem. 2015, 58, 2845-2854. [CrossRef] [PubMed]

Jia, X,; Chen, Q.; Yang, Y; Tang, Y.; Wang, R.; Xu, Y.; Zhu, W.; Qian, X. FRET-Based Mito-Specific Fluorescent
Probe for Ratiometric Detection and Imaging of Endogenous Peroxynitrite: Dyad of Cy3 and Cyb5. . Am.
Chem. Soc. 2016, 138, 10778-10781. [CrossRef] [PubMed]

Sun, W.; Guo, S.; Hu, C.; Fan, ].; Peng, X. Recent Development of Chemosensors Based on Cyanine Platforms.
Chem. Rev. 2016, 116, 7768-7817. [CrossRef] [PubMed]

Ma, X.; Hua, J.; Wu, W.; Jin, Y;; Meng, E; Zhan, W.; Tian, H. A High-Efficiency Cyanine Dye for Dye-Sensitized
Solar Cells. Tetrahedron 2008, 64, 345-350. [CrossRef]

Matsui, M.; Haishima, Y.; Kubota, Y.; Funabiki, K.; Jin, J.; Kim, T.H.; Manseki, K. Application of
Benz[c,d]indolenine-Based Unsymmetrical Squaraine Dyes to Near-Infrared Dye-Sensitized Solar Cells.
Dyes Pigm. 2017, 141, 457-462. [CrossRef]

Ball-Jones, N.R.; Badillo, J.J.; Franz, A.K. Strategies for the Enantioselective Synthesis of Spirooxindoles.
Org. Biomol. Chem. 2012, 10, 5165-5181. [CrossRef]

Wang, J.; Bai, X.; Xu, C.; Wang, Y.; Lin, W.; Zou, Y.; Shi, D. Ultrasound-Promoted One-Pot, Three-Component
Synthesis of Spiro[indoline-3,1’-Pyrazolo[1,2-b]Phthalazine] Derivatives. Molecules 2012, 17, 8674-8686.
[CrossRef]

Chen, C.; Ly, C.; Liang, J.; Jin, J.; Wang, L.; Wu, C.; Shen, R. An Efficient Synthesis of Spiro[indoline-
3,9’-Xanthene]trione Derivatives Catalyzed by Magnesium Perchlorate. Molecules 2017, 22, 1295. [CrossRef]
Anis’kov, A.; Klochkova, I.; Tumskiy, R.; Yegorova, A. A Diastereoselective synthesis of Dispiro[oxindole-
Cyclohexanone]pyrrolidines by 1,3-Dipolar Cycloaddition. Molecules 2017, 22, 2134. [CrossRef]

Overman, L.E.; Angle, S.R. Synthesis Applications of Cationic Aza-Cope Rearrangements. Stereocontrolled
Synthesis of Hexahydro-1H-pyrrolo[2,3-d]carbazoles. |. Org. Chem. 1985, 50, 4021-4028. [CrossRef]
Overman, L.E.; Robertson, G.M.; Robichaud, A.]J. Use of Aza-Cope Rearrangement-Mannich Cyclization
Reactions to Achieve a General Entry to Melodinus and Aspidosperma Alkaloids. Stereocontrolled
Total Syntheses of (+)-Deoxoapodine, (+)-Meloscine, and (+)-Epimeloscine and a Formal Synthesis of
(£)-1-Acetylaspidoalbidine. J. Am. Chem. Soc. 1991, 113, 2598-2610.

Bonjoch, J.; Sole, D.; Bosch, J. Studies on the Synthesis of Strychnos Indole Alkaloids. Synthesis of
(+)-Dehydrotubifoline. J. Am. Chem. Soc. 1995, 117, 11017-11018. [CrossRef]

Smith, J.M.; Moreno, J.; Boal, B.W.; Garg, N.K. Fischer Indolizations as a Strategic Platform for the Total
Synthesis of Picrinine. J. Org. Chem. 2015, 80, 8954-8967. [CrossRef] [PubMed]

Witkop, B.; Patrick, J.B. An Unusual Twofold Wagner-Meerwein Rearrangement. |. Am. Chem. Soc. 1951, 73,
1558-1564. [CrossRef]

Sato, S.; Tsunoda, M.; Suzuki, M.; Kutsuna, M.; Takido-uchi, K.; Shindo, M.; Mizuguchi, H.; Obara, H.; Ohya, H.
Synthesis and Spectral Properties of Polymethine-Cyanine Dye-Nitroxide Radical Hybrid Compounds for


http://dx.doi.org/10.1021/jm4013906
http://www.ncbi.nlm.nih.gov/pubmed/24164581
http://dx.doi.org/10.1016/j.dyepig.2015.05.016
http://dx.doi.org/10.1038/nature24755
http://dx.doi.org/10.1038/nm.3728
http://dx.doi.org/10.1023/A:1021366010681
http://dx.doi.org/10.1021/acs.jmedchem.5b00253
http://www.ncbi.nlm.nih.gov/pubmed/25711712
http://dx.doi.org/10.1021/jacs.6b06398
http://www.ncbi.nlm.nih.gov/pubmed/27517310
http://dx.doi.org/10.1021/acs.chemrev.6b00001
http://www.ncbi.nlm.nih.gov/pubmed/27314280
http://dx.doi.org/10.1016/j.tet.2007.10.094
http://dx.doi.org/10.1016/j.dyepig.2017.02.024
http://dx.doi.org/10.1039/c2ob25184a
http://dx.doi.org/10.3390/molecules17078674
http://dx.doi.org/10.3390/molecules22081295
http://dx.doi.org/10.3390/molecules22122134
http://dx.doi.org/10.1021/jo00221a012
http://dx.doi.org/10.1021/ja00149a029
http://dx.doi.org/10.1021/acs.joc.5b00872
http://www.ncbi.nlm.nih.gov/pubmed/26134260
http://dx.doi.org/10.1021/ja01148a044

Molecules 2019, 24, 4143 13 of 15

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Use as Fluorescence Probes to Monitor Reducing Species and Radicals. Spectrochim. Acta A Mol. Biomol.
Spectrosc. 2009, 71, 2030-2039. [CrossRef] [PubMed]

Huber, E,; Roesslein, J.; Gademann, K. Preparation of Indolenines via Nucleophilic Aromatic Substitution.
Org. Lett. 2019, 21, 2560-2564. [CrossRef] [PubMed]

Kaga, A.; Hayashi, H.; Hakamata, H.; Oi, M.; Uchiyama, M.; Takita, R.; Chiba, S. Nucleophilic Amination
of Methoxy Arenes Promoted by a Sodium Hydride/lodide Composite. Angew. Chem. Int. Ed. 2017, 56,
11807-11811. [CrossRef]

Ong, H.H.; Agnew, M.N. Novel Tetracyclic Spiropiperidines. II. Synthesis of 2-Aryl-2,3-Dihydrospiro
[benzofuran-3,4’-Piperidines]. J. Heterocycl. Chem. 1981, 18, 815-820. [CrossRef]

Roche, S.P; Youte Tendoung, J.-J.; Treguier, B. Advances in Dearomatization Strategies of Indoles. Tetrahedron
2015, 71, 3549-3591. [CrossRef]

Zhuo, C.-X.; Zheng, C.; You, S.-L. Transition-Metal-Catalyzed Asymmetric Allylic Dearomatization Reactions.
Acc. Chem. Res. 2014, 47, 2558-2573. [CrossRef]

Zhang, W.; You, S.-L. Miscellaneous Asymmetric Dearomatization Reactions; Wiley-VCH Verlag GmbH & Co.
KGaA: Weinheim, Germany, 2016; pp. 379-389.

James, M.].; O’Brien, P; Taylor, R.J.K.; Unsworth, W.P. Synthesis of Spirocyclic Indolenines. Chem. Eur. ].
2016, 22, 2856-2881. [CrossRef] [PubMed]

Cai, Q.; Liu, C.; Liang, X.-W.; You, S.-L. Enantioselective Construction of Pyrroloindolines via Chiral
Phosphoric Acid Catalyzed Cascade Michael Addition-Cyclization of Tryptamines. Org. Lett. 2012, 14,
4588-4590. [CrossRef] [PubMed]

Romano, C.; Jia, M.; Monari, M.; Manoni, E.; Bandini, M. Metal-Free Enantioselective Electrophilic Activation
of Allenamides: Stereoselective Dearomatization of Indoles. Angew. Chem. Int. Ed. 2014, 53, 13854-13857.
[CrossRef] [PubMed]

Zhang, Y.-C.; Zhao, ].-].; Jiang, F,; Sun, S.-B.; Shi, F. Organocatalytic Asymmetric Arylative Dearomatization
of 2,3-Disubstituted Indoles Enabled by Tandem Reactions. Angew. Chem. Int. Ed. 2014, 53, 13912-13915.
[CrossRef]

Nakazaki, M. Alkylation of 2,3-Dimethylindole in Liquid Ammonia. Bull. Chem. Soc. Jpn. 1959, 32, 838-840.
[CrossRef]

Nakazaki, M. Alkylation of Sodio-2,3-Dimethylindole and Sodiotetrahydrocarbazole in Nonpolar Solvent.
Bull. Chem. Soc. Jpn. 1961, 34, 334-337. [CrossRef]

Jackson, A.H.; Lynch, PP. Electrophilic Substitution in Indoles. Part 12. Kinetic Studies of the Rearrangement
of 3,3-Disubstituted Indolenines to 2,3-Disubstituted Indoles. J. Chem. Soc. Perkin Trans. 2 1987, 9, 1215-1219.
[CrossRef]

Fishwick, CW.G.; Jones, A.D.; Mitchell, M.B. Regio- and Chemoselective Alkylation of 2,3-Dialkylindoles.
A Convenient Preparation of 2,3,3-Trialkyl-3H-Indoles. Heterocycles 1991, 32, 685-692. [CrossRef]
Solovjova, J.; Martynaitis, V.; Mangelinckx, S.; Holzer, W.; De Kimpe, N.; Sackus, A. Synthesis and Ring
Opening of Alkaloid-Type Compounds with a Novel Indolo[2,3-c][2]benzazepine Skeleton. Synlett 2009, 19,
3119-3122. [CrossRef]

Lin, A.; Yang, J.; Hashim, M. N-Indolyltriethylborate: A Useful Reagent for Synthesis of C3-Quaternary
Indolenines. Org. Lett. 2013, 15, 1950-1953. [CrossRef]

Kandukuri, S.R.; Bahamonde, A.; Chatterjee, I.; Jurberg, I.D.; Escudero-Adan, E.C.; Melchiorre, P. X-Ray
Characterization of an Electron Donor-Acceptor Complex that Drives the Photochemical Alkylation of
Indoles. Angew. Chem. Int. Ed. 2015, 54, 1485-1489. [CrossRef] [PubMed]

Kimura, M.; Futamata, M.; Mukai, R.; Tamaru, Y. Pd-Catalyzed C3-Selective Allylation of Indoles with Allyl
Alcohols Promoted by Triethylborane. J. Am. Chem. Soc. 2005, 127, 4592-4593. [CrossRef] [PubMed]

Trost, B.M.; Quancard, ]. Palladium-Catalyzed Enantioselective C-3 Allylation of 3-Substituted-1H-Indoles
Using Trialkylboranes. J. Am. Chem. Soc. 2006, 128, 6314-6315. [CrossRef] [PubMed]

Zhu, Y.; Rawal, V.H. Palladium-Catalyzed C3-Benzylation of Indoles. J. Am. Chem. Soc. 2012, 134, 111-114.
[CrossRef]

Montgomery, T.D.; Zhu, Y.; Kagawa, N.; Rawal, V.H. Palladium-Catalyzed Decarboxylative Allylation and
Benzylation of N-Alloc and N-Cbz Indoles. Org. Lett. 2013, 15, 1140-1143. [CrossRef]

Kagawa, N.; Malerich, J.P; Rawal, V.H. Palladium-Catalyzed 3-Allylation of 2,3-Disubstituted Indoles.
Org. Lett. 2008, 10, 2381-2384. [CrossRef]


http://dx.doi.org/10.1016/j.saa.2008.07.045
http://www.ncbi.nlm.nih.gov/pubmed/18790663
http://dx.doi.org/10.1021/acs.orglett.9b00489
http://www.ncbi.nlm.nih.gov/pubmed/30835126
http://dx.doi.org/10.1002/anie.201705916
http://dx.doi.org/10.1002/jhet.5570180439
http://dx.doi.org/10.1016/j.tet.2014.06.054
http://dx.doi.org/10.1021/ar500167f
http://dx.doi.org/10.1002/chem.201503835
http://www.ncbi.nlm.nih.gov/pubmed/26661053
http://dx.doi.org/10.1021/ol302043s
http://www.ncbi.nlm.nih.gov/pubmed/22928846
http://dx.doi.org/10.1002/anie.201407518
http://www.ncbi.nlm.nih.gov/pubmed/25346494
http://dx.doi.org/10.1002/anie.201408551
http://dx.doi.org/10.1246/bcsj.32.838
http://dx.doi.org/10.1246/bcsj.34.334
http://dx.doi.org/10.1039/p29870001215
http://dx.doi.org/10.3987/COM-90-5446
http://dx.doi.org/10.1002/chin.201016166
http://dx.doi.org/10.1021/ol4005992
http://dx.doi.org/10.1002/anie.201409529
http://www.ncbi.nlm.nih.gov/pubmed/25475488
http://dx.doi.org/10.1021/ja0501161
http://www.ncbi.nlm.nih.gov/pubmed/15796522
http://dx.doi.org/10.1021/ja0608139
http://www.ncbi.nlm.nih.gov/pubmed/16683785
http://dx.doi.org/10.1021/ja2095393
http://dx.doi.org/10.1021/ol400334u
http://dx.doi.org/10.1021/ol8006277

Molecules 2019, 24, 4143 14 of 15

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Chen, J.; Cook, M.]. Palladium Catalyzed Decarboxylative Rearrangement of N-Alloc Indoles. Org. Lett.
2013, 15, 1088-1091. [CrossRef]

Rocchigiani, L.; Jia, M.; Bandini, M.; Macchioni, A. Assessing the Role of Counterion in Gold-Catalyzed
Dearomatization of Indoles with Allenamides by NMR Studies. ACS Catal. 2015, 5, 3911-3915. [CrossRef]
Montgomery, T.D.; Nibbs, A.E.; Zhu, Y.; Rawal, V.H. Rapid Access to Spirocyclized Indolenines via
Palladium-Catalyzed Cascade Reactions of Tryptamine Derivatives and Propargyl Carbonate. Org. Lett.
2014, 16, 3480-3483. [CrossRef]

Nibbs, A.E.; Montgomery, T.D.; Zhu, Y.; Rawal, V.H. Access to Spirocyclized Oxindoles and Indolenines via
Palladium-Catalyzed Cascade Reactions of Propargyl Carbonates with 2-Oxotryptamines and Tryptamines.
J. Org. Chem. 2015, 80, 4928-4941. [CrossRef]

Peng, B.-].; Wu, W.-T.; Yang, S.-C. Platinum-catalyzed allylation of 2,3-disubstituted indoles with allylic
acetates. Molecules 2017, 22, 2097. [CrossRef] [PubMed]

Suzuki, T.; Chisholm, J.D. Friedel-Crafts Alkylation of Indoles with Trichloroacetimidates. Tetrahedron Lett.
2019, 60, 1325-1329. [CrossRef] [PubMed]

Adhikari, A.A.; Radal, L.; Chisholm, J.D. Synthesis of 3,3"-Disubstituted Indolenines Utilizing the Lewis Acid
Catalyzed Alkylation of 2,3-Disubstituted Indoles with Trichloroacetimidates. Synlett 2017, 28, 2335-2339.
[PubMed]

Ali, . A.L; El Ashry, E.S.H.; Schmidt, R.R. Protection of Hydroxy Groups with Diphenylmethyl and 9-Fluorenyl
Trichloroacetimidates Effect on Anomeric Stereocontrol. Eur. J. Org. Chem. 2003, 4121-4131. [CrossRef]
Adhikari, A.A.; Shah, J.P; Howard, K.T.; Russo, C.M.; Wallach, D.R.; Linaburg, M.R.; Chisholm, J.D.
Convenient Formation of Diphenylmethyl Esters Using Diphenylmethyl Trichloroacetimidate. Synlett 2014,
25,283-287.

Shah, J.P; Russo, C.M.; Howard, K.T.; Chisholm, J.D. Spontaneous Formation of PMB Esters Using
4-Methoxybenzyl-2,2,2-Trichloroacetimidate. Tetrahedron Lett. 2014, 55, 1740-1742. [CrossRef]

Dulffy, B.C.; Howard, K.T.; Chisholm, J.D. Alkylation of Thiols with Trichloroacetimidates under Neutral
Conditions. Tetrahedron Lett. 2015, 56, 3301-3305. [CrossRef]

Wallach, D.R.; Chisholm, J.D. Alkylation of Sulfonamides with Trichloroacetimidates under Thermal
Conditions. |. Org. Chem. 2016, 81, 8035-8042. [CrossRef]

Howard, K.T.; Duffy, B.C.; Linaburg, M.R.; Chisholm, ].D. Formation of DPM Ethers Using O-Diphenylmethyl
Trichloroacetimidate under Thermal Conditions. Org. Biomol. Chem. 2016, 14, 1623-1628. [CrossRef]
Mahajani, N.S.; Chisholm, J.D. Promoter Free Allylation of Trichloroacetimidates with Allyltributylstannanes
under Thermal Conditions to Access the Common 1,1’-Diarylbutyl Pharmacophore. Org. Biomol. Chem.
2018, 16, 4008-4012. [CrossRef]

Mahajani, N.S.; Meador, R.LL.; Smith, T.].; Canarelli, S.E.; Adhikari, A.A.; Shah, ].P,; Russo, C.M.; Wallach, D.R,;
Howard, K.T.; Millimaci, A.M.; et al. Ester Formation via Symbiotic Activation Utilizing Trichloroacetimidate
Electrophiles. J. Org. Chem. 2019, 84, 7871-7882. [CrossRef] [PubMed]

Panknin, O.; Baeurle, S.; Ring, S.; Schwede, W.; Bone, W.; Nowak-Reppel, K.; Bender, E.; Nubbemeyer, R.;
Gnoth, M.]. Preparation of Spiroindoline Compounds as Gonadotropin- Releasing Hormone Receptor
Antagonists Useful in the Treatment of Sex Hormone-Related Diseases. Germany Patent W02013107743A1,
25 July 2013.

Wu, Q.-F; He, H.; Liu, W.-B.; You, S.-L. Enantioselective Construction of Spiroindolenines by Ir-Catalyzed
Allylic Alkylation Reactions. |. Am. Chem. Soc. 2010, 132, 11418-11419. [CrossRef] [PubMed]

Cheng, D.-]; Tian, S.-K. A Highly Enantioselective Catalytic Mannich Reaction of Indolenines with Ketones.
Adv. Synth. Catal. 2013, 355, 1715-1718. [CrossRef]

Wessel, H.-P.; Iversen, T, Bundle, D.R. Acid-Catalysed Benzylation and Allylation by Alkyl
Trichloroacetimidates. J. Chem. Soc. Pekin 11985, 2247-2250. [CrossRef]

Bachi, M.D.; Korshin, E.E.; Hoos, R.; Szpilman, A.M.; Ploypradith, P; Xie, S.; Shapiro, T.A.; Posner, G.H.
A Short Synthesis and Biological Evaluation of Potent and Nontoxic Antimalarial Bridged Bicyclic
-Sulfonyl-Endoperoxides. . Med. Chem. 2003, 46, 2516-2533. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/ol400110c
http://dx.doi.org/10.1021/acscatal.5b00502
http://dx.doi.org/10.1021/ol501409a
http://dx.doi.org/10.1021/acs.joc.5b00277
http://dx.doi.org/10.3390/molecules22122097
http://www.ncbi.nlm.nih.gov/pubmed/29186044
http://dx.doi.org/10.1016/j.tetlet.2019.04.007
http://www.ncbi.nlm.nih.gov/pubmed/31481819
http://www.ncbi.nlm.nih.gov/pubmed/29033500
http://dx.doi.org/10.1002/ejoc.200300323
http://dx.doi.org/10.1016/j.tetlet.2014.01.097
http://dx.doi.org/10.1016/j.tetlet.2014.12.042
http://dx.doi.org/10.1021/acs.joc.6b01421
http://dx.doi.org/10.1039/C5OB02455B
http://dx.doi.org/10.1039/C8OB00687C
http://dx.doi.org/10.1021/acs.joc.9b00745
http://www.ncbi.nlm.nih.gov/pubmed/31117564
http://dx.doi.org/10.1021/ja105111n
http://www.ncbi.nlm.nih.gov/pubmed/20677752
http://dx.doi.org/10.1002/adsc.201300161
http://dx.doi.org/10.1039/p19850002247
http://dx.doi.org/10.1021/jm020584a
http://www.ncbi.nlm.nih.gov/pubmed/12773055

Molecules 2019, 24, 4143 15 of 15

80. Li, C.K,;Li, W.B.; Wang, J.B. Gold(I)-Catalyzed Arylmethylation of Terminal Alkynes. Tetrahedron Lett. 2009,
50, 2533-2535. [CrossRef]

81. Adhikari, A.A.; Suzuki, T.; Gilbert, R.T.; Linaburg, M.R.; Chisholm, ]J.D. Rearrangement of Benzylic
Trichloroacetimidates to Benzylic Trichloroacetamides. J. Org. Chem. 2017, 82, 3982-3989. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.tetlet.2009.03.067
http://dx.doi.org/10.1021/acs.joc.7b00245
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results & Discussion 
	Materials and Methods 
	General Experimental Information 
	Preparation of Trichloroacetimidates 
	Synthesis of 3,3'-Disubstituted Indolenines 
	Elaboration of the 3,3'-Disubstituted Indolenines 

	Conclusions 
	References

