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ABSTRACT: A synthetic strategy for the synthesis of chiral tetrahydrocarbazoles (THCAs) has been developed. The strat-
egy relies on two types of 6-exo-trig cyclization of 3-substituted indole substrates. Enantioselective domino Friedel-Crafts-
type reactions leading to THCAs can be catalyzed by chiral phosphoric acid derivatives (with up to >99% ee), and the first

examples of exocyclic Pictet-Spengler reactions to form THCAs are reported.

The classical Pictet-Spengler reaction, in which an
amine is condensed with an aldehyde to form a six-
membered N-heterocycle via an iminium intermediate
(Figure 1, path a, 6-endo-trig) is a robust and well-
established process.”* However, to our knowledge, an
exocyclic version of this reaction has not yet been re-
ported to give the pharmaceutically interesting indole-
containing  tetrahydrocarbazole (THCA) skeleton
(Figure 1, path b, 6-exo-trig),* probably due to the in-
stability of the starting aldehyde.?

Figure 1. The classical Pictet-Spengler reaction (path
a) and the exocyclic Pictet-Spenger reaction (path b).
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This paper describes the development of exocyclic
Pictet-Spengler reactions and related cyclizations, in-
cluding a highly enantioselective route to 1-substituted
THCAs. Our overall plan was to trigger two types of 6-
exo cyclization using the same starting aldehyde (1)
(Scheme 1): direct cyclization providing hydroxyl-
containing THCAs (2) (type 1), and cyclization in the
presence of external nucleophiles (type 2), including the
exocyclic Pictet-Spengler reaction. Furthermore, we

reasoned that it should be possible to convert 2 to 3 by
reaction with external nucleophiles, and we envisioned
enantioselective versions of all these processes.
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Scheme 1. Strategy for the synthesis of THCAs.

Initial investigations focused on the “type 1’ conver-
sion of 4 to THCA 5 but, surprisingly, formation of
compound 6 (Scheme 2, see also the ESI for a full ac-
count of reaction optimization) was observed in most
cases. Generally, strong Bronsted and Lewis acids pro-
vided 6; however the use of formic acid in acetoni-
trile:water (121) provided a clean conversion to the de-
sired THCA 5 in excellent yield (93%, Scheme 3).
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Scheme 2. Cyclization of aldehyde 4.



Compound 6 could be obtained in reasonably good
yield when 4 was treated with TFA (59%, Scheme 3).
The formation of 6 is accompanied by the formation of
3 stereocenters, of which two are formed in a highly
diastereoselective fashion (as evidenced by the crystal
structure of 8, Scheme 4). As an indication of the reac-
tivity of 4, the formation of 5 and 6 was observed simply
upon storage of the aldehyde at ambient temperature.
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Scheme 3. Selective cyclizations of aldehyde 4.

To confirm the structure of 6, the imine was reduced
to the corresponding amine (Scheme 4). However,
NMR analysis indicated occurrence of an additional
reaction, involving the indole nitrogen, giving com-
pound 7 in 80% yield. The structure of 7 was confirmed
after acylation with 3,5-dinitrobenzoyl chloride to give
8 as a single diasteromer. The crystal structure of 8 is
shown in Scheme 4.
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Scheme 4. Validation of the structure of 6 and crys-
tal structure of 8.

Not unexpectedly, the ease of the “type 1” cyclization
was very dependent on the electronic properties of the
indole (Scheme 5). The electron-rich indoles ga and gb
gave the desired products (10a and 10b) in superb yields
(91 - 95%), while for the less nucleophilic gc¢ no conver-
sion was observed, even at elevated temperatures. No-
tably, when the aldehyde functionality was changed to a
ketone, no conversion was observed for any of the sub-

strates.
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Scheme 5. “Type 1” cyclization to THCAs.

The formation of compound 6 indicated that a “type
2” reaction (cf. Figure 1) should also be possible. Alde-
hyde 4 was therefore reacted with indole as external
nucleophile in the present of catalytic amounts of di-
phenyl phosphate and the desired THCA 11 was isolated
in excellent yield (92%).
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Scheme 6. “Type 2” cyclization to THCAs.

Careful monitoring of these reactions via both TLC
and LC/MS indicated that the cyclization did indeed
occur first, followed by external nucleophilic attack, in a
domino Friedel-Crafts type of process.®” Furthermore,
alcohol 5 could be converted to 11 upon reaction with
indole and diphenyl phosphate in CH,Cl, in 80% yield
(Scheme 7), thus validating the overall strategy outlined
in Scheme 1.
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Scheme 7. Conversion of a “type 1” product into a
“type 2” product.

We then addressed the question of enantioselectivity
by using chiral phosphoric acids®® to catalyze the “type
2” cyclization. After preliminary screening experiments,
reaction conditions were optimized for the use of (R)-
3,3'-bis(2,4,6-triisopropylphenyl)-1,1'-binaphthyl-2,2’-
diyl hydrogenphosphate ((R)-TRIP) in CH,Cl, at —50
°C.” When aldehyde 4 was exposed to a range of exter-
nal nucleophiles, the desired products were obtained
only with electron-rich heterocycles and thiols (Table
1). Attempted reactions with poorer carbon nucleo-
philes such as furan and trimethoxybenzene, as well as
with alcohols, gave no conversion to the desired prod-
ucts. As shown in Table 1 (entries 1 - 10) the substitu-
tion pattern and the steric bulk of the external indole
nucleophile had considerable impact on both the yields
(35 - 74%) and the enantioselectivity (11 - 94% ee). For
example, the highest enantioselectivity (94 % ee) was
obtained using 2-tert-butyl-indole, which can be com-
pared with the 2-methyl analog (25% ee), the isolated
yields being comparable (Table 1, entries 2 and 3). The
substituent pattern of the aldehyde (gb, 12a-d) also
proved highly important, as the products 13k-o were
isolated in moderate to excellent yields (35 - 94%, gen-
erally >78%) and with low to moderately high ee (6 -
78%, Table 1, entries, 11 - 15).



Table 1. Enantioselective synthesis of THCAs via domino “type 2” cyclization/Friedel-Crafts-type reactions.

[o]
i
R! A H
NR2

4,12a-e

NuH (1 equiv)
(R)-TRIP (5 mol%)

CH,Cl,, -50 °C, time

R{I\Q
x~""NR2 Nu

13a-t

Entry Substrate R R? NuH Time [h] Product, yield (%)" ee (%)°
1 4 H H indole 4 133, 74 54
2 4 H H 2-methylindole 5 13b, 64 25
3 4 H H 2-tert-butyl-indole 22 13¢, 54 94
4 4 H H 3-methylindole 6 13d, 51 26
5 4 H H 4-methylindole 4 13e, 73 63
6 4 H H 4-methoxyindole 13f, 60 43
7 4 H H 5-methylindole 5 138, 73 28
8 4 H H 6-methylindole 10 13h, 71 1
9 4 H H 7-methylindole 6 13i, 71 53
10 4 H H 7-(benzyloxy)indole 9 13j, 35 56
1 9b H Bn indole 8 13k, 53 1
12 12a 4-OMe H indole 3 131, 80 28
13 12b 5-Br H indole 16 13m, 78 6
14 12¢C 5-F H indole 131, 90 21
15 12d 7-Me H indole 4 130, 94 78
16 4 H H 1,2,4-triazole 48 13p, 44 o
17 4 H H pyrazole 5 13q, 74 10
18 4 H H indazole 4 131, 94 1’
19 4 H H thiophenol 6 135, 92 42
20 4 H H benzyl mercaptan 6 13t, 95 46

“ Isolated yield after flash column chromatography. ® Determined by chiral NP-HPLC. ¢ Reaction carried out at -20 °C. ¢ Reac-

tion carried out at rt.

Returning to reactions of aldehyde 4, reactions of some
other heterocyclic carbon nucleophiles (Table 1, entries 16
-18) and sulfur nucleophiles (entries 19 and 20) gave good
to excellent yields (up to 95%) but generally low enanti-
oselectivity (46% ee at best).

Encouraged by the excellent enantioselectivity provided
by 2-tert-butyl-indole (Table 1, entry 3), we explored the
possibility of using the removable TMS group in the 2-
position of the indole nucleophile (Table 2). When alde-
hyde 4 was exposed to a range of readily available 2-TMS-
indoles (14a-f), followed by removal of the TMS group,
the desired products (15a-f) were generally isolated in
excellent enantiopurity (95 to > 99% ee) and moderate to
good yields (33 - 70%,

Table 2, entries 1 - 4). The lower ee for 15e was due to
racemization during the deprotection, as cyclized materi-
al of 96% ee was obtained prior to TMS removal. The poor
yield and enantioselectivity observed for the reaction of
14f (entry 6) can be explained by the instability of this
nucleophile under the reaction conditions (e.g. desilyla-
tion was observed to occur).

Table 2. Enantioselective synthesis of THCAs using 2-
TMS-indoles.

0
1. (R)-TRIP (5 mol%), .
/J<H . RmTMS CHoCly, -50°Ctort, 4- 17 h O ) S
’: DS N 2. 4M HCI (aq) NN
H

H

4 14a-f 15a-f
Product, yield
Entry | Indole R (%)° ee (%)
1 14a H 154, 52 >99
2 14b 5-OBn 15b, 70 97
3 14¢ 5-Cl 15¢, 33 97
4 14d 5-CF; 15d, 43 95
5 14e 5-OCF; 15€, 47 77
6 14f 6-CO,Me 15f, 12 22

“ Isolated yield after flash column chromatography. * De-
termined by chiral NP-HPLC. ¢ Reaction temp —20° C




Finally, we turned our attention to the long-sought exo-
cyclic Pictet-Spengler reaction, for which a new optimiza-
tion study proved to be necessary.” As shown in Table 3, a
variety of functional groups is tolerated, and yields are
generally acceptable. Unfortunately, reactions catalyzed
by (R)-TRIP gave only low enantioselectivity (< 10% ee)
and a synthetically useful asymmetric version of the exo-
cyclic Pictet-Spengler reaction remains elusive.

Table 3. Exocyclic Pictet-Spengler Reactions.

0 NHR2R3 (1.1 equiv), a
A J<H (PROJPOH (10mo%) o N
R “ | N toluene, M.S (4A), 50 °C, time N N-R?
H

H g
4,12b, 12d 16a-i
En- | Sub- R R* R? Time | Product,
try | strate [h] Yield
(%)°

1 4 H Bn Bn 20 16a, 61
2 4 H Bn Allyl 20 16b, 62
3 4 H Bn Sg%g; 20 16¢, 53
4 4 H Bn Cil]f:fo 2 16d, 77
5 4 H Ph Et 2 16e, 15
6 4 H Ph H 20 16f, 76
7 12b 4-Br Bn Bn 20 168, 24
8 12d 7-Me Bn Me 74 16h, 43
9 12d 7-Me Bn Bn 48 16i, 61

“Isolated yield after flash column chromatography.

In conclusion, we have developed a synthetic strategy
for the synthesis of chiral tetrahydrocarbazoles (THCAs)
which relies on 6-exo-trig cyclizations. Enantioselective
domino Friedel-Crafts-type reactions leading to THCAs
can be catalyzed by chiral phosphoric acid derivatives
(with up to >99% ee) and the first examples of exocyclic
Pictet-Spengler reactions are also described.

ASSOCIATED CONTENT

Supporting Information

Experimental details, procedures and characterization of all
compounds. This material is available free of charge via the
Internet at http://pubs.acs.org.

AUTHOR INFORMATION
Corresponding Author

* E-mail: ten@sund.ku.dk
Author Contributions

All authors have given approval to the final version of the
manuscript.

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

The Technical University of Denmark, the Lundbeck Foun-
dation, and the DSF Center for Antimicrobial Research
(CAR) are gratefully acknowledged for financial support.

REFERENCES

(1) Pictet, A.; Spengler, T. Ber. Deutsh. Chem. Ges. 1911, 44,
2030-2036.

(2) For selected reviews on the Pictet-Spengler reaction, see:
(a) Stockigt, J.; Antonchick, A. P.; Wu, F.; Waldmann, H. Angew.
Chem. Int. Ed. 20m, 50, 8538-8564. (b) Cox, E. D.; Cook, J. M.
Chem. Rev. 1995, 95, 1797-1842. (c) Nielsen, T. E.; Diness, F.;
Meldal, M. Curr. Opin. Drug. Discov. Devel. 2003, 6, 801-814. (d)
Laine, A. E.; Lood, C.; Koskinen, A. M. P. Molecules 2014, 19,
1544-1567.

(3) For reviews on iminium ion cyclization, see Maryanoff, B.
E.; Zhang, H.-C.; Cohen, J. H.; Turchi, I. J.; Maryanoff, C. A.
Chem. Rev. 2004, 104, 1431-1628. (b) Royer, J.; Bonin, M.; Micouin,
L. Chem. Rev. 2004, 104, 2311-2352. (c) Speckamp, W. N.; Mool-
enaar, M. ]. Tetrahedron, 2000, 3817-3856. (d) Le Quement, S. T;
Petersen, R.; Meldal. M.; Nielsen, T. E. Biopolymers, 2010, 94,
242-256.

(4) For selected reviews on THCAs see: (a) Bergman, J.;
Pelcman, B. Pure Appl. Chem. 1990, 62, 1967-1976. (b) Knélker,
H.-J.; Reddy, K. R. Chem. Rev. 2002, 102, 4303-4427. (¢) Schmidt,
A. W,; Reddy, K. R.; Knoélker, H.-J. Chem. Rev. 2012, 112, 3193-
3328.

(5) Blair, L. M.; Sperry, J. Synlett 2013, 24, 1931-1936.

(6) Tietze, L. F. Chem. Rev. 1996, 96, 115-136.

(7) For selected reviews on the Friedel-Crafts reaction, see:
(a) Sartori, G.; Maggi, R. Chem. Rev. 2006, 106, 1077-104. (b)
Poulsen, T. B.; Jorgensen, K. A. Chem. Rev. 2008, 108, 2903-2915.
(c) Rueping, M.; Nachtsheim, B. ]. Beilstein J. Org. Chem. 2010, 6,
6-29.

(8) For selected reviews on chiral phosphoric acids, see:
(a) Akiyama, T.; Itoh, J.; Fuchibe, K. Adv. Synth. Catal. 2006, 348,
999-1010. (b) You, S.-L.; Cai, Q.; Zeng, M. Chem. Soc. Rev. 2009,
38, 2190-2201. (¢) Zamfir, A.; Schenker, S.; Freund, M.; Tsogoeva,
S. B. Org. Biomol. Chem. 2010, 8, 5262-5276. (d) Schenker, S.;
Zamfir, A.; Freund, M.; Tsogoeva, S. B. Eur. J. Org. Chem. 2011,
2209-2222.

(9) For recent examples of use of chiral phosphoric acids in
the Friedel-Crafts reaction, see: (a) Uraguchi, D.; Sorimachi, K.;
Terada, M. J. Am. Chem. Soc. 2004, 126, 1804-11805. (b) Wang,
Y.-Q.; Song, J.; Hong, R.; Li, H.; Deng, L. J. Am. Chem. Soc. 2006,
128, 8156-8157. (c) Jia, Y.-X.; Zhong, J.; Zhu, S.-F.; Zhang, C.-M.;
Zhou, Q.-L. Angew. Chem. Int. Ed. 2007, 46, 5565-5567. (d) Zhuo,
M.-H,; Jiang, Y.-J.; Fan, Y.-S.; Gao, Y.; Liu, S.; Zhang, S. Org. Lett.
2014, 16, 1096-1099.

(10) See ESI for details.



o)
H NuH, acid = | N\
N >
X N OH/Nu
H H

NuH = heterocycles, RSH, R,NH




