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e of bridged macrocyclic
pyrroloindolines formed in regiodivergent
alkylations of tryptophan†

Tristin E. Rose,‡ Brice H. Curtin,‡ Kenneth V. Lawson,‡§ Adam Simon, K. N. Houk
and Patrick G. Harran*

A Friedel–Crafts alkylation is described that efficiently transforms tryptophan-containing peptides into

macrocycles of varying ring connectivity. Factors are surveyed that influence the distribution of

regioisomers, with a focus on indole C3-alkylations leading to bridged endo-pyrroloindolines. We probe

the stability and stereochemistry of these pyrroloindolines, study their rearrangement to C2-linked

indolic macrocycles, and demonstrate a scalable, stereoselective synthesis of this compound class.

Placing the macrocyclization in sequence with further template-initiated annulation leads to

extraordinary polycyclic products and further demonstrates the potential for this chemistry to drive novel

peptidomimetic lead discovery programs.
Introduction

The pyrroloindoline (hexahydropyrrolo[2,3-b]indole) motif is
present in numerous tryptophan- and tryptamine-derived
natural products. Methods to synthesize this ring system typi-
cally parallel biosynthetic schemes, wherein an indolic
precursor is activated by substitution at its C3 position by an
external electrophile.1 The incipient indolenium ion is then
captured internally by a proximal nitrogen nucleophile (Fig. 1A).
Bimolecular reactions of tryptophan in this manner oen
proceed without diastereoselectivity.2 Where achievable, kinet-
ically diastereoselective transformations typically favor an exo
disposition of the C2-carboxyl group,3 the extent of which
depends strongly on the nature of the electrophile and on Na-
and carboxyl substitution.4 Signicant advances in enantiose-
lective synthesis of pyrroloindolines have been recently re-
ported,5 including catalyst systems that can override the
inherent substrate bias of tryptophan.6 Here, we investigate
a different modality wherein the indole activation step is itself
a ring-forming reaction (Fig. 1B).
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Acid-promoted Friedel–Cras alkylation enables procedur-
ally straightforward, protecting group-free access to densely
functionalized macrocycles.1 The indolic side chain of
Fig. 1 (A) Pyrroloindoline synthesis and biosynthesis typically proceed
via bimolecular electrophilic substitution of indole at C3 and capture of
the resulting indolenium ion by a proximal nitrogen nucleophile. The
reaction of tryptophan is often exo-selective. aTautomerization of
tryptophan by acid equilibrates to the C2-endo pyrroloindoline.4e,10 (B)
Intramolecular C–C bond formation at C3 leads to ansa-bridged
macrocyclic pyrroloindolines.
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tryptophan is a powerful partner in this chemistry, because its
multident nucleophilicity leads to diverse ring structures.
Competing alkylation of indole C3 is particularly interesting as
it embeds an endo-pyrroloindoline segment directly into an
angularly linked, ansa-bridged peptidyl macrocycle.2 Pyrro-
loindolines bearing a C3a-linked macrocycle are rare, having
been identied in only two classes of natural products, the
chaetocochins,7 and nocardioazines.8 To our knowledge,
synthesis of macrocyclic pyrroloindolines by intramolecular
indole C3 substitution is limited to one example in an initial
communication by us (vide infra).9 The present study accesses
six new products bearing these motifs, as well as thirty-nine
additional indolic macrocycle isomers, and characterizes their
structures and reactivity in detail.

In a recent study of internal alkylations of tryptophan-con-
taining peptides, we characterized the products derived from
acidolysis of composite oligomer 2 (Scheme 1).9 When treated
with Brønsted or Lewis acid, degradation of the cinnamyl
carbonate in 2 led to competing internal Friedel–Cras alkyl-
ations of proximal tryptophan and tyrosine side chains. The
distribution of products was sensitive to acid promoter, solvent
and temperature. Major products resulted from substitution at
indole C5 of both tryptophan residues (4, 5, Scheme 1). The least
polar isomer, a minor product of the reaction, was assigned as
ansa-bridged polycycle 3, wherein the macrocyclization had
formed an angular C–C linkage to a newly-formed endo-pyrro-
loindoline. The connectivity and relative stereochemistry of 3
was assigned by correlation NMR spectroscopy (HMBC,
NOESY). Within limits of preparative isolation and analysis,
a single diastereomer of 3 was identied in the product mixture.
Scheme 1 Initial unoptimized discovery (see ref. 9). Oligomer 2, derived fr
internal Friedel–Crafts alkylation under acidic conditions (e.g. MeSO3H,
Bridged endo-pyrroloindoline 3 was obtained as a minor product.

This journal is © The Royal Society of Chemistry 2016
Large ring-forming alkylations of this type were designed to
generate topologically varied macrocycles with the intent of
studying how ring connectivity and side chain rotational
freedom inuence pharmacological properties. Macro-
cyclization alone oen improves performance relative to linear
counterparts by restricting conformation and masking polar
functional groups.11 Recent efforts have focused on confronting
the pharmacokinetic limitations typically faced by macro-
cycles.11a,c,12 In particular, stereochemistry and backbone N-
methylation patterns have been identied in cyclic penta- and
hexapeptide lactams,11d,13 and of related analogs,11b,14 that
enable passive diffusion through membranes and enhance oral
bioavailability. More general means to affect these changes
would be highly desirable. Along these lines, the increased
rigidity and fewer main chain N–H bonds in 3 made this
compound particularly interesting.

Here, we carefully examine the structure and stability of
ansa-bridged pyrroloindolines related to 3. We survey their
prevalence in mixtures of isomeric macrocycles generated by
internal Friedel–Cras alkylations of tryptophan. We eval-
uate structural features and reaction conditions that inu-
ence pyrroloindoline formation, and examine the origin of
the observed diastereoselectivity. In addition, we have
prepared a member of this new structural class using
conventional target-based synthesis, thereby conrming the
structure and establishing a scalable route to the group in
general. Lastly, we show that this new unimolecular pyrro-
loindoline formation also proceeds in more complex
settings.
om template 1 and Trp–Trp–Tyr, forms isomeric macrocycles by direct
MeNO2). Major products 4 and 5 result from substitution at indole C5.
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Results and discussion

Analogs of linear oligomer 2 were designed to block major
pathways of C5 alkylation in an attempt bias macrocyclization
towards electrophilic substitution at indole C3. Substrates 6 and
7 bearing 5-methyl- and 5-uoro-L-tryptophan, respectively,
blocked C5 alkylation and removed competing side chain
nucleophiles of Trp1 and Tyr3 (Scheme 2). Treating 6 or 7 with
either methanesulfonic acid or triimide in nitromethane{ led
to complete conversion to a mixture of isomeric products within
minutes at room temperature. Abundant products were isolated
and characterized as C–C and C–N linked macrocycles 8a–d and
9a–d. Bridged pyrroloindolines 8d and 9dwere assigned as endo-
22S,24R,25R on the basis of sequential NOE correlations about
the newly formed pyrrolidine ring (see Scheme 2A). However,
these materials were again obtained only as minor products.
While using triimide (4–6 eq.) as the acid promoter increased
overall yield and remarkably shortened reaction times (1–2min),
it did not appreciably alter product distribution as had been
observed for parent substrate 2.9 Blocking C5 with an electron-
donating substituent (i.e. –CH3) had not suppressed reaction at
the benzenoid ring or enhanced pyrroloindoline formation as
intended, but an electron-withdrawing substituent (i.e. –F) was
Scheme 2 Pyrroloindoline-forming macrocyclizations of 5-substituted t
substitution at indole N1, C2, C3, C4 or C6 (blue). The connectivity and r
assigned by 1H–13C-HMBC and 1H–1H-NOESY (red arrows), respectively
were detected by HPLC; combined yield underestimates actual yield
determined.

4160 | Chem. Sci., 2016, 7, 4158–4166
somewhat more effective in this regard. Both, however, shied
reactivity at the benzenoid ring from C5 to C4. Nonetheless, the
formation of 15-membered macrocyclic endo-pyrroloindoline
products in substrates bearing P2 tryptophan residues appeared
to be generally diastereoselective.

Accordingly, we next surveyed substrates varying in the
position of tryptophan and in composition of the surrounding
peptide. Substrate 10, bearing 5-uoro-L-tryptophan at P4,
underwent rapid cyclization unimpeded by the basic guanidine
or imidazole side chains of arginine and histidine, respectively
(Scheme 2B). Triimide improved reaction yield considerably in
this case, and afforded 21-membered ring bridged endo-pyrro-
loindoline 11e and isomeric macrocycles 11a–d in 91%
combined yield. Notably, the major product resulted from
alkylation at indole C6 (i.e. 11d), rather than C4 as had been
observed in reactions of 6 and 7. Taken together, these data
suggest that regioselectivity tracks the inherent indole reac-
tivity, which can be inuenced by substitution of the indole
nucleus. However, unlike bimolecular variants, the course of
these cyclizations also depends on the geometry attainable by
a given substrate and therefore the sequence of the embedded
peptide. Thus, blocking the highly reactive C5 position of native
tryptophan offers a useful means to nely tune the topology of
ryptophans. (A, B) Acidolysis of oligomers 6, 7 or 10 promotes internal
elative stereochemistry of bridged pyrroloindolines 8d, 9d and 11e was
. aTf2NH 4–6 eq., MeNO2, 5 mM in substrate, rt. bAdditional products
due to characterization of only major products, shown. nd ¼ not

This journal is © The Royal Society of Chemistry 2016
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macrocyclic products by shiing ring connectivity to adjacent
positions C4 and C6.

To further test the effect of chain length on reaction regio-
selectivity and pyrroloindoline formation, we examined cycli-
zations of isomeric substrates 12–15 bearing 5-bromo-L-
tryptophan in positions 1 through 4 (Scheme 3). Acidolysis of P1
variant 12 resulted primarily in cyclization at indole C6 (i.e. 16a)
and, to a lesser extent, at N1 and C7. No pyrroloindoline was
observed in this case, presumably due to unfavorable strain
associated with formation of a 13-memered ring by C3 substi-
tution. As expected, P2 isomeric sequence 13 led to the pyrro-
loindoline 17e bearing the core 15-membered ring shared by
products 3, 8d and 9d. Surprisingly, however, 17e was formed as
the major product in 28% yield. It is not yet known whether this
improved yield reects the inherent reactivity of 5-bromoindole.
Regioselectivity for C3 alkylation may also benet from the
smaller steric bulk of the serine side chain in 17e relative to
tryptophan in 3 or to phenylalanine in 8d and 9d. Intriguingly,
acidolysis of isomeric P3 sequence (14) also led to C3 alkylation
and cyclization giving endo-pyrroloindoline 18c as the major
product in 27% yield. The nal P4 variant (15), however, did not
give an analogous pyrroloindoline but instead afforded exo-
pyridoindoline 19b by cyclization of the terminal carboxamide
subsequent to C3 cinnamylation. Interestingly, the observed exo
conguration had resulted from initial pro-R substitution,
a facial bias identical to that observed for the pyrroloindoline
outcomes. In another case, however, a substrate bearing
5-bromotryptophan at P4 yielded both exo- and endo-
Scheme 3 Cyclization scan of oligomers having Trp(5-Br) shifted along t
composition and ring size, but favored by 5-bromotryptophan. No pyrro
and 14 lead to pyrroloindolines 17e and 18c, respectively, as major produc
the terminal carboxamide to exo-pyridoindoline 19b. Reaction conditions
isomer distribution see ESI Fig. S4–S7.†

This journal is © The Royal Society of Chemistry 2016
pyridoindolines (1.8 : 1 dr, see ESI Fig. S8†). This suggests that
the mechanism for diastereoselection leading to exo-19b is
distinct from pyrroloindoline outcomes (vide infra). The
substrates surveyed here indicate that regioselectivity in tryp-
tophan-based macrocyclizations is sensitive to oligomer
composition, but bridged endo-pyrroloindoline and pyr-
idoindoline products appear to form frequently.

While facial bias offers one potential rationale for the
observed diastereoselectivity, we remained cognizant of the
possibility for rearrangement of C3-linked macrocycles to other
isomers under the reaction conditions.15 Indeed, bimolecular
electrophilic substitution at indole C2 oen proceeds by initial
C3 addition and 1,2-migration.16 When isolated pyrroloindoline
18c was re-subjected to the reaction conditions with Tf2NH
(4 eq.) in MeNO2, partial 1,2-rearrangement to the corre-
sponding C2-linked isomer 18a was observed over a period of
several hours. Consistent with previous observations, this slow
equilibration of pyrroloindoline products suggests that large
ring-forming cinnamylations proceed under kinetic control.17

Under forcing conditions with 20 vol% TFA in MeNO2, complete
rearrangement of 18c to 18a was observed within 3 hours (t1/2 ¼
44 min, Fig. 2). Trace formation of other macrocycle isomers
indicates that 1,2-rearrangement competes with reversion to
a cinnamyl carbocation. The formation of C2-linked 18a in brief
acidolysis reactions of linear substrate 14may result from direct
substitution at C2.16b,18 Alternatively, 18a may result from
initially unselective C3 alkylation and rapid 1,2-rearrangement
of one diastereomer, that corresponding to the exo-
he chain (P1 / P4). Pyrroloindoline formation is sensitive to sequence
loindoline is formed from P1 isomer 12, whereas P2 and P3 variants 13
ts. Internal C3 alkylation of the P4 variant leads instead to cyclization of
as in Scheme 2. *Denotes non-isomeric impurity. For detailed product

Chem. Sci., 2016, 7, 4158–4166 | 4161
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Fig. 2 Rearrangement of pyrroloindoline 18c. (A) Time-course HPLC-
UV (254 nm) analysis showing rearrangement of isolated 18c to isomer
18a in TFA/MeNO2 solution. Trace regioisomers (labelled) also form in
this reaction. (B) Proposed mechanism for 1,2-rearrangement.18 (C)
Kinetic plot showing pseudo-first-order reaction of 18c and accu-
mulation of major product 18a.

Fig. 3 exo-Pyrroloindolines rearrange more readily than endo-pyr-
roloindolines. (A) Under acidic conditions, C3a-cinnamyl pyrro-
loindolines undergo ring-chain tautomerism and 1,2-rearrangement
to indole C2-linked isomers. The kinetic plot for rearrangement of 21a
and 21b in 20 vol% TFA at 5 �C shows the faster rate of reaction for
exo-pyrroloindoline 21b. From Eyring analysis, the free energy of
activation was 1.9 kcal mol�1 higher for exo-21b relative to endo-21a.
(B) DFT calculations indicate that endo-pyrroloindoline 21a is the
thermodynamically more stable than exo-21b. Cinnamyl 1,2-shift is
rate limiting in both cases, and the reaction of exo-21b proceeds via
a lower kinetic barrier (see text and further discussion in ESI†). Note: all
free energies are in kcal mol�1.
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pyrroloindoline (i.e. pro-S addition at C3).19 Though a discrete
exo diastereomer has not been observed, the latter possibility is
supported by the near equal ratio of C3- to C2-linked products
in the aforementioned seven examples. In two additional acid-
promoted cyclizations, however, indole C2-linked macrocycles
were obtained in the absence of pyrroloindoline products (see
ESI Fig. S8 and S9†). Yet, in the case of 2 / 3 (Scheme 1), the
product of C3 alkylation was obtained without concurrent C2
alkylation.9

To further probe the origin of diastereoselectivity in pyrro-
loindoline-forming macrocyclizations, we examined the 1,2-
rearrangement of model exo- and endo-pyrroloindolines 21a
and 21b (Fig. 3A). Under pseudo-rst-order conditions using 20
vol% TFA in MeNO2, rearrangement of exo-21b to indole C2-
linked product 22 proceeded at a rate nearly 30-times faster
than that of endo-21a (Fig. 3B). An Eyring plot was constructed
from rate data at ve different temperatures, which revealed
activation energies DG‡

exo ¼ 20.5 kcal mol�1 and DG‡
endo ¼ 22.4

kcal mol�1 for these processes at 22 �C. We next explored this
reaction computationally in order to better understand this
kinetic difference. Using density functional theory (DFT), endo-
pyrroloindoline 21a (R ¼ Me) was calculated to be 1.0 kcal
mol�1 more stable than the corresponding exo diastereomer
21b. This nding is consistent with reported thermodynamic
4162 | Chem. Sci., 2016, 7, 4158–4166
preferences of related pyrroloindolines.3b,4e,19 Preference for the
endo-pyrroloindoline in this case is primarily due to 1,3-allylic
strain resulting from the tertiary amide (ESI Fig. S15†). DFT was
This journal is © The Royal Society of Chemistry 2016
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also used to calculate the free energy proles for the reactions of
21a and 21b (ESI Fig. S11†). In each case, 1,2-shi of the cin-
namyl group from an intermediate indolium ion (i.e. 23a,b) was
found to be rate limiting (see ESI Fig. S14 and S16†). Diaste-
reomeric transition structures TS-2a and TS-2b bear nearly
enantiomeric geometries with respect to the indole ring and
migrating cinnamyl group, but differ in orientation of the
S-alanyl moiety relative to the indolic nucleus. This leads to
greater stabilization of transition state TS-2b relative to TS-2a
(DDG‡

calc ¼ 2.9 kcal mol�1), in agreement with the experimen-
tally observed difference in activation energy (DDG‡

exp ¼ 1.9 kcal
mol�1). Thus, the more rapid rearrangement of exo-pyrro-
loindoline 21b results both from the higher energy of 21b
relative to 21a, and from the lower kinetic barrier for the reac-
tion 21b/ 22 relative to 21a/ 22. These ndings suggest that
the diastereoselectivity observed in pyrroloindoline-forming
macrocyclizations arises, at least in part, from the facility with
which exo-pyrroloindolines rearrange to the corresponding
indole C2-linked isomers.

The Friedel–Cras macrocyclizations under study generate
collections of macrocycle isomers that would be time-
consuming to prepare individually. Exploring ring diversity in
this manner is our approach to rening biological activity.
Importantly, isomers of particular interest may also be synthe-
sized by convergent means. This has been demonstrated by
a selective synthesis of uorinated pyrroloindoline 9d (Scheme
4). Starting from 5-uoro-L-tryptophan methyl ester and cin-
namyl alcohol 24, a derivative of template 1, intermolecular Pd0-
catalyzed allylation promoted by Et3B led to selective C3 cin-
namylation and afforded endo-pyrroloindoline 26 in 80% yield
Scheme 4 Selective synthesis of pyrroloindoline 9d. Bimolecular Pd0-cat
by Et3B sets up to form the bridging 15-membered ring by lactamizatio
match that of material isolated from the acid-promoted cyclization. Key

This journal is © The Royal Society of Chemistry 2016
as a single diastereomer.20 The remaining two amino acids were
then introduced by rst amidation of 26 with N-Boc-L-phenyl-
alanine, then saponication of the methyl ester and coupling of
the resulting carboxylate to L-threonine amide to give 27.
Deprotection of the N-Boc and tert-butyl groups with TFA : DCM
(1 : 1) at 0 �C minimized C3–C2 rearrangement, and lactam-
ization of this seco acid with HBTU completed bridged pyrro-
loindoline 9d. This material was spectroscopically identical to
that obtained by the acidolysis of 7 (see annotations Scheme 4).
Convergent routes such as this are useful for preparing larger
quantities of material, whereas Friedel–Cras cyclization forms
pyrroloindolines and additional macrocycle isomers rapidly
and directly.

Internal alkylations using simple template 1 form large rings
with broad functional group tolerance and procedural ease.
Creative opportunity exists to combinemacrocyclizations of this
type with additional template reactivity to further stabilize the
peptide domain by rigidifying product structures. For example,
variant 28 additionally bears a latent aldehyde designed to
initiate N-acyliminium ion cyclizations (e.g. 29, Scheme 5), the
results of which depend on the nature of the P1 side chain.21

Extensive investigations of this reaction by the Meldal labora-
tory demonstrate exibility and generally high diaster-
eoselectivity.21 In direct comparison to template 1, we examined
the performance of trifunctional variant 28 using prototypical
tryptophan-containing oligomer Trp–Trp–Tyr.9,22 Acylation of
the peptide N-terminus and subsequent treatment with
aqueous acetic acid promoted diastereoselective Pictet–Spen-
gler cyclization of Trp1 to give intermediate fused tryptoline 30
in 88% yield. When treated with Tf2NH (3 eq.) in MeNO2, this
alyzed C3-selective cinnamylation of 5-fluoro-L-tryptophan promoted
n. 1H NMR spectra (500 MHz, DMSO-d6) of 9d obtained by this route
resonance annotations in blue. * Denotes contaminant signals.

Chem. Sci., 2016, 7, 4158–4166 | 4163
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Scheme 5 Combining trifunctional template 28 with Trp–Trp–Tyr rapidly forms complex polycycles. Initial amidation and Pictet–Spengler
cyclization of Trp1 (i.e. 29) followed by acid-promoted cyclization leads to macrocycle isomers 31a–f substituting the periphery of Trp2.
Polycycle 31e results from indole C3 alkylation and cyclization to the endo-pyrroloindoline, analogously to related products obtained from
template 1. *Note: peak 31d contained two product isomers that were not identified.
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material was cleanly transformed to isomeric products 31a–f
resulting exclusively from alkylation of Trp2 with the major
product arising from substitution at indole C5, as expected.
Alkylation ortho to the phenol of tyrosine, anticipated from
previous studies of analogous substrate 2, was not observed.23

Alkylation of the P1 tryptoline moiety was also not observed,
presumably due to strain associated with annulation of this
rigid ring system. These results anticipate that templates 1 and
28 will exhibit subtly different regioselectivity in large ring-
forming reactions. That said, we were pleased to nd polycyclic
pyrroloindoline 31e, despite these differences. This product
possesses nine fused rings and a mere ve rotatable bonds,
whereas Trp–Trp–Tyr itself possesses eleven such bonds. Addi-
tionally, 31e bears less polar surface area (161 Å2) than the
starting peptide (181 Å2), with only non-polar surface area
introduced by the template. These alterations tend towards
molecular properties advocated for the design of orally
bioavailable drugs.11c,24 Though 31e has not yet been evaluated
for biological activity, this outcome exemplies marked struc-
tural alterations that can be quickly achieved. The pharmaco-
logical properties of such structures will almost assuredly
improve relative to the starting peptide.
Conclusions

Regiodivergent internal alkylations of tryptophan create mac-
rocycles of varying connectivity in two or three steps from linear
peptides. Macrocyclic products bearing embedded endo-
4164 | Chem. Sci., 2016, 7, 4158–4166
pyrroloindolines are a valuable facet of this chemistry. The
simplicity of the acidolysis method permits even minor
constituents to be isolated, screened for function, and charac-
terized with relative ease. In this regard, the general presence of
pyrroloindolines and predictability of regiochemical outcomes
are more important than the abundance of any one product. For
structures of particular interest, convergent target-oriented
synthesis is always an option, as we demonstrate. These more
step-intensive routes offer scalable access when rened
medicinal chemistry is appropriate. Finally, methods
combining large ring-formations with additional template-
initiated annulation, such as in reactions of 28, hold unique
potential to quickly build peptidomimetics of unprecedented
structural complexity. Further experiments along these lines are
ongoing.
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3 (a) C. S. López, C. Pérez-Balado, P. Rodŕıguez-Graña and
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