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Abstract

Efficient syntheses of 4,5-, 5,6-, and 6,7-indolyne precursors beginning from commercially
available hydroxyindole derivatives are reported. The synthetic routes are versatile and allow
access to indolyne precursors that remain unsubstituted on the pyrrole ring. Indolynes can be
generated under mild fluoride-mediated conditions, trapped by a variety of nucleophilic reagents,
and used to access a number of novel substituted indoles. Nucleophilic addition reactions to
indolynes proceed with varying degrees of regioselectivity; distortion energies control
regioselectivity and provide a simple model to predict the regioselectivity in the nucleophilic
additions to indolynes and other unsymmetrical arynes. This model has led to the design of a
substituted 4,5-indolyne that exhibits enhanced nucleophilic regioselectivity.

Introduction

The indole heterocycle (1, Figure 1) is observed in an astonishing number of natural
products and medicinal agents.:2 More than 10,000 biologically active indole derivatives
have been discovered to date, of which over two hundred are currently marketed as
pharmaceuticals or are undergoing clinical trials.3 These include the common
chemotherapeutics vincristine, vinorelbine, and vinblastine.* Despite the development of an
impressive array of strategies to synthesize C2- and C3-functionalized indoles,® methods to
access benzenoid-substituted indoles remain limited.1

Our approach to benzenoid-substituted indoles contrasts with the usual paradigm of indole
reactivity. The indole heterocycle is typically exploited for its nucleophilic character (1—2,
Figure 1);% however, methods for rendering indoles susceptible to attack by nucleophiles are
rare (1—3).” We envisioned that aryne derivatives of indoles, or “indolynes” (e.g., 4-6),
could serve as electrophilic indole surrogates. This umpolung of the indole reactivity would
not only be conceptually interesting, but would also provide unconventional strategies to
access polysubstituted indoles. Such motifs are often considered medicinally *privileged’
and are also observed in countless natural products, such as the complex bioactive alkaloids
7-18 (Figure 2).
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Whereas arynes have been studied extensively over the past century,8:2 indole derivatives of
arynes have received less attention. Indolynes were first reported in the 1960’s by Igolen and
co-workers. 19 In a key experiment, it was found that C3-unsubstituted 4,5-indolyne 20
could be generated from 5-bromoindole (19) and KNH, in ammonia to afford a complex
mixture of products, which upon purification, furnished 4- and 5-aminoindole products 21
and 22 (Figure 3). The field of indolyne chemistry lay dormant for over four decades,! until
our groups and Buszek’s laboratory entered the area. In 2007, Buszek’s laboratory
demonstrated that C3-substituted indolynes could be generated from dihaloindoles in the
presence of butyllithium reagents.122 The presumed indolyne intermediates were trapped
with furan to afford Diels—Alder products (e.g., 23+24—26). Further studies have been
reported by Buszek,12 which include indolyne Diels—Alder reactions of substituted furans
and cyclopentadiene, the total synthesis of trikentrin A and herbindole A using an indolyne
Diels—Alder reaction, and access to N- and C3-substituted indolynes from silyltriflate
precursors for use in the furan Diels—Alder reaction.

In this article,13 we report efficient syntheses of 4,5-, 5,6-, and 6,7-indolyne precursors
beginning from commercially available hydroxyindole derivatives. The synthetic routes are
versatile, and for the first time, allow access to indolynes that remain unsubstituted at N1,
C2, and C3 of the pyrrole ring. Indolynes can be generated under mild fluoride-mediated
conditions, trapped by a variety of reagents, and used to access a number of novel
substituted indoles. Nucleophilic addition reactions to indolynes proceed with varying
degrees of regioselectivity. A computational and experimental study reveals that distortion
energies control regioselectivity and provides a simple model for predicting the
regioselectivity in the nucleophilic addition to indolynes and unsymmetrical arynes. This
model has led to the design of a substituted 4,5-indolyne that exhibits enhanced nucleophilic
regioselectivity.

Results and Discussion

Synthesis of a 4,5-indolyne precursor and synthetic applications

To initiate studies, 4,5-indolyne 29 was selected as our primary target (Scheme 1). If
accessible under mild reaction conditions, indolyne 29 could undergo nucleophilic additions
and pericyclic reactions to provide a range of synthetic applications. We elected to utilize
Kobayashi’s approach to aryne generationl4 and hypothesized that indolyne 29 could be
obtained from indolylsilyltriflate precursor 27. At the time of our studies, routes to
indolylsilyltriflates were not known,1> but could plausibly begin from commercially
available hydroxyindole derivatives (e.g., 28).

The synthesis of an appropriate indolyl silyltriflate proved challenging, primarily because of
the acidity of the C2 hydrogen and the electron-rich nature of the indole ring.1® Nonetheless,
extensive experimentation led to the development of an efficient route to silyltriflate 27
(Scheme 2). Commercially available 5-benzyloxyindole (33) was converted to
hydroxyindole 28 following a known two-step sequence.1”:18 Reaction of hydroxyindole 28
with isopropyl isocyanate, in the presence of catalytic Et3N, afforded carbamate 34. Of note,
the conversion of 33 to carbamate 34 proceeds in 85% yield, and requires only one final
chromatographic purification. Following the protocol disclosed by Snieckus and Hoppe,1°
carbamate 34 underwent o-lithiation/silylation to provide silyl carbamate 35.20 Testament to
the outstanding ortho-directing ability of carbamates,?! the relatively acidic C2 proton of the
N-methylindole is not disturbed in this process. Although initial attempts to elaborate silyl
carbamate 35 to silyltriflate 27 in a stepwise fashion were met with difficulty,22 an efficient
one-pot deprotection/triflation sequence proved successful. Our optimized route to
silyltriflate 27 can be carried out on multigram scale, and proceeds in 63% overall yield. To
confirm that silyltriflate 27 would function as a suitable precursor to the targeted 4,5-
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indolyne 29, silyltriflate 27 was reacted with TBAF in the presence of furan (24) to afford
Diels—Alder product 36 in 85% vyield.

A number of heteroatom- and carbon-based nucleophiles undergo smooth reaction with
indolyne 29, which indeed functions as an electrophilic indole surrogate (Table 1).
Treatment of silyltriflate 27 with p-cresol in the presence of CsF led to the formation of
products 37a and 37b (entry 1). Similarly, the use of aniline as the nucleophilic trapping
agent provided adducts 38a and 38b (entry 2),23 whereas trapping with p-methylthiophenol
afforded sulfur-containing products 39a and 39b (entry 3). With respect to carbon-based
nucleophiles, the use of a cyclic p-enaminoketone generated indole products 40a and 40b
(entry 4).24 Furthermore, trapping with potassium cyanide afforded cyanoindoles 41a and
41b (entry 5). The latter result is notable because cyanide has rarely been used in
nucleophilic addition reactions to arynes.2>

A variety of formal cycloaddition processes involving indolyne 29 were used to access
several unique 4,5-disubstituted indole derivatives (Table 2). For instance, reaction of
benzylazide and silyltriflate 27, in the presence of TBAF, provided access to indolyltriazoles
42a and 42b in 86% yield, via a formal aryne cycloaddition (entry 1).26 Moreover, a formal
[2+2] cycloaddition provided indolylcyclobutanones 43a and 43b (entry 2), whereas a
variant involving cycloaddition followed by fragmentation provided ketoesters 44a and 44b
(entry 3).27 Of note, each of the examples shown in Tables 1 and 2 reflect an interesting
general preference for initial nucleophilic attack at C5 of the presumed 4,5-indolyne
intermediate 29 with selectivity as high as 12.5:1 (Table 1, entry 2). An explanation for this
observation is presented in the latter part of this manuscript.

Diels—Alder reactions of indolyne 29 were also investigated as a means to access additional
4,5-disubstituted indole products from silyltriflate 27 (Table 3). In addition to furan (see
Scheme 2), N-Boc-pyrrole and cyclopentadiene could also be used to trap indolyne 29, thus
affording adducts 45 and 46, respectively (entries 1 and 2). Furthermore, reaction in the
presence of a-pyrone produced benzoindole 47 (entry 3), presumably via a Diels—Alder/retro
Diels—Alder process with concomitant loss of CO,. Finally, trapping of indolyne 29 with
anthracene furnished indolyltriptycene 48 in 72% yield (entry 4).

Stability and functionalization of indolyne precursors

Our studies (vide supra) show that indolyne methodology can be used to access a range of
unique indole derivatives. It should be noted that C3 in all indolyne adducts remains
unfunctionalized, and could be easily substituted if so desired. Alternatively, we
hypothesized that silyltriflate 27 could be further substituted before indolyne generation and
trapping. As shown in Scheme 3, silyltriflate 27 is stable to a range of reaction conditions
and can be readily functionalized at C3 through bromination (27—49),28 formylation
(27—50),2 or Lewis acid-mediated acetylation (27—51).7d Furthermore, in each case, the
silyltriflate remains intact, allowing for subsequent indolyne generation and trapping. By
employing furan (24) as a trapping agent, indolyne cycloadducts 52, 53, and 54 could be
obtained in good yield.

The reaction sequence highlighted in Scheme 4 demonstrates the viability of carrying
indolyl silyltriflates through multistep synthesis. 3-Bromo silyltriflate 49 was treated with t-
BuLi at —78 °C to facilitate halogen-metal exchange. Subsequent quenching with boronate
55 delivered boronic ester 56 in 72% yield.28 Next, boronic ester 56 underwent Pd-catalyzed
Suzuki—Miyaura coupling with iodobenzene at 100 °C to furnish 3-phenyl silyltriflate 57. It
is noteworthy that the silyltriflate functionality withstands both harsh base (i.e., t-BuLi) and
Pd(0). Treatment of silyltriflate 57 with CsF in the presence of furan (24) provided adduct
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26 in 70% yield, thus demonstrating that silyltriflate 57 serves as an efficient precursor to
indolyne 25.

Generation and trapping of 5,6- and 6,7-indolynes

Our strategy for preparing indolyl silyltriflates from hydroxyindole precursors proved
amenable to the synthesis of 5,6- and 6,7-indolyne precursors. The synthesis of 5,6-indolyne
precursor 59 is depicted in Scheme 5. As described earlier, o-lithiation/silylation of
carbamate 34 afforded C4-silylated indole 35 in 84% yield, which could be elaborated to
4,5-indolyne precursor 27 (see Scheme 2). However, the C6-silylated indole 58 also formed
in this process in 10% yield. Carbamate cleavage, followed by stirring with PhNTT5,
provided silyltriflate 59 in 70% yield. The overall route to 59, although low-yielding,
enabled our early studies of 5,6-indolynes. Higher yielding routes to 5,6-indolyne precursors
were later developed (vide infra).

A suitable silyltriflate precursor to a 6,7-indolyne proved most difficult to access.
Exploratory efforts beginning from 7-hydroxyindole derivatives failed. For example, 7-
benzyloxyindole 60 was elaborated to carbamate 61 using our standard two-step sequence
(Scheme 6). Attempts to effect the o-lithiation/silylation of carbamate 61 led to competitive
C2 lithiation and decomposition products, rather than to the desired silylcarbamate 62. Thus,
silyltriflate 63 was inaccessible.

Unsuccessful efforts to synthesize silyltriflate 63 (see Scheme 6) led us to pursue the
synthesis of regioisomeric silyltriflate 68 (Scheme 7). Readily available 6-benzyloxyindole
64 was smoothly converted to carbamate 65 in 77% yield. Subsequent treatment of
carbamate 65 with TBSOTf and TMEDA, followed by n-BuL.i, led primarily to C7
lithiation.39 Quenching with TMSCI delivered silylcarbamate 66. Although our previously
described protocol for elaborating aryl carbamates to aryl triflates led primarily to
hydroxyindole 67:31 a modified procedure using n-BuLi in place of DBU furnished
silyltriflate 68 in 91% vyield.

To confirm that silyltriflates 59 and 68 serve as efficient indolyne precursors, each
compound was independently subjected to furan (24) in the presence of fluoride sources
(Figure 4). Trapping of 5,6-indolyne 69 delivered adduct 70 in 92% yield. Similarly, 6,7-
indolyne 71 underwent [4+2] cycloaddition to provide adduct 72 in 95% yield. Nucleophilic
additions and formal cycloadditions of indolynes 69 and 71 were also carried out and, as
will be described below, found to proceed efficiently and with interesting regioselectivities.

Indolyne precursors with alternative N-substituents

Having discovered that indolynes can be generated under mild fluoride-mediated conditions
and serve as building blocks for the synthesis of polysubstituted indoles, we synthesized
indolyne precursors with alternative N-substituents. Indolyl silyltriflates with removable
groups, such as Boc and TIPS, were pursued, in addition to N-unsubstituted silyltriflates.
Syntheses of the targeted indolyne precursors in the 4,5-indolyne series are shown in
Scheme 8, and parallel our synthesis of 4,5-indolyne precursor 27 (see Scheme 2).
Beginning with TIPS-protection of 5-benzyloxyindole (33), N-TIPS-silyltriflate 76 was
prepared in 85% yield over five steps. N-TIPS-silyltriflate 76 served as the precursor to the
corresponding N-H and N-Boc compounds 77 and 78, respectively. Of note, when treated
with CsF in the presence of furan (24), both substrates 76 and 77 are converted to the
identical unprotected bicycle 80, likely via N-H indolyne intermediate 79.32 Free N-H
indolynes of the type 79 have never been synthesized previously, but provide a valuable
synthetic tool for the synthesis of unprotected, benzenoid-substituted indoles.
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As described earlier, our synthesis of an N-methyl-5,6-indolyne precursor proceeded in low
yield (see Scheme 5). To address this limitation and access 5,6-indolyne precursors with
alternative N-substitutents, we considered the strategies depicted in Scheme 9. Indolyne 5
could be derived from either regioisomeric silyltriflates 81 or 82, which in turn, would be
derived from 5- or 6-substituted precursors 83 or 86, respectively. Since the 5-substituted
carbamate was observed to favor formation of the 4,5-substituted species 84 over the desired
5,6-substituted product 85, we explored the use of 6-carbamylated substrates. Although C7
lithiation of 86 was favored when R=Me, it was hypothesized that the use of a bulky TIPS
protective group would disfavor C7 lithiation, ultimately allowing access to 5-silylated
product 88.

The execution of this approach to 5,6-indolynes is shown in Scheme 10. Commercially
available 6-benzyloxyindole (89) was TIPS-protected under standard conditions. Conversion
of 90 to carbamate 91 proceeded in 82% yield using our robust two-step sequence. In the
key o-lithiation/silylation experiment, functionalization of 91 occurred exclusively at C5 to
deliver silylcarbamate 92. Analogous to previous studies, carbamate 92 was elaborated to N-
TIPS silyltriflate 93, which in turn, was readily converted to N-H and N-Boc silyltriflates 94
and 95, respectively.

The synthesis of 6,7-indolyne precursors with variable N-substituents proved challenging.
Nevertheless, two routes were developed beginning from 6-hydroxyindole derivatives. The
first generation approach is shown in Scheme 11. Boc-protection of benzyloxyindole 89,
followed by treatment with H, and Pd/C furnished a hydroxyindoline intermediate.
Subsequent reaction with i-PrNCO in the presence of EtsN furnished carbamate 96. o-
Lithiation/silylation of carbamate 96 delivered 6,7-disubstituted indoline 97, albeit with
competitive functionalization at C5.33 Nonetheless, DDQ oxidation furnished indole 98,
which was readily converted to silyltriflate 99. The N-Boc group of 99 was removed by
thermolysis to provide N-H indolyne precursor 100.

A higher yielding route to N-H indolyne 100 is depicted in Scheme 12. O-silylation and N-
allylation of 6-hydroxyindole (101) afforded protected indole 102. Subsequent elaboration
of TBS ether 102 to carbamate 103 proceeded without event. Lithiation of carbamate 103,
followed by quenching with TMSOTT, furnished silylcarbamate 104 in 78% yield. After
installing the silyltriflate (104—105), the N-allyl group was removed3* to deliver N-H
silyltriflate 100.

Regioselectivity in nucleophilic additions to indolynes

Our studies demonstrate that nucleophilic additions to 4,5-indolynes can occur with
significant regioselectivity. A combination of experimental and computational studies was
undertaken to determine the origin of these observations. Quantum chemical calculations
were performed using Gaussian.35 The arynes and their transition structures for nucleophilic
addition were optimized with B3LYP36 and M06-2X37 hybrid density functionals
employing 6-31G(d) or 6-311+G(d,p) basis sets. In addition, optimizations were performed
with the B2PLYP double hybrid functional38 and with MP2 pertubation theory39 using a
6-31G(d) basis set. All density functional calculations used a fine grid for numerical
integration. Solvation effects were evaluated through single point calculations using an
implicit CPCM model of acetonitrile,40 defining the solute surface by UAKS radii.41 In the
manuscript we discuss the results of the B3LYP/6-31G(d) calculations, although
optimizations at B3LYP/6-311+G(d,p) and M06-2X/6-311+G(d,p) levels of theory (see
Supporting Information) give very similar aryne geometries and also predict the same sense
of regioselectivity in each case studied.

J Am Chem Soc. Author manuscript; available in PMC 2011 December 22.
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The results of several nucleophilic additions to 4,5-indolyne 29 are shown in Table 4, in
addition to the results of density functional computations performed at the B3LYP/6-31G(d)
level of theory. The experimental preference for attack at C5 was matched well by the
activation free energies of the competing transition structures for each of the nucleophiles
we studied, while the magnitudes are usually exaggerated. Activation barriers are very low,
in some cases zero, so that variational effects and dynamics may cause selectivities to be
less than predicted by AAG*. Cyanide addition has no energetic barrier, but approach of the
nucleophile at C5 is favored over C4 for all distances.*? The major indolotriazole adduct
formed from azide cycloaddition involves attack at C5 by the nucleophilic internal nitrogen.
lon pairing and entropic effects should cause these reactions to have positive barriers.

Figures 5 and 6, respectively, show the calculated structures of 4,5-indolyne 29 and
transition state (TS) geometries for nucleophilic addition of aniline, p-cresol and
methylazide (as a model for benzylazide used in experiment). For each of the nucleophiles,
the bond angle of the terminus of the aryne that undergoes attack is flattened in the transition
structure, whereas the angle at the other terminus is compressed. This picture can be
understood in terms of the polarization of the C=C bond, with developing positive charge at
the site of attack and negative charge at the adjacent carbon. We have also found that the
computed distortion energies, AE4 *, are useful in quantifying the transition state stabilities.
These distortion energies (also termed deformation energy43 or activation strain44) are
defined as the energies required to distort the indolyne and nucleophile into their TS
geometries without interaction between them. These are shown in Figure 6. Computed
distortion energies have been shown to correlate well with activation barriers in a number of
bimolecular reactions: 1,3-dipolar cycloadditions,*® 1,4-dihydrogenations, Diels-Alder
cycloadditions#® and cycloadditions involving fullerenes and nanotubes.*” While this is the
first time that distortion energies have been used to understand regioselectivities of additions
to arynes,13 one of us previously explored the LUMO-lowering effect of bending
distortions on alkynes and benzynes that leads to their greater reactivity towards
nucleophiles over electrophiles.*8

Internal angles of 4,5-indolyne 29 show that the aryne is distorted, particularly at C3a (6ccc
=110° vs. Oycc = 126° in pyrrole). Nucleophilic attack at C5 relieves some of the strain at
C3a (e.g., opening from 110 to 118° in TS-1), but attack at C4 adds to the unfavorable
distortion at C3a (e.g., closing from 110 to 108° in TS-2). Attack at C4 has 1.4 kcal/mol
greater distortion energy than at C5 due to compression at C3a, leading to a lower activation
barrier.

The types of distortions present in the indolyne TSs shown in Figure 6 can be understood
from the geometry for nucleophilic attack on benzyne (106). As shown in Figure 7, benzyne
is flattened at the point of attack of aniline in TS-7 (Occc = 136°), giving the orbital at the
site of attack significant p-character and a slight positive charge, while the adjacent angle is
compressed (Occc = 113°) increasing s-character to stabilize the developing carbanion (see
TS-8). We reasoned that nucleophilic addition to unsymmetrical arynes (e.g., indolynes) is
favored for attack at the carbon that requires minimal geometrical and energetic change from
aryne to TS structure. This is the carbon at which the internal angle is larger, as it is in the
nucleophilic addition transition state. In the structure of 4,5-indolyne (see Figure 5), C5 is
flatter than C4 (129° vs. 124°) and accordingly, nucleophilic addition is preferred at C5.

Regioselectivities of nucleophilic attack on 5,6- and 6,7-indolynes were studied
computationally prior to experiment. There is uniformly lower unsymmetrical distortion and
lower addition selectivity in nucleophilic attack on 5,6-indolyne seen in the results of our
calculations and also in experiment (Table 5). Figure 8 shows the computed structures of
5,6-indolyne 69 and the TSs for nucleophilic addition. The slightly greater flattening of 69 at
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C5 than at C6 (internal angles are 130° and 127° respectively) can be attributed to electron
withdrawal by the indole nitrogen (the charges at C5 and C6 are —0.01 and —0.03g,
respectively). This facilitates attack at C5 in TS-10, TS-12, and TS-14, albeit to only a small
extent, paralleling the reactivity depicted in TS-9.

In contrast to the 5,6-indolyne, the computed internal angles at the C=C termini of 6,7-
indolyne 71 are very different from each other with 6ccc = 135 and 117° (Figure 9). Since
the flatter of the two termini is more susceptible to nucleophilic attack, we expected that the
6,7-indolyne would display a high regiochemical preference for addition to C6. Nucleophilic
attack on 6,7-indolyne at C6 is highly favored because of the smaller distortion energy, as
the indolyne is already distorted into the TS geometry.*® In fact, the structure of 6,7-
indolyne is practically identical to that of the TS for aniline addition to benzyne (see Figure
7, TS-7). There is no calculated energetic barrier for the attack at C6 by aniline, while C7
attack (TS-12) has a AEq of 8.8 kcal/mol, which is higher than that for any other of the TSs
computed for the indolyne isomers. These results are in accord with the greater selectivity
for C6 attack shown here. Extremely high levels of regioselectivity are observed
experimentally (Table 6), and even azide cycloaddition gives very high selectivity. The 6,7-
indolynes also display remarkably high regioselectivity in cycloadditions with 2-substituted
furans, unlike 4,5- and 5,6-indolynes.12¢ Complementary to our rationalization based on the
distortion energies required to achieve the transition state geometry, Buszek and Cramer
have also shown that regioselectivity of additions of electron-rich furans to indolynes are
influenced by the computed polarization of the C=C bond.12¢ This polarization is related to
the unsymmetrical bending distortions of the indolyne.

A model for predicting regioselectivity in the nucleophilic addition to indolynes and
unsymmetrical arynes

These studies show that computed atomic charges at the triple bond termini are related to the
asymmetric distortion of indolynes. Based on this, a distortion model for regioselective
nucleophilic addition to fused arynes is depicted in Figure 10. Regioselectivity is controlled
by the relative ease of distorting the aryne into the two possible transition structures shown.
Unsymmetrical distortion is already present in ring-fused arynes and electron-withdrawing
groups (X) can further enhance this distortion by polarizing the aryne. The unsymmetrical
distortion biases nucleophilic attack to the flatter, more electropositive end of the aryne,
leading to an energetically favorable decrease in ring distortion.

Furthermore, we advocate a comparison of computed internal angles in indolynes as a rapid
and reliable method to predict nucleophilic regioselectivity. As exemplified in Figure 11,
this predictive tool holds for other unsymmetrical arynes with fused rings,50:51 in addition
to arynes with adjacent polar substituents.>2 In all cases, the terminus of the aryne that is
flatter, or more distorted, correlates to the experimentally favored site of nucleophilic attack.
The difference in internal angles also relates to the degree of regioselectivity, with higher
selectivity observed in the addition to arynes that possess large differences between internal
angles. If angle differences are small (4° or less), regioselectivity may be modest or
somewhat variable. This predictive model functions at various different levels of theory,
where the angles are essentially the same as in these cases.

Influence of N-substituents on the regioselectivity of indolyne reactions

With a predictive model for determining the regioselectivity in nucleophilic additions to
indolynes, we examined the role of substituents on the presumed indolyne intermediates.
Figure 12 shows the results of B3LYP/6-31G(d) geometry optimization on 4,5-, 5,6-, and
6,7-indolynes as a function of the nitrogen substituent. Computed geometries for the N-H
indolynes and N-Me indolynes are very similar, indicating that their regioselectivities would
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also be very similar. Effects of Boc protection on the indolyne geometry were more
noticeable: N-Boc-4,5-indolyne is slightly more distorted than the N-H and N-Me structures,
while 5,6- and 6,7-indolynes were slightly less distorted. Although some minor
perturbations are observed, these computational results suggest that regioselectivity in
nucleophilic additions to each indolyne would not vary significantly by changing the N-
substituent from methyl to H or Boc.

As described earlier, our robust route to indolyl silyltriflates provided access to a variety of
indolyne precursors with differing N-substituents. By employing these indolyne precursors
in nucleophilic additions and formal cycloaddition reactions, we verified our computational
predictions. Experimental results for the 4,5-, 5,6-, and 6,7-indolynes are shown in Tables 7,
8, and 9, respectively. As expected, only minor variations in regioselectivity were observed
in all cases. It should be noted that in all reactions involving the N-H-6,7-indolyne (Table 9),
products indicative of initial attack at C7 were also observed. Although it is not possible to
significantly improve regioselectivities based on the N-substituent, these studies validate our
predictive regioselectivity model and demonstrate that an array of indolyl silyltriflates can
be used as building blocks for the synthesis of substituted indoles.

Influence of a C3 halide substituent on the regioselectivities of 4,5-indolyne reactions

As a means to further probe our predictive regioselectivity model and ultimately improve
regioselectivities, the influence of C3 halide substituents on 4,5-indolynes was evaluated.
The results of geometry optimization (B3LYP/6-31G(d) for all atoms except Br, for which
the Hay-Wadt LANL2DZ effective core potential®® was used) for 3-bromo-4,5-indolyne
107 are shown in Figure 13. The internal angles at C5 and C4 were found to be 131° and
124°, respectively. This finding suggests that bromoindolyne 107 should display a greater
preference for nucleophilic attack at C5 compared to its C3-unsubstituted derivative (for
comparison, the desbromo derivative of 107 possesses internal angles of 129° and 125°; see
Figure 5).

Our computational prediction was tested experimentally by the reaction of 3-
bromosilyltriflate 49 (see Scheme 3 for preparation) with benzylazide in the presence of CsF
(Scheme 13). Adduct 108a was the major product obtained, showing that initial attack of the
presumed indolyne intermediate 107 is favored at C5. Of note, the degree of regioselectivity
was higher compared to that seen for the corresponding desbromo species (6.8:1 versus
2.4:1), consistent with our calculations. Analogous results were obtained in the nucleophilic
addition of cyanide.>* The fact that a bromo-substituent could lead to improvements in
regioselectivity is significant since the C3 bromide is easy to introduce. Moreover, after the
necessary indolyne reaction, the bromide substituent could either be removed reductively or
used as a handle for the installation of other functional groups.

Conclusion

In summary, we have developed an efficient method for accessing a variety of indole
derivatives that bear functional groups on the benzenoid ring. Our strategy relies on the
generation of indolynes, which act as electrophilic indole surrogates, thus opposing the
typical mode of indole reactivity. A series of 4,5-, 5,6-, and 6,7-indolynes are accessible
from indolylsilyltriflate precursors and can be readily employed in both nucleophilic
additions and formal cycloaddition processes. Varying degrees of regioselectivity are
observed, and we have shown that these regioselectivities are controlled by distortion
energies. These studies have led to the discovery of a simple model to predict the
regioselectivity in the nucleophilic additions to indolynes and other unsymmetrical arynes.
Applications of indolyne methodology in the synthesis of complex molecules are currently
being explored in our laboratories.
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Figure 1.
Indole Reactivity and Indolyne Targets 4-6.

J Am Chem Soc. Author manuscript; available in PMC 2011 December 22.

Page 12



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Im et al.

Figure 2.
Benzenoid-substituted indole natural products 7-18.

J Am Chem Soc. Author manuscript; available in PMC 2011 December 22.

Page 13



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Im et al.

D 2 (T = 6y + - A0
+ H
® » o 2
oy (g
-
o0 0O O
o
(20 equiv)
o el N A @
> e |0 0
e (88% yield) Me e
23 25 26

Figure 3.
Previous Indolyne Studies.
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Figure 4.
Generation and trapping of 5,6- and 6,7-indolynes 69 and 71.
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Figure 5.
B3LYP/6-31G(d) optimized structure of 4,5-indolyne 29.
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Figure 6.
B3LYP/6-31G(d) optimized TSs for addition of aniline, p-cresol, and methyl azide to

indolyne 29. Energies in kcal/mol.
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Figure 7.
B3LYP/6-31G(d) optimized benzyne (106) and TS for aniline addition. Energies in kcal/
mol.
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Figure 8.
B3LYP/6-31G(d) optimized 5,6-indolyne 69 and TSs for aniline addition. Energies in kcal/
mol.
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Figure 9.
B3LYP/6-31G(d) optimized 6,7-indolyne 71 and TSs for aniline, p-cresol, and methylazide

addition. Energies in kcal/mol.
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Figure 10.

Distortion model for regioselective nucleophilic addition to fused arynes (X = electron-
withdrawing group). The effect of X is larger than the more remote X'.
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Figure 11.

Internal angles for unsymmetrical arynes obtained from B3LYP/6-31G(d) optimized

geometries.
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Figure 12.
Internal angles for 4,5-, 5,6-, and 6,7-indolynes with varying N-substitutents from B3LYP/

6-31G(d) optimized geometries.
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Figure 13.
3-bromo-4,5-indolyne 107 and B3LYP/6-31G(d) optimized geometry.
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N DME, DMSO N 2. -PrNCO, Et;N
BnO" 6 H 0—23°C BnO TIPS CH,Cl,, 23° C
89 (91% yield) 90 (82% yield, 2 steps)
i. TBSOTf, TMEDA, Et,0 T™MS_5
0 \ THF, 0 — 23 °C o) A\
/LNJ\Q N ii. n-BuLi, -78 °c-TMSC|> /LN’U\O N
N Ties " . g N 7 TIPS
73% yield
91 (73% yleld) 92
n-BuLi
Et,NH, THF TMS_5 TMS_5
78 — 23 °C; m TBAF m
_— _—
then PhNTf N THF, -78 °C N
en 2 TfO" 6 TIPS TfO" 6 R
88% yield 85% yield
(88% yield) 93 (85%vyield) oy R=H Boc,0
2 DMAP, THF
95, R = Boc (99% yield)
Scheme 10.
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H i-PrOH, hexanes H Boc

89 3. l-PrNCO Et3N CHZCI2 96
(95% yield, 3 steps)

i. TBSOTf, TMEDA, Et,0 DDQ
THF, 0 — 23 °C toluene
> Boc
ii. n-BuLi, -78 — -10 °C; TMSCI 80 °C
(35% yield) 97 (85% yield)
KHMDS
0 A Eti';,'; OEHF 99, R=Boc _  pmso
)\ J]\ ) reflux
N (99% yield)
N o Boc fenP Pg’;?cz R 100,R=H
™S
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Table 1
Nucleophilic additions to 4,5-indolyne 29
entry trapping agent products yield (ratio)
a 80% yield (3:1
! Me '
ME -
o
O.5 + 4
N N
Me Me
37a 37b
24 @ 91% yield (12.5:
i N A .
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entry trapping agent products yield (ratio)
3a 88% yield (2:1]
Me
ME -
. S

S.5 3
N
Me

39a 39b

o]

5a KCN

58% yield (10:1

85% yield (3.3:1

aConditions: 27, CsF, CH3CN, 50 °C.

k:’Conditions: 27, CsF, CH3CN, 40 °C.
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Table 2
Formal cycloaddition reactions of 4,5-indolyne 29
entry  trapping agent products yield (ratio)
1 N3-Bn e ™ 86% yield (2.4:1)
E"_"s]: S N‘E‘I\>
422 te azp e
2b EtO.__OEt 86% yield (5.5:1)
T 0
0 4
+
s N N\
N N
Me Me
43a 43b
3C o o 0 Me CO.Et 68% yield (2:1)
2
N EtO,C
+
N N
Me Me
44a 44b

aConditions: 27, TBAF, CH3CN, 23 °C.
bConditions: 27, CsF, CH3CN, 23 °C.

“Conditions: 27, CsF, CH3CN, 80 °C.
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Table 3
Diels—Alder reactions of 4,5-indolyne 29

Page 41

entry trapping agent product yield
12 Boc 83% yield
N
Y Boc
45
28 65% yield
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entry trapping agent product yield
3b N 85% yield
>
(o]

N

Me
47

4C 72% yield

J &

4Conditions: 27, TBAF, CH3CN, 23 °C.
bConditions: 27, CsF, CH3CN, 100 °C.

CConditions: 27, CsF, CH3CN, 80 °C.

J Am Chem Soc. Author manuscript; available in PMC 2011 December 22.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Im et al. Page 43

Table 4
Nucleophilic additions to 4,5-indolyne 292
TMS . Nuc
To. 5 A4 == 4
et =00
Nuc
R‘le He Hle M
27 29 Me
trapping agent (Nuc) yield (ratio) (computed)

80% (3:1)  AAGF=28(115: 1)
Me OH

91% (125:1) AAG*=3.0(160: 1)

Ns-Bn 86% (24:1) AAGY=06(25:1)
KCN 85%(33:1) C-5 preferred?

aConditions: see supporting information. Computed ratios obtained from Boltzmann factors using B3LYP/6-31G(d) free energies including CPCM
solvation by MeCN.

bAtta\ck at C5 is favored (see Sl).
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Table 5

Nucleophilic additions to N-Me-5,6-indolyne?

TIO. 5 N 5
F 5 uc
Ny —- | N - Ny o+ AN
5 N MNuc & N N
™S Ne o Me N s N

50 Nuc Me

trapping agent (Nuc) yield (ratio) (computed)

64% (2:1) AAGF =17 (18:1)
Me—@—OH
73% (3:1) AAGF=0.7 (33:1)
o

N3-Bn 94% (1.6 : 1) AAG¥=04(18:1)

KCN 84% (L.7: 1) C-5 preferred?

a - - .
Conditions: see supporting information.

bAttack at C5 is favored.
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Table 6

Nucleophilic additions to 6,7-indolyne 712

Yo | D |- Lo
uc ]
TIO78 N7 He \7' R"‘e Nuc™ & I\Nﬂe 7 ﬂe
Nuc

™S g5 71

trapping agent (Nuc) yield (ratio) (computed)

53% (C7 not observed)  AAG* = 11.4 (solely C6)
O

91% (C7 not observed)  AAG* = 55D (solely C6)
< >—N|-|2

Nz-Bn 77% (C7 not observed) AAGF=27(63:1)
KCN 70% (C7 not observed) C6 preferred®

aConditions: see supporting information.
bCG attack has no energetic barrier; C7 attack has AAH'JF =505.

cAttack at C6 is favored (see supporting information).
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Table 7

Nucleophilic additions to 4,5-indolynes with varying N-substituents?

™S Nuc

&

4
TO. 5 A4 = Nuc. 5 4
(= 5 uc
Yo E0 |00
NNLIC N N "
R R R R

trapping agent (Nuc) N-substituent (R)  yield ratio (C5:C4)

Me 80% 3:1

H 67% 5:1

E Boc 68% 82:1

M OH

Me 91% 125:1

H 93% 6.4:1

Boc 84% 83:1

NH.,

Me 86% 24:1

Bn-Nj H 75% 1.7:1

Boc 78% 5:1

Me 85% 33:1

KCN H 67%D 34:1

Boc 78% 35:1

a - - .
Conditions: see supporting information.

b,,. .
Yield reported after Boc-protection
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Table 8

Nucleophilic additions to 5,6-indolynes with varying N-substituents?

TO. 5 5 Nuc. 5
& ICO 1D 0
TMS”S N e E E Nuc”™ & H

R

trapping agent (Nuc) N-substitudent (R) yield ratio (C5 : C6)

Me 64% 2:1
H 2% 2:1

a Boc 2% 11:1

M OH

Me 73% 3:1

@—NH, H 91% 29:1

Boc 83% 15:1

Me 94% 16:1

Bn-Nj H 90% 18:1

Boc 82% 13:1

Me 84% 17:1

KCN H 20%b 18:1

Boc 67% 16:1

a . - .
Conditions: see supporting information.

b,,. .
Yield reported after Boc-protection
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Table 9

Nucleophilic additions to 6,7-indolynes with varying N-substituents?

Yar D = 2000
Tro”® 4 ST Nuc”8 - 7N
Nue

TMS

trapping agent (Nuc) N-substitudent (R) yield ratio (C6: C7)
Me 53% C6 only
Me—@—OH H 52% 10.7:1
Boc 59% C6 only
Me 91% C6 only
H 79% 138:1
Boc 66% C6 only
Me 7% C6 only
Bn-Nj3 H 60% 69:1
Boc 63% C6 only
Me 70% C6 only
KCN H 44% 76:1
Boc 80% C6 only

a . - .
Conditions: see supporting information.
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