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Abstract

While interest in the synthetic chemistry of radical cations continues to grow, controlling 

enantioselectivity in the reactions of these intermediates remains a challenge. Based on recent 

insights into the oxidation of tryptophan in enzymatic systems, we report a photocatalytic method 

for the generation of indole radical cations as hydrogen-bonded adducts with chiral phosphate 

anions. These non-covalent open-shell complexes can be intercepted by the stable nitroxyl radical 

TEMPO• to form alkoxyamine-substituted pyrroloindolines with high levels of enantioselectivity. 

Further elaboration of these optically-enriched adducts can be achieved via a catalytic single-

electron oxidation/mesolytic cleavage sequence to furnish transient carbocation intermediates that 

may be intercepted by a wide range of nucleophiles. Taken together, this two-step sequence 

provides a simple catalytic method to access a wide range of substituted pyrroloindolines in 

enantioenriched form via a standard experimental protocol from a common synthetic intermediate. 

The design, development, mechanistic study, and scope of this process are presented, as are 

applications of this method to the synthesis of several dimeric pyrroloindoline natural products.
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Introduction

The applications of radical cations in organic synthesis have expanded significantly in recent 

years, in parallel with the development of practical catalytic methods for their generation.1,2 

However, strategies for controlling enantioselectivity in the reactions of these charged, open-

shell intermediates are considerably less advanced.3 The high innate reactivity of radical 

cations presents a challenge to the design of such schemes, as the catalytic asymmetric 

pathway must be kinetically favored over a typically facile racemic background reaction. 

One strategy to address this issue is to couple the association of the substrate and chiral 

catalyst with the redox event, ensuring that the radical cations are only generated as catalyst-

bound adducts. This approach has proven successful in a number of enantioselective 

organocatalytic transformations involving enamine radical cations that proceed via covalent 

association of a chiral amine.3 While powerful, such methods are inherently limited to 

systems where a reversible covalent equilibrium between substrate and catalyst is possible. 

If such processes could be generalized for non-covalent systems, the scope of potential 

applications could be expanded to include a broader range of asymmetric transformations.4

Along these lines, our group has recently reported an approach for generating neutral free 

radical intermediates as H-bonded adducts with chiral Brønsted bases via reductive proton-

coupled electron transfer (PCET).5,6 In these reactions, a hydrogen-bonded complex 

between a ketone substrate and phosphoric acid can engage in an electron transfer reaction 

with a one-electron reductant. This electron exchange occurs in concert with proton transfer 

across the hydrogen bond interface to furnish a neutral ketyl radical intermediate. However, 

following PCET, the H-bond complex may persist to provide a discrete association between 

the nascent radical and the conjugate base of the proton donor, providing a basis for 

asymmetric induction when chiral phosphoric acids are employed.7

We recently questioned whether it would be possible to use a similar approach to control 

enantioselectivity in the reactions of indole radical cations generated via oxidative PCET. 

This proposal finds its basis in both advances in chiral counterion strategies in asymmetric 

catalysis8 and mechanistic work detailing the oxidation of redox-active tryptophans in 

enzymatic systems such as DNA photolyase and ribonucleotide reductase.9 In these 

processes, the N-H bond of a tryptophan residue forms a hydrogen bond to a proximal basic 

moiety within the protein interior, which decreases the potential required for one-electron 

oxidation of the indole (Figure 1a). In many cases, these participating H-bond acceptors are 

not sufficiently basic to fully deprotonate the resulting indole radical cations. Rather, they 

remain associated through a strong ionic hydrogen bond. We anticipated that this PCET 

framework might be adapted to non-enzymatic contexts as well, wherein a pre-equilibrium 

H-bonding association of a chiral phosphate anion (pKa = 12–13 for conjugate acid in 

MeCN)10 to an indole N-H bond will lower the potential required for indole oxidation 

without deprotonating the resultant radical cation (pKa ~ 14.5 in MeCN).11 This H-bond-

coupled redox modulation ensures that the radical cation is only generated when the 

substrate is pre-associated with the phosphate, while the resulting H-bonded ion pair would 

remain strongly associated in solution. In turn, this complexation should provide a basis for 

controlling enantioselectivity in the subsequent bond forming steps when chiral proton 

donors are employed.12 To put this approach in context, Luo has recently reported a method 
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for the intramolecular asymmetric hydroetherification of olefins that proceeds via chiral 

phosphate anions associated with alkene radical cations, albeit with modest 

enantioselectivities.13

Here we report the successful realization of this goal in the context of a general two-step, 

photo-driven enantioselective synthesis of 3-substituted pyrroloindolines.14 In the first step, 

an oxidative PCET event as described above furnishes an ionic H-bonded complex between 

a tryptamine radical cation and a chiral phosphate base. Asymmetric capture of this 

intermediate by the persistent radical TEMPO• results in the formation of an optically 

enriched alkoxyamine-substituted pyrroloindoline (Figure 1b). Notably, Xia and coworkers 

have reported methods to access similar TEMPO-substituted pyrroloindoline adducts in both 

racemic and diastereoselective forms.15 In accord with our previous work, subsequent one-

electron oxidation of this adduct in a second step directly forms a configurationally-biased 

carbocation and the stable nitroxyl radical TEMPO• via mesolytic cleavage of a transient 

pyrroloindoline radical cation.16,17 This tertiary carbocation can in turn react with a wide 

range of nucleophilic partners to furnish enantioenriched pyrroloindoline derivatives from a 

common synthetic precursor (Figure 1c). The design, mechanistic elucidation and synthetic 

outcomes of this study are presented below, including the development of concise 

enantioselective syntheses of the dimeric pyrroloindoline-containing natural products (−)-

calycanthidine, (−)-chimonanthine, and (−)-psychotriasine.

Results and Discussion

Asymmetric synthesis of TEMPO-substituted pyrroloindolines

The first reaction in our proposed sequence was the asymmetric coupling of tryptamine and 

TEMPO• to furnish the key alkoxyamine-substituted pyrroloindoline adduct. We envisioned 

a prospective catalytic cycle wherein a chiral phosphate base would first form a hydrogen-

bonded adduct with the indole N–H bond of a tryptamine substrate (Figure 2). Oxidation of 

this complex would occur via electron transfer with an excited state oxidant generated under 

visible light irradiation. The resultant indole radical cation – phosphate ion pair would then 

react with the stable nitroxyl TEMPO• to form a closed-shell intermediate with a new C–O 

bond in the C3 position. Capture of the resultant iminium ion by the pendant amine 

nucleophile would furnish the desired alkoxyamine-substituted pyrroloindoline product. 

Finally, the reduced state of the photocatalyst and the conjugate acid of the phosphate base 

would jointly reduce a second equivalent of TEMPO• in a PCET process to form TEMPO-H 

and complete the catalytic cycle. In this scheme, TEMPO• was expected to play the role of 

both reactant and stoichiometric oxidant.

Initial exploration of the reaction using N′-CO2Me-protected tryptamine, 2 mol% 

[Ru(bpy)3](BArF)2 with 20 mol% tetrabutylammonium (2,4,6-triisopropyl)phenyl (TRIP) 

BINOL phosphate, and 2 equivalents of TEMPO• in THF at room temperature irradiated by 

7 W blue LEDs gave poor yields but promising enantioselectivities (21% yield, 52% ee) 

(Table 1, entry 1). Further exploration revealed that using an N′-Cbz protecting group on the 

tryptamine boosted the enantioselectivity to 86% ee, but unfortunately had little positive 

effect on the reaction yield (Table 1, entry 2). We hypothesized that the formation of 

TEMPO-H as a stoichiometric byproduct might be responsible for the poor reactivity profile. 
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TEMPO-H is a well documented substrate in oxidative multi-site PCET reactions and 

exhibits a very weak O-H bond (O-H BDFE ~ 67 kcal/mol).18 As such, it could sequester 

the excited state oxidant and Brønsted base catalysts in a kinetically dominant but 

unproductive redox cycle. Indeed, we observed that addition of 20 mol% TEMPO-H to the 

model reaction under otherwise standard conditions led to no detectable formation of the 

desired product (Table 1, entry 3). Based on this finding, we explored the use of other 

stoichiometric oxidants that could serve the role of both terminal proton and electron 

acceptor. After considerable exploration, we found that use of iodonium oxidants with 0.5 

mol% Ir(ppy)3 and 5 mol% TRIP BINOL phosphate greatly improved the overall yield 

(Table 1, entry 4). Further optimization revealed that TIPS-EBX provided optimal levels of 

reaction efficiency and maintained high enantioselectivity at phosphate loadings as low as 3 

mol% (Table 1, entries 5). Further evaluation revealed that the H8-TRIP BINOL phosphate 

was an even more selective catalyst, providing the desired product in 93% ee (Table 1, entry 

6). It is worth noting that TIPS-EBX is a poor one-electron oxidant (Ep/2 = −1.12 V vs. 

SCE), and it cannot directly engage in electron transfer reactions with the indole substrate. 

However, one electron reduction of this reagent by the excited state of the Ir(ppy)3 

photocatalyst (*E1/2 = −1.73 V vs. SCE) is facile and liberates a carboxylate base that can 

serve as a stoichiometric acceptor for the proton liberated during each revolution of the 

catalytic cycle, negating the formation of TEMPO-H.

Following our optimization, we evaluated the scope of the reaction on preparative scale. 

Using the conditions from Entry 6 in Table 1, the model tryptamine substrate 1 was 

converted to 2 in 81% isolated yield and 93% ee after 12 h at room temperature under blue 

LED irradiation. Substitution of the indole core was also examined, with an emphasis on 

tryptamines that would grant opportunities for down-stream derivatization. To this end, we 

were able to achieve highly enantioselective couplings between TEMPO• and 4-Br, 5-Br, 

and 6-Br tryptamines (3, 4, and 5) in good yields. The chlorinated congener 6 was a 

similarly effective substrate. Methoxy- and alkyl-substitutions were also tolerated (7 and 8), 

as were methyl ester and borylated tryptamines (9 and 10). With respect to limitations, we 

found that tryptamines with substitution at the C2 and C7 positions were poor substrates in 

the reaction, which we attribute to disruption of key H-bonding interactions between the 

phosphate catalyst and radical cation. Lastly, to demonstrate the scalability of this protocol, 

we ran the model reaction in a simple illuminated flow reactor, performing the 

transformation of 1 to 2 on 10 mmol scale in 20 h with no loss of enantioselectivity or 

reaction efficiency.19,20

Mechanistic support for PCET

To better understand this process, we elected to study the mechanism of the charge transfer 

step involved in radical generation. Under the oxidizing conditions of the catalytic reaction, 

we expected that the excited-state of the Ir(ppy)3 photocatalyst (*E1/2 = −1.73 V vs SCE) 

would first be quenched by the TIPS-EBX iodonium reagent (Ep/2 = −1.13 V vs SCE) and 

that the resulting ground state IrIV complex (E1/2 = +0.80 V vs. SCE) would serve as the 

operative oxidant in the reaction. As such, the key charge transfer step with tryptamine 1 
could not be studied directly by luminescence quenching. However, we reasoned that 

[IrIV(ppy)3]+ could be approximated in Stern–Volmer experiments by 
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*[Ir(ppy)2(dtbbpy)]PF6, which is also an effective catalyst for the reaction (88% yield, 91% 

ee) and exhibits an excited state reduction potential that is similar to that of the IrIV/III 

couple of Ir(ppy)3. Using this system, we found that no quenching of *[Ir(ppy)2(dtbbpy)]PF6 

is observed in the presence of tryptamine 1 (Ep/2 (R+•/R) = +1.16 V vs. SCE) alone. 

However, irradiation of [Ir(ppy)2(dtbbpy)]PF6 in the presence of a diphenyl phosphate base 

and 1 together results in strong phosphorescence quenching that exhibits a first-order kinetic 

dependence on the concentrations of both 1 and phosphate (Figure 3a). These results suggest 

that oxidation of the tryptamine-phosphate complex is kinetically more favorable than direct 

electron transfer with the tryptamine alone.21

Further support for this conclusion was obtained from cyclic voltammetry studies. Scans of 

1 in THF containing 0.1 M NBu4PF6 and varying concentrations of monobasic diphenyl 

phosphate (Figure 3b) produced a set of irreversible voltammograms wherein the onset 

potentials were shifted significantly more positive and the current response increased with 

increasing concentrations of phosphate. Control experiments revealed that scans of either 

tryptamine 1 or the phosphate base alone are not responsible for these current features. 

These results are consistent with a mechanism wherein a hydrogen bonded complex between 

the tryptamine substrate and the phosphate base is oxidized at a potential more positive than 

those required for oxidation of either its constituent parts. Such behavior is a characteristic 

feature of PCET processes, wherein specific hydrogen bonding interactions are known to 

modulate the redox potentials of the bound substrates.22 Increasing concentrations of the 

phosphate results in a higher equilibrium concentration of this key H-bonded complex, 

which in turn leads to increased current. Next, we sought to determine whether evidence for 

similar PCET chemistry could be obtained for the catalytic reactions mediated by Ir(ppy)3. 

Voltammograms of 1mM Ir(ppy)3 in a 0.1M THF solution of NBu4PF6 revealed a reversible 

current corresponding to the IrIV/III couple (Figure 3c). Addition of either the phosphate base 

or tryptamine 1 alone did not affect the reversibility or current response of this peak. 

However, addition of both the phosphate base and 1 together led to loss of reversibility and 

the observation of a new catalytic current. Together with the results above, this observation 

provides support for a mechanism wherein the putative IrIV species generated in the reaction 

is kinetically competent to react with the indole-phosphate complex, but not with either of 

its constituents individually. In the electrochemical experiment, the resulting IrIII species is 

then reoxidized to IrIV at the electrode and this cycle continues to produce the observed 

current response (Figure 3c).

The data above provide support for the one-electron oxidation of a tryptamine-phosphate 

complex, but they do not shed light on the nature of the post-PCET hydrogen bonded 

complex or the position of the proton within this interface. Seeking to address these 

questions, we turned to DFT calculations (UB3LYP 6-31G+(d,p) CPCM=THF), which 

indicated that the proton within the hydrogen bond between the indole nitrogen and the 

oxygen of a biphenyl phosphate is covalently associated with the indole nitrogen. This 

outcome is consistent with the solution pKa data in MeCN (vide supra), and supports the 

intermediacy of an indole radical cation rather than a neutral indolyl radical as the key 

intermediate in the reaction.
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In addition to these spectroscopic, voltammetric, and computational results, a number of 

reactivity studies were also consistent with our mechanistic proposal. First, if the reaction 

proceeds through a phosphate-bound indole radical cation, we would expect that replacing 

the indole N–H bond with an N-alkyl group would disrupt both the H-bond donor-coupled 

electron transfer and the basis for asymmetric induction. To this end, we observed that a 

tryptamine substrate bearing an N-Me group on the indole nitrogen did not react at all under 

the standard reaction conditions and was recovered unchanged. This outcome is notable in 

the fact that the N-alkyl indole is easier to oxidize via direct outer sphere ET than the N–H 

compound by more than 70mV. This observation confirms the ability of an H-bond interface 

to modulate the potentials requirements in PCET reactions even in the absence of formal 

proton transfer. One could also imagine that TEMPO• is oxidized to its corresponding 

oxoammonium ion under the reported conditions. This oxoammonium cation could react 

with the indole as a polar electrophile that is associated with a chiral phosphate, in analogy 

to the recent asymmetric phase transfer work of Toste.23 However, control experiments 

wherein a pre-generated oxoammonium salt derived from TEMPO24 was added to the 

reaction provided only trace quantities of product as a racemic mixture, suggesting that this 

is not the operative pathway for product formation.

Lastly, we observed that while no reaction occurs in the absence of either the Ir 

photocatalyst or blue LED irradiation, this reaction could proceed in the absence of the 

chiral phosphate catalyst, demonstrating that a racemic background reaction is accessible 

under these conditions. We hypothesize that this background reactivity may be driven by the 

generation of a benzoate base in situ upon reduction of the iodonium oxidant. To evaluate 

the contribution of this background reaction in reactions containing the chiral phosphate, we 

examined the enantioselectivity of 2 as a function of phosphate loading. Remarkably, these 

experiments revealed that the observed level of enantioselectivity reaches a maximum at 3 

mol% of added phosphate and does not increase above 93% ee with increased phosphate 

loading. Intriguingly, this outcome suggests that the racemic background reaction is 

effectively suppressed even when low concentrations of phosphate are present. Extending 

this line of reasoning, we found that the much more oxidizing photocatalyst 

[Ir(dF(CF3)ppy)2(bpy)](PF6) (*E1/2 = + 1.32 V vs SCE) can also be used in this protocol 

without any observable loss of enantioselectivity. Unlike [IrIV(ppy)3]+ (E1/2 = + 0.80 V vs 

SCE), this catalyst does not require H-bond pre-association of the phosphate to oxidize the 

tryptamine en route to radical cation formation. This observation suggests that ion pairing 

between the radical cation and the phosphate is faster than TEMPO• trapping and that the 

productive reaction proceeds exclusively through the phosphate-bound complex even if they 

are not complexed during the initial electron transfer event. If general, we anticipate that this 

surprising insight will prove useful in the design of future work on the asymmetric catalysis 

of radical cation reactions. Taken altogether, we believe that these experiments are consistent 

with the proposed mechanism of substrate activation and catalyst association, and represent 

a rare example of a highly enantioselective catalytic reaction of a radical cation intermediate 

mediated entirely by non-covalent interactions.

Mesolytic cleavage step—With a successful and scalable method to make the key 

enantioenriched alkoxyamine-substituted pyrroloindolines in hand, we sought to derivatize 
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these products into a range of diverse pyrroloindoline structures. In accord with our previous 

work in catalytic carbocation generation,16 we envisioned that the nitrogen lone pair of this 

TEMPO-substituted pyrroloindoline adduct (Ep/2 = +0.92 V vs SCE) could be oxidized by 

an excited state photocatalyst to furnish a transient radical cation. The C–O bond of this 

intermediate would be significantly weakened relative to its neutral closed shell precursor, 

and undergo C–O mesolytic cleavage to generate TEMPO• and a configurationally biased 

tertiary pyrroloindoline carbocation. Based on prior art, we expect that this carbocation 

could react in turn with exogenous nucleophiles to furnish a wide variety of structurally 

diverse pyrroloindoline cores.25 Proton-coupled reduction of TEMPO• by the reduced form 

of the photocatalyst would form TEMPO-H as a stoichiometric byproduct and close the 

catalytic cycle. Notably, this protocol differs from prior work in cation generation in that it 

occurs under Brønsted neutral conditions, enabling the use of a range of acid-sensitive or 

Lewis basic nucleophiles that might prove incompatible with traditional methods involving 

acidic or electrophilic activators.

Preliminary experiments demonstrated that subjecting the C3-substituted pyrroloindoline 

alkoxyamine 2 to [Ir(dF,CF3-ppy)2(bpy)]PF6 in the presence of potassium trans-styrenyl 

trifluoroborate provided the desired vinylated product without loss of optical purity, but in 

low yield despite full conversion of starting material. Systematic evaluation of changes in 

temperature, solvent, and photocatalyst did little to improve the efficiency of the reaction. 

We hypothesized that the poor mass balance might be a consequence of the in situ 
generation of strongly Lewis acidic BF3 in the presence of the unprotected indoline in the 

substrate. Indeed, subjecting a N-Boc protected version of the pyrroloindoline alkoxyamine 

(11) (Ep/2 = +1.28 V vs SCE) to a more oxidizing photocatalyst [Ir(dF, CF3-ppy)2(dCF3-

bpy)]PF6 (*E1/2 = +1.68 V vs SCE) in MeNO2, we could obtain the desired alkene product 

in 65% yield after 8 h at room temperature (Table 3, 12).

With these conditions, we next surveyed the scope of this nucleophilic substitution reaction. 

With the N-Boc-protected TEMPO-substituted pyrroloindoline (11) as the standard 

electrophile, we were able to employ a variety of C-, N-, and O- nucleophilic coupling 

partners (Table 3). In addition to the model vinyl trifluoroborate nucleophile, naphthyl, 

phenyl, and 5-indolyl BF3K salts could be employed to obtain the corresponding arylated 

pyrroloindoline adducts (Table 3, 13–16). Silyl nucleophiles were also competent in the 

reaction, with allyl silanes and silyl enol ethers producing alkylated products 17 and 18 and 

TMSN3 generating azide product 19 in excellent yield. Finally, a number of protic 

nucleophiles could be utilized. Aliphatic alcohols act as proficient nucleophiles in the 

reaction (20, 21). Of particular interest, tert-butanol was even a successful coupling partner 

with the tertiary pyrroloindoline carbocation to produce the sterically congested ether 21 in 

modest yield. Nitrogen nucleophiles were also amenable to the method, as evidenced by the 

generation of ortho-iodoaniline 22 and sulfamate 23. The latter functional group has been 

used to great effect by Movassaghi in recent work as precursor for the synthesis of diazene-

linked pyrroloindoline dimers that can be coupled photochemically.26,27 In all the reactions 

above, we expect that the proton, boron, or silicon groups liberated in this reaction bind to 

and promote the single-electron reduction of TEMPO• to complete the catalytic cycle. Taken 

together, this approach represents a practical and highly adaptable method to generate a wide 
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variety of C3-substituted pyrroloindoline structures in optically enriched form via a standard 

experimental protocol from a common intermediate. Our efforts to extend these reactions to 

accommodate more complex fragment couplings are detailed below.

Alkaloid natural product synthesis—The cyclotryptamine alkaloids are classic targets 

for chemical synthesis and have been the focus of sustained synthetic interest for decades.
28,29 As such these natural products represent useful molecular benchmarks for assessing the 

value and applicability of new synthetic strategies and methods.30 In this vein, we 

questioned whether we could utilize the two catalytic radical cation chemistries described 

above to enable the development of concise asymmetric routes to the pyrroloindoline cores 

of these target structures. Specifically, we anticipated that the carbocation generated in the 

oxidatively-induced mesolytic cleavage step from alkoxyamine 2 could be intercepted by a 

tryptamine π-nucleophile to directly furnish the characteristic bis-pyrroloindoline core of 

the calycantheous alkaloids. To put this approach in context, Movassaghi has elegantly 

demonstrated that Ag-mediated ionization of related bromo-substituted pyrroloindolines can 

be trapped by aryl boron nucleophiles to furnish new C–C bonded products in his synthesis 

of (+)-naseseazines A and B.25h,31 The key question we hoped to address in this study was 

the ability to control the stereochemical outcome of the C–C bond-forming event with a 

prochiral tryptamine nucleophile to furnish the characteristic vicinal quaternary 

stereocenters in a diastereoselective fashion. With respect to the strategic advantages of this 

approach, we note that many of the dimeric cyclotryptamine natural products are 

unsymmetrical and differ in their substitution patterns on the four peripheral nitrogens. 

Consequently, dimerization-based strategies, wherein two identical fragments are coupled 

together, are not easily amenable to the construction of these targets. A clear advantage of 

the strategy outlined above is that the two pyrroloindoline units in the dimer arise from a 

coupling reaction between a distinct tryptamine nucleophile and a pyrroloindoline 

carbocation electrophile. As such, synthesizing the appropriately substituted reaction 

partners provides a common method to generate unsymmetrical targets directly.

Calycanthidine—To this end, our initial efforts focused on the construction of the 

unsymmetrical dimer, calycanthidine (27).26,32,33 This alkaloid exhibits local C2 symmetry 

at the bisquaternary centers, but possesses a methyl group on one of the two isomeric aniline 

nitrogens that breaks the overall symmetry of the structure. Enantioselective syntheses of 

calycanthidine reported in the literature are comparatively lengthy relative to the synthesis of 

its symmetrical congener, chimonanthine. We proposed that the sequence of mesolytic 

cleavage and nucleophilic capture could be readily adapted to enable a concise 

enantioselective synthesis of this target in just four steps from tryptamine 1. As described 

above, one-electron oxidation of the unprotected pyrroloindoline 2 (Ep/2 = + 0.92 V vs SCE) 

by the excited state of [Ir(dCF3Me-ppy)2(dtbbpy)]PF6 (*E1/2 = + 1.22 V vs SCE) at room 

temperature in THF results in mesolytic bond cleavage to furnish a tertiary carbocation 

electrophile. This cation was then intercepted by N-Me-N′-Cbz tryptamine 25 in a Friedel-

Crafts process to form the unsymmetrical dimer 26 in moderate yield as a 1:1 mixture of 

diastereomers at the bisquaternary centers (Table 4, entry 1). Further evaluation of the 

solvent and temperature led to little improvement in the stereoselectivity (Table 4, entry 2), 

prompting us to explore an alternative strategy involving N-methylation of the 
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pyrroloindoline electrophile, which was readily accomplished upon treatment of 2 with MeI 

and NaHMDS in THF to furnish pyrroloindoline 24 in 93% yield (Table 4). We observed 

that reactions of this cation precursor (Ep/2 = + 0.81 V vs SCE) with N′-Cbz tryptamine in 

the presence of [Ir(dCF3Me-ppy)2(dtbbpy)]PF6 at room temperature gave rise to higher 

diastereoselectivities (5:1), albeit with lower overall yields of 26 (Table 4, entry 3). 

Lowering the temperature of the reaction improved the diastereoselectivity of the reaction 

but did not benefit the reaction efficiency (Table 4, entry 4). More extensive optimization 

revealed that the addition of 1 equivalent of trifluoroacetic acid enhanced the yield of the 

reaction while maintaining the higher levels of diastereoselectivity (Table 4, entry 5). With 

these conditions in hand, we were able to perform the heterodimerization on a 2 mmol scale 

to afford 71% isolated yield (849mg) of the desired product 26 as a 13:1 mixture of 

diastereomers. Reduction of the two benzyl carbamate groups in the resulting adduct with 

Red-Al proceeds smoothly (80% yield) to furnish (−)-calycanthidine (27). This asymmetric 

synthesis proceeds in four chemical steps from tryptamine 1 in 43% overall yield.

Chimonanthine—We next turned our attention to the synthesis of the C2-symmetrical 

dimer (−)-chimonanthine.34,35 In analogy to the results described above, oxidation of the 

unprotected pyrroloindoline 2 (Ep/2 = + 0.92 V vs SCE) using the excited state of 

[Ir(dCF3Meppy) 2(dtbbpy)]PF6, generated a carbocation intermediate that could be 

efficiently captured by tryptamine 1 to form symmetrical dimer 28 in moderate yield (26%) 

with diastereoselectivities of up to 3:1 C2:meso. As in the calycanthidine system, we 

observed that addition of trifluoroacetic acid enhanced the efficiency of the reaction (54% 

yield). However the diastereomeric ratio of isolated products under these conditions proved 

to be highly irreproducible on small scale, ranging from 3:1 to >20:1.

Additional experiments revealed that the when an isolated 3:1 mixture (C2:meso) of the 

dimeric material was re-subjected to the reaction conditions under an air atmosphere, the 

isomeric ratio enriched over time to furnish the C2 isomer in >20:1 dr in 69% yield after 24 

hr at −40 °C. Notably, the enantiopurity of the C2 isomer (93% ee) in this reaction was 

unchanged during the enrichment process. Also, when this enrichment reaction was carried 

out in the presence of an exogenous N′-Boc tryptamine nucleophile, no crossover products 

were observed. Together these results suggest that reversible cleavage of the central C–C 

bond was not the operative mechanism for isomeric enrichment. Rather, when these 

enrichment reactions were monitored by NMR, the meso diastereomer appeared to be 

selectively consumed over time, while the C2 isomer was not degraded (Figure 4). Control 

experiments revealed that this process requires both the photocatalyst and exposure to 

oxygen, suggesting an oxidative pathway for selective decomposition of the meso isomer. 

However, despite extensive efforts, none of the complex mixture of degradation byproducts 

could be identified. This enrichment process was performed on a 3:1 mixture of isolated 

dimer diastereomers in batch under blue light irradiation at −40 °C in THF to yield the 

desired C2 isomer in 69% yield on >20:1 dr with 93% ee. This adduct was subsequently 

reduced with Red-Al in 79% yield to provide (−)-chimonanthine (29). Altogether, this 

stereoselective synthesis proceeds in 4 steps from tryptamine 1 in 24% overall yield (Figure 

4).
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Psychotriasine—Lastly, we also adapted this method to develop a concise 

enantioselective synthesis of psychotriasine, another dimeric pyrroloindoline natural product 

that features an unusual C-N linkage.36,37 Using the mesolytic cleavage conditions described 

above with ortho-iodoaniline as the nucleophile resulted in formation of expected N-aryl 

pyrroloindoline 22 in 64% yield. Adopting a strategy originally developed by Baran in his 

synthesis of psychotriasine, the iodoaniline was subjected to a Larock annulation with 

alkyne 30 to furnish the core of the natural product.38 Subsequent reduction of the carbamate 

protecting groups with Red-Al resulted in the synthesis of (−)-psychotriasine 31 in 93% ee 

in four chemical steps and 38% overall yield from tryptamine 1 (Figure 5). Taken together, 

these syntheses highlight the versatility of this method and suggest that its use in even more 

complex contexts might prove feasible. Efforts to evaluate this hypothesis are the subject of 

ongoing efforts.

Conclusions

In conclusion, we have developed a new protocol for the asymmetric synthesis of a range of 

substituted pyrroloindolines that proceeds via sequential reactions of catalytically generated 

radical cation intermediates. In the first step, single electron oxidation with an excited state 

redox catalyst produces a tryptamine radical cation that exists as a hydrogen-bonded 

complex with a chiral phosphate base, enabling an enantioselective coupling with the stable 

nitroxyl radical TEMPO•. This transformation represents a rare example of a highly 

enantioselective reaction of a radical cation intermediate that is mediated entirely by non-

covalent interactions. In the second step, the resulting pyrroloindoline adduct undergoes 

single-electron oxidation and the resulting radical cation fragments mesolytically to reveal a 

carbocation intermediate that can be trapped by a range of different nucleophiles. This 

sequence is notable in the scope of nucleophilic partners that it accommodates, and for its 

ability to enable stereoselective couplings with prochiral tryptamine nucleophiles to furnish 

asymmetric access to a range of dimeric pyrroloindoline natural products via short synthetic 

sequences. We are optimistic that these reports will facilitate future advances in both the 

asymmetric reactions of radical cation intermediates as well as in the synthesis of more 

complex alkaloid natural products and related structures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Tryptophan radical cation in enzymatic systems. b) proposal for an asymmetric reaction 

using indole radical cation. c) mesolytic bond cleavage enables a concise route to substituted 

pyrroloindolines and alkaloid natural products.
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Figure 2. 
Prospective catalytic cycle for tryptamine PCET reaction.
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Figure 3. 
Mechanistic support for PCET oxidation of tryptamine a) luminescence quenching studies 

of [Ir(ppy)2(dtbbpy)]PF6 with varying concentrations of 1 b) cyclic voltammograms of 1 
with varying amounts of phosphate c) cyclic voltammograms of Ir(ppy)3 upon addition of 1 
and phosphate.a

aConditions: 1 mM of Ir(ppy)3, 3 mM of NBu4(PhO)2PO2, and 3 mM of 1 with 0.1 M 

tetrabutylammonium hexafluorophosphate. A glassy carbon working electrode, SCE 

reference electrode, and platinum mesh counter electrode were used. The experiment was 

conducted in THF at 23 °C with a scan rate of 0.1 V/s. Each voltammogram was obtained 

independently.

Gentry et al. Page 16

J Am Chem Soc. Author manuscript; available in PMC 2018 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Synthesis of (−)-chimonanthine and origin of diastereoselectivity. 500MHz 1H NMR spectra 

obtained in CD3CN at rt. aDiastereomeric ratios were determined by 1H NMR analysis of 

the crude reaction mixture.
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Figure 5. 
Synthesis of (−)-psychotriasine.
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Table 2

Substrate scope of enantioselective PCET reaction.

a
Reactions run on a 0.5 mmol scale. Reported yields are for isolated and purified materials. Enantiomeric excess determined by HPLC analysis.
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Table 3

Scope of mesolytic bond cleavage induced nucleophilic substitution.a

a
Reactions run on a 0.25 mmol scale. Reported yields are for isolated and purified materials. The optical purity of all products was confirmed by 

HPLC analysis.

b
Unprotected pyrroloindoline 2 as the substrate.

c
Conducted with 6 equiv. of sulfamide.
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