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L aura Furst, Jagan M. R. Narayanam, and Corey R. J. Stephenson*

Hexahydropyrroloindoline alkaloids are a large class of

natural products that are formally derived from two mole-

culesof tryptophan.[1] A subset of thisclass, theC3–C3’ indole

alkaloids, contain the 3a-(3-indolyl)-hexahydropyrr olo-[2,3-

b]indole skeleton and include compounds such as gliocla-

din C,[2] gliocladine C,[3] leptosin D,[4] and the bionectins[5]

(Figure 1). A side from their interesting structural features,

they exhibit a broad range of potent biological activities. For

example, gliocladin C[2] and leptosin D [4] are cytotoxic against

P-388 lymphocytic leukemia cell lines with ED 50 values of

240 ngmL 1 and 86 ngmL 1, respectively, while bionectins A

and B [5] exhibit antibacterial activity against MRSA (methi-

cillin-resistant S. aureus) and QRSA (quinolone-resistant

S. aureus) with MIC = 10–30 mmmL 1.

The structural complexity and high biological activities of

hexahydropyrroloindoline alkaloids,[7] have gained the atten-

tion of several research groups, thus resulting in total

syntheses of natural products that incorporate C3–C3’ pyrro-

loindoline dimers,[8,9] including work by the research groups

of Hino,[9a] Danishefsky,[9b] Overman,[9c] Movassaghi,[9d–g]

de Lera,[9h,i] Sodeoka,[9j] and Baran.[9k] Elegant approaches to

the synthesis of C3–C7’ and C3–N1’ bisindole alkaloids have

also been achieved by Overman and Govek (C3–C7’),[10]

Baran and co-workers,[11a,c] and Rainier and Espejo (C3–

N1’).[11b] However, the total syntheses of gliocladin C by

Overman and co-workers, starting from isatin in 2007[12a] and

the subsequent second generation synthesis in 2011,[12b]

remain the only completed nondimeric C3–C3’ bisindole

alkaloid syntheses. Moreover, the strategy by Overman and

co-workers illustrated the importance of gliocladin C asa key

intermediate for the preparation of other C3–C3’ bisindole

alkaloids. For example, bis-Boc-protected 1 can be effectively

converted into gliocladine C (2) in six steps. Two additional

reports by Crich et al.,[13] and Somei and co-workers[14] were

aimed at the synthesis of the core.[15,16] Herein, we report the

total synthesis of gliocladin C (10 steps total) which was

enabled by a highly efficient radical coupling reaction that is

mediated by visible-light photoredox catalysis

(Scheme 1).[17–24]

During our studies into the visible-light-mediated syn-

thesis of indole alkaloid natural products using the photo-

redox catalyst tris(bipyridyl)ruthenium(I I ) chloride ([Ru-

(bpy)3Cl2])
[25] we serendipitously discovered an efficient

method for the reductive dehalogenation of activated C X

bonds.[20a,26] In the process, we were able to effectively access

the tertiary benzylic radical 7 (Scheme 1) from bromopyrro-

loindolines 6 en route to the corresponding reduced com-

pounds. By utilizing the method developed within our group,

we envisioned that the trapping of 7 with an indole derivative

would provide a direct approach to C3–C3’ bisindoles 8, and

thus efficient access to an entire class of natural products.

The key step in our synthetic strategy was evaluated by

exposing simple bromopyrrolindoline 9,[11b] which is derived

Figure 1. Representative examples of cytotoxic and antibiotic C3–C3’

bisindole alkaloids.[6]

Scheme 1. Retrosynthesis of gliocladin C (1; top) and visible-light-

mediated C C bond formation (bottom).
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The intermolecular radical C C bond formation is

a powerful tool in organic synthesis,[10] and recent advances

in this field are encouraging.[11] A C3a-bromopyrroloindoline,

such as 9 (Scheme 2), can readily generate benzylic radicals

with retention of the original stereochemistry. These have

found good use in some intermolecular transformations,[5a,b,6a]

including conjugate additions,[5a,b] albeit with rather limited

scope of acceptors. Visible-light photoredox catalysis, pio-

neered by the groups of MacMillan, Yoon, and Stephenson,

has emerged as a powerful, yet controllable, method to

promote radical reactions.[12,13] In an inspiring synthesis of

gliocladin C, Stephenson et al. developed the direct coupling

of a pyrroloindoline radical with a substituted indole, employ-

ing [Ru(bpy)3Cl2] (bpy = bipyridine) as a photocatalyst. [14]

The conjugate addition of functionalized radicals (such as a-

amino and a-alkoxy alkyl radicals) by photoredox catalysis

has attracted remarkable attention,[15] whereas similar types

of reactions with non-functionalized radicals remain rather

rare in the literature, despite the seminal report by Okada

et al. two decades ago.[16,17]

With the above retrosynthetic analysis and literature

precedents in mind, we started the synthesis of drimentine G

by preparing precursors 9 and 10 (Scheme 3). Sclareolide (11)

wasconverted into iodoformate 12 using the two-step method

developed by Baran et al. (DIBA L-H reduction followed by

Suµrez cleavage).[18] Compound 11 was then further hydro-

lyzed to give alcohol 13 (78% yield from 11). Treatment of 13

with SOCl2/Et3N furnished exocyclic olefin 14 in 86% yield,

the C=C bond of which was cleaved by ozonolysis. The

resulting iodoenone smoothly underwent b-elimination pro-

moted by Et3N to give 10 on a multigram scale. Meanwhile, 9

was obtained through bromocyclization of l -tryptophan

derivative 15 in 96% yield on a decagram scale.[19]

Having prepared a large quantity of both substrates, we

investigated the radical conjugate addition (Table 1). Initially,

a large excess of enone 10 (4.0 equiv) was employed to

accelerate the desired intermolecular reaction. The conven-

tional radical conditions (A IBN, Bu3SnH or (TMS)3SiH) led

to rapid and complete debromination of 9 (entry 1), as did

alternative initiation conditions, such as Et3B/O2 (entry 2).

The reductive initiator [Co(PPh3)3Cl] merely resulted in

instantaneous homodimerization of the radical (entry 3),

despite the high concentration of 10 (ca. 1.0m). In all of the

above cases, 10 wasfully recovered. A sthese results illustrate,

the pyrroloindoline radical was readily generated under

various conditions; however, side reactions rapidly quenched

the radical species before the desired conjugate addition

occurred. A t this point, we carefully examined the method

employed by Crich et al. (slowly adding Bu3SnH).[5a]

A lthough the reported conditions only gave debromo-9, we

were pleased to find that, with a much higher dilution (ca.

0.005min benzene) and a slower addition rate (syringe pump,

8 h) of Bu3SnH, and in the presence of larger excess of 10

(10 equiv), the desired product 8 was obtained in 58% yield

(entry 4). However, the use of a large excess of toxic Bu3SnH

and the synthetically more precious 10 makes this reaction

less satisfactory. Thus, we moved on to photoredox catalysis.

Upon visible-light irradiation (blue LED, l max = 454 nm),

treatment with the photocatalyst [Ru(bpy)3Cl2] at 228C for

16 h produced 8 in 51% yield (entry 5). A control experiment

in the absence of the photocatalyst provided only a small

amount of 8 (entry 6). The efficiency of the conjugate

addition was significantly improved by replacing [Ru-

(bpy)3Cl2] with [I r(ppy)2(dtbbpy)PF6]
[20,13b–e] (89% yield,

entry 7). Reactions with a reversed ratio of the two substrates

were also investigated (entry 8). A s shown, 1.5 equiv of 9

ensured optimal efficiency (91% yield), and the reaction

scaled reliably (entries 7 and 8). The structure of 8 was

Scheme 3. Multigram synthesis of the precursors for the radical

conjugate addition. Reagents and conditions: a) DIBAL-H (1.2 equiv),

CH2Cl2, 788C, 1 h; b) I2 (1.2 equiv), PIDA (1.4 equiv), hn, benzene,

908C, 5 min; c) K2CO3 (1.5 equiv), MeOH, 228C, 2 h, 78% for the 3

steps; d) SOCl2 (1.5 equiv), Et3N (3.0 equiv), CH2Cl2, 908C, 5 min,

86%; e) O3, CH2Cl2, 788C, 5 min, then Et3N (20 equiv), 608C, 2 h,

82%; f) NBS (1.0 equiv), PPTS (1.0 equiv), CH2Cl2, 228C, 15 min,

96%. DIBAL-H = diisobutylaluminum hydride, NBS= N-bromosuccini-

mide, PIDA= phenyliodonium diacetate, PPTS= pyridinium p-toluene-

sulfonate.

Table 1: Investigation of conditions for the radical conjugate addition.

Entry Conditions Yield [%][f ]

1 AIBN, Bu3SnH, or (TMS)3SiH, toluene[a,b] 0

2 Et3B, O2, Bu3SnH, THF[a,c] 0

3 [Co(PPh3)Cl], acetone[a,c] 0

4 Bu3SnH (syringe pump), benzene[b,d] 58

5 [Ru(bpy)3Cl2]·6H2O (2.5%), blue LED, Et3N
[a,c,e] 51

6 blue LED, Et3N
[a,c,e] 12

7 [Ir(ppy)2(dtbbpy)]PF6 (2.5%), blue LED, Et3N
[a,c,e] 89 (87)[h]

8 [Ir(ppy)2(dtbbpy)]PF6 (2.5%), blue LED, Et3N

10/9= 1:1.5[c,e]

91 (86)[g,h]

[a] 4.0 equiv of 10. [b] 808C. [c] 228C. [d] 10.0 equiv of 10. [e] 2.0 equiv of

Et3N in DMF (0.5m in 9 or 10). [f ] Based on 9. [g] Based on 10. [h] Yields

in parentheses obtained from gram-scale reactions. AIBN = azobisiso-

butyronitrile, bpy= bipyridine, dtbbpy= 4,4’-di-tert-butyl-2,2’-bipyridine,

ppy= 2-phenylpyridine, TMS= trimethylsilyl.
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complete debromination of 9

10 was fully recovered

The success of this reaction is 
presumably due to the low 
concentration of the reductive 
species and the slow rate of 
side reactions such as the 

formation of debromo-9.
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2. Photocycloadditions

The excited states of photoredox catalysts can oxidise one of 

the reaction partners under mild conditions, such reactions are 

highly regio/stereo- selective and high-yielding.

[2 + 2] : photoredox process vs simple hv

[4 + 2] : photoredox process vs thermal reactions

Daniele Leonori* Nat. Prod. Rep., 2016, 33, 1248–1254

Stephenson* Chem. Rev. 2016, 116, 9683−9747 
10
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(E p/2 = +1.74 V)
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A. According to Bamya and coworkers, the structure of the head-

to-head dimer was proposed to be the meso isomer.8 To verify

the stereochemistry, X-ray quality crystals were obtained, which

unambiguously revealed the trans geometry of the cyclobutane

substituents. Lastly, the dimerization of N-vinyl carbazole,

which had been previously reported by Bauld, furnished the

desired cycloadduct in a quantitative yield (entry 4).

Most importantly, we were able to utilize this method to

synthesize two lignan cyclobutane natural products. Treatment

of E-asarone to the oxidative reaction conditions in the presence

of 0.5 equiv. of anthracene furnished magnosalin in 50% yield.

This result is in contrast to the direct irradiation (hy > 300 nm)

of E-asarone, where Yamamura observed the formation of the

meso isomer, heterotropan, as the sole adduct in 15% yield.10

Attempts at synthesizing endiandrin Avia a [2 + 2] cycloaddition

of meta-oxygenated anethole derivatives were not successful,

presumably for the aforementioned reasons. However, we were

able to further elaborate the anethole cyclobutane dimer 1

(Table 1, entry 1) by a bromination, demethylation and

methoxylation25 sequence to furnish endiandrin A in 59% yield

over 3 steps. This represents the rst synthesis of the bioactive

cyclobutane lignan.

To probe the role of the ER additive and its effect on cyclo-

reversion, we resubmitted the cyclodimer 2 in entry 2, Table 2 to

the standard conditions. In the absence of the electron relay,

the cyclodimer was recovered in 65% yield and signi cant

quantities (11%) of the alkene monomer were observed. The

remainder of the mass balance was attributed to unidenti able

decomposition products. Conversely, when 2 was resubmitted

to the reaction conditions containing 0.5 equiv. of anthracene,

83% of 2 was recovered and only trace amounts of the styrene

monomer were observed. These results suggest that the pres-

ence of anthracene is critical to impeding the cycloreversion

process (Fig. 1).26

Based on these results, we propose the following mecha-

nistic hypothesis (Fig. 2). Following excitation of the p-OMeTPT,

oxidation of the electron relay (ER) provides the active oxidant

(ER
.+), which oxidizes the alkene substrate. A er cycloaddition

with another molecule of alkene starting material, the ER or 3

most likely reduces cyclobutane cation radical 4. In the absence

of the ER, the cycloaddition is reversible, most likely due to

single electron oxidation of the cyclobutane by p-MeOTPT.

Presently, we propose that the ER suppresses cycloreversion by

shielding the cyclobutane products from oxidative degradation

by the oxopyrylium salt.

Conclusions

Wehave devised a simple and direct method for the synthesis of

C2-symmetric cyclobutanes including magnosalin, various

lignan analogs, and 1,1 unsubstituted cyclobutane compounds.

By including an electron relay additive, we have offered a

protocol for preventing cycloreversion and polymerization of b-

substituted styrenes and terminal styrenes, respectively. This

method sheds light on a possible biosynthesis of lignans via a

single electron oxidation pathway.

Acknow ledgements

The project described was supported by The University of North

Carolina at Chapel Hill, generous funding from NIGMS (R01

GM098340) and an Eli Lilly New Faculty Award.

Fig. 2 Working mechanism for the alkene cyclodimerization reaction.

Fig. 1 Cycloreversion was prominent when an additive was excluded (eqn(4))

and circumvented when the additive was employed (eqn(5)).
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substituents. Lastly, the dimerization of N-vinyl carbazole,
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over 3 steps. This represents the rst synthesis of the bioactive
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shielding the cyclobutane products from oxidative degradation

by the oxopyrylium salt.
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lignan analogs, and 1,1 unsubstituted cyclobutane compounds.
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Visible-L ight Photoredox Catalysis Enables the Biomimetic Synthesis

of Nyingchinoids A , B, and D, and Rasumatranin D

Jacob D. Hart, L aura Burchill, Aaron J. Day, Christopher G. Newton, Christopher J. Sumby,

David M. Huang, and Jonathan H. George*

Abstract : The total synthesis of nyingchinoids A and B has

been achieved through successive rearrangements of a 1,2-

dioxane intermediate that was assembled using a visible-light

photoredox-catalysed aerobic [2+ 2+ 2] cycloaddition. Nying-

chinoid D was synthesised with a competing [2+ 2] cyclo-

addition. Based on NMR data and biosynthetic speculation, we

proposed a structure revision of the related natural product

rasumatranin D, which was confirmed through total synthesis.

Under photoredox conditions, we observed the conversion of

a cyclobutane into a 1,2-dioxane through retro-[2+ 2] cyclo-

addition followed by aerobic [2+ 2+ 2] cycloaddition.

The renaissance of visible-light photoredox catalysis during

the past decade has significantly enhanced the toolkit of

organic synthesis through the improved ability to access

radicals and radical ions under mild conditions.[1] However,

the application of photoredox catalysis to the total synthesis

of natural products has been relatively slow, with most

examples to date involving the reductive generation of alkyl

radicals or photocatalysed [4+ 2] and [2+ 2] cycloadditions.[2]

Herein, we report the first total synthesis application of

a photocatalytic aerobic [2+ 2+ 2] cycloaddition as the key

step of a biomimetic route to nyingchinoid[3] and rasumatra-

nin[4] meroterpenoid natural products.

NyingchinoidsA–H are a family of polycyclic meroterpe-

noids that were first isolated from Rhododendron nying-

chiense by Hou and co-workers, with each natural product

identified as a scalemic mixture by chiral HPLC.[3] We were

particularly interested in the biosynthetic relationships

between nyingchinoids A (1), B (2), and D (3) and a possible

biosynthetic precursor, chromene 4 (Scheme 1). While nying-

chinoid D (3) is most likely derived from an intramolecular ,

photochemical [2+ 2] cycloaddition of 4, the biosynthetic

origin of nyingchinoids A (1) and B (2) is less obvious. We

propose that 1,2-dioxane 5 isan undiscovered natural product

or biosynthetic intermediate that links chromene 4 to 1 and 2.

The 1,2-dioxane 5 could arise through a [2+ 2+ 2] cyclo-

addition between oxygen and the chromene and prenyl

alkenes of 4. Intramolecular dearomatization of 5 driven by

cleavage of the weak Oˇ O bond could then form 2.[5]

Nucleophilic attack at the epoxide of 2 by the newly formed

tertiary alcohol could then rearomatize the system though an

unusual Cˇ C bond scission to give 1.

In biosynthesis, aerobic [2+ 2+ 2] cycloaddition has only

been proposed to occur in the formation of gracilioethers A

and H,[6] although this reaction has not yet been successfully

applied in a total synthesis of these,[7] or any other, 1,2-

dioxane natural products. The majority of 1,2-dioxane natural

products are biosynthesised through [4+ 2] cycloadditions

between 1,3-dienes (of either terpene or polyketide origin)

and singlet oxygen, a reaction that is amenable to biomimetic

synthesis.[8] The biomimetic synthesis of 1,2-dioxane natural

products has also been achieved using cascade radical

cyclizations that incorporate triplet oxygen.[9]

A s a synthetic method, the photocatalytic aerobic

[2+ 2+ 2] cycloaddition of electron-rich 1,1-disubstituted styr-

enes to give 1,2-dioxanes[10] using 9,10-dicyanoathracene

(DCA ) as the photocatalyst was first reported by Gollnick

and co-workers.[10a,b,e] Synthesis of bicyclic endoperoxides

through aerobic [2+ 2+ 2] cycloaddition of electron-rich bis-

(styrene) substrates[11] was later disclosed by Miyashi and co-

workers, again using DCA as the photocatalyst.[11a] More

recently, the scope of the aerobic [2+ 2+ 2] cycloaddition was

significantly extended by Yoon and co-workers to include less

electron-rich bis(styrene) substrates using Ru(bpz)3
2+ as an

efficient photocatalyst.[12] Most recently, and most relevantly

to this work, Gesmundo and Nicewicz showed that the use of

triarylpyrylium salts as organic photocatalysts allowed the

Scheme 1. Proposed biosynthesis of nyingchinoids A, B, and D.

[* ] J. D. Hart, L. Burchill, A. J. Day, Dr. C. G. Newton, Prof. C. J. Sumby,
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Supporting information and the ORCID identification number(s) for

the author(s) of this article can be found under:

https:/ /doi.org/ 10.1002/anie.201814089.
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aerobic [2+ 2+ 2] cycloaddition of dienes bearing one styrene

and one aliphatic alkene (Scheme 2).[13]

Our biomimetic synthesis of nyingchinoids A , B, and D is

outlined in Scheme 3. Racemic chromene 4 was first synthes-

ised in one step by condensation of orcinol with citral

according to a known procedure.[14] We then attempted to

convert chromene 4 into 1,2-dioxane 5 by using various

oxidation methods. Firstly, exposure of 4 to conditions known

to generate singlet oxygen (e.g., Rose Bengal sensitiser, O2,

MeOH, visible light) gave products exclusively formed

through oxidation of the prenyl side chain, rather than the

electron-rich chromene.[15] Secondly, attempts to oxidise 4 to

a phenoxy radical in the presence of O2 resulted in degrada-

tion of starting material.[16] We therefore protected 4 as TBS-

ether 6, which we thought could be oxidised to a radical cation

under photoredox conditions. Treatment of 6 with a slightly

modified version of Nicewicz s conditions for pyrylium

photoredox-catalysed aerobic [2+ 2+ 2] cycloaddition

(2 mol % 4-MeO-TPT photocatalyst, DCE, 08C, 1 atm O2,

470 nm LED) gave, after 20 min, cyclobutane 8 as the only

product observed in the 1H NMR spectrum of the reaction

mixture.[17] A fter purification, 8 was obtained in 87% yield.

Deprotection of 8 using TBA F in THF gave nyingchinoid D

(3) in 86% yield. However, on repeating this [2+ 2] cyclo-

addition, we noticed the gradual formation of the desired 1,2-

dioxane 7 (asa single diastereoisomer) when the reaction was

run for extended time periods. A fter 7 h, 7 was obtained in

60% yield. No reaction was observed in the absence of either

the photocatalyst or blue LED light. Treatment of 7 with

TBA F formed nyingchinoid B (2) in 92% yield through

intramolecular dearomatization of the intermediate phenox-

ide anion.[18] A cid catalysed rearrangement of 2 using TFA in

CH 2Cl2 then gave nyingchinoid A (1) in 58% yield. Next, we

investigated some telescoped reactions of chromene 6 to form

1 and 2 in one-pot procedures. Pleasingly, photoredox-

catalysed aerobic [2+ 2+ 2] cycloaddition of 6 followed by

addition of TBA F gave 2 in 61% yield, while addition of

TBA F followed by TFA gave 1 in 53% yield. The latter

transformation of 6 into 1 involves the construction of 2 rings,

3 stereocenters, 4 Cˇ O bonds, and 1 Cˇ C bond, alongside the

scission of 1 Oˇ O bond and 1 Cˇ C bond.

Our experimental results clearly demonstrate that the

photoredox-catalysed [2+ 2] cycloaddition of 6 is reversible

when using the 4-MeO-TPT photocatalyst. Indeed, re-sub-

jecting cyclobutane 8 to this catalyst under aerobic conditions

formed 1,2-dioxane 7 in 71% yield, with inversion of the

relative configuration at C-11, thus indicating that full

cycloreversion had taken place before the [2+ 2+ 2] cyclo-

addition. In previousstudiesof photocatalytic, intermolecular

[2+ 2] cycloadditions of electron-rich styrenes, Yoon and co-

workers had observed significant cycloreversion of the cyclo-

butane products when using the highly oxidizing photocata-

lyst Ru(bpz)3
2+ .[19] A mechanistic cycle for the aerobic

[2+ 2+ 2] cycloaddition of 6 that incorporates a reversible

[2+ 2] cycloaddition isoutlined in Scheme 4. The 4-MeO-TPT

photocatalyst is first activated by blue LED light to give an

excited state capable of oxidizing the electron-rich chromene

6 to give radical cation 9. 5-exo-trig cyclization of 9 generates

the diasteromeric, distonic radical cations 10 and 12. Diaste-

reomer 10 has the correct relative configuration to undergo

further cyclization to give the cyclobutane radical cation 11,

followed by reduction to give cyclobutane 8 as the overall

kinetic product of the reaction. Diastereomer 12 is unable to

undergo reductive cyclization in this manner, so it is trapped

by 3O2 to give 14 via the peroxy radical cation 13. Single-

electron reduction of 13 then gives 1,2-dioxane 7 as the

thermodynamic product. Re-oxidation of 8 by the excited

photocatalyst could regenerate radical cation 9 through retro-

[2+ 2] cycloaddition of 11, thus allowing the kinetic product 8

to be “ recycled” to give 7 via radical cation 12. The high

Scheme 2. Nicewicz’s photocatalysed cyclization-endoperoxidation cas-

cade of a tethered diene using a triarylpyrylium catalyst. 4-MeO-

TPT= 2,4,6-tris(4-methoxyphenyl)pyrylium tetrafluoroborate.

Scheme 3. Biomimetic synthesis of nyingchinoids A, B and D. TBSCl = tert-butyldimethylsilyl chloride, DMF= N,N-dimethylformamide, DCE= 1,2-

dichloroethane, TBAF= tetra-n-butylammonium fluoride, THF= tetrahydrofuran.
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oxidation potential of the excited state of 4-MeO-TPT+

(+ 1.74 V) is presumably required to oxidize 8 prior to

cycloreversion. This stepwise mechanistic pathway is sup-

ported by computational modelling using density functional

theory, which showsthat both 5-exo-trig cyclizations of radical

cation 9 are reversible and confirms 7 as the thermodynamic

product, but indicates that the system becomes kinetically

trapped as 11 instead of forming 12 (see the Supporting

Information for full details).

Finally, we compared the NMR spectra of nyingchinoid A

(1), the structure of which has been unequivocally proven by

X-ray crystallography, with that of the related natural product

rasumatranin D, which suggested that the previously pro-

posed structure 15 was incorrect (Figure 1).[4] We believe that

the substitution pattern of the aromatic ring and the relative

configuration at C-11 of rasumatranin D should be reassigned

as structure 16, in line with the structure of nyingchinoid A .

The coupling constant of 14 Hz between H-3 and H-11, and

the absence of an nOe interaction, indicates a trans relation-

ship at this ring junction of 16. Furthermore, the co-isolation

of the cyclobutane natural product 17 alongside rasumatra-

nin D suggested a common chromene biosynthetic precursor

with the same aromatic substitution pattern as the nyingchi-

noids.[20]

Our synthesis of the revised rasumatranin D structure 16

is outlined in Scheme 5. Firstly, 18 was synthesised by TBS-

protection of a known chromene.[21] Visible light photoredox

catalysed aerobic [2+ 2+ 2] cycloaddition of 18 then gave 1,2-

dioxane 19. Treatment of 19 with TBA F formed the nying-

chinoid B analogue 20 (presumably an undiscovered natural

product), which gave rasumatranin D (16) on exposure to

TFA . NMR data for 16 showed excellent agreement with the

published data for natural rasumatranin D, thus confirming

the structure revision. The synthesis of rasumatranin D was

significantly streamlined by conducting a one-pot conversion

of 18 into 16 in 49% yield.

In conclusion, we have achieved the biomimetic synthesis

of nyingchinoids A , B, and D, and a revised structure of

rasumatranin D, by using [2+ 2] and [2+ 2+ 2] cycloadditions

that were initiated by oxidation of electron-rich chromenes.

The use of visible-light-mediated photoredox catalysis to

oxidize these substrates enabled the cycloadditions to be

telescoped with further rearrangements in multistep, one-pot

procedures. The predisposed, highly diastereoselective, bio-

Scheme 4. Proposed mechanistic cycle for the photocatalysed cyclization of chromene 6 to give 1,2-dioxane 7 and cyclobutane 8.

Figure 1. Proposed structure revision of rasumatranin D.

Scheme 5. Biomimetic synthesis of rasumatranin D.
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Influence of Lewis acids on the singlet−triplet gap:

Lewis acids can accelerate energy transfer by stabilizing the triplet state of the organic substrate 
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Tehshik P. Yoon* J. Am. Chem. Soc. 2011, 133, 19350–19353 

Electronically mismatched Diels Alder reactions between two electron-rich components
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2. Photocycloadditions: [4 + 2] via Radical Cation Diels Alder Cycloaddition

Tehshik P. Yoon* J. Am. Chem. Soc. 2011, 133, 19350–19353 

the polarization of the diene and 
dienophile π bonds suggests that 
the regiochemistry expected from 
the thermal Diels Alder reaction 
would afford the isomeric cy-

cloadduct 32
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oxidized photocatalyst (PC+ ). Radical I I undergoes intra-

molecular homolytic aromatic substitution (HA S) [14] to form

a radical intermediate I I I , which is then oxidized by PC+ to

forge a cationic intermediate IV and regenerate the photo-

catalyst. Ultimately, deprotonation of IV by the acyl anion V

yieldsa six-membered heteroarene. A lternatively, I I I can also

lose a proton to form a radical-anion intermediate VI ,[13e,14]

which is then oxidized by PC+ to give a heteroarene and

regenerate the photocatalyst.

We chose fac-[I r(ppy)3] (ppy = 2-phenylpyridine) as the

photocatalyst owing to its superior reduction capacity in the

excited state (E1/2
IV/* I I I = ˇ 1.73 V vs. SCE).[15] A series of O-

acyl oximes 1a–h with different acyl groups were prepared,

and their ability to form phenanthrine 2a via an iminyl radical

under visible-light catalysis was evaluated (Scheme 3). When

O-acyl oximes 1a–e were irradiated with visible light in the

presence of fac-[I r(ppy)3] in DMF, the starting materials were

fully recovered. To our delight, we observed the formation of

phenanthridine 2a in 91% yield (as determined by NMR

spectroscopy) when the electron-deficient benzoate 1 f was

employed. Further exploration showed that the perfluoro-

benzoate 1g and p-trifluoromethylbenzoate 1h were superior

to 1 f and could be converted into 2a quantitatively (see the

Supporting Information for details of further optimization of

the reaction conditions). The cyclic voltammogram recorded

for 1h contained an irreversible reduction wave at ˇ 0.79 V vs.

SCE, thus indicating that 1h is readily reduced by the excited-

state photocatalyst fac-[I r(ppy)3]* . No conversion of 1h was

observed without the photocatalyst or visible-light irradia-

tion, which further demonstrates the rationality of the

proposed visible-light-induced single-electron-transfer

(SET) mechanism.

Under the optimized conditions, we first tested the

transformation of a variety of biphenyl acyl oximes 1 to

assess the scope of the reaction for the formation of

phenanthridines 2 (Scheme 4). Generally, the desired phen-

anthridine derivative was isolated in high to excellent yield

(79–95%) irrespective of the position and electric nature of

substituents on the biphenyl moiety (products 2a–h). The

substituent at C6 could be varied to give 6-alkyl and 6-aryl

phenanthridines 2i–n in excellent yield (87–99%). Phenan-

thridines 2n–2aa without a substituent at the 6-position could

also be produced by means of this method with high

functional-group tolerance and in high yield (82–99%). We

carried out the reaction on a gram scale (3.0 mmol) to

demonstrate the practicability of this methodology, and

isolated 2a in similarly high yield (97%).

We next sought to examine the applicability of this

strategy to other important functionalized azaarenes. Various

acyl oximes 3a–s were prepared from benzaldehyde deriva-

tives and 1,3-dicarbonyl compounds to evaluate the possibil-

ity of constructing quinoline derivatives 4. A s shown in

Scheme 5, electron-withdrawing or electron-donating groups,

aswell ashalides or a fused ring on the phenyl moiety, did not

affect this reaction significantly (products 4a–m, 62–88%

yield). The substituent at the C3 position could be an ester

(product 4n), amide (product 4o), or keto group (products

4q–s). Products4p–swere obtained in satisfactory yield when

the substituent at C2 was a propyl or phenyl group. C4-

substituted quinolines 4t and 4u were also synthesized in

moderate yield.

Polysubstituted pyridines, which are ubiquitous in phar-

maceuticals and natural products, could also be accessed by

Scheme 2. Rationale for the synthesis of six-membered azaarenes.

a) Previously reported visible-light-promoted Č H amination via

amidyl radicals (Bs= benzenesulfonyl). b) Visible-light-promoted syn-

thesis of azarenes via iminyl radicals (present study).

Scheme 3. Screening of acyl oxime substrates. Reaction conditions: A

mixture of 1 (0.1 mmol) and fac-[Ir(ppy)3] (0.001 mmol, 1.0 mol %) in

dry DMF (2.0 mL) was irradiated by 5 W white light-emitting diodes

(LEDs) for 10 h. Yields were determined by 1H NMR spectroscopic

analysis. [a] The reaction time was prolonged to 24 h. [b] Result

observed (no reaction) without a photocatalyst or irradiation with

visible light. n. r.= no reaction. DMF= N,N-dimethylformamide.
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Previously reported routes to 11 and 12 required 11 steps and provided the products in about 20 % overall yield
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molecular radical 1,4-addition platform that is applicable

across a wide range of peptide ring sizes and amino acid

residues. Importantly, by leveraging the C-terminal carboxyl-

ate group, peptide macrocyclization is photoredox-enabled

using the inherent oxidation potentials of naturally occurring

a-amino acids. A s shown in Scheme 2, our proposed mech-

anism begins with visible-light irradiation of photoredox

catalyst I r[dF(CF3)ppy]2(dtbbpy)+ (1) to access the excited

state *I r[dF(CF3)ppy]2(dtbbpy)+ (2), a strong oxidant (E1/

2
red[* I r I I I/I r I I] = + 1.21 V vs. SCE in MeCN).[13] Subsequent

selective SET oxidation of the carboxylate salt of 3 (Ep/2
red

(Boc-Gly-CO 2K) = + 1.2 V vs. SCE in MeCN) [14] would gen-

erate a carboxyl radical, which upon CO2 extrusion would

produce a-amino radical 4 and the reduced photocatalyst 5.

Intramolecular addition of nucleophilic a-amino radical 4 to

the pendant Michael acceptor would then forge the desired

macrocycle through a key C C bond formation while furnish-

ing electrophilic a-acyl radical 6. Closure of the photoredox

catalytic cycle would then involve SET reduction of the

electron-deficient radical 6 (E1/2
red CCH(CH 3)CO2CH 3 =

0.66 V vs. SCE; E1/2
red[I r I I I/I r I I] = 1.37 V vs. SCE) [15] by 5

to generate a macrocyclic enolate, which upon protonation

would deliver the desired cyclic peptide 7.[16]

We began our investigation into the proposed decarbox-

ylative cyclization by exposing the N-acryloyl peptide Phe-

Leu-A la-Phe-Gly (3), photocatalyst 1, and K 2HPO4 in DMF

to a 34 W blue LED lamp at room temperature (Table 1). To

our delight, intramolecular cyclic peptide formation was

observed under these preliminary conditions, albeit in low

yield (entry 1, 33% yield). A s expected, lowering the

concentration of the peptide substrate helped to circumvent

oligomerization pathways while improving efficiency

(entries 2 and 3). Similar increases in yield were observed

with higher photocatalyst loadings, which is consistent with

the necessary reduction of the a-acyl radical species in lieu of

oligomerization (entry 4). I t should be noted that the removal

of base led to greatly diminished efficiency, and control

Scheme 2. Proposed mechanism for the decarboxylative peptide mac-

rocyclization.

Table 1: Initial results and optimization.

Entry Conditions Concentration 1 [mol %] Yield [%][a]

1 as shown 10 mm 8 33

2 as shown 5 mm 8 63

3 as shown 2.5 mm 8 72

4 as shown 2.5 mm 12 86

5 no base 2.5 mm 12 31

6 no photocatalyst 2.5 mm 0 0

7 no light 2.5 mm 12 0

[a] Yields determined by HPLC (see the Supporting Information).

DMF= N,N-dimethylformamide

Scheme 1. Photoredox-mediated decarboxylative conjugate addition.
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across a wide range of peptide ring sizes and amino acid
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state *I r[dF(CF3)ppy]2(dtbbpy)+ (2), a strong oxidant (E1/
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red[* I r I I I/I r I I] = + 1.21 V vs. SCE in MeCN).[13] Subsequent

selective SET oxidation of the carboxylate salt of 3 (Ep/2
red

(Boc-Gly-CO 2K) = + 1.2 V vs. SCE in MeCN) [14] would gen-

erate a carboxyl radical, which upon CO2 extrusion would

produce a-amino radical 4 and the reduced photocatalyst 5.

Intramolecular addition of nucleophilic a-amino radical 4 to

the pendant Michael acceptor would then forge the desired

macrocycle through a key C C bond formation while furnish-

ing electrophilic a-acyl radical 6. Closure of the photoredox

catalytic cycle would then involve SET reduction of the

electron-deficient radical 6 (E1/2
red CCH(CH 3)CO2CH 3 =

0.66 V vs. SCE; E1/2
red[I r I I I/I r I I] = 1.37 V vs. SCE) [15] by 5

to generate a macrocyclic enolate, which upon protonation

would deliver the desired cyclic peptide 7.[16]

We began our investigation into the proposed decarbox-

ylative cyclization by exposing the N-acryloyl peptide Phe-

Leu-A la-Phe-Gly (3), photocatalyst 1, and K 2HPO4 in DMF

to a 34 W blue LED lamp at room temperature (Table 1). To

our delight, intramolecular cyclic peptide formation was

observed under these preliminary conditions, albeit in low

yield (entry 1, 33% yield). A s expected, lowering the

concentration of the peptide substrate helped to circumvent

oligomerization pathways while improving efficiency

(entries 2 and 3). Similar increases in yield were observed

with higher photocatalyst loadings, which is consistent with

the necessary reduction of the a-acyl radical species in lieu of

oligomerization (entry 4). I t should be noted that the removal

of base led to greatly diminished efficiency, and control

Scheme 2. Proposed mechanism for the decarboxylative peptide mac-

rocyclization.

Table 1: Initial results and optimization.

Entry Conditions Concentration 1 [mol %] Yield [%][a]

1 as shown 10 mm 8 33

2 as shown 5 mm 8 63

3 as shown 2.5 mm 8 72

4 as shown 2.5 mm 12 86

5 no base 2.5 mm 12 31

6 no photocatalyst 2.5 mm 0 0

7 no light 2.5 mm 12 0

[a] Yields determined by HPLC (see the Supporting Information).

DMF= N,N-dimethylformamide

Scheme 1. Photoredox-mediated decarboxylative conjugate addition.
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mation of the amide bond and detrimental transannular

interactions. We were thus delighted to find that a tripeptide

substrate underwent intramolecular bond formation with

useful levels of efficiency (20, 36% yield).

Last, to highlight the utility of this method for preparing

cyclic structures of therapeutic value, we sought to construct

COR-005, a somatostatin analogue that is currently in

Phase I I clinical trials.[20] Somatostatin-receptor agonists

have shown great potential for the treatment of gastro-

intestinal indications, non-insulin-dependent diabetes, and

acromegaly.[21] The g-amino acids serve to optimize the

conformational rigidity and stability of the compound without

interfering with receptor-binding ability. A dditionally, 25 is

resistant to biodegradation in comparison to somatostatin. A s

shown in Scheme 3, photoredox-mediated cyclization of

linear peptide 24, followed by acid-mediated deprotection,

leads to COR-005 (25) in 56% yield.
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Advantages of photoredox process in total synthesis

• Improved the efficiency of synthesis

• Low loading of photocat and mild conditions

• Special selectivity

• Give a chance to do the transformation in asymmetric version

• More biomimetic process

• ……

Not only a tool, but also a strategy!
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