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a b s t r a c t

Polysubstituted pyrroles are very important scaffolds in many bioactive natural products and synthetic

pharmaceuticals. Here, a new gold-catalyzed cycloaddition of alkynes with azadienes to access tetrasub-

stituted pyrroles is demonstrated. The neighboring hydroxylmethyl group serves a very important direct-

ing group through an addition/cycloaddition/elimination cascade. Diverse polysubstituted pyrroles were

synthesized in good yields under mild conditions in one step, and tricyclic pyrrole containing heterocy-

cles were easily obtained through derivatization.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pyrroles represent one of the most important class of five-

membered heterocycles that are prevalent in a number of biologi-

cally active natural products [1–3] and synthetic pharmaceuticals

(Fig. 1) [4–7]. For instance, Lipitor, containing a tetrasubstituted

pyrrole core, is one of the most best-selling drugs in synthetic

pharmaceutical history by Pfizer and primarily used to lower blood

cholesterol and treat cardiovascular disease. Thus many synthetic

methods [8–11] toward pyrrole rings have been developed, in-

cluding name reactions such as Paal-Knorr reactions. These meth-

ods suffered from accessing pyrrole containing sensitive functional

groups and the inability to provide pyrrole ring with high flexibil-

ity. Therefore development of new and efficient methods to build

polysubstituted pyrrole ring from readily available starting mate-

rial under mild reaction conditions is highly desirable. Intermolec-

ular cycloaddition reaction provided a modular approach to con-

struct multisubstituted pyrroles and various [4+1] [12–18], [3+2]

[19–36], and [2+2+1] [37–47] cycloaddition strategies have been

developed [48–53]. Herein, we reported a new gold catalyzed

[3+2] cycloaddition reaction of terminal alkynes with 1,2-diaza-

1,3-dienes to construct tetrasubstituted pyrroles. This reaction fea-

tured by using a neighboring hydroxymethyl as a directing group

through addition/cycloaddition/elimination cascade, which are to-

tally different with traditional cyclcometallation approach in di-
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recting group assisted C-H activations. To the best of our knowl-

edge, such kind of directing approach has not been reported in lit-

eratures.

In recent years, homogeneous gold catalysis has witnessed an

exponential growth in organic synthesis. Gold catalysts serving as

π-acids can activate C-C multiple bonds and trigger subsequent

cascade reactions to assemble complex structures [54–71]. Re-

cently we [72–75] and other groups [76–80] developed an efficient

gold and metal Lewis acid combination strategy to construct com-

plex fused, spiro and bridged rings (Scheme 1A). Gold-catalyzed

5-exo-dig cyclization of an alkynyl alcohol generating an active

exocyclic enolether intermediate (M), subsequent Lewis aicd cat-

alyzed inverse-electron-demand hetero-Diels-Alder reaction with

electron deficient unsaturated ketone ester or ortho-quinone me-

thides could form various polycycles in one step with high reaction

efficiency. Following this concept, we wish to extend this reaction

mode to 1,2-diaza-1,3-dienes. We reasoned that the [3+2] type re-

action of the electron-deficient 1,2-diaza-1,3-dienes with our gold-

catalyzed in situ formed enol ether M would form the spirocycle N

(Scheme 1B). Indeed, when we performed this reaction, the target

sprio product N was not observed, but another polysubstituted pyr-

role product was isolated, which constitutes a [3+2] cycloaddition

between alkyne and azadiene to synthesize pyrroles, and thus the

neighboring hydroxymethyl group serve as an important directing

group. In this communication, we report the preliminary results of

this serendipity.

https://doi.org/10.1016/j.cclet.2022.05.002
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Fig. 1. Representative pyrrole-containing natural products and pharmaceuticals.

Following previous Au-catalytic strategy, 1,2-diaza-1,3-diene 1a

and alkynyl alcohol 2a were chose as the model substrates to test

the viability of this hypothesis (Scheme 2). When the reaction was

performed with Ph3PAuNTf2 as the catalyst, a new product was

isolated in 18% yield. To our great surprise, it is not the expected

spiro adduct N, but a tetrasubstituted pyrrole 3a. The structure was

carefully characterized by NMR and mass analysis, and finally con-

firmed by the single X-ray analysis (Scheme 2). Inspired by these

results, we continued to optimize reaction conditions to develop an

efficient catalytic system toward pyrroles (Table 1, for details, see

Supporting information). Various transition-metal catalysts were

screened at room temperature, copper(I) and Ag(I) could not de-

liver any products, and the reactants remained unreacted (entries

1 and 2, Table 1). Then various gold catalysts were tested (entries

Scheme 2. Initial formation of the unexpected pyrrole 3a and crystal structure of

3d.

3-7), and when 10 mol% of (tBu2PhO)3PAuNTf2 was used, the tar-

get pyrrole was isolated in highest 86% yield (entry 7), which is

the optimized conditions. Lowering the catalyst loading to 5 mol%,

much lower 53% yield was observed (entry 8). The effect of sol-

vents was examined (entries 9-12) and acetonitrile proved to be

the most favorable solvent. Decreasing or increasing the reaction

temperature all led to decreased yield (entries 13 and 14).

With the optimized reaction conditions in hand, the substrate

scope was explored (Scheme 3). Diverse substituted alkynyl al-

cohols and 1,2-diaza-1,3-dienes were prepared and subjected to

the standard reactions, a large variety of polysubstituted pyrroles

were synthesized in good yields. Electron-donating groups such as

methyl (3d) and methoxyl (3b and 3c), and electron-withdrawing

groups such as fluoro (3f) on the aromatic ring are all compat-

ible with the reaction. Adding one methyl on the directing hy-

droxymethyl group does not affect this reaction (3g). Various es-

ter, ketone, amide functionalized diaza-1,3-dienes are all suitable

Scheme 1. Gold-catalyzed cycloisomerization/cycloaddition cascade leading to polycycles.
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Scheme 3. Scope of gold-catalyzed cascade reaction to the tetrasubstituted pyrroles.

Table 1

Reaction condition optimization.a

Entry Catalyst (mol%) Solvent T (°C) Yield (%)b

1 Cu(CH3CN)4PF6 (10) CH3CN r.t. n.r.

2 AgNTf2 (10) CH3CN r.t. n.r.

3 PPh3AuNTf2 (10) CH3CN r.t. 18

4 XphosAuNTf2 (10) CH3CN r.t. trace

5 SphosAuNTf2 (10) CH3CN r.t. trace

6 JohnphosAuNTf2 (10) CH3CN r.t. 32

7 (tBu2PhO)3PAuNTf2 (10) CH3CN r.t. 87

8 (tBu2PhO)3PAuNTf2 (5) CH3CN r.t. 53

9 (tBu2PhO)3PAuNTf2 (10) DCM r.t. 67

10 (tBu2PhO)3PAuNTf2 (10) THF r.t. 51

11 (tBu2PhO)3PAuNTf2 (10) CH3NO2 r.t. 32

12 (tBu2PhO)3PAuNTf2 (10) 1,4-dioxane r.t. 66

13 (tBu2PhO)3PAuNTf2 (10) CH3CN 15 63

14 (tBu2PhO)3PAuNTf2 (10) CH3CN 40 84

a General conditions: 1a (0.1 mmol), 2a (0.15 mmol), solvent (2 mL), overnight.
b Yield of isolated product.

substrates, giving good yields of the corresponding pyrroles (3h-

3l). Internal alkynes 2m and 2n were also viable in this reac-

tion, affording a mixture of two regioisomers, and the ration is

almost 1:1.

To gain insights into the reaction mechanism, we conducted

several control experiments. Simple phenylacetylene or move the

hydroxymethyl group to the para position, no desired products

were observed, indicating the importance of this ortho directing

effect of hydroxymethyl group (Scheme 4A). To further figure out

the addition/elimination process, we carried out deuteration ex-

periments (Scheme 4B). When the reaction was performed under

standard condition with extra 5 equiv. of D2O, the hydrogen on

pyrrole ring was 25% deuterated, and 86% deuterated if 10 equiv.

of D2O was added (reaction 2). Control experiments of pheny-

lacetylene under the same conditions indicating there is a fast H-D

exchange process through an alkynyl gold intermediate (reaction

3). If deuterated substrate 2a-D was subjected to standard reac-

tion under anhydrous conditions, the isolated product 3a was 70%

deuterated (reaction 4).

Based on these experiments and previous literatures, a plausi-

ble mechanism was proposed in Scheme 5. Au-catalyzed 5-exo-dig

cyclization gives alkenyl gold intermediate, and subsequent proton

deauration affords electron-rich enol ether intermediate M. The cy-

cloaddition of M with 2a, produced spiro polycycle N. Stepwise nu-

cleophilic addition of M to 1a and subsequent cyclization route

could not be excluded. Then a Lewis acid promoted C-O bond

cleavage forming a carbon cation, and aromatization elimination of

proton afforded pyrrole product 3a. Both H+ and D+ was possibly

eliminated, which accord with the deuteration results in (Scheme

4, reactions 2 and 4). Herein, the aromatization is the major driv-

ing force for the elimination reactions.

To further highlight the synthetic utility of our reported

method, we carried out product derivatizations. The hydrox-

ymethyl group is not only a directing group, but also a very use-

ful synthetic handles for further transformations (Scheme 6). Treat-

ment of 3a with PBr3 led to the formation of 4 in 82% yield, sub-

sequent Cs2CO3 promoted cyclization gave tricyclic heterocycle 5

in 90% yield. Alternatively, PCC oxidation of 3a generated tricyclic

hemiaminal heterocycle 6 in 78% yield.
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Scheme 4. Control experiments.

Scheme 5. Proposed mechanism.

Scheme 6. Synthetic elaborations of product.

In summary, we have established the first Au-catalyzed cy-

cloaddition of alkynes with azadienes to access tetrasubstituted

pyrroles. It is noteworthy that the employment of an ortho hydrox-

ymethyl group as a directing group is key to the success of this

reaction. The directing group participates in the reaction with an

addition/elimination process, which are totally different with tra-

ditional cyclometallation pathway. This type of directing effect en-

riched the chemistry of organometallics mediated transformations,

and offer new opportunities in organic synthesis. Further applica-

tion of this strategy is going on in our lab and will be reported in

due course.
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