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Tetrahedral intermediates resulting from the addition of
nucleophiles to carboxylic acid derivatives are important,
short-lived species in acyl-transfer reactions.[1] As a result of
their transient nature, the utility of these compounds in
organic chemistry remains limited. The isolation of tetrahe-
dral intermediates could provide insight into the acyl-transfer
process as well as useful compounds for organic synthesis.
While the adducts formed by the addition of organometallic
reagents to N-methoxy-N-methylamides[2] and tertiary
amides[3] are relatively stable as their corresponding metal
alkoxides (2),[4] their protonated counterparts rapidly decom-
pose to the derived carbonyl derivative 3 [Eq. (1)].[5] Herein,
we report a study of the stability and synthetic utility of the
exceptionally stable tetrahedral intermediates 5 and 6 result-
ing from the addition of nucleophiles to N-acylpyrroles 4
[Eq. (2)].

A few examples documenting the isolation of tetrahedral
intermediates from nucleophilic additions to N-acylpyrroles
have been reported.[6] In an early report, Brandange and co-
workers demonstrated that the adducts derived from lithium
enolate additions to N-acylpyrroles could be protonated to
afford isolable ™pyrrolyl carbinols∫.[6d,e] In a later study,
Fukuyama and co-workers reported the isolation of several
tetrahedral intermediates from the reduction of indolylamides
with DIBAL-H.[7,10]

Our own interest in the chemistry of N-acylpyrroles began
with the initial observation that the LiBH4 reduction of
compound 7,[8] prepared from our previously reported CuII-
catalyzed Mukaiyama±Michael reaction,[9] afforded the car-
binol 8 in 78% yield (Scheme 1). When 8 was heated in the

presence of DBU the lactol 9 was obtained and characterized
as the lactone 10. We felt that the high stability of these
tetrahedral intermediates, as well as their potential synthetic
utility as masked aldehyde or ketone equivalents, warranted
further investigation.

Several methods were used to prepare N-acylpyrroles for
this study. Aryl and alkyl N-acylpyrroles were synthesized by
the acylation of pyrrole with acid chlorides (Scheme 2,
Eqs. (3)and (4)).[11,12] N-Cinnamoylpyrrole (4c) was prepared
by the condensation of cinnamamide with 2,5-dimethoxy-
tetrahydrofuran in acetic acid [Eq. (5)].[13]

We began our study by investigating the scope of organo-
metallic additions to N-acylpyrroles (Table 1, Eq. (6)). Carbi-
nol stability was found to be quite general, as aromatic (4a),
alkyl (4b), and a,b-unsaturated (4c) N-acylpyrroles all
afforded stable adducts 6a±g after aqueous workup. More-
over, all the pyrrolyl carbinols could be purified by flash
column chromatography. Grignard reagents were found to be
competent nucleophiles. For example, the addition of
MeMgCl and PhMgBr to 4a and 4b at �48 8C afforded the
tertiary carbinols 6b,c and 6e, f, respectively, in good yields
(76 to 86%). The reduction of N-acylpyrroles 4a and 4b with
LiBH4 afforded the secondary carbinols 6a and 6d, respec-
tively, in high yields (94±95%). The facile reduction with
LiBH4 highlights the enhanced electrophilicity of these
carbonyl derivatives, as LiBH4 normally does not react with
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Scheme 1. Isolation of pyrrolyl carbinol 8 (see reference [10] for abbrevia-
tions), and subsequent reaction to give 10.

Scheme 2. Synthesis of N-acylpyrroles.



tertiary aliphatic amides.[14] Although the LiBH4 reduction of
N-cinnamoylpyrrole (4c) afforded a mixture of products,
reduction with DIBAL-H afforded carbinol 6g in 86% yield
(Table 1, entry 7).[15]

These results illustrate the reactivity conferred by the
pyrrole ring, which provides activation for nucleophilic
addition yet is deactivated as a leaving group. The ketone-
like reactivity of N-acylpyrroles may be attributed to nitrogen
lone pair delocalization in the aromatic system reducing
donation into the carbonyl moiety.[16] The stability of the
protonated adducts may also be attributed to pyrrole aroma-
ticity, as the lack of an accessible lone pair prevents nitrogen
protonation and ensuing decomposition to the carbonyl
derivative.

The structure of 6bwas confirmed by X-ray crystallography
(Figure 1).[17,18] Interestingly, the C6�N1 bond length of
1.478 ä is longer than previously reported Csp3�Npyrrole bond
lengths, which range from 1.412 to 1.458 ä.[19] Conversely, the
C6�O1 bond length of 1.411 ä is shorter than the average
Csp3�OH bond length of 1.432 ä.[20] The C6�C5 bond length is
1.522 ä, shorter than the average Csp3�Csp3 bond length of
1.530 ä. The C6�C7 bond length is 1.527 ä, longer than the
average Csp3�Caryl bond length of 1.513 ä.[20] The elongated
C6�N1 bond and the shortened C6�O1 bond are consistent
with an anomeric effect resulting from the interaction of the
oxygen lone pairs with the C�N s* orbital.[21]

The stability of pyrrolyl carbinols 6 encouraged us to
investigate additions to 1,1’-carbonyldipyrrole (11)

[Eq. (7)].[22] Although the bis(pyrrolyl) carbinols 12 resulting
from the addition of PhMgBr and MeMgCl to 11 could be
isolated and characterized, they were found to be consider-
ably less stable than the corresponding pyrrolyl carbinols 6. In
addition, the quality of the Grignard reagent significantly
affected the outcome of the addition. New or freshly prepared
Grignard reagent afforded intermediate 12 as the major
product, while older Grignard reagent provided mainly theN-
acylpyrrole 4 resulting from decomposition of 12.

The instability of carbinols 12 prompted us to examine the
preparation of N-acylpyrroles directly from 11. The addition
of organometallic reagents to 11 followed by brief treatment
of the unpurified material with 5 mol% DBU afforded N-
acylpyrroles 4a and 4e±h in moderate to good yields (55 to

87%; Table 2, Eq. (7)). Notably, this procedure provided
access to trans-N-crotonylpyrrole (4 f), which could not be
prepared by using the previously described methods (see
above).

Selected experiments were performed to probe the stability
of 6. Carbinol 6c was found to be stable for extended periods
(> 10 h) under mildly acidic (PPTS, 2:1 THF/H2O) and mildly
basic conditions (pyridine, Et3N) at ambient temperatures,
but quickly decomposed to pyrrole and benzophenone when
treated with a catalytic amount of DBU in THF. The
conversion of 6a±c to their derived carbonyl compounds
was monitored by in situ IR spectroscopy. Following addition
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Table 1. 1,2-Additions to N-acylpyrroles 4 [Eq. (6)].

Entry 4 R1 Nu-M R2 T [8C] t [h] Product Yield [%]

1 4a Ph LiBH4
[a] H 0 1 6a 95

2 4a Ph MeMgCl Me �48 10 6b 81
3 4a Ph PhMgBr Ph �48 6 6c 80
4 4b CH2CH2Ph LiBH4

[a] H 0 3 6d 94
5 4b CH2CH2Ph MeMgCl Me �48 8 6e 76
6 4b CH2CH2Ph PhMgBr Ph �48 4 6 f 86
7 4c (E)-CH¼CHPh DIBAL-H H �78 2 6g 86

[a] Et2O as solvent.

Figure 1. Structure of 6b. Selected bond lengths [ä] and angles [8]: C6-N1
1.478, C6-O1 1.411, C6-C5 1.522, C6-C7 1.527; N1-C6-O1 108.2, N1-C6-C5
109.2, N1-C6-C7 110.4, C5-C6-C7 110.7.

Table 2. Synthesis of N-acylpyrroles from 1,1’-carbonyldipyrrole (11) [Eq. (7)].

Entry Nu-M T [8C] t [h] Carbinol Yield [%] N-Acylpyrrole Yield [%]

1 PhMgBr �48 7 12a 77[b] 4a 83
2 MeMgCl �30 24 12b 92 4d ±
3 n-BuMgCl �48 7 12c ± 4e 69
4 vinylMgBr �78 21 12d ± 4 f 58[c]

5 trans-1-propenylLi[a] �78 1.5 12e ± 4g 87[c]

6 �78 0.5 12 f ± 4h 55

[a] THF as solvent. [b] Yield for addition at �30 8C. [c] The N-acylpyrrole was obtained directly without treatment with DBU.



of DBU (0.05 equiv) to a solution of the carbinol in THF, an
absorption appeared corresponding to the newly formed C¼O
stretching frequency of carbonyl derivatives 13a±c [Eq. (8)].
The time-dependent increase in the carbonyl absorption was
used to determine the decomposition of the carbinol as a
function of time (Figure 2).[23] The data document that steric

congestion in the substrate accelerates the rate of conversion
to 13. Whereas 6a (R¼H) decomposes slowly over a 13-hour
period, 6b (R¼Me) and 6c (R¼Ph) decompose completely
in 40 and 15 minutes, respectively.

The effect of temperature and counterion on the stability of
the deprotonated carbinols was also investigated. Three
different bases (EtMgBr, nBuLi, NaHMDS) were used to

deprotonate 6c (R¼Ph). The rate of conversion of the
resulting metal alkoxide 5c into benzophenone was moni-
tored at �78, �30, and 0 8C using in situ IR spectroscopy
(Figure 3, Eq. (9)). In a representative experiment, EtMgCl
(1.2 equiv) was added to a solution of 6c in THF at �78 8C.
The carbinol O±H stretch at 3300 cm�1 immediately disap-
peared, which indicated complete deprotonation. No new IR
absorptions were detected at �78 8C or upon warming to
�30 8C.[24] However, upon continued warming to 0 8C, a new
absorption at 1664 cm�1 corresponding to the benzophenone
carbonyl stretching frequency was observed, which signaled
slow decomposition of the magnesium alkoxide (5c, M¼
MgII) at 0 8C. In similar experiments, the lithium alkoxide
decomposed at �30 8C, and the sodium alkoxide at �78 8C.
Thus, the thermal stability of the alkoxide correlates well with
the electronegativity of the counterion, with the stability
decreasing in the order MgII>LiI>NaI.

The potential synthetic utility of pyrrolyl carbinols lies in
their ability to function as masked carbonyl equivalents whose
carbonyl functionality is revealed under suitably basic con-
ditions. For example, treatment of 6 f with MeLi at 0 8C
resulted in deprotonation and elimination of pyrrole to afford
the ketone intermediate 14, which was then intercepted by
another equivalent of MeLi to afford the tertiary alcohol 15 in
98% yield (Scheme 3, Eq. (10)). Alternatively, pyrrolyl car-
binols may be protected from base by silyl ether formation.
The secondary carbinol 6d was silylated with TBSCl to afford
the TBS ether 16 in 84% yield [Eq. (11)]. The tertiary
carbinol 6 f was silylated with TMSOTf to afford the TMS
ether 17 in 86% yield [Eq. (12)]. The silylated carbinols 16
and 17 were stable in the presence of nBuLi, MeMgCl,
DIBAL-H, and DBU.[25] Deprotection of silyl ether 17 with
nBu4NF at �78 8C afforded 14 in 83% yield.

In summary, the addition of organometallic reagents to N-
acylpyrroles to afford stable, isolable tetrahedral intermedi-
ates is a general process. N-Acylpyrroles undergo additions
with hydride and Grignard reagents to provide pyrrolyl
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Figure 2. Conversion [%] of the carbinols 6a, 6b, and 6c as a function of
time.

Figure 3. Monitoring the conversion of 6c to benzophenone by in situ IR spectroscopy: a) Disappearance of the O-H stretch upon addition of EtMgCl. b) A
benzophenone carbonyl absorption appears upon warming to 0 8C.



carbinols in good to high yields. The stability of the alkoxides
generated by deprotonation of the carbinols depends on the
electronegativity of the counterion in the order MgII>LiI>
NaI. Conversion of the carbinols into the corresponding
carbonyl compounds can be achieved with catalytic DBU. In
addition, we have demonstrated that pyrrolyl carbinols are
useful synthetic intermediates that are stable enough to
undergo further synthetic transformations.
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Scheme 3. Transformations of carbinols 6. a) MeLi, THF, 0 8C; b) TBSCl,
imidazole, CH2Cl2; c) TMSOTf, 2,6-lutidine, DMF; d) nBu4NF, THF,
�78 8C.


