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ABSTRACT: Transacylation reactions of carboxylic acids, carboxylic acid esters, carboxylic acid amides and other
carboxylic acid derivatives are among the most widespread and most important reactions in chemistry and
biochemistry. Already in 1887, Claisen suggested a tetrahedral intermediate in transformations of carboxylic acid
derivatives with nucleophiles. A historical overview gives insight into the studies to detect possible tetrahedral
intermediates in such reactions. However, only in recent years has detailed information concerning the structures of
such species become available. In this review, neutral, cationic and anionic tetrahedral intermediates are described
which serve as models for transacylations under neutral, acid-catalysed or basic conditions. The characteristically
different structures correspond nicely with experimental experience with reactions of carboxylic acid derivatives and
with quantum chemical model calculations on tetrahedral intermediates. Finally, by means of model calculations, an
explanation is given for the fast reactions of Weinreb amides, RC(O)N(CH3)OCH3, with organolithium and even with
Grignard reagents: the reactions are determined by comparatively stable chelate transition states. Copyright # 2004
John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894-3230/suppmat/
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INTRODUCTION

One of the most common and therefore most important
reactions in organic chemistry is that of a carboxylic acid
derivative 1, bearing a leaving group X, with a nucleo-
phile NuM (NuH) 2 to give 4 (Scheme 1).
This is a key reaction for a multitude of laboratory

syntheses1–57 and it is found in almost every biological
system.58–64 Esterification, ester hydrolysis, transesterifi-
cation, formation and hydrolysis of amides and peptides,
hydride reduction of such carbonyl compounds and
aldehyde and ketone syntheses are among the most
significant examples of this reaction type.
Most of these transformations proceed via a two-step

addition–elimination mechanism.1–64 Thereby the
HOMO 2a of the nucleophile 2 interacts with the �*

LUMO 1a of the carbonyl compound 1 leading to a new
�-bond in the tetrahedral intermediate (3a) (Scheme 1).
In the second step, the interaction of an oxygen lone pair
n with the �* orbital of the C—X bond (3b) leads to a
weakening of the C—X bond in 3 and finally to an
elimination of the leaving group X(M, H) 5 to give the
new carboxylic acid derivative 4.
The nucleophilic attack of 2 on 1 and the elimination of

the leaving group 5 from 3 proceed in a similar manner,
namely along the Bürgi–Dunitz trajectory56,65–74

(Scheme 2).
The angle �> 90� is due to a better orbital overlap

between the HOMO of the nucleophile 2a and the �*
LUMO of the C——O bond 1a (Schemes 1 and 2).
The nature and the stability of a tetrahedral intermedi-

ate and also its reactivity depend strongly on the respec-
tive reagents. This is illustrated by the reaction of a
carboxylic acid derivative 1 [R¼H, alkyl, aryl;
X¼ SR, OR, NR2, (Hal)] with an organometallic species
R0M 6, (Scheme 3).1–64

Pathway a: if in the tetrahedral intermediate 7, X is an
excellent leaving group, fast elimination of XM 8 gives
the new carbonyl compound 9, which reacts also with the
nucleophile R0M 6 to give the alcoholate 10. Protonation
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of 10 results in the alcohol 11. Pathway b: there exists
also the possibility that the alcoholate 10 is directly
formed from 7 with 6. Pathway c: if the tetrahedral
intermediate 7 is stable towards elimination of 8 (path-
way a) and substitution by 6 (pathway b), hydrolysis of 7
gives 9.
Interestingly, a tetrahedral intermediate is not necessa-

rily formed in reactions of carboxylic acid derivatives
1 with nucleophiles, as indicated from studies in
solution,1–5,58–61 in the gas phase75–94 and from calcula-
tions.57,95–131 Especially in the case of chloride or other
excellent leaving groups X, a tetrahedral intermediate has
never been proven clearly. Rather, an alternative, SN2-like

substitution mechanism is often highly probable.95–131

The lack of certainty is mainly due to the high reactivity
of, e.g., carboxylic acid chlorides with nucleophiles,
preventing the identification of possibly formed tetra-
hedral intermediates. The very fast reaction of acid
chlorides RC(O)Cl (R¼ alkyl, aryl) even with the less
nucleophilic organometallic reagents R0Mwhere M¼Li,
Mg, Ca, Mn, Fe, Co, Rh, Ni, Pd, Cu, Zn, Cd, Hg, Al, Ga,
In, Tl, Si, Ge, Sn, Pb and Sb, together with the compara-
tively slow reaction of the first formed ketone with R0M,
has thus led to ‘A banquet table of metals for ketone
synthesis’, as a recent review article was entitled.132–136

Before the nature of the tetrahedral intermediate in
reactions of carboxylic acid derivatives with nucleophiles
is discussed in more detail, which is the main purpose of
this paper, a brief historical overview is given of tetra-
hedral intermediates of carboxylic acid derivatives.

HISTORICAL OVERVIEW OF TETRAHEDRAL
ADDUCTS OF CARBOXYLIC ACID
DERIVATIVES

Already in 1887, Claisen discussed an intermediate in
transformations of esters with nucleophiles137–139

(Scheme 4). In the reaction of the benzyl benzoate 12

Scheme 1. Addition–elimination reaction of a carboxylic acid derivative 1 with a nucleophile 2; reaction scheme and orbital
interactions

Scheme 2. Bürgi–Dunitz trajectory: in the reaction of Nu�

with a carbonyl compound [here RC(O)X], the distance Nu—
C is shortened, C—O lengthened and� increased; the angle
� is >90�

Scheme 3. Alternative pathways for the reaction of a carboxylic acid derivative 1 with an organometallic nucleophile 6 via the
tetrahedral adduct 7
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with sodium methanolate 13, and in the reaction of
methyl benzoate 14 with the sodium salt of benzyl
alcohol 15, he observed a white precipitate which, on
treatment with acid, gave the same products benzyl
benzoate 12, methyl benzoate 14, methanol 17 and
benzyl alcohol 18. He named the likely common inter-
mediate 16 ‘additionelle Verbindung’ (‘adduct’).
Reactions of esters 19 with organomagnesium reagents

20 giving tertiary alcoholates 23 led Grignard in 1901 to
the assumption of a related unstable intermediate
21.140,141 The elimination of ROMgX 22 from 21 to
give a ketone 9 (Scheme 3) was not suggested at first.
Rather, 21 should react directly with a second R0MgX 20
to give 23 (Scheme 5).
Shortly afterwards (1904) a new synthesis of aldehydes

was published by Bouveault142–151 (Scheme 6).
The outcome of the reaction is determined by the stable

metallated intermediate 26, which is formed by the addi-
tion of the Grignard species phenylethylmagnesium chlor-
ide 25 to N,N-diethylformamide 24. Hydrolysis of 26
yields the aldehyde 27. The high stability of the amide
adduct 26 is due to the low tendency for the elimination of
Et2NMgCl, which is in strong contrast to the facile
elimination (substitution) of ROMgX 22 from the ester
adduct 21 (Scheme 5). Interestingly, excess of a Grignard
reagent RMgX such as 25 results in the substitution of
MgXO� by a second RMgX to give a tertiary amine

R2CHNEt2.
143,144 As we shall see in the following, the

stability of amide adducts such as 26 has been used re-
peatedly in reactions involving tetrahedral intermediates.
A further example was published by Evans

(1956).152,153 He used the reaction of carboxylic acid
amides of the type 28with R0Li compounds 29, giving the
stable intermediate 30, for the synthesis of ketones 9
(Scheme 7).
Only organolithium compounds can be used in this

reaction; Grignard reagents do not lead to ketone forma-
tion. Adducts such as 30 are also used for further
reactions such as orthometallation154 (see also below).
Comins and co-workers (1981) used the formation of

adducts such as 33 for the protection of aldehydes
(Scheme 8).155–160

Reaction of benzaldehyde 31 with a lithium amide 32
leads to 33, which, like 26 and 30 (Schemes 6 and 7), is
stable with respect to elimination of LiNR2. Compound
33 is thus accessible for further reactions, e.g. orthome-
tallation with R0Li 29 to give 34. Reaction with an
electrophile Eþ 35 followed by protonation gives the
ortho-substituted aldehyde 36.
A more general synthesis of ketones 9 than outlined in

Scheme 7 was published by Weinreb and co-workers
(1981)161–175 (Scheme 9). Here, N-methoxy-N-methyl-
carboxylic acid amides (‘Weinreb amides’) 37 are reacted
with organometallic compounds R0M (M¼Li, MgHal)
38 to give, on protonation, ketones 9. It was concluded
and generally accepted161–175 that the high yields of
ketones are due to the high stability of the five-membered
ring-chelated intermediate 39. The role of thermody-
namics and kinetics in this reaction is elaborated by
means of quantum chemical calculations later.

Scheme 4. Claisen’s assumption of a tetrahedral intermedi-
ate (1887)

Scheme 5. Unstable tetrahedral intermediates in the reac-
tion of esters with Grignard reagents (Grignard, 1901)

Scheme 6. Aldehyde synthesis of Bouveault (1904)

Scheme 7. Ketone synthesis of Evans (1956)

Scheme 8. Protection of aldehydes according to Comins
and co-workers (1981)

TETRAHEDRAL INTERMEDIATES IN CARBOXYLIC ACID–NUCLEOPHILE REACTIONS 195

Copyright # 2004 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2005; 18: 193–209



Seebach and co-workers (1983) used stable car-
boxylic acid amide adducts in a different manner
(Scheme 10).176–179

In that case the stable adduct 41 is formed from
aldehydes 40 and disubstituted lithium amides 32, as
already outlined in Scheme 8. Then, in order to transform
the comparatively poor leaving group LiO� into a better
one, 41 is reacted with TiCl4 42 to give the transmetal-
lated adduct 43 with the better leaving group Cl3TiO

�.
Indeed, reaction of 43 with R0Li 29 removes the oxygen
substituent to give the tertiary amine 44. The lithiated
adduct 41 is not a very favourable reagent for R0Li 29 as
shown before. The formation of tertiary amines was
observed earlier when Grignard adducts such as 26
were reacted with excess RMgX143,144 (see in the context
of Scheme 6).
The low tendency towards the elimination of metal-

lated amines R2NM from carboxylic acid amide adducts
is again illustrated by the Haller–Bauer reaction
(1908)180,181 (Scheme 11).
When the authors reacted benzophenone 45 with

sodium amide 46, the adduct 47 was formed, which
apparently is in equilibrium with a small amount of
benzoic acid amide 48 and phenylsodium 49. Thus,
phenylsodium 49 competes successfully with sodium
amide 46 for the elimination from 47! Deprotonation of
the amide 48 by 49 then leads to the metallated amide 50
and benzene 51, which are thermodynamically more

stable than 48 and 49. Protonation of 50 results finally
in the amide 48. In addition to metallated aryl species
such as PhNa 49, other comparatively stable organome-
tallic species RM are also observed as leaving groups in
Haller–Bauer reactions. We shall come back to this
interesting phenomenon of the competition of an orga-
nometallic species RM with a metallated amine R2NM as
leaving groups when we discuss the structures of tetra-
hedral intermediates in the next section.
The related eliminations of metal hydrides HM, in

general, however, not from tetrahedral adducts of car-
boxylic acid derivatives, to give carbonyl compounds are
only briefly mentioned here: the Cannizzaro reaction,182

the Meerwein–Ponndorf–Verley reduction,183–185 the Op-
penauer oxidation186 and the oxidation of aldehydes to
carboxylic acids.187,188

Yet another stable tetrahedral intermediate (55),
formed from carboxylic acids 52 or carbon dioxide 53
with R0Li 29, first to give the carboxylate 54 and then
with a second R0Li 29 the adduct 55, was discovered by
Gilman and van Ess (1933) (Scheme 12).189–194

The reaction is also used in ketone synthesis, because
elimination of Li2O from the dilithiated hydrated ketone
55 to give the ketone 9, which could react with further
R0Li 29 to give the tertiary alcoholate 10, does not take
place. Rather, protonation of 55 gives the ketone 9. This
is in strong contrast to the fast elimination (substitution)
of alcoholates ROM from ester adducts finally to give an
alcoholate such as 11 (Scheme 3).
Although a tetrahedral intermediate in reactions of

carboxylic acid derivatives with nucleophiles seems
rather plausible, or even clear, from many of the exam-
ples given above, one should strongly emphasize that the
definitive proof of its existence, or structural studies of
the adduct, were performed only much later than many of
the reactions which suggested their existence. Thus, it
was only in 1951 that Bender was able to prove the
existence of a tetrahedral intermediate in the reaction of
esters with H2O (Scheme 13)195 (see also Refs 1–5 and
58–61).
When the 18O-labelled ester 57a was partially hydro-

lysed with H16OH 56a, a certain amount of non-labelled
ester 57b was also detected, which requires formally the

Scheme 9. General synthesis of ketones with Weinreb
amides (1981)

Scheme 10. Synthesis of tertiary amines by Seebach and
co-workers (1983)

Scheme 11. The Haller–Bauer reaction (1908)

Scheme 12. Ketone synthesis of Gilman and van Ess (1933)
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breaking of the C——
18O bond in 57a, and therefore the

existence of the tetrahedral intermediate 58 with a C—O
single bond. Elimination of H16OH 56a and H18OH 56b
from 58 gives 57a and 57b, respectively. Elimination of
R0OH 60 from 58 leads to the partially labelled acid 59.
An SN2-like substitution of the R0O group in the ester 57
by the HO group of 56 is excluded by these findings.
Following the studies of Bender, tetrahedral adducts in

reactions of carboxylic acid derivatives with nucleophiles
were intensively investigated. In the field of organic and
bioorganic chemistry, many kinetic studies were per-
formed, especially by the groups of Bender,2,7,8,10,17,18,20

Bruice,9,11,13,24,25,29,58 Fersht,61 Guthrie31,34,35,37 and
Jencks.4,12,14,15,19,21,23,28,30,32,33,36,59 Antibodies, which
were selected to bind phosphate and phosphonate tetra-
hedral transition state analogues, turned out to be the
first catalytic antibodies for the selective hydrolysis of
carbonates or esters, as Lerner and co-workers196,201 and
Schultz and co-workers197–199 revealed.196–205

An interesting study by Schwarz and Drueckhammer
(1996) concerning the stereochemistry of the tetrahedral
intermediate in acetyl-CoA-promoted acyl transfer reac-
tions is shown in Scheme 14.206 The stereochemistry of
such intermediates is of fundamental importance in en-
zyme catalysis.58–61

The acyl transfer from acetyl-CoA 61 to the nucleo-
phile Nu� 62 to give 64 could proceed through either one
of the two intermediates with the stereochemistry as

shown in 63a or 63b, or through both. Therefore, the
authors synthesized the two enantiomeric alcohols 65a
and 65b and studied their inhibitor strength in acetyl-
CoA-dependent acyl transferase reactions: 65a turned out
to be the much stronger inhibitor, which indicated the
tetrahedral intermediate 63a to have the more favourable
stereochemistry in the acyl transfer.
After this short review of significant historical exam-

ples of tetrahedral intermediates of carboxylic acid deri-
vatives, we shall concentrate in the next section on
structural investigations of intermediates formed from
RC(O)X 1 and nucleophiles 2 (see Scheme 1). It will be
of interest to see whether the structural details are in
agreement with the Bürgi–Dunitz formulation of the
approach of a nucleophile 2 to a carbonyl species
RC(O)X 1 and with its removal from the tetrahedral
intermediate 3. What is the influence of the charge of
the tetrahedral intermediate, neutral, cationic or anionic,
on its structure? Do model calculations support the
structural characteristics of such intermediates? A further
point of interest is the question of whether the facile
formation of a tetrahedral intermediate 3 is (always) due
the thermodynamic stability of 3, or whether kinetic
reasons are also significant, at least in some cases (see
later).

STRUCTURES OF NEUTRAL, CATIONIC AND
ANIONIC TETRAHEDRAL ADDUCTS

At the beginning of the investigations of tetrahedral
intermediates in transformations of carboxylic acid deri-
vatives with nucleophiles, it was difficult to get hold of
such species because of their instability; see, e.g.,
Scheme 13 and the situation described there. Stimulation
for further efforts came from the discovery of the
anomeric effect and its significance for structural details
and reactivities of compounds bearing two or three

Scheme 13. Bender’s proof of the tetrahedral intermediate
in reactions of esters with H2O (1951)

Scheme 14. Identification of the absolute stereochemistry of the tetrahedral intermediate in the reaction of acetyl-CoA with a
nucleophile Nu� by Schwartz and Drueckhammer (1996)
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heteroatoms with non-bonded electron pairs at the
anomeric centre.207–219 Initially compounds possessing
special structural features were investigated (Scheme 15):
(1) with bicyclic or polycyclic structures such as tetro-
dotoxin 66;220 (2) with a strong electron-withdrawing
group, e.g. CF3, attached to the (pro)acyl carbon (67221);
(3) with a donor group with reduced conjugation with the
potential carbonyl group (68222,223); and (4) with sulfur
atoms bonded to the anomeric centre (69224).
Such compounds, and also simpler ones, were used to

study kinetically their decomposition into the respective
carbonyl species and to measure the IR, UV and
NMR spectra in order to show the existence of an adduct
with a tetrahedral carbon atom.225–238 More recently,
NMR investigations were performed on 70 and 71
(Scheme 16).239,240

Detailed insight into the structures of tetrahedral ad-
ducts, however, was only provided by x-ray crystal
structure determinations. Interestingly, among the first
structures were two of biochemical origin: Blow and co-
workers (1974) investigated the crystal structure of the
complex of porcine trypsin with soybean trypsin inhibitor
(at 260 pm resolution),241 whereas Huber and co-workers
(1973) were interested in the related complex of basic
pancreatic trypsin inhibitor with bovine trypsin.242 The
interatomic distances at the active site of the first-men-
tioned complex241 show the complex to be in the form of
a tetrahedral adduct of the scissile bond to the active

serine. The strong binding energy of the inhibitor and the
stabilization of the tetrahedral form result from the nature
of the active site of the enzyme, which is designed to
stabilize the transition state of peptide hydrolysis. How-
ever, because of the resolution mentioned above, the
authors unfortunately ‘have no evidence whether the
bond lengths around the tetrahedral carbon are abnormal.
The evidence that the crystal structure shows a tetrahedral
adduct is strong, but indirect.’241

More insight into the structure of a tetrahedral adduct is
available from the early crystal structure determination of
N-brosylmitomycin A 72243 (1967) (Scheme 17).
The C17—O3 bond involving the tetrahedral carbon

atom C17 amounts to 136.54 pm, which is shorter than
C8—O3 (142.31 pm). In contrast, C17—N2 (149.06 pm)
is slightly longer than the two aziridine bonds N1—C1
(148.75 pm) and N1—C11 (147.85 pm). From the above-
mentioned torsion angles (Scheme 17) a torsion angle
between the nitrogen lone pair (lp) and the C17—O3
bond [Nlp—(C17—O3)] of �16� is derived, which is not
favourable for an Nlp–�*C—O interaction. On the other
hand, there exists an essentially antiperiplanar orientation
(�170�) of an oxygen lone pair at O3 with the C17—N2
bond, which is optimal for an Olp–�*C—N interaction, and
which is in agreement with the bond lengths at the
tetrahedral carbon atom C17 in the neutral 72. Overall,
72 is not a good model for a tetrahedral intermediate in an
acyl transfer reaction, however, because the tetrahedral

Scheme 15. Four types of stable tetrahedral adducts

Scheme 16. Tetrahedral adduct structures confirmed by
NMR spectroscopy

Scheme 17. X-ray crystal structure determination of N-
brosylmitomycin A 72. Important bond lengths (pm) and
angles (�): C17—O3 136.54, C17—N2 149.06, C8—O3
142.31, N1—C1 148.75, N1—C11 147.85, C14—N2—
C17—O3 85.82, C24—N2—C17—O3 �129.27, C8—
O3—C17—N2 48.22. Reprinted with permission from Ref.
243. Copyright (1967) American Chemical Society
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carbon atom C17 is forced into a tetracyclic skeleton.
Furthermore, O3 is methylated. In a good model for a
tetrahedral intermediate, the oxygen atom should be part
of an HO group, bear a negative charge, or the nitrogen
atom should be transformed by protonation into an
ammonium cation. This latter example, a model for a
cationic tetrahedral intermediate, is shown next.
When 1-aza-3,5,7-trimethyladamantan-2-one 73 was

dissolved at pH 3.3 in H2O, the N-protonated hydrate of
the orthoamide 74 was formed, which allowed a more
recent x-ray crystal structure determination (1998)
(Scheme 18).244

The situation at the tetrahedral carbon atom is mainly
characterized by a rather long C1—N1 bond [155.2(4)
pm] and by shortened C1—O1(2) bonds [138.2(4) pm]:
the protonated nitrogen atom N1 becomes an excellent
amine leaving group, especially since the electron pairs
of the two hydroxy groups support the formation of a
carbenium ion at C1. Although the torsion angles which
include the O1(O2)—H bonds are not mentioned in the
publication, which would allow one to estimate the
torsion angles of the oxygen lone pairs with the C—N
bond, one can conclude from the above-mentioned bond
lengths that they result from antiperiplanar (app) orienta-
tions of oxygen lone pairs with the �*C—N orbital

(app Olp–�*C—N). The structure of 74 is thus an excellent
example of the structure of a tetrahedral intermediate in
which the cleavage of the C—N bond is supported by
acid catalysis. The situation described here is in perfect
agreement with theoretical studies of the ‘Stereoelectro-
nic control in acid and basic catalysis of amide hydro-
lysis’, published by Lehn and Wipff in 1980.215

Especially in the case of acid catalysis (protonated
nitrogen atom), the anomeric effect, lengthening specifi-
cally the C—N bond, is of great significance.
Remarkably stable neutral tetrahedral intermediates

were recently (2002) observed in the reaction of N-
acylpyrroles such as 75 with organometallic compounds
such as 76 followed by protonation with ammonium
chloride (NH4Cl) to give carbinols such as 77.245 The
result of the x-ray crystal structure determination of 77 is
shown in Scheme 19.
The C1—N1 bond [147.84(14) pm] is longer than

Csp3—Npyrrole bonds, which range from 141.2 to
145.8 pm. Conversely, the C1—O1 bond (141.15(13)
pm) is shorter than average Csp3—OH bonds
(143.2 pm). The C1—C11 bond [152.16(17) pm] is
slightly shorter than average Csp3—Csp3 bonds
(153.0 pm). In contrast, the C1—C2 bond [152.75(15)
pm] is somewhat longer than average Csp2—Caryl bonds
(151.3 pm). The shortened C1—O1 bond and the elon-
gated C1—N1 bond are explained with an anomeric
effect resulting from the interaction of the oxygen lone
pairs with the �*C—N orbital. A similar interaction of an
oxygen lone pair with the �*C—C orbital should be

Scheme 18. Formation of 74 from 73 and x-ray crystal
structure determination of 74. Important bond lengths (pm)
and angles (�): C1—N1 155.2(4), C1—O1 138.2(4), C1—O2
138.2(4), C7—N1 150.3(4), C1—C2 153.3(4), C7—N1—
C1—O1�58.4(3), C12—N1—C1—O1 178.6(2), C7—N1—
C1—O2 179.1(2), C12—N1—C1—O2 56.1(3). Reprinted
with permission from Ref. 244. Copyright (1998) American
Chemical Society

Scheme 19. Structure of 77 in the crystal. Important bond
lengths (pm) and angles (�): C1—N1 147.84(14), C1—O1
141.15(13), C1—C2 152.75(15), C1—C11 152.16(17), C5-
N1—C1—O1 141.51(11), C8—N1—C1—O1 �48.10(14).
Reproduced from Ref. 245 with permission from
Angewandte Chemie
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responsible for the slightly lengthened C1—C2 bond.
From the torsion angles mentioned in Scheme 19, one
calculates an angle Nlp—(C1—O1) of �47�. The lone
pair at N1 therefore does not adopt an antiperiplanar
conformation with C1—O1, although the pyrrole sub-
stituent could in principle rotate freely around the C1—
N1 bond. Apparently an app Nlp–�*C—O interaction is
not very profitable for 77.
Compound 77 is therefore a good model for a neutral

tetrahedral intermediate in an acyl transfer reaction. If
one compares its structure with that of the N-protonated
tetrahedral intermediate 74 (Scheme 18), which is a
model for an intermediate in an acid-catalysed reaction,
one recognizes immediately the difference: in the N-
protonated 74 the reaction path—cleavage of the C1—
N1 bond—is clearly indicated, which is much less so in
the case of the neutral 77, again in agreement with
theoretical studies:215 there is no specific lengthening of
one bond at the tetrahedral carbon atom C1 of a neutral
model adduct. The results, of course, also fit the experi-
mental experience: transacylations are normally not per-
formed at pH 7. Rather, they are acid-catalysed, or
performed in a basic medium.
This latter condition leads to the next question: what are

the structural features of tetrahedral intermediates of the
type discussed here with a negative charge at the oxygen
atom? The following examples are models for that case.
The tetrahedral lithiated adduct 80 formed from ben-

zoic acid N,N-dimethylamide 78 and phenyllithium 79
crystallizes as the tetrahydrofuran solvated dimer
(Scheme 20).246 It was the first anionic tetrahedral adduct

which was analysed with respect to its bond lengths and
angles at the tetrahedral carbon atom.
In the dimer structure 80, two lithium cations (Li1 and

Li1A) are bonded to each of the anionic O atoms O1 and
O1A and to one O atom of a THFmolecule (O2 and O2A,
respectively), leading to rarely observed three-coordi-
nated lithium cations. C1—O1 is 137.1(2) pm long. In
(CH3)3C—OLi the C—O bond measures 139.2 pm.247 In
amides such as 78, the C——O bond is 123.1 pm long,248

and in aromatic ketones 123.0 pm.248 C1—N1 amounts to
150.0(3) pm. The mean value for Csp3—N bonds is
146.9 pm.248 In carboxylic acid amides the C—N bonds
are much shorter (134.6 pm).248 The bonds from C1 to the
phenyl-C atoms measure 154.8(3) (C4) and 154.9(3) pm
(C10). The mean value of Csp3—Carom bonds is
151.3 pm.248 In conclusion, the bonds of C1 to N1, C4
and C10 are all elongated, whereas the C1—O1 bond is
shortened.
Table 1 shows a comparison of the C—O, C—N and

C—C bond lengths in the N-protonated 74 (Scheme 18),
the neutral 77 (Scheme 19) and the anionic tetrahedral
adduct 80 (Scheme 20).
In the anionic 80 the C—O bond is shorter (better

oxygen donor) than in the neutral 77. Correspondingly,
the C—N and C—C bonds in the anionic 80 are longer
than in the neutral 77. In both cases the lengthening of
bonds is not selective. This is totally different in the
cationic 74, in which both C—O bonds are shortened and
only the C—N bond is strongly elongated. Hence, the
cationic 74, the neutral 77 and the anionic 80 are good
models for the differences in the structures of the tetra-
hedral adducts in proton-catalysed, neutral and base-
induced transacylations. The experimental results are
nicely supported by model calculations on HC(OH)2
NHþ

3 , HC(OH)2NH2 and HC(OH)(O�)NH2.
215

The lengthening of both the C1—N1 and the C1—C4
(C10) bonds in the anionic adduct 80 is in agreement with
the experimental observation that it is not only the C—N
bond which may be cleaved if an anionic oxygen atom is
present, but also the C—C bond; see the Haller–Bauer
reaction180,181 in Scheme 11: in this example, phenyl-
sodium 49 eliminates from the anionic adduct
Ph2C(NH2)(ONa) 47.
With regard to the elongated C1—N1 and the shor-

tened C1—O1 bond in the anionic adduct 80, it was

Scheme 20. Structure of 80 in the crystal. Important bond
lengths (pm) and angles (�): C1—O1 137.1(2), C1—N1
150.0(3), C1—C4 154.8(3), C1—C10 154.9(3), Li1—N1
375.1(4), Li1—N1A 373.7(4), O1—C1—N1-C2 �58.4(2),
O1—C1—N1—C3 63.8(2), C4—C1—N1—C2 65.3(2),
C10—C1—N1—C3 �60.8(2). Reproduced from Ref. 246
with permission from Angewandte Chemie

Table 1. Comparison of the C—O, C—N and C—C bond
lengths in the N-protonated 74, the neutral 77 and the
anionic tetrahedral adduct 80

C—O C—N C—C
Compound (pm) (pm) (pm)

74 (cationic) 138.2(4) 155.2(4) 153.3(4) (C—Calk)
77 (neutral) 141.15(13) 147.84(14) 152.75(15) (C—Caryl)
80 (anionic) 137.1(2) 150.0(3) 154.8(3), 154.9(3)

(C—Caryl)
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checked whether the data fit the considerations of Bürgi
and Dunitz65–74 concerning the geometry of the approach
of a nucleophile to a carbonyl group, and to the reverse
reaction (see Scheme 2). The angles between the C1—
C4—C10 plane and the vectors C1—N1 (60.3�) and
C1—O1 (52.8�) in 80 indeed reflect the beginning of
the elimination of LiNMe2 from the adduct 80: N1
‘eliminates’ along the trajectory C1—N1, whereas O1
moves towards the C1—C4—C10 plane.
Concerning the structure of 80 in the crystal, it is

interesting to hint at the bonding situation of the dimethy-
lamino group. Normally, the N atoms of such groups are
bonded to Li cations, especially if these are only three-
coordinated as is the case here. The distances Li1—N1
375.1(4) pm and Li1—N1A 373.7(4) pm are, however,
far beyond normal Li—N bond lengths of �220 pm.249

In order to establish an Li–N interaction in 80, the two
dimethylamino groups had to rotate around the C1—N1
(C1A—N1A) bonds. From the torsion angles given in
Scheme 20, a torsion angle Nlp—(C—O) of �180� is
calculated for 80. A totally different conformation around
the C—N bond, which is necessary for of an Li—O—
C—N four-membered ring, is observed in the following
anionic adducts.
Independently of the investigation of 80,246 Wheatley,

Snaith and co-workers studied solid-state structures of
related species.250–253 Reaction of the aromatic aldehydes
81a–d with lithium N,N,N0-trimethylethylenediamide,
LiN(CH3)CH2CH2N(CH3)2 82, led to the respective
tetrameric adducts 83a–c. In the case of the o-CF3-
substituted compound 83d, one benzyl alkoxide reduc-
tion product replaces one tetrahedral adduct (Scheme 21).
Wheatley, Snaith and co-workers were exclusively

interested in Li–N and Li–O interactions. The bonding
situation at the tetrahedral carbon atoms of the adducts
83a–d is not mentioned in their publications. Since it is
not of significance to discuss the details of the pseudo-
cubane or ‘open’ pseudo-cubane tetrameric structures in
the context of this paper, only the bond lengths and
torsion angles relevant for the subject outlined here are
summarized in Table 2, together with those of 80.
Although the data within the series 83a–d are rather

similar, some characteristic differences are observed. (1)
In the o-OCH3-substituted tetramer 83b, two tetrahedral
adducts have anionic oxygen atoms bonded to two Liþ

and the other two to three Liþ. Each additional Liþ

reduces the donor qualities of the anionic O atom: in
83b (2Liþ) the C—O bond is shorter than in 83b (3Liþ)
because 83b contains the better oxygen donor. Corre-
spondingly, the C—N and C—Caryl bonds are longer
in 83b (2Liþ) than in 83b (3Liþ). This effect is nicely
supported by model calculations (B3LYP/6–311þG**):
H2(H2N)C—O�, C—O 132.1 pm, C—N 193.9 pm; H2

(H2N)C—OLi, C—O 137.7 pm, C—N 146.7 pm (see
Acknowledgements). (2) In the o-CF3-substituted 83d
the C—Caryl bonds are comparatively long because
C6H4(o-CF3)Li is a better leaving group than C6H5Li

(from 83a) or C6H4(o-OCH3)Li and C6H4(p-OCH3)Li
(from 83b and 83c, respectively). Correspondingly, the
C—N bond in 83d is somewhat shorter.
If one compares the tetrahedral adduct 80 crystallizing

as a dimer with the structures of the tetramers 83a–d, one
notices rather similar C—O, C—N and C—Caryl bond
lengths (see Table 2). A striking difference exists in the
torsion angles Nlp—(C—O): in 80 with Liþ not being
bonded to the nitrogen atoms of the dimethylamino
groups it amounts to �180�, whereas it is 43� 11� in
83a–d (and not �0�, which reduces steric interactions
along the C—N bonds in the Li—O—C—N four-mem-
bered rings of these adducts). Qualitatively one would
expect in the anionic adduct 80, in addition to the Olp–
�*C—N and Olp–�*C—Caryl

interactions, which also exist in
83a–d, an Nlp–�*C—O interaction because of the favour-
able antiperiplanar orientation of these orbitals.215 This
should lead to a comparatively shorter C—N and a longer
C—O bond in 80, which, however, is not the case (see

Scheme 21. Preparation of the tetrahedral adducts 83a–d
and structure of 83b in the crystal. For important bond
lengths of 83b, see Table 2; torsion angles (�): C18—N4—
C19—O4 71.7(4), C17—N4—C19—O4 �158.9(3), C4—
N1—C6—O2 154.9(4), C5—N1—C6—O2 �73.9(4). Aryl
groups have been omitted for clarity. Reproduced from Ref.
250 by permission of the Royal Society of Chemistry
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Table 2). Quantum chemical model calculations on 84–
86A and B support the expectation (see Table 3).246

In the highly substituted 84, isomer A is more favour-
able than B. In A the C—O bond is longer and the C—N
bond is shorter than in isomer B. Although the calculated
torsion angles Nlp—(C—O) in isomers A and B corre-
spond to those found experimentally in the crystal struc-
tures of 80 and 83a–d, respectively, the same agreement
does not exist for the C—O and C—N bond lengths (see
Tables 2 and 3). For 85A and B, a similar situation is
calculated as for 84A and B (see Table 3). In the less
sterically hindered 86A and B the result is comparable to
that for 83 and 84 except that conformer B is now more
stable than A. That it is not simply the kind of crystal-

lization which is responsible for the difference between
experimental and calculated bond lengths is indicated by
the adduct of p-methoxybenzaldehyde 81c with lithium
N-methylpiperazide crystallizing as a hexamer:253

the bond lengths C8—N1¼ 150.74 pm and C8—O1¼
137.68 pm and the torsion angle Nlp—(C—O)� 45�
agree well with those of 83a–d in Table 2. We have no
explanation for the discrepancy between the calculated
bond lengths of isomers A and B (Table 3) and the
experimental values for 80 and 83a–d, respectively
(Table 2) (see Acknowledgements). Further structure
determinations of anionic tetrahedral adducts comparable
to those of 80 and 83a–d could shed more light on this
problem.
A corroboration of the structural features of anionic

tetrahedral intermediates comes from the dimeric solid-
state structure 87 shown in Scheme 22.254

The C8—O1 bond in 87 is extremely short (compare
with Table 2), which should be due to Kþ being the
gegenion instead of Liþ in 80 and 83a–d: Kþ is a much
weaker Lewis acid than Liþ. The C8—N1 bond length is
151.7(3) pm, which is greater than the C—N bond
lengths in 80 and 83a–d (see Table 2). The C8—C9
bond [155.4(5) pm] is the longest C—Caryl bond so far
observed in an anionic tetrahedral adduct (see Table 2).
The reason is also in the case of 87 the non-selective
electron donation of the anionic oxygen atom, the good
qualities as a leaving group of p-BrC6H4K and the
excellent stabilization of a (developing) positive charge
at C8 by the two nitrogen substituents. Again, the Haller–
Bauer reaction180,181 is ‘on its way’ (see the discussion of
80 and Scheme 11).
In summary, although there have so far been only a few

crystal structure determinations of tetrahedral adducts
which can serve as models for intermediates in the

Table 2. C—O, C—N and C—Caryl bond lengths (pm) at the
tetrahedral carbon atoms and torsion angles Nlp—(C—O) (�)
in the adducts 83a–d compared to those of 80a

Torsion angle
C—O C—N C—Caryl Nlp—(C—O)

Compound (pm) (pm) (pm) (�)

80 137.1(1) 150.0(3) 154.8(3) �180
83a 135.7(4) 150.1(5) 152.2(5) �38
83b* (2Liþ) 136.2(6) 150.0(6) 152.2(6) �44

(3Liþ) 137.7(6) 149.7(6) 151.1(6) �41
83c 135.1(3) 151.0(4) 151.7(3) �42

136.4(3) 149.7(3) 152.9(4) �32
135.7(3) 150.1(4) 153.3(3) �39
135.5(3) 149.1(4) 152.8(4) �33

83d 137.6(4) 149.1(4) 154.0(5) �54
137.7(4) 149.0(4) 153.6(4) �53
137.8(4) 148.9(4) 153.8(4) �52

83b* (2Liþ), two Li cations bonded to the anionic O atom; (3Liþ), three Li
cations bonded to the anionic O atom. The torsion angles Nlp—(C—O) are
calculated from the torsion angles O—C—N—R1 and O—C—N—R2. For
the torsion angles of 83a, 83c and 83d, see the original publications.

Table 3. Bond lengths (pm), torsion angles (�) and relative energies (kcalmol�1) of the conformers A and B of the tetrahedral
adducts 84–86 (RHF/3–21G//PM3)a

Torsion angle
C—O C—N Nlp—(C—O) Erel

Compound R1 R2 R3 R4 (pm) (pm) (�) (kcalmol�1)

84A Ph Ph CH3 CH3 137.0 153.2 �174 0.0
84B Ph Ph CH3 CH3 135.9 159.0 �43 8.0
85A Ph H CH3 CH3 136.7 152.0 �174 0.0
85B Ph H CH3 CH3 135.4 157.2 �30 4.6
86A CH3 CH3 H H 138.3 150.4 �180 0.0

(139.3) (147.1) (�180) (0.0)
86B CH3 CH3 H H 136.2 155.9 �5 �4.5

(137.3) (154.8) (�9) (�6.0)

a MP2/6–31þG* values of 86 in parentheses. The torsion angles Nlp—(C—O) are calculated from the torsion angles O—C—N—R3 and O—C—N—R4.
1 kcal¼ 4.184 kJ.

202 M. ADLER, S. ADLER AND G. BOCHE

Copyright # 2004 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2005; 18: 193–209



reactions of carboxylic acid derivatives with nucleo-
philes, they provide a consistent picture: the neutral,
cationic and anionic models of such tetrahedral inter-
mediates are characteristically different from each other,
in agreement with experimental observations and theore-
tical calculations.

MODEL CALCULATIONS OF THE REACTIONS
OF HC(O)X, X¼NH2 AND NHOH, WITH
THE NUCLEOPHILES LIH AND FMgH

Whereas tetrahedral intermediates in the reactions of
carboxylic acid chlorides with nucleophiles have never
been detected, and those of carboxylic acid esters never
isolated, even at low temperatures (see earlier), it is
shown in the previous two sections that tetrahedral

intermediates derived from carboxylic acid amides are
stable and useful for further syntheses. However, there
are remarkable differences between different carboxylic
acid amides concerning their reactivity with nucleo-
philes: ‘normal’ amides RC(O)NR2 28 react with orga-
nolithium species R0Li 29 to give adducts RR0CNR2(OLi)
30, which, on hydrolysis, give ketones RR0C(O) 9;
however, Grignard reagents R0MgX do not lead to
adducts and finally ketone formation (see Scheme 7). In
contrast, reaction of Weinreb amides RC(O)N(CH3)-
OCH3 37 give ketones 9 with both organolithium as
well as with Grignard reagents (see Scheme 9). In order
to find out whether it is the particular thermodynamic
stability of Weinreb amide adducts 39 (Scheme 9) which
is responsible for this synthetically significant difference,
as generally assumed,161–175 or whether the kinetics of
the reactions are also significant, model calculations were
performed by optimization of the stationary points along
the reaction path of the gas-phase reactions of HC(O)NH2

88 (model for normal amides) and HC(O)NHOH 89
(model for Weinreb amides) with LiH 90 and with
FMgH 91 at the MP2/6–31þG*//MP2/6–31G* level.255

Energies are corrected for zero point energies (ZPE), and
all stationary points were characterized by vibrational
analysis showing zero imaginary frequencies for the
ground states and exactly one imaginary frequency for
the transition states. If necessary, the trajectory was
proved by calculation of the intrinsic reaction coordinate
(IRC). Hydrides such as LiH 90 and FMgH 91 have been
used as simple models for organolithium and Grignard
reagents before.256,257 As shown below, the calculated
reaction intermediates and transition states provide an
overall picture which leads to a consistent explanation of
the experimental facts.
The LUMO energies �*C——O of the amide models 88

and 89 and the HOMO energies of the nucleophiles LiH
90 and FMgX 91 are listed in Table 4.
Not unexpectedly, the model for Weinreb amides 89

has essentially the same LUMO energy (0.179 a.u.) as the
model for ‘normal’ amides 88 (0.177 a.u.). The higher
HOMO energy is found in the case of LiH 90 (�0.298
a.u.) as compared with the ‘Grignard reagent’ 91 (�0.410
a.u.), which corresponds to the higher nucleophilicity of
RLi compounds.
For reasons of simplicity, reactions involving dimers of

LiH 90 and FMgH 91 were not calculated. Similarly,
solvation of LiH 90 and FMgH 91 with model solvent
molecules such as H2O or NH3 was not considered.

256,257

In Scheme 23, the reaction of HC(O)NH2 88 with LiH
90 is shown.

Scheme 22. Structure of 87 in the crystal. Important bond
lengths (pm) and torsion angles (�): C8—O1 131.5(5), C8—
N1 151.7(3), C8—C9 155.4(5), C1—N1—C8—O1 155.7(2),
C7—N1—C8—O1�53.0(2). The second part of the dimer is
omitted. Reprinted with permission from Ref. 254. Copy-
right (1999) American Chemical Society

Table 4. MP2/6–31þG*//MP2/6–31þG* LUMO energies (a.u.) of 88 and 89 and HOMO energies (a.u.) of 90 and 91

Compound LUMO energy �*C——O (a.u.) Compound HOMO energy (a.u.)

HC(O)NH2 88 0.177 LiH 90 �0.298
HC(O)NH—OH 89 0.179 FMgH 91 �0.410
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The reaction starts with the complexation of HC(O)NH2

88 and LiH 90 to give 92, which reacts via the transiton
state [93]z to the tetrahedral intermediate 94. 94 is
20.3 kcalmol�1 more stable than 92. The activation en-
ergy for the formation of 94 amounts to 11.5 kcalmol�1.
Transformation of 94 into H2C——O 95 and LiNH2 96
requires 39.7 kcalmol�1. Hence, in agreement with the
experimental results outlined earlier, the tetrahedral ad-
duct 94 is formed easily and it is fairly stable.

The reaction of HC(O)NH2 88 with FMgH 91 is shown
in Scheme 24.
As in the case of 88 and 90, HC(O)NH2 88 and FMgH

91 react first to give a complex 97, which is transformed
via [98]z into the reactive complex 99 and then via the
transition state [100]z into the tetrahedral adduct 101.
Compound 101 is 15.5 kcalmol�1 more stable than 97
and 39.7 kcalmol�1 more stable than H2C——O 95 and
FMgNH2 102. Hence the tetrahedral adduct 101, if

Scheme 23. HC(O)NH2 88 and LiH 90: calculated reaction intermediates and transition states [MP2/6–31þG*//MP2/6–
31G*þ ZPE (kcalmol�1)]

Scheme 24. HC(O)NH2 88 and FMgH 91: calculated reaction intermediates and transition states [MP2/6–31þG*//MP2/6–
31G*þ ZPE (kcalmol�1)]
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formed, should also be fairly stable. The activation
energy for the formation of 101 from 97
(23.9 kcalmol�1), however, is much higher than in the
case outlined in Scheme 23 with LiH 88 being the
nucleophile (11.5 kcalmol�1), which agrees nicely with
the reluctant reactivity of Grignard reagents with car-
boxylic acid amides.
The reaction of HC(O)NHOH 89, the model for

Weinreb amides, with LiH 90 is shown in Scheme 25.
As before, the starting materials 89 and 90 first form a

complex (103, �23.0 kcalmol�1), in which LiH 90 is
attached to the carbonyl oxygen atom of 89. Via the
chelate complex with the lithium cation being bonded to
both oxygen atoms (104), the chelate transition state
[105]z is reached very easily (3.8 kcalmol�1), leading
to the tetrahedral chelate adducts 106 and 107. Com-
pound 107 is 35.2 kcalmol�1 more stable than 103 and
43.2 kcalmol�1 more stable than H2C——O 95 and LiN-
HOH 108, which is in agreement with the detection of
such adducts by NMR spectroscopy.258 Most significant,
however, is the very low activation energy 103 ! [105]z
of 3.8 kcalmol�1. For the reaction of the ‘normal amide’
HC(O)NH2 88 with LiH 90, an activation energy of
11.5 kcalmol�1 was calculated (Scheme 23). The reac-
tion of HC(O)OH (model for esters) with LiH 90 requires
7.6 kcalmol�1 255 (for details see the Supplementary
material, available in Wiley Interscience). The activation
energy for the reaction of the Weinreb amide model 89
with LiH 90 (3.8 kcalmol�1) comes even close to that
calculated for the reaction of HC(O)Cl with LiH 90

(2.7 kcalmol�1 255 (see also Refs. 71, 100, 103, 106,
108, 109, 111 and 113); for details see the Supplementary
material). The very facile reaction of Weinreb amides
with organolithium reagents, which even tolerates the
presence of ester functionalities,165 therefore results from
the chelate stabilization in the tetrahedral adduct 107 and,
most importantly, in the transition state [105]z. A strong
stabilization of the transition state is also described for
the ortholithiation of aromatic ethers such as methyl
phenyl ether.256

The reaction of the Weinreb amide model HC(O)N-
HOH 89 with the Grignard model FMgH 91 is shown in
Scheme 26.
The starting materials 89 and 91 first form the com-

plexes 109 and 111, which are connected with each other
via the transition state [110]z. A complex with FMgH 91
binding to both oxygen atoms of HC(O)NHOH 89was not
found. Then 111 transforms via the chelate transition state
[112]z into the tetrahedral adducts 113 and 114. Com-
pound 114 is 25.5 kcalmol�1 more stable than 109;
formation of H2C——O 95 and FMgNHOH 115 from 114
requires 44.6 kcalmol�1, which documents the stability of
the chelate adduct 114. Related to these numbers is the
comparatively low activation energy (12.4 kcalmol�1)
from 109 to the chelate transition state [112]z, which is
in agreement with the reaction of Weinreb amides also
with Grignard reagents.161–175 For the reaction of the
‘normal’ amideHC(O)NH2 88with FMgH 91 an activation
energy of 20.6 kcalmol�1 was calculated (see Scheme 24).
Correspondingly, this reaction was never observed.

Scheme 25. HC(O)NHOH 89 and LiH 90: calculated reaction intermediates and transition states [MP2/6–31þG*//MP2/6–
31G*þ ZPE (kcalmol�1)]
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The model calculations outlined above provide the
following results. (1) ‘Normal’ carboxylic acid amides
react well with organolithium reagents because the acti-
vation energy of the reaction is comparatively low, but the
reaction with Grignard reagents is very sluggish owing to
a much higher activation energy. (2) In the case of
Weinreb amides, more stable chelate tetrahedral inter-
mediates are related to more favourable chelate transition
states for their formation. This leads to high chemoselec-
tivity owing to very high reactivity in the case of
organolithium species—ester groups present in the reac-
tion are not attacked—and to reaction also with Grignard
reagents. A similar situation should hold for related
ketone syntheses.259–264

CONCLUSIONS

Transacylation reactions of carboxylic acids, carboxylic
acid esters, carboxylic acid amides and other carboxylic
acid derivatives are among the most important reactions
in chemistry and biochemistry. However, only in recent
years has information concerning the structural details of
possible tetrahedral intermediates become available. In
this review, tetrahedral intermediates are discussed which
serve as models for acid-catalysed reactions, neutral
reactions and reactions under basic conditions. The
structural features correspond nicely with experimental
experience and, in general, to quantum chemical model
calculations. Furthermore, by means of model calcula-
tions, an explanation is given for the fast reactions of
Weinreb amides with organolithium compounds and even
with Grignard reagents: they are due to low-energy

chelate transition states for the formation of the fairly
stable chelate tetrahedral intermediates.
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