
ORGANOCATALYSIS 247
CHIMIA 2007, 61, No. 5

Chimia 61 (2007) 247–256
© Schweizerische Chemische Gesellschaft

ISSN 0009–4293

(S)- and (R)-5-Pyrrolidin-2-yl-1H-tetrazoles:
Enantiomeric Organocatalysts of
Broad Utility in Organic Synthesis
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Abstract: This mini-review concerns the broad application of (S)- and (R)-5-pyrrolidin-2-yl-1H-tetrazoles as organo-
catalysts. A summary of methods for their synthesis is followed by a discussion of the general reaction mechanism
and subsequent analysis of each reaction type for which they have proved to be efficient catalytic species. Where
relevant, a comparison is made with other organocatalysts in similar asymmetric reaction processes.
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It is, however, an ambitious task to do
proper justice to all the pioneers in the vast
field of asymmetric organocatalysis and is
outside the scope of this short review arti-
cle. Rather, the focus will be given to the
pyrrolidinyl tetrazoles (1 and 2, Fig. 1), de-
rived directly from l- and d-proline (3 and
4, Fig. 1) respectively, and developed as
organocatalysts concurrently by ourselves,
Yamamoto and Arvidsson.[5–7]

Although l-proline (3) was first used
to catalyse an intramolecular aldol reac-
tion in the early 1970s,[8] it has only been
through the extensive recent work by List,
Barbas III and others[2–4,9–12] that attention
has been properly focussed on this natu-
rally occurring privileged pyrrolidine scaf-
fold. However, on occasion, problems can
be encountered: for example, reactions may
be sluggish or the enantioselectivity unac-
ceptably low, and the solubility of proline
in many conventional organic solvents
can be a problem. Normally, for exam-
ple, proline-mediated reactions need to be
carried out in very polar solvents such as
N,N-dimethylformamide and dimethylsul-
foxide and it would be preferable if these
could be avoided in certain situations.

In order to overcome some of the above
problems, the pyrrolidinyl tetrazole 1 was
synthesised since the tetrazole moiety was
expected to have a similar pKa to the car-
boxylic acid in proline and yet be more sol-
uble in conventional solvents. Its potential
as an organic catalyst could then be readily
profiled and compared with other proline-
based systems.

Below, a summary of methods for the
enantioselective synthesis of this catalyst
will be followed by a discussion of the
general reaction mechanism and subse-
quent analysis of each reaction type for
which it has proved to be an efficient cata-
lyst. Where relevant, a comparison will be
made with other catalysts in similar reac-
tion processes.

2. Synthesis of (S)- and (R)-5-
Pyrrolidin-2-yl-1H-tetrazole

Since both the (S)- and (R)-enantio-
mers, 1 and 2, may be equally readily ob-
tained from l- and d-proline respectively (3
and 4), the user is provided with a choice of
which product to make in any given asym-
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1. Introduction

The field of organocatalysis has seen an
exponential increase in interest since the
year 2000, when several seminal publica-
tions appeared in the literature.[1–3] In these,
the inherent advantages of organocatalytic
methods were already clearly illustrated:
operational simplicity, high efficiency and
the absence of metals in a synthetic step. As
a result of this and the tremendous amount
of work carried out since that time,[4] the
power and use of chiral enamine intermedi-
ates has been demonstrated beyond doubt
and organic chemists now have a suite of
organocatalysts able to facilitate a broad
range of chemical transformations.
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Fig. 1. (S)- and (R)-5-Pyrrolidin-2-yl-1H-tetrazoles, L- and D-prolines
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metric reaction process. However, existing
methods for its safe preparation have, in
the past, suffered from a number of prob-
lems.[13–15] Firstly, ammonium azide can be
generated in the key, tetrazole-forming step
if the reaction is mediated by ammonium
chloride and sodium azide. This shock-sen-
sitive compound can sublime onto the sides
of the reaction vessel and, due to its explo-
sive nature, is considered to be an unaccept-
able risk. Furthermore, when the carboxy-
benzyl protecting group is used, reaction
times on scale in the solvent of choice for
the hydrogenolysis (acetic acid/water 9:1),
are extended (three days), the solvent is not
especially volatile and the reaction work-up
is laborious.[15] In light of these problems, a
safer, more reliable procedure for the syn-
thesis of both the (S)- and (R)-tetrazole cata-
lysts 1 and 2 has now been developed in our
group (Scheme 1), incorporating modified
literature chemistry[15,16] and state-of-the-
art flow hydrogenation technology for the
final deprotection step (Conditions A).[17]

Firstly, Cbz-protected l-proline (5) was
converted to its prolineamide derivative in a
straightforward fashion and then dehydrated
with cyanuric chloride, providing nitrile 6.
Concerning the 1,3-dipolar cycloadditon
reaction, a variation of existing methods
was used,[16] which avoids the generation
of shock-sensitive ammonium azide. Thus,
treatment of nitrile 6 with triethylamine hy-
drochloride and sodium azide in toluene at
a one-molar concentration resulted in clean
formation of the desired enantiopure cy-
clised tetrazole product 7.[18]

The final step remaining in the catalyst
preparation required removal of the car-
boxybenzyl protecting group. However,
due to the problems detailed previously
with the hydrogenolysis,[15] an alterna-
tive method was sought employing a flow
hydrogenation process: a 0.05 M solution
of protected pyrrolidinyl tetrazole 7 in an
ethanol/ethyl acetate/acetic acid mixture
(1:1:1) was passed through the H-CubeTM

flow hydrogenator.[19] Pleasingly, in just
3.5 h, three grams of protected tetrazole 7
could be successfully hydrogenated, thus
demonstrating the utility of this new flow
technology and improving the deprotection
conditions (ConditionsA, Scheme 1). In ad-
dition, no purification was needed as evapo-
ration of the solvent afforded pure product 1
in 98% yield. However, as the H-cubeTM

apparatus is not yet standard equipment in
every laboratory, a more general hydrog-
enolysis protocol using regular laboratory
equipment has also been developed (Condi-
tions B),[20] and a straightforward trituration
of the crude product gives rise to analyti-
cally pure tetrazole 1. It is worthy of note
that the chemistry of all four steps in this
synthesis is both robust and scalable (reac-
tions have been carried out on 50 g scale)
and requires minimal purification, provid-

ing ready access to this important organo-
catalytic species.

3. Reaction Mechanism Involving
Carbonyl Compounds

The pyrrolidine tetrazole derivative 1
is believed to react through an analogous
mechanism and transition state type as
proline (3). Reaction of the appropriate
carbonyl compound via an enamine inter-
mediate (9, Scheme 2) is the most widely
accepted mechanism, where the incoming
electrophile is coordinated to the tetrazole
ring in the transition state 11, thus provid-
ing the stereoselection found in the product
14. Alternatively, in the steric model 12,
the tetrazole substituent serves as a bulky

group, blocking the back face and provid-
ing stereoselective bias through preferential
attack onto the top face of the enamine.[21]

Both models provide the same stereochemi-
cal outcome but the mechanistic pathway
has yet to be fully elucidated and there is
still a need for further investigations to be
carried out in this area. In addition, there
are other factors that have an influence on
the overall reaction outcome and these are
detailed below in the context of each reac-
tion type.

4. The Aldol Reaction

The tetrazole catalyst 1 has now been
compared with proline (3) in a number of
related aldol reaction processes and is gen-
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erally comparable or superior under the re-
action conditions.[6,7,15,22]

In the first report to be published con-
cerning the asymmetric aldol reaction
with pyrrolidinyl tetrazole 1 as catalyst,
Yamamoto and co-workers[6] addressed the
inherent problem of reacting electron-poor
aldehydes, such as chloral (16, Scheme 3),
with ketones: because these reactive alde-
hydes have a high affinity for water, they
give the corresponding hydrates, which
were previously considered unsuitable for
asymmetric synthesis. However, using the
tetrazole catalyst 1, Yamamoto showed that
reaction of chloral and added water with
cyclopentanone proceeded very well. Re-
markably, the addition of water was highly
significant, since without added water, the
reaction was extremely sluggish (<1% con-
version after 60 h) and, as the proportion
of water was increased (from 100 mol% to
200 and 500 mol%), whilst enantioselection
increased (from 84% to 92% and 94% ee,
respectively), diastereoselection decreased
(from 80% to 67% and 52% de, respectively,
syn major). A range of ketones was then ex-
amined in their reaction with either chloral
itself (16) or chloral monohydrate (17) and
generally good yields (55–93%) and enanti-
oselectivities (82–97% ee), usually with syn
diastereoselectivity, were found (Scheme 3).
Other similar aldehyde acceptors were also
tested and gave encouraging results (Fig. 2):
for example, the monohydrate and ethanol
hemiacetal of trifluoroacetaldehyde both
reacted with cyclopentanone to give iden-
tical product 19 in ~65% yield, with high
enantio- (94% and 92% ee, respectively)

and diastereoselectivities (>95% de, syn
major), and even aqueous formaldehyde re-
acted with cyclohexanones to provide excel-
lent enantioselectivity (20 and 21), although
the turnover number was still modest. Some
of the results in this study compared well
with the original l-proline-catalysed reac-
tions of List and Barbas III,[1,9,10] but the key
difference that was highlighted in this case
was the enhanced reactivity of the tetrazole
catalyst (1), leading to lower catalyst load-
ing (5–10 mol%) and expanded substrate
scope regarding the ketone component. It
is also interesting to note that with usual
substrates, whilst the organocatalysed aldol
reaction usually produces the anti product
as the major diastereoisomer, in this work
most of the examples (with chloral (16) or
its monohydrate (17)) gave the syn diaster-
eoisomer as the major product.

Shortly after this publication, another
followed by Arvidsson and Hartikka, which
confirmed the increased reactivity and sol-
vent scope of the tetrazole catalyst 1,[7] most
notably that reactions could now be carried
out in dioxane and toluene. In addition, for
all cases, in the reaction between p-nitro-
benzaldehyde (22, Scheme 4) and acetone
(23),yields(1:70–93%,3:36–83%)andenan-
tiomeric excesses (1: 61–86%, 3: 44–73%)
were greatly improved with the (S)-tetra-
zole 1 compared with l-proline itself (3).
In order to explain this result, NMR spec-
troscopic studies were carried out.[15] It has
previously been established that forma-
tion of bicyclic oxazolidinones such as 25
(Fig. 3) leads to parasitic consumption of
l-proline in the aldol reaction in dimethyl

sulfoxide.[23] It is reasonable to expect that
the carboxylic acid in l-proline (3) and the
tetrazolic acid in 1 should have differing
reactivity and accordingly, 2,2-dimethyl-
propionaldehyde (26) was reacted together
with catalysts 1 and 3 respectively, in the
absence of acetone (Scheme 5). Interesting-
ly, NMR studies then showed that whereas
proline (3) gave almost quantitative conver-
sion to the corresponding bicyclic oxazo-
lidinone 27, the tetrazole analogue 28 was
not observed. From this experiment, it
could be concluded that the parasitic loss of
l-proline (3) was the main reason behind the
comparatively increased reactivity of 1 in
dimethylsulfoxide, but it must be noted that
factors related to catalyst solubility should
be taken into account in other solvents (for
example, proline (3) is much less soluble
than tetrazole 1 in dichloromethane).

Further support for both the coordinated
transition state (11, Scheme 2), as well as
the improved reactivity of the (S)-tetrazole
1 over l-proline (3) arises from a density
functional theory (DFT) study, carried out
by Domingo and co-workers,[24] where the
same reaction (Scheme 5) was executed in
the presence of acetone. It was found that
the formation of an intermolecular hydro-
gen bond between the acidic hydrogen of
the tetrazole substituent and the carbonyl
oxygen of the aldehyde very effectively ca-
talyses the carbon–carbon bond formation
by good stabilisation of the negative charge
developing at the carbonyl oxygen during
nucleophilic attack (11, Scheme 2). In ad-
dition, a larger charge transfer component
was observed in the tetrazolic-acid-cata-
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lysed transition state compared to that as-
sociated with the proline-catalysed process,
resulting in better solvation of the former
transition state and leading to greater cata-
lytic efficiency of the tetrazole catalyst 1.

Recently, Córdova et al. have also
adapted the strategy of converting other
amino acids to their tetrazolic acid coun-
terparts[25] and the results found were gen-
erally analogous to the proline case. For
example, using the aldol reaction (Scheme
6), it was found that both the reactivity and
solubilities of the l-alanine and l-valine
tetrazole derivatives 31 and 32 were gen-
erally increased compared with the parent
amino acid and, although yields and ees
were usually comparable, reaction times
were often reduced.

5. The Mannich Reaction

The first paper to appear in the litera-
ture on the use of the tetrazole 1 as a new
organocatalyst describes its application in
the Mannich reaction (Scheme 7).[5] Worthy
of note in this work is the observation that,
during optimisation studies using cyclohex-
anone as the ketone substrate, reaction with
(S)-tetrazole 1 proceeded well in dichlo-
romethane (65% yield, >19:1 dr, >99% ee),
where there was no reaction if l-proline
(3) was employed as the catalyst, and that
if the reaction time was increased from two
to sixteen hours, the reaction worked well,
even with a tetrazole catalyst loading of
just 1 mol% in this particular solvent (70%
yield, >19:1 dr, >99% ee). However, for op-

erational simplicity on the reaction scale, 5
mol% catalyst was typically used, providing
yields (generally >60%) and enantioselec-
tivities (generally >94% ee) of products that
were similar to their proline-catalysed coun-
terparts in dimethylsulfoxide,[26] but with
the advantage of being in a conventional
reaction solvent (dichloromethane) and thus
greatly facilitating reaction work-up.[5,27]

More recently, Barbas III and co-work-
ers have reported a further use of the tetra-
zole catalyst 1 in an asymmetric Mannich
reaction, leading to the expedient synthesis
of chiral 1,2- and 1,4-diamine precursors
(39 and 40, Scheme 8).[28] Of the catalysts
tested (1 and 3, Fig. 1 and 41, Fig. 4), pyr-
rolidinyl tetrazole 1 in dimethylsulfoxide
was found to combine the most convenient
length of experiment, yield and syn:anti

ratio of products and was thus the catalyst
of choice in this reaction process. Reaction
regioselectivity was remarkably well con-
trolled by the amine protecting group and
provided access to chiral 1,2-azido amines
(39) from azido ketones and 1,4-diamines
(40) from phthalimido ketones.

Indeed, the reaction of azido ketones
with imines in the presence of 1 afforded
the 1,2-azido amine intermediates 39 with
excellent yields (60–96%), good diastere-
omeric ratios (syn:anti = 70:30 to 91:9) and
enantioselectivities up to 99%. The scope
of this azido-ketone Mannich reaction also
appears to be very broad, coupling a wide
range of azidoketones and imines, provid-
ing the corresponding products which could
be interesting substrates for subsequent
‘Click’ chemistry-based diversification.[29]

On the other hand, the corresponding
phthalimido derivatives gave 1,4-diamines
40 in good to excellent yields (41–95%) and
ees (57–97%), and the process overall pro-
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vides a simple and expedient access to this
significant class of molecules.

6. Conjugate Additions

6.1. 1,4-Addition of Carbonyl
Compounds to Nitro-olefins

The enantioselective addition of car-
bonyl compounds to nitro-olefins was the
second tetrazole-mediated reaction proc-
ess to be investigated by our group.[27,30]

At the time, there were just two publica-
tions concerning the l-proline-catalysed
variant and there was a clear need to either
enhance enantioselectivities or reduce reac-
tion times.[12,31] Pyrrolidinyl tetrazole 1 was
successful (Scheme 9) and dramatically
improved upon the early results existing
in the literature. However, although ketone
loading was now significantly reduced,
the enantioselection at this stage was still
only moderate (73% ee at best) and it was
thought that it could be increased by the use
of homo-proline tetrazole derivative (45,
Fig. 5)[32] as a catalyst. Depending on the
model used, either steric bulk of the tetra-
zole moiety would be increased (46) due to

rotation of the methylene link (thus more ef-
fectively blocking the back face of the pyr-
rolidine ring), or coordination generated in
the hydrogen-bonded transition state would
be improved (47). The results showed this
hypothesis to be true (Scheme 10) and the
yields (generally >60%) and enantioselec-
tivities (cyclic: >90% ee, linear: 37–52%
ee) demonstrated were now generally good
to excellent.[33] It is also interesting to note
that homo-proline itself (48, Fig. 5) dis-
played very little activity when the reaction
was carried out in dimethylsulfoxide and
none whatsoever in the mixed isopropanol/
ethanol solvent system. Nevertheless, it has
since been shown by Terakado et al. to give
both good yields (51–95%) and enantiose-
lectivities (42–96% ee) when tert-butanol
is used as the solvent and extended reaction
times (up to eight days) are employed.[34]

6.2. 1,4-Addition to Enones
The related process, asymmetric con-

jugate addition of carbon nucleophiles to
electron-poor alkenes (e.g. enones), is an
important transformation in modern syn-
thetic chemistry,[35] and both malonates and
nitroalkanes are a particularly useful source

of stabilised carbanions for this purpose.
Also, in terms of derivatisation, dimethyl-
and diethylmalonate can undergo a facile
post-reaction Krapcho decarboxylation,[36]

providing access to chiral mono-ester prod-
ucts, while the nitro group is a versatile func-
tionality that can be readily modified, giving
access to a broad range of derivatives.[37]

For the asymmetric addition of nitro-
alkane nucleophiles to enones, reports had
previously been published and in the 1990s,
for example, a proline rubidium salt was
shown to catalyse the reaction with both
cyclic and acyclic enones, although enan-
tioselection was only moderate.[38] Subse-
quently, Hanessian and Pham improved the
enantioselectivity for cyclic systems only
(62–93% ee) using l-proline (3) as the cata-
lyst,[39] while the Jørgensen group exploit-
ed their imidazoline catalyst (52, Fig. 6)
for acyclic systems.[40] However, although
enantioselectivity was improved (34–86%
ee), toxic nitroalkane substrates were used
in vast excess and long reaction times were
generally required. Therefore, in 2005, the
prospect of using the (S)-tetrazole 1 for the
asymmetric conjugate addition of nitroal-
kanes to α,G-unsaturated enones was inves-
tigated. It was indeed shown to be a more
general catalyst both for cyclic and acyclic
α,G-unsaturated enones,[41] providing good
to excellent yield (40–96%) and enantiose-
lectivity (42–98% ee) (Scheme 11). Con-
currently, using another tetrazolic acid cat-
alyst (53, Fig. 6), Jørgensen and co-work-
ers[42] showed that good results (82–97%
yield, generally >80% ee) were found for
a broad range of aromatic substrates and in
a more recent publication by Hanessian et
al., using a cyclopropane proline analogue
(54, Fig. 6), still further improvements have
been made to this reaction.[43]
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Subsequently, in connection with an
on-going synthesis project in our group,
a scalable method was required for asym-
metric addition of malonates to cyclohex-
enone. Therefore, the opportunity was
taken to test the (S)-tetrazole 1 as a cata-
lyst for this type of reaction and compare
it with the existing organocatalytic meth-
ods.[44] Following optimisation of the con-
ditions, good results were indeed found for
a range of substrates (Scheme 12), furnish-
ing the products in generally high yields
(69–89%) with good to high enantioselec-
tivities (64–93% ee).[45] Also, in contrast
to existing methods, an external organic
base was used and additionally, employ-
ment of a vast excess of enone, common to
other procedures, was no longer necessary.
Consequently, the process was practical to
operate and readily scaled.

6.3. Nitrocyclopropanation
Given that the conjugate addition reac-

tions proceeded well, an extension of these
concepts suggested that an unsaturated car-
bonyl compound should react with brom-
onitromethane (64) in the presence of the
tetrazole catalyst (Scheme 13): through
conjugate addition and subsequent displace-
ment of the bromide, an enantioselective ni-
trocyclopropanation would ensue, generat-
ing three new stereogenic centres in a single
operation. Interestingly, in the literature at
that time, there was only one example of a
one-step enantioselective nitrocyclopropa-
nation reaction,[46] which is surprising due
to the potential utility of these compounds
in synthesis.[37]

Following considerable investigation,
the reaction was successful and optimisa-
tion was carried out using cyclohexenone
(67) as the substrate (Scheme 14):[47] the
reaction was scalable and a single recrys-

tallisation took the initial 77% ee up to
>98%. Unfortunately however, with other
substrates such as the corresponding five-
and seven-membered ring congeners, while
yields of product were high (73% and 93%,
respectively), enantioselectivities were not
as good (40% and 35% ee, respectively).
However, more recent work on both cyclic
and acyclic systems in our group is more
promising, leading to nitrocyclopropana-
tion products with ees in excess of 70%[48]

and the potential for this to become a reac-
tion process of general utility.

7. α-Oxyamination and α-Oxidation

The Yamamoto group was the first to
publish work on the use of pyrrolidinyl tetra-
zole catalyst 1 for the α-oxyamination of al-

dehydes and ketones[14,49] (Scheme 15). Re-
action of the substrate with nitrosobenzene
(71) in the presence of just 5–20 mol% cata-
lyst for one hour provided both high enan-
tioselection (>98% ee) and reaction yields
(65–97%). Of course, in these reactions it
is possible to obtain two products (from at-
tack at either oxygen or nitrogen atoms) and
in a later investigation by Kim and Park,[50]

the authors used biased substrates so as to
influence the reaction outcome: in this case,
α-branched aldehydes (73, Scheme 16),
rather than the linear examples ofYamamo-
to, were used. It was thought that, due to
steric repulsion between the α-alkyl group
of the enamine and the phenyl group of ni-
trosobenzene (76, Fig. 7), the attack might
be directed to the nitrogen (77) and furnish
α,α’-disubstituted amino aldehydes and al-
cohols. Overall, mixtures of products were
generally formed but interestingly, the ee of
the nitrogen attack product (74, Scheme 16,
5–90% ee) was always substantially higher
than that of the oxygen attack product (75,
2–45% ee).

Together with a large group of other
organocatalytic species, the tetrazole de-
rivative 1 has now also been examined in
the direct α-oxidation of ketones and al-
dehydes with alternative oxidant species

1 (5 mol%), CHCl3, rt, 3 d
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ee: 64–93%
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(Scheme 17). Using either molecular oxy-
gen,[51] iodosobenzene (79) or N-sulfony-
loxaziridine 80,[52] it does indeed function
as a useful catalyst. However, in the case of
molecular oxygen, l-alanine was found to
be the best organocatalyst out of the range
examined (93% yield, 56% ee compared
with tetrazole 1: 97% yield, <5% ee) and
using iodosobenzene (79), only traces of
product were formed when 1 was employed
as the catalyst (compared with l-proline:
32% yield, 65% ee). In the case of the
N-sulfonyloxaziridine 80, however, al-
though the tetrazole 1 provided good yields
(up to 92%), the enantioselectivities were
unacceptably low (around 20% ee) and
again, it was not the catalyst of choice.

This raises a valid general point regard-
ing the area of organocatalysis: optimisa-
tion is generally very catalyst-specific. The
reaction conditions which prove optimum
for one catalytic species are often not the
best for another,[53] and therefore, with
some optimisation studies concerning just
solvent and temperature, the yields and
enantioselectivities provided by tetrazole
catalyst 1 could be improved.

8. Tandem Reactions

The first example of a tandem reaction
carried out under the influence of pyrrolidi-
nyl tetrazole 1 was published by Yamamoto
et al. in 2004.[54] A highly enantioselective
approach (>98% ee) for the synthesis of
nitroso Diels-Alder adducts (84, Scheme 18)

was realised via a tandem α-oxyamination/
Michael reaction sequence and the results
disclosed considerably improved the regio-
and stereoselectivity of this process.[54,55]

The same reaction catalysed by l-proline
(3) was also examined but although the
products provided 98–99% ee, yields were
less than 40%,[54] proving the tetrazole 1
once again to be the better catalyst. Simi-
larly, in initial investigations into formation
of aza-Diels-Alder adducts (Scheme 19),
Córdova and co-workers showed that the
pyrrolidinyl tetrazole derivative 1 provided
a better result (61% yield, 99% ee) than
l-proline itself (3) (30% yield, 99% ee) at
room temperature,[56] in reaction with the
cyclohexenone substrate. However, prob-
ably due to its subsequent lower activity in
the reaction of the cycloheptanone conge-
ner (20% yield and 96% ee compared with
l-proline (3): 75% yield, 98% ee), it was
not used in the remainder of the study.

Later, in 2005, we described a new
organocatalytic route to chiral dihy-
dro-1,2-oxazines (Scheme 20).[57,58] An

N
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Fig. 7. Postulated transition states in the α-oxyamination vs
α-hydroxyamination procedure

α-oxyamination reaction with nitrosoben-
zene (71), followed by nucleophilic attack
on a vinyl phosphonium salt subsequently
forms a dihydro-1,2-oxazine 92 through an
intramolecular Wittig process. This reac-
tion sequence affords the chiral products
from achiral aldehydes and ketones and
proceeds in moderate to excellent yields
(33–82%) and excellent enantioselectivi-
ties (>99% ee) over the two steps (Scheme
21). Substituted vinyl phosphonium salts
could be employed, providing highly sub-
stituted products and matched/mismatched
effects were investigated using citronel-
lal as the chiral aldehyde: although yields
were similar, diastereoselectivity did differ
with a diastereomeric excess of only 83%
in the mismatched compared with 99% in
the matched case.[57] Cleavage of the N–O
bond was also accomplished in high yields
(83–100%), using zinc in methanolic hy-
drogen chloride, thus also demonstrating
the potential of the reaction to provide
cis-allylic amino alcohols (94), which have
further potential as chiral building blocks in
organic synthesis.

In an extension to this work, chiral 3,6-
dihydropyridazines (98, Scheme 22) have
now been synthesised from aldehydes[59]

and ketones[60] and work is ongoing to-
wards demonstrating the general utility of
this method in total synthesis.

9. Application in Total Synthesis

Application of any organocatalyst in
multi-step synthesis is still in its infan-
cy,[9,61] yet likely to be of major importance
in the future. To our knowledge, there are
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just two publications that demonstrate the
use of pyrrolidinyl tetrazole 1 as a catalyst
in total synthesis programmes, by Chow-
dari and Barbas III[62] and Ward et al.,[63]

respectively. In the former, a catalytic,
enantioselective total synthesis of cell adhe-
sion inhibitor BIRT-377 (105, Scheme 23)
was described. The quarternary stere-
ocentre was constructed through a direct
proline-tetrazole-catalysed asymmetric
α-amination (99 → 101) and in the course of
the studies, a one-pot selective benzyloxy-
carbonyl deprotection/trifluoroacetylation
method was developed (102 → 103). This
provided the key intermediate 103, which
then underwent a smooth samarium-
diiodide-mediated nitrogen–nitrogen bond
cleavage, furnishing unnatural amino acid
derivative 104, which gave BIRT-377 (105)
in just three more steps and overall 51%
yield from aldehyde 101.

In the more recent work,[63] the synthe-
sis of serricornin (109, Scheme 24), a sex
pheromone produced by the female ciga-
rette beetle, is described in just seven steps
from readily available mono-protected
dicarbonyl 107. Ward et al. had originally
been developing stereoselective aldol reac-
tions of 106 and 107 as the foundation for
a thiopyran-based synthetic route to poly-
propionates, using traditional metal bases
in the transformation.[64] In an extension
of this method, they recently reported that
l-proline (3) catalyses the enantioselective
direct aldol reaction of 106 with (±)-107:[65]

because the organocatalysed isomerisa-
tion of the aldehyde is faster than the aldol
process, dynamic kinetic resolution occurs
to give adduct 108 (56% yield, >98% ee).
However, the yield was rather low, probably
due to parasitic consumption of catalyst 3
and, on a scale larger than one gram, the
reaction work-up was complicated by the
need to remove large amounts of unreacted
106 by either sublimation or chromatogra-
phy: all attempts to reduce the amount used
in the reaction gave product 108 in lower
yield and/or enantioselectivity.

Therefore, the authors focussed on the
use of the more soluble tetrazole analogue 1
and pleasingly, with only two equivalents of
106, theyfound thata75%yieldand>98%ee
could be obtained when the reaction was
run at high concentration.[63] This thus rep-
resented a greatly improved synthesis of
key intermediate 108, allowing for the pro-
vision of enough material to complete the
synthesis.

10. Conclusions

The whole area of asymmetric organoca-
talysis has now blossomed into a very fruit-
ful component of modern organic synthesis
and the application of organocatalysts, par-
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ticularly in tandem reaction sequences, is
poised to have a very significant impact on
the way synthesis will be conducted in the
future. In this context, it is clear then that
pyrrolidinyl tetrazole 1, already proven to
be of great utility in bringing about useful
chemical transformations, is a valuable ad-
dition to the suite of effective organocata-
lysts now available.
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