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Nucleophilic reactivity of amines with an a-formylglycyl
enol-tosylate fragment

Sitaram Bhavaraju, Michael A. McGregor and William Rosen*

Department of Chemistry, University of Rhode Island, Kingston, RI 02881-1966, United States

Received 24 August 2007; accepted 4 September 2007
Available online 8 September 2007
Abstract—The E-enol-tosylate of S-3-benzyl-6-formylpiperazine-2,5-dione reacts with 1�- and 2�-amines to yield its respective 3S-
benzyl-6E-endiamine products while a 3�-amine, DABCO, exclusively yields a bis-3,6-ylidenepiperazine-2,5-dione product. These
competitive reaction pathways with amine electron donors are shown to arise mechanistically via the same intermediate, or its tau-
tomers, with an H-bond assisted nucleophilic substitution process being operative in the former case and an elimination reaction
pathway in the latter instance.
� 2007 Elsevier Ltd. All rights reserved.
The a-formylglycine (FGly) fragment is an important
group that appears to be at the centre of enzymic reac-
tivity in prokaryotic and eukaryotic sulfatases.1 Defi-
ciency in sulfatase reactivity is a rare human lysosomal
storage disorder that has been attributed to insufficient
formation of the FGly fragment at the sulfatase active
site.2 It has been shown that the FGly fragment of the
sulfatase enzyme is stabilized in its hydrate form by
extensive hydrogen bonding1,2 to neighboring amino-
acid fragments in the protein. Recently it has been
shown that the normally unstable FGly fragment can
be isolated in a small marine cyclic peptide, Callynor-
mine A, as a Z-endiamino-fragment.3

The recent chemical synthesis of endiamines was
achieved through the utilization of an enol-tosylate of
FGly.4 The enol-tosylate fragment of FGly has been
shown to be reactive towards neutral-protic amine and
thiol nucleophiles4–6a but the mechanism of the process
is in doubt. Attempts to prepare formylglycine were
initially unsuccessful until it was shown that its enol-
tosylate could be isolated utilizing a Moffatt oxidation
in which DMSO acts as the oxidant/solvent and where
p-toluenesulfonyl chloride traps the unstable intermedi-
ate enol.5 Subsequent substitution for the tosylate group
by amines to provide the endiamine fragment, or by
thiols to produce the enthioamine, has been suggested
to be via an addition–elimination mechanism.4
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The preparation of the enol-tosylate of S-3-benzyl-6-
formylpiperazine-2,5-dione 1 has been reported but the
configuration of the ylidene group was not indicated.6a

We have established that 1 has an E-configuration by
noting an NOE between the vinyl proton and the down-
field or less shielded amide proton. We have thus utilized
1 as a surrogate in an attempt to understand the mech-
anism of the substitution reactions that occur when an
enol-tosylate of the FGly fragment reacts with 1�- and
2�-amines.6b We have been able to follow the mechanis-
tic process by NMR and have observed that a diastereo-
selective nucleophilic substitution reaction explains the
results. Consequently we propose that the overall mech-
anistic process involves a nucleophilic substitution step
during the sequence of reactions that lead to the E-endi-
amines 4a–g via 2 when starting with the E-enol-tosylate
1. When the 3�-amine DABCO, 1,4-diazabicyclo[2.2.2]-
octane, is utilized bis-ylidene compound 3 is derived
by elimination via this same key intermediate 2 (see
Scheme 1).

Reaction of 1 with at least 3 equiv of various 1�- or
2�-amines in either DMF or DMSO solvent produced
the optically active E-endiamine 4a–g as the sole
product in reasonable (40–70%) isolated yield.7 The
assignment of the E-geometry was evidenced by an
NOE exhibited between the vinyl proton at �6.1–
6.4 ppm and the N–H proton at �9 ppm in 4a–g. The
vinyl proton in an E-isomer is expected to exhibit such
an NOE while the vinyl proton of the corresponding
Z-isomer of a 3-ylidene-2,5-piperazinedione diastereo-
mer is not expected to show an NOE. As is the case with

mailto:wrosen@chm.uri.edu


HN
NH

O

O
H CH2Ph

TsO

Amine

1

HN
N

O

O
CH2OTs

H CH2Ph

2

HN
R1

R2
HN

NH

O

O

N
R1

R2

H CH2Ph

Ph = Phenyl

Ts = Tosyl DABCO

HN
NH

O

O

CH2

PhH

H H

3

4a-g

a) R1 = R2 = -CH2CH2CH3

b) R1 = R2 = -(CH2)4-

c) R1 = R2 = -(CH2)5-

d) R1 = R2 = -(CH2)2NH(CH2)2-

e) R1 = H; R2 = Ph

f) R1 = H; R2 = t-Bu

g) R1 = H; R2 = -CH2CH2NH2

Scheme 1.

7752 S. Bhavaraju et al. / Tetrahedron Letters 48 (2007) 7751–7755
1 the product endiamine 4 exhibited such an NOE.
Consequently the Z-endiamine diastereomer was not
spectroscopically observable in 4a–g.

Two mechanisms for this type of reaction have previ-
ously been proposed: (1) Reaction of an amine with
the tosylate group to remove a p-toluene sulfonamide
followed then by the trapping of the released formyl-
function by excess amine to yield an endiamine;5 or (2)
an addition–elimination sequence whereby the tosyl-
ate-group is ultimately substituted for by an amino-
group.4 With either of these mechanisms one would
expect that a diastereomeric mixture of the possible
endiamine products would result unless there was a
significant difference in energy between the isomers. It
did not appear to us that there should be a significant
energy difference between the two possible diastereo-
mers of 1. In apparent confirmation others have pre-
pared one example of the enthioamine derived from 1,
utilizing a MeOH/DMSO solvent system with catalytic
triethylamine (TEA), resulting in a 7:3 mixture of the
E- and Z-diastereomers, respectively, supporting only
a small energetic difference.6b In our hands, however,
reaction of 1 with a large excess of 1-butanethiol, plus
catalytic TEA in DMSO or DMF, produced the E-dia-
stereomer only as judged by NMR. Thus we examined
by 1H NMR the molecular processes that occur when
1 reacts with either 1�-, 2�- or 3�-amines in DMSO-d6

hoping to determine the mechanistic steps involved.
Additionally we were also curious as to why neutral,
protic nucleophiles, like 1�- or 2�-amines, led to an
apparent diastereoselective substitution process in apro-
tic solvents while our attempts to introduce negatively
charged nucleophiles, such as cyanide, thiocyanate,
azide, etc., gave either decomposition at elevated temp
or no reaction at room temperature.

Observation of the kinetics for the transformation of 1
at 25 �C, in the presence of di-n-propylamine (DPA) in
DMSO-d6 by 1H NMR, led to a second order rate con-
stant k = 0.289 M�1 d�1 for the production of 4a. The
rate of reaction at 25 �C for all the transformations of
1 by the linear 1�- and 2�-amines, as with DPA, were
equally slow while temperature elevation led to consid-
erable decomposition with lower yields albeit faster
kinetics. The cyclic and more basic 2�-amines, pyrrol-
idine and piperidine, exhibited much faster bimolecular
kinetics where the second order rate constant that pro-
duced 4b, k = 1.37 M�1 h�1, is two orders of magnitude
greater7 than for the linear amine DPA.

Spectroscopically the reaction of DPA with 1 to give 4a
was quantitative and diastereoselective at 25 �C. After
noting the immediate disappearance of the N–H reso-
nances in 1 upon addition of DPA, either by chemical
exchange or deprotonation, the diastereoselective nature
of the reaction was evidenced by the gradual and clean
upfield shift of the resonances for the E-vinylic proton
at 6.44 ppm and the chiral proton at 4.32 ppm in 1 to
provide 4a having these resonances at 6.42 and
3.96 ppm, respectively. Isolation of the pure E-endi-
amine product (4a–g) was accomplished in �40–70%
yield by quenching with H2O followed by recrystalliza-
tion. Characterization by 1H and 13C NMR as well as
mass spectral analysis was sufficient in all cases.

Examination of the reaction of 1 with the 3�-amine
DABCO in DMSO-d6 at 25 �C produced a different
result.8 While the rate of reaction was similar to that
exhibited by DPA the isolated product 3 was very differ-
ent and optically inactive. Proof of the structure of 3 as
the sole, isolable product (86%) was established by
1D- and 2D-NMR as well as GC/MS. Clearly the mech-
anism of this reaction involved an elimination of p-tolu-
enesulfonic acid by the 3�-amine but whether this
mechanism was competitive with the substitution pro-
cess exhibited when a 1�- or 2�-amine was utilized as
the electron pair donor, as above, was not obvious.
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In an attempt to understand the mechanistic results
obtained when 1 reacted with amines we explored, by
1H NMR, the reactivity of 5 with DABCO in DMSO-
d6 at 25 �C. The preparation of 5 was easily accom-
plished utilizing a Moffatt oxidation of the cyclic dimer
of LL-serine with DMSO in DMF at �5 �C and trapping
the formed bis-enol with p-toluenesulfonyl chloride/
TEA. The bis-ylidene ditosylate 5 product was shown
to be the E,E-diastereomer by the presence of an NOE
between the vinylic (6.8 ppm) and amide (10.9 ppm)
protons. The reaction of E,E-5 with the 3�-amine
DABCO was much faster than the reaction of 1 with
linear 1�- or 2�-amines and was completed within 2 h
at 25 �C. The reaction products were shown to result
from isomerization with the ultimate product being the
Z,Z-bis-ylidene ditosylate diastereomer of 5 which did
not exhibit an NOE between its vinylic (5.85 ppm) and
amide (8.95 ppm) protons. Thus it was immediately
noted upon initiation of the reaction by the addition
of DABCO to a solution of 5 in DMSO-d6 that the
single and exchangeable 10.9 ppm N–H resonance had
disappeared, by chemical exchange or deprotonation,
from the 1H NMR spectrum. Further observation of
the vinylic region clearly attested to the isomerization
of the starting E,E-diastereomer of 5 to rapidly give
the E,Z-diastereomer of 5, which in turn was converted
more slowly to the ultimate product the Z,Z-diastereo-
mer of 5 (see Scheme 2).

For this isomerization reaction we noted that within
10 min the vinylic singlet of the E,E-5 isomer at
6.8 ppm disappeared completely to be replaced by two
singlets of equal intensity at 6.6 ppm and 5.6 ppm. These
two singlet resonances were, respectively, assigned to the
E- and Z-vinylic protons of the E,Z-isomer of 5. After
another 1.5 h of reaction time the vinylic protons of
the E,Z-5 isomer also disappeared and were replaced
by a singlet at 5.85 ppm, which corresponded to the
Z,Z-5 isomer. These diastereomeric assignments were
based upon the observation that the specific E-vinylic
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proton of these 3,6-di-ylidenepiperazine-2,5-diones
appeared downfield or at a less shielded chemical shift
from the corresponding Z-vinylic proton of its isomer
as well as whether an NOE was observable in the E-con-
figuration. The proton resonances of the tosylate groups
did not shift to any great extent during the course of the
isomerization reaction although there were very minor
changes in resonance sharpness and chemical shift posi-
tion. 13C NMR spectral analyses of these diastereomers
were equally confirmatory. Since E,E-5 was completely
isomerized to Z,Z-5 via E,Z-5 in DMSO-d6 at 25 �C
within 2 h by DABCO we concluded that the Z,Z-dia-
stereomeric configuration in 5 was thermodynamically
more stable than the E,E-diastereomeric configuration
in 5 when an appropriate 3�-amine base and an aprotic
polar solvent are applied at room temperature.

Since we never observed the production of either the Z-
isomer of 1 by isomerization or the Z-isomers of 4a–g by
substitution, at 25 �C in aprotic polar solvents, any
mechanistic proposal will consequently have to take
these observations into account. Our mechanistic pro-
posal for the intermediacy of 2, and/or its tautomers
2 0 and 200, during the reaction leading from 1 to either
3 or 4a–g can be outlined at the molecular level as shown
(see Scheme 3).

The mechanistic processes of these reactions are initi-
ated by deprotonation or rapid chemical exchange of
E-1 by an amine noting the absence of the Z-1 diastereo-
mer. The key intermediate 2 forms by the reprotonation
of the resonance stabilized anion 6. Intermediate 2, or its
tautomer 2 0, then undergoes nucleophilic substitution
reactivity with a 1�- or 2�-amine that is present to exclu-
sively yield the E-diastereomer of 4a–g either directly or
via the H-bonded intermediate 7. Or in the presence of
DABCO tautomer 2 0, or its irreversibly formed tauto-
mer 200, can undergo a competitive elimination process
to yield 3. Only the E-isomers of 4a–g are observed
and thus it is implied that the active intermediates dur-
ing the course of either the nucleophilic substitution or
elimination reactions most probably have intramolecu-
lar H-bonded structures similar to 2 0 or 200 or even 7.
Intermediates 2 0 and 200 are tautomers derived from 2
and both can exhibit an intramolecular hydrogen bond
between the tosylate group and a tautomeric amide
group. Intermediate 7 is formed from 2 0 by nucleophilic
substitution where the N–H bond of the attacking nucle-
ophile (the neutral 1� or 2� amine) guides the intermolec-
ular reaction to yield E-product (4a–g). Hydrogen
bonded intermediates like 2 0, 200 or 7 help explain the
diastereoselectivity observed in the substitution reaction
mechanism in particular and to some extent the compet-
itive elimination reaction mechanism. It is to be noted
that the key intermediate 2, or its tautomer 2 0, can easily
accommodate and hydrogen bond to a charge neutral
and protic nucleophile, such as a 1�- or 2�-amine, to
yield the observed E-product. Negatively charged bases,
like azide anion, would rapidly produce the resonance
stabilized anionic 6 where reprotonation to intermediate
2 is unlikely. Additionally we note that the isomeriza-
tion of E-1 to Z-1, via a rotation and reprotonation
of the resonance stabilized anion 6, is apparently
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precluded since we saw no evidence of this type of
process in the NMR in the presence of protic or aprotic
amines.

The Z-isomer of 4 is not observed as a product, via a
nucleophilic substitution process, thus indicating that
the less stable E-diastereomers of 4 must be the pre-
ferred product when a protic electron pair donor is the
nucleophile. This is further confirmed with 5 where
rotation with subsequent reprotonation occurs rapidly
during the course of the isomerization reaction in the
presence of an aprotic electron pair donor like DABCO
to exclusively deliver the Z,Z-isomer. Additionally it is
to be noted that the production of 3 from 1 implies that
elimination is the preferred pathway when an aprotic
electron pair donor is the base. We thus conclude
that hydrogen bonds play an important role in these
competitive reaction pathways.

The synthesis and general reactivity9 of the 3-ylidenepip-
erazine-2,5-dione ring systems have been reviewed while
the bioactivity of several different types of diketopipera-
zines have very recently been reviewed.10 According to
the literature the stability and reactivity of the exocyclic
double bond in these types of compounds appear to be
controlled in most examples by steric factors. Thus it
has been shown that the Z-configuration is generally,
but not exclusively, more stable while conjugate addi-
tion type reactivity, followed in some cases by elimina-
tion, delivers the product. We have shown that
compound 1 does not adhere to these general consider-
ations. In our system the nucleophilic substitution pro-
cess exclusively delivers the thermodynamically less
stable E-isomer and this mechanistic pathway is depen-
dent upon the protic nature of the electron pair donor.
Consequently, when a 1�- or 2�-amine is the nucleophilic
and protic electron pair donor in an aprotic polar sol-
vent E-product (4a–g) results. However when a 3�-amine
like DABCO is present as the aprotic and basic electron
pair donor in an aprotic solvent the product (3) results
from the competitive mechanistic elimination pathway.
Thus hydrogen bonds must play a dominant role in
the control of the diastereoselective nucleophilic substi-
tution that occurs when 1 reacts with a charge neutral
and protic electron pair donor in aprotic solvent via
either tautomeric intermediates 2 or 2 0. In contrast the
competitive elimination pathway only occurs when 1
reacts with a charge neutral and sufficiently basic aprotic
electron pair donor11 via either intermediate 2 0 or its
tautomer 200.
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Supplementary data

Selected 1H NMR, 13C NMR and MS spectra for com-
pounds 3, 4a,b and 5 are available, as are the kinetic re-
sults associated with the reaction of 1 to give 4a,b and
the time course 1H NMR study of the isomerization
reaction of E,E-5 to produce Z,Z-5. Supplementary data
associated with this article can be found, in the online
version, at doi:10.1016/j.tetlet.2007.09.018.
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