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In this paper, an unambiguous synthetic strategy is reported for the preparation of
enantiomerically pure cis-5-halo-piperazic acid derivatives in single diastereoisomer form.
Contrary to the recent report by Shin et al. (Ref. 6), in which it is claimed that the PhsP and N-
chlorosuccinimide  (NCS)-mediated chlorination of (3R,5S)-trans-N(1),N(2)-di-t-Boc-5-
hydroxy-piperazic acid derivative 1 proceeds with retention of configuration at C(5) to give 2,
we now show that this and related PhsP-mediated halogenations all occur with Sn2 inversion at
the alcohol center, as is customary for such reactions. Specifically, we demonstrate that the
(3R,5S)-trans-5-Cl-piperazic acid derivative 2 claimed by Shin et al. (Ref. 6) is in actual fact the
chlorinated (3S,5R)-enantiomer 6, which must have been prepared from the cis-(3S,5S)-alcohol
3, a molecule whose synthesis is not formally described in the Shin paper. We further show here
that the cis-(3R,5R)-5-CI-Piz 13 claimed by Shin et al. in Ref. 6 is also (3S,5R)-trans-5-CI-Piz 6.
Authentic 13 has now been synthesized by us, for the very first time, here. Since Lindsley and
Kennedy have recently utilized the now invalid Shin and coworkers’ retentive PhsP/NCS
chlorination procedure on 1 in their synthetic approach to piperazimycin A (Ref. 10), it follows
that their claimed 5-Cl-Piz-containing dipeptide 25 probably has the alternate structure 26,
where the 5-CI-Piz residue has a 3,5-cis-configuration. The aforementioned stereochemical
misassignments appear to have come from a mix-up of starting materials by Shin et al. (Ref. 6),
and an under-appreciation of the various steric and conformational effects that operate in N(2)-
acylated piperazic acid systems, most especially rotameric A-strain. The latter has now been
unambiguously delineated and defined here under the banner of the A'3- rotamer effect.

2009 Elsevier Ltd. All rights reserved.

Configurational isomers of 5-chloro- and 5-bromo-piperazic
acid have been encountered in Nature in many biologically-
interesting cyclodepsipeptide natural products. These include the
piperazimycins,t the kutznerides,? the monamycins,® and the
bromomonamycins* to name but a few (Fig 1). In light of this,
there has been substantial interest in the chemical synthesis of
halogenated piperazic acid derivatives, most especially the

enantiopure trans-5-chloro-piperazic acid (5-Cl-Piz) variants.>!
Our own synthetic effort in this area began in the period 1998-
2000, when we first successfully applied our tandem asymmetric
electrophilic hydrazination-nucleophilic cyclization technology
to stereoselective construction of (3S,5R)- and (3R,5S)-trans-5-

* Corresponding author. Tel.: +0-44-(0)2809097-5525; fax: +0-44-(0)289097-4579; e-mail: k.j.hale@qub.ac.uk

Dedicated with fondness, friendship and admiration to the memory of a true maestro of our art, Professor Harry H. Wasserman.
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Figure 1. 5-Halo-piperazic acid-containing natural products.

chloropiperazic acids, as part of our monamycin H1 total
synthesis programme.®
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More recently the Hale group has worked with the Walsh and
Schroeder teams, to synthesize several trans-(3S,5R)-5-Cl-Piz
reference standards that have helped provide powerful new
insights into the biosynthetic origins of the kutznerides.®
Specifically, a thioacyl carrier-bound peptide was identified on
the biosynthetic path to the kutznerides that contains a cis-5-Cl-
Piz-residue.® This is then epimerized by an, as yet, undetermined
mechanism to produce the trans-(3S,5R)-5-CI-Piz unit found in
the natural products themselves. °

As a consequence of these efforts, it was deemed desirable to
have synthetic access to a variety of different 3,5-cis-5-Cl-Piz
derivatives for further studies in this area and, with this in mind,
we were drawn to the 2001 report of Shin and coworkers® in
which it was claimed that the (3R,5S)-Piz alcohol 1 could be
retentively chlorinated with PhsP and N-chlorosuccinimide in
CH:Cl>, to obtain the (3R,5S)-5-chloride 2.

Boc Boc
BOC[NJggone PhgP, NCS, CH,Cl, Bocl\i\‘/\ﬁgone
—_——

S 0°C, 0.5 h, then &
OH 1t, 6 h (55%) cl
1 2

If such a transformation was indeed possible (and subsequent
work by Lindsley and Kennedy'® appeared to suggest that it was),
we believed that we might be able to gain rapid access to our
desired (3S,5S)-cis-configured chloride 4 from the cis-configured
(3S,55)-alcohol 3, previously prepared by our team,® so obviating
the need to develop a completely new synthetic route.

&

3 4 (3S,59)-5-Cl-Piz TFA Salt

We therefore re-synthesized the known (3S,5S)-alcohol 3 from
D-mannitol by our 1998 route® and we examined its chlorination
with NCS/PhsP in CH:Cl, at rt and, not too surprisingly in
hindsight, we observed that chlorination did not proceed with
retention of configuration, but with clean Sn2 inversion, as is
customary for such chlorination reactions (Scheme 1).12
Specifically, the process afforded the trans-configured chloride 6
that had previously been synthesized by us® in 61% yield,
alongside a small quantity (8%) of the 4,5-cycloalkene 5.° The
latter arose from an anti-E2 elimination of the axial H4 and O-
chlorophosphorane groups in the 8Cs chair conformation, where
the C(3)-carboxymethyl is axial.

Boc M R°C come
Bocwggone BOC[\U © CoMe BocN\ng 2

s

OH cl

3 5 6

PhsP (3 equlv) NCS (3 equiv), CH,Cl,

oC, 1h, then rt, 15 h 8% 61%
Ph3P, CCly:MeCN (1:1), rt, 24 h 15 min 15% 84%
O;N " (ii) CF3CO,H (20 equiv)
n-N-3.COoMe CHClp 1t 1h
NO 5 J4 (iii) 2,4-Dinitrofluorobenzene
26 NaHCOj;, EtOH
7 Cl (90%, 2 steps)

Scheme 1. PhsP-mediated chlorinations of 3.

Despite the fact that the *H NMR spectrum of chloride 6 was
rather poorly resolved at 400 MHz in CDCls, due to the existence
of urethane rotamers, the two signals for H4 were relatively sharp
and allowed extraction of key coupling constants (see the
Supporting Information, SI). Specifically, there was a large
apparent td for the H4ax resonance at & 1.81, which allowed the
following J values to be determined: JH3eqH4ax = 5.9 Hz,
JH4ax,H5ax = 12.9 Hz and JH4ax,H4eq = -12.9 Hz. Likewise, in ds-
DMSO, the H4ax resonance appeared at 8 1.85 as a well resolved
ddd with vicinal coupling constants JH4ax,H5ax = 11.6 Hz and
JH3eq,H4ax = 6.0 Hz. The magnitudes of these various coupling
constants were all consistent with H-4ax and H5 being
antiperiplanar, and H3 sitting equatorially within a ®Cs chair
conformation that placed the C(3)-carboxymethyl axial and the
C(5)-Cl equatorial.

Preferred 6C; Conformation of 6  Preferred 3Cg Conformation of 7

H
l%agc NG, Cl H Haax
Boc NTaE
6 N3 Hieq OaN <:§ N—7*~co,Me
cl 6 Haeq
H Hseq
Hsax **9CO,Me Haax

Jhaax Hsax = 12.9 Hz (CDCl3)
JHaeq Haax = 5.9 Hz (CDCly)
JHaax Hsax = 11.6 Hz (d6-DMSO)
JH3eq,Haax = 6.0 HZ (dg-DMSO)
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6

No2
cal

Jhaax Hseq = €a. 3.2 Hz (CDCl3)
Jhgax Haax = 10.4 Hz (CDCl3)

When N(2) is acylated, the
C(3)-CO,Me prefers to
take up an axial position to
avoid rotameric A3-strain

So why should this particular chair conformation be so readily
adopted by 6 when the A-value for a carbomethoxy group (1.27)
is so much larger than that of a chloride (0.43)?'® The answer
lies in the significant rotameric allylic A® strain that arises
between the bulky N(2)-Boc OBu-t substituent and the vicinal
C(3)-carboxymethyl substituent, when the latter is equatorial.
Indeed, the effect is so pronounced and destabilizing in this
particular system that it actually causes the piperazic acid ring to
flip into the chair conformation that places the adjacent a-
carboxymethyl substituent axial and H3 equatorial.! In the case
of an N(1)/N(2) doubly N-acylated piperazic acid derivative like
6, such rotameric strain is further exacerbated by the multiple
competing C=N rotameric equilibria that actually exist and the
substantial bulk of the two adjacent N-Boc groups.

When N(2) is an NH, the
C(3)-CO,Me prefers to
take up an equatorial position

High Low
rotameric Al3-strain rotameric A*3-strain
cl -
Boc - o OBu-t
N_.CO,Me 0L oput Boc
BocN Boe N /j N \N/N H
= oc i CO,Me == (I
Cl
6 Less stable More stable CO2Me

It should be no surprise therefore to find that N(2)-substituted-
piperazic acid residues within various cyclodepsipeptide natural



products are typically associated with an axial C3-carboxamide
group; a fact that has long been appreciated by the cogniscenti of
the cyclodepsipeptide field since the early 1970s, but which has
never been quite so explicitly stated or explained previously.
Similar arguments hold for N(2)-acyl N(1)-dehydropiperazic
acid-containing cyclodepsipeptides such as the luzopeptins,
where the C3-carboxamide again prefers to sit pseudoaxially.*
We now term this general phenomenon, the Al® rotamer effect,
due to it describing a special hidden type of allylic A strain®
that derives from a dynamic exocyclic rotameric C=N double
bond interacting with a substantially sized adjacent
“pseudoallylic” substituent. An identical type of Al-strain has
previously been recorded by Johnson for a-functionalized N-acyl
piperidines.’®

Notwithstanding the unambiguous structural assignment that
we had made for 6, obtained via the NCS/PhsP method, we
decided to further secure our assignment. Thus 6 was converted
into the N(1)-(2’4")-dinitrophenyl-(3S,5R)-5-chloro-piperazic
acid methyl ester 7 by trifluoroacetic acid-induced Boc-cleavage
in CH:Clz, and subsequent N(1)-alkylation with 2,4-dinitro-
fluorobenzene, in EtOH containing sodium bicarbonate; the two
steps proceeded in 81-89% overall yield. Compound 7 had a very
well resolved 400 MHz *H NMR spectrum in CDClIs (see the Sl)
and, importantly, removal of the N(2)-Boc group now led to the
3Cs chair conformation becoming dominant, wherein the C(3)-
carboxymethyl was equatorial and the C(5)-Cl was axial, as
anticipated based solely on A-values. Evidence for this
assignment came from the broadened axial H4 ddd at 6 2.12
which had J values of -13.6, 10.4 and 2.6 Hz respectively. The
equatorial H(4) resonance also appeared as a ddd at & 2.29. Its
multiplicity readily allowed the geminal H4ax/H4eq coupling
constant to be estimated as ca. -13.8 Hz. In addition, the H-5
signal at 3 4.55 appeared as a broadened apparent quintet with a J
value of approximately 3.7 Hz, which indicated that this proton
was equatorial and the C(5)-chloride substituent was axial.
Collectively, these J values meant that JH3ax,H4ax had to be 10.4
Hz and that the averaged JH4ax,Hseq Was ca. 3.2 Hz. Together,
these J values confirmed the 3,5-trans-relative configuration for
this isomer within a *Cs chair, which is what one would expect
after the N(2)-acyl substituent had been removed (vide infra).

(i) OHC\[.OBn
o o g ~OTBDPS o o _ _
B iProNEt, LiCl, CH,Cly BN 0Bn (iv) PhgP (2‘equ|v)
O\J‘)H OMe ™ 2Lh(T1%) O\J‘M[ CBr, (2 equiv), THE
O/'P\OMe (ii) 40% ag. HF, THF o 0°C, 5 min
P MeCN tt, 24 h (87%) P 1t, 18.5 h (95%)
8 (iii) Hp, 10% Pd/C, EtOAC 10

11 min, rt (95%)

(vi) NaOMe (1.1 equiv) (v) LDA (1.1 equiv)
CH,Cl,, -33 °C, 55 min THF, -78 °C, 60 min

o o
81% J\’/j OBN  then add DBAD (1.2 equiv) OKNJV\,L..OBn
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1t, 3 h (87%) 12 warm to rt, 40 min (56%) 1
COo,Me
M
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. T CClgMeCN (11) B 3R (20 equiv)
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rn,2h
1 13 3c, Chaw
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CF3CO, H
DNP COZMe (x) 2,4-Dinitro- CN CO,Me
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Scheme 2. Our unambiguous synthesis of (3R,5R)-Cis-5-Cl-
piperazic acid derivatives.

We next examined the PhsP/CCl/MeCN mediated
chlorination of the trans-configured (3R,5S)-configured alcohol
1, claimed to have been studied by Shin et al.® in their paper. In
our case, we independently synthesized 1 via a completely new
and unambiguous route that was adapted from our earlier work
(Scheme 2).5° Importantly, we found that the 3,5-trans-alcohol 1
underwent a clean Sn2 inversion of configuration when submitted
to the aforementioned chlorination conditions, to give the desired
3,5-cis-chloride 13 as the sole reaction product in 92% yield.>®

Yet again, extensive line broadening was evident for many of
the resonances in the *H spectra of 13, recorded in a range of
NMR solvents (see SI). Fortunately, however, the 400 MHz H
NMR spectrum of 13 in CDCl; did give rise to a reasonably well
resolved apparent quintet for H-5 at & 4.19, for the major chair
conformer present in solution; it had a J value of ca. 3.1 Hz,
which suggested that a *Cs chair was being adopted in which the
C(5)-Cl was axial. The axial H-4 atom of this major conformer
also resonated as a broadened ddd at & 2.19; it had approximate J
values of -14.2 (JH4ax,H4eq), 6.8 (JH4ax,H3eq), and 3.4 Hz
(JH4ax,Hseq). The latter observations were only compatible with a
slightly flattened chair in which H(3) was essentially equatorial
and the C(3)-carboxymethyl was essentially axial, as one would
expect from the combined operation of the rotameric Al effect
and N-inversion.

The alternative minor chair conformer could also be detected
in this 7:1 mixture of chair conformers. Significantly, the H-4ax
resonance for the minor chair conformer appeared as a large
apparent quartet of overall width 36 Hz. This argued that three
large and fairly similar J values were contributing to the overall
splitting. It also confirmed that this minor conformer was the
alternative cis-3,5-configured ®Cs chair in which the C(3)-
carboxymethyl and C(5)-CI were now both equatorial.
Presumably this minor chair conformer is observable for 13
because of the significant 1,3-diaxial interaction that exists across
the ring when these substituents are both axial.

Even so, to place our absolute stereochemical assignment
beyond any doubt at all, we converted 13 into the cis-configured
N(1)-(2°4’)-dinitrophenyl (3R,5R)-5-chloro-piperazic acid methyl
ester derivative 15 (Scheme 2). 400 MHz *H NMR spectroscopy
of 15 in CDCls now very clearly revealed that the all cis-
configured (3R,5R)-5-CI-Piz derivative had indeed been prepared
(see SI). Specifically it showed that the 5C3 chair conformation
was now being adopted in which the C(3)- and C(5)-substituents
were both equatorial. This assignment was secured by the large
diaxial coupling constants observed for JH4axH5ax and
JHsax,Heax. In this regard, the signal for the axial H-4 proton at &
1.73 was an apparent quartet with fairly broad lines, even on
heating to 50 °C. The width of this apparent quartet was 36.3 Hz
demonstrating that three large coupling constants of roughly
similar magnitude (ca. 12.1 Hz) were contributing to the
splitting. The partnering H(4) equatorial peak was a doublet of
apparent triplets at 6 2.61, which allowed estimation of the
geminal coupling constant as -12.4 Hz. Therefore the sum of the
two vicinal coupling constants in the axial H4-multiplet was 23.9
Hz, but due to the broadness of the signals (line width 3 Hz),
these two values could not be determined with precision.
Nonetheless, spectral simulation revealed that a difference in
vicinal coupling constant of 2.6 Hz could be identified in the
measured spectra so that the other two J values had to be ca.
11.95 Hz (+ 1.3 Hz). All values in this range are consistent with
diaxial coupling which proved that the relative configuration of
15 must be cis, with the chloro and carbomethoxygroups both
occupying equatorial positions.

A careful re-examination and comparison of Shin and
coworkers’ reported spectral and optical rotation data for their
claimed (3R,5S)-trans-2,% with our own data for the (3S,5R)-



trans-6 enantiomer, reveals that Shin and coworkers have
actually prepared (3S,5R)-trans-6, rather than the (3R,5S)-trans-2
claimed in their paper,® and our combined halogenation studies
prove that the former must have originated from the (3S,5S)-cis-
configured alcohol 3, whose synthesis has not been formally
described by Shin et al. in reference 6. In addition, the spectral
and [a]o data that Shin et al. report for the cis-3,5-chloride 13 are
irreconcilable with the 3,5-cis stereochemistry that they claim.
They also do not match with the NMR data that we have
independently obtained for authentic 13 in ds-DMSO (see our
SI).% Indeed, the 'H NMR spectrum and [a]o measurement for
their claimed cis-(3R,5R)-5-CI-Piz derivative 13 appear to more
reasonably agree with the data for the (3S,5R)-trans-chloride 6
that we have synthesized from 3 by the PhsP/NCS and
PhsP/CCls/MeCN methods (see our SI for the spectral
comparison).® The cis (3R,5R)-5-Piz chloride 13 that the Shin
group have laid claim to, has, in our opinion, simply not been
prepared by this team. Our present report thus constitutes the first
unambiguous total synthesis of an enantiopure 3,5-cis-configured
5-chloro-Piz derivative that has knowingly been synthesized.

Since a number of bromomonamycin natural products* are also
now known, we considered it important that we definitively
synthesize the cis-5-bromo- and 5-iodo-piperazic acid derivatives
16 and 17, via our approach (Scheme 3), to place their
stereochemical assignments on a secure footing. Our results are
presented below. The key point that we wish to make here is that
the PhsP-mediated bromination and iodination processes on 1
(including that with PhsP/NIS; see Sl) both proceed with Sn2
inversion of configuration, as one would expect. Likewise,
inversion was also observed in the PhsP/CCls/MeCN mediated
chlorination of 22 to obtain 23, which was thereafter converted
into 24.

Scheme 3. Our unambiguous synthesis of various (3R,5R)-Cis-5-
halogeno-piperazic acid derivatives.
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Supplementary Material

Copies of the 400 MHz *H and 100 MHz **C NMR spectra are
supplied for all the new and previously unreported intermediates
described in this route.
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