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1. Introduction

Ring systems have proved to be an immense source
of synthetic attention, in part due to their biological
significance. New methods for ring construction are
constantly being uncovered and there is a particular
demand for those methods that can deliver the desired
systems in a chemo-, regio-, diastereo- and enantioselective
manner.

Palladium-catalysed allylic alkylations in the intramolecular
mode have been particularly notable in this area due to their
ability to elicit control in the aforementioned areas, often
under very mild conditions. The allylic compounds 1,
required as the electrophilic component of palladium-allyl
alkylations, are usually quite unreactive in the absence of a
suitable palladium catalyst (Fig. 1). This allows easier
handling of the substrates, which is particularly important
for intramolecular cyclisations where the nucleophile is
tethered to the electrophilic fragment. The catalytic cycle
for intramolecular palladium-allyl alkylation is shown in
Figure 1.

Keywords: Cyclisation; Allylpalladium; Allylation; Palladium catalysis.
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Another advantage of palladium-allyl cyclisations is the
complementary stereochemical outcome compared to non-
metal-catalysed cyclisations. That is, the substitution
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process proceeds via a double inversion by direct attack at
carbon on the palladium-allyl complex, which is formed by
inversion, giving overall retention of configuration with soft
nucleophiles. However, for hard nucleophiles, initial attack
on the metal is followed by reductive elimination resulting
in overall inversion of configuration. In contrast to
traditional methods, various ring sizes can be accessed
with palladium-allyl chemistry. For example, with suitable
substrates, even macrocyclisations can be carried out under
normal concentrations. The regiochemistry of palladium-
allyl cyclisations is governed by a number of factors,
namely:'

1. Charge distribution in the 7t-allylpalladium complex 2,
favouring attack at the more-substituted terminus.

2. Steric hindrance to nucleophile attack, favouring attack
at the less-substituted terminus.

3. Nature and length of the tether.

With all these factors controlling the regioselectivity of
cyclisation, it is possible to govern the ring size by
appropriate fine-tuning of the substrate. Further, diastereo-
selectivity is often high, arising from highly ordered
transition states induced by the presence of the palladium
template. These factors, combined with the growing use of
chiral ligands for enantioselective cyclisations, make
palladium-allyl cyclisations immensely powerful in the
controlled synthesis of a variety of carbo- and heterocyclic
ring systems.

The proceeding review intends to give an overview of
palladium-allyl cyclisations, divided by class of nucleo-
phile, reported from 1989 onwards and work Prior to this is
covered in a comprehensive review by Trost.” Additionally
covered in the review are cyclisations of allylic substrates
that do not necessarily proceed via Pd-allyl intermediates.

2. Heteroatom nucleophiles

2.1. Nitrogen nucleophiles

Amines are amongst the best nucleophiles for Pd-allyl
alkylation and are, therefore, ideally suited to Pd-allyl
cyclisations. There is a wealth of examples in the literature,
most commonly dealing with the formation of 5- and
6-membered heterocycles containing one or more hetero-
atoms. The importance of these cyclisations is highlighted

by the number of nitrogen-containing heterocycles found
abundantly in nature, with many displaying pharmaco-
logical activity. Once such example in the family of
2,6-disubsitututed piperidin-3-ols is (—)-cassine 6, which
exhibits antimicrobial activity against Staphylococcus
aureus.” The task of installing the 2,6-cis relationship has
been elegantly solved by a palladium-catalysed cyclisation
of 3 (Scheme 1).?

The highly selective formation of 4 over 5 can be explained
by assuming that the cyclisation proceeds through the
transition state 7 (Fig. 2). The alternative transition state 8
would not be favoured due to steric hindrance between the
Boc group and the palladium complex. In highly selective
reactions of this type, chelation between the palladium and
oxygen atoms of the allyl alcohol and the Boc group are
important in maintaining a highly ordered transition state.

|
MOM@Q?H MOMO *Pdi
H\N o — — \\H OtBu
OH
Ot-Bu 3
4 5
Figure 2.

Pyrrolidine rings are also found in many biologically
important alkaloids and may be readily formed by the
application of m-allylpalladium chemistry. Polyoxypeptin
A, contains a (25,3R)-3-hydroxy-3-methylproline fragment
10. Its facile and stereoselective synthesis has been carried
out using an enantiomerically pure allylic epoxide 9
obtained from a Sharpless asymmetric epoxidation
(Scheme 2).° The stereoselectivity of this cyclisation is
derived from the clean inversion of oxidative addition to
the allylic epoxide followed by attack of nitrogen on the
opposite face to palladium. Some erosion of stereoselec-
tivity is observed which the authors attribute to nucleophilic
attack of Pd(0) upon the initially formed complex to give the
alternative diastereoisomer 11.

Similarly, the pyrrolidine-containing spiro-heterocyclic
core of (—)-cephalotaxine 14 has been prepared by
cyclisation of the enantiopure cyclic acetate 12 in the
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presence of catalyst 15 (Scheme 3).° The reaction, in
contrast to that in the polyoxypeptin A synthesis, is
completely stereoselective. Interestingly, when substrate
15 contains iodine in place of bromine, no reaction takes
place. This is because Pd prefers to undergo oxidative
addition to the comparatively more reactive Ar—I bond over
the allylic acetate. Switching to the more reactive allylic
carbonate would be an alternative strategy that could have
been used if the aryl bromide 13 had not been sufficiently
reactive in the subsequent Heck reaction. Tetramethyl-
guanidine (TMG) is incorporated to prevent amine 12 acting
competitively as a base. TMG is strong enough to prevent
this competitive activity, but not so strong that it causes
B-hydride elimination or nucleophilic enough to attack the
m-allyl complex.’

TMG, MeCN, 45°C, 88%

0]
<N - (-)-cephalotaxine 14
it

R = oTol

Palladium m-allyl chemistry has also been found to be
highly effective for forming heterocycles containing more
than one heteroatom. For example, the imidazolidinone ring
of (+)-biotin 17 has been made by an intramolecular allylic
amination of cis-allylic carbonate 16 (Scheme 4)3 1t is of
note that the cyclisation only proceeds in poor yield when
the nitrogen is not benzyl protected. This is an observation
also noted by De Clercq and co-workers in their elegant
thermal ring closure of an ene carbamozyl azide at the C-3
and C-3a positions of the (+)-biotin ring skeleton.” They
considered that the presence of the N-benzyl group enforced
a productive rotameric conformation for successful cyclisa-
tion; a similar effect may be operating here. It is also
noteworthy that elevated temperatures in combination with
a m-acceptor ligand and a polar aprotic solvent are required
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for the cyclisation to take place. This is most likely to be
due to the strain inherent in the formation of a fused 5,5
bicyclic system. The -acceptor ligand results in a more
electrophilic Pd-allyl complex that is in turn stabilised by
DMF. This tuning of reactivity by variation of ligand and
solvent properties highlights the strength and versatility of
Pd-catalysed cyclisations.

Similarly, the highly regio- and diastereoselective synthesis
of 4-vinyl-2-oxazolidinone 19 has been carried out by in situ
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formation of difunctional allylic N-tosylcarbamate 18
followed by palladium-allyl cyclisation (Scheme 5).'°
When starting with optically pure 1-substituted precursors,
as shown, the 3.4-trans products are obtained exclusively.
Additionally, none of the regiosiomer was observed, which
is surprising considering both nitrogen atoms can attack the
Pd(II)-activated alkene. No explanation is put forward, but
this regioselectivity might be attributed to the extra
substitution hindering elimination by palladium.

The authors propose that the mechanism proceeds though a
Pd(II) activation of the double bond rather than formation
of a Pd(0) m-allyl complex (Fig. 3). Although a Pd(0)
mechanism is not completely discounted, the accelerating
effect of LiBr and inactivity of Pd,(dba);-CHCI; provide
evidence for a Pd(I) mechanism. The 3,4-trans selectivity
probably results from the favoured intermediate 20, where
the Pd(II)-activated alkene and associated N-tosylcarbamate
are oriented to avoid interactions with the 1-substituent.

Oxazolidinones can be used as nucleophiles in intra-
molecular aminations leading to bicyclic systems. Having
the nucleophile contained within the oxazolidinone rings
is advantageous, as it inevitably results in a transition
state where the Pd-alkene complex is oriented to avoid
unfavourable interactions with the ring. An excellent
example is illustrated en route to the synthesis of

R
OUX
o= =
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X
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(+)-prosopinene 24 (Scheme 6).'" Allylic MOM-ether 21
undergoes cyclisation, again via a Pd(I) mechanism, to
yield exclusively 23, the 2,6-trans piperidine skeleton of
(+)-prosopinene. Transition state 22 is favoured due to
minimisation of nonbonding interactions between the
Pd(II)-bound alkene and the oxazolidinone ring. The
oxazolidinone serves not only to aid the stereoselectivity
of the cyclisation, but also as a useful appendage for further
functionalisation.
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In relation to this work, the skeleton of the piperidine
alkaloid, 1-deoxymannojirimycin 28 has been synthesised
by palladium-catalysed cyclisation of 25 (Scheme 7).'?
Here, the N-Boc group is functioning in the same fashion as
the oxazolidinone ring, favouring transition state 26 over 27.
The transformation is highly, but not completely, selective
as was the case with the (+)-prosopinene synthesis. It is
likely that this is a result of the oxazolidinone ring in 22
holding the palladium-bound intermediate in a more
conformationally restricted state, compared to that of the
N-Boc substrate.

Piperidines have also been elegantly constructed the by use
of a formal [3+3] cycloaddition between the palladium-
trimethylenemethane complex (Pd-TMM) 31 and enantio-
merically pure aziridines 29 (Scheme 8).'* Pd-TMM reacts
at the least hindered end of the aziridine and attack of
nitrogen on the complex then yields the piperidines 30
bearing an exocyclic alkene, which are amenable to further
functionalisation.

The first use of pyrrole in an allylic amination reaction has
recently been reported during the attempted synthesis of the
B-ring 34 of an anti-tumour marine sponge alkaloid
agelastatin A (Scheme 9).'* One particularly interesting
facet of this cyclisation is the syn attack of the nitrogen
nucleophile on the m-allylpalladium complex 33, which is
formed with inversion from the allylic carbamate 32.
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Although pyrrole is a soft nucleophile, the overriding
stereoelectronic preference for formation of the cis-fused
B/C-ring results in attack syn to palladium.

Most examples of palladium-catalysed allylic amination
leading to ring formation have involved acyclic or 5/6-
membered ring substrates. Medium-sized rings have
generally proven to be poor substrates in metal-catalysed
allylic alkylations due to conformational reasons. Despite
this limitation, the asymmetric synthesis of (— )-anatoxin-a
37 has been realised by deploying an asymmetric palladium
m-allyl cyclisation of cyclooctene 35 as the key step
(Scheme 10).'
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H
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H
N N
L% \
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N
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NBn = N\Bn
33 C 34

The initially deployed bis-phosphine resulted in a low ee
with high temperatures necessary to drive the reaction to
completion. It was postulated that the chiral pocket of the
ligand was too small to accommodate sterically demanding
medium-ring substrates Therefore, the P,N-bidentate ligand
38, where one side of the chiral pocket is effectively
removed to alleviate unfavourable steric interaction, was
designed and synthesised. This modified ligand led to a
considerable increase in the rate of cyclisation to 36 and a
high ee was observed.

Previous work has shown that ionisation of cyclic allylic
esters to meso T-allyl complexes can lead to intimate ion
pairs with the leaving group.'® This intermediate must
undergo equilibration faster than it is intercepted by the
nucleophile for the reaction to be highly enantioselective;
having a tethered nucleophile, as in 35, will speed up attack
vs equilibration. The authors propose the formation of an
intimate ion pair may be an additional reason for the low ee
observed with the bis-phosphine ligand. However, the
nitrogen in ligand 38 should decrease the electrophilicity
of the m-allylpalladium species. Thus, nucleophilic attack
would be slowed down, permitting the required equili-
bration to take place. Conversely, the better donor properties
of nitrogen vs phosphorous would speed up formation of the
m-allylpalladium, which is proposed to be the rate-
determining step. Ligand 38, therefore, has a 2-fold effect:
facilitating ionisation to increase rate of reaction, but
slowing nucleophilic attack, therefore enhancing ee.

Finally, a distinct group of cyclisations via palladium-
catalysed allylic aminations utilising allenes has been the
subject of a recent investigation (Scheme 11)."” Allenes can
form intermediate Tt-allyl complexes 40 via carbo-pallada-
tion, which are then intercepted by nucleophiles. Such
cascade-type processes can lead to a rapid increase in
molecular complexity from relatively simple starting

|
@E Me. Me . co,, tri2-furylphosphine

10 mol% Pd(OAc),, PhMe, 50°C

39
RN R
— X =0, NTs
[ ) R R =H or Me
X
41 54-72%

Scheme 11.
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materials. A particularly interesting example of such a
cascade is demonstrated in the synthesis of spiro-nitrogen
heterocycles 41 by intermolecular hetero-annulation cas-
cades of allene 39."8

The cascade is initiated by oxidative insertion of Pd(0) into
the Ar—I bond and exo—trig cyclisation is then followed by
intermolecular allene insertion and nitrogen attack on the
resultant Tt-allyl complex providing spiro-heterocycles 41.
These allene-involving cyclisations represent highly versa-
tile heterocyclic syntheses that would find ideal application
in analogue synthesis. Indeed, a similar procedure has been
used for the asymmetric synthesis of cyclic indole
derivatives 42 (Scheme 12)."° The asymmetric induction

Ph,I*BF 7, 5 mol%

OH Pd(OAC),

{

o]
43 PPhs, DMF, 60°C

Scheme 13.

10 mol% Pd(OAc),, NaHCO;

BuyNCI, D-£-BPF, DMF, 60°C

Scheme 14.

is proposed to be due to avoidance of steric interference
between the amine nucleophile and edge group of the
ligand.

2.2. Oxygen nucleophiles

Whilst the majority of work on cyclisations of allylic
substrates via palladium catalysis has focused on allylic
alkylation and amination, there have also been some
interesting examples employing oxygen nucleophiles. This
trend is not surprising considering that tt-allylpalladium
complexes are ‘soft’ electrophiles and oxygen nucleophiles
are relatively ‘hard’. Therefore, stabilised oxygen nucleo-
philes such as carboxylate and phenol anions react
more readily than alkoxides. However, in the case of
carboxylates, the products are allyl carboxylates, which are
themselves substrates for Pd 7t-allyl formation. Thus, these
reactions are generally only viable if the substrate forms the
m-allylpalladium complex more rapidly than the allyl
carboxylate. For example, the recent Pd(0)-catalysed
arylation of allenic alcohols 43 with hypervalent iodonium
salts in the presence of K,CO5; provided syn-diol cyclic
carbonates 45 (Scheme 13).%° The mechanism is proposed
to involve the formation of m-allyl complex 44, followed by
conversion into the carboxylate anion and interception of
the allyl complex. Interestingly, epoxide 46 is formed when
the stronger base Cs,CO; is used or when R=aryl,
suggesting in these cases that deprotonation occurs rapidly
and the alkoxide intercepts the m-allylpalladium complex
before the carbonate can be formed.

o)
O)I\O

K>CO3
OH Ph
A BF, R = alkyl
Pd 45
“ = R
R > Ph
o]
R = aryl or alkyl
46
(0]
. /X o
96% _
47 48
91EZ
fo) 0]
(0]
>:)' NI e )
Pd 1 70% H H
49 50
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Scheme 15.

Another example of a carboxylate anion nucleophile is
found in the synthesis of a-alkylidene-y-butyrolactones 48
and 50 from o-iodoacrylic acids and 1,3-dienes (Scheme
14).2' For the reaction to proceed in the presence of the
coordinating carboxyl group, D--BPF [(di-tert-butylphos-
phino)ferrocene] had to be employed as the ligand. This
sterically encumbered ligand is proposed to reduce any
unwanted coordination of the vinyl palladium species and
the neighbouring carboxylic acid. Additionally, being an
alkylphosphine, it binds more strongly to palladium than an
arylphosphine, so that the electron density at the metal
centre is increased, thus accelerating the rate of reaction.
When 1,3-cyclohexadiene is used, only the cis-fused
product 50 is observed, suggesting the reaction proceeds
through syn attack of the carboxylate anion on the
m-allylpalladium complex 59. The E selectivity observed
for acyclic systems results from the 7r-allylpalladium
intermediate conforming mainly to the more stable syn-
n°-allyl complex 47.%

The N-benzoyl group has been found to undergo addition to

o}
“ 1 mol% Pd,(dba)s,
MeO,CO o dppf, THF

60°C, 98%
54
(0]
O
: | BN \
Pd
-0 (0]
55
nT—GC—T
isomerisation
(0]
/] N |
Pd
0O
56

Scheme 16.

palladium-allyl complexes at oxygen. These oxygen
nucleophiles are highly stabilised and can, therefore, be
considered ‘soft’. Thus, under Pd(0) conditions, enantio-
merically pure allylic benzamides such as 51 undergo facile
cyclisation to yield exclusively trans-oxazoline 53
(Scheme 15).2 Cyclisation proceeds though transition
state 52, avoiding unfavourable interactions between the
Ph group and the hydrogen of the palladium-allyl complex.
When less bulky groups are present in place of Ph, some of
the cis-diastereoisomer is detected. Importantly, the vinyl-
oxazoline products such as 53 can be employed in the
synthesis of B-amino-a-hydroxy acids and <y-amino-f-
hydroxy acids conveniently protected as the oxazoline.
These structural motifs are found in a wide range of
biologically important compounds such as the C-13 side
chain of Taxol® and statin.**

Similarly, enantiomerically pure allylic carbonate 54 has
been reported to undergo cyclisation to dihydrofuran 55 by
the standard double inversion mechanism (Scheme 16).25
Interestingly, 57 was also obtained as the minor component
and is the result of T—c—7 isomerisation to 68.

The use of chiral ligands to induce asymmetry in palladium-
catalysed alkoxylation cyclisations has received limited
treatment. However, one recent example has dealt with the
asymmetric synthesis of 2-vinylchroman 60, a useful
intermediate for the synthesis of biologically active
compounds such as vitamin E (Scheme 17).° Cyclisation
of carbonate 58 with the chiral phosphine NMDPP 62 yields
(R)-2-vinylchroman with a fair ee of 53%. Monodentate
NMDPP 75 was found to be superior to bidentate chiral
phosphines as its faster dissociation enables rapid equili-
bration between the two T-allyl intermediates 59 and 61.
Complex 59 is presumed to be the more stable intermediate,
leading to the favoured formation of (R)-60.
NMDPP,

WOCOZMe
OH 58 -30°C, 75%
..

(R)-2-vinylchroman 60
53% ee

Pd,(dba);, THF,

PPh,

3%

NMDPP 62

Scheme 17.
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A more successful approach to the introduction of
asymmetry has been shown by desymmetrisation of meso
dicarbonates 63 with Meldrum’s acid in conjunction with
chiral racemic ligand 69, yielding lactones 66 in excellent ee
(Scheme 18).%’ Initial mono-alkylation by Meldrum’s acid
yields m-allyl complex 64, which subsequently undergoes
an unprecedented O-alkylation to give 65. Lactone 66 can
then be formed by either a retro-Diels—Alder reaction and
alcohol interception of the resultant ketene 68, or undergo
direct attack by the alcohol. It is also speculated that an
alternative mechanism for the formation of 66 could involve
cyclopropane intermediate 67. It should be noted that
racemic ligand 69 is required for a swift reaction to take
place as the enantiomer that is ‘matched’ for the first
alkylation is ‘mismatched’ for the second. This one-pot
asymmetric synthesis of bicyclic lactones should be
regarded as particularly important, as such compounds are
found widely in a variety of synthetic targets and their
syntheses are usually multistep processes starting from
enantiomerically pure building blocks.

Allylic acetates, carbonates, halides and epoxides are
frequently exploited in allylic alkylations. However,
allylsilanes have been shown to be unreactive to Pd(0)
and in fact, many Pd(0)-catalysed processes have been

HO
WSiMe3

Ph
70

5 mol% Li,[PdCl,]

CuCl,, i-PrOH, 86%

W
[©)
71

50% mixture of
diastereoisomers

HO

E—

N Ph
Ph CL/
2

Scheme 19.

employed for the synthesis of functionalised allylsilanes.*®

In contrast, Pd(I)-catalysed intramolecular cyclisation of
allylsilane 70 has been demonstrated to be a facile process
to form tetrahydrofuran derivatives 71 (Scheme 19).>° The
process is highly regioselective for the formation of the
5-membered ring. Mechanistic studies revealed that
the copper(Il) chloride, as well as regenerating the Pd(II),
activates the m-allylpalladium complex. Moreover, cop-
per(Il) chloride acts as a source of chloride ion, which
facilitates the formation of the m-allylpalladium complex
from an m*-intermediate by coordination to the silicon atom.
The B-silicon effect is relatively weak with Pd(II)-
complexed allylsilanes because there is no carbocation at
C2, as is the case with normal electrophilic attack.
Coordination of chloride, therefore, aids the cleavage of
the C—Si bond. This methodology has also been extended to
allylsilanes containing tosylamide groups, which lead to
piperidine or pyrrolidine derivatives, depending on the
chain length.

3. Carbon nucleophiles

Carbon nucleophiles have featured widely in the synthesis
of both carbocyclic and hetereocyclic compounds. Soft
nucleophiles generally give the best results and for carbon—
carbon bond formation, stabilised enolates such as malo-
nates are, therefore, often deployed. However, nucleophilic
components stabilised by other electron-withdrawing
groups such as sulfones and nitriles are also widely reported.

One area in which the use of carbon nucleophiles has found
particular application is the regioselective synthesis of
medium and large rings. The preference for the nucleophile
to attack the less-substituted terminus of an allyl system is
often the main driving force behind which ring system is
formed (Fig. 4).
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PdL,*

Figure 4.

The introduction of a heteroatom into the tether connecting
the cyclisation termini can have a profound influence, due to
conformation and coordinating effects. For example, E/Z
ethers 72 undergo cyclisation exclusively to the E/Z-nine-
membered ethers 77 and 74, rather than the seven-
membered alternative (Scheme 20).3° This is a result of
attack of a relatively hindered nucleophile on the less-
hindered terminus of allyl complexes 73 or 76. This
example also provides an insight into the fascinating
mechanistic details of palladium t-allyl chemistry. When
Z-72 is used with triethyl phosphite, a Tt-acceptor mono-
dentate ligand, along with short reaction times, the kinetic
product E-77 is almost exclusively obtained. Conversely,
when dppe is employed as the ligand, with either E- or Z-72,
the major product obtained is the more stable Z-74. This

clacozlvle SO,Ph
| SO,Ph
o
‘0SiMes
EorzZ72
5-10 mol%
Pd,(dba)s, L
THF, reflux
PhO,S  SiMes PhO,S  SiMe;
PhO,8™ PhO,s™ ™"
~__0O .
*L,Pd [0 L °
. L,Pd
73 anti-n® 76 syn-n®
PhO,S
SO,Ph PhO,S §iMeg
PhO,S :
LPd—[| 4
"'OSiMes P
\ o
PdL,
Z-74 ET7
PhO,S SiMes
PhO,S :
PdL,"

anti,syn and anti,antin®  syn syn and syn,anti-n3
75 78

L = dppe or P(OEt)3

Scheme 20.

effect is a result of palladium-mediated cleavage of the
strained E-77 and subsequent diastereoselective recyclisa-
tion to the more stable Z-74 in favour of the 2,9-trans
diastereomer over the 2,9-cis diastereomer. Electron-rich
dppe facilitates the allylic ether cleavage and isomerisation
of allyl intermediate 78 to 75, thus allowing the reaction to
operate under thermodynamic control. Allylic ether clea-
vage with electron-poor triethyl phosphite is, however,
unlikely to be facile, and in any case, the resulting allyl
complex 78 would be very electropositive and more readily
undergo recombination prior to isomerisation; thus kinetic
control is observed.

Bicyclic ring systems have also been assembled by
intermolecular alkylation with bifunctional allylic agents
such as 81 (Scheme 21).31 With the use of the chiral
ferrocenylphosphine ligand 83, the enantioselective palla-
dium-catalysed bicycloannulation of B-keto-ester 79, which
exists in the achiral form 80, has been carried out in high
yield and ee. The key intermediate 82 was then trans-
formed by a short sequence to the Lycopodium alkaloid
(—)-huperzine A 84, a new drug for the treatment of
Alzheimer’s disease.

N._ _OMe N_ _OMe
B |
]
H.
0 “OMe
80

O~ OMe
79

AcO\kOAc 81

(n3-CsHs)PdCI, TMG O
PhMe, -20°C, 83,82%  MeO;C

N
7 N oMe

8290.3% ee

83 Q
N‘
(CH2)sOH [ _ 7 N o
PPh, _
NH,

@Fe _PPh,

(-)-huperizine A 84

Scheme 21.

When the substitution pattern at the termini of the palladium
allyl system is similar, the preference for attack at the least-
substituted end no longer exists, and so other factors dictate
which ring size is formed. One example of this effect is the
cyclisation of 85 to bicyclic lactone 87 via the preferred
syn,syn transition state 86 en route to the total synthesis of
(+)-brefeldin A 88 (Scheme 22).%* The product originating
from attack on the other end of the palladium allyl system
would have an internal frans olefin, so its formation is
thermodynamically unfavourable.

A single nucleophilic site can attack a bifunctional allylic
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reagent twice to yield cyclic products. The double alkylation
of bis-allyl chlorides 89 with o-cyanosulfone 90 to give
cyclopropane 91 is one such example of this strategy
(Scheme 23).** The stereochemistry at the nucleophilic
carbon is often lost in palladium-catalysed alkylations. In
this case, molecular mechanics calculations have rational-
ised the observed diastereoselectivity in terms of the smaller
cyano group being placed on the more-hindered face of the
cyclopropane.

CN Pd(dba),, PPhs

Choer™g +
89 SO,Ph  THF, -78°C-rt
90
PdL,* CN //
- ~ ~_.CN
< SO,Ph
SO,Ph
91
Scheme 23.

Bis-allylations are efficient processes for the rapid increase
of molecular complexity from relatively simple starting
materials. An alternative strategy that requires more
complex cyclisation precursors, but often allows more
control, is the use of cascade reactions. The recently
reported Tsuji-Trost—-Heck process for the synthesis of
tetrahydroanthracenes such as 93 is an elegant example of
such an approach (Scheme 24).* Cascade processes
involving two or more palladium-catalysed reactions
require differentiation between the reacting groups. In
this case, the allylic acetate 92 is sufficiently more reactive
than the aryl iodide to allow the allylic alkylation to take

OMeO O OAc
10 mol% Pd(OAc),
| PPh,, MeCN-H,0
I 92 80°C, 89%
OMeO O OMeO O

93

Scheme 24.

(+)-brefeldin A 88

place prior to the Heck reaction. This differentiation is aided
by the electron-rich nature of the aromatic ring, which slows
down oxidative insertion of palladium.

A novel approach to penta-substituted benzene derivatives
such as 95 involves palladium-catalysed benzannulation of
allyl tosylate 94 with 2,5-dimethylhex-3-yne (Scheme 25).*
NMR experiments indicated that the mechanism proceeds
via -allyl intermediates, rather than by a palladium-
mediated [2+2+2] cycloaddition. Although interesting,
the method is so far limited to the use of a single alkyne
component.

TSO/\/\Me
94

i-Pr

/-Pr\

i-Pr i-Pr

2.5 mol%Pd,(dba)s
PPh,, DCE,
80°C, 60%

i-Pr i-Pr

Scheme 25.

A synthetically versatile class of aromatic compounds,
N-cyanoindoles,*® for example, 97 have been made by the
palladium-catalysed 3-component coupling reaction of
ortho-alkynylisocyanobenzenes such as 96, allyl methyl
carbonate and trimethylsilyl azide (Scheme 26).%’

The reaction is purported to go via insertion of the
isocyanide 96 into the Pd-N3 bond of palladium 7r-allyl
azide 98 (Fig. 5). Elimination of N, followed by
1,2-migration of the -allyl moiety from carbon to the
a-nitrogen in 99 gives 100. This transformation can be
considered to be a m-allylpalladium mimic of the Curtius
rearrangement.”® The palladium-carbodiimide complex 100
is in equilibrium with palladium-cyanamide complex 101.
At 100 °C, the product N-cyanoindoles such as 97 are then
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formed via insertion of the alkyne moiety into the Pd—-N
bond of 100 followed by reductive elimination of Pd(0).
This intriguing reaction is tolerant of a wide variety of
functionality, notably the SiMe; group (as illustrated),
which is amenable to synthetic manipulation.

Most of the examples discussed so far have involved allylic
acetates, carbonates and similar derivatives for the gener-
ation of a m-allylpalladium intermediate. However, a Pd—C
bond can add to other groups, such as cyclopropanes, dienes
and allenes to generate the same intermediate. For example,
addition of I-Pd—Ph to allene 102 has led to the formation of
cyclopropane 104 via the more stable syn-complex 103
(Scheme 27).*° If the cyclisation proceeds via the anti-
complex, then a 5-endo—trig closure results in formation of
cyclopentene derivatives; this is usually only the case with
groups that are more sterically bulky than Ph.*

Carbon nucleophiles originating from acidic methine and
methylene are widespread, but not exclusive. One alterna-
tive is exemplified by the intramolecular palladium-
catalysed cou})ling of allylstannanes with allyl acetates
(Scheme 28).*' The intramolecular coupling leads selec-
tively to frans five-membered carbocycles 108 and cis
six-membered carbocycles 106, regardless of the geometry
of the alkenes in the starting material. The cis selectivity
has been elegantly applied in the stereoselective synthesis

\
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Figure 5.
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of 10-epi-elemol. Density functional theory has indicated
n'-complexes 105 and 107 as the most likely intermediates,
although, no rationale for the observed cis and trans
selectivities has been put forward.

A cyclisation does not have to be limited to one type of
nucleophile. This is shown effectively in the two-component
cycloaddition of activated olefins 109 and allylic carbonates
110 to form 5- or 6-membered cyclic ethers 111 or 112
(Scheme 29).42 Here, O-alkylation of the activated olefin
results in anion 113, which undergoes subsequent cyclisa-
tion (Fig. 6). Interestingly, the tetrahydrofurans are formed
with a degree of trans selectivity of up to 73:23 depending
on the R group. On the other hand, the tetrahydropyrans are
formed with a degree of cis selectivity, again depending
upon the R group. This selectivity has been rationalised
through the favoured transition states 114 and 116, both of
which minimise steric interactions.

The biologically important y-lactam skeleton has been
constructed in a related single-component cyclisation using
the pre-constructed palladium m-allyl substrate 118
(Scheme 30).** The frans diastereoselectivity resulting in
119 is believed to be attained during the C—C bond-forming
step, rather than by equilibration of the cyclised material.
It is interesting to note that this substrate does not undergo a

_~_-OCOMe
+ TMS-N,

CO, + TMSOMe
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s
&
.
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7-endo—trig cyclisation, as has been observed with the keto
analogue.** This difference may be due to the incorporation
of the amide functionality, which shortens the chain to some
extent.

4. Conclusions
The preceding examples have shown that palladium-allyl
cyclisations enable the synthesis of a wide range of carbo-

and heterocyclic systems, often in a region- and dia-
stereoselective manner. The intimate effects of the metal

111/112 110

Pd(0)
}/ \\COZ

«—Pd*OiPr

Figure 6.
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and its associated ligands on the stereochemical outcome of
the reaction are particularly fascinating. The number of
control elements present in cyclisations of this nature allows
fine-tuning of reactivity; however, they can also make
prediction of the stereoselectivity of a reaction challenging.
Whilst the use of chiral ligands for asymmetric induction
in cyclisations has met with some notable successes, this
remains an area for further development. Finally, another
area of immense potential is that of multi-component
cyclisation, which allow a rapid increase in molecular
complexity from relatively simple starting materials.
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Abstract—A robust synthetic method for 2-alkylamino-6-carboxy-5,7-diarylcyclopenteno[1,2-b]pyridines via acylamination at the alpha
position of the functionalized pyridine system has been developed. The key step in this method was achieved by treatment of the
corresponding pyridine N-oxides with 2.5 equiv of imidoyl chlorides in the presence of triethylamine, thus producing the desired

2-acylaminopyridines in good yields (74-96%).
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Endothelin-1 (ET-1)" and its closely related isopeptides
(ET-2, ET-3) have been identified as potent vasoconstrictor
peptides. The endothelins exert diverse biological actions
through distinct cell surface G-protein coupled receptors
(GPCR) termed ET, and ETg.? Elevated levels of
endothelins have been observed in numerous disease states
including hypertension, congestive heart failure and renal
diseases.” Therefore, non-peptide endothelin receptor
antagonists are currently being evaluated by a number of
pharmaceutical companies as potential therapeutic agents
for the treatment of these disease states.

Previously, we reported that potent and selective ET,
antagonists (1 and 2) were identified in a series of
6-carboxy-5,7-diarylcyclopenteno[ 1,2-b]pyridines.*” It is
of significant interest to further clarify the structure—activity
relationships (SARs) of the alkylamino group (Fig. 1, R') at
the 2-position of the pyridine ring and the substituent
(Fig. 1, R?) at the 2'-position of the 7-(4-methoxyphenyl)
ring. However, incorporation of the alkylamino group by the
previous synthetic method is tedious and the subsequent
functionalization on the 7-aryl ring was limited (Route A in

Keywords: Acylamination; Imidoyl chloride; Cyclopenteno[1,2-b]pyri-

dines; ETA antagonist.
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Scheme 1). Therefore, the development of a efficient and
convenient alternative method for this highly functionalized
2-alkylaminocyclopentenopyridine system is necessary.

07\
o) )\
1 R'= -~
RZ -
2R1=H

RZ2= _~_ COOH
3R'= /J\ -
COOH
- ﬁ
A number of substituents (Fig. 1, R?) are easily incorporated
in the 7-aryl ring at an early stage in the synthesis,*
therefore, route B is more available than route A in terms of
the synthesis of 2-alkylamino-6-carboxy-5,7-diarylcyclo-
penteno[1,2-b]pyridine derivatives. However, the incorpor-
ation of the alkylamino group (Fig. 1, R') is a crucial step in
this route. A previous work introduced an alkylamino group
at the 2-position of a pyridine ring by reacting a readily
available pyridine N-oxide with an imidoyl chloride.® This
reaction is thought to be applicable to our highly
functionalized pyridine system. Unfortunately, the reaction

Figure 1.
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Scheme 1. Possible synthetic route for compound 3.

of the pyridine N-oxide 5 with one equivalent of
N-isopropylbenzimidoyl chloride afforded the desired
compound 6a in a very low yield (4.5%). Optimization of
the detailed reaction conditions is necessary in order to
apply this reaction to the current system.

Herein, we describe the results of the optimization of the
direct acylamination at the 2-position of functionalized
pyridine derivatives with an imidoyl chloride, as well as a
flexible and convenient synthesis of 2-alkylamino-6-
carboxy-5,7-diarylcyclopenteno[1,2-b]pyridine derivatives.

COfBu mcozfsu

CO,Me
m introduction of R’
OMe

Table 1. Acylamination of N-oxide 5 with N-isopropylbenzimidoyl chloride

o

Cf <

Ph
iso—PrN=<

mcozfsu
mCOz Me

[

2. Results and discussion

The optimized acylamination reaction conditions utilizing
pyridine N-oxide 5 and N-isopropylbenzimidoyl chloride
are shown in Table 1. Pyridine N-oxide 5 was readily
prepared from 4 by treatment with m-CPBA at 0 °C under a
nitrogen atmosphere. The initial conditions (entry 1)
afforded the desired amide 6a in a 4.5% yield.® Under
these conditions, half of the starting material N-oxide 5 was
recovered together with by-products. The structure of the
major by-product was estimated by Mass spectral analysis

o\

@o

m-CPBA H .. Cl

o Additive N

N~ Solvent, temp NN

o) OBn éZ ; OBn Q/OBFI

4 OMe 5 OMe 6a OMe OMe _
Entry Imidoyl chloride Solvent Additive Temp. (°C) Results
(equiv)
6a 7¢ 5

1 1 CICH,CH,C1 None 100 4.5% 22% 42%
2 1 CHCl; None 60 10% 15% 63%
3 10 CHCl; None 60 13% 21% 40%
4 5 CHCl; K,COs5 (10 equiv) 60 17% 13% 44%
5 5 CHCl; Cs,CO; (10 equiv) 60 26% 27% 24%
6 5 CHCl; CsF (10 equiv) 60 69% 6.1% 14%
7 5 CHCl4 Ag,0 (10 equiv) 60 10% b 19%
8 5 CHCl; DBU (10 equiv) 60 — b 79%
9 5 CHCl; Et;N (10 equiv) 60 96% —
10 5 Toluene Et;N (10 equiv) 60 1.4% 1.2%" 75%
11 5 THF Et;N (10 equiv) 60 16% b 39%
12 2.5 CHCl; Et;N (5 equiv) 60 94% — —

2 Total yield of 7, 8, 9 and 10.”
" 4 was isolated as a byproduct
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Scheme 2. Identification of side products.
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Among the inorganic bases tested, cesium fluoride (CsF)
was found to dramatically enhance the desired reaction
pathway resulting in a 69% yield of the 2-acylaminated
pyridine (6a), however the starting material was still
recovered (14%). In evaluating the organic bases, unfortu-
nately, DBU was reacted with the imidoyl chloride to
produce an ammonium salt rapidly; resulting in a 79%
recovery of the starting material (entry 8). In contrast, Et;N
worked very well affording 6a in an excellent yield (96%,
entry 9). With regard to a solvent, chloroform is the best
choice for this reaction. Using toluene or tetrahydrofuran
instead of chloroform, Et;N did not work well and a
considerable amount of the starting material was recovered
(entries 10 and 11). Further experiments around these
conditions revealed that 2.5 equiv of imidoyl chlorides in
the presence of 5equiv of Et;N (entry 12) afforded the
product 6a in 94% yield. These conditions were determined
to be the optimal conditions.

(O2\

o

o\

&

path A 4 =~ ) 4
CO,Bu
’\ | CO,'Bu T’ \N ‘ 2 ? 7
O’\ ‘ Cl Ar
o - w ;
I Cl' < :Base
RHN h)LNHR
path B CO,Bu
(D'COZ‘BU ( i o
Ji} path B Base @
Ph / path A :
- Z
RN C HS | CO,Bu > 6a
1 R-N rN ;
O Ar
Ph

Scheme 3. Proposed reaction mechanism.

to be 7 in the reaction mixture. However, compound 7 was
labile and easily changed by usual work-up and following
isolation using silica-gel column chromatography to a
mixture of 7, 8, 9 and 10 (Scheme 2).7 Lower reaction
temperature with one equivalent of imidoyl chloride (entry
2) or with an excess of imidoyl chloride (entry 3) resulted in
an improved yield of 6a, however, a considerable amount of
the starting material and by-products still recovered.

Based on these results, we speculated that the formation of
intermediate 11 may be a critical step in this reaction.
Further, two reaction pathways were expected to exist for
this reaction (Scheme 3). In this reaction, additive(s) are
thought to facilitate the formation of the intermediate and
the subsequent desired reaction steps, while formation of the
by-product 7 can be controlled to trap chloride ions.
Moreover, it was reported that addition of a base, such as
DBU or triethylamine (Et;N), increased the ylelds of
2-acylaminated pyridines in this type of reaction.®” How-
ever, simple pyridine substrates were used in the optimiz-
ation of this reaction. Thus, we reexamined the effect of
several additional bases in order to accelerate the desired
reaction pathway in this highly functionalized pyridine
system.

In an effort to examine the applicability of these reaction
conditions, pyridine N-oxide 5 was reacted with other
imidoyl chlorides (Table 2). As expected, the reaction
conditions were well tolerated, and the corresponding
2-benzoylaminopyridines (6a—6d) were obtained in good
to excellent yields.

The previously described encouraging results prompted the

Table 2. Acylamination with various imidoyl chlorides

o\
ol
N N
N
o

RN
Y (2.5 equiv)

Et3N (5 equiv)

&
/(D—COQ’BU
- O

OBn CHCl;
60°C
5 OMe

Entry Imidoyl chloride ~ Product Yield (%)

1 R=iso-Pr 6a 94

2 R=pPr 6 9%
3 R=Benzyl 6¢ 96

4 R=Phenyl 6d 74




3476 H. Takahashi et al. / Tetrahedron 61 (2005) 3473-3481

o\ o\
50 @o i o
\ T
m«cozfsu % P
N

oTf ~ CO;Me 2
OMe OMe OMe
13a (R? =Me, R° = H) 14a
13b (R?=H, R® = Me) 14b

CO,Me Bz : CO,Me 2 COH

OMe OMe
15a 3a
15b 3b

Scheme 4. Synthetic route for 3. Reaction conditions: (a) Methyl Methacrylate, PdCl,(PPhs),, NaHCO;, DMF, 130 °C; (b) 10% Pd-C, HCOONH,, EtOH,
80 °C (13a, 37%; 13b, 28% 2 steps); (c) m-CPBA, CHCl3, 6 °C (14a, 96%; 14b, 83%); (d) N-isopropylbenzimidoyl chloride, EtsN, CHCls, 60 °C (15a, 72%;
15b, 74%); (e) TFA, r.t. (f) NaOH, ag-MeOH, 100 °C (3a, 74%; 3b, 67% 2 steps).

synthesis of 3 by route B (Scheme 4). The Heck reaction of
triflate 12 with methyl methacrylate [PdCl,(PPh;),,
NaHCO;, DMF, 130 °C] followed by subsequent hydro-
genation of the resultant olefin afforded a mlxture of
diastereomers (13a and 13b) in a moderate yleld The
diastereomers were easily separated by silica gel column
chromatography. Pyridine N-oxide 14a was treated with
N-isopropylbenzimidoyl chloride (2.5 equiv) in the
presence of Et3N (5.0 equiv) at 60°C and afforded
2-acylaminated pyridine 15a in a 72% yield. The stepwise
deprotection of the protecting groups (fert-butyl ester,
methyl ester, benzamide) on 15a was achieved by treatment
with trifluoroacetic acid (TFA), followed by basic
hydrolysis (NaOH) to afford the target compound 3a. The
transformation of 13b to 3b was successfully achieved in a
manner similar to that described above.

3. Conclusions

A novel synthetic method for 2-alkylamino-6-carboxy-5,7-
diarylcyclopentenol[1,2-b]pyridines via a key acylamination
of the corresponding N-oxides with imidoyl chlorides has
been developed. This mild acylamination is thought to be
applicable to the other highly functionalized pyridine
derivatives.®

4. Experimental
4.1. General

All reagents and solvents were of commercial quality and
used without further purification unless otherwise noted.
Melting points were determined using a Yanaco MP
micromelting point apparatus (Yanaco New Science Inc.
Kyoto, Japan) and were not corrected. 'H NMR and "*C
NMR spectra were obtained on a Varian MERCURYvx 400
(Varian, Inc. CA, USA) or JEOL JNM-AL 400 (JEOL Ltd.
Tokyo, Japan) instrument at 400 MHz. Chemical shifts were
reported in parts per million as 0 units relative to
tetramethylsilane as an internal standard. Mass spec-
trometry was performed using micromass Q-Tof 2 (Waters
Co. MA, USA) (ESI positive). Analytical and Preparative
TLC were preformed using E-Merck Kieselgel F,s4 pre-
coated plates (Merck KGaA. Darmstadt, Germany).

Silica gel column chromatography was carried out on
Wako gel C-300 (Wako Pure Chemical Industries Ltd,
Osaka, Japan.

4.1.1. (5RS,6SR,7SR)-7-(2-Benzyloxy-4-methoxyphenyl)-
6-tert-butoxycarbonyl-5-(3,4-methylenedioxyphenyl)-
cyclopenteno[1,2-b]pyridine N-oxide (5). To a solution of
(5RS,6SR,7SR)-7-(2-Benzyloxy-4-methoxyphenyl)-6-tert-
butoxycarbonyl-5-(3,4-methylenedioxyphenyl)cyclo-
penteno[1,2-b]pyridine 4 (5.29 g, 9.59 mmol) in CHCl;
(50 ml) was added m-CPBA (3.33 g, 19.2 mmol) at 0 °C and
the mixture was stirred for 15 h at cold-room temperature
(6 °C) under N,. The reaction was quenched with 1 M
Na,S,05 solution while stirring at 6 °C for 30 min and
subsequently extracted using EtOAc. The organic layer was
washed with saturated NaHCO; solution, water and brine,
dried over Na,SO,4 and then concentrated. The residue was
purified by silica gel column chromatography (CHCl;—
MeOH=100:0to 30:1) to give § as a pale brown amorphous
solid (2.89 g, 53%). "H NMR (CDCl5) 6 7.99 (d, J=6.6 Hz,
1H), 7.25-7.19 (m, 4H), 7.15-6.96 (m, 3H), 6.62 (d, J=
7.3 Hz, 1H), 6.55 (d, J=38.1 Hz, 1H), 6.50-6.43 (m, 2H),
6.38-6.24 (m, 2H), 5.90 (q, J=1.7 Hz, 2H), 4.98-4.68 (m,
3H), 4.38 (d, J=8.8 Hz, 1H), 3.76 (s, 3H), 3.27 (t, J=
9.5 Hz, 1H), 1.33 (s, 9H). HRMS calcd for C54H54NO,
(M+1) 568.2335, found 568.2331.

4.1.2. Preparation of N-isopropylbenzimidoyl chloride.
A solution of isopropylamine (35.0 ml, 410 mmol) and Etz;N
(69.0 ml, 490 mmol) in THF (200 ml) was cooled in an ice
bath and benzoyl chloride was added to the solution. After
the mixture was stirred at the same temperature for 3 h, the
mixture was diluted with water and extracted with EtOAc.
The organic layer was washed with 2N HCI, water,
saturated NaHCOj solution and brine, and subsequently
dried over Na,SO, and concentrated to give benzisopropyl-
amide as a white solid (51.9g, 78%). A mixture of
benzisopropylamide (6.09 g, 36.8 mmol) and thionyl
chloride (4.50 ml, 61.7 mmol) was stirred at 90 °C under a
N, atmosphere. After 2.5 h, thionyl chloride was removed
in vacuo and distilled under reduced pressure to give
N-isopropylbenzimidoyl chloride as a colorless liquid
(6.08 g, 91% vyield). Bp 82-83°C/5 mmHg. (lit.,” 52—
54°C/1 mmHg). d=1.15 (1.15g/1.0ml). '"H NMR
(CDCl3) 6 7.97-7.94 (m, 2H), 7.47-7.34 (m, 3H), 4.14
(sept, J=6.2 Hz, 1H), 1.27 (d, J/=6.2 Hz, 6H).
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4.1.3. Reaction of (5RS,6SR,7SR)-7-(2-Benzyloxy-4-
methoxyphenyl)-6-tert-butoxycarbonyl-5-(3,4-methyl-
enedioxyphenyl)cyclopenteno[1,2-b]pyridine N-oxide (5)
with N-isopropylbenzimidoyl chloride (Table 1). In cases
in which inorganic bases were employed as additives, the
bases were used before being dried under heat. In cases in
which organic bases were used as additives, bases were
dried over NaOH. Imidoyl chloride (1, 2.5, 5 or 10 equiv)
was added to a mixture of 5 (170 mg, 0.30 mmol) and
additive (none, 5 or 10 equiv) in either CICH,CH,CI or
CHCl; (1.0 ml) and stirred in oil bath at a prescribed
temperature under an Ar atmosphere overnight. After
cooling the reaction mixture, saturated NaHCOj; solution
was added to the mixture and extracted using EtOAc. The
organic layer was washed with brine, dried over Na,SO, and
concentrated. The residue was purified by silica gel column
chromatography (Hexane—-EtOAc—MeOH as eluent) and if
needed, further isolation was performed by preparative TLC
(CHC1;-MeOH as eluent). 6a. '"H NMR (CDCls) 6 7.27-
7.19 (m, 6H), 7.17-7.11 (m, 2H), 7.08-7.04 (m, 2H), 6.97
(d,/J=8.2 Hz, 1H),6.94 (dd, J=7.8, 1.2 Hz, 1H), 6.57-6.53
(m, 2H), 6.53 (d, J=2.3 Hz, 1H), 6.49 (dd, J=8.4, 2.3 Hz,
1H), 6.39-6.35 (m, 2H), 5.89 (br s, 2H), 5.01-4.91 (m, 1H),
494 (d,J=11.3 Hz, 1H), 4.90 (d, J=11.3 Hz, 1H), 4.82 (d,
J=10.0 Hz, 1H), 4.40 (d, /=10.0 Hz, 1H), 3.82 (s, 3H),
3.40 (t, J=10.0 Hz, 1H), 1.28 (s, 9H), 1.25 (d, /=6.8 Hz,
3H), 1.15 (d, J=6.8 Hz, 3H). The configuration of 6a were
determined by NOE experiments.” NOEs were observed
between 6 3.40 (H*) and ¢ 6.36 (HY), 6 3.40 (H?) and 6 6.37
(H®), 6 4.40 (H") and 6 4.82 (H®), 6 4.40 (H) and 6 6.36
(HY), 6 4.40 (H®) and 6 6.37 (H®), 6 4.82(HS) and 6 6.97 (HY).

o\

d’:t:
H He

N\LLH?
) » CO,'Bu
NTONT T

c

Bz Hf\Q/OBn

OMe 6a

3C NMR (CDCls) 6 20.6, 21.5, 28.1, 48.9, 51.1, 51.2, 55.4,
61.29, 70.0, 80.7, 99.8, 100.8, 104.5, 108.1, 108.4, 121.3,
121.5, 122.6, 127.1, 127.5, 127.7, 128.2, 128.3, 129.1,
131.4, 133.0, 135.4, 135.9, 136.3, 137.2, 146.3, 147.5,
153.8, 157.3, 159.7, 164.1, 170.0, 172.4. HRMS calcd for
C44HysN>,O; (M +1) 713.3227, found 713.3232. Anal.
Calcd for C44H44N,07: C, 74.14; H, 6.22; N, 3.93. Found
C, 73.93; H, 6.23; N, 3.83.

Compound 7 (mixture of 2 isomers). '"H NMR (CDCls) ¢
8.51 and 8.43 (dd, J=4.9, 1.5 Hz, 1H), 7.06-7.48 (m, 8H),
6.82-6.44 (m, 5H), 5.98 and 5.87 (br s, 2H), 5.18-4.68 (m,
4H), 3.83 and 3.76 (s, 3H), 1.21 and 1.17 (s, 9H). HRMS
calcd for C34H3,NOg (M + 1) 550.2230, found 550.2229. 8.
"H NMR (CDCl;) 6 9.44 (s, 1H), 8.47 (dd, J=4.9, 1.6 Hz,
1H), 7.61 (dd, J=7.5, 1.6 Hz, 1H), 7.37 (d, J=9.0 Hz, 1H),
7.237.17 (m, 5H), 7.11 (dd, J=17.5, 4.9 Hz, 1H), 6.98 (d,
J=1.8 Hz, 1H), 6.85 (dd, /=8.2, 1.8 Hz, 1H), 6.64 (dd, J=
7.0, 2.4 Hz, 1H), 6.63 (br s, 1H), 6.56 (d, J=8.2 Hz, 1H),
5.90 (br s, 2H), 5.00 (d, J=11.2Hz, 1H), 495 (d, J=
11.2 Hz, 1H), 3.85 (s, 3H), 1.21 (s, 9H). HRMS calcd for
C34H3,NOg (M + 1) 582.2128, found 582.2134. 9. '"H NMR

(CDCl3) 0 8.46 (dd, J=5.1, 1.5 Hz, 1H), 7.50 (dd, J=17.3,
1.5 Hz, 1H), 7.34 (br s, 1H), 7.24-7.19 (m, 5H), 7.11-7.05
(m, 1H), 7.07 (dd, J=7.3, 5.1 Hz, 1H), 6.94-6.82 (m, 1H),
6.67-6.63 (m, 2H), 5.88 (s, 2H), 5.05 (s, 2H), 4.39 (br s,
1H), 3.84 (s, 3H), 1.17 (s, 9H). HRMS calcd for C34,H3,NO-
M+ 1) 566.2179, found 566.2176. 10. "H NMR (CDCls) ¢
8.39 (dd, J=5.1, 1.5 Hz, 1H), 8.01 (d, J/=28.8 Hz, 1H), 7.22
(d, J=7.3 Hz, 1H), 7.19-7.12 (m, 3H), 7.07 (dd, J=7.3,
5.1 Hz, 1H), 6.85-6.81 (m, 2H), 6.73 (d, /J=28.1 Hz, 1H),
6.65 (dd, J=8.8, 2.2 Hz, 1H), 6.43 (dd, J=8.1, 1.5 Hz, 1H),
6.39 (d, J=1.5 Hz, 1H), 6.36 (d, J=2.2 Hz, 1H), 5.98 (br s,
2H), 4.66 (d, /J=11.0 Hz, 1H), 4.57 (d, /=11.0 Hz, 1H),
4.20 (s, 1H), 3.78 (s, 3H), 1.24 (s, 9H). HRMS calcd for
C34H3,NO; (M+1) 566.2179, found 566.2182.

4.1.4. Determination of 8 (Scheme 5). To a solution of 8
(32.0 mg, 0.0552 mmol) in MeOH (0.50 ml) was added
10% Na,SOs solution (0.50 ml). After stirring at room
temperature for 0.5 h, the mixture was diluted using water
and extracted using EtOAc. The organic layer was washed
with brine, dried over Na,SO, and then concentrated in
vacuo. The residue was purified by silica gel column
chromatography (Hexane—EtOAc=10:0to 3:1) to yield 9 as
a white amorphous solid (14.0 mg, 64%).

o o\
o I o
k" 10% NayS0j; solution_~__L-O"
\ / CO,Bu \ / CO,'Bu
N MeOH, r.t. N
l OBn l OBn
8 OMe 64% 9 OMe

Scheme 5. Conversion of 8 to 9.

4.1.5. Preparations of imidoyl chlorides (Table 2). All
imidoyl chlorides were prepared from the corresponding
amines by a procedure similar to that described for the
preparation of N-isopropylbenzimidoyl chloride. N-n-
propylbenzimidoyl chloride. Colorless liquid. Bp 72—
73 °C/1.1 mmHg. '"H NMR (CDCls) 6 8.03-8.00 (m, 2H),
7.49-7.39 (m, 3H), 3.69 (t, /=7.0 Hz, 2H), 1.78 (qt, /=7 .4,
7.0 Hz, 2H), 1.04 (t, J=7.4 Hz, 3H). N-benzylbenzimidoyl
chloride. Colorless liquid. Bp 139-141°C/1.1 mmHg. 'H
NMR (CDCl3) 6 8.10-8.07 (m, 2H), 7.51-7.27 (m, 8H),
4.95 (s, 2H). N-phenylbenzimidoyl chloride. White solid.
Bp 120-129 °C/1.1 mmHg. (1it.° 100 °C/0.05 mmHg). Mp
35-37 °C (1it.*° 34-35°C). '"H NMR (CDCl;) 6 8.20-8.17
(m, 2H), 7.59-7.40 (m, 5H), 7.25-7.20 (m, 1H), 7.04-7.01
(m, 2H).

4.1.6. Reaction of (5RS,6SR,7SR)-7-(2-Benzyloxy-4-
methoxyphenyl)-6-tert-butoxycarbonyl-5-(3,4-methyl-
enedioxyphenyl)cyclopenteno[1,2-b]pyridine N-oxide (5)
with various imidoyl chlorides (Table 2). Imidoyl chloride
(0.75 mmol) was added to a mixture of 5 (170 mg,
0.30 mmol) and Et;N (0.21 ml, 1.50 mmol) in CHCl;
(1.0ml) and stirred in oil bath (60°C) under an Ar
atmosphere overnight. After cooling the reaction mixture,
saturated NaHCO; solution was added to the mixture and
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extracted using EtOAc. The organic layer was washed with
brine, dried over Na,SO, and then concentrated. The
residue was purified by silica gel column chromatography
(Hexane-EtOAc as eluent) to give 6b—6d. 6b. white
amorphous solid (201 mg, 93% yield). '"H NMR (CDCls)
0 7.32-7.15 (m, 8H), 7.07 (d, J=8.2 Hz, 1H), 6.99-6.95 (m,
2H), 6.90 (dd, /=8.0, 1.2 Hz, 1H), 6.56-6.48 (m, 4H), 6.35
(d,J=1.7Hz, 1H), 6.31 (dd, J=7.9, 1.7 Hz, 1H), 5.89 (br s,
2H), 4.92 (d, J=11.4 Hz, 1H), 4.85 (d, J=11.4 Hz, 1H),
4.75 (d, J=10.1 Hz, 1H), 4.39 (d, /=10.1 Hz, 1H), 3.98-
3.84 (m, 1H), 3.82 (s, 3H), 3.42 (t, J=10.1 Hz, 1H), 1.71-
1.45 (m, 2H), 1.29 (s, 9H), 0.79 (t, J=7.4 Hz, 3H). '°C
NMR (CDCl3) 6 11.4, 21.2, 28.1, 50.4, 51.3, 51.9, 55.4,
61.2, 70.0, 80.8, 100.0, 100.9, 104.5, 108.2, 108.6, 120.7,
121.1, 121.7, 127.3, 127.9, 128.0, 128.5, 128.6, 129.8,
132.1, 133.4, 135.4, 135.7, 136.4, 136.7, 146.5, 147.7,
155.6, 157.6, 160.2, 164.5, 170.5, 172.8. HRMS calcd for
C44HysN>,O; (M+1) 713.3227, found 713.3226. Anal.
Calcd for C44H44N,07: C, 74.14; H, 6.22; N, 3.93. Found
C, 74.05; H, 6.38; N, 3.75. 6c. White amorphous solid
(219 mg, 96% yield). '"H NMR (CDCls) & 7.37-7.05 (m,
14H), 6.76 (d, J=28.0 Hz, 1H), 6.74-6.68 (m, 2H), 6.57—
6.52 (m, 2H), 6.48-6.41 (m, 2H), 6.25 (d, J=1.4 Hz, 1H),
6.15 (dd, J=7.9, 1.4 Hz, 1H), 5.86 (s, 2H), 5.23 (s, 2H),
477 (d,J=11.0 Hz, 1H), 4.71 (d, J=10.2 Hz, 1H), 4.67 (d,
J=11.0Hz, 1H), 4.34 (d, /J=10.2 Hz, 1H), 3.85 (s, 3H),
3.41 (t, J=10.2 Hz, 1H), 1.29 (s, 9H). *C NMR (CDCl;) 6
28.1, 51.3, 51.7, 52.1, 55.5, 60.9, 70.0, 80.8, 100.0, 100.9,
104.4, 108.3, 108.7, 120.5, 121.1, 121.6, 127.1, 127.6,
127.9, 128.0, 128.3, 128.7, 130.2, 132.2, 133.1 135.1, 135.6,
136.2, 136.2, 138.0, 146.4, 147.6, 155.2, 157.7, 160.3,
1644, 1710, 172.9. HRMS calcd for C48H45N207 (M+ 1)
761.3227, found 761.3214. Anal. Calcd for C4,3H44N,O7: C,
75.77; H, 5.83; N, 3.68. Found C, 75.75; H, 5.96; N, 3.55.
6d. White amorphous solid (167 mg, 74% yield). "H NMR
(CDCl3) 6 7.45-7.41 (m, 2H), 7.31-7.09 (m, 12H), 7.00 (dd,
J=28.0, 0.8 Hz, 1H), 6.90-6.85 (m, 3H), 6.52 (d, /J=28.0 Hz,
1H), 6.44 (d, J=2.4 Hz, 1H), 6.40 (dd, /=38.2, 2.4 Hz, 1H),
6.33 (d, J=1.7 Hz, 1H), 6.26 (dd, /=8.0, 1.7 Hz, 1H), 5.89
(d, J=1.4Hz, 1H), 5.89 (d, J=1.4 Hz, 1H), 4.75 (d, J=
11.2 Hz, 1H), 4.64 (d, J=10.0Hz, 1H), 4.63 (d, J=
11.2 Hz, 1H), 4.38 (d, /=10.0 Hz, 1H), 3.80 (s, 3H), 3.33 (t,
J=10.0 Hz, 1H), 1.27 (s, 9H). '*C NMR (CDCl5) 6 28.1,
51.3,51.8, 554, 61.3, 70.0, 80.7, 99.9, 100.9, 104.5, 108.3,
108.7, 120.1, 121.1, 121.7, 126.7, 127.7, 127.8, 127.9,
128.4, 129.0, 129.0, 130.1, 131.8, 134.2, 135.8, 136.1,
136.4, 136.5, 142.9, 146.5, 147.7, 155.9, 157.6, 160.0,
164.6, 170.9, 172.7. HRMS calcd for C47;H43N>O7 M +1)
747.3070, found 747.3078. Anal. Calcd for C4;H4,N,O7: C,
75.58; H, 5.67; N, 3.75. Found C, 75.26; H, 5.71; N, 3.61.

4.1.7. (5RS,6SR,7SR)-6-tert-Butoxycarbonyl-7-[2-(2-
methoxycarbonylpropyl)-4-methoxyphenyl]-5-(3,4-
methylenedioxyphenyl)cyclopenteno[1,2-b]pyridine
(13a, 13b). A mixture of PdCl,(PPh;), (2.37 g, 3.37 mmol),
NaHCO; (5.66 g, 67.4 mmol), methyl methacrylate (90 ml,
841 mmol) and 12° (9.99 g, 16.9 mmol) in DMF (240 ml)
was heated with stirring at 130 °C for 15h under a N,
atmosphere. After cooling to room temperature, the reaction
mixture was diluted with EtOAc (200 ml). Insoluble
materials were filtered off using Celite pad and the Celite
pad was washed with EtOAc. The combined filtrate was
washed with saturated NaHCO; solution, water and brine,

dried over Na,SO, and then concentrated. The residue was
purified by silica gel column chromatography (hexane—
EtOAc=4:1 to 3:2) to give mixture of endo and exo olefins
(1:5 by "H NMR) as a pale brown amorphous solid (9.48 g,
quant). This solid was used in the subsequent reaction
without further separation. Pure samples of each exo and
endo olefins were isolated by further separation with silica
gel column chromatography (hexane-EtOAc=3:1 to 2:1).
The exo olefin. white amorphous solid. '"H NMR (CDCl3) 6
8.42 (d, J=4.9 Hz, 1H), 7.27 (d, J=7.6 Hz, 1H), 7.08 (dd,
J=17.6,4.9 Hz, 1H), 7.04-6.63 (m, 6H), 6.26 (d, J=1.1 Hz,
1H), 5.95 (br s, 2H), 5.46 (br s, 1H), 4.79 (d, /=10.2 Hz,
1H), 4.51 (d, J=10.2 Hz, 1H), 4.00-3.40 (m, 2H), 3.77 (s,
3H), 3.74 (s, 3H), 3.21 (t, J=10.2 Hz, 1H), 1.35 (s, 9H).
HRMS caled for C3,H34sNO; (M+1) 544.2335, found
544.2327. The endo olefin. Pale brown amorphous solid. 'H
NMR (CDCl3) 6 8.42 (d, J=4.9 Hz, 1H), 7.49 (s, 1H), 7.28
(d, J=7.6 Hz, 1H), 7.16-6.67 (m, 6H), 7.10 (dd, J=17.6,
4.9 Hz, 1H), 5.97 (br s, 2H), 4.75 (d, /=10.4 Hz, 1H), 4.53
(d, J=10.4 Hz, 1H), 3.80 (s, 3H), 3.73 (s, 3H), 3.19 (t, J=
10.4 Hz, 1H), 1.92 (d, J=1.3 Hz, 3H), 1.32 (s, 9H). HRMS
calcd for C3,H34NO; (M +1) 544.2335, found 544.2330.

A quantity of 6.5 g of 10% Pd—C and 20.2 g HCOONH, was
added to a suspension of the olefin (9.48 g, 16.9 mmol) in
EtOH (160 ml). After the mixture was heated with stirring at
80 °C for 24 h, insoluble materials were filtered off using a
Celite pad and the Celite pad was washed with EtOAc and
MeOH. After the combined filtrate was concentrated, the
residue was diluted with EtOAc and water and the organic
layer was separated. The organic layer was washed with
saturated NaHCO; solution and brine, dried over Na,SOy4
and then concentrated. The residue was purified by silica gel
column chromatography (hexane—EtOAc=9:1 to 2:1) to
give the more polar diastereomer 13a as a colorless oil
(3.44 g,37%) and the less polar diastereomer 13b as a white
amorphous solid (2.54 g, 28%).

4.1.8. More polar diastereomer 13a. '"H NMR (CDCl;) 6
8.43 (d, J=5.0Hz, 1H), 7.29 (d, J=7.6 Hz, 1H), 7.09 (dd,
J=17.6,5.0 Hz, 1H), 6.92-6.65 (m, 6H), 6.37 (s, 1H), 5.97
(br s, 2H), 4.91 (d, /J=10.1 Hz, 1H), 4.53 (d, /=10.1 Hz,
1H), 3.76 (s, 3H), 3.66 (s, 3H), 3.20 (t, J=10.1 Hz, 1H),
3.19-2.79 (m, 3H), 1.34 (s, 9H), 1.22 (d, J=6.6 Hz, 3H).
3C NMR (CDCly) 6 17.1, 27.9, 36.5, 41.2, 49.5, 51.5, 51.9,
55.0, 64.4, 81.0, 100.8, 108.1, 108.1, 112.6, 115.0, 121.6,
121.7, 129.4, 132.0, 132.3, 135.5, 137.6, 139.6, 146.4,
147.7, 149.2, 157.7, 164.6, 172.1, 176.3. HRMS calcd for
C3,H36NO; (M+ 1) 546.24292, found 546.2488.

4.1.9. Less polar diastereomer 13b. '"H NMR (CDCl5) 6
8.41 (d, J=4.9 Hz, 1H), 7.29 (d, J=7.6 Hz, 1H), 7.08 (dd,
J=17.6,4.9 Hz, 1H), 6.94-6.86 (m, 1H), 6.80 (d, J=7.9 Hz,
1H), 6.79-6.67 (m, 4H), 5.97 (br s, 2H), 4.94 (d, J=9.7 Hz,
1H), 4.55 (d, J=9.7 Hz, 1H), 3.77 (s, 3H), 3.63 (s, 3H),
3.48-3.24 (m, 1H), 3.24 (t, J=9.7 Hz, 1H), 2.95-2.50 (m,
2H), 1.34 (s, 9H), 1.28-1.15 (m, 3H). '*C NMR (CDCl;) 6
17.1, 28.1, 37.3, 41.0, 49.1, 51.7, 52.0, 55.2, 64.6, 81.1,
101.0, 108.2, 108.3, 112.7, 115.6, 121.8, 129.6, 132.2,
132.4, 135.8, 137.7, 139.6, 146.6, 147.9, 149.4, 157.7,
164.9, 172.2, 176.5. HRMS calcd for C3,H3sNO; (M+1)
546.2492, found 546.2485.
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4.1.10. (5RS,6SR,7SR)-6-tert-Butoxycarbonyl-7-[2-(2-
methoxycarbonylpropyl)-4-methoxyphenyl]-5-(3,4-
methylenedioxyphenyl)cyclopenteno[1,2-b]pyridine
N-oxide (14a). To a solution of 13a (3.63 g, 6.65 mmol) in
CHClj; (50 ml) was added m-CPBA (2.47 g, 14.3 mmol) at
0°C and the mixture was stirred for 15h at cold room
temperature (6 °C) under a N, atmosphere. The reaction was
quenched with 1 M Na,S,0;3 solution, stirred at 6 °C for
30 min and then extracted with EtOAc. The organic layer
was washed with saturated NaHCO; solution, water and
brine, dried over Na,SO, and then concentrated. The
residue was purified by silica gel column chromatography
(CHCI3-MeOH=30:1) to give 14a as a pale brown
amorphous solid (3.58 g, 96%). 'H NMR (CDCls) 6 8.02
(d, J=6.2 Hz, 1H), 7.14 (dd, J=17.7, 7.0 Hz, 1H), 6.92 (d,
J="17.7 Hz, 1H), 6.82-6.60 (m, 6H), 5.96 (br s, 2H), 5.05 (d,
J=7.0 Hz, 1H), 4.56 (d, J="7.7 Hz, 1H), 3.73 (s, 3H), 3.64
(s, 3H), 3.40-2.98 (m, 4H), 1.42 (s, 9H), 1.31 (d, J=7.0 Hz,
3H). HRMS calcd for C3,H36NOg (M + 1) 562.2441, found
562.2444.,

4.1.11. A diastereomer of 14a (14b). Compound 14b was
prepared from 13b (starting material) in a similar procedure
to that described for the preparation of 14a. White
amorphous solid (83% yield); "H NMR (CDCl5) 6 8.01 (d,
J=6.4Hz, 1H), 7.15 (t, J="7.1 Hz, 1H), 6.94 (d, J="7.9 Hz,
1H), 6.80-6.66 (m, 6H), 5.96 (s, 2H), 5.09 (d, /=7.3 Hz,
1H), 4.61 (d, J=8.2 Hz, 1H), 3.73 (s, 3H), 3.65 (s, 3H), 3.52
(dd, J=13.9, 4.6 Hz, 1H), 3.40-3.29 (m, 1H), 3.15 (dd, /=
8.2, 7.3 Hz, 1H), 2.64 (dd, /J=13.9, 10.4 Hz, 1H), 1.42 (s,
9H), 1.20 (d, J=6.8 Hz, 3H). HRMS calcd for C;5,H3,NOg
(M+1) 562.2441, found 562.2441.

4.1.12. (5RS,6SR,7SR)-2-(1-Benzoyl-1-iso-propylamino)-
6-tert-butoxycarbonyl-7-[2-(2-methoxycarbonylpropyl)-
4-methoxyphenyl]-5-(3,4-methylenedioxyphenyl)cyclo-
penteno[1,2-b]pyridine (15a). To a solution of 14a (3.40 g,
6.05 mmol) and Et3N (2.7 ml, 19.4 mmol) in CHCl; (30 ml)
was added N-isopropylbenzoylimidoyl chloride (2.97 ml,
18.9 mmol) at room temperature. After stirring overnight at
60 °C under N,, the mixture was cooled to room temperature
and diluted with saturated NaHCO; solution. The mixture
was extracted with ethyl acetate and the organic layer was
washed with brine, dried over Na,SO, and then concen-
trated. The residue was purified by silica gel column
chromatography (hexane—EtOAc=10:0 to 4:1) to give 15a
as a pale brown amorphous solid (3.20 g, 72% yield). 'H
NMR (CDCl3) 6 7.27-7.12 (m, 5H), 7.02-6.97 (m, 1H),
6.79-6.48 (m, 7H), 5.94 (br s, 2H), 4.98 (sept, J=6.8 Hz,
1H), 4.89 (d, J=9.8 Hz, 1H), 4.46 (d, J/=9.8 Hz, 1H), 3.81
(s, 3H), 3.67 (s, 3H), 3.14 (t, J=9.8 Hz, 1H), 3.07-2.96 (m,
2H), 2.92-2.82 (m, 1H), 1.34 (s, 9H), 1.25 (d, /J=7.0 Hz,
3H), 1.13 (d, J=7.0 Hz, 6H). '*C NMR (CDCl;) 6 17.0,
20.8, 21.1, 28.0, 36.6, 41.8, 48.2, 49.0, 51.3, 51.7, 55.2,
64.7, 81.3, 101.1, 108.1, 108.3, 113.0, 114.4, 121.8, 123.5,
127.6, 128.4, 129.2, 1294, 133.0, 133.6, 135.9, 136.3,
137.5, 140.0, 146.8, 148.0, 154.3, 158.0, 164.6, 170.2,
1724, 176.8. HRMS calcd for C42H47N208 (M+ 1)
707.3332, found 707.3325. Anal. Calcd for C4,Hy6N>Og:
C, 71.37; H, 6.56; N, 3.96. Found C, 71.09 H, 6.59; N, 3.83.

4.1.13. A diastereomer of 15a (15b). Compound 15b was
prepared from 14b (starting material) in a similar procedure

to that described for the preparation of 15a. White
amorphous solid (74% yield). 'H NMR (CDCls) 6 7.25-
7.12 (m, 5H), 7.01 (dd, J=7.7, 1.1 Hz, 1H), 6.79-6.69 (m,
4H), 6.64 (dd, J="17.8, 2.0 Hz, 1H), 6.58-6.51 (m, 2H), 5.96
(br s, 2H), 4.96 (septet, J=6.8 Hz, 1H), 4.90 (d, J=9.8 Hz,
1H), 4.49 (d, J=9.8 Hz, 1H), 3.82 (s, 3H), 3.68 (s, 3H),
3.52-3.43 (m, 1H), 3.21 (t, J=9.8 Hz, 1H), 2.99-2.89 (m,
1H), 2.63-2.53 (m, 1H), 1.34 (s, 9H), 1.18 (d, J=7.0 Hz,
3H), 1.12 (d, J=7.0 Hz, 3H), 1.10 (d, J=7.0 Hz, 3H). "*C
NMR (CDCl;) 6 16.4, 20.7, 21.2, 28.0, 37.4, 40.6, 48.2,
48.8,51.0,51.7,55.3,64.3,81.3, 101.1, 108.2, 108.4, 112.8,
115.7, 121.8, 123.4, 127.6, 128.4, 129.3, 129.4, 132.9,
133.7, 136.1, 136.2, 137.4, 139.6, 146.8, 148.0, 154.4,
157.7, 164.7, 170.2, 172.3, 176.8. HRMS calcd for
C4H4N,Og (M+1) 707.3332, found 707.3329. Anal.
Calcd for C4,Hy46N,0g: C, 71.37; H, 6.56; N, 3.96. Found
C,71.15H, 6.57; N, 3.83.

4.1.14. (5RS,6SR,7SR)-7-[2-(2-Carboxypropyl)-4-meth-
oxyphenyl]-5-(3,4-methylenedioxyphenyl)-2-iso-propyl-
aminocyclopenteno[1,2-b]pyridine-6-carboxylic acid
(3a). Compound 15a (3.40 g, 4.81 mmol) were dissolved
with TFA (50 ml) and stirred for 4 h at room temperature.
After TFA was removed in vacuo, water was added to the
residue and the compound was extracted with EtOAc. The
organic layer was washed with brine, dried over Na,SO, and
then concentrated. The residue was purified by silica gel
column chromatography (CHCl; to CHCl;-MeOH=10:1)
to yield the monoester as a white amorphous solid (2.94 g,
94%). "H NMR (CDCl3) 6 7.25-7.09 (m, 5H), 7.01 (d, J=
7.9 Hz, 1H), 6.76-6.53 (m, 7H), 5.94 (br s, 2H), 4.95 (septet,
J=6.8 Hz, 1H), 493 (d, /=9.6 Hz, 1H), 452 (d, J=
9.6 Hz, 1H), 3.79 (s, 3H), 3.61 (s, 3H), 3.28 (t, J=9.6 Hz,
1H), 3.09-2.78 (m, 3H), 1.22 (d, /=6.8 Hz, 3H), 1.12 (d,
J=6.8 Hz, 3H), 1.11 (d, J=6.8 Hz, 3H). HRMS calcd for
C33H30N,05 M+ 1) 651.2706, found 651.2699. A quantity
of 50 ml (200 mmol) of 4 M NaOH solution was added to a
solution of monoester (2.94 g, 4.52 mmol) in MeOH (70 ml)
and the mixture was stirred under reflux overnight. After
cooling to room temperature, 4 N HCI was added drop-wise
to the mixture until it reached pH 2-3. The mixture was then
extracted with EtOAc and the organic layer was washed
with brine, dried over Na,SO, and then concentrated. The
residue was purified by silica gel column chromatography
(hexane-EtOAc=1:2 to CHCl3-MeOH=10:1) to give 3a
as a white solid (1.79 g, 74%). Mp 158-160 °C. 'H NMR
(acetone-d®) 6 7.08 (d, J=8.5 Hz, 1H), 7.05 (d, J=8.3 Hz,
1H), 6.88-6.72 (m, 5H), 6.38 (d, /J=8.5 Hz, 1H), 6.00 (s,
2H), 5.20 (br s, 1H), 4.90 (d, J=9.5 Hz, 1H), 4.47 (d, J=
8.9 Hz, 1H), 3.87-3.75 (m, 1H), 3.75 (s, 3H), 3.29 (dd, J=
9.5, 8.9 Hz, 1H), 3.17-3.10 (m, 1H), 3.00-2.80 (m, 2H),
1.22 (d, J=6.5 Hz, 3H), 1.13 (d, J=6.3 Hz, 3H), 1.10 (d,
J=6.3Hz, 3H). °C NMR (acetone-d®) 6 17.8, 22.8, 22.9,
38.6, 42.6, 43.4, 50.3, 52.0, 55.2, 63.7, 101.8, 106.8, 108.7,
108.9, 113.3, 115.8, 122.2, 125.7, 130.3, 133.8, 135.0,
138.4, 140.7, 147.2, 148.6, 158.6, 159.6, 162.8, 174.9,
176.7. HRMS caled for C3oH33N,0; (M+1) 533.2288,
found 533.2282. Anal. Calcd for C30H3,N,05-0.5 H,O: C,
66.53; H, 6.14; N, 5.17. Found C, 66.55 H, 6.28; N, 5.01.

4.1.15. A diastereomer of 3a (3b). A volume of 2 ml of 6 M
NaOH solution (12 mmol) was added to a solution of 15b
(85 mg, 0.120 mmol) in MeOH (4 ml) and the mixture was
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stirred under reflux overnight. After cooling to room
temperature, 6 N HCI was added to the mixture until it
reached pH 2-3. Insoluble material was collected by
filtration and the filtrate was extracted using EtOAc. The
organic layer was washed with brine, dried over Na,SO,4 and
then concentrated. The residue and the insoluble material
were combined and purified by silica gel column chroma-
tography (CHCl;-MeOH=10:0 to 9:1) to give 3b as a pale
brown solid (43 mg, 67%). Mp 137-141°C. 'H NMR
(CD;0OD) ¢ 7.33 (d, J=8.8 Hz, 1H), 6.94 (d, /=7.8 Hz,
1H), 6.83-6.75 (m, 5H), 6.68 (d, J=8.8 Hz, 1H), 5.92 (s,
2H), 5.16-5.05 (m, 1H), 4.48 (d, J=28.4 Hz, 1H), 3.90-3.80
(m, 1H), 3.76 (s, 3H), 3.28-3.20 (m, 1H), 3.14-3.06 (m,
1H), 2.85 (dd, J=14.6, 7.0 Hz, 1H), 2.73-2.62 (m, 1H),
1.30-1.23 (m, 3H), 1.21 (d, /=6.3 Hz, 3H), 1.14 (d, J=
6.3 Hz, 3H). '>°C NMR (CD;0D) ¢ 18.3, 22.3, 22.6, 37.5,
43.2, 45.1, 52.8, 55.7, 65.4, 102.4, 109.1, 109.2, 110.6,
114.0, 116.0, 122.4, 127.8, 130.3, 132.6, 137.2, 139.9,
141.8, 148.2, 149.4, 156.0, 156.2, 159.9, 176.1, 180.5.
HRMS calcd for C3oH33N,0; (M+1) 533.2288, found
533.2295. Anal. Calcd for C;oH3,N,07:0.5 H,COs: C,
65.00; H, 5.90; N, 4.97. Found C, 64.99 H, 6.04; N, 4.94.
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Abstract—The Polonowski reaction of NBnMO (4) afforded tropone (10) and the novel isoindole 11 besides the expected products
benzaldehyde and acetmorpholide, in a temperature-dependent ratio. The reaction proceeded via two primary carbenium—iminium ion
intermediates, an exo-centered species 5 which underwent a benzylium—tropylium type rearrangement, and a ring-centered species 6, which
reacted further to isoindole 11 by intramolecular electrophilic substitution. The experimental findings were in good agreement with DFT

computational data.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Tertiary amine-N-oxide are frequently applied oxidants in
organic synthesis," mainly used in combination with
catalytic amounts of transition metal catalysts.” N-Methyl-
morpholine-N-oxide (NMMO, 1) is moreover used in bulk
quantities as a cellulose solvent in the Lyocell process,
which is a new and environmentally benign industrial
approach to production of man-made cellulosic fibers.’
NMMO is able to dissolve cellulose directly without
chemical derivatization to give a dope which is spun simply
into air and water.

In previous studies, we have addressed the chemistry of the
Lyocell process* and have shown that the NMMO-derived
carbenium—iminium ions (2, 3) play a key role in NMMO
and Lyocell chemistry. Later we reported on the first
example of a carbenium—iminium ion interconversion,
which was observed between these two Mannich inter-
mediates. In theory, Polonowski reactions of NMMO would
produce the ring-centered, thermodynamically favored 3 as
the main product besides small amounts of the exo-centered
2. However, intermediate 3 rearranges into the exo-centered
2 via a highly organized transition state involving one
molecule of water, the back reaction not being observed,5
so that the latter intermediate usually predominates. For
N-benzylmorpholine-N-oxide (NBnMO, 4), which was

Keywords: Amine N-oxides; Polonowski reactions; Carbenium—iminium

ions; Rearrangement.
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available from previous NMR studies on conformational
equilibria of tertiary amine N-oxides,® a different behavior
was anticipated: first, the corresponding exo-cation 5 was
supposed to be largely favored from the beginning due to
additional charge stabilization at the benzylic position.
Second, the rearrangement of ring-centered 6 into 5 would
be prevented as the required transition state was strongly
disfavored due to steric hindrance imposed by the bulky
benzyl group. Even though these expectations proved to be
partly true, Polonowski reactions of NBnMO revealed some
surprising results, which we wish to report herein, along
with related kinetic and computational studies.

N
/7 N\ .
e o +| '
2] /C\ (|3H2
R H R R
1R=H 2R=H 3R=H
4R=Ph 5R=Ph 6 R=Ph

2. Results and discussion
Polonowski reactions’ are intramolecular redox reactions in
tertiary aliphatic N-oxides. The nitrogen is reduced from the
formal oxidation stage —1 to —3, and an a-carbon is
oxidized from —2 to £0. The conversion represents a
heterolytic ‘self-oxidation” which thus does not require an
external oxidant. Polonowski reactions are strictly hetero-
lytic processes.® They are induced by O-acylation of the
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amine N-oxide by organic or inorganic acid anhydrides or
halides, acetic anhydride being the traditional reagent used.
The acylation of the exogenous oxygen lowers the electron
density along the N-O bond, and facilitates proton
abstraction in a-position to the nitrogen. The classical
Polonowski reaction proceeds further with the loss of the
respective acid anion, for example, acetate, and simul-
taneous deprotonation from the o-position in a trans-
elimination process (Scheme 1). In this step the N-O bond is
cleaved, and an iminium ion is generated. Addition of
excess acetate in a-position with subsequent N-C bond
fission produces the secondary amines in the form of their
corresponding acetamides. In the overall process, the amine
oxide is dealkylated and acylated, and the a-position of the
cleaved alkyl substituent is oxidized to an aldehyde
function.’

R"H
I+ R
R H RN R, H
I+ | . Ac,0 H \
R
“O0 H -AcO 5 - AcOH R =3¢
+AcO_1
R,R,R" =
alkyl, cycloalkyl R’ H
N R
R O-Ac

Scheme 1. Classical pathway of the Polonowski reaction.

According to the pathway in Scheme 1, we expected
benzaldehyde (7) and acetmorpholide (N-acetylmorpholine,
8) to be the main products of the Polonowski reaction
between N-benzylmorpholine-N-oxide (4) and acetic anhy-
dride. Indeed, these two compounds were found in
equimolar amounts in an approx. 30% yield,'® but there
were three additional main products, however. One of them
was morpholine (9) in its non-acetylated form in about 50%
yield. Surprisingly, it was accompanied by tropone (10) in
the same amount. In contrast to tropone with its quite simple
NMR and mass spectra, identification of the third
unexpected product was rather intricate. Finally, the
compound was identified as oxazino-isoindole derivative
11, obtained in 20% yield. Starting from these experimental
results we set out to clarify the mechanism of this
conversion.

A first valuable clue as to the reaction mechanism was the
observed equimolarity between formed benzaldehyde and
acetmorpholide on the one hand as well as tropone and
morpholine on the other hand, indicating that the first
compound couple was formed according to one pathway,
and the latter according to a competitive one. Raising the
reaction temperature to rt, 35 and 50 °C had no effect on the
ratio between the two compound couples, whereas forma-
tion of isoindole 11, was increasingly favored. This
indicated that the two compound couples 7/8 and 9/10
originate from one intermediate and 11 from another one
which is favored at higher temperatures. From these
observations, the overall mechanism as shown in Scheme
2 was developed.

- O

N N
Ac,0O
—_—
-AcO™
4
- HOAc - HOAc

20%  80%
(\O [50%] [50%] (\O

1"

Scheme 2. Non-classical course of the Polonowski reaction of N-benzyl-
morpholine-N-oxide (4), percentages refer to approx. yields at 0 °C [50 °C].

As the first step in the reaction sequence N-benzylmorpho-
line-N-oxide is O-acylated by acetic anhydride. Fragmenta-
tion of the primary acylation product forms two expected
carbenium iminium intermediates, the exo-centered (ben-
zyl) cation 5 and the ring-centered 6 (Scheme 2), albeit the
latter in surprisingly large amounts. At 0°C reaction
temperature, already about 20% of 6 was produced, and
its formation is more and more favored at increasing
temperatures. The dependence of the product distribution"’
from the reaction temperature allowed estimating the
difference between the free activation energies for for-
mation of either 5 or 6, which was 12.8+2.3 kJ molfl,
meaning that the activation energy for the formation of
5 Wa152 by about 13 kJ mol ' lower than for the formation
of 6.

A possible explanation for these kinetic data was found by
means of computational chemistry. In the minimum
geometries of both 5 and 6 the positive carbons are sp>-
hybrids with trigonal planar geometry. The morpholinium
ring in 6 adopts a twisted chair geometry, as the positively
charged carbon has trigonal planar geometry, which anchors
the carbenium and the neighboring nitrogen in a rigid
structure while the rest of the ring remains flexible
(Scheme 3). This flexibility—mainly a flipping of the
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Scheme 3. Geometries of the carbenium—iminium ions 5 and 6. Grey
shaded areas indicate in-plane atoms, solid arrows denote conformational
flexibility (flipping or bond rotation), dotted arrows sterical hindrance.
Hypothetical geometries: 5-A: phenyl ring in carbenium—iminium plane,
maximum benzylic resonance stabilization, but H-H repulsion; 5-B: phenyl
ring perpendicular to carbenium—iminium plane, minimum benzylic
resonance stabilization.

conformationally free semi-chair—is increased at increas-
ing temperatures, whereas the rigidity of the carbenium-—
iminium structure is not influenced. This structural element
is the basis of the carbenium—iminium resonance stabiliz-
ation, which is however only little affected by temperature
changes.

The case of intermediate 5, which actually is a benzyl
cation—carbenium—iminium ion hybrid, is different. Apart
from the stabilizing carbenium—iminium resonance effect,
there is strong additional stabilization by charge delocaliza-
tion into the aromatic ring. However, for this resonance
stabilization to become effective, the aromatic ring, the
benzylic CH and the C—-N-C element of the morpholine ring
must lie in one plane. Optimum charge delocalization into
the phenyl moiety is only possible in periplanar benzyl
cations (cf. 5-A in Scheme 3), whereas the positive charge
remains localized at the benzyl position in perpendicular
benzyl cations (cf. 5-B in Scheme 3). At equilibrium
geometry of 5, the dihedral angle Ph-2-Ph-1-Cyep,y N is
27° and thus significantly different from 0°, which would
guarantee full resonance stabilization. The steric repulsion
of the ortho-hydrogen in the phenyl ring and the a-hydrogen
in the morpholine ring prevents the latter geometry, the H-H
distance still being relatively short with 2.08 A. Thus, the
carbenium—iminium ion in § does not experience the full
additional benzylic resonance stabilization. Moreover,
overcoming the rotational barrier of the benzyl cation (the
movement from periplanar into perpendicular conformation
and further to another periplanar one) becomes more and
more easy at higher temperatures. Hence, the net stabili-
zation of the carbenium—iminium ion 5 is decreased since the
phenyl moiety is increasingly adopting conformations other
than the fully periplanar one, which explains why 5 becomes
less stable at higher temperatures. Assuming also that the
thermodynamic stabilities of the products go parallel with
the activation energies according to the Hammond prin-
ciple, it becomes clear why the ratio between 5 and 6 is
shifted in favor of the latter with increasing temperature,
as was experimentally observed. Computations on the

transition states leading to 5 and 6 predict an activation
energy difference of 14.5kJmol ™' between the inter-
mediates 5 and 6, which is in satisfying agreement with
the kinetically determined value. The thermodynamic
stability of the two carbenium—iminium ions also was
assessed by means of DFT computations, which showed that
5 is by 19.2 kJ mol ~ ! more stable than 6, which is roughly
the sixfold of the difference between the two NMMO-
derived carbenium—iminium ions 2 and 3 (2.9 kJ mol l).5

Once intermediate 6 was formed, it immediately underwent
intramolecular electrophilic substitution to afford isoindole
11. Apparently, the intramolecular path was much favored
over competitive intermolecular ones, as even in the
presence of excess methanol, morpholine or trimethyl-
hydroquinone as competing O-, N-, or C-nucleophiles,
respectively, only 11 but no trapping products were found.
This must be due to a pre-organizational effect, which holds
the attacking positive carbenium ion in optimal position for
electrophilic attack on the aromatic.

Two competitive pathways start from intermediate S: the
first one is the classical Polonowski pathway leading to 7
and 8, the second one constitutes a benzyl-tropylium
conversion, a rearrangement which is well known to occur
upon fragmentation of substituted aromatics in mass
spectrometry. The temperature independence of the ratio
between 7 (or 8) and 9 (or 10) indicated that the activation
energies for the addition of acetate and rearrangement into
the tropylium derivative were nearly equal. To support this
mechanistic view, we changed the acylating agent to
trifluoroacetic anhydride or sulfuryl chloride, since tri-
fluoroacetate or sulfate as the corresponding weakly
nucleophilic anions should disfavor the Polonowski path-
way thus promoting the competitive tropylium rearrange-
ment. The effect was even stronger than expected: formation
of 7 and 8 was completely prevented, and only 9 and 10 was
found besides isoindole 11. It should be noted that the
change of the acylating agent affected only the two
pathways extending from carbenium—iminium inter-
mediate 5, but not the pathways leading to it, that is, the
ratio between 5 and 6 is not influenced. This is in full
agreement with theory: less basic anions, such as trifluoro-
acetate or sulfate in comparison to acetate, will less
efficiently abstract a-protons from acylated 4. Since this
step is required for both 5 and 6 to form, both pathways are
equally affected although different protons are abstracted.
Thus, the overall reaction rate is lowered, but the ratio
between 5 and 6 remains constant. In contrast, only one
pathway extending from 5—the one leading to 7 and 8—
involves the respective anions, and only that one is
influenced by changes of the acylating agent.

The driving force for the rearrangement of S into the
(1-morpholinyl)tropylium cation (R-1 in Scheme 2) appears
to be the high resonance stabilization of the latter. NRT'?
analysis suggests that there is a 54% participation of the
tropylium resonance form and a 46% participation of
the enamino-cyclohexatrienone canonical structure, which
is nearly the ‘ideal’ 50/50 partition. The mechanism can be
assumed to be that of the well-known benzyl-tropylium
rearrangement,'* from which the present case differs only in
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the presence of a morpholine ring as the benzylic substituent
which additionally stabilizes the primary intermediate R-1.

NMMO (1) readily undergoes O-alkylation by the NMMO-
derived carbenium—iminium ions 2 and 3 leading to an
autocatalytic degradation cycle.'> Interestingly, the carbe-
nium-iminium ions derived from NBnMO do not enter
a similar path. Evidently, the reaction to the observed
products 7-11 is energetically favored over O-alkylation of
NBnMO by either of the carbenium—-iminium ions 5 or 6.
The implications of this observation for the stabilization of
NMMO solutions will be discussed elsewhere.

3. Conclusions

The Polonowski reaction of N-benzylmorpholine-N-oxide
(4) proved to be rather complex. Instead of the expected
high yields, only approx. 30% of the two ‘traditional’
products 7 and 8 were obtained at 0 °C, the majority of the
starting material being converted into the novel isoindole 11
and morpholine (9)/tropone (10). The reaction path and the
observed product distribution can be explained by the
intermediacy of two competing carbenium—iminium ions S
and 6. The differing tolerance of these intermediates
towards temperature changes can be utilized to tune the
product distribution. The experimental findings agree very
well with DFT computational data.

4. Experimental
4.1. General

All chemicals were commercially available. Thin layer
chromatography (TLC) was performed on silica gel 60
plates (5X10 cm, 0.25 mm) with fluorescence detection
under UV light at 254 nm. Column chromatography was
performed on silica gel G60 (40-63 um). Melting points,
determined on a Kofler-type micro hot stage with Reichert-
Biovar microscope, are uncorrected. '"H NMR spectra were
recorded at 300.13 MHz, 13C NMR spectra at 75.47 MHz in
CDCl; as the solvent if not stated otherwise and TMS as the
internal standard. Data are given in ppm. '°C peaks were
assigned by means of APT, HMQC and HMBC spectra;
“d.i.” denotes peaks with double intensity.

Computations, as implemented through Spartan Pro 02 by
Wavefunction, Inc., Irvine, CA, USA, were carried out on
geometries pre-optimized by the semi-empirical PM3
method. For full geometry optimization the widely
employed B3LYP hybrid method, which includes a mixture
of HF and DFT exchange terms and the gradient-corrected
correlation functional of Lee, Yang and Parr'® parametrized
by Becke,!” was used, along with the double-zeta split
valence basis sets 6-31 -I—G”‘,18 which includes diffuse
functions. Transition states and minima were confirmed
by analysis of the calculated vibrational spectrum, and by
intrinsic reaction coordinate analysis. For all transition
states the number of imaginary frequencies was 1, for all
minimum geometries it was 0.

4.1.1. N-Benzylmorpholine-N-oxide (4). Benzyl chloride

(10 mmol) was added dropwise to a solution of morpholine
(20 mmol) in chloroform (100 ml). The mixture was stirred
for 30 min at room temperature and refluxed for 2 h. After
cooling to 0°C in ice water and addition of n-hexane
(50 ml), the white, crystalline precipitate formed (morpho-
linium chloride) was removed by filtration, and the solvents
were evaporated under reduced pressure. The residue, crude
N-benzylmorpholine, was dissolved in ethanol (50 ml) and
hydrogen peroxide (30% in H,O, 5 ml) was added. The
mixture was stirred overnight, excess H,O, was destroyed
by slowly adding the reaction mixture to a suspension of
MnO, (10 mg) in ethanol (5 ml). Removal of MnO, by
filtration and evaporation of the solvent under reduced
pressure provided 7, which was recrystallized from acetone
(24% overall yield, 0.47 g, mp 136 °C). The synthesis was
repeated and up-scaled to obtain sufficient material.
'H NMR (CDCl3, 0.1 M): 6 2.94 (dd, 2H, N-CH,,), 3.53
(dt, 2H, N-CH,,), 3.78 (dd, 2H, O-CH.,), 4.16 (dt, 2H,
O-CH,x), 4.43 (s, 2H, N-CH,-Ph), 7.44 (m, 3H, Ph), 7.58
(m, 2H, Ph). 3C NMR (CDCls, 0.1 M): 6 62.40 (O-CH,),
64.40 (N-CH,), 75.96 (N-CH,-Ph), 129.46 (Ph, d.i., C-3,
C-5), 130.26 (Ph, C-1), 130.80 (Ph, C-4), 134.20 (Ph, d.i.,
C-2, C-6). Anal. calcd for C;;H;5NO,-H,O (211.27): C
62.54, H 8.11, N 6.63; found C 62.16, H 8.32, N 6.48.

4.2. General experimental procedure for Polonowski
reactions of NBnMO

A solution of NBnMO (4, 10 mmol) in CH,Cl, (50 ml) was
added dropwise to a solution of acetyl chloride or acetic
anhydride (10 mmol) in the same solvent (150 ml) under
stirring and efficient cooling with an ice/NaCl bath. Also
inorganic acid chlorides, such as POCl; or SOCl,, were used
with the same result. (CAUTION! Degradation reactions
of amine N-oxides are known to easily become uncontrol-
lable!'® Work in an efficient hood and wear appropriate eye
protection!). The organic phase was washed thoroughly
with a concentrated aqueous sodium hydrogencarbonate
solution until evolution of CO, ceased, and was dried over
NaSO,. Evaporation of the solvent in vacuo yielded a
yellow syrup, which was chromatographed on silica gel
using n-hexane/chloroform (v/v=15:1) to elute the products
in the order tropone (10), benzaldehyde (7), the novel
isoindole 11, acetmorpholide (8), and morpholine (9). If
inorganic acid chlorides were used instead of acetyl chloride
or acetic anhydride, no acetmorpholide was found.

4.2.1. Acetmorpholide (8). 'H NMR (DMSO-ds, 110 °C):
6 2.04 (s, 3H, CHs), 3.47 (m, 4H, N-CH,), 3.68 (t, 4H,
O-CH,). C NMR: 6 19.7; 47.4; 67.3; 169.4.

4.2.2. Morpholine (9). '"HNMR: 6 1.73 (s, b, 1H, NH), 2.87
(m, 4H, N-CH,, J=4.7 Hz), 3.68 (m, 4H, O-CH,, J=
4.7 Hz). >C NMR (CDCls, 0.1 M): 6 46.4, 64.1.

4.2.3. Tropone (10). '"H NMR: 6 6.97-7.17 (m, 6H, CH).
13C NMR: 6 136.7, 136.1, 142.1, 188.1.

4.2.4. 3,4,6,10b-Tetrahydro-1H-[1,4]-oxazino[3,4-aliso-
indole (11). '"H NMR: ¢ 2.52 (dd, 1H, *J=4.4 Hz, °J=
11.2 Hz, N-CH,), 2.66 (ddd, 1H, *J=44, 6.1 Hz, *J=
11.2 Hz, N-CH.,), 3.55-3.58 (m, 1H, Ar—CH,-N, O-CH,—
CH,), 3.63 (m, 1H, O-CH,-CH), 3.65-3.72 (m, 2H,
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Ar—CH,-N, O-CH,~CH,), 3.76 (m, 1H, O—-CH,—CH), 4.31
(t, 1H, °J=6.6 Hz), 6.86 (d, 1H, *J=7.8 Hz), 7.13 (t, 1H,
3J=7.8Hz), 7.29 (t, 1H, *J=7.8 Hz), 7.62 (d, 1H, *J=
7.8 Hz). '>*C NMR: 6 46.7 (N-CH,—CH,), 56.2 (Ar-CH—
N), 66.0 (N-CH), 66.2 (O—~CH,—~CH,), 72.9 (O—CH,—~CH),
121.8, 124.1, 125.8, 128.0, 132.4, 140.1. Anal. caled for
C,H;3NO (175.23): C 75.40, H 7.48, N 7.99; found C
75.21, H7.71, N 8.13. Anal. caled for C;H;4CINO (211.69,
hydrochloride of 11): C 62.41, H 6.67, Cl 16.75, N 6.62;
found C 62.36, H 6.83, Cl 16.34, N 6.32.
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Abstract—The crystal and molecular structures of three simple porphyrin diacids have been determined from X-ray diffraction data to
delineate how the peripheral substituents of the porphyrin affect the overall molecular flexibility. Di-meso-substituted
[DPPH4]2+(CF3CO{ ), and, mono-meso-substituted [MPPH4]2+(CF3CO2_ ), and [dedePPH4]2+(CF3CO{ )2 porphyrin diacids show
increasingly saddled core conformation. Some of the spectroscopic properties (NMR and UV-visible) of the porphyrin diacids are also

discussed in terms of the observed structures.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The conformational flexibility of the porphyrin macrocycle
may play an important role in controlling the structure—
function relationship in many heme proteins."? Several
structural studies have explored the effects of non-planarity
on the porphyrin macrocycle using highly substituted
porgphyrins such as dodecaphenyl- and dodecaalkylporphyr-
ins”* but much less work has been reported with simple
porphyrins such as unsubstituted® or mono-meso-substituted
metalloporphyrins.® Since the pioneering work of Stone and
Fleicher,” another approach to study the flexibility of the
porphyrin core is based on protonating the porphyrin free
bases to form N-diprotonated dications, also known as
porphyrin diacids.®'" Porphyrin diacids typically have non-
planar structures with mainly saddle-type distorsions of the
porphyrin core, as revealed by X-ray crystallography.” '

In this study, we have used X-ray crystallography to
characterize the structure of a 5,15-diarylporphyrin diacid
and two mono-arylporphyrin diacids as their trifluoroacetate
salts. Although crystallographic structures showing non-
planar conformational distorsions in a number of mono- and
di-meso-substituted porphyrins have been reported, to our
knowledge, there is no structural comparison to evaluate the

Keywords: Porphyrin diacids; Structure; Saddled; Flexibility.
* Corresponding author. Tel.: +33 223 23 62 85; fax: +33 223 23 56 37,
e-mail: gerard.simonneaux @univ-rennes!.fr

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.01.128

peripheral substitution pattern in a class of relatively
unstrained porphyrin diacids. In contrast with previously
reported Nickel (II) meso-tert-butylporphyrins,® an increase
of the peripheral substitution leads to a slight decrease of the
saddled distorsion. We have also incorporated "H NMR and
UV-visible results since these related data have been used,
in some cases, to discuss the flexibility of the porphyrin core
in solution.

2. Results and discussion

2.1. Crystal structures of 1, 2 and 3

The porphyrin core of 5,15-(3,5-dimethoxyphenyl)por-
phyrin [DPPH,]** (CF5CO3 ), 1, 5-(3,5-dimethoxyphenyl)-
porphyrin [MPPH,]* " (CF5CO5 ), 2 and 5-(3,4,5-
trimethoxyphenyl)-13,17-diethyl-12,18-dimethylporphyrin
[dedePPH4]Z+(CF3C02_ )» 3 is saddled as expected for a
porphyrin diacid. ORTEP diagrams of 1, 2 and 3 are
presented in Figure 1. The B-carbon atoms of each pyrrole
are alternatively displaced above and below the mean
porphyrin plane. The magnitudes can be seen in Figure 2,
which are formal diagrams of the three porphyrin diacids
that show the perpendicular displacement of each atom from
the mean plane of the 24-atom core. The deviation follows
the order 1 (0.24 A)<2 (0.30 A)~3 (0.31 A).

The trifluoroacetate ions form hydrogen bonds to the
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Figure 1. ORTEP diagrams of the structure of the porphyrin diacids 1,
[DPPH,)* " (CF5CO5 ),, 2 [MPPH,]* " (CF5CO5 ), and 3 [dedmMPPH,4* "
(CF5CO; ),. Thermal ellipsoids are drawn to enclose 50% probability.
Dashed lines indicate hydrogen bonds.

protons of the porphyrin diacid. The positions of the four
inner NH hydrogens atoms are shown in Figure 1 for the
three porphyrin diacids. On each porphyrin face, one
trifluoroacetic acid anion acts as a monodentate ligand and
binds through a carboxyl oxygen to two opposing N-H

protons. For the three porphyrins derivatives, the hydrogen
bonding H---O range from 1.83 to 2.03 A. The average
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Figure 2. Formal diagrams of the porphyrin diacid cores showing the
displacement of the macrocycle atoms from the least-square plane of the 24
atoms (A>< 1()2) and atom numbers.

values of the N-H---O angle were close to linear with values
in the range of 168-176°. Thus, the average value of the
hydrogen bond (angle) for each porphyrin are:1. 98 A
(170.7°), 1.87 A (174°, 1.95A (171.2°), for [DPPH,*"
(CF5CO3 )5, [MPPH4]*" (CF5CO5 ), and [dedmMPPH,]*"
(CF3CO; ),, respectively (Table 1).

The pyrrole NH protons are alternately displaced above and



S. Juillard et al. / Tetrahedron 61 (2005) 3489-3495 3491

Table 1. Distances (A) and angles (°) describing the molecular conformations in 1-3

NI---N4* N2---N3* NI---N2° N3---N4° C10---C20*  C5---C15®  Dihedral angles of phenyl groups/
porphyrin plane
[DPPH,** 2.969 2.958 3.057 3.028 6.840 6.995 58(1), 56.7(1)
[MPPH,]** 2.987 2.956 3.039 3.056 6.829 6.971 42.5(1)
[dedmMPPH,)** 3.002 2.995 3.007 3.013 6.868 6.913 52.3(1)
DPPH,* 2.757 2.750 3.055 3.065 6.614 7.118 54.1(1), 54.5(1)

ab Superscripts a and b denote distances perpendicular and parallel to the substituted meso positions, respectively.

© Ref. [16].

below the 24-atom mean plane. The pyrroles are titled by
17-18.0, 17-24 and 14-25.5° with respect to the porphyrin
plane for 1, 2 and 3, respectively (Fig. 3).

Correlations exist between increasing macrocycle non-
planarity and selected geometric characteristics: some
bond lengths and angles are not affected by the distorsion
while the increasing of the angles C,,—~C,—Cp and C,—C,,—C;
and the decreasing of N-C,—C,, and C,—C,,—C,, are typical
features of the nonplanarity, independent of the way the

[DPPH,**
100 -
0
-100 -
[MPPH,]>*
100 ,
° v 4 & /LL
-100 -
[dedmMPPH,J**
100 -
0
-100 -

Figure 3. Linear display of the deviations of the macrocycle atoms from the
24-atom mean plane (the horizontal axis is not to scale).

macrocycle is distorted (Table 2). As previously reported,””
a special feature of meso-arylporphyrin dications is
the decreasing of meso-aryl group porphyrin dihedral
angles as the magnitude of the saddle distortion increases,
although a linear correlation is not possible.® The phenyl tilt
angles for 1, 2 and 3 are 56.7-58, 42.5 and 52.3°,
respectively.

The porphyrin core displays a weak in-plane distorsion for
1, 2 and 3 with the N---N distances parallel to the 5,15-axis
being ca. ~0.15, 0.14 and 0.05 A greater than the N---N
distances in the perpendicular direction, respectively. A
higher elongation was observed in the X-ray structures of
neutral diphenylporphyrin compounds (~0.30 A).1>:10

It should be noted that the ipso carbons of the phenyl
substituents in 1 do not significantly deviate above and
below the molecular plane, in contrast to the observed
deviation in similar neutral compounds.'®

Thus all the herein porphyrin diacids have a saddle shape. In
contrast to previously reported Ni porphyrins substituted
with rert-butyl groups in meso position,® however, the
deformation slightly decreases with an increase of the
number of substituents, the two monoarylporphyrin diacids
being more saddled than the diarylporphyrin diacid. The
loss of symmetry seems to be responsible of that fact: the
diphenylporphyrin presents a D,,-saddled porphyrin core
whereas the monophenylporphyrins have a C,,-saddled
porphyrin core. Moreover, the presence of alkyl-substituents
at the beta carbon positions enhances the deviation of the
macrocyle from the 24-atom mean plane. Indeed, the meso
carbons of [dedmMPPH,]*" present a bigger displacement
from planarity.

The average absolute value of the displacement of the
carbon beta atoms from the 24-atom mean plane is the best
parameter to measure the nonplanarity of the macrocycle
(Table 2). The results show the saddled distortion of the
diphenyl- and monophenyl-porphyrins is less important
than in the [TPPH4]2+ diacid,””*'? which presents an
important saddled distortion, but is equivalent to
[TMPH4]2+.9 However, compared to the [oepH4]2+~
2[RhCl,(CO),] ", which is planar, the porphyrin core in 1,
2 and 3 presents a sufficient degree of deviation from
planarity.

Finally, in these three porphyrin diacids, the saddled
conformation seems to result from the steric strain between
the four inner protons and the substituents effects, although
the packing may also influence slightly the distorsion of the
macrocycle.
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Table 2. Selected parameters characterizing the extent of the macrocycle deformation of some porphyrin dications

Porphyrins A24 (A) ACB (A) Aryl tilt angle (°)  Cp—C,~Cg CoyC=C; N-C,~Cp, C,—C—C,,
[DPPH,]* " (TFA), 0.24 0.54 57.3 126.7 118.3 125.6 1252
[MPPH,]** (TFA), 0.30 0.67 2.5 127.5 118.2 125.6 124.6
[dedmMPPH,)* " (TFA), 0.31 0.66 523 126.8 117.4 126.4 124.9
[TPPH,)> " (ClO; ), 0.42 0.93 26.4 127.9 — 125.9 123.2
[oepH,]* T (TFA),” 0.33 0.72 — 127.0 — 125.2 1272
[TMPH, > (Cl10; ),* 0.31 0.67 63-75 126.7 — 126.2 124.5
[oepH,]> T2[RhCl,(CO),] ¢ — 0.1 — 127.4 — 126.4 127.5
 Ref. [9].

® Ref. [8].

¢ Ref. [11].

2.2. UV-visible spectroscopy

It was commonly believed for a long time that nonplanar
distorsions of the porphyrin skeleton bring about significant
red shifts in the electronic absorption spectra.'”'® After
some controversial proposal, now it seems accepted that
distortions, by themselves do not bring about sizable red
shifts effect in the absorption spectra of simple non-
transition-metal porphyrins.’®?° The results presented
herein seems confirmed this situation. The peak wave-
lengths of the three porphyrin diacids and their neutral
counterparts are summarized in Table 3. As expected, the
three porphyrin diacids show a significant bathochromic
shift of the UV-visible absorption, compared to the
corresponding neutral precursors. Moreover, there is also
a significant bathochromic shift of these absorptions for the
diarylporphyrin 1 compared with to the monoaryl porphyrin
diacids 2 and 3. As previously reported, introduction of
meso-aryl groups will generally lead to a bathochromic shift
of all absorptions. This is also observed with the neutral
porphyrins. However, this slight bathochromic shift is not
correlated to the importance of the saddling. Here less
saddled systems show an absorption at longer wavelength,
contrary to previously reported with neutral porphyrins.*’

2.3. 'TH NMR

The "H NMR resonances of the porphyrin diacids 1, 2 and 3
and the parent neutral porphyrins are collected in Section 4
and are in agreement with previous literature data reported
for tetraphenyl porphyrin diacids.'®'®**%* As expected,
there is a downfield shift of the internal N-H signals upon
protonation (~ 1.5-2 ppm). Many investigations have
confirmed that interpretation only based on ring current
arguments cannot explain the protonation shifts in porphyr-
ins and have revealed the strong influence of h}/drogen—
bonding on the chemical shift of the NH protons.>*** Since
these chemical shifts are also strongly dependent to the
trifluoroacetic concentration,zz’23 the deshielding of the

N-H resonances cannot be considered as a good marker of
the ring distortion and this effect will not be discussed
further. The two N-H signals are attributed to two struc-
turally inequivalent pyrrole rings in the unsymmetrically
substituted porphyrin diacids 2 (6= —1.29 and —3.0 ppm)
and 3 (0=—1.59 and —2.92 ppm). The two pyrrole rings
bonded to the meso carbon to which the substituted phenyl
ring is attached constitute one set and the two remaining
pyrrole rings connected to a free meso carbon, the second
set in the diprotonated system. The separation of N-H lines
in dissymmetric porphyrin diacids has been previously
reported.”?

3. Conclusion

The crystal structures of the three simple porphyrin diacids
show that the distortion of the porphyrin core depends on the
nature of the peripheral substituent. A slightly increased
distortion in the saddled mono-phenylporphyrin diacids
suggest that this difference is the result of the dissymmetry
on the molecular conformation. This conclusion needs to be
supported by molecular mechanics calculation.

4. Experimental
4.1. General procedures

Methylene chloride, methanol and pentane were distilled
from calcium hydride, magnesium and sodium benzo-
phenone, respectively. Proton NMR spectra were recorded
on a Bruker AV 500 (500 MHz) spectrometer at room
temperature. Chemical shifts are reported in ppm and
referenced to the protonated residual solvent. The porphyrin
concentration used for NMR samples was 13 mM in CDCl;
solution (500 pl) with 1% added of trifluoroacetic acid.
Spectra were assigned with the aid of HMBC. Visible
spectra absorption maxima (nm) and absorption coefficients

Table 3. Selected UV—visible spectroscopic data [nm (¢ dm® mmol ™' em ™ ")] of porphyrin diacids

Free porphyrins

Porphyrin dications

Soret v I il I Soret il I
DPP 407 (400) 502 (18) 536 (4.9) 574 (5.1) 629 (1.4) 424 (182) 569.5 (5.7) 618 (6.9)
MPP 401 (319) 495 (16.8) 526 (2.4) 567.5 (5.2) 621 (0.5) 410 (197) 555.5 (14.01) 602 (6.2)
dedmMPP 404 (230) 500 (16.2) 531.5 (3.9) 569 (5.6) 622 (1.03) 417.5 (125) 559 (14.9) 605 (8.4)
TPP? 419 (478) 515 (18.7) 548 (8.1) 592 (5.3) 647 (3.4) 445 (431) 608 (9.0) 661 (50.9)
OEP® 399 (163.5) 497 (14.15) 530 (10.59) 568 (6.8) 596 (1.51) 405 (316) 550 (14.7) 595 (7.7)
“Ref. [7].

b Ref. [24].
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(¢) were recorded on an Uvikon XL spectrophotometer
using distilled methylene chloride as solvent. ESI mass
spectral data were obtained using a HR-MS/MS ZABSpec
TOF mass spectrometer.

4.2. Porphyrin synthesis

4.2.1. DPPH,. This synthesis was adapted from previous
work.%® 3,5-dimethoxybenzaldehyde (256 mg, 1.54 mmol)
and dipyrromethane (225 mg, 1.54 mmol) were added to
300 ml distilled dichloromethane in a round-bottomed flask.
After stirring the solution under a nitrogen stream for
20 min, trifluoroacetic acid (95 pl) was added and the
mixture was stirred again at room temperature overnight. A
solution of p-chloranil (0.5 g in 10 ml CH,Cl,) was then
added, and the reaction mixture was refluxed for 30 min in
an oil bath preheated to 60 °C. Purification of the porphyrin
was achieved by flash chromatography with chloroform
elution, yielding 353 mg of the desired porphyrin (78%). 'H
NMR (500 MHz, CDCl3, ppm): 6 10.34 (2H, s, H,.50), 9.42
and 9.21 (2H, d, J=6 Hz, Hgpyr), 7.4 (4H, s, Hy410), 6.96
(2H, m, H,,.,), 403 (12H, s, m-OCH3), —3.12 (2H, br,
NH). UV-vis (CH,CL,), A,m (¢ dm® mmol ' ecm™1Y): 407
(400), 502 (18), 536 (4.9), 574 (5.1), 629 (1.4). HR-MS
(ESI-MS) [C36H3;N404 (M+H) "] m/z: caled 583.2345,
found 583.2345.

4.2.1.1. [DPPH,]* " (CF3C0OO "), 1. 'HNMR (500 MHz,
CD,Cl,, 1% TFA, ppm): 6 10.86 (2H, s, H,..,), 9.48 and
9.15 (4H, d, J=4.7 Hz, Hppyrr), 7.69 (4H, m, H,,), 7.11
(2H, m, H,,,), 4.11 (12H, s, m-OCH3), —1.72 (4H, br,
NH). UV-vis (CH,Cly, 5% TFA), Ay (¢ dm® mmol ~' cm ™ 1):
424 (182), 569.5 (5.7), 618 (6.9).

4.2.2. MPPH,. This synthesis was adapted from previous
work.?” Pyrrole-2-carboxaldehyde (380 mg, 4.00 mmol),
dipyrromethane (300 mg, 2.06 mmol) and 3,5-dimethoxy-
benzaldehyde (342 mg, 2.06 mmol) were dissolved in 1 L of
dry dichloromethane under argon. 100 pL trifluoroacetic
acid (1.3 mmol) was added to this solution, and the reaction
mixture was shielded from ambient light and stirred for 16 h
in the dark. After this time, 1.3 g (5.73 mmol) of DDQ was
added and the reaction mixture was stirred for another hour.
Then, 1.5 ml triethylamine was added and the solution
concentrated in vacuo. The resulting residue was purified by
column chromatography on silica gel using 2:1 dichloro-
methane/hexane as eluant. The first fraction was the final
product while the second fraction corresponds to the
diphenylporphyrin. Recrystallization from dichloro-
methane/methanol afforded 60 mg (0.13 mmol, 6.3%) of
5-(3,5-dimethoxyphenyl)porphyrin as purple crystals. 'H
NMR (500 MHz, CDCls, ppm): ¢ 10.36 (2H, s, 10,20-
H,eso), 1029 (1H, s, 15-H,,.,,), 9.51 (4H, dd, *J=4 Hz,
Hgpyr)s 9443 (2H, d, *J=4 Hz, Hgyyrr), 922 (2H, d, *J=
4 Hz, Hgpyre ), 7.48 (2H, d, Hypio), 6.96 (1H, m, H,,,,,), 4.02
(6H, s, m-OCH3), —3.57 (2H, br, NH). UV-vis (CH,Cl,)
Aom (e dm®mmol ™ 'em™Y): 401 (319), 495 (16.8), 526
(2.4), 567.5 (5.2), 621 (0.5). HR-MS (ESI-MS)
[CosH,3N40, (M+H) ' ]: caled 447.1821, found 447.1819.

4.2.2.1. [MPPH,]*"(CF;CO0 ), 2. 'H NMR
(500 MHz, CDCls, 1% TFA, ppm): 6 10.94 (2H, s, 10,20-
H,ues0), 10.81 (1H, s, 15-H,.0s0), 9.71 (4H, dd, °J=4.6 Hz,

Hppyr ) 9:52 (2H, d, *J=4.6 Hz, Hppyrr ), 9.19 (2H, d, *J=
4.6 Hz, Hppyre ), 7.72 2H, d, *J=2 Hz, H,,), 7.14 (1H, t,
H,ura), 4.12 (6H, s, m-OCH3), —1.29 (2H, br s, NH), —3
(2H, br s, NH). UV-vis (CH,Cl,, 5% vol. TFA) Ay
(e dm® mmol ~' em ™ 1): 410 (197), 555.5 (14), 602 (6.2).

4.2.3. dedmMPPH,. This porphyrin was obtained accord-
ing to the general procedure involving [2+2] dipyrrole—
dipyrrole coupling and adapted from previous work.*® In a
round-bottomed flask, 3,3’-diethyl-4,4'-dimethyldipyrro-
methane-5,5’-dicarboxylic acid (113 mg, 0.355 mmol) and
5,5'-diformyl-meso-(3,4,5-trimethoxyphenyl)dipyrromethane
(130 mg, 0.355 mmol) was dissolved in distilled CH,Cl,
(120 mL) under argon. To this solution was added
trifluoroacetic acid (80 pl, 1.1 mmol) and the reaction
mixture was stirred overnight at room temperature and
protected from ambient light. After this time, p-chloranil
(30 mg, 0.12 mmol) was added and the solution was stirred
for another hour, treated with triethylamine (1.6 ml,
10.6 mmol) and evaporated. The resulting residue was
purified by chromatography with CH,Cl, as eluant.
Recrystallization from dichloromethane/pentane afforded
172 mg of 5-(3,4,5-trimethoxyphenyl)-13,17-diethyl-12,18-
dimethylporphyrine (0.30 mmol, 86%). 'H NMR
(500 MHz, CDCl3, ppm): 6 10.19 (2H, s, 10,20-H,,.s),
10.06 (1H, s, 15-H,,.,,), 9.35 (2H, d, *J=4.45 Hz, Hgpyrr),
9.15 (2H, d, *J=4.40 Hz, Hppyr ), 7.55 (2H, s, Hypno), 4.23
(3H, s, p-OCH3), 4.12 (2H, q, °J=7.6 Hz, CHy-gpyrr ), 4.03
(6H, s, m-OCHz), 3.66 (6H, s, CH3-ppyrr), 1.93 (6H, t, MES
7.7 Hz, CH3-¢thy1), —3.19 (1H, br s, NH), —3.44 (1H, brs,
NH). UV-vis (CH,Cly) Aym(e dm® mmol™'em™'): 404
(230), 500 (16.2), 531.5 (3.9), 569 (5.6), 622 (1.03). HR-MS
(ESI-MS) [C35H37N403 (M+H)+] caled 5612865, found
561.2869.

4.2.3.1. [dedmMPPH,]*" (CF;CO0 ),. '"H NMR
(500 MHz, CDCls, 1% TFA, ppm): 6 10.65 (2H, s, 10,20-
H,.s0), 10.38 (1H, s, 15-H,,.,,), 9.36 (2H, d, *J=4.6 Hz,
Hppyrr)s 9.04 (2H, d, *J=4.6 Hz, Hppyrr), 7.82 (2H, s,
H,n0), 4.27 (3H, s, p-OCH3), 4.17 (6H, s, m-OCHs), 4.12
(2H, q, J=7.7 Hz, CHa-ppyrr ), 3.66 (6H, s, CHz-gpyrr ), 1.77
(6H,t, *J=17.7 Hz, CH3-ctny1), — 1.59 2H, br's, NH), —2.92
(2H, s, NH). UV-vis (CH,Cl,, 5%vol. TFA) Anm
(e dm® mmol ~' ecm ™ 1): 417.5 (125), 559 (14.9), 605 (8.4).

4.2.4. Crystallization of porphyrin diacids. For each
porphyrin, 40 mg was dissolved in 1 ml of distilled chloro-
form. 3 equiv of trifluoroacetic acid was added, the red
purple solution became green. The solutions were layered
with distilled pentane at room temperature. After 1 week,
plate-shaped crystals were obtained and suitable for single-
crystal X-ray analysis.

4.3. X-ray structure determination

X-ray diffraction data were collected on a NONIUS Kappa
CCD with graphite monochromatized Mo Ko radiation (A=
0.71073 A). The cell parameters are obtained with Denzo
and Scalepack® with 10 frames (psi rotation: 1° per frame).
All three structures were solved with SIR-97°° which
reveals the non hydrogen atoms of the molecule. After
anisotropic refinement, many hydrogen atoms may be found
with a Fourier Difference. The whole structure was refined
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Table 4. Crystallographic data for 1-3
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1 2 3
Empirical formula C44H34F1,N4O5 C3,H,4FgN4Og C43H40F1oN4O 14
Formula weight 1038.75 674.55 1016.79
Crystal size (mm) 0.38X0.38X0.24 0.38X0.22X0.18 0.45X0.35X0.32
Temperature (K) 130(1) 120(1) 120(1)
Wavelength (A) 0.71069 0.71069 0.71069
Crystal system Triclinic triclinic Monoclinic
Space group P-1 P-1 P2,/c
a(A) 12.9796(2) 8.52420(10) 13.7355(2)
b (A) 13.6401(2) 9.17530(10) 17.2426(2)
c(A) 13.8073(2) 19.2879(3) 20.1298(3)
a(®) 100.3030(10) 84.6690(10) 90
B () 101.4180(10) 86.5690(10) 105.9200(10)
v () 101.5990(10) 81.0130(10) 90
V (A%) 2285.51(6) 1482.01(3) 4584.60(11)
V4 2 2 4
Deate (mgm™ %) 1.509 1.512 1.473
w (mm™ ) 0.141 0.130 0.137
Total reflections 61753 36279 82767
Independent reflections 10484 6521 10512
Observed reflections [F>(2a(F?)] 8000 5633 7404
Rint 0.0000 0.0186 0.0000
R1 [F*>20(F%)] 0.0705 0.0415 0.0731
wR2 (all data) 0.2188 0.1158 0.2347
Goodness-of-fit on F? 0.999 1.041 1.030

with SHELXL97?' by the full-matrix least-square tech-
niques. Atomic scattering factors from International Tables
for X-ray Cr))ystallography (1992). Ortep views realized with

PLATONOS

2

Crystallographic data are summarized in Table 4.
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Abstract—The introduction of quite bulky trialkyl or diarylalkylsilyl groups into vicinal trans-hydroxy groups induced a conformational flip
of certain multifunctionalized cyclohexane rings from the usual chair form possessing more equatorial substituents (equatorial-rich chair
form) into another chair-form that has more axial substituents (axial-rich chair form). This realization was experimentally revealed by the
conformational study of the synthetic myo-inositol derivatives possessing two tert-butyldimethylsilyl (TBS), two triisopropylsilyl (TIPS), or
two tert-butyldiphenylsilyl (TBDPS) groups on an adjacent trans-diol. Among them, the cyclohexane rings of the 4,5-bis-O-TIPS-myo-
inositol, 4,5-bis-O-TBDPS-myo-inositol, and 1,2,3,6-tetra-O-benzyl-4,5-bis-O-TBDPS-myo-inositol were in the axial-rich chair form.
Comparison of the ring conformations also revealed that the order of the repulsion was OTBDPS/OTBDPS > OTIPS/OTIPS > OTBS/OTBS,
and the silyloxy/silyloxy repulsion was enhanced when the two silyloxy groups were placed in the center of the contiguous four equatorial

substituents.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The introduction of bulky trialkyl or diarylalkylsilyl groups
into a vicinal hydroxy groups induces a conformational bias
due to the repulsion between the two bulky silyloxy groups.
The first observation of such a conformational distribution
control is the trans-1,2-anti orientation of ferz-butyldi-
methylsilyloxy groups on acyclic compounds reported by
Saito and co-workers (Fig. 1)." In 1994, Tius’ group found
that the silyloxy repulsion also changed the conformation of
a tetrahydropyrane ring.” The introduction of fert-butyldi-

TBSO TBSO HO.
H OTBS TBDP\!'SO
<~—COOEt 07~Me O
S=_COOEt
880 N TBSO TBDPSO  OH

Figure 1. Conformational restrictions of acyclic, tetrahydropyrane, and
pyranose derivatives due to the repulsion between adjacent silyloxy
groups.' >3

Keywords: Ring conformation; Myo-inositol; Axial-rich chair; Silyl

protecting groups.

* Corresponding author. Tel.: +81 79 565 8342; fax: +81 79 565 9077,
e-mail: hidetosh@kwansei.ac.jp

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.01.124

methylsilyl (TBS) groups into the hydroxy groups on the
tetrahydropyrane flipped the ring conformation from the
usual chair form possessing more equatorial substituents
(equatorial-rich chair form) into another chair-form holding
more axial substituents (axial-rich chair form). Since then
many conformational flips of tetrahydropyrane rings have
occurred due to the introduction of bulky silyl groups thus
making effective substrate-controlled stereoselective reac-
tions possible.>

Recently, a conformational change in a cyclohexane ring
was reported by Marzabadi and co-workers based on the
NMR experiments of the frans-1,2-bis-silyloxycyclohex-
anes.” They demonstrated that the introduction of triisopro-
pylsilyl (TIPS) and tert-butyldiphenylsilyl (TBDPS) groups
into trans-1,2-cyclohexanediol favored the 1,2-diaxial

SiR3 = TIPS
95:5
SiR3z = TBDPS
E=S %oswg
. SiR3=TBS R;Si0
RsSiO 11:89

Figure 2. Ring conformation of trans-1,2-bis-silyloxycyclohexanes in
CD,Cl, at 200 K.?
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conformation in the solution (Fig. 2). In contrast, the
1,2-diequatorial conformation was favored when TBS,
triphenylsilyl, and other smaller silyl protecting groups
were introduced. If the silyl groups could flip a cyclohexane
ring possessing other functional groups on the same ring, the
conformational control would become an essential and
effective synthetic means as well as the flipped sugar
chemistry.*® Our objective is accomplishing such a
conformational control on a multifunctionalized cyclo-
hexane ring, myo-inositol, by introduction of two bulky silyl
protecting groups.

Mpyo-inositol has six hydroxy groups on a cyclohexane ring,
and five of them occupy the equatorial positions because the
compound is generally in the equatorial-rich chair form
(Fig. 3). As the previous ring-inversions shows,”® intro-
duction of the bulky silyl groups into a pair of adjacent
trans-hydroxy groups—generally these are equatorial—has

OH

Figure 3. Myo-inositol in the equatorial-rich chair form.

OR OR
RO 3_OSiR; RO. OR
RO N 2"0SiR; RO™ N4 0SiR,
OR OSiR;
1:R=H, SiR3= TBS 4 R=H, SiR3=TBS
2. R=H, SiR3=TIPS 5 R=H, SiR3 = TIPS
3:R=H, SiRz = TBDPS 6: R=H, SiR3 = TBDPS
1p: R=Bn, SiR3=TBS 4p: R =Bn, SiRz = TBS
2p: R = Bn, SiR3 = TIPS 5p: R = Bn, SiR3 = TIPS
3p: R=Bn, SiR;=TBDPS  6p: R = Bn, SiR3 = TBDPS

Figure 4. Compounds whose ring conformations were investigated.

OH
HO OPMB BnO
—a
BnO™ “OPMB BnO™
OBn
7
C
—>» 1p-3p —>» 1-3
OH
H OBn BnO,
—
BnO™ “'OPMB BnO™
OPMB
9
9, 4p-6p —"» 46

been crucial to flip the ring. Since myo-inositol has one
axial hydroxy group, there are two different sets of adjacent
trans-diols, that is, the 3- and 4-positions and the 4- and
5-positions. For the investigation of a conformational
change in the multifunctionalized cyclohexane ring due to
the repulsion of two bulky silyloxy groups, we designed
myo-inositol derivatives possessing two TBS, two TIPS, or
two TBDPS groups into the adjacent trans-diols (3,4- and
4,5-positions). Thus, we synthesized (4 )-3,4-bis-O-TBS,
TIPS, and TBDPS-myo-inositols (1-3) and the correspond-
ing 4,5-analogues 4-6 (Fig. 4), and investigated their ring
conformations. The conformations of the synthetic inter-
mediate 1p—6p were also studied. The ring conformations
were determined based on the coupling constants in the 'H
NMR spectra. When the derivatives afforded single crystals,
we also carried out X-ray diffraction studies.

2. Results and discussion

2.1. Preparation of the adjacent trans-silyloxy
derivatives of myo-inositol

Scheme 1 shows the syntheses of 1-6. The dibenzylation of
(£)-4,5- d1 O-benzyl-1,6-bis-O-(4-methoxybenzyl)-myo-
inositol (7)° gave the 1,2,5,6-tetrabenzylated derivative 11,
then removal of the two p-methoxybenzyl (PMB) groups
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
produced the 3,4-diol 8. The protection of the two generated
hydroxy groups with TBSOTf, TIPSOTf, and TBDPSOT{’
gave 1p, 2p, and 3p, respectively, whose benzyl groups
were hydrogenated with Pd(OH), in THF to give the
3,4-bis-O-silylated 1, 2, and 3.2 The complete removal of
the benzyl groups was complicated. These reactions
required a long time and sometimes a high hydrogen gas
pressure, but the resulting yields of the full debenzylated
compounds were not very high. The steric hindrance due to

OBn
OPMB b BnO, 3 JOH
—_—
“OPMB BnO" "% "OH
OBn
8
OBn
OBn ‘ BnO OBn
—
“OPMB BnO" Y4"0H
OPMB OH
10

Scheme 1. Reagents and conditions: (a) NaH, DMF, rt, 2 h, then BnBr, rt, 10 h, 68%, (b) DDQ, 17:1 CH,Cl,-H,0, rt, 45 min, 77%, (c) TBSOT, 2,6-lutidine,
DMEF, 100 °C, 1 h, 94% to 1p; TIPSOTT, 2,6-lutidine, DMF, 100 °C, 12 h, 83% to 2p; TBDPSOTT, 2,6-lutidine, DMF, 100 °C, 7 h, 85% to 3p, (d) H, (1 atm),
Pd(OH),, THF, rt, 15 days, 12% to 1; H, (1 atm), Pd(OH),, THF, rt, 17 days, 48% to 2; H, (100 atm), Pd(OH),, THF, rt, 8 days, 23% to 3, (e) NaH, DMF, rt,
2 h, then BnBr, rt, 5 h, 98%, (f) DDQ, 17:1 CH,Cl,-H,O, 1t, 6 h, 82%, (g) TBSOTHT, 2,6-lutidine, DMF, 120 °C, 10 h, 100% to 4p; TIPSOTT, 2,6-1lutidine, DMF,
100 °C, 12 h, 90% to 5p; TBDPSOTY, 2,6-lutidine, DMF, 100 °C, 1.5 h, 100% to 6p, (h) H, (100 atm), Pd(OH),, THF, rt, 5 days, 31% to 4; H, (1 atm),
Pd(OH),, THF, rt, 11 days, 35% to §; H, (1 atm), Pd(OH),, THF, rt, 10 days, 50% to 6.
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Table 1. "H NMR coupling constants and dihedral angles of 1-6, 1p—6p, 8 and 10

Compound 3JHH (Hz) [caluculated dihedral angle (°)] 4JHH (Hz)
(positions)

H-1-H-2 [H-1-  H-2-H-3 [H-2-  H-3-H-4 [H-3- H-4-H-5[H4-  H-5-H-6 [H-5- H-6-H-1 [H-6-
C-1-C-2-H-2] C-2-C-3-H-3] C-3-C-4-H-4] C-4-C-5-H-5] C-5-C-6-H-6] C-6-C-1-H-1]

1? 2.7 [61] 2.9 [59] 9.5 [162] 9.2 [159] 8.8 [155] 9.0 [157] —

2* 2.9 [59] 2.9 [59] 8.1 [149] 8.1 [149] 8.5 [153] 8.5 [153] —

3 2.8 [60] 2.7 [61] 7.4 [144] 7.2 [143] 7.6 [146] 7.9 [148] —

1p° 2.1 [68] 2.1 [68] 9.3 [160] 9.0 [157] 9.3 [160] 9.6 [164] —

2p° 1.8 [72] 2.4 [64] 9.3 [160] 8.7 [154] 9.0 [157] 9.3 [160] —

3p° 3.0 [58] 1.8 [72] 8.4 [152] 8.1 [149] 8.4 [152] 8.7 [154] —

8° 2.1 [68] 2.4 [64] 9.3 [160] 9.3 [160] 9.3 [160] 9.6 [164] —

4* 3.4 [54] 3.4 [54] 7.2 [143] 7.1[142] 7.1 [142] 7.4 [144] —

5 3.4 [54] 3.4 [54] 3.7 [52] 3.9 [50] 3.8 [51] 3.6 [53] 0.8 (H-3-H-5)
1.7 (H-4-H-6)
1.0 (H-5-H-1)

6" 3.3 [55] 3.3 [55] 3.6 [53] 3.3 [55] 3.3 [55] 3.6 [53] 0.9 (H-3-H-5)
1.8 (H-4-H-6)
0.9 (H-5-H-1)

4p° 2.4 [64] 2.1 [68] 9.6 [164] 8.7 [154] 9.3 [160] 9.6 [164] —

5p° 2.4 [64] 2.4 [64] 8.4 [152] 7.8 [147] 7.8 [147] 9.0 [157] —

6p° 2.7 [61] 3.6 [53] 3.6 [53] 3.3 [55] 3.6 [53] 4.8 [43] 1.2 (H-4-H-6)

10¢ 2.4 [64] 2.4 [64] 9.6 [164] 9.3 [160] 9.3 [160] 9.6 [164] —

#In CD5CN.

" In CDCl;.

°In C6D6'

the bulky silyl groups supposedly prevents the ap?roach of
the benzyl groups to the surface of the catalyst.**'? Starting
from (=)-1,4-di-O-benzyl-5,6-bis-O-(4-methoxybenzyl)-
myo-inositol (9),'" a similar sequence produced 4,5-bis-O-
silylated 4p—6p and 4-6 through the 1,2,3,6-tetrabenzylated
derivative 12 and the diol 10."

2.2. Determination of the ring conformations

Since the original C; symmetry of the myo-inositol was
already deformed, the accurate observation of the '"H NMR
coupling constants based on both vicinal protons (3JHH) and
w-shaped long-range couplings (4JHH) were possible for
investigating the ring conformations of 1-6 and 1p-6p.
Table 1 summarizes the coupling constants of 1-6 and
1p—-6p at room temperature and the calculated dihedral
angles based on “Jyy.'*'* Although the solution of the
Karplus equation has two values for a given coupling
constant, the six-membered cyclic structure limits the
possible dihedral angles of the vicinal C—H bonds on the
ring. The calculated values were confirmed for their validity
by assembling molecular models. The coupling constants of
8 and 10, which are the precursor diols for the correspond-
ing silyl-protected compounds, are also listed for compari-
son. The coupling constants of the tetraols 1-6 were
measured in CD;CN and those of the tetrabenzyl derivatives
1p—6p were the data in CDCl3;. When the signals heavily
overlapped, C¢Dg was employed.

The assembled molecular models based on the dihedral
angles indicated that all the 3,4-bis-O-silylated myo-inositol
derivatives 1-3 and 1p-3p existed in the equatorial-rich
chair form (Fig. 5). The coupling constants of the 3,4-bis-O-
silylated 1-3 and 1p—3p were substantially similar to those
of the non-silylated diol 8 indicating the large values due
to the protons in the 1,2-diaxial relationship at H-3-H-4,
H-4-H-5, H-5-H-6, and H-6-H-1. Although the coupling
constants of the 3,4-bis-O-TBDPS-protected 3 were some-

what smaller than the others, the reduced amount did not
indicate a drastic change in the ring conformation. There-
fore, the introduction of the bulky silyl protecting groups
into the 3,4-hydroxy groups of myo-inositol did not change
the original equatorial-rich chair form.

HpPH Bno{B"
HI2Z"ZosiRr, BA wOSiRg

R3Si0O~ 3 R3SiO
1:SiR3 = TBS 1p: SiR3 = TBS
2:SiR3 = TIPS 2p: SiR3 = TIPS

3:SiR3 = TBDPS 3p: SiR3 = TBDPS

Figure 5. Ring conformation of the 3,4-bis-O-silylated myo-inositol
derivatives.

In contrast, the rings of certain 4,5-bis-O-silylated com-
pounds, 5,6, and 6p existed in the axial-rich chair form
(Fig. 6). The coupling constants of these compounds were in
the range of 2.7-4.8 Hz (Table 1), and these values
indicated that the cyclohexane cores of 5, 6, and 6p were
in the axial-rich chair form. The long-range w-couplings
due to H-3-H-5, H-4-H-6, and H-5-H-1 supported this
conclusion. Furthermore, the X-ray diffraction study
elucidated that 6p existed as the axial-rich chair form in a

H OH TIPSO OH TBDPSO OH
HO HO
HO 5
TBSO n H - H A\ H
OH OH
TBSO TIPSO TBDPSO
4 5 6
Bn OBn Bn OBn TBDPSOBnOOBn
BnO BnO
TBSO OBn TIPSO OBn - Bn
OBn
TBSO TIPSO TBDPSO
4p 5p 6p

Figure 6. Ring conformation of 4,5-bis-O-silylated myo-inositol
derivatives.
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Figure 7. ORTEP drawing and Chem-3D model based on the X-ray diffraction study of 6p. In the model, the benzyl groups and substituents on the silicon

atoms are omitted for clarity.

crystal (Fig. 7). These are the first observations to show that
the multifunctionalized cyclohexane rings are able to flip
into the axial-rich chair form by the introduction of bulky
silyl protections. On the other hand, the tetrabenzylated 4p
and Sp as well as the tetraol 4 retained the equatorial-rich
chair form, although the silyl protections were introduced at
the 4,5-positions. The coupling constants of these com-
pounds were generally similar to those of the nonsilylated
diol 10 indicating the large values due to the 1,2-diaxial
H-3-H-4, H-4-H-5, H-5-H-6, and H-6-H-1.

2.3. Considerations of the ring conformations

Marzabadi’s report shows that frans-1,2-bis(tert-butyl-
d1methylsﬂyloxy)cyclohexane preferred the equatorial-rich
chair form (Fig. 2).° At first, we postulated that increasing
the functional groups surrounding the trans-adjacent OTBS
groups would reinforce the steric repulsion of the silyloxy
groups and flip the multifunctionalized cyclohexane ring
into the axial-rich chair form. Contrary to our expectation,
however, all the synthesized bis-O-TBS-protected com-
pounds, 1, 1p, 4, and 4p maintained the original equatorial-
rich chair form regardless of the introduced places (3,4- or
4,5-positions) and the presence of the benzyl groups.
Therefore, the two OTBS groups are not big enough to
induce the ring flip of cyclohexane in solution even when
they are placed trans-adjacent and even in a multifunction-
alized cyclohexane."

When the TIPS groups were introduced to the 4,5-positions,
the cyclohexane ring of the tetraol 5 was in the axial-rich

chair form, but the ring of the corresponding tetra-benzyl-
protected Sp was in the equatorial-rich chair form. Thus the
benzyloxy groups prevented the ring flip more than the
hydroxy groups. On the basis of this result, we envisaged
that the axial-rich conformatlon of § was stabilized by
hydrogen bondings.'® Because the ring flip of 5 occurred in
CD;CN (Table 1), we changed the solvent to CD;0D. The
result listed in Table 2 indicated that the ring conformation
of § was still the axial-rich chair form even in methanol. The
coupling constants were in the range of 3.1-5.6 Hz. The
clear long-range w-coupling due to H-4-H-6 (1.2 Hz) was
observed along with small (<1 Hz) w-couplings due to
H-1-H-3, H-3-H-5, and H-5-H-1. These small couplings
were confirmed by the decoupling experiments because the
correlated signals became sharper and taller. On the other
hand, each NMR spectrum of the benzyl-protected Sp in
CDCl;, acetone-dg, and CD3;0D indicated that the equa-
torial-rich chair form was retained in all cases. These
observations demonstrated that the influence of both solvent
effects and hydrogen bondings were less marked on these
ring conformations.

The introduction of TBDPS groups into the 4,5-hydroxy
groups of myo-inositol, 6 as well as 6p, induced complete
ring flip into the axial-rich chair form. A comparison of the
ring conformations of 4, 5, Sp, and 6p (Fig. 6) demonstrated
that the steric repulsion is OTBDPS/OTBDPS > OTIPS/
OTIPS >OTBS/OTBS. Eliel and Satici reported the con-
formational energy of monosilyloxycyclohexanes.!” The
population of the axial-rich chair form is 9 and 20% in the
TIPS derivative and in the TBDPS derivative, respectively

Table 2. "H NMR coupling constants and calculated dihedral angles of 5 and 5p in several solvents

3 Jem (Hz) [calculated dihedral angle (°)]

Compound Solvent H-1-H-2 [H-1-  H-2-H-3 [H2- H-3-H4 [H-3- H-4-H-5 [H-4-  H-5-H-6 [H-5- H-6-H-1 [H-6-
C-1-C-2-H-2]  C-2-C-3-H-3]  C-3-C-4-H-4]  C-4-C-5-H-5]  C-5-C-6-H-6]  C-6-C-1-H-1]

5 CD,CN 3.4 [54] 3.4 [54] 3.7 [52] 3.9 [50] 3.8 [51] 3.6 [53]

5 CD;0OD 3.1 [57] 3.1[57] 5.1 [40] 4.4 [46] 4.4 [46] 5.6 [40]

5p CDCl; 2.4 [64] 2.4 [64] 8.4 [152] 7.8 [147] 7.8 [147] 9.0 [157]

5p CD;COCD; 1.7 [74] 2.1 [68] 9.2 [159] 8.2 [150] 8.4[152] 9.1[158]

5p CD;0OD 2.4 [64] 2.2 [66] 9.0 [157] 8.1 [149] 8.3 [151] 9.0 [157]
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(Fig. 8). Therefore, the OTBDPS group is easier to axially
orient than the OTIPS group when it is the only substituent
on the cyclohexane ring. On the contrary, when these
silyloxy groups are placed side by side in a frans-adjacent
manner, the OTIPS/OTIPS repulsion increased more than
that of OTBDPS/OTBDPS (Fig. 2).5 In the multifunctiona-
lized case, the functionalities except for the silyloxy groups
are likely to affect the ring conformation.

SiRy = TIPS
9:91
o m—
SiR3=TBDPS R.oiQ
RSiO 20:80 3

Figure 8. Conformational equilibrium of trialkylsilyloxycyclohexanes in
CD,Cl, at 179-188 K."”

One of the most important observations is that all the
3,4-bis-O-silylated myo-inositol derivatives, 1-3 and 1p-3p
maintained the equatorial-rich chair form in contrast to the
ring conformation of the 4,5-bis-O-silylated compounds.
In myo-inositol, both the side-functionalities of the 4- and
5-positions are in the trans-relationship. In contrast, one
side of the 3,4-bis-O-silyloxy derivatives, that is, the
2-position, is in the cis-relationship. In these cases, rotation
of the C-3-0O bond let the bulky silyl group escape into a
space in the 2-equatorial direction (Fig. 9) reducing the
silyloxy/silyloxy repulsion. In the bis-4,5-O-silylated com-
pounds, there is no such space to reduce the repulsion. In the
equatorial-rich chair form, the silyloxy/silyloxy repulsion
is enhanced when they are located in the center of the
contiguous frans-hydroxy groups.'” Because each ring
conformation would be the result of a balance between the
1,3-diaxial interactions with the 1,2-diequatorial silyloxy/
silyloxy interactions, the bis-4,5-O-silylated derivatives, 5,
6, and, 6p are in the axial-rich chair form.

Figure 9.
3. Conclusion
Two adjacent bulky silyloxy groups can flip a cyclohexane-

ring into the axial-rich chair form even it is multi-
functionalized, as in these reported results. Compounds 5,

6, and 6p are the first axial-rich chair myo-inositol
derivatives isolated in the pure form, although the ring flip
of inositols itself has been previously observed in solution."®
As well as the famous ring conformation of the all-trans-
1,2,3,4,5,6-hexaisopropylcyclohexane reported by Biali and
co-workers,'” the flipped compounds are also the counter
examples to the general stability of equatorial-rich chair six-
membered rings. It is noteworthy that the introduction and
removal of the silyl protecting groups switch the ring
conformation, that is, the conformation of the multi-
functionalized cyclohexane ring has become controllable.

The cyclohexane-ring of myo-inositol was flipped into the
axial-rich chair form when the TIPS or TBDPS groups were
introduced into the 4- and 5-hydroxy groups. In contrast,
when the bulky silyl groups were introduced into the 3- and
4-positions, the equatorial-rich chair forms were retained
regardless of the variety of the silyloxy groups. This
observation displayed an enhanced silyloxy/silyloxy repul-
sion as expected due to the oxygen functionalities on both
sides of the adjacent silyloxy groups. It may be possible to
state that the introduction of TBDPS groups will flip the
cyclohexane ring when the silylating vicinal hydroxy
groups are in the center of the contiguous four equatorial
hydroxy groups.

4. Experimental
4.1. General method and materials

All commercially available reagents were used without
further purification. All moisture and air sensitive reactions
were performed under a positive pressure of argon in a
glassware equipped with rubber septa. The glassware was
dried under reduced pressure by heating with a heat-gun
before use. When necessary, the solvents and reagents were
distilled prior to use and were transferred using a syringe or
cannula. The reaction mixture was magnetically stirred.

Thin layer chromatography was performed on Merck
precoated silica gel 60 F-254 plates or Merck RP-19
F-254 plates. Column chromatography was performed on
Merck silica gel 60 (0.063—0.200 mm) or Merck silica gel
60 230-400 mesh for ordinary phase or Nacalai tesque
cosmosil 140C18-PREP for reverse phase. Spots were
detected by dipping in a solution of 2% anisaldehyde, 5%
H,S0, in EtOH or a solution of 10% phosphomolybdic acid
in EtOH followed by heating at ca. 200 °C.

The melting points were determined using a Yanagimoto
micro-melting point apparatus. The infrared (IR) spectra
were recorded on JASCO FT/IR-5300 or 8000 instruments
and the major absorbance bands are all reported in
wavenumber (cmfl). The nuclear magnetic resonance
(NMR) spectra were recorded on o-JEOL 400, Varian
UNITY 300 and JEOL JNM-ECA 300 instruments. The
spectral settings for the proton (‘H) NMR were as follows:
8.0 kHz spectral width, 32768 data points, 4.10 sec
acquisition time, 0.24 Hz digital resolution for the o-JEOL
400; 4.5 kHz spectral width, 64000 data points, 7.11 sec
acquisition time, 0.14 Hz digital resolution for the Varian
UNITY 300; and 5.6 kHz spectral width, 32768 data points,
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5.81 sec acquisition time, 0.17 Hz digital resolution for the
JEOL JNM-ECA 300. Chemical shifts of the NMR spectra
are reported in ¢ units downfield from tetramethylsilane.
The 'H NMR data are indicated by a chemical shift with the
multiplicity, the coupling constants, the integration, and the
assignment in parentheses in this order. The multiplicities
are abbreviated as s: singlet, d: doublet, t: triplet, q: quartet,
m: multiplet, and br: broad. The '*C NMR data are reported
as the chemical shift with the hydrogen multiplicity
obtained from the DEPT spectra and the number of carbons
in parentheses. When the number of carbons could not be
analyzed due to heavy overlapping, the number is not
indicated. High-resolution mass spectra (HRMS) were
obtained on either JEOL JMS-T100LC or a JEOL JMS-
700 spectrometer for electrospray ionization (ESI) or fast
atom bombardment ionization (FAB) and are reported in
units of mass to charge.

4.2. Preparation of the 3,4-bis-O-silylated myo-inositol
derivatives

4.2.1. 1,2,5,6-tetra-O-Benzyl-3,4-bis-O-(4-methoxyben-
zyl)-myo-inositol (11). NaH (60% in oil, 180 mg,
4.50 mmol) was added to a stirring solution of 5,6-di-O-
benzyl-3,4-bis-O-(4-methoxybenzyl)-myo-inositol (7)®
(900 mg, 1.50 mmol) in DMF (5 mL) at room temperature.
After stirring for 2 h at room temperature, BnBr (769 mg,
4.50 mmol) was added. After stirring for 10 h at room
temperature, the reaction was quenched with saturated
NH,4CI (30 mL). The aqueous mixture was extracted with
CH,Cl, (3X10mL). The combined organic layer was
successively washed with water and brine. The combined
organic layer was dried over MgSO,, filtered through a
cotton-pad, and evaporated. The resulting residue was
purified by silica gel chromatography (30 g of SiO, eluted
with hexane/AcOEt=100/0 to 6/1) to give 11 (791 mg,
68%) as a white powder. mp. 96-98 °C; IR (KBr, disk) vpax
(cm ™) 3100, 3080, 3030, 2913, 2838, 1615, 1514, 1454,
1358, 1250, 1096, 1036, 824, 733, 696; '"H NMR (CDCl;,
300 MHz) ¢ 7.40-7.19 (m, 24H), 6.87-6.78 (m, 4H), 4.90
(d, J=10.8 Hz, 1H), 4.87 (s, 4H), 4.83 (d, /=10.5 Hz, 1H),
4.81 (d, J=10.5 Hz, 1H), 4.74 (d, J=10.2 Hz, 1H), 4.65 (d,
J=11.7Hz, 1H), 4.62 (d, J=6.3 Hz, 1H), 4.56 (d, J=
4.8 Hz, 1H), 4.53 (d, J=11.1 Hz, 1H), 4.07 (dd, J=9.6,
9.6 Hz, 1H), 4.05 (dd, /=9.6, 9.6 Hz, 1H), 4.00 (dd, J=2.1,
2.1 Hz, 1H), 3.82 (s, 3H), 3.78 (s, 3H), 3.45 (dd, J=9.3,
9.3 Hz, 1H), 3.34 (dd, /=9.9, 2.1 Hz, 1H), 3.32 (dd, J=9.9,
2.1 Hz, 1H); >*C NMR (CDCls, 100 MHz) 6 139.0 (s, 1C),
138.9 (s, 1C), 138.4 (s, 1C), 131.1 (s, 1C), 130.5 (s, 1C),
129.7 (d), 129.1 (d), 128.3 (d), 128.1 (d), 128.0 (d), 127.7
(d), 127.5 (d), 127.4 (d), 127.3 (d), 113.7 (d, 4C), 83.7 (d,
1C), 81.7 (d, 1C), 81.4 (d, 1C), 80.9 (d, 1C), 80.7 (d, 1C),
75.8 (t, 1C), 75.5 (t, 1C), 74.4 (d, 1C), 74.1 (t, 1C), 72.7 (t,
1C), 72.4 (t, 1C), 55.2 (q, 2C); HRMS-ESI (m/z) [M+Na] ™
calcd for CsoHs5,NaOg, 803.3560; found, 830.3563.

4.2.2. 1,2,5,6-tetra-0O-Benzyl-myo-inositol (8). DDQ
(1.05 g, 4.66 mmol) was added to a stirring solution of 11
(1.66 g, 2.12 mmol) in CH,Cl,/H,0 (17/1, 20 mL) at room
temperature. After stirring for 45 min at room temperature,
the reaction mixture was filtered through a cotton-Celite pad
and evaporated. The resulting residue was purified by silica
gel chromatography (75 g of SiO, eluted with hexane/

AcOEt=2/1 to 1/1) to give 8 (885 mg, 77%) as a white
powder. mp. 162-164 °C; IR (KBr, disk) v, (cm ™ 13387,
3100, 3080, 3040, 2909, 2890, 1453, 1445, 1354, 1132,
1049, 1026, 727, 694; '"H NMR (C¢D, 300 MHz) 6 7.40—
7.08 (m, 20H), 4.97 (d, J=11.7Hz, 2H), 494 (d, J=
11.1 Hz, 1H), 4.85 (d, J=11.7Hz, 1H), 481 (d, J=
11.1 Hz, 1H), 474 (d, J=11.7Hz, 1H), 442 d, J=
12.3 Hz, 1H), 4.37 (d, J=12.0 Hz, 1H), 4.15 (dd, J=9.6,
9.3 Hz, 1H, H-6), 3.92 (dd, /=9.3, 9.3 Hz, 1H, H-4), 3.84
(dd, J=2.4,2.1 Hz, 1H, H-2), 3.27 (dd, /=9.3, 9.3 Hz, 1H,
H-5), 3.18 (dd, J=9.6, 2.1 Hz, 1H, H-1), 3.15 (dd, J=9.3,
2.4 Hz, 1H, H-3), 2.17 (br, 1H), 2.10 (br, 1H); >°C NMR
(CDCl3, 100 MHz) 6 138.6 (s, 3C), 138.1 (s, 1C), 128.5 (d),
128.4 (d), 128.3 (d), 128.1 (d), 128.0 (d), 127.9 (d), 127.7
(d), 127.6 (d), 83.0 (d, 1C), 81.4 (d, 1C), 81.3 (d, 1C), 77.2
(d, 1C), 75.7 (t, 1C), 75.4 (t, 1C), 74.8 (t, 1C), 73.9 (d, 10),
73.1 (t, 1C), 72.1 (d, 1C); HRMS-FAB (m/z) [M+H]"
calcd for C34H3,0¢, 541.2590; found, 541.2583.

4.2.3. 1,2,5,6-tetra-0O-Benzyl-3,4-bis-O-tert-butyldi-
methylsilyl-myo-inositol (1p). TBSOTf (176 mg,
0.665 mmol) was added to a stirring solution of 8 (90 mg,
0.17 mmol) and 2,6-lutidine (356 mg, 3.33 mmol) in DMF
(2 mL). After stirring for 1 h at 100 °C, the reaction mixture
was cooled to room temperature and diluted with hexane.
The mixture was successively washed with water and brine.
The organic layer was dried over MgSQOy, filtered through a
cotton-pad, and evaporated. The resulting residue was
purified by silica gel chromatography (5 g of SiO, eluted
with hexane/AcOEt=100/0 to 50/1) to give 1p (120 m$,
94%) as colorless syrup. IR (NaCl, thin film) »,,,, (cm™ ")
3034, 2930, 2859, 1726, 1456, 1360, 1256, 1130, 1069, 839,
777,735, 696; "H NMR (CDCls, 300 MHz) 6 7.45-7.17 (m,
20H), 5.00-4.64 (m, 8H), 4.11 (dd, J=9.3, 9.0 Hz, 1H,
H-4), 4.05 (dd, J=9.6, 9.3 Hz, 1H, H-6), 3.85 (dd, J=2.1,
2.1 Hz, 1H, H-2), 3.44 (dd, J=9.6, 2.1 Hz, 1H, H-1), 3.43
(dd, J=9.3, 2.1 Hz, 1H, H-3), 3.25 (dd, /=9.3, 9.0 Hz, 1H,
H-5), 0.91 (s, 9H), 0.89 (s, 9H), 0.10-0.00 (m, 12H); "*C
NMR (CDCl3, 75 MHz) 6 140.0 (s, 1C), 139.4 (s, 1C), 138.9
(s, 1C), 138.5 (s, 1C), 128.4 (d), 128.2 (d), 128.1 (d), 128.0
(d), 127.9 (d), 127.7 (d), 127.3 (d), 127.1 (d), 127.0 (d),
126.7 (d), 84.3 (d, 1C), 82.6 (d, 1C), 80.9 (d, 1C), 80.2 (d,
1C), 75.7 (t, 1C), 75.2 (t, 1C), 74.6 (t, 1C), 74.5 (d, 1C), 73.2
(d, 10), 72.8 (t, 1C), 26.5 (q, 6C), 18.4 (s, 2C), 18.1 (s, 1C),
—2.9 (g, 10), —3.6 (q, 1C), —3.7 (q, 1C), —4.2 (q, 1C);
HRMS-FAB (m/z) [M+H]" caled for CscHesOgSia,
769.4320; found, 769.4341.

4.2.4. 1,2,5,6-tetra-O-Benzyl-3,4-bis-O-triisopropylsilyl-
myo-inositol (2p). TIPSOTf (138 mg, 0.450 mmol) was
added to a stirring solution of 8 (50 mg, 0.090 mmol) in
2,6-lutidine (248 mg, 2.32 mmol) at 100 °C. After stirring
for 12 h at 100 °C, the reaction mixture was cooled to room
temperature, and then diluted with CH,Cl, (10 mL). The
mixture was successively washed with water (3 mL) and
brine (3 mL). The organic layer was dried over MgSQOy,,
filtered through a cotton-pad, and evaporated. The resulting
residue was purified by silica gel chromatography (15 g of
Si0; eluted with hexane/AcOEt=100/0 to 30/1) to give 21p
(65 mg, 83%) as colorless syrup. IR (KBr, disk) v,,x (cm™ )
3090, 3060, 3020, 2946, 2866, 1458, 1130, 1090, 1065,
1026, 883, 735, 685; 'H NMR (CDCls, 300 MHz) 6
7.40-7.13 (m, 20H), 5.13 (d, J=11.7 Hz, 1H), 5.08 (d,
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J=12.0Hz, 1H), 4.88 (d, J=10.5Hz, 1H), 4.74 (d, J=
12.0 Hz, 1H), 4.73 (d, J=12.0Hz, 1H), 4.68 (d, J=
12.3 Hz, 1H), 4.66 (d, J=12.0Hz, 1H), 4.61 (d, J=
10.5 Hz, 1H), 4.34 (dd, /=9.3, 8.7 Hz, 1H, H-4), 4.06 (dd,
J=9.3, 9.0 Hz, 1H, H-6), 3.95 (dd, J=2.4, 1.8 Hz, 1H, H-
2), 3.66 (dd, /=9.3, 1.8 Hz, 1H, H-1), 3.48 (dd, J=9.3,
2.4 Hz, 1H, H-3), 3.27 (dd, /=9.0, 8.7 Hz, 1H, H-5), 1.08—
0.99 (m, 42H); '*C NMR (CDCl5, 100 MHz) ¢ 139.6 (s,
1C), 139.5 (s, 1C), 138.7 (s, 1C), 138.4 (s, 1C), 128.4 (d),
128.2 (d), 128.0 (d), 127.9 (d), 127.8 (d), 127.7 (d), 127.4
(d), 127.0 (d), 126.8 (d), 126.7 (d), 126.3 (d), 84.2 (d, 1C),
83.3(d, 10), 81.6 (d, 1C), 79.4 (d, 1C), 75.4 (t, 1C), 74.5 (d,
10),74.1 (t, 1C), 73.9 (d, 1C), 73.7 (t, 1C), 72.8 (t, 1C), 18.5
(g, 30), 18.4 (q, 90), 13.8 (d, 6C); HRMS-FAB (m/z) [M+
H]™ caled for Cs,H7706S1,, 853.5259; found, 853.5245.

4.2.5. 1,2,5,6-tetra-0-Benzyl-3,4-bis-O-tert-butyldi-
phenylsilyl-myo-inositol (3p). TBDPSOTf (144 mg,
0.371 mmol) was added to a stirring solution of 8 (45 mg,
0.083 mmol) in 2,6-lutidine (178 mg, 1.66 mmol) at 100 °C.
After stirring for 7 h at 100 °C, the reaction mixture was
cooled to room temperature, and then water (5 mL) was
added. The aqueous mixture was extracted with hexane (3 X
5 mL). The organic layer was successively washed with
water (3 mL) and brine (3 mL). The organic layer was dried
over MgSQy, filtered through a cotton-pad, and evaporated.
The resulting residue was purified by silica gel chromato-
graphy (3 g of SiO, eluted with hexane/AcOEt=280/1 to
40/1) to give 3p (72 mg, 85%) as colorless syrup. IR (KBr,
disk) vmax (cm~") 3069, 3050, 3030, 2932, 2859, 1427,
1360, 1113, 824, 737, 696; "H NMR (C¢D, 300 MHz) 6
8.10-6.65 (m, 40H), 5.03 (dd, /=8.4, 8.1 Hz, 1H, H-4),
4.80 (d, J=12.0 Hz, 1H), 4.73 (d, J=12.0 Hz, 1H), 4.71 (d,
J=12.0 Hz, 1H), 4.65 (d, J=12.0 Hz, 1H), 4.17 (d, J=
11.4 Hz, 1H), 4.14 (dd, J=8.4, 1.8 Hz, 1H, H-3), 4.10 (d,
J=12.0 Hz, 1H), 4.06 (d, J=12.0 Hz, 1H), 4.00 (dd, J=
8.7, 8.4 Hz, 1H, H-6), 3.96 (d, J=11.7 Hz, 1H), 3.58 (dd,
J=3.0, 1.8 Hz, 1H, H-2), 3.46 (dd, /J=8.4, 8.1 Hz, 1H,
H-5), 3.13 (dd, /=8.7, 3.0 Hz, 1H, H-1), 1.27 (s, 9H), 1.22
(s, 9H); ">C NMR (CDCls, 75 MHz) 6 139.4 (s, 1C), 139.3
(s, 1C), 138.7 (s, 1C), 138.4 (s, 1C), 136.3 (d, 1C), 136.2 (d,
1C), 135.9 (d, 10C), 135.8 (d, 1C), 135.2 (s, 1C), 135.1 (s,
1C), 133.6 (s, 1C), 133.5 (s, 1C), 129.8 (d), 129.6 (d), 129.0
(d), 128.9 (d), 128.1 (d), 128.0 (d), 127.8 (d), 127.6 (d),
127.5 (d), 127.4 (d), 127.3 (d), 127.2 (d), 127.1 (d), 127.0
(d), 126.7 (d), 126.6 (d), 126.2 (d), 83.7 (d, 1C), 82.6 (d,
1C), 81.3 (d, 1C), 75.9 (d, 1C), 74.7 (d, 1C), 74.6 (d, 1C),
74.5 (t, 1C), 72.7 (t, 1C), 72.3 (t, 1C), 71.9 (t, 1C), 27.5 (q,
3C), 27.2 (g, 3C), 19.9 (s, 1C), 19.2 (s, 1C); HRMS-ESI
(m/z) IM~+Na]™" calcd for Cg¢H7306Si5, 1017.4946; found,
1017.4961.

4.2.6. 3,4-bis-O-tert-Butyldimethylsilyl-myo-inositol
(1)."2 Pd(OH), on C (20 wt %, 329 mg, 0.470 mmol) was
added to a stirring solution of 1p (120 mg, 0.160 mmol) in
THF (1 mL). The atmosphere of the flask was replaced with
H,, and the mixture was stirred for 15 days under H,. The
reaction mixture was filtered through a cotton-Celite pad,
and the filtrate was evaporated. The resulting residue was
purified by silica gel chromatography (3 g of SiO, eluted
with hexane/AcOEt=1/1) to give 1 (7.9 mg, 12%) as a
white powder. mp. 94-97 °C; IR (ZnSe, thin film) v,
(cm ') 3574, 3214, 2924, 2884, 2855, 2361, 1643, 1472,

1373, 1256, 1132, 1065, 1018, 860, 835, 777, 721, 669; 'H
NMR (400 MHz, CD5CN) 6 3.87 (dd, J=2.9, 2.7 Hz, 1H,
H-2), 3.70 (dd, J=9.0, 8.8 Hz, 1H, H-6), 3.51 (dd, J=9.0,
2.7 Hz, 1H, H-1), 3.47 (dd, J=9.5, 9.2 Hz, 1H, H-4), 3.30
(dd, J=9.5,2.9 Hz, 1H, H-3), 3.05 (dd, J=9.2, 8.8 Hz, 1H,
H-5), 0.91 (s, 9H), 0.90 (s, 9H), 0.11 (s, 6H), 0.10 (s, 3H),
0.08 (s, 3H); '*C NMR (100 MHz, CDCl5) 6 76.2 (d, 1C),
75.3 (d, 1C), 75.1 (d, 1C), 74.2 (d, 1C), 74.1 (d, 1C), 72.6
(d, 1C), 26.7 (q, 2C), 26.6 (q, 4C), 19.0 (s, 1C), 18.9 (s, 1C),
—2.8(q, 10), —3.3 (q, 1C), —3.5(q, 1C), —4.2 (q, 10);
HRMS-FAB (m/z) [M+H]" caled for C;gH4 O¢Sis,
409.2442; found, 409.2439.

4.2.7. 3,4-bis-O-Triisopropylsilyl-myo-inositol (2).'?
Same procedure as the debenzylation of 1p was performed
starting from 2p (147 mg, 0.172 mmol) with Pd(OH), on C
(20 wt%, 363 mg, 0.517 mmol) in THF (1 mL). The
reaction needed 17 days. Purification was performed by
silica gel chromatography (3 g of SiO, eluted with hexane/
AcOEt=3/1 to 1/1) to give 2 (40 mg, 48%) as colorless
syrup. IR (ZnSe, thin film) v, (cm ™ 1) 3385, 2946, 2868,
2361, 2342, 1466, 1385, 1256, 1121, 1059, 1015, 943, 920,
883, 829, 806, 712, 681, 652; 'H NMR (400 MHz, CD;CN)
0 3.94 (dd, J=8.1, 8.1 Hz, 1H, H-4), 3.93 (dd, /=2.9,
29 Hz, 1H, H-2), 3.77 (dd, /=8.1, 2.9 Hz, 1H, H-3), 3.54
(dd, J=8.5, 8.5 Hz, 1H, H-6), 3.36 (dd, J=8.5, 2.9 Hz, 1H,
H-1), 3.20 (dd, J=8.5, 8.1 Hz, 1H, H-5), 1.26-1.08 (m,
42H); 'C NMR (100 MHz, CDCl3) 6 75.2 (d, 1C), 75.0 (d,
1C), 73.7 (d, 1C), 73.6 (d, 1C), 73.1(d, 1C), 69.5 (d, 1C),
18.4 (q,4C), 18.3 (q, 8C), 13.2 (d, 3C), 13.1 (d, 3C); HRMS-
FAB (m/z) [M+H] + caled for C24H5306512, 4933381,
found, 493.3383.

4.2.8. 3,4-bis-O-tert-Butyldiphenylsilyl-myo-inositol
(3)."* Same procedure as the debenzylation of 1p was
performed starting from 3p (347 mg, 0.340 mmol) with
Pd(OH), on C (20 wt%, 719 mg, 1.00 mmol) in THF
(2mL). The reaction needed 8 days. Purification was
performed by silica gel chromatography (20 g of SiO,
eluted with hexane/AcOEt=4/1 to 2/1) to give 3 (52 mg,
23%) as colorless syrup along with 2-O-benzyl-3,4-bis-O-
TBDPS-myo-inositol (54 mg, 24%) as pale yellow syrup.
Data for 3: IR (ZnSe, thin film) v,,,, (cm™!) 3418, 3073,
3050, 2932, 2892, 2859, 1472, 1427, 1113, 1061, 1006, 939,
826, 741, 704; "H NMR (400 MHz in CD;CN) 6 7.75-7.66
(m, 8H), 7.45-7.35 (m, 12H), 4.17 (dd, J=7.4, 7.2 Hz, 1H,
H-4), 4.14 (dd, J=7.4, 2.7 Hz, 1H, H-3), 3.66 (dd, J=2.8,
2.7 Hz, 1H, H-2), 3.46 (dd, /J=7.9, 7.6 Hz, 1H, H-6), 3.33
(dd, J=7.6, 7.2 Hz, 1H, H-5), 3.28 (dd, J=7.9, 2.8 Hz, 1H,
H-1), 1.03 (s, 9H), 0.90 (s, 9H); '*C NMR (100 MHz in
CDCl3) 6 136.0 (d, 2C), 135.9 (d, 2C), 135.7 (d, 2C), 1354
(d, 2C), 133.3 (s, 1C), 132.9 (s, 1C), 138.2 (s, 1C), 132.5 (s,
1C), 130.1 (d, 1C), 130.0 (d, 2C), 129.9 (d, 1C), 127.9 (d,
4C), 127.8 (d, 2C), 127.7 (d, 2C), 75.5 (d, 1C), 75.1 (d, 1C),
73.1(d, 1C),73.0(d, 1C), 72.9 (d, 1C), 67.7 (d, 1C), 27.1 (q,
6C), 19.2 (s, 2C); HRMS-FAB (m/z) [M+Na] ™ calcd for
C;3gH4gNaOgSi,, 679.2887; found, 679.2886. Data for 2-O-
benzyl-3,4-bis-O-TBDPS-myo-inositol: IR (ZnSe, thin film)
Vmax (€M™ ') 3445, 3073, 3050, 2932, 2894, 2859, 1723,
1472, 1428, 1393, 1271, 1111, 1061, 1007, 824, 758, 704,
611; '"H NMR (400 MHz, CD;CN) 6 7.72-7.63 (m, 8H),
7.45-7.25 (m, 17H), 4.51 (d, J=12.2 Hz, 1H), 4.38 (d, /=
12.2 Hz, 1H), 4.33 (dd, J=6.3, 6.3 Hz, 1H, H-4), 4.21 (dd,
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J=6.3, 1.5 Hz, 1H, H-3), 3.62-3.56 (br m, 2H, H-1, H-6),
3.52 (brs, 1H, H-2), 3.45 (br m, 1H, H-5), 1.02 (s, 9H), 0.93
(s, 9H); '3C NMR (100 MHz in CDCls) ¢ 137.6 (s, 1C),
136.5 (d), 136.2 (d), 136.0 (d), 135.5 (d), 133.0 (s, 1C),
132.0 (s, 1C), 131.9 (s, 1C), 131.8 (s, 1C), 130.1 (d), 129.8
(d), 129.6 (d), 128.3 (d), 127.9 (d), 127.8 (d), 127.7 (d),
127.5 (d), 127.4 (d), 74.7 (d, 1C), 73.5 (d, 1C), 73.1 (d, 2C),
71.6 (d, 2C), 70.4 (t, 1C), 27.0 (g, 3C), 26.8 (g, 3C), 19.0 (s,
1C), 18.9 (s, 1C); HRMS-ESI (m/z) [M+Na]™" calcd for
C4sHssNaOgSi,, 769.3357; found 769.3327.

4.3. Preparation of the 4,5-bis-O-silylated myo-inositol
derivatives

4.3.1. 1,2,3,6-tetra-O-Benzyl-4,5-bis-O-(4-methoxyben-
zyl)-myo-inositol (12).'* NaH (60% in oil, 190 mg,
4.74 mmol) was added to a stirring solution of 3,6-di-O-
benzyl-4,5-bis-O-(4-methoxybenzyl)-myo-inositol O
(950 mg, 1.58 mmol) in DMF (5 mL) at room temperature.
After stirring for 2 h at room temperature, BnBr (811 mg,
4.74 mmol) was added. After stirring for 5Sh at room
temperature, the reaction was quenched with saturated
NH4C1 (30 mL). The aqueous mixture was extracted with
CH,Cl, (3X10mL). The combined organic layer was
successively washed with water (5 mL), and brine (5 mL).
The combined organic layer was dried over MgSQy, filtered
through a cotton-pad, and evaporated. The resulting residue
was purified by silica gel chromatography (30 g of SiO,
eluted with hexane/AcOEt=100/1 to 4/1) to give 12
(1.21 g, 98%) as a white powder. mp. 76-78 °C; IR (KBr,
disk) vmax (cm™") 3100, 3070, 3030, 3005, 2920, 1615,
1514, 1454, 1360, 1252, 1173, 1130, 1092, 1038, 822, 739,
696; '"H NMR (CDCls, 300 MHz) 6 7.42-7.25 (m, 26H),
6.84-6.81 (m, 4H), 4.92-4.57 (m, 12H), 4.09-4.01 (m, 3H),
3.79 (s, 3H), 3.78 (s, 3H), 3.44 (dd, J=9.3, 9.3 Hz, 1H),
3.34(dd, J=9.3,9.3 Hz, 1H), 3.33 (dd, /=9.9, 2.4 Hz, 1H);
13C NMR (CDCls, 100 MHz) 6 159.1 (s, 1C), 139.0 (s, 1C),
138.4 (s, 1C), 131.1 (s, 1C), 129.7 (d), 129.4 (d), 128.4 (d),
128.1 (d), 128.0 (d), 127.8 (d), 127.6 (d), 127.3 (d), 113.8 (d,
8C), 83.5 (d, 1C), 81.8 (d, 1C), 81.5 (d, 1C), 81.0 (d, 2C),
75.8 (t, 1C), 75.6 (t, 1C), 75.5 (t, 1C), 74.4 (d, 1C), 74.1 (t,
1C), 72.8 (t, 2C), 55.3 (q, 2C); HRMS-ESI (m/z): [M+
Na] ™ caled for CsoHs,NaOg, 803.3560; found, 803.3544.

4.3.2. 1,2,3,6-tetra-O-Benzyl-myo-inositol (10).'> DDQ
(2.67 g, 11.8 mmol) was added to a stirring solution of 22
(4.18 g, 5.35 mmol) in CH,Cl,/H,0 (17/1, 50 mL) at room
temperature. After stirring for 6 h at room temperature, the
reaction mixture was filtered through a cotton-Celite pad.
The mixture was diluted with CH,Cl, (100 mL) and
successively washed with saturated NaHCO; (20 mL) and
brine (20 mL). The organic layer was dried over MgSQy,
filtered through a cotton-pad, and evaporated. The resulting
residue was purified by silica gel chromatography (120 g of
SiO, eluted with hexane/AcOEt=6/1 to 1/1) to give 10
(2.37 g, 82%) as a white powder. mp. 83-85 °C; IR (KBr,
disk) vmax (cm ') 3549, 3422, 3063, 3030, 2899, 1454,
1364, 1200, 1115, 1063, 1030, 731, 696; 'H NMR (C¢Ds,
300 MHz) 6 7.48-7.08 (m, 20H), 4.93 (d, /=11.4 Hz, 1H),
490 (d,/J=12.3 Hz, 1H), 4.85 (d, J=11.4 Hz, 1H), 4.83 (d,
J=12.3 Hz, 1H), 4.50 (d, /=12.0 Hz, 1H), 4.44 (s, 2H),
442 (d, J=12.0 Hz, 1H), 4.21 (dd, /=9.6, 9.3 Hz, 1H, H-
4), 4.09 (dd, J=9.6, 9.3 Hz, 1H, H-6), 3.92 (dd, J=24,

2.4 Hz, 1H, H-2), 3.46 (dd, J=9.3, 9.3 Hz, 1H, H-5), 3.17
(dd, J=9.6, 2.4 Hz, 1H, H-1), 3.00 (dd, J=9.6, 2.4 Hz, 1H,
H-3); '*C NMR (C¢Dg, 100 MHz) 6 140.8 (s, 1C), 139.7 (s,
10), 139.2 (s, 2C), 128.7 (d), 128.6 (d), 128.5 (d), 128.3 (d),
128.2 (d), 128.1 (d), 128.0 (d), 127.8 (d), 127.6 (d), 127.5
(d), 81.7 (d, 1C), 81.2 (d, 1C), 80.5 (d, 1C), 75.9 (d, 1C),
75.6 (t, 1C), 75.3 (d, 1C), 74.7 (t, 1C), 73.6 (d, 1C), 72.9 (t,
1C), 72.7 (t, 1C); HRMS-FAB (m/z) [M+H] ™" calcd for
C54H3,04, 541.2590; found, 541.2617.

4.3.3. 1,2,3,6-tetra-O-Benzyl-4,5-bis-O-tert-butyldi-
methylsilyl-myo-inositol (4p). TBSOTf (119 mg,
0.448 mmol) was added to a stirring solution of 10
(50 mg, 0.092 mmol) in 2,6-lutidine (248 mg, 2.32 mmol)
at 120 °C. After stirring for 10 h at 120 °C, the reaction
mixture was cooled to room temperature. Then the mixture
was diluted with water (10 mL). The aqueous mixture was
extracted with hexane (3 X5 mL) and successively washed
with water (3 mL) and brine (3 mL). Then it was dried over
MgSO,, filtered through a cotton-pad, and evaporated. The
resulting residue was purified by silica gel chromatography
(6 g of SiO, eluted with hexane/AcOEt=100/0 to 30/1) to
give 4p (74 mg, 100%) as colorless syrup. IR (NaCl, thin
film) rmax (cm ") 3090, 3060, 3020, 2930, 2857, 1721,
1456, 1362, 1258, 1128, 1071, 1028, 839, 775, 735, 696; 'H
NMR (CDCls, 300 MHz) 6 7.41-7.19 (m, 20H), 5.01 (d, J=
11.7Hz, 1H), 4.81 (d, J=11.7Hz, 1H), 4.76 (d, J=
11.7 Hz, 1H), 4.66 (d, J=11.7Hz, 1H), 460 (d, J=
12.0 Hz, 1H), 4.52 (d, J=12.0Hz, 2H), 448 (d, J=
11.7 Hz, 1H), 4.11 (dd, J=9.6, 8.7 Hz, 1H, H-4), 3.93 (dd,
J=2.4, 2.1 Hz, 1H, H-2), 3.78 (dd, J=9.6, 9.3 Hz, 1H,
H-6), 3.43 (dd, J=9.3, 8.7 Hz, 1H, H-5), 3.35 (dd, J=9.6,
2.4 Hz, 1H, H-1), 3.11 (dd, J=9.6, 2.1 Hz, 1H, H-3), 0.89
(s, 9H), 0.88 (s, 9H), 0.14 (s, 3H), 0.10 (s, 6H), 0.02 (s, 3H);
3C NMR (CDCl;, 75 MHz) 6 139.6 (s, 1C), 139.4 (s, 1C),
138.3 (s, 1C), 138.2 (s, 1C), 128.2 (d), 128.1 (d), 127.9 (d),
127.7 (d), 127.5 (d), 127.4 (d), 127.3 (d), 127.0 (d), 126.7
(d), 81.7 (t, 1C), 81.5 (t, 1C), 81.3 (t, 1C), 74.8 (t, 1C), 74.3
(t, 10), 74.1 (d, 1C), 73.1 (d, 1C), 72.7 (t, 1C), 72.4 (t, 10),
26.7 (q, 6C), 18.3 (s, 1C), 18.2 (s, 1C), —1.9 (q, 1C), —2.1
(q, 1C), —3.0 (q, 1C), —3.1 (g, 1C); HRMS-FAB (m/z)
[IM+H]" caled for CueHesO06Sin, 769.4320; found,
769.4324.

4.3.4. 1,2,3,6-tetra-0-Benzyl-4,5-bis-O-triisopropylsilyl-
myo-inositol (5p). TIPSOTf (138 mg, 0.450 mmol) was
added to a stirring solution of 10 (50 mg, 0.090 mmol) in
2,6-lutidine (248 mg, 2.32 mmol) at 100 °C. After stirring
for 12 h at 100 °C, the reaction mixture was cooled to room
temperature, and then diluted with CH,Cl, (10 mL). It was
successively washed with water (3 mL), and brine (3 mL).
The organic layer was dried over MgSQOy, filtered through a
cotton-pad, and evaporated. The resulting residue was
purified by silica gel chromatography (15 g of SiO, eluted
with hexane/AcOEt=100/0 to 30/1) to give 5p (71 mg,
90%) as a white powder. mp. 80-81 °C; IR (KBr, disk) v .«
(cm 1) 3030, 3000, 2942, 2865, 1638, 1458, 1355, 1127,
1086, 885, 720, 696, 670; 'H NMR (CDCls, 300 MHz) 6
7.35-7.22 (m, 20H), 5.15 (d, J=12.3 Hz, 1H), 4.82 (d, J=
12.3 Hz, 1H), 4.60 (d, J=12.0Hz, 3H), 4.56 (d, J=
11.4Hz, 1H), 448 (d, J=11.4Hz, 1H), 440 d, J=
11.7 Hz, 1H), 4.23 (dd, J=8.4, 7.8 Hz, 1H, H-4), 4.09 (dd,
J=24, 24 Hz, 1H, H-2), 3.88 (dd, /=9.0, 7.8 Hz, 1H,
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H-6), 3.68 (dd, J=7.8, 7.8 Hz, 1H, H-5), 3.51 (dd, J=9.0,
2.4 Hz, 1H, H-1), 3.26 (dd, J=8.4, 2.4 Hz, 1H, H-3), 1.13—
1.00 (m, 42H); '3C NMR (CDCl;, 100 MHz) 6 139.8 (s,
10), 139.3 (s, 1C), 138.3 (s, 1C), 138.2 (s, 1C), 128.3 (d),
128.1 (d), 127.9 (d), 127.7 (d), 127.5 (d), 127.4 (d), 127.3
(d), 127.2 (d), 127.1 (d), 126.7 (d), 126.5 (d), 82.0 (d, 1C),
81.4 (d, 1C), 81.3 (d, 1C), 76.8 (d, 1C), 74.8 (d, 1C), 73.7 (t,
1C), 73.4 (t, 1C), 72.9 (d, 1C), 72.3 (t, 1C), 71.2 (t, 1C), 18.6
(q,3C), 18.5 (q, 3C), 18.4 (q, 3C), 18.3 (q, 3C), 13.9 (d, 3C),
13.8 (d, 3C); HRMS-FAB (m/z) [M+H]" calcd for
Cs,H7706S15, 852.5229; found, 853.5247.

4.3.5. 1,2,3,6-tetra-0-Benzyl-4,5-bis-O-tert-butyldi-
phenylsilyl-myo-inositol (6p). TBDPSOTf (86 mg,
0.22 mmol) was added to a stirring solution of 10 (30 mg,
0.055 mmol) and 2,6-lutidine (118 mg, 1.10 mmol) in DMF
(0.5 mL) at 100 °C. After stirring for 1.5 h at 100 °C, the
reaction mixture was cooled to room temperature. Water
(5 mL) was added and the aqueous mixture was extracted
with hexane (3 X5 mL). The organic layer was successively
washed with water (3 mL) and brine (3 mL). Then it was
dried over MgSOQ,, filtered through a cotton-pad, and
evaporated. The resulting residue was successively purified
by silica gel chromatography (3 g of SiO, eluted with
hexane/AcOEt=100/0 to 10/1) and by a reverse phase
chromatography (6 g of cosmosil 140C18-PREP eluted with
MeOH) to give 6p (70 mg, 100%) as a white powder. The
single crystal used for the X-ray diffraction study was
obtained by cooling the hot solution of 6p in EtOH. mp
115.0-117.0 °C; IR (KBr, disk) 7pax (cm™ ") 3060, 2920,
2857, 1142, 1117, 1057, 815, 790, 737, 698; '"H NMR
(CeDg, 300 MHz) 6 7.84-7.05 (m, 40H), 4.78 (ddd, J=3.6,
3.3,1.2Hz, 1H, H-4),4.73 (d,/=11.7 Hz, 1H),4.59 (d, /=
12.3 Hz, 1H), 4.58 (d, J=11.7 Hz, 1H), 4.54 (dd, J=3.6,
3.3 Hz, 1H, H-5), 4.53 (d, J=12.3 Hz, 1H), 425 (d, J=
12.0 Hz, 1H), 4.23 (d, J=12.3 Hz, 1H), 4.23 (dd, J=3.6,
2.7Hz, 1H, H-2), 4.15 (ddd, /J=4.8, 3.6, 1.2 Hz, 1H, H-6),
4.03 (d, J=12.0 Hz, 1H), 4.02 (d, /J=12.3 Hz, 1H), 3.98
(dd, J=4.8,2.7 Hz, 1H, H-1), 3.76 (dd, J=3.6, 3.6 Hz, 1H,
H-3), 1.06 (s, 9H), 1.05 (s, 9H); '*C NMR (CDCls,
100 MHz) 6 139.2 (s, 1C), 139.1 (s, 1C), 134.1 (s, 10),
134.0 (s, 1C), 129.5 (d), 129.4 (d), 129.3 (d), 129.2 (d),
128.1 (d), 128.0 (d), 127.9 (d), 127.7 (d), 127.5 (d), 127.4
(d), 127.3 (d), 127.1 (d), 127.0 (d), 126.9 (d), 126.6 (d), 81.1
(d, 1C),79.1 (d, 1C), 78.2 (d, 1C), 74.6 (d, 1C), 74.4 (d, 1C),
73.9 d, 1C), 72.6 (t, 1C), 71.8 (t, 1C), 71.7 (t, 1C), 71.1
(t, 1C), 26.8 (q, 6C), 19.3 (s, 1C), 19.1 (s, 1C); HRMS-FAB
(mlz) IM+H]™ caled for CegH7306Si,, 1017.4946; found,
1017.4959.

4.3.6. 4,5-bis-O-tert-Butyldimetylsilyl-myo-inositol (4).
Same procedure as the debenzylation of 1p was performed
starting from 4p (720 mg, 0.940 mmol) with Pd(OH), on C
(20 wt%, 1.97 g, 2.80 mmol) in THF (5 mL). The reaction
needed 4 days under 100 atm of H, at room temperature.
Purification was performed by silica gel chromatography
(25 g of SiO, eluted with hexane/AcOEt=4/1 to 1/1) to
give 4 (118 mg, 31%) as a white powder. mp. 121-123 °C;
IR (ZnSe, thin film) vy, (cm ™ ') 3445, 2932, 2859, 1472,
1389, 1254, 1117, 1053, 937, 837, 777, 692; 'H NMR
(400 MHz in CD3CN) 6 3.86 (dd, /=34, 3.4 Hz, 1H, H-2),
3.79 (dd,J=7.2,7.1 Hz, 1H, H-4),3.63 (dd, /=7.4,3.4 Hz,
1H, H-1), 3.62 (dd, /=7.2, 3.4 Hz, 1H, H-3), 3.57 (dd, /=

7.4, 7.1 Hz, 1H, H-6), 3.49 (dd, J=7.1, 7.1 Hz, 1H, H-5),
0.91 (s, 18H), 0.12-0.11 (m, 12H); '*C NMR (100 MHz in
CDCl3) 6 74.3 (d, 1C), 73.8 (d, 1C), 73.7 (d, 1C), 73.6 (d,
1C), 72.3 (d, 1C), 65.6 (d, 1C), 25.7 (g, 6C), 17.9 (s, 1C),
17.8 (s, 1C), —4.8 (q, 1C), —4.9 (q, 2C), —5.0 (q, 1C);
HRMS-FAB (m/z) [M+H]" caled for C;gH4;O6Sis,
409.2442; found, 409.2449.

4.3.7. 4,5-bis-O-Triisopropylsilyl-myo-inositol (5). Same
procedure as the debenzylation of 1p was performed starting
from Sp (43 mg, 0.050 mmol) with Pd(OH), on C (20 wt%,
106 mg, 0.150 mmol) in THF (1 mL). The reaction needed
11 days. Purification was performed by silica gel chroma-
tography (6 g of SiO, eluted with hexane/AcOEt=6/1 to 4/
1) to give 5 (8.5 mg, 35%) as a white powder. mp. 86-88 °C;
IR (ZnSe, thin film) vy, (cm ™ ") 3420, 2943, 2868, 2361,
2339, 1464, 1385, 1256, 1061, 883, 825, 764, 683; 'H NMR
(400 MHz, CD3;CN) ¢ 4.27 (ddd, /=3.9, 3.7, 1.7 Hz, 1H,
H-4), 4.02 (dddd, /=3.9, 3.8, 1.0, 0.9 Hz, 1H, H-5), 3.96
(ddd, J=3.8, 3.6, 1.7Hz, 1H, H-6), 3.94 (dd, /=34,
3.4 Hz, 1H, H-2), 3.83 (ddd, /=3.7, 3.4, 0.7 Hz, 1H, H-3),
3.80 (ddd, J=3.6, 3.4, 1.0 Hz, 1H, H-1), 1.25-1.10 (m,
42H); '3C NMR (100 MHz, CDCl5) 6 74.8 (d, 1C), 74.2 (d,
1C), 74.0 (d, 2C), 72.2 (d, 1C), 64.8 (d, 1C), 18.1 (q, 6C),
18.0 (g, 6C), 12.2 (d, 6C); HRMS-FAB (m/z) [M+H]"
caled for Co4Hs306S1,, 493.3381; found, 493.3384.

4.3.8. 4,5-bis-O-tert-Butyldiphenylsilyl-myo-inositol (6).
Same procedure as the debenzylation of 1p was performed
starting from 6p (490 mg, 0.480 mmol) with Pd(OH), on C
(20 wt%, 203 mg, 0.290 mmol) in THF (5 mL). The
reaction needed 9.5 days. Purification was performed by
silica gel chromatography (15 g of SiO, eluted with hexane/
AcOEt=4/1 to 3/1) to give 6 (149 mg, 50%) as a white
powder. mp. 58-61 °C; IR (NaCl, thin film) vy, (cm™ )
3517, 3073, 2930, 2859, 1472, 1427, 1113, 820, 748, 694;
'"H NMR (CD;CN, 300 MHz) 6 7.62-7.58 (m, 2H), 7.53—
7.32 (m, 14H), 7.28-7.22 (m, 4H), 4.18 (ddd, J=3.6, 3.3,
1.8 Hz, 1H, H-4), 4.05 (dddd, /=3.3, 3.3, 0.9, 0.9 Hz, 1H,
H-5), 4.00 (dd, /=3.3, 3.3 Hz, 1H, H-2), 3.95 (ddd, J=3.6,
3.3, 1.8 Hz, 1H, H-6), 3.84 (dd, /=3.6, 3.3 Hz, 1H, H-1),
3.59 (dd, J=3.6, 3.3 Hz, 1H, H-3), 0.90 (s, 9H), 0.88 (s,
9H); '>C NMR (CD;CN, 100 MHz) 6 136.7 (d, 4C), 136.6
(d, 20), 136.5 (d, 2C), 134.2 (s, 1C), 134.0 (s, 1C), 133.8 (s,
1C), 133.7 (s, 1C), 131.0 (d, 1C), 130.9 (d, 2C), 130.7 (d,
1C), 128.8 (d, 2C), 128.7 (d, 2C), 128.6 (d, 4C), 76.5 (d,
1C), 74.9 (d, 1C), 74.8 (d, 1C), 74.6 (d, 1C), 74.4 (d, 10),
65.9 (d, 1C), 27.2 (q, 6C), 19.6 (s, 1C), 19.5 (s, 1C); HRMS-
FAB (m/z) [M+H]+ caled for C38H49OGSi2, 6573068,
found, 657.3039.

4.4. X-ray diffraction study of 6p

X-ray data for 6p was measured on a MacScience dip image
plate diffractometer using graphite-monochromated Mo Ka.
radiation (/=0.71073 A). All diagrams and calculations
were performed using maXus (Bruker Nonius, Delft &
MacScience, Japan). The structure was solved by direct
method with SIR-97%° and refined by a full-matrix least-
squares method on F2 with SHELXS-97.2! Crystallographic
data (excluding structure factors) for the structure of 6p has
been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication number CCDC
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227525. Copies of the data can be obtained, free of charge,
on application to CCDC, 12 Union Road, Cambridge CB2
1EZ UK (Fax: +44 1223 336033 or e-mail: deposit@ccdc.
cam.ac.uk). Data of the analysis are follows: CggH7,06Si5,
M=1017.46, crystal size 0.5X0.3X0.2 mm, triclinic,
space group Pl, a=11.75, b=13.45, ¢=20.10 A, a=
87.80, £=178.71, 1= 66.80 A, V=2862.55A°% Z=2,
D a1ca=1.180 Mg/m~, u(Mo Ka)=0.113 mm — !, measured
temp. 298 K, reflections collected 9656, independent
reflections 9085, R=0.082, wR=0.224, GOF=1.164.
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Abstract—Synthesis of a new class of cofacially oriented dipyridyl(pyridinium)lthieno[2,3-b]thiophenes with or without —CO,Et and
—COMe substituents at C2, and CS5 positions of thieno[2,3-b]thiophene ring was readily accomplished using a double Dieckman cyclization
protocol as the key step. While C2/C5 substituted dipyridylthieno[2,3-b]thiophenes exhibited syn/anti atropisomerism at least up to 70 °C
with Arrhenius energy of activation (AG™) in the range of 1718 kcal/mol, on the other hand unsubstituted dipyridylthieno[2,3-b]thiophene
and its bis-N-quaternized salt were found to show free conformational rotation with an estimated AG” of lower than 10 kcal/mol.
Conformational energy minimization using AM1 protocol revealed a slight preference for the anti over syn isomers. Compared to the
unsubstituted dipyridylthieno[2,3-b]thiophenes, higher energy barriers to rotation (3.7-5.1 kcal/mol) in substituted dipyridylthieno[2,3-b]-
thiophenes can be attributed to steric encumbrance resulting from —CO,Et and —COMe substituents located on the non-rotating

thienothiophene platform.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Conformational dynamics of cofacially oriented 1,8-diaryl
naphthalenes is a subject of continuing interest ever since
House' and Roberts? demonstrated the existence of syn/anti
atropisomerism in these systems. The key structural features
that have a bearing on the energy barriers to aryl-aryl
rotation in various peri-diaryl(heteroaryl)naphthalenes
include the nature of aryl/heteroaryl rings, transannular
distance, location as well as the steric size of substituent(s)
on the cofacial rings. While, peri di-substituted naphtha-
lenes carrying simple aryl/heteroaryl rings without or with
smaller substituents do not exhibit atropisomerism (AG™ <
15 kcal/mol), the introduction of bulkier substituents at the
ortho/meta positions of the peri rings renders rotational
barriers sufficiently high (AG™ > 15 kcal/mol) to allow for
the detection/isolation of chiral atropisomers.” In addition,
in recent years, Siegel and several others have elegantly
exploited conformationally locked peri-diaryl(heteroaryl)-
naphthalenes to probe electrostatic, charge transfer and
dipole—dipole interaction between the facing rings.* Also,

Keywords: Atropisomers; peri-Dipyridylthienothiophenes; Synthesis;

Dynamic "H NMR; Conformational analysis; Energy minimization.

* Corresponding author. Tel.: +91 2226526119; fax: +91 2226528547,
e-mail: sh_mashraqui @yahoo.com

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.01.123

torsional angles and hindered aryl-aryl rotation are of
crucial revelance in the design of useful materials, for
example, axially chiral catalysts,” non-linear optic
materials,® molecular rotors and sensors.’ Since, efficient
synthetic routes to sterically congested peri diaryl-naphtha-
lenes are generally tedious'™ we deemed it of interest to
design newer, easily accessible systems that could deliver
stable, axially chiral atropisomers. In this context, we
entertained the idea that thieno[2,3-b]thiophene system, a
107 analog of naphthalene could also offer a useful platform
to develop new atropisomeric systems by placing appro-
priate rings at the C3 and C4 positions. In continuation of
our interest in the structural aspect of 3,4-diarylthienothio-
phenes,® we herein describe the synthesis, dynamic behavior
and conformational energy minimization of a new class of
atropisomeric systems, exemplified by neutral and ionic
3,4-dipyridyl thienothiophenes 2a—d. In addition, we also
compare the conformational properties of 2a—d vis-a-vis
known 1,8-dipyridyl naphthalenes to get insight into the
structure—energy barrier relationship.

2. Results and discussion

Synthesis of 2a—d (Scheme 1) was readily carried out using
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Scheme 1. Synthesis of thienothiophenes 2a—d.

the double Dieckman type cyclization as the key step by
adapting our recently described procedure.” The known
dipyridyl diketone 1'° was condensed with CS, and 2 equiv
ethyl chloroacetate under anhydrous KF/DMF conditions to
afford dipyridyl thienothiophene diester 2a in one step in an
acceptable 28% yield. Similarly, dipyridyl thienothiophene
methyl ketone 2b was prepared in 32% yield by condensing
1 with CS, and 2 equiv of chloroacetone under KF/DMF
conditions. Hydrolysis of 2a with ag KOH in DMSO
provided, after acidification, the diacid 2 which on
decarboxylation (Cu/quinoline, reflux) provided dipyridyl
thienothiophene 2c. Finally, treatment of 2¢ with an excess
of CH;l in dry acetonitrile afforded di-N-quaternized salt 2d
in almost quantitative yield.

The "H NMR spectral data for 2a—d are compiled in Table 1.
The proton assignments are based on chemical shifts, spin
multiplicities and the expected ring anisotropic effects in
syn/anti isomers. As expected, the pyridyl C4’, C5' and C6’
protons appeared as ABX type coupling systems. The
ambient temperature '"H NMR spectrum (500 MHz, CDCl;)
of thienothiophene diester 2a consisted of two sets of
resonances for the pyridyl protons in the ratio of 60:40.

Table 1. 'H NMR (500MHz, CDCl5) of 2a-2d

These correspond to two chemically non-equivalent ground
states of 2a, namely syn and anti forms arising from the
restricted pyridyl ring rotation on the thienothiophene axis.
For the known peri dipyridylnaphthalenes, C4’ and C5’
protons in the anti isomers are reported to experience a
relatively higher ring anisotropic effect than the syn
isomers.'' Using this analogy, we have assigned the
resonances located at higher fields for C4’ and C5' protons
to the major, anti isomers whereas those present at
somewhat lower fields belong to the minor, syn isomers.

Dynamic '"H NMR analysis of diester 2a from rt down to
— 60 °C revealed practically no change in the anti—syn ratio.
However, '"H NMR spectra measured at higher temperatures
(Fig. 1) led to coalescencing of signals around 70 °C giving
rise to a single set of resonances due to fast pyridyl ring
rotation on the NMR time scale. From Av of 54 Hz and the
coalescence temperature of 343 K, we determined the rate
of inversion (K) for diester 2a to be 120 s~ ! with an
associated Arrhenius energy of activation (AG”) of
16.9 kcal/mol.'> The ambient temperature 'H NMR spec-
trum of diketone 2b also exhibited two sets of well resolved
NMR signals in 57:43 proportion corresponding to anti and

H-type Ratio (60:40) Ratio (57:43) 2¢° 2d°
anti-2a syn-2a anti-2b syn-2b

H-2 8.20(s) 8.09(s) 8.35(s) 8.20(s) 8.28(s) 9.15(s)

H-4/ 7.24(d) 7.35(d) 7.38(d) 7.48(d) 8.36(d) 8.89(d)

H-5' 6.91(dd) 7.00(dd) 7.05(dd) 7.07(dd) 7.08(dd) 7.78(dd)

H-6 8.25(d) 8.25(d) 8.25(d) 8.31(d) 7.38(d) 8.08(d)

—C,H; 1.01(1), 4.08(q) 1.01(1), 4.08(q) — — — —

—CH; — — 1.8 1.8 — —

H2/5 — — — — 7.70(s) 8.10(s)

—NMe — — — — — 4.35(s)

 Ratio calculated from proton integration of well separated signals.

® Compounds 2¢ and 2d showed only a single set of resonances in their ambient temperature NMR spectra.



S. H. Mashraqui et al. / Tetrahedron 61 (2005) 3507-3513

360K

345K

330K

= N

300K
|

D i e T LA LULLEAL ELLLAS) LA LLLELL EALLALG MM e o
78 7.7 76 75 74 73 72 71 70 69 68pmm

Figure 1. Dynamic '"H NMR spectra of 2a.

syn atropisomers. Dynamic 'H NMR measurements on 2b
indicated coalescence at 83 °C. From Av of 42 Hz, we
calculated K of 93 s~ ! and AG™ of 17.97 kcal/mol.

In contrast to 2a and 2b, the 'H NMR spectrum of
unsubstituted dipyridyl thienothiophene 2¢ revealed only a
single set of signals for pyridyl and thienothiophene ring
protons at ambient temperature, thereby implying free ring
rotation. Neither increase in the signal multiplicities nor
signal broadening was detected in the 'H NMR spectra
scanned in the range of 80° to —50 °C. Evidently, the
energy barrier to pyridyl rotation for the case of 2¢ appears
to be significantly lower than that observed for the case of
substituted thienothiophenes 2a and 2b. Assuming Av of
50 Hz, we can estimate the energy barrier to rotation AG™
for 2¢ to be lower than 10 kcal/mol.

Interestingly, even bis N-Me salt 2d carrying methyl

anti 2d

TS

Figure 2. Proposed syn/anti equilibration of 2d via T-shaped transition state.
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substituents on the pyridinium rings also displayed a single
set of resonances for the pyridinium ring protons (though,
downfield shifted compared to the neutral 2¢, see Table 1),
including a sharp singlet for the N—CHj; groups in the
temperature range of 80 to —40°C, with only a slight
broadening of signals being observed at —50 °C. The signal
broadening seems to result from the sample precipitation at
this temperature rather than from slowing down of the
conformational process. The temperature independent
nature of 2d clearly points toward unhindered pyridyl ring
rotation at least up to —50 °C. However, in contrast to 2¢
and 2d, the known, 1,8-di (3’-pyridyl) naphthalene and its
corresponding N-methyl salt both at rt have been reported to
exist as a mixture of syn/anti isomers with coalescence
occurring at 35 and 100 °C, respectively, indicating sizeable
barriers (AG” upward of 15 kcal/mol) to ring rotation,''*
Evidently, the presence of methyl substituents on the
pyridyl rings in 2d does not seem to contribute significantly
to the conformational energy barrier. In this context, it is
noteworthy that rotation of just one of the pyridinium rings
would suffice to cause syn/anti equilibration.''®'® Thus,
keeping the N-methyl groups out of the way, a lower energy
pathway for the pyridinium ring rotation in 2d is
conceivable through its unsubstituted i.e. C4/,C5’ face to
achieve the required orthogonal (T-shape) transition state,
as illustrated in Figure 2.

We speculate that despite the presence of N-methyl groups,
free ring rotation in 2d could possibly arise provided there
existed a relatively large Van der Waals separation between
the cofacial pyridinium rings compared to the peri
dipyridylnaphthalene analogs mentioned above. If true,
this structural factor could override any steric barrier
imposed by the N-methyl substituents to the rotational
process to permit unhindered pyridinium ring rotation in 2d.
In view of the fact that 2¢ and 2d without C2/C5 substituents
exist as freely equilibrating systems, the existence of syn/
anti atropisomerism for substituted dipyridylthienothio-
phenes 2a and 2b can be attributed to the steric compression
arising from —CO,Et and —-COMe substituents located on
the non-rotating thienothiophene framework. In compari-
son, it is worthy to note that for various peri-diaryl
(diheteroaryl)naphthalenes, the higher energy barriers owe
their origins to the bulky substituents present directly on the
rotating peri rings.' ™

Since, none of 2a—d gave crystals suitable for single X-ray
crystallography, we performed their conformational analy-
sis by semi-empirical molecular orbital calculations using
the MOPAC program (Version 5.0)."* Geometries of syn
and anti conformers of 2a—d were minimized by means of

+ ,CH,
HS5 ON O I\T’CHa
H 4
74 | Ny 21
S S
syn 2d
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gradient techniques at RHF/AMI1 level with MNDO
parameters for the sulfur atoms.”® The ¢, and ¢, refer to
dihedral angles involving thienothiophene framework and
the C3'/C4' positions of pyridyl/pyridinium rings, respect-
ively. In these calculations, all parameters except the
dihedral angle ¢ were optimized and the heats of formation
(AH) of various conformers were calculated by rotation of
the pyridyl ring (dihedral angle ¢;) by steps of 15°. For the
case of 2d, we have excluded the iodide ions from the
energy minimization due to their positional uncertainty in
the molecule.

In all cases (2a—d), the anti-form is found to be slightly
more stable than the syn-form. For syn-2a, having 2
nitrogens on the same side, one of the lowest energy
conformers corresponds to ¢ /¢, =60°/59° with calculated
AH= —23.4 kcal/mol, while for the anti isomer, the lowest
energy conformer is identified to have ¢ /¢, =240°/59° with
associated AH= —24.0 kcal/mol. From these data, we can
infer that for both syn and anti 2a, tilt position of pyridyl
groups is favored. When one of the pyridyl rings passes
through the planar position to the bicycle (¢; =180 or 0°), a
situation which corresponds to the T-shaped transition state,
an important potential energy barrier of 8.2 kcal/mol is
observed. Clearly, this energy barrier is responsible for
the observation of syn/anti atropisomers at ambient
temperature.

Table 2. AMI1 generated lowest energy conformation of syn/anti of 2a-2d

On the other hand, the lowest energy syn 2b conformer has
AH=759 kcal/mol when ¢; and ¢, are 90 and 85°
respectively, whereas for anti 2b, the lowest energy
conformer (AH=75.2 kcal/mol) possesses ¢; and ¢, of
270 and 87°, respectively. These results suggest that the
pyridyl nuclei in both syn and anti 2b occupy near
perpendicular orientation with respect to the thienothio-
phene plane. Evidently, the -COCHj; groups seem to offer
more pronounced steric interaction with the neighboring
pyridyl rings forcing them to assume the perpendicular
geometry in both syn/anti 2b. In contrast, for the case of syn/
anti 2a the lower torsional angles are presumably due the
presence of relatively less sterically demanding —CO,C,Hs
groups. Not surprisingly, the potential energy required to
achieve the activated complex in 2b is slightly higher at
9.3 kcal/mol compared to the potential energy barrier of
8.2 kcal/mol computed for 2a. This is essentially in keeping
with the experimental results obtained from the variable
temperature 'H NMR analysis.

For 2c lacking C2/C5 substituents, the anti isomer is slightly
more stable than the syn isomer by 0.4 kcal/mol and when,
one of the pyridyl rings in 2¢ passes through the planar
position to the bicycle (¢; of 180 or 0°), a relatively less
important potential energy barrier of 4.5 kcal/mol is
observed. Thus, unlike 2a and 2b for which potential energy
barrier is computed in the range of 8.2 to 9.3 kcal/mol, the

Systems syn anti AH,y, AH,,,; Calcd. energy
(kcal/mol) (kcal/mol) barrier AAH
(kcal/mol)
l\'\" I\/ ] ’f/a
U6 .0
PN NS P
2a a M A o ca AoA o ~233 —240 8.2
3T ISE OO =T
1 O 0 i H{’ o0 i
¢1—600 ¢2 590 ¢|:24O ¢2:59°
L [ % ]
*}‘{ ! A f’g
2b NV Y A - 75.9 75.2 9.3
:éh-/)\”’i_ o Csﬁ"'\/\l’*\"%;
C \\/Lw / “o 5 ,\,{
¢1 ;jgoo ¢2~; 850 ¢I _2700 ¢2 87°
O f oy N L '{,‘i'.-
SN/ S\
N A NS A
2¢ \ / \ ! 142.3 141.9 45
T - sl TN
$1=T75" §,=T74° ¢ =225 ¢ =75°
,;‘i\.‘z § [
g / o ,/ o,
N‘\?"{' }f’y \'S“{"“ y
2d ,“,_/&""']*/'\M /\[/\ 498.6 497.8 4.2
ool ool

¢1=75° ¢2;118° ¢1—300 ¢2=124°

The lowest energy syn and anti conformers were arrived at by rotating ¢; by 15° steps and computing the corresponding ¢,.
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lower energy of activation for 2¢ accounts reasonably well
for the existence of free pyridyl ring rotation in this
molecule. For the case of bis-N-methyl salt 2d, two potential
energy wells corresponding to syn and anti isomers are
discernible, the latter isomer being more stable by ca.
0.8 kcal/mol. Interestingly, when one of the pyridinium
rings in 2d passes through the planar position with respect to
the plane of thienothiophene ring, a situation in which
the N-Me group is directly impinging on the facing ring
(¢1=180° and ¢,=90°), an important potential energy
barrier of 8.4 kcal/mol is calculated. However, when one of
the pyridinium rings is passing through the planar position
through its unsubstituted face (¢; =0° and ¢, =90°, see also
Fig. 2), the potential energy barrier is computed to be only
4.2 kcal/mol. Thus, in view of comparable potential energy
barriers computed for both 2¢ and its N-methyl salt 2d, it is
hardly surprising that these molecules exhibit facile ring
rotation, a feature that is also supported by their dynamic "H
NMR measurements discussed earlier.

The computer generated syn/anti structures together with
some key computed data of 2a—d are summarized in Table
2. An interesting structural aspect that emerges from the
AMI1 calculations is the separation between cofacially
linked pyridyl rings in these molecules. Thus, on going
along the rotation axis, the distance from C3’ to C6'
positions between the cofacial rings for 2¢ increases from
3.5 to 5.2 A, while for 2d, the corresponding distances
register even greater increase from 3.7 to 6.1 A. In the case
of 2d, this higher ring separation is presumably due to the
steric interaction and electrostatic repulsion between the
facing N-methylpyridinium rings. However, for the sake of
comparison, Zoltewicz et al. computed the analogous
distances to be 3.14 and 5.51 A for the bis- N-methyl salt
of 1,8-di (3'-pyridyl) naphthalene.''® Clearly, the pyridyl/
pyridinium rings in 2¢ and 2d (more so for the latter case)
are relatively more splayed out compared to their naphtha-
lene counterparts. Accordingly, lower energy barriers
estimated for the rotation in 2¢ and 2d (<10 kcal/mol)
compared to the known, 1,8-di (3’-pyridyl) naphthalene and
its corresponding bis-N-methyl quaternary salt (AG” of
> 15 kcal/mol) are not unexpected. These results are also
consistent with our recent molecular modeling studies
which predicted lower energy barriers to rotation in
diarylthienothiophenes relative to their naphthalene
counterparts.® It is also noteworthy that the presence of
—CO,C,Hs and -COCHj; groups at C2 and CS5 positions of
the thienothiophene framework in 2a and 2b compresses the
facing pyridyl rings slightly inwards as evidenced from
the shortening of the distance from C3’ to C6' between the
facing rings to 3.4 and 4.7 A compared to 3.5 and 5.2 A
computed for the case of unsubstituted 2¢. The additional
energy barrier contributed by the —-CO,C,Hs and -COCH3
substituents in 2a and 2b amounts to 3.7 to 5.1 kcal/mol
compared to unsubstituted systems 2c¢ and 2d. The
computed results are therefore consistent with higher energy
barriers to rotation found from the dynamic 'H NMR
analysis for 2a and 2b.

3. Conclusions

New atropisomeric systems based on dipyridyl

thienothiophenes have been designed using a simple
synthetic protocol. From 'H NMR spectral analysis,
compounds 2a and 2b with substituents at C2 and C5
positions are found to display syn/anti atropisomerism with
associated AG™ in the range of 17-18 kcal/mol. Interest-
ingly, unlike peri-diaryl(heteroaryl)naphthalenes,'' the
hindered rotation in 2a and 2b seems to stem from the
steric encumbrance originating from —CO,Et and -COMe
substituents located on the rigid thienothiophene platform
rather than on the rotating rings. These results suggest that
rotational barriers could be enhanced if the steric bulk of
C2/C5 substituents could be increased. Potential, therefore
is available to tailor-make axially chiral thienothiophene
systems with higher energy barrier to rotation. On the other
hand, 2c¢ and its bis-N-methyl salt 2d lacking C2/C5
substituents revealed syn/anti equilibration that does not
freeze out even at very low temperatures (AG” of
<10 kcal/mol). From computational results, the low value
of conformational energy barriers (4.2-4.5 kcal/mol) for
2¢—d could be attributed to increased cofacial ring
separation. Available conformational comparisons indicate
that rotational barriers for 2c—d are markedly lower
compared to those reported for their naphthalene
counterparts.

4. Experimental
4.1. General

Melting points (uncorrected) were determined on a
Gallenkamp melting point apparatus. DMF was dried
(CaH,) and distilled under vacuum. Anhydrous KF was
purchased from Aldrich and dried before use. Other reagents
and solvents were purchased from S. D. Fine Chemicals Ltd.
(India) and used as received. IR spectra were recorded on a
Shimadzu FTIR-4200 spectrophotometer as KBr discs. 'H
NMR spectra were recorded on Bruker 500 MHz spectro-
meter with TMS as an internal standard. Coupling constants
J are given in Hz. '>C NMR spectra (75.5 MHz) were
recorded on Bruker AC 300 instrument. Mass spectra were
recorded on ZAB 2F HS spectrometer with 70 eV electron
impact.

4.1.1. 3,4 Bis-(3-pyridyl) thieno [2,3-b] thiophene 2,5
diester 2a. To a solution of dry DMF (20 mL) containing
anhydrous KF (8.00 g) were added 1,3-(3'-pyridyl) propan-
1,3-dione 1'° (2.26 g, 10 mmol) and freshly distilled CS,
(760 mg) and the reaction mixture vigorously stirred at rt for
6 h. The reaction was cooled to 0-5°C and ethyl
bromoacetate (3.34 g, 20 mmol) dissolved in dry DMF
(20 mL) was added dropwise during 1 h. The temperature
was allowed to rise to rt and then the reaction heated and
stirred at 80-90 °C for 24 h. The reaction mixture was
cooled to rt, poured over cold 5% aq NaOH (250 mL) and
left overnight for the precipitate to settle. The precipitated
solid was filtered, washed with water and then air-dried.
Crystallizaton from 1:2 chloroform-hexane gave 2a as pale
yellow needles in 28% yield (1.22 g), mp 175-180 °C. Anal.
Calcd for C22H18N20482Z C, 6531, H, 340, N, 952, S,
21.77. Found: C, 65.58; H, 3.49; N, 9.83; S, 22.11. IR (KBr,
v cm ™ '): 3000, 2950, 2900, 1715, 1685, 1570, 1500, 1480,
1410, 1365, 1295, 1212, 1085, 1015, 900, 815. dy (CDCl3)
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for 60:40 anti/syn forms: 1.01 (t, J=7.5 Hz), 4.08 (q, J=
7.5 Hz),6.91 (dd, J=8.1,5.5 Hz), 7.00 (dd, /=38.1, 5.5 Hz),
7.24 (d, J=8.1 Hz), 7.35 (d, J=28.1 Hz), 8.09 (s), 8.20 (s),
8.25 (d, J=5.5 Hz); see Table 1 for '"H NMR assignments.
oc (CDCl3) 14.3, 60.9, 124.5, 124.7, 126.5, 126.8, 134.4,
136.6, 137.7, 138.2, 147.6, 148.0, 149.1, 149.3, 151.1,
151.2, 168.7 MS (EI) m/z: 438.

4.1.2. 3,4 Bis-(3-pyridyl) 2,5 diacetyl thieno[2,3-b]thio-
phene 2b. The procedure as described above for 2a was
used except that ethyl bromoacetate was replaced with
chloroacetone (1.8 g, 20 mmol). The crude solid product
was purified by silica gel column chromatogaphy (elution
1:1 chloroform—pet ether) to afford 2b as a pale yellow solid
in 32% yield (1.2 g), mp 238-240°C. Anal. Calcd for
Co0H14N20,S,: C, 63.50; H, 3.70; N, 7.41; S, 16.93. Found:
C, 63.29; H, 3.55; N, 7.64; S, 16.80. IR (KBr, » cm ™ '):
3000, 2910, 1685, 1570, 1520, 1483, 1410, 1300, 1211,
1195, 1055, 900, 865. 6y (CDCls) for 57:43 anti/syn forms:
1.80 (s), 7.05-7.07 (two overlapping dd), 7.38 (d, J=
7.3 Hz), 7.48 (d, J=17.3 Hz), 8.20 (s), 8.25 (d, /=5.0 Hz),
8.31 (d, J=5.0Hz), 8.35 (s); see Table 1 for 'H NMR
assignments. dc (CDCl3) 22.9, 124.7, 126.8, 126.9, 134.1,
135.1, 135.2, 138.0, 147.8, 148.5, 148.7, 149.3, 151.7,
151.9, 192.4. MS (EI) m/z: 378.

4.2. Preparation of the diacid 2

Diester 2a (876 mg, 2 mmol) was dissolved in 20 mL of
DMSO to which 10% aq. KOH (10 mL) was added and the
reaction heated on a steam bath for 2 h. The reaction
mixture was cooled in ice and acidified with 2 M HCI to
precipitate the diacid. The product was filtered, washed with
cold water and air dried to give the diacid 2 as white solid
in 85% yield (650 mg), mp 300-305 °C (dec). IR (KBr, »
em ™ 1): 3400, 3065, 1682, 1618, 1577, 1507, 1485, 1337,
1281, 1146, 978, 880. Anal. Calcd for C;gH;oN,04S,: C,
56.54; H, 2.62; N, 7.33; S, 16.75. Found: C, 56.33; H, 2.89;
N, 7.54; S, 17.11.

4.2.1. 3,4 Bis-(3'-pyridyl) thieno [2,3-b] thiophene (2c).
Diacid 2 (382 mg, 1 mmol) was suspended in quinoline
(5 mL) and after adding 20 mg of Cu powder, the reaction
was stirred and heated at 225-235 °C under N, atmosphere
for 2 h. The reaction mixture was cooled to rt, diluted with a
little chloroform (20 mL) and filtered to remove insoluble
residue. Chloroform was first removed by distillation and
then quinoline removed under vacuum at 50-60 °C. The
residual oily product was purified by SiO, column
chromatography (eluant: chloroform—hexane 1:4) to pro-
vide the required product 2¢ as a light yellow solid in 40%
yield (115 mg), mp 81-84 °C. IR (KBr, » cm_l): 2980,
1605, 1556, 1220, 1135, 1087, 1005, 980, 875. Anal. Calcd
for C1¢H1oN»S»: C, 65.31; H, 3.40; N, 9.52; S, 21.77. Found:
C, 64.96; H, 3.58; N, 9.81; S, 21.55. 6y (CDCl3) 7.08 (2H,
dd, /=17.3, 4.5 Hz), 7.38 (2H, d, /J=7.3 Hz), 7.70 (2H, s),
8.28 (2H, s), 8.36 (2H, d, J=4.5 Hz); see Table 1 for 'H
NMR assignments. ¢ (CDCl3) 122.6, 124.2, 126.4, 129.5,
134.9, 135.3, 143.1, 149.4, 150.7. MS (EI) m/z: 294.

4.2.2. 3,4-Bis(1-methylpyridin-1’-ium-3'-yl)thieno[2,3-
blthiophene diiodide (2d). Bis-(3-pyridyl) thieno [2,3-b]
thiophene 2¢ (50.0 mg) was dissolved in dry acetonitrile

(1.5 mL). Freshly distilled CH3I (0.5 mL) was added and the
reaction mixture tightly stoppered and left at rt for 48 h
whereby a yellow solid was deposited. Solvent was removed
by decantation and the solid product washed repeatedly with
a little cold acetonitrile (2 mL) and then dried over KOH
under vacuum to give the quaternized salt 2d in almost
quantitative yield (95 mg), mp 265-270 °C (dec). IR (KBr, v
cm ™ 1): 3010, 1605, 1443, 1376, 1282, 1220, 1165, 1030,
940, 827. Anal. Calcd for C,gH;¢N»S-1,: C, 37.37; H, 2.77;
N, 4.84; S, 11.07; 1, 43.94. Found: C, 37.66; H, 2.54; N,
5.17; S, 11.44; 1, 44.07. 6y (CDCl3) 4.35 (6H, s), 7.78 (2H,
dd, J=7.1, 5.1 Hz), 8.08 (2H, d, /J=7.1 Hz), 8.10 (2H, s),
8.89 (2H, d, J=5.1 Hz), 9.15 (2H, s); see Table 1 for 'H
NMR assignments. oc (DMSO-dg) 40.6, 124.8, 126.9,
130.1, 136.2, 137.3, 144.7, 151.3, 152.4, 155.5.
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