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1. Introduction

Cyclopropylstannanes are very versatile building blocks for

synthetic organic chemistry (vide infra) and thus substantial
attention has been paid by the synthetic community to
development of efficient and selective methods for prep-
aration of these useful synthons. Surprisingly, synthetic
applications of cyclopropylstannanes have never been
reviewed. The present review, although not comprehensive,
highlights, in our judgment, the most important work
on synthesis and chemistry of cyclopropylstannanes.
Section 1 describes practical synthetic methods towards
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cyclopropylstannanes, the most important of which are
summarized in Figure 1. They involve reactions of
cyclopropylmetals (Li, Mg) with tin electrophiles (A);
displacement of cyclopropyl halides with stannyllithium
reagents (B); addition of carbenoid species to vinyl-
stannanes (C); addition of stannylcarbenoids to alkenes
(D); 1,3-cyclization reactions (E); and addition of tin
entities across the double bond of cyclopropenes (F).

Section 2 illustrates applications of cyclopropylstannanes in
organic synthesis (Fig. 2). This includes tin – metal
exchange reactions (G); tin – halogen exchange
reactions (H); direct electrophilic destannylation (I);
transition metal-catalyzed cross-coupling reactions (J);
oxidative homocoupling reactions (K); and a-elimination
of 1-halocyclopropylstannanes (L).

In addition, preparation and synthetic applications of related
compounds, cyclopropenylstannanes, are also discussed
(Section 2.6). Finally, miscellaneous synthetic schemes are
summarized at the end of each chapter.

2. Synthesis

2.1. From cyclopropyl-containing precursors

2.1.1. Direct deprotonation of cyclopropane. Direct
deprotonation of unsubstituted cyclopropane has not been
documented, which can be attributed to its rather low C–H
acidity (pKa,46).1 However, introduction of electron-
withdrawing groups increases acidity of the geminal C–H
and thereby allows for deprotonation with strong bases.
Thus, sulfoxide 1 was successfully deprotonated with LDA
in tetrahydrofuran followed by trapping with a tin electro-
phile to produce 3 in 78% yield (Scheme 1).2

Analogously, a-stannylsulfone 6 was prepared in 58% yield
by deprotonation of 4 with n-butyllithium followed by
reaction with tributyltin chloride (Scheme 2).3,4

Optically active 9 was prepared from the corresponding
carbamate 7 via deprotonation with sec-butyllithium
followed by addition of trimethyltin chloride, in 43%

Figure 1.

Figure 2.
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yield (Scheme 3).5 Cyclopropyllithium anion, which is
configurationally stable at 278 8C, gives rise to cyclo-
propylstannane with complete preservation of configuration
at C-1.5

Methylenecyclopropane 10 represents another example of a
cyclopropane with rather acidic protons (Scheme 4).6

Deprotonation of 10 with n-BuLi generates 1,2-dimethano-
allylic anion 11, which is quenched with trimethyltin
chloride at the more hindered site to afford methylene-
cyclopropane 12, thereby avoiding formation of the
rather more strained cyclopropene species 13, which
would form through alternative quenching at the less
hindered exo-methylene terminus.

Compound 16 was synthesized by taking advantage of the
high acidity of a bridgehead proton in the very strained

bicyclobutane 14. Metalation of the latter with n-butyl-
lithium followed by addition of Me3SnCl afforded 16 in
moderate to good yields (Scheme 5).7,8

It is worth mentioning that, despite a few successful
examples of direct deprotonation of cyclopropanes, the
synthetic utility of this method is limited to substrates with
enhanced C–H acidity.

2.1.2. Halogen – metal – tin exchange at halocyclo-
propanes. Cyclopropylstannanes via halogen–magnesium
exchange. Efficient selective synthesis of cyclopropyl-
stannanes via halogen–magnesium exchange was first
demonstrated in the early 60s. This procedure allowed for
synthesis of a number of cyclopropylstannanes in good
yields from readily available bromide 17 (Scheme 6).9

Highly stereoselective monostannation of gem-dibromo-
cyclopropanes was achieved via halogen to magnesium
exchange with a Grignard reagent (Scheme 7).10,11 The
reaction proceeds with perfect steric control from the least
hindered face. Subsequent treatment of the resulting
cyclopropylmagnesium species with trimethyltin chloride
at 270 8C produces only cyclopropylstannane 21 with the
trimethyltin group anti- to the present substituent in the ring.
Although the yields are moderate, this approach can serve as

Scheme 1.

Scheme 2.

Scheme 4.

Scheme 3.

Scheme 5.

Scheme 6.
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a complementary method to one involving lithium reagents,
which allows for preparation of syn-isomers 22 (see below).

Seebach discovered directed monometalation of gem-
dibromocyclopropane with isopropylmagnesium chloride
in the oxazolidine series (Scheme 8).12 The syn-magnesium
carbanion was stabilized by the carbamate moiety in 24
providing a high degree of stereocontrol. Transmetalation of
24 with trimethyltin chloride afforded stannylated product
25 in 57% yield. Configuration of 25 was unambiguously
confirmed by its conversion into lithium derivative 26
followed by trapping with an electrophile. The resulting
product 27 had the same configuration as the compound
obtained directly from 23 using organolithium reagent
(Scheme 8).

Knochel found an analogous directing effect of an ester
group in the dibromo-cyclopropylcarboxylate series
(Scheme 9).13 Remarkably, it was shown that at low
temperatures bulky isopropylmagnesium chloride did not
compromise the stability of an ester group. Interestingly, the

chelating effect of an ester group depended strongly upon
the solvent used. Thus, treatment of dibromide 28 with the
Grignard reagent in THF produced a mixture of isomeric
cyclopropylmagnesium chlorides 29 and 30 in a 65:35 ratio
as determined by the distribution of 31 and 32, the products
obtained after trapping of 29 and 30 with electrophiles. In
contrast, analogous reaction performed in diethyl ether
displayed perfect chelation control and proceeded in a
highly diastereoselective fashion producing cis-magnesium
species 29 exclusively. The latter can be selectively trapped
by a number of electrophiles (Scheme 9).13

Knochel has also demonstrated that 2-iodocyclopropane-
carboxylate 33 when treated with i-PrMgCl affords cis-34,
which exhibited remarkable stability as a result of the
chelating effect of the ester group (Scheme 10). Cyclo-
propylmagnesium chloride 34 reacted directly with a series
of electrophiles, including Me3SnCl, to form 35 in good
yields.13

Cyclopropylstannanes via halogen to lithium exchange.

Scheme 7.

Scheme 8.

Scheme 9.
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Halogen–lithium–tin exchange can be effected using
lithium metal or a variety of alkyllithium reagents. The
intermediate cyclopropyllithium species display higher
stability when the reaction is carried out in diethyl ether,
even at elevated temperatures, which allows for good yields
of corresponding products. Thus, readily available cyclo-
propyl bromide 36 undergoes smooth tin–lithium exchange
when reacted with lithium wire or lithium dispersion in
diethyl ether (Scheme 11).14 The half-life of the resulting
tetramethylcyclopropyllithium in ether at room temperature
was determined to be 38 h. Corresponding stannylated

product 37 was isolated in good yield after addition of
trimethyltin chloride (Scheme 11).

Likewise, tetracyclopropyltin 39 was prepared in very good
yield by treatment of 17 with Li wire at 0 8C followed by
reaction with SnCl4 (Scheme 12).15

Halogen–lithium exchange with organolithium reagents is a
much milder method as the reactions rapidly proceed at
temperatures as low as 2100 8C. This method allows for
easy access to configurationally defined lithiated cyclo-
propanes, which can stereoselectively be functionalized
with variety of electrophiles. Thus, optically active
iodocyclopropane 40, obtained from allylic diazoacetate
using Doyle’s protocol,16 readily underwent consecutive
iodine to lithium exchange and trapping with tin electro-
phile to provide 41 in good yield (Scheme 13).17 Possible
epimerization due to the chelating effect of methoxy
substituent was not observed in this case, as detected by
NMR analyses of the crude reaction mixtures. This indicates
that the intermediate cyclopropyl anion retained its
configuration under the above-mentioned reaction con-
ditions (Scheme 13).

A number of reports document the reaction of gem-
dibromocyclopropanes with n-butyllithium followed by
trapping with trimethyltin chloride (Schemes 14 and 15).
In contrast to the analogous reaction with Grignard reagents,
formation of syn-trimethylstannylcyclopropane 22 was
observed predominantly or exclusively depending on the
amount of n-BuLi used. Although the reasons for this are
not completely understood, perfect facial selectivity was
observed only when no excess of n-BuLi was present in the
reaction;11,18,19 otherwise, mixtures of syn- and anti-
products were obtained.20 – 23

Thus, Warner demonstrated that when excess dibromide 44
was treated with n-BuLi, the initially formed carbanion 45
rapidly transformed into the isomeric 46, which upon
quenching with Me3SnCl produced stannane 48 as the sole
product. However, treatment of 44 with excess n-BuLi
(1.3 equiv.) resulted in incomplete conversion of 45 into 46
and both cyclopropylstannanes 47 and 48 were formed
(Scheme 16). Based on the above observations it was
concluded that transformation 45 to 46 is a thermodynami-
cally driven process.24

Scheme 10.

Scheme 11.

Scheme 12.

Scheme 13.

Scheme 14.

Scheme 15.
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2.2. 1,3-Cyclization reactions

Functionalized cyclopropylstannanes are also accessible via
1,3-cyclization reactions of open chain precursors. This
reaction requires substrates possessing both anion-
stabilizing and good leaving groups, separated by a chain
of three carbon atoms. Two different modes of 1,3-
cyclization have been employed for synthesis of cyclo-
propylstannanes: (a) incorporation of the tin moiety
into open-chain precursor, and (b) trapping of cyclopropyl-
metal species, obtained via 1,3-cyclization, with a tin
electrophile.

Mori has developed an efficient method for synthesis of
bis(tributylstannyl)propionate 50, an attractive versatile
synthon, via sequential silastannation–desilylation of
methyl propiolate 49 (Scheme 17).25 Propionate 50 obtained
by this method has been effectively employed for the
construction of a series of 1,2,3-trisubstituted cyclopropyl
derivatives.26 Thus, the a-anion, generated from 50 by
treatment with LDA, underwent a diastereoselective cross-
aldol reaction with an aldehyde to form 51. Treatment of the
major diastereomer of 51 with SOCl2 in the presence of
pyridine triggered a destannylative cyclization to produce
cyclopropylstannane 52 as single isomer in good to very
high yields (Scheme 17).

Alternatively, bis(tributylstannyl)propionate 50 can be
converted into aldehyde 53 via alkylation followed by
subsequent reduction with DIBAL-H.27 Aldehyde 53 upon
treatment with organometallic reagents gives alcohol 54,
which under mesylation conditions undergoes destannyl-
ative 1,3-cyclization to form isomeric cyclopropanes 55 and
56 in very high yields. In most cases 55 was formed as a
major diastereomer (Scheme 18).27

A lithiation–intramolecular cyclization reaction of N-Boc-
4-chloropiperidine 57 with excess s-BuLi was reported by
Beak.28 The first equivalent of s-BuLi causes intramolecular
nucleophilic substitution leading to bicyclic pyrrolidine,
from which selective deprotonation by second equivalent of
base followed by trapping with Bu3SnCl affords 58 in good
yield (Scheme 19).28

Scheme 16.

Scheme 18.

Scheme 17.

Scheme 19.
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Treatment of bis(phenylthio)propane 59a with 2 equiv. of
n-BuLi followed by the addition of Bu3SnCl afforded
a-stannyl cyclopropyl sulfide 61a (Scheme 20, R¼H,
88%).29 Similarly, trisubstituted 61b was obtained through
cyclization of 59b in 78% yield.30 This easy and
straightforward approach was only applied to the synthesis
of geminally thio-substituted cyclopropylstannanes
(Scheme 20).

The Michael-addition initiated ring closure (MIRC) reaction
is a powerful approach for construction of highly substituted
cyclopropane derivatives;31 however, when applied to
synthesis of cyclopropylstannanes, suffers from poor yields
and low facial selectivity. Thus, vinylaziridine 62 was
treated with a stannylcuprate reagent affording diastereo-
meric cyclopropylstannanes 63a,b in a mixture with non-
cyclized Michael addition product 64 (Scheme 21).32

2.3. Addition of carbenes and carbenoids to olefins

Addition of carbenes to olefins is arguably one of the most
powerful methods for the construction of the three-
membered ring. This methodology has been applied to the
synthesis of cyclopropylstannanes using two different
strategies. The first approach involves [2þ1] cycloaddition
of vinylstannanes and carbenoid species (tin resides at C2
unit). The second utilizes the analogous addition of tin-
containing carbenes to olefins (tin resides at C1 unit).

2.3.1. Addition of dihalocarbenes to vinylstannanes.
Generally, synthesis of cyclopropylstannanes via addition
of dihalocarbenes to vinyltin derivatives cannot be con-
sidered as a reliable method, as it often provides low to
moderate yields. There were only few reports documenting
rather efficient conversion of unsubstituted vinyltin com-
pounds into dihalocyclopropylstannanes. The success in
these cases was achieved by applying very mild conditions
(non-basic, non-nucleophilic, and non-Lewis-acidic) for
generation of carbene species. The dihalocarbenes react
smoothly with vinylstannanes 65 and 67, producing
reasonable yields of difluoro- and dichloro-cyclopropyl-
stannanes 66 and 68, respectively (Schemes 22 and 23).33,34

Normally, standard Zn-assisted procedures for addition of

carbenoids to alkenes are not successful when applied to
vinylstannanes which do not possess a directing group.
These rather sensitive substrates were shown to undergo
very sluggish cyclopropanation providing poor yields of
corresponding cyclopropanes. The main reason for such
inefficiency is zinc halide, generated in situ in this reaction.
It causes redistribution of alkyl groups at the tin moiety
between the starting vinyltrialkyltin and a product, leading
to complicated mixtures of tetraalkylstannanes.9,35

2.3.2. Simmons–Smith reaction. In contrast to moderately
efficient additions of carbenoid species to vinyltin deriva-
tives which do not possess directing/activating groups (see
above), allylic alcohols possessing tin substituents
undergo smooth Simmons–Smith cyclopropanation36 in
both stoichiometric and catalytic fashion.

A series of di- and trisubstituted tin-containing cyclo-
propylcarbinols 70, 71, and 73 have been synthesized
employing different variations of ‘traditional’ Et2Zn–
dihalomethane combinations (Scheme 24).37 – 41 Optically
active cyclopropylstannane 75 has been efficiently

Scheme 20.

Scheme 21.

Scheme 23.

Scheme 22.
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synthesized via highly diastereoselective cyclopropanation
of chiral allylic alcohol 74 (Scheme 24).37

Cyclopropanation involving Sm carbenoids have been
extensively studied by Lautens.42 – 48 Usually generated
from Sm/Hg amalgam or samarium iodide and dihalo-
methane, these carbenoids are often a more efficient
alternative to the reactions with Zn reagents.36 Somewhat
disadvantageous is that Sm-promoted cyclopropanation
often requires a large excess of Sm reagent to achieve
high conversions, and yields can be non-reproducible with
different Sm batches. A practical alternative to the Hg
activator was found to be TMSCl, which sometimes
improves stereoselectivity of the reaction and makes it
less sensitive to the Sm source (Scheme 25).

It was demonstrated that olefins bearing silicon and/or tin
substituents undergo highly diastereoselective cyclo-

propanation in the presence of Sm. High selectivity in this
reaction was observed for Z- di- or trisubstituted olefins,
whereas disubstituted E-alkenes provided moderate
selectivity. For a few substrates, a comparison with other
cyclopropanating procedures was made.44 While secondary
allylic alcohol 78 (MR0

3¼SiMe3) bearing a cyclohexyl
substituent reacted smoothly in the presence of Sm metal,
the reaction with Zn/Cu couple resulted in predominant
destannylation, and SmI2 produced no reaction at all. In
contrast, primary allylic alcohol 78 (MR0

3¼SiMe3, R¼H)
reacted smoothly in the presence of samarium iodide. This
indicates that SmI2-mediated cyclopropanation is much
more sensitive to steric effects than when metallic Sm is
used. Attempted dichlorocyclopropanation of this substrate
using chloroform and NaOH produced the corresponding
allyl chloride only.

Although the Sm method has been shown to be very efficient

Scheme 24.

Scheme 25.
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for 1,1-distannyl- or silastannylalkenes, it was only partially
applicable to the 1,2-disubstituted substrates, as shown by
Mitchell.49 Even though primary alcohols 80 give accept-
able yields of the products, this method fails when steric
demands in the starting olefin increase. Secondary alcohols
produced the corresponding products in very low yields,
whereas tertiary analogs did not react at all (Scheme 26).

Asymmetric cyclopropanation reaction using stoichiometric
amount of chiral dioxaborolane, discovered by Charette,31

was effectively applied to the synthesis of tin-containing
cyclopropylmethanols.50 – 54 Both trans- and cis-alkenyl-
stannanes were employed with similar efficiency, producing
trans- (83) and cis-cyclopropylstannylmethanols (70),
respectively, in high yields and enantiomeric excess
(Scheme 27).

Catalytic enantioselective cyclopropanation of allylic

alcohols developed by Kobayashi was also extended to the
synthesis of optically active cyclopropylstannanes. As in the
case with other substituents, reaction with trans-alkene 82
produced 83 with higher enantiomeric excess (86%),
compared to the analogous reaction with cis-isomer 69,
which afforded the corresponding cyclopropylstannane 70
with moderate ees only (66%, Scheme 28).55 Disulfonamide
ligand 86 reported by Imai displayed poorer enantiomeric
induction in the reaction with trans-alkene 82 (,60% ee)
(Scheme 28).56

2.3.3. Rh-Catalyzed addition of carbenoid species.
Asymmetric intramolecular cyclopropanation of olefins
via the Rh-catalyzed decomposition of diazoesters
represents a very powerful approach to optically active
cyclopropanes.57 Excellent functional group compatibility
and mild reaction conditions resulted in extensive
application of this method in organic synthesis. Doyle
demonstrated that using this methodology, chiral cyclo-
propylstannanes 88 can be obtained in good yield and very
high degrees of enantioselectivity (Scheme 29).16,58

2.3.4. Addition of tin-containing carbenes to olefins. It
should be mentioned that synthesis of cyclopropylstannanes
via addition of tin-containing carbenes and carbenoids to
olefins has proved less efficient compared to the methods
described above, involving addition to vinyltins. Additional

Scheme 26.

Scheme 29.

Scheme 28.

Scheme 27.
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a-carbanion stabilization by stannyl group allowed for
preparation of rather stable tin-containing carbenoid species
90, which was obtained in high yields from bis(diazo-
acetate) 89 and when reacted with isobutene under
photolytic conditions gave cyclopropyltin derivative 91 in
moderate yield (Scheme 30).59

Insertion of metalated carbenes into olefins was further
investigated on series of differently substituted alkenes.60

Generally, trimethylstannyl diazoacetate 92 provided rather
poor yields of the corresponding cyclopropylstannanes 94
except for the case with isobutene (70%, Scheme 31).

Poor yields were also obtained in the reaction of
trimethylstannylcarbene 96 generated by treatment of
chloromethyltrimethyltin 95 with LiTMP in cyclohexene–
ether solution; norcarane 97 was isolated in 21% yield from
a complex mixture of unidentified products (Scheme 32).61

a-Phosphinosubstituted cyclopropylstannane 99 was

obtained in 55% yield as a mixture of diastereomers in the
reaction of stannyl-containing carbenoids with acrylates
(Scheme 33).62

2.4. Addition of tin-containing entities across the double
bond of cyclopropenes and methylenecyclopropanes

Addition of tin-containing species to the double bond of
cyclopropenes and methylenecyclopropanes represents
another very attractive and powerful approach to cyclo-
propylstannanes. Significant strain energy in unsaturated
three-membered rings versus parent cyclopropanes is the
reason for the high affinity of their double bonds towards
various addition reactions.63,64 This methodology has been
realized in the synthesis of series of cyclopropylstannanes via
radical-initiated or transition metal-catalyzed addition of tin
hydrides and tin–metal species to the unsaturated precursors.

2.4.1. Addition of tin hydrides to cyclopropenes.
Nakamura demonstrated that radical-initiated trans-addition

Scheme 32.

Scheme 31.

Scheme 30.

Scheme 34.

Scheme 33.
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of tin hydrides (mostly triphenyltin hydride) across the
double bond of cyclopropenone acetals proceeds smoothly
to afford a variety of stannylcyclopropanone acetals in high
yields (Scheme 34).65,66 It was shown that the b-addition
product, cyclopropylstannane 101a, always formed as a
major regioisomer and the regioselectivity depended on the
size of an R group; however, mixtures of diastereomers of
101a were observed (from 20:1 to 6:1 with cis-isomer being
a major product).

Transition metal-catalyzed hydrostannation of cyclo-
propenes. In contrast to the trans-selective radical-initiated
hydrostannation, transition metal-catalyzed addition of tin
species across the double bond of cyclopropenes proceeds
highly cis-selectively to produce multisubstituted cyclo-
propane derivatives in very good yields (Scheme 35).67 A
number of transition metals (Ru, Rh, Pt, Pd) were shown to
catalyze this reaction; however, palladium catalysts
appeared to be superior over other metals: the reaction
proceeded extremely fast at temperatures as low as 278 8C
and allowed for efficient synthesis of up to pentasubstituted
cyclopropylstannanes. Great functional group tolerance was
demonstrated on substrates bearing ester, ether, silyl, and
allyl functionalities. It was shown that the addition across
the double bond of cyclopropene is generally controlled by
steric factors and proceeds from the least hindered face
regardless of the substituents at the tin atom (Me, Bu, Ph).
Remarkably, alkoxymethyl substituents displayed a signifi-
cant directing effect in the hydrostannation of 3,3-
disubstituted cyclopropenes preferentially affording

addition products with syn orientation of alkoxymethyl
and tin substutuents.

2.4.2. Addition of ditin and silicon–tin species to
cyclopropenes. De Meijere’s protocol for silastannation
of methylenecyclopropenes (see below) was adapted to sila-
and stannastannation of 3,3-disubstituted cyclopropenes
(Scheme 36).67 Palladium acetate– tert-isooctyl iso-
cyanide68 (Walborsky’s ligand) catalyst combination
effected facile addition of the bimetallic species, which
was shown to be entirely sterically controlled.

2.4.3. Addition of tin–metal species to methylenecyclo-
propanes. De Meijere showed that palladium acetate-
catalyzed addition of silastannanes to bicyclopropylidene
106 proceeded smoothly in the presence of tert-isooctyl
isocyanide complex to form stannyl bis-cyclopropanes 107
and 108 (Scheme 37).69 It was shown that employment of
palladium tetrakis (Pd(PPh3)4) in this reaction led to
opening of cyclopropyl ring. Interestingly, disproportiona-
tion to form disilanes and distannanes occurred, when
trimethylsila(trimethyltin) was employed (R¼Me), result-
ing in formation and subsequent addition of hexamethyl-
ditin to the double bond to give 108 (Scheme 37).69

2.5. Miscellaneous

2.5.1. Kulinkovich reaction. A highly diastereoselective
synthesis of cyclopropylstannanes using the Kulinkovich
cyclopropanation reaction70 was reported by Cha
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(Scheme 38).71 Cyclopropanation of carboxamides afforded
higher yields than that of corresponding esters, which was
explained by higher stability of amides toward nucleophilic
attack by Grignard reagents. Furthermore, due to the high
propensity of b-stannylcyclopropanols toward ring-
opening, silyl protection was necessary to isolate these
compounds. Interestingly, esters and carboxamides afforded
cis- and trans-products, respectively, and the stereo-
chemical outcome of this reaction for both esters and
amides was opposite to that for alkyl-substituted olefins.72,73

The reason for this effect remains unclear and is believed
partly to originate from steric effect of the bulky tributyltin
moiety. Overall, the method provides reasonable to good
yields of amides 111; however, the reaction with esters
suffers from substantial formation of ring-opening products.

2.5.2. Substitution at cyclopropyl ring with tin nucleo-
philes. When optically active cyclopropylbromide 112 was
treated with trimethylstannyllithium, two products, 113 and
114, were obtained (Scheme 39).74,75 The absolute con-
figuration at C1 for both, 113 and 114, remained unchanged
with no racemization occurred. As a possible route to the
formation of by-product 114, the authors suggested
involvement of the cyclopropyllithium intermediate 116,
which resulted from transition complex 115 via metal–
halogen exchange. However, all attempts to prove the above
assumption by trapping 116 with any other electrophiles
failed.

The reaction of tributylstannyllithium with the magnesium
salt of 1-ethoxycyclopropanol 118, obtained form hemi-
acetal 117, proceeded very slowly to afford a low yield of
stannylcyclopropyl MOM ether 119 (Scheme 40). The

authors explained the low efficiency of this reaction by
competitive decomposition of the tributylstannyllithium
reagent.35

2.6. Cyclopropenylstannanes (synthesis and
applications)

Cyclopropenes display comparable reactivity to that
observed for terminal acetylenes, towards deprotonation
reactions. The increased acidity of the olefinic protons in
cyclopropenes is attributed to a high degree of s-character of
the C–H bond, which results from significant ring strain.76

Thus, metalation of both olefinic carbon atoms in cyclo-
propene 120 by LDA followed by trapping with a metal
electrophile afforded disilyl-, distannyl-, and digermyl-
cyclopropenes 121a–c. The yields of bis-silylcyclopropene
121a obtained by this method was good, whereas
preparation of tin (121b) and germanium (121c) analogs
was less efficient (Scheme 41).77 Low yields of 121b,c were
attributed to their low stability during isolation due to more
labile C–Sn and C–Ge bonds in cyclopropenes.

Efficient monometalation of cyclopropenone acetal 122 was
achieved by Nakamura by employment of 1 equiv. of
n-BuLi at 270 8C in THF in the presence of HMPA
(Scheme 42).78 The latter was shown to be necessary for
stabilization of cyclopropenyllithium 123, and thus for
obtaining higher yields of the products.

It was found that addition of allylzinc reagents to the stannyl
cyclopropenone acetals (CPA), as well as to their silyl
and germyl analogs, proceeded much faster than that to
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carbon-substituted CPAs (Scheme 43).79 This observation is
in agreement with previously obtained results on carbo-
metalation of olefins.80 Addition of allylzinc bromide to
trimethylstannyl CPA provided a mixture of two regio-
isomers 126 and 127 in excellent yield with 95:5 selectivity
favoring formation of the b-addition product 127. The
observed regioselectivity was attributed to electrostatic
interactions between the Lewis acidic zinc atom and the
partially negatively charged carbon atom adjacent to tin.
However, the regioselectivity was completely reversed,
favoring the geminal product 126, when allylzinc reagent
129, bearing a chiral bisoxazoline ligand, was used
(Scheme 43). The opposite regioselectivity observed in
this case was explained by unfavorable steric interactions
between bulky bisoxazoline ligand and trimethyltin sub-
stituent. High yields, and very good regioselectivity, taken
together with excellent enantioselectivity obtained in the
reaction with 129, makes it a very useful method for the

synthesis of allyl-substituted (trimethylstannyl)cyclo-
propanone acetals.

Guillerm reported a single example of dipolar [2þ3]
cycloaddition of diazopropane to methyl triethylstannyl-
propiolate (Scheme 44).81 The reaction proceeds in very
high yield to form isomeric pyrazolines, which undergo
extrusion of nitrogen upon irradiation to produce (triethyl-
stannyl)cyclopropenyl carboxylate 133 in quantitative yield.

De Meijere reported synthesis of mono- (135) and
dimetalated cyclopropenes (136) using sequential deproto-
nation/electrophile trapping (Scheme 45).82 – 84 It was
recognized that use of LDA as the deprotonating agent
allows to avoid undesirable addition of alkyllithium reagent
across the double bond of cyclopropene. Lower yields
obtained for monometalated compounds 135a and 135c are
probably due to volatility of these products (Scheme 45).82
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Cyclopropenylstannane 136b was tested in the Stille cross-
coupling reaction with various halides and triflates
(Scheme 46). However, good results were obtained only
in the reactions with phenyl iodide (98%) and bromide
(63%), whereas employment of triflates proved inefficient.84

A two-fold coupling of phenyl iodide with distannane 138
afforded diphenylcyclopropene 139, albeit in low yield
(Scheme 46).

3. Applications

3.1. Transformations with preservation of the
cyclopropyl ring

3.1.1. Reactions involving tin–lithium exchange. To date,
among all applications, the tin–lithium exchange reaction
represents the most important and most extensively used
transformation of cyclopropylstannanes. Facile trans-
metalation with organolithium reagents at temperatures as
low as 2100 8C makes cyclopropylstannanes a convenient
precursor of reactive stereodefined (vide infra) cyclo-
propyllithium species. A few features of this transformation
are worth emphasizing. First, while tributyltin group can
undergo smooth tin–lithium exchange at geminally
unsubstituted and substituted cyclopropylstannanes, trans-
metalation of the trimethyltin group of the latter proved

unsuccessful. Second, syn-oriented directing groups, such as
alkoxymethyl- or carbonyl-containing substituents,
facilitate transmetalation; however, generally, bulky syn-
substituents significantly impede or completely suppress
tin–lithium exchange. The resulting cyclopropyllithium
species are normally configurationally stable at tempera-
tures as high as 0 8C, however, partial or complete
epimerization can occur at this temperature if an anti-
oriented directing substituent is present at the cyclopropyl
ring.

The very first experiments on tin–lithium exchange on
cyclopropyl series was performed by Seyferth in early 60s
(Scheme 47).15,85 Solid cyclopropyllithium 38 was obtained
via reaction of tetracyclopropylstannane 39 with 2 equiv. of
n-BuLi in pentane. Cyclopropyllithium 38, which precipi-
tated from the reaction mixture, was treated with trimethyl-
tin bromide to provide cyclopropyltrimethylstannane 141 in
79% yield. In all reactions performed, isolated solid
cyclopropyllithium contained small amounts of n-BuLi,
which upon quenching with Me3SnBr produced BuSnMe3

(2–4%). The presence of n-BuLi in the cyclopropyllithium
precipitate was explained by the formation of mixed
organolithium polymer of type 142.

Lithiodestannylation of 83 was performed to introduce an
arylthio-substituent in the cyclopropyl ring (Scheme 48).52,54
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Interestingly, although the reaction of 83 was carried out at
0 8C, no epimerization occurred in this case despite the
presence of the potentially directing hydroxymethyl
substituent.

In contrast, Tanaka demonstrated that tin–lithium exchange
with 144 proceeds with retention of configuration at low
temperature; however, when warmed up to 0 8C, trans-147
isomerizes into cis-cyclopropyllithium to form stabilized
lithium chelate species 148 (Scheme 49). Experiments
involving optically active 144 revealed that tin–lithium
exchange performed at 278 8C did not compromise either
of the chiral centers of the molecule.86

Gadwood investigated various approaches to generation of
(1-alkoxycyclopropyl)lithium reagents en route to cyclo-

butanone derivatives 155 (Scheme 50).35 Three methods
have been explored: deprotonation of hindered cyclopropyl
benzoates, halogen–metal exchange of a-haloethers, and
transmetalation of alkoxycyclopropylstannanes. Direct
deprotonation of cyclopropylbenzoate 149 can be easily
accomplished with sec-BuLi/TMEDA, but the derived
organolithium compound did not react with ketones,
probably due to steric hindrance. In contrast, easily
available 1-bromoethoxycyclopropane 152 has been found
to be a convenient precursor for reactive (1-alkoxycyclo-
propyl)lithium reagents. Metal–halogen exchange between
152 and t-BuLi occurred rapidly at low temperature, and the
resulting organolithium compound 153 reacted cleanly with
a variety of aldehydes and ketones. Likewise, cyclopropyl-
stannane 119 also underwent transmetalation smoothly,
leading to desired lithium intermediate 153. However, the
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synthetic usefulness of this route is questionable due to the
relative inaccessibility of starting cyclopropylstannane
119.35

Lautens performed systematic studies on the tin–lithium
exchange using a series of different geminal bimetallic
cyclopropylstannanes (Scheme 51).43,47,48 Investigation of
solvent effect on the reaction rate revealed that the
transmetalation of cyclopropylstannanes occurred extre-
mely efficiently in a matter of a few minutes when THF or
DME were used as solvents: only 1.05 equiv. of methyl-
lithium were enough for complete rapid transmetalation in
these solvents. Interestingly, the corresponding reactions in
ether and hexane were unsuccessful. The analogous reaction
with n-BuLi (30 equiv.) was complete only after 10 h in
THF, and it was considerably slower in DME and did not
proceed in Et2O or hexane at all.43 A number of
electrophiles (R3MCl (M¼Sn, Si), CO2, PhSSPh, CHO)
were tested to demonstrate the synthetic utility of this
reaction (Scheme 51). In most cases, good to high yields of
corresponding functionalized cyclopropanes were obtained.
Surprisingly, attempts to trap the resulting cyclopropyl-
lithium species with TMSCl were unsuccessful.43

Replacement of a silyl moiety for an alkyl group has a
significant effect on the transmetalation rate. Tin–lithium
exchange of 158 required 4 h, versus bimetallic stannyl-
silylcyclopropane 156 which reacted in 25 min (Scheme 52).
The authors suggest that the ability of the silyl group to

stabilize an a-carbanion is responsible for the observed
dramatic difference in the reaction rates of 156 versus 158.
The relative stereochemistry of the tributylstannyl group
and alkoxymethyl substituent at C-2 was shown to have a
significant influence on the rate of transmetalation. In
contrast to smooth tin–lithium exchange of Z-stannyl-
cyclopropane 158 with methyllithium, the isomeric E-160
did not undergo transmetalation even with a large excess of
MeLi. However, complete transmetalation was achieved
with 10 equiv. of n-BuLi in THF (Scheme 52). To determine
whether the less sterically hindered tin moiety would
undergo transmetalation more readily than its tributyl-
stannyl-substituted analog, the reaction with trimethyl-
stannylcyclopropane 162 was attempted. No reaction of
162 with MeLi was observed; however, treatment of 162
with 10 equiv. of n-BuLi resulted in unexpected complete
methyl to butyl group exchange at the tin moiety
(Scheme 52).43

Analogously, lithiodestannylation of tetrasubstituted tri-
methylstannylcyclopropane 163 also proved unsuccessful
(Scheme 53).38 The reaction did not proceed in any
conditions tried (methods A–C); instead, methyl to butyl
substitution occurred leading to mixtures of products 164.38

Sensitivity of tin – lithium exchange to facial steric
hindrance was studied using diastereomeric cyclopropyl-
stannanes 166 and 168 (Scheme 54). While the substrate
bearing less bulky cis-methyl group underwent smooth
transmetalation with n-BuLi at 230 8C,87 more sterically
hindered 168 with a cis-phenyl substituent did not undergo
this reaction even at room temperature.88

Lautens has also found an interesting example of a retro-
Brook type rearrangement89 in cyclopropyl series: the silyl
group underwent smooth 1,4-migration to C-1 of the
cyclopropane under treatment of 169 with MeLi followed
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by hydrolytic workup (Scheme 55). Protonation of lithium
alkoxide then provided a hydroxyl moiety, which can be
used for further transformations.43,47

Another application of bimetallic cyclopropanes en route to
cyclopropylidenes has been reported by Lautens. Tin–
lithium exchange followed by trapping with electrophile
and subsequent Peterson olefination afforded product 172 in
unspecified yield (Scheme 56).46

Optically active tributylstannylcyclopropyl synthons 173

were used as key intermediates in the synthesis of
Dictyopterene A (175, Scheme 57).53 Transmetalation—
trapping with electrophile occurred smoothly in case of all
three compounds, providing cyclopropylaldehydes 174 in
good to very high yields (Scheme 57).

Mori investigated transmetalation of 1,2,3-trisubstituted
cyclopropanes 176 and 178, and subsequent trapping of the
resulting cyclopropyllithium species with various electro-
philes (Scheme 58).26 It was shown that quenching with MeI
proceeded smoothly affording a very high yield of the
methylated product, whereas other electrophiles required
addition of HMPA, still providing moderate to good yields
of the products. The fact that cyclopropylstannane 176 also
undergoes methylation producing 177 in high yield
indicates that transmetalation tolerates cis-oriented alkoxy-
methyl substituents.

The extension of this methodology was demonstrated later
by Mori in synthetic studies toward Ambruticin (Scheme
59).27 Two alternative approaches to the required key
intermediate 181 employing different flavors of the tin–
lithium exchange motif at the cyclopropyl ring were
explored. Thus, tributylstannylcyclopropane 180 was
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treated with n-butyllithium followed by trapping with MeI
and desilylation to provide 181a in 73% yield. Alterna-
tively, lithiodestannylation of cyclopropane 182 produced
lithium derivative, which upon alkylation with chloro-
methylbenzyl ether and deprotection with TBAF afforded
181b in 48% overall yield (Scheme 59).

Tin–lithium exchange followed by oxidative homo-coup-
ling of two cyclopropyllithium species was employed by
Falck as an efficient protocol in the assembly of poly-
cyclopropane framework of antibiotic FR-900848
(Scheme 60).50 Tin group of silylated cyclopropylmethanol

183 was transmetalated with sec-BuLi and the resulting
lithium anion was treated with [ICuPBu3]4 and then
subjected to an oxygen-induced dimerization at low
temperature to give syn-trans-bis-cyclopropane 184. The
observed enrichment in enantiomeric excess is a result of a
statistical distribution of products and represents a variant of
the Horeau amplification principle.90

In synthetic studies toward sesquiterpenoids (^)-prezizanol
and (^)-prezizaene, Piers demonstrated that cyclopropyl-
stannanes 173 can efficiently be employed as remote
precursors for Negishi cross-coupling reactions with various
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alkenyl iodides (Scheme 61).91 Tin–lithium exchange
followed by Li–Zn transmetalation afforded cyclopropyl-
zinc halide species, which smoothly underwent stereo-
selective Pd-catalyzed coupling with vinyl iodides to
efficiently produce corresponding vinylcyclopropanes
185.

Corey took advantage of the facile tin–lithium exchange of
cis-tributylstannylcyclopropane 186 in the total synthesis of
Hybridalactone (Scheme 62).40,41 A coupling reaction
between b-tosyloxyenone 187 and cyclopropyllithium
generated from 186, afforded a good yield of one of the

key intermediates 188. To unambiguously establish the
absolute configuration of the starting stannylcyclopropane
70, the sequence involving tin–lithium exchange, electro-
phile trapping, esterification and oxidation was realized to
provide known acid (þ)-190.

Seyferth demonstrated for the first time the possibility of
performing a stereoselective transmetalation of tin in the
presence of a geminal bromine substituent (Scheme 63).11

Thus, transmetalation of syn-7-bromo-anti-7-trimethyl-
stannylnorcarane 191 followed by trapping with electro-
phile produced anti-TMS-norcarane 192 as a sole
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stereoisomer. Alternatively, isomeric anti-7-bromo-syn-7-
TMS-norcarane 194 can stereospecifically be prepared by
the metal–halogen exchange of dibromide 193 with n-BuLi,
followed by treatment with TMSCl.

Analogously, Warner demonstrated that treatment of either
epimer 48 or 47 with n-BuLi at 2100 8C followed by MeOD
workup provided deuteriodestannylated products with
retention of configuration with trace amounts of inverted
isomers detected (Scheme 64).24 However, when lithium
derivatives obtained from 48 or 47 were allowed to warm up
to 278 8C prior to MeOD quenching, mixtures of several
products with variable ratios, depending upon reaction time,
were obtained. It was proposed that irreversible isomeriza-
tion of 45 into 46 takes place at this temperature thereby
providing mixtures of syn- and anti-isomers along with
some amounts of dimeric products (Scheme 64).24

Likewise, lithium derivatives 200 and 202, obtained from
stannanes 199 and 191, respectively, displayed different
stability when allowed to warm up from 295 to 278 8C
(Scheme 65).92 Under these conditions, 200 provided single
product 201, whereas 202 produced, depending on reaction
time, up to five main products. The results of these
experiments confirmed that, although being relatively
slow, the isomerization 202 to 200 takes place; however,
its mechanism is unclear. These results are in accord with
those obtained on the unsaturated series (see above).

3.1.2. Tin–halogen exchange reactions. While tin–

lithium exchange of cyclopropylstannanes proceeded with
complete retention of configuration, regardless of the
substitution pattern, a dramatic difference was observed in
the stereochemical outcome of the tin–halogen exchange
reactions. Thus, when a-unsubstituted cyclopropyl-
stannanes provided corresponding halogenated products
with complete retention of configuration at the reaction
center, the a-substituted analogs normally led to racemic
products. It was proposed that these two types of
cyclopropylstannanes undergo tin–halogen exchange via
different mechanisms. An ionic pathway via a four-centered
transition state 203 leading to retention of configuration was
proposed for a-unsubstituted substrates (Scheme 66).
Formation of tertiary radical species of type 204, capable
to undergo epimerization leading to racemic mixtures, was
suggested for reaction involving a-substituted analogs.
While the former pathway was supported experimentally,
no studies were performed to confirm the latter pathway.

First experiments on tin–halogen exchange were performed
by Sisido in 1967.74 The authors observed complete
racemization when optically active 113 was subjected to
iodine in carbon tetrachloride (Scheme 67). Reaction of 113
with hydrogen chloride, however, resulted in formation of
protiodestannylated product 114 with complete retention of
configuration. Homolytic cleavage of the tin–carbon bond
and formation of configurationally unstable cyclopropyl
radical species were proposed to account for racemization
observed for the iodination reaction. Protiodestannylation of
113 was believed to proceed via an ionic mechanism.74

Shortly after Sisido’s report, Baekelmans published his
results on tin – halogen exchange using geminally
unsubstituted trans- and cis-cyclopropylstannanes 206 and
208 (Scheme 68).93,94 Both reactions proceeded with
retention of configuration regardless of the solvent or
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halogen source used. However, a dramatic solvent effect on
the rate of halodemetalation was observed; the reaction
proceeded very quickly in chlorobenzene, and considerably
slower in methanol.

Analogously, the tributyltin group in trisubstituted 166
smoothly underwent tin–bromine exchange upon treatment
with bromine in methanol to produce bromocyclopropane

167a with complete retention of configuration
(Scheme 69).88

Baekelmans’ results prompted Sisido to reinvestigate the
halodestannylation reaction of 113 (Scheme 70).75 Again,
treatment of 113 with bromine in carbon tetrachloride
resulted in racemic product 112 along with bromodimethyl-
cyclopropylstannane 210 and protiodestannylated product
114; formation of the latter resulted from the reaction of 113
with HBr, formed in situ. When the reaction of 113 with
bromine was carried out in methanol, a selective cleavage of
the tin–methyl bond occurred to produce 210 in nearly
quantitative yield. Treatment of 113 with two equivalents of
bromine resulted in exchange of an additional methyl group
with bromine to give 211. No racemization occurred during
these transformations.

Scheme 68.
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However, in the analogous reaction with geminally
unsubstituted cyclopropyl derivatives 206 and 208 under
the same reaction conditions, complete retention of
configuration was observed (Scheme 71).95 Sisido
speculated that formation of a stable, tertiary cyclopro-
pyl radical in case of 113 favored a radical pathway via
intermediate 204, whereas 206 and 208 reacted via a
four-centered transition state 203 (Scheme 66). Under
conditions of radical brominolysis (NBS, AIBN), a
85:15 mixture of trans-212 and cis-213 was produced
regardless on whether cis-208 or trans-206 were
employed (Scheme 71).

3.1.3. Cross-coupling reactions. Introduction of cyclo-
propyl moiety via the Pd-catalyzed cross-coupling reaction
of cyclopropylstannanes with electrophilic counterparts
potentially can serve as a very attractive approach to
synthesis of complex cyclopropane-containing molecules.

Although a number of reports document attempts on Stille
cross-coupling reactions of cyclopropylstannanes with
different halides and triflates, unfortunately, most of the
known examples provide unsatisfactory low yields of the
coupling products. In contrast to cyclopropylboronate
analogs, which are well-known to readily undergo Suzuki
cross-coupling reaction,96 cyclopropylstannanes display
very poor reactivity primarily as a result of sluggish
transmetalation of a weakly nucleophilic cyclopropyltin
moiety.

Thus, in studies toward Curacin A, Romo investigated the
possibility of installing a cyclopropyl moiety in thiazoline
ring using Stille cross-coupling reaction (Scheme 72).97

Under standard Stille coupling conditions 2-cyclo-
propylthiazoline 216 was obtained as an inseparable
mixture with pyrroline (,4:1) in low yield. Addition of
copper iodide allowed for increasing yields of reactions and
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improving selectivity providing 216 in moderate yields
(Scheme 72).

Cyclopropyluracil 220 and cyclopropylcytosine 225 were
prepared by Stille coupling of pyrimidine 217 and
trimethylcytosine 222 with tributylstannylcyclopropane
215 (Scheme 73). Both reactions provided low yields of
desired cyclopropane derivatives 220 (12%) and 225 (30%),
and were accompanied by formation of substantial amounts
of dehalogenated by-products 221 and 226, respectively.98

The coupling of triflate 227 with tributylstannylcyclo-
propane provided poor results despite the use of a labile
triphenylarsine ligand (Scheme 74). Apart from slow
transmetalation at cyclopropyltin, the significant steric
bulk created by two ortho-substituents at the aryl ring
may also impede the oxidative addition step in this reaction,
thus additionally accounting for the very low yield of
coupling product 228.99

Cross-coupling of neat tributylstannylcyclopropane with
very electron poor aryl iodide 229 under various conditions
was unsuccessful (Scheme 75).100 Reaction of 229 with
tetracyclopropylstannane 39 was also unsuccessful with a
series of different solvents and palladium catalysts.
Attempted cross-coupling with triflate 230 led to the triflate
cleavage to form the corresponding phenol only.

Cross-coupling reaction of triflate 231 with 215 also proved
inefficient; harsh reaction conditions as well as a compli-

cated isolation procedure allowed for synthesis of coupling
product 232 in trace amounts only (Scheme 76).101

While Stille cross-coupling reaction on cyclopropyl-
stannanes normally provides poor yields or no product at
all, the oxidative homocoupling of two cyclopropyltin
derivatives appeared to be a much more efficient method, as
demonstrated by Itoh.37 Conditions, originally reported by
Liebeskind for the palladium-catalyzed oxidative dimeriza-
tion of stannylquinones,102 were successfully applied for
coupling of 233 furnishing the corresponding bis-cyclo-
propane 234 in 66% yield (Scheme 77).

3.1.4. Miscellaneous. Addition of dihalocarbenes to
2-trimethylstannyl methylenecyclopropane 12 occurs
stereospecifically from the less hindered site to form anti-
235 as a single product (Scheme 78).6 However, addition of
dichlorocarbene to methylenecyclopropane 237 bearing
bulky cyclopropyl substituents at the double bond produces
a mixture of syn- and anti-products 238 and 239,
respectively, with the anti-isomer being a major com-
ponent.103 Interestingly, with other substituents in place of
the trimethyltin group in 237 (i.e., TMS, Br, alkyl) the
reaction was completely stereospecific, affording the
corresponding anti-product only. These results are
explained by the greater length of the C–Sn bond, which
makes the steric effect of this substituent less pronounced.

In the [2þ2] cycloaddition reaction of dichloroketene with
240, formation of more hindered isomer 242 was observed
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in case of both trimethylsilyl and trimethylstannyl sub-
stituents (Scheme 79). As expected,104 such stereo-
selectivity is a result of a more favorable transition state
B, in which dichloroketene is approaching from the face
opposite to that occupied by a bulky substituent. Relatively
strong steric control observed for 240a deteriorated in the
case of tin analog 240b, which again is attributed to the

greater length of the carbon–tin bond as compared to that
for the carbon–silicon bond.105

Seyferth demonstrated that tetracyclopropyltin 39 can
undergo disproportionation reactions with mercury or tin
halides to produce corresponding cyclopropylmercuric 244
and -tin chlorides 243 and 245, respectively (Scheme 80).106
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The reaction with 246 confirms that phenyl group is
cleaved from tin much more readily than is the cyclopropyl
group. Tricyclopropyltin acetate 251 was obtained in
88% yield by the reaction of 249 with potassium
hydroxide followed by treatment with glacial acetic acid
(Scheme 80).

Pohmakotr reported the destannylative Pummerer-type
rearrangement of 1-phenylsulfinyl-1-tributylstannyl-
cyclopropane 3 (Scheme 81).29,107 The reaction
proceeds analogously to the previously reported rearrange-
ment of a-silyl substituted cyclopropylsulfoxides108 and
allows for good to high yields of acyl derivatives 252 or 253.
The mechanism of this reaction involves acylation of
a-stannyl sulfoxide to form acylsulfoxonium species 254
followed by the attack of chloride ion at the tin moiety,
providing thionium salt 255. The recombination of the
thionium ion with the carboxylate gives products 252 or
253. Following essentially the same pathway, a-siloxy-
cyclopropane 256 was obtained from 3 in the presence of
TBDMS-Cl in 75% yield (Scheme 81).

Acyldestannylation of a-stannylsulfone 257 proceeded
smoothly in refluxing toluene affording 1-acyl-1-sulfonyl-
cyclopropanes 258 (Scheme 82).4 While acyl chlorides
provided good yields of the corresponding products, the less
reactive chloroformates did not undergo this transformation
at all.

3.2. Reactions involving opening of the cyclopropyl ring

3.2.1. Ring opening reactions involving ionic inter-
mediates. Destannylative acylation of MEM-protected
cyclopropanol 6 followed by a facile ring opening of the
resulting 1,2-donor–acceptor substituted cyclopropane 259
and subsequent cyclization of zwitterionic intermediate 260,
provided good yields of dihydrofurans 261 (Scheme 83).3

Treatment of the latter with BF3–OEt2 resulted in the
formation of furans 262 in moderate yields.

In the synthesis of series of stannylated troponoids, Banwell
applied a modified Swern oxidation protocol (with trifluoro-
acetic anhydride, TFAA) to dihydroxynorcaranes 263 and
267 (Scheme 84).18 Under these conditions, significant
amounts of bicyclic hydroxyenones 265 and 268 were
obtained. However, prolonged reaction times or excess of
oxidant effected ring expansion/dehydrobromination of the
intermediate hydroxyenones leading to troponoids 264 and
269, respectively. Alternatively, methylation of 265 with
dimethylsulfate followed by treatment with 1,8-diaza-
bicyclo[5.4.0]undec-5-ene (DBU) afforded tropolone 266
in good yield (Scheme 84).

Synthesis of 3-stannyltropolone 273 was achieved by
subjecting 270 to allylic oxidation conditions with
chromium trioxide–3,5-dimethylpyrazole (3,5-dmp) com-
plex, which provided enone 271 accompanied with trace

Scheme 81.

Scheme 82.
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amount of tropolone 272 (Scheme 85). While treatment of
271 with DBU failed to provide any isolable products,
reaction of this substrate with potassium carbonate and
lithium chloride in DMF resulted in dehydrobrominative
ring expansion to give 273 in 64% yield. It was pointed out
that the use of either isomer (with syn or anti orientation of
bromine) did not affect the reaction course. The resulting
stannylated tropolones were successfully employed in
further transformations including Stille cross-coupling
reactions with aryl halides and in electrophilic substitution
reactions.18

3.2.2. Radical-initiated ring opening. Radical-induced
ring opening reactions of trialkylsilyl- and tributylstannyl-
cyclopropanes 274 and 276 were investigated by Oshima
and Utimoto (Scheme 86).39 Both silicon and tin analogs
provided homoallylic silanes or stannanes, respectively. A
selective cleavage of the proximal bond occurred in this
reaction, regardless of the metal and substitution pattern at
cyclopropanes, which can be explained by a formation of
the more stable a-stannyl or a-silyl radicals. In all cases
predominant formation of the thermodynamically more
favorable E-olefin was observed.

3.2.3. Ring opening via a-elimination. Seyferth and
Lambert first proposed that a-halocyclopropylstannanes
278 can undergo thermolysis, potentially, via formation of

cyclopropylidene 279 (Scheme 87).109 Although most
a-halocyclopropylstannanes tested underwent ring-opening
reactions providing allenes, norcaranes 191 and 199
produced insertion products of putative carbene species of
type 279.

Thus, the reaction with pure syn-isomer 199 in refluxing
cyclooctene afforded after 6 h tetracyclic product 280 in
76% yield, while 40% of 280 only was produced from the
anti-isomer 191 after 23 h (Scheme 88).

Having obtained some data supporting formation of
cyclopropylidene 279, the authors, however, stated that
the exact mechanism of a-elimination was unclear, as there
remained a number of uncertainties, such as different
reactivity of syn- and anti-isomers and irreversible
decomposition of only one, less reactive anti-isomer 191.109

Mechanistic studies on the thermolysis of 191 and 199,
performed later by Warner,20 suggested that the more
reactive 199 decomposes via initial C–Br heterolysis to
give an ylide 281, which upon loss of Me3SnBr produces
norcaranylidene 282, which then undergoes
addition/insertion reactions (Scheme 89). In contrast,
thermolysis of less reactive 191 proceeds primarily or
solely via an ionic, non-carbenic process, similar to that
shown for unsaturated analog 47 (see below).

Warner further demonstrated that both isomeric norcarenes
48 and 47 undergo a-elimination, most likely, via ionization
rather than via the formation of cyclopropylidene
species.110 He found that pyrolysis of norcarene 48,
carried out at temperatures of 100–160 8C, produced good
yields of spirodiene 288, presumably, via a Scattebol-type

Scheme 86.

Scheme 87.

Scheme 89.

Scheme 88.
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rearrangement.111 Similar treatment of 47 afforded, via
facile ionization of syn-oriented halogen and subsequent
ring-opening, cycloheptatriene 291 accompanied by dimers
and trimers of cyclic allene 290 (Scheme 90).110

Brinker employed flash vacuum pyrolysis to generate
carbene species from a-bromocyclopropylstannane 292
and a norcarene of unknown configuration (47 or 48)
(Scheme 91).21 It was found that thermal decomposition of
vinylcyclopropane 292, carried out at 260 8C, afforded vinyl
allene 294 in 78% yield, accompanied by traces of isomeric
enynes. In contrast, pyrolysis of the parent norcarene (47 or
48) proved unsuccessful. The high temperatures required for
the decomposition of the latter appeared to be a major
problem of this reaction (Scheme 91).21

4. Conclusion

Cyclopropylstannanes, versatile building blocks, have
found numerous applications in synthetic organic
chemistry. Being convenient, rather reactive yet stable
synthons, cyclopropylstannanes allow for easy incorpor-
ation of a three-membered unit into more complex
molecules via tin–lithium exchange combined with a
variety of coupling protocols. Furthermore, as discussed
above, the tin moiety in cyclopropylstannanes can be readily
replaced with a broad range of functional groups with
preservation of configuration. Cyclopropylstannanes are
also suitable substrates for a number of transformations
involving ring expansions. Not surprisingly, development of
synthetic methods towards cyclopropylstannanes has
attracted a great deal of attention from the synthetic
community. Numerous approaches including well-
established cyclopropanation procedures as well as func-

tional group transformations at cyclopropyl precursors
have been successfully employed for the preparation of
cyclopropylstannanes. With new methods being developed,
the chemistry of cyclopropylstannanes will continue to
fuel future synthetic applications and will open new
opportunities for synthetic organic chemistry.
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Abstract—Efficient enantioselective syntheses of the functionalized phenol and diethynylcyclopentene moiety of the maduropeptin
chromophore were achieved. Their CsF-mediated coupling yielded a sterically congested aryl propargyl ether. The subsequent
intramolecular Sonogashira coupling reaction between the vinyl iodide and diethynyl groups occurred at the appropriate position to yield a
macrolactam, which was accompanied by Pd-mediated enyne-yne benzannulation.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Maduropeptin, isolated from the broth filtrate of Actinoma-
dura madura, consists of a 1:1 complex of an acidic carrier
apoprotein (32 kDa) and a 9-membered enediyne chromo-
phore, and exhibits potent antibacterial and antitumor
activities.1 The structure of the intact chromophore has
not been concluded because it was too labile for isolation,
and instead methanol adduct 1 was isolated from the
methanol extract and characterized with the exception of the
absolute stereochemistry.1b Compound 1 possesses a labile
9-membered diyne core, a macrolactam ansa-bridge, and an
amino sugar. While there are several possibilities for the
structure of the parent chromophore, the mechanism of
action for 1 was proposed as shown in Scheme 1 on the basis
of the isolation of cycloaromatization product 4, as well as
the enhancement of DNA cleavage under basic conditions.
The amide nitrogen of 1 would attack C13, causing an SN2’
displacement of methoxy group to afford labile enediyne 2,
which undergoes cycloaromatizatin to p-benzyne biradical 3
capable of proton abstraction and DNA scission. The potent
bioactivity and the novel structure of 1, as well as the
exploration of the structure of the intact chromophore
stimulated the synthetic studies of 1.2

The target of this study was ent-1, an enantiomer of the
compound arbitrarily described in the literature,1b due to the

structural similarity of 1 to the related chromophores of
C-10273 and kedarcidin.4 – 6 The retrosynthetic analysis of
ent-1 is outlined in Scheme 2. The construction of ent-1 was
thought to be accomplished by macro-ring cyclization using
intramolecular Sonogashira coupling7 of 5 and a subsequent
internal addition of an alkyne to the aldehyde. The
intermediate 5 was split into two fragments, 3-aryl-3(R)-
hydroxypropanamide 6 and diethynylepoxycyclopentene 7
by disconnection of the aryl ether bond. The fragment 6
could be constructed from 3-aryl-3(R)-hydroxypropanoic
acid 8 and amine 9. The functionalized cyclopentene moiety
7 is to be generated from the previously synthesized chiral
dihydroxycyclopentylidene 10.2f,8 In this paper, the enantio-
selective synthesis of 5, through the efficient CsF-mediated
aryl ether bond formation9 between the sterically hindered
phenol 6 and epoxide 7, as well as macro-ring cyclization of
5, is reported.

2. Results and discussion

Synthesis of allyl amine 15 is summarized in Scheme 3.
Here, vinyl iodide 11, prepared from 1,4-butynediol
according to the literature procedure2c was treated with
MPMBr in the presence of NaH to afford MPM ether 12 in a
60% yield. It is important to add NaH into a solution of 11
and MPMBr in small portions. An excess of NaH results in
the production of bis-TBS ether, subsequently decreasing
the yield of 12. Deprotection of the TBS group of 12 and
subsequent formation of phthalimide 14 via Mitsunobu
reaction10 followed by cleavage of the phthaloyl group with
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hydrazine monohydrate gave allyl amine 15, which was
used for the next reaction without purification.

Synthesis of 3-aryl-3(R)-hydroxypropanamide fragment 21
began with readily available chloroisovanilin 1611

(Scheme 4). The phenol of 16 was protected as TBS ether
17 in 98% yield, and then subjected to asymmetric
Mukaiyama aldol reaction with 3-acetylthiazolidine-2-
thione in the presence of (R)-chiral diamine 1812 to afford
(R)-aldol product 19 as a major enantiomer (75% ee by

Scheme 2. Retrosynthesis of artifact ent-1 of the maduropeptin chromophore.

Scheme 1. Mechanism of action of methanol adduct 1 of the maduropeptin chromophore proposed by Schroeder et al.1b
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HPLC analysis). One recrystallization of thus obtained 19
yielded enantiomerically pure 19 in 49% yield. The absolute
stereochemistry of 19 was unambiguously assigned by
X-ray crystallographic analysis of 2013 after deprotection of
the TBS ether. The activated ester 19 was directly treated
with the amine 15 to afford amide 21 in 99% yield14 and
subsequent deprotection of the TBS group of 21 yielded 22
(85% yield).

Although several syntheses of compounds related to the
enyne 10 have been achieved by trapping enols as triflates
followed by Sonogashira coupling,8 an alternative strategy
is required for the syntheses of functionalized 10. An
efficient stereoselective route to 10 has been developed.2f

Synthesis of 10 started from a readily available 2-bromo-
3(R)-cyclopentenol derivative 23,15 which was formylated
in the presence of BuLi and DMF16 to afford unstable
aldehyde 24 (Scheme 5). The aldehyde 24 was treated with
lithium trimethylsilylacetylide without purification to give a
single diastereomer of allylic alcohol 25 in an 88% yield.
This stereoselectivity can be accounted by the transition
state model shown in Figure 1, where the conjugated enal
system of 24 should be almost planar. The s-cis enal
conformation A is expected to be favored over that of the
s-trans B, because B may exhibit some steric repulsion
between the TBS ether group and the carbonyl oxygen

coordinated with the lithium reagent. Epoxidation of 25
with mCPBA resulted in a 5:1 mixture of diastereomers in
favor of 26. On the other hand, Sharpless asymmetric
epoxidation with (þ)-DET17 yielded 26 as the sole product.
Under these conditions, a kinetic resolution occurred and
the epoxy alcohol 26 was produced in enantiomerically pure
form. The stereochemistry of 26 was unambiguously
assigned by X-ray crystallographic analysis (Fig. 2).18 The
alcohol 26 was further converted to bromide 27 with a
complete stereochemical inversion, using CBr4 and PPh3 in
dry CH2Cl2. If the solvent was not dried, a dibromo alcohol
(,20%) was formed via addition of HBr to the epoxide 27.19

The subsequent reductive opening of the a-bromoepoxide
27 was attempted based on the assumption that
anti-elimination using zinc would occur (Table 1).20,21

Treatment with Zn–NaI in MeOH at 240 8C gave 10 and 28

Scheme 3. Reagents and conditions: (i) MPMBr, NaH, THF/DMF (1:1),
room temperature, 1 h, 60%; (ii) TBAF, THF, room temperature, 30 min,
87%; (iii) DEAD, PPh3, phthalimide, THF, room temperature, 30 min,
98%; (iv) H2NNH2·H2O, THF, room temperature, 6 h, 99%.

Scheme 4. Reagents and conditions: (i) TBSCl, imidazole, DMF, room
temperature, 40 min, 96%; (ii) (R)-18, Sn(OTf)2, 3-acetylthiazolidine-2-
thione, N-ethylpiperidine, CH2Cl2, 295 8C, 10 h, 72%, 75%ee; recrystal-
ization (AcOEt/hexane¼1:50), 64%, .99%ee; (iii) 15, CH2Cl2, room
temperature, 2 h, 88%; (iv) TBAF, THF, room temperature, 30 min, 85%;
(v) HF·pyridine, THF, room temperature, 12 h, 81%.

Scheme 5. Reagents and conditions: (i) BuLi, THF, 278 8C, 30 min; DMF, 278 8C, 30 min., (ii) TMSCCLi, THF, 278 8C, 1.5 h, 95% (2 steps); (iii) (þ)-DET,
Ti(O-i-Pr)4, TBHP, MS4A, CH2Cl2, 220 8C, 10 h, 72%; (iv) CBr4, PPh3, CH2Cl2, 2 h, 89%; (v) see Table 1.

N. Kato et al. / Tetrahedron 60 (2004) 3161–3172 3163



in a 2.7:1 ratio with 70% yield (entry 1). The E and Z
stereochemistry was assigned based on the results of NOE
experiments. A slightly higher ratio (3.1:1) was obtained
with Zn–Cu in refluxing ethanol (entry 2). The best result
(10–28¼6.5–7:1, 99% yield) was achieved using BuLi at
290 8C in THF (entry 3). If a migration of TBS group
occurs between the pseudo-axial hydroxyl groups under
the basic reaction conditions, the alkoxide 100 would
produce ent-280 and the alkoxide 280 would afford ent-100

(Scheme 6). Therefore, the enantiomeric purities of 10
and 28 were determined by HPLC with a chiral column.
Interestingly, the major product 10 was always enantio-
merically pure and the absolute configuration of 10
corresponded to that of 26,22 whereas 28 was not
enantiomerically pure; the ratio of 28 and ent-28 greatly
varied from 3:1 to 1:2. These results indicated that the
only alkoxide 100 underwent the TBS group migration. No
simple explanation for the different migration reactivity
observed between the alkoxides 100 and 280 can be offered at
present. A reductive anti-elimination leading to 10 pre-
dominated in the reaction of a-bromoepoxide 27 with BuLi.

Thus obtained 10 was stereoselectively converted to
epoxide 29 by hydroxy-directed mCPBA epoxidation in
an 86% yield (Scheme 7). The stereochemistry of 29 was

confirmed by NOE experiments for acetate 30. Dess–
Martin oxidation23 of 29 gave ketone 31 (84%), to which
lithium trimethylsilylacetylide was added and the resulting
epimeric mixture of alcohols were dehydrated with
methanesulfonyl anhydride in the presence of triethylamine
at 40 8C. Subsequent removal of the silyl groups with TBAF
yielded diethynylcyclopentene 7 from 31 in a 57% overall
yield. The absolute configuration of enantiomerically pure 7
was confirmed by NMR comparison of the corresponding
(S)- and (R)-MTPA esters.22

The two key fragments 7 and 22 in hand were then
assembled. Our coupling method,9a,b employing CsF in
DMF at 60 8C, proved to be effective for the sterically
congested o,o,m-tri-substituted phenol 22. The coupling of
these compounds resulted into aryl ether 32 in a 50% yield
(Scheme 8). Thus obtained diyne alkenyl iodide 32 was
subjected to the most critical step in this study, an
intramolecular Sonogashira reaction under the previously
established optimized conditions.7 A regioselective cycliza-
tion between C3 and C4 forming a 16-membered ring was
expected to be favored over the formation of the more
strained 14-membered ansa-macro ring through C4–C6
coupling. The reaction at room temperature for 3.5 h
afforded product in a 7% yield. The reaction mixture was
subsequently heated at 60 8C to increase the yield of the
product to 40% yield. This product was not the desired 33.
The product was deduced to be 34 by detailed NMR analysis
using HMBC (see Experimental), HMQC, and NOE

Figure 1. Stereoselective addition of lithium trimethylacetylide to the
preferred s-cis enal conformation A of 24.

Figure 2. ORTEP drawing of 26.

Table 1. Reductive opening of the a-bromoepoxide 27

Entry Reaction conditions Product ratio (10/28) Combined yield (%)

1 Zn (3.0 equiv.), NaI (1.7 equiv.), MeOH, 240 8C, 1 h 73/27 70
2 Zn–Cu (3.0 equiv.), EtOH, reflux, 30 min 76/24 90
3 BuLi (1.5 equiv.), THF, 290 8C, 15 min 87/13 99

Scheme 6. Proposed reaction pathways to produce 10, 28, and ent-28 in the
BuLi-mediated reductive opening of a-bromoepoxide 27.
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experiments (Fig. 3). The product 34, however, clearly
indicated the intermediacy of 33, which underwent a
concomitant Pd-mediated benzannulation reaction between
the enyne and alkyne functionalities.24

3. Conclusion

An enantioselective synthesis of (R)-3-aryl-3-hydroxy-
propanamide fragment 22 of maduropeptin chromophore
artifact ent-1 was achieved via asymmetric Mukaiyama
aldol reaction, whereas a stereoselective route to
diethynylcyclopentene moiety 7 was developed using a
novel BuLi-mediated reductive opening of a-bromoepoxide
27. The CsF-mediated coupling strategy between highly
congested phenol derivative 22 and epoxide 7 successfully
constructed a key aryl ether structure 32. A critical
intramolecular Sonogashira macro-ring cyclization of
diyne vinyl iodide 32 was demonstrated to proceed in the
desired manner forming the 16-membered ring intermediate
33, which underwent a concomitant Pd-mediated benz-
annulation of an enyne– yne system, leading to the
13-membered lactam 34. Based on the chemistry described

Scheme 7. Reagents and conditions: (i) mCPBA, Na2HPO4, CH2Cl2, room
temperature, 16 h, 86%; (ii) Dess–Martin periodinane, room temperature,
30 min, 84%; (iii) TMSCCLi, 278 8C, THF, 3 h; (iv) Ms2O, Et3N,
dichloroethane, 40 8C, 3 h; (v) TBAF, THF, room temperature, 0 8C, 57%
(3 steps); (vi) Ac2O, pyridine, 50 8C, 11 h, 73%.

Scheme 8. Synthesis of 32 and Pd-catalyzed macrocyclization. Reactions and conditions: (i) CsF, DMF, 60 8C, 8 h, 50%; (ii) TBSOTf, 2,6-lutidine, CH2Cl2,
room temperature, 77%; (iii) Pd2(dba)3·CHCl3, CuI, i-Pr2NEt, DMF, 60 8C, 3 h, 40%.

Figure 3. NOEs observed for 34.
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herein, further studies directed toward the total synthesis of
ent-1 are currently underway.

4. Experimental

4.1. General

All reactions sensitive to air or moisture were carried out
under argon or nitrogen atmosphere in dry, freshly distilled
solvents under anhydrous conditions, unless otherwise
noted. THF was distilled from sodium/benzophenone just
prior to use. CH2Cl2, DMF and dichloroethane were
distilled from calcium hydride. All other reagents were
used as supplied unless otherwise stated. Analytical thin-
layer chromatography (TLC) was performed using E. Merck
Silica Gel 0.25 mm pre-coated plates (60F-254). Column
chromatography was performed using Silica Gel 60 (E.
Merck, 70–230 mesh) or 100–210 mm Silica Gel 60N
(Kanto Chemical Co., Inc.), and for flash column chroma-
tography 40–50 mm Silica Gel 60N (Kanto Chemical Co.,
Inc.) was used. HPLC was performed on Hitachi D-7000
HPLC System using a UV detector (254 nm).

1H- and 13C NMR spectra were recorded on a Varian
INOVA 500 or a JEOL a-500 spectrometer. Chemical shifts
are reported in d (ppm) using residual CHCl3 as an internal
standard of d 7.26 and 76.9 for 1H and 13C NMR,
respectively. IR spectra were recoded on a Perkin–Elmer
Spectrum BX FT-IR spectrometer. MALDI-TOF mass
spectra were recorded on a Applied Biosystems Voyager
DE STR SI-3 instrument, and ESI-TOFMS were on a
Applied Biosystems Mariner. Optical rotations were
recorded on a JASCO DIP-370 polarimeter. Elemental
analysis was conducted with a Yanaco CHN corder MT-5.
Melting points were measured on a Yanaco MP-S3 micro
melting point apparatus.

4.1.1. MPM ether 12. To a solution of 11 (1.98 g,
6.04 mmol) and MPMBr (3.04 g, 15.1 mmol) in DMF–
THF (1:1, 20 ml) was slowly added NaH (60% dispersion in
mineral oil, 400 mg, 16.7 mmol) in small portions at 0 8C.
After stirring for 1 h at room temperature, to the reaction
mixture were added MeOH (2 ml) and sat. NH4Cl aq. The
aqueous layer was extracted with hexane. The combined
organic layer was washed with brine, dried over Na2SO4,
and concentrated in vacuo. The residue was purified by
silica-gel column chromatography (hexane/AcOEt¼20:1)
to afford 12 (1.63 g, 60%) as a colorless oil. IR (neat) n
2954, 2930, 2856, 1613, 1514, 1250, 1088, 1037, 837,
778 cm21. 1H NMR (500 MHz, CDCl3) d 0.05 (s, 6H), 0.88
(s, 9H), 3.81 (s, 3H), 4.13 (brs, 2H), 4.15 (d, 2H, J¼6.4 Hz),
4.43 (s, 2H), 6.55 (brd, 1H, J¼6.4 Hz), 6.89 (d, 2H,
J¼8.7 Hz), 7.30 (d, 2H, J¼8.7 Hz). 13C NMR (125 MHz,
CDCl3) d 25.38, 18,17, 25.73, 55.16, 61.09, 70.98, 71.19,
100.13, 113.72, 129.24, 129.53, 144.25, 159.25. MALDI-
TOFMS (positive-ion) calcd for C18H29IO3SiNa: (MþNa)þ

471.0828; found: 471.0606.

4.1.2. TBS ether 13. To a solution of 12 (3.20 g,
7.14 mmol) in THF (50 ml) was added to TBAF (1.0 M
THF solution, 11 ml, 11.0 mmol) at 0 8C. After stirring for
30 min, the reaction quenched with sat. NH4Cl aq. The

water layer was extracted with ethyl acetate. The combined
organic layer was washed with brine, dried over Na2SO4,
and concentrated in vacuo. The residue was purified by
silica-gel column chromatography (hexane/AcOEt¼3:1) to
afford 13 (2.07 g, 87%) as a colorless oil. IR (neat) n3 418,
2933, 1614, 1515, 1249, 1175, 1033, 820, 759 cm21. 1H
NMR (500 MHz, CDCl3) d 2.18 (brs, 1H), 3.81 (s, 3H), 4.08
(brd, 2H, J¼6.7 Hz), 4.19 (s, 2H), 4.46 (s, 2H), 6.63 (t, 1H,
J¼6.7 Hz), 6.89 (d, 2H, J¼8.4 Hz), 7.29 (d, 2H, J¼8.4 Hz).
13C NMR (125 MHz, CDCl3) d 55.16, 60.28, 71.45, 71.92,
101.26, 113.77, 129.14, 129.56, 143.37, 159.32. ESI-
TOFMS (positive-ion) calcd for C12H15IO3H: (MþH)þ

335.0144; found: 335.0126, calcd for C12H15IO3NH4:
(MþNH4)þ 352.0140; found 352.0464, calcd for
C12H15IO3Na: (MþNa)þ 356.9964; found: 357.0032,
calcd for C12H15IO3K: (MþK)þ 372.9703; found 372.9713.

4.1.3. Phthalimide 14. To a solution of 13 (2.95 g,
8.81 mmol), PPh3 (3.50 g 13.3 mmol) and phthalimide
(1.98 g, 13.5 mmol) in dry THF (20 ml) was added DEAD
(5.5 ml, 72.4 mmol) at 0 8C under argon, and the mixture
was stirred at room temperature for 30 min. The solvent was
removed, and the residue was added diethyl ether. Then, the
precipitate was removed by filtration and concentrated in
vacuo. The residue was purified by silica-gel column
chromatography (hexane/AcOEt¼7:1) to afford 14
(4.00 g, 98%) as needles. Mp 78–80 8C (from hexane/
AcOEt). IR (film) n 2835, 2066, 1722, 1714, 1611, 1513,
1393, 1248, 1087, 1033, 721, 529 cm21. 1H NMR
(500 MHz, CDCl3) d 3.80 (s, 3H), 4.29 (d, 2H, J¼7.4 Hz),
4.37 (s, 2H), 4.51 (s, 2H), 6.48 (t, 1H, J¼7.4 Hz), 6.90 (d,
2H, J¼6.9 Hz), 7.36 (d, 2H, J¼6.9 Hz), 7.72 (dd, 2H,
J¼5.9, 3.3 Hz), 7.84 (dd, 2H, J¼5.9, 3.3 Hz). 13C NMR
(125 MHz, CDCl3) d 36.83, 55.17, 71.33, 104.54, 113.75,
123.29, 129.58, 131.87, 134.02, 137.08, 159.25, 167.41.
ESI-TOFMS (positive-ion) calcd for C20H18INO4NH4:
(MþNH4)þ 481.0624; found 481.0462, calcd for C20H18-
INO4Na: (MþNa)þ 486.0178; found: 486.0185, calcd for
C20H18INO4K: (MþK)þ 501.9918; found 501.9926. Anal.
Calcd for C20H18INO4: C, 51.85; H, 3.92; N, 3.02. Found:
C, 51.80; H, 4.06; N, 2.85.

4.1.4. Amine 15. To a solution of 14 (185 mg, 0.399 mmol)
in THF (5 ml) was added hydrazine monohydrate (150 ml,
3.09 mmol), and the mixture was stirred at room tempera-
ture. After stirring for 30 min, the solvent was removed in
vacuo. The residue was treated with sat. NaOH aq. and
extracted with CH2Cl2. The combined organic layers were
washed with brine, dried over Na2SO4, and concentrated in
vacuo to afford 15 (132 mg, 99%) as a pale yellow oil. IR
(neat) n 3364, 2999, 2906, 2856, 1613, 1514, 1249, 1174,
1085, 1033, 820 cm21. 1H NMR (500 MHz, CDCl3) d 1.74
(brs, 2H), 3.28 (d, 2H, J¼7.3 Hz), 3.79 (s, 3H), 4.13 (s, 2H),
4.43 (s, 2H), 6.52 (t, 1H, J¼7.3 Hz), 6.87 (d, 2H, J¼8.6 Hz),
7.28 (d, 2H, J¼8.6 Hz). 13C NMR (125 MHz, CDCl3) d
41.65, 55.11, 71.04, 71.10, 99.71, 113.67, 129.40, 145.63,
159.20. ESI-TOFMS (positive-ion) calcd for C12H16INO2H:
(MþH)þ 334.0304; found: 334.0295.

4.1.5. TBS ether 17. To a solution of 16 (3.42 g,
18.4 mmol) and imidazole (2.83 g, 42.2 mmol) in DMF
(20 ml) was added TBSCl (3.68 g, 24.5 mmol) at 0 8C, and
the mixture was stirred at room temperature for 45 min. The
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reaction quenched with sat. NH4Cl aq. The aqueous layer
was extracted with hexane, and the combined organic layer
was dried over MgSO4, and concentrated in vacuo. The
residue was purified by silica-gel column chromatography
(hexane/AcOEt¼20:1) to afford 17 (4.24 g, 96%) as a
colorless oil. Mp 41–43 8C (from MeOH/H2O). IR (film) n
2931, 2858, 1689, 1580, 1494, 1312, 1282, 1043, 875, 838,
785 cm21. 1H NMR (500 MHz, CDCl3) d 0.21 (s, 6H), 1.05
(s, 9H), 3.89 (s, 3H), 6.86 (d, 1H, J¼8.7 Hz), 7.59 (d, 1H,
J¼8.7 Hz), 10.35 (s, 1H). 13C NMR (125 MHz, CDCl3) d
24.09, 18.78, 25.75, 55.38, 109.23, 122.66, 126.42, 129.56,
141.71, 156.10, 189.36.. ESI-TOFMS (positive-ion) calcd
for C14H21ClO3SiH: (MþH)þ 301.1027; found: 301.0943.
Anal. Calcd for C14H21ClO3Si: C, 55.89; H, 7.04; Cl, 11.78.
Found C, 55.73; H, 7.05; Cl, 11.68.

4.1.6. Thiazolidinethione 19. To a suspension of stannous
triflate (1.02 g, 2.45 mmol) and N-ethyl piperidine (386 ml,
2.85 mmol) in CH2Cl2 (10 ml) was dropwise added
3-acetylthiazolidine-2-thione (637 mg, 3.96 mmol) in
CH2Cl2 (1.5 ml) at 278 8C under argon. After the mixture
was stirred for (R)-18 (501 mg, 2.75 mmol) in CH2Cl2
(1.5 ml) was added dropwise, and the mixture was stirred
for 5 min at this temperature. Then the mixture was cooled
to 295 8C and 17 (598 mg, 2.21 mmol) in CH2Cl2 (1.5 ml)
was added dropwise. The mixture was further stirred for 1 h
at this temperature, and then quenched with 0.1 M HCl. The
organic layer was extracted with diethyl ether and the
extracts were washed with brine, and dried over MgSO4.
After evaporation of the solvent, the residue was purified by
silica-gel column chromatography (hexane/AcOEt¼20:1)
to afford 19 (673 mg, 72%) as a yellow solid. To a solution
of 19 (673 mg, 75%ee) in ethyl acetate (1 ml) was added
hexane (50 ml) at 50 8C, and the mixture was allowed to
stand at room temperature for 3 h. The mixture was filtered
through a sintered-glass funnel, and the crystals were
repeatedly rinsed with hexane (3£30 ml) to afford enantio-
merically pure 19 (431 mg, 64%, .99%ee) as yellow
needles. Mp 119–121 8C. [a]D

23¼þ73.7 (c 0.88, CHCl3). IR
(film) n 3500, 2930, 2857, 1694, 1494, 1277, 1157, 1046,
829 cm21. 1H NMR (500 MHz, CDCl3) d 0.18 (s, 3H), 0.20
(s, 3H), 1.02 (s, 9H), 3.32 (t, 2H, J¼7.6 Hz), 3.34 (d, 1H,
J¼2.8 Hz), 3.59 (dd, 1H, J¼18.0, 9.2 Hz), 3.66 (dd, 1H,
J¼18.0, 2.8 Hz), 3.80 (s, 3H), 4.63 (t, 2H, J¼7.6 Hz), 5.53
(dt, 1H, J¼9.2, 2.8 Hz), 6.81 (d, 1H, J¼8.8 Hz), 7.15 (d, 1H,
J¼8.8 Hz). 13C NMR (125 MHz, CDCl3) d 24.16, 24.07,
18.78, 25.80, 28.30, 46.06, 55.19, 55.55, 67.06, 109.78,
118.47, 123.50, 132.51, 141.34, 150.44, 173.55, 201.48.
ESI-TOFMS (positive-ion) calcd for C19H28ClNO4S2SiH:
(MþH)þ 462.0996; found: 462.1161, calcd for C19H28-
ClNO4S2SiNH4: (MþNH4)þ 479.1261; found: 479.1351,
calcd for C19H28ClNO4S2SiNa: (MþNa)þ 484.0815; found:
484.0904, calcd for C19H28ClNO4S2SiK: (MþK)þ

500.0555; found 500.0643. Anal. Calcd for C19H28ClNO4-
S2Si: C, 49.38; H, 6.11; N, 3.03. Found C, 49.25; H, 6.27; N,
3.01.

The ee of 19 was determined as follows. To a solution of
chromatographically purified 19 (46.4 mg, 108 mmol) in
MeOH (3 ml) was added K2CO3 (8.4 mg, 60.9 mmol) and
the mixture was stirred at room temperature for 20 min, then
added NaCl. The organic layer was extracted with ether and
the extracts were washed with brine, and dried over MgSO4.

The residue was purified by silica-gel column chromato-
graphy (hexane/AcOEt¼4:1) to afford methyl ester
(30.3 mg, 82%) as a colorless oil, which was analyzed to
be 75%ee by HPLC using Chiralcel OJ-R column
4.6f£150 mm (MeOH/H2O¼7:3): [a]D

20¼þ54.6 (2.62,
CHCl3). IR (neat) n 3500, 2931, 2858, 1731, 1592, 1494,
1258, 1046, 830 cm21. 1H NMR (500 MHz, CDCl3) d 0.18
(s, 3H), 0.19 (s, 3H), 1.02 (s, 9H), 2.58 (dd, 1H, J¼16.5,
9.2 Hz), 2.83 (dd, 1H, J¼16.5, 2.4 Hz), 3.40 (brd, 1H,
J¼3.4 Hz, OH), 3.73 (s, 3H), 3.79(s, 3H), 5.42 (ddd, 1H,
J¼9.2, 3.4, 2.4 Hz), 6.79 (d, 1H, J¼8.8 Hz), 7.14 (d, 1H,
J¼8.8 Hz). 13C NMR (125 MHz, CDCl3) d 24.20, 24.14,
18.75, 25.77, 41.36, 51.75, 55.14, 67.07, 109.68, 118.11,
123.34, 132.64, 141.32, 150.38, 172.87. ESI-TOFMS
(positive-ion) calcd for C17H27ClO5SiNH4: (MþNH4)þ

392.1600; found: 392.1509.

4.1.7. Propanamide 21. To a solution of 15 (3.52 g,
28.9 mmol) in CH2Cl2 (20 ml) was added 19 (5.5 ml,
72.4 mmol), and the mixture was stirred at room tempera-
ture for 2 h. The reaction mixture was quenched with sat.
NH4Cl aq.. The water layer was extracted with CHCl3, and
the combined organic layers were washed with brine, dried
over MgSO4, and concentrated in vacuo. The residue was
purified by silica-gel column chromatography (hexane/
AcOEt¼3:2) to afford 21 (3.89 g, 88%) as a colorless oil.
[a]D

26¼þ49.9 (c 1.6, CHCl3). IR (film) n 3313, 2930, 2856,
1651, 1514, 1493, 1250, 1045, 839 cm21. 1H NMR
(500 MHz, CDCl3) d 0.18 (s, 3H), 0.19 (s, 3H), 1.02 (s,
9H), 2.39 (dd, 1H, J¼15.1, 8.7 Hz), 2.61 (dd, 1H, J¼15.1,
2.3 Hz), 3.76–3.82 (m, 7H), 3.87 (ddd, 1H, J¼15.0, 6.6,
5.8 Hz), 4.19 (s, 2H), 4.30 (brs, 1H), 4.45 (s, 2H), 5.32 (dd,
1H, J¼8.7, 2.3 Hz), 5.96 (brs, 1H), 6.36 (t, 1H, J¼6.6 Hz),
6.81 (d, 1H, J¼8.7 Hz), 6.88 (d, 2H, J¼8.7 Hz), 7.11 (d, 1H,
J¼8.7 Hz), 7.29 ((d, 2H, J¼8.7 Hz). 13C NMR (125 MHz,
CDCl3) d 24.17, 24.07, 18.79, 25.81, 38.76, 42.20, 55.16,
55.19, 67.69, 71.56, 71.93, 101.89, 109.73, 113.82, 118.29,
122.13, 129.30, 129.51, 132.87, 139.72, 141.32, 150.37,
159.38, 171.56. ESI-TOFMS (positive-ion) calcd for C28-
H39ClINO6SiH: (MþH)þ 676.1358; found: 676.1198, calcd
for C28H39ClINO6SiNa: (MþNa)þ 698.1178; found:
698.0712, calcd for C28H39ClINO6SiK: (MþK)þ

714.0917; found 714.0647.

4.1.8. Phenol propanamide 22. To a solution of 21 (1.48 g,
4.45 mmol) in THF (10 ml) was added to TBAF (1.0 M
THF solution, 5.6 ml, 5.60 mmol) at 0 8C. After stirring at
same temperature for 30 min, the reaction quenched with
phosphate buffer (pH 7.0). The water layer was extracted
with ethyl acetate. The combined organic layer was washed
with brine, dried over MgSO4, and concentrated in vacuo.
The reaction mixture was purified by silica-gel column
chromatography (hexane/AcOEt¼1:1) to afford 22 (2.08 g,
85%) as a white solid. [a]D

26¼þ44.4 (c 1.4, CHCl3). IR
(film) n 3340, 2937, 1650, 1612, 1513, 1493, 1282, 1249,
1041 cm21. 1H NMR (500 MHz, CDCl3) d 2.47 (dd, 1H,
J¼15.1, 8.3 Hz), 2.61 (dd, 1H, J¼15.1, 3.1 Hz), 3.76–3.82
(m, 4H), 3.85–3.90 (m, 4H), 4.19 (s, 2H), 4.45 (s, 2H), 5.32
(dd, 1H, J¼8.3, 3.1 Hz), 5.98 (brs, 1H), 6.01 (brt, 1H,
J¼5.7 Hz), 6.35 (t, 1H, J¼7.3 Hz), 6.83 (d, 1H, J¼8.8 Hz),
6.87 (d, 2H, J¼8.3 Hz), 7.08 (d, 1H, J¼8.8 Hz), 7.28 (d, 2H,
J¼8.3 Hz). 13C NMR (125 MHz, CDCl3) d 38.74, 42.11,
55.15, 56.24, 67.39, 71.53, 71.86, 101.80, 109.08, 113.79,
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116.91, 117.12, 129.28, 129.48, 133.06, 139.77, 141.73,
146.46, 159.31, 171.48. ESI-TOFMS (positive-ion) calcd
for C22H25ClINO6H: (MþH)þ 562.0493; found: 562.0275,
calcd for C22H25ClINO6Na: (MþNa)þ 584.0313; found:
583.9929, calcd for C22H25ClINO6K: (MþK)þ 600.0052;
found 599.9821.

4.1.9. Phenol thiazolidinethione 20. To a solution of 19
(88.7 mg, 0.191 mmol) in THF (3.5 ml) was added to
HF·pyridine (280 ml) at 0 8C. After stirring at room
temperature for 12 h, the reaction quenched with sat. KF
aq. The water layer was extracted with ethyl acetate. The
combined organic layers were washed with brine, dried over
Na2SO4, and concentrated in vacuo. The reaction mixture
was purified by silica-gel column chromatography (hexane/
AcOEt¼4:1) to afford 20 (53.8 mg, 81%) as yellow needles.
Mp 160–162 8C (from hexane/AcOEt). [a]D

22¼þ92.7 (c
0.51, EtOH). IR (film) n 3304, 1673, 1497, 1349, 1288,
1162, 1036 cm21. 1H NMR (500 MHz, CDCl3) d 3.32 (t,
2H, J¼7.5 Hz), 3.38 (brd, 1H, J¼3.3 Hz), 3.59 (dd, 1H,
J¼17.5, 9.2 Hz), 3.68 (dd, 1H, J¼17.5, 3.3 Hz), 3.91 (s,
3H), 4.63 (t, 2H, J¼7.5 Hz), 5.54 (dt, 1H, J¼9.2, 3.3 Hz),
5.91 (s, 1H), 6.84 (d, 1H, J¼8.6 Hz), 7.13 (d, 1H,
J¼8.6 Hz). 13C NMR (125 MHz, CDCl3) d 28.29, 46.11,
55.53, 56.23, 66.73, 109.12, 117.23, 117.37, 132.67, 141.76,
146.53, 173.41, 201.55. ESI-TOFMS (positive-ion) calcd
for C13H14ClINO4S2Na: (MþNa)þ 369.9950; found:
369.9979, calcd for C13H14ClINO4S2K: (MþK)þ

385.9690; found 385.9736. Anal. Calcd for C13H14ClINO4-
S2: C, 44.89; H, 4.06; N, 4.03. Found C, 44.96; H, 4.30; N,
3.88.

4.1.10. Aldehyde (24). To a solution of 23 (33.9 g,
122 mmol, ,90%ee) in THF (100 ml) was slowly added
n-BuLi (1.61 M hexane solution, 91.0 ml, 147 mmol) at
278 8C. After stirred for 30 min at the same temperature,
DMF (15 ml, 194 mmol) was added and the mixture was
stirred at 278 8C for 1 h. The reaction mixture was
quenched with sat. NH4Cl aq. The water layer was extracted
with hexane. The combined organic layer was washed with
brine, dried over MgSO4, and concentrated in vacuo to
afford 24 (27.8 g, crude) as a pale yellow oil. [a]D

27¼26.8 (c
0.50, CHCl3). IR (neat) n 2955, 2930, 2856, 1693, 1251,
1075, 837, 778 cm21. 1H NMR (500 MHz, CDCl3) d 0.10
(s, 3H), 0.14 (s, 3H), 0.87 (s, 9H), 1.83–1.89 (m, 1H), 2.20–
2.27 (m, 1H), 2.41–2.48 (m, 1H), 2.72–2.80 (m, 1H), 5.09
(dt, 1H, J¼7.4, 2.4 Hz), 6.94 (t, 1H, J¼2.4 Hz), 9.78 (s, 1H).
13C NMR (125 MHz, CDCl3) d 25.09, 25.00, 18.10,
25.67, 31.16, 34.33, 73.35, 148.40, 153.68, 188.75. ESI-
TOFMS (positive-ion) calcd for C12H22O2SiNa: (MþNa)þ

249.1287; found: 249.1286, calcd for C12H22O2SiK:
(MþK)þ 265.1026; found 265.1048.

4.1.11. Alkyne (25). To a solution of trimethyl acetylene
(35.0 ml, 245 mmol) in THF (100 ml) was added dropwise
n-BuLi (1.61 M hexane solution, 115 ml, 185 mmol) at
278 8C and stirred at 278 8C for 20 min. To the acetylide
solution, a solution of 24 (27.8 g, crude) prepared above in
THF (100 ml) added slowly at 278 8C and the mixture
was stirred at 278 8C for 1.5 h. The reaction mixture was
quenched with sat. NH4Cl aq. The aqueous layer was
extracted with hexane. The combined organic layers were
washed with brine, dried over MgSO4, and concentrated in

vacuo. The residue was purified by silica-gel column
chromatography (hexane/AcOEt¼25:1) to afford 25
(37.5 g, 2 steps 95%) as a pale yellow oil: [a]D

24¼þ4.3 (c
0.62, CHCl3). IR (neat) n 3416, 2957, 2929, 1250, 1065,
841, 776 cm21. 1H NMR (500 MHz, CDCl3) d 0.10 (s, 3H),
0.13 (s, 3H), 0.18 (s, 9H), 0.89 (s, 9H), 1.76 (ddt, 1H,
J¼12.6, 9.1, 6.3 Hz), 2.21–2.35 (m, 2H), 2.45 (ddq, 1H,
J¼15.9, 9.1, 1.9 Hz), 3.29 (d, 1H, J¼2.9 Hz), 4.94 (brt, 1H,
J¼6.3 Hz), 5.05 (brs, 1H), 6.05 (brs, 1H). 13C NMR
(125 MHz, CDCl3) d 25.10, 24.29, 20.26, 17.76, 25.65,
29.41, 34.84, 61.15, 79.36, 89.84, 103.60, 129.56, 143.29.
ESI-TOFMS (positive-ion) calcd for C17H32O2Si2Na:
(MþNa)þ 347.1839; found: 347.1828, calcd for
C17H32O2Si2K: (MþK)þ 363.1578; found 363.1584.

4.1.12. Epoxide (26). Activated MS4A (1.21 g) suspended
in CH2Cl2 (5 ml) was vigorously stirred at 220 8C under
argon for 10 min. (þ)-DET (68 ml, 0.40 mmol) and Ti(O-i-
Pr)4 (75 ml, 0.25 mmol) were added sequentially with
stirring. The reaction mixture was stirred at 220 8C as
TBHP (5.2 M CH2Cl2 solution, 1.2 ml, 6.03 mmol) was
added. The resulting mixture was stirred at 220 8C for
30 min. 25 (1.63 g, 5.03 mmol), dissolved in CH2Cl2 (5 ml),
was slowly added at 220 8C. and the reaction mixture was
stirred at 220 8C for 10 h. The reaction mixture was
quenched with 30% NaOH in saturated brine. The water
layer was extracted with CH2Cl2. The combined organic
layer was washed with brine, and dried over MgSO4, and
concentrated in vacuo. The residue was purified by silica-
gel column chromatography (hexane/AcOEt¼20:1) to
afford 26 (1.22 g, 72%) as colorless needles. Mp 132 8C
(from hexane/AcOEt). [a]D

25¼225.8 (c 0.97, CHCl3). IR
(film) n 3512, 2956, 2360, 2178, 1249, 1073, 846, 776,
668 cm21. 1H NMR (500 MHz, CDCl3) d 0.07 (s, 3H), 0.10
(s, 3H), 0.17 (s, 9H), 0.89 (s, 9H), 1.46 (tt, 1H, J¼8.4,
7.8 Hz), 1.63 (dddd, 1H, J¼14.2, 12.0, 8.4, 1.1 Hz), 1.85 (dt,
1H, J¼12.0, 7.8 Hz), 2.03 (dd, 1H, J¼14.2, 8.4 Hz), 2.38
(brs, 1H), 3.56 (s, 1H), 4.50 (t, 1H, J¼7.8 Hz), 4.91 (s, 1H).
13C NMR (125 MHz, CDCl3) d 25.06, 24.63, 20.38,
17.94, 24.29, 25.68, 28.13, 58.02, 58.61, 69.45, 72.19,
91.57, 101.44. ESI-TOFMS (positive-ion) calcd for
C17H32O3Si2H: (MþH)þ 341.1968; found: 341. 1920,
calcd for C17H32O3Si2NH4: (MþNH4)þ 358.2234; found
358.2132. Anal. Calcd for C17H32O3Si2: C, 59.95; H, 9.47.
Found C, 59.97; H, 4.40.

4.1.13. Bromide (27). To a solution of 26 (14.2 g,
41.8 mmol) and CBr4 (17.1 g, 51.7 mmol) in CH2Cl2
(120 ml) was added PPh3 (22.0 g, 83.4 mmol) at room
temperature under argon, and the mixture was stirred at
room temperature for 2 h. The reaction mixture was added
ether and filtered through Celite. After evaporation of the
solvent, the residue was purified by silica-gel column
chromatography (hexane/AcOEt¼50:1) to afford 27
(15.0 g, 89%) as a pale yellow oil. [a]D

23¼220.1 (c 0.50,
CHCl3). IR (neat) n 2957, 2858, 2360, 2179, 1472, 1373,
1250, 1118, 846 cm21. 1H NMR (500 MHz, CDCl3) d 0.08
(s, 3H), 0.13 (s, 3H), 0.17 (s, 9H), 0.90 (s, 9H), 1.46 (ddt,
1H, J¼14.0, 11.0, 7.8 Hz), 1.63 (ddd, 1H, J¼11.0, 8.6,
7.8 Hz), 1.83 (dt, 1H, J¼12.2, 7.8 Hz), 2.00 (dd, J¼14.0,
8.6 Hz), 3.59 (s, 1H), 4.70 (t, 1H, J¼7.8 Hz), 4.88 (s, 1H).
13C NMR (125 MHz, CDCl3) d 24.81, 24.53, 20.48,
17.91, 24.39, 25.71, 28.34, 33.53, 60.56, 66.77, 70.92,
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93.86, 99.21. MALDI-TOFMS (positive-ion) calcd for
C17H31BrO2Si2K: (MþK)þ 441.0683; found: 441.0239.

4.1.14. Enynes (10 and 28). To a solution of 27 (3.48 g,
8.64 mmol) in THF (30 ml) was added n-BuLi (1.61 M
hexane solution, 8 ml, 12.9 mmol) at 290 8C under argon,
and the mixture was stirred at this temperature for 15 min.
The mixture was quenched with sat. NH4Cl aq.. The
aqueous layer was extracted with hexane. The combined
organic layer was washed with sat. NH4Cl aq. solution,
brine, and dried over MgSO4, and concentrated in vacuo.
The residue was purified by silica-gel column chromato-
graphy (hexane/AcOEt¼50:1) to afford 10 (2.42 g, 86%)
and 28 (0.366 g, 13%). The enantiomeric purities of 10
and 28 were determined by HPLC with CHIRALCEL
OJ-R column (4.6f£150 mm; MeOH/water¼75:25) and
CHIRALCEL OD-R column (4.6f£250 mm; MeOH/
water¼80:20), respectively. Compound 10. Pale yellow
oil. [a]D

24¼þ71.2 (c 0.60, CHCl3); 100% ee. IR (neat) n
3352, 2957, 2857, 2131, 1722, 1620, 1471, 1360, 1250,
1161, 842 cm21. 1H NMR (500 MHz, CDCl3) d 0.07 (s,
3H), 0.08 (s, 3H), 0.19 (s, 9H), 0.90 (s, 9H), 1.74–1.88 (m,
4H), 2.86 (brs, 1H), 4.42 (ddd, 1H, J¼8.2, 4.7, 2.0 Hz), 4.78
(brdd, 1H, J¼5.0, 2.0 Hz), 5.66 (t, 1H, J¼2.0 Hz). 13C NMR
(125 MHz, CDCl3) d 24.93, 24.64, 20.29, 18.01, 25.69,
29.68, 32.64, 70.56, 74.85, 101.33, 101.51, 104.68, 164.18.
ESI-TOFMS (positive-ion) calcd for C17H32O2Si2H:
(MþH)þ 325.2019; found: 325.1832, calcd for C17H32O2-
Si2NH4: (MþNH4)þ 342.2285; found 342.2111. Compound
28. Pale yellow oil. [a]D

23¼266.4 (c 0.66, CHCl3); 50% ee.
IR (neat) n 3348, 2957, 2930, 1250, 842 cm21. 1H NMR
(500 MHz, CDCl3) d 0.16 (s, 6H), 0.19 (s, 9H), 0.89 (s, 9H),
1.63–1.66 (m, 1H), 1.84–1.88 (m, 2H), 1.99–2.03 (m, 1H),
2.30 (brs, 1H), 4.30 (brdd, 1H, J¼6.6, 4.3 Hz), 4.78 (d, 1H,
J¼4.5 Hz), 5.72 (brs, 1H). 13C NMR (125 MHz, CDCl3) d
24.91, 24.54, 20.22, 17.84, 25.70, 32.73, 32.85, 72.03,
74.58, 99.57, 101.64, 106.63, 159.51. ESI-TOFMS
(positive-ion) calcd for C17H32O2Si2H: (MþH)þ

325.2019; found: 325.2039, calcd for C17H32O2Si2Na:
(MþNa)þ 347.1839; found 347.1805.

4.1.15. Epoxide (29). To a solution of 10 (2.56 g,
7.90 mmol) in CH2Cl2 (30 ml) was added Na2HPO4

(4.71 g, 33.2 mmol). After stirring for 10 min at room
temperature, mCPBA (3.27 g, 19.0 mmol) was added to the
white suspension and stirring continued at this temperature
for 16 h. The reaction mixture was quenched with sat.
Na2SO3 aq. The aqueous layer was extracted with hexane,
and the combined organic layer was washed with brine,
dried over MgSO4, and concentrated in vacuo to afford 29
(2.31 g, 86%) as a white solid. [a]D

25¼26.0 (c 0.50, CHCl3).
IR (film) n 3555, 2958, 2361, 2183, 1473, 1252, 1062, 845,
778 cm21. 1H NMR (500 MHz, CDCl3) d 0.03 (s, 3H), 0.04
(s, 3H), 0.17 (s, 9H), 0.86 (s, 9H), 1.83 (dtd, 1H, J¼12.9,
7.2, 5.4 Hz), 1.90 (dddd, 1H, J¼12.9, 7.8, 7.2, 5.4 Hz),
1.98–2.02 (m, 2H), 2.27 (d, 1H, J¼4.8 Hz), 3.49 (s, 1H),
3.93 (t, 1H, J¼5.4 Hz), 4.09 (dd, 1H, J¼9.8, 4.8 Hz). 13C
NMR (125 MHz, CDCl3) d 24.96, 24.92, 20.47, 18.02,
25.59, 30.21, 30.89, 48.88, 68.71, 71.23, 72.64, 92.96,
99.19. ESI-TOFMS (positive-ion) calcd for C17H32O3Si2H:
(MþH)þ 341.1968; found: 341.1961, calcd for C17H32O3-
Si2NH4: (MþNH4)þ 358.2234; found 358.2241, calcd for
C17H32O3Si2Na: (MþNa)þ 363,1788; found: 363.1779,

calcd for C17H32O3Si2K: (MþK)þ 379.1527; found
379.1561.

4.1.16. Acetate (30). To a solution of 29 (108 mg,
0.317 mmol) in pyridine (3 ml) was added Ac2O (1.5 ml)
at room temperature and the mixture was stirred at 50 8C for
11 h. The reaction mixture was quenched with saturated
NH4Cl solution. The aqueous layer was extracted with
hexane, and the combined organic layer was washed with
brine, dried over Na2SO4, and concentrated in vacuo to
afford 30 (88.6 mg, 73%) as a colorless oil: [a]D

21¼þ36.1 (c
0.48, CHCl3). IR (film) n 2956, 2929, 1743, 1250, 1060,
844 cm21. 1H NMR (500 MHz, CDCl3) d 0.00 (s, 3H), 0.05
(s, 3H), 0.15 (s, 9H), 0.87 (s, 9H), 1.76 (dddd, 1H, J¼13.1,
8.8, 8.0, 5.0 Hz), 1.85 (ddt, 1H, J¼13.1, 8.8, 5.0 Hz), 1.99
(ddt, 1H, J¼14.1, 5.0, 8.0 Hz), 2.04 (s, 3H), 2.23 (dddd, 1H,
J¼14.1, 8.0, 7.6, 5.0 Hz), 3.41 (s, 1H), 3.83 (t, 1H,
J¼5.0 Hz), 5.17 (dd, 1H, J¼7.6, 5.0 Hz). 13C NMR
(125 MHz, CDCl3) d 25.11, 24.85, 20.54, 18.02, 21.00,
25.55, 29.18, 30.91, 49.16, 69.68, 70.37, 72.78, 92.90,
98.88, 170.08. ESI-TOFMS (positive-ion) calcd for
C19H34O4Si2H: (MþH)þ 383.2074; found: 383.2034,
calcd for C19H34O4Si2NH4: (MþNH4)þ 400.2339; found
400.2313, calcd for C19H34O4Si2Na: (MþNa)þ 405.1893;
found: 405.1864, calcd for C19H34O4Si2K: (MþK)þ

421.1633; found 421.1612.

4.1.17. Ketone (31). To a solution of 29 (4.32 g, 12.7 mmol)
in CH2Cl2 (30 ml) was added Dess–Martin periodinane
(8.08 g, 19.1 mmol) and the mixture was stirred at room
temperature for 1 h. The reaction was quenched with
saturated aqueous NaHCO3. The aqueous layer was
extracted with hexane, and the combined organic layer
was dried over MgSO4, and concentrated in vacuo. The
residue was purified by silica-gel column chromatography
(hexane/AcOEt¼30:1) to afford 31 (3.59 g, 84%) as
needles. Mp 112–113 8C (from hexane/AcOEt)
[a]D

23¼2121.3 (c 0.50, CHCl3). IR (film) n 2955, 2853,
1747, 1401, 1249, 838 cm21. 1H NMR (500 MHz, CDCl3) d
0.03 (s, 3H), 0.03 (s, 3H), 0.16 (s, 9H), 0.84 (s, 9H), 2.15–
2.21 (m, 2H), 2.37 (dtd, 1H, J¼18.9, 3.7, 3.0 Hz), 2.64 (dt,
1H, J¼18.9, 10.5 Hz), 3.66 (s, 1H), 4.07 (brt, 1H,
J¼1.8 Hz). 13C NMR (125 MHz, CDCl3) d 25.31,
24.83, 20.56, 17.99, 25.48, 28.06, 33.12, 50.57, 69.89,
71.68, 93.33, 96.61, 207.69. ESI-TOFMS (positive-ion)
calcd for C17H30O3Si2H: (MþH)þ 339.1812; found:
339.1636. Anal. Calcd for C17H30O3Si2: C, 60.30; H,
8.93. Found C, 60.11; H, 8.95.

4.1.18. Diyne (7). To a solution of trimethylsilylacetylene
(320 ml, 2.24 mmol) in THF (4 ml) was added dropwise
n-BuLi (1.61 M hexane solution, 990 ml, 1.60 mmol) at
278 8C and stirred at 278 8C for 50 min. A solution of 31
(261 mg, 77.1 mmol) in THF (4 ml) was then slowly added
at 278 8C and the reaction mixture was stirred at 278 8C for
3 h. The reaction mixture was quenched with sat. NH4Cl aq.
The aqueous layer was extracted with hexane. The
combined organic layer was washed with brine, dried over
Na2SO4, and concentrated in vacuo to afford a crude
mixture of epimeric alcohols (304 mg) as a yellow oil. To
the mixture in dichloroethane (2 ml) were added Et3N
(600 ml, 7.64 mmol) and Ms2O (274 mg, 1.57 mmol) at
room temperature and the reaction mixture was stirred at
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40 8C for 3 h. The reaction quenched with sat. NH4Cl aq.
The aqueous layer was extracted with hexane. The
combined organic layer was washed with brine, dried over
Na2SO4, and concentrated in vacuo to afford a crude
mixture of mesylates (330 mg). To a solution of the mixture
in THF (10 ml) was added TBAF (1.0 M THF solution,
3.5 ml, 3.50 mmol) at 0 8C. After stirring at the same
temperature for 20 min, the reaction quenched with
phosphate buffer (pH 7.0). The aqueous layer was extracted
with ethyl acetate. The combined organic layer was washed
with brine, dried over Na2SO4, and concentrated in vacuo.
The reaction mixture was purified by silica-gel column
chromatography (hexane/AcOEt¼1:1) to afford 7 (70.6 mg,
57% in 2 steps) as colorless plates. Mp 86 8C (from hexane/
AcOEt). [a]D

20¼þ36.6 (c 0.36, CHCl3). IR (film) n 3263,
905, 644 cm21. 1H NMR (500 MHz, CDCl3) d 2.21 (brs,
1H), 2.50 (dt, 1H, J¼19.1, 2.6 Hz), 2.53 (d, 1H, J¼2.0 Hz),
2.83 (ddd, 1H, J¼19.1, 6.3, 2.6 Hz), 3.04 (s, 1H), 3.74 (d,
1H, J¼2.0 Hz), 4.20 (dd, 1H, J¼6.3, 2.6 Hz), 6.62 (t, 1H,
J¼2.6 Hz), 13C NMR (125 MHz, CDCl3) d 38.42, 50.23,
69.70, 72.96, 76.41, 76.70, 77.06, 82.31, 119.95, 145.73.
ESI-TOFMS (positive-ion) calcd for C10H8O2NH4:
(MþNH4)þ 178.0868; found: 178.0699, calcd for
C10H8O2Na: (MþNa)þ 183.0422; found: 183.0216, calcd
for C10H8O2K: (MþK)þ 199.0161; found 198.9940.

The absolute configuration of 7 was confirmed by the
modified Mosher method using (R)- and (S)-MTPA esters of
7:

Position (R)-MTPA-7 (S)-MTPA-7 Dd¼dS2dR

d (ppm) d (ppm)

H-3 3.050 3.062 0.012
H-6 2.505 2.513 0.007
H-8 4.000 4.017 0.017
H-11 2.739 2.543 20.196
H-11 3.043 2.955 20.088
H-12 6.582 6.542 20.040

4.1.19. Aryl ether (32). To a solution 7 (52.0 mg,
0.324 mmol) and CsF (53.0 mg, 0.349 mmol) in DMF
(2 ml) was added a solution of 22 (97.0 mg, 0.173 mmol) in
DMF (2 ml) at room temperature and the mixture was
stirred at 60 8C for 12 h. The reaction was quenched with
phosphate buffer (pH 7.0) at room temperature. The aqueous
layer was extracted with ethyl acetate. The combined
organic layer was washed with brine, dried over Na2SO4,
and concentrated in vacuo. The reaction mixture was
purified by silica-gel column chromatography (hexane/
AcOEt¼1:4) to afford triol (62.0 mg, 50%): [a]D

23¼22.9 (c
0.92, CHCl3). IR (film) n 3287, 1651, 1514, 1487, 1249,
1037 cm21. 1H NMR (500 MHz, CDCl3) d 2.33 (dd, 1H,
J¼15.2, 8.3 Hz), 2.41 (d, 1H, J¼2.0 Hz), 2.47 (ddd, 1H,
J¼17.8, 5.3, 2.0 Hz), 2.58 (dd, 1H, J¼15.2, 3.1 Hz), 2.82
(ddd, 1H, J¼17.8, 7.3, 3.1 Hz), 3.04 (s, 1H), 3.37 (brd, 1H,
J¼2.4 Hz), 3.72–3.79 (m, 4H), 3.83–3.89 (m, 4H), 4.11 (s,
1H), 4.15 (d, 1H, J¼13.0 Hz), 4.18 (d, 1H, J¼13.0 Hz), 4.43
(s, 2H), 4.79 (brd, 1H, J¼3.1 Hz), 4.94 (ddd, 1H, J¼7.3, 5.3,
2.4 Hz), 5.27 (dt, 1H, J¼8.3, 3.1 Hz), 5.53 (d, 1H,
J¼2.0 Hz), 6.31 (t, 1H, J¼7.0 Hz), 6.32 (dd, 1H, J¼3.1,
2.0 Hz), 6.36 (t, 1H, J¼5.8 Hz), 6.86 (d, 3H, J¼8.8 Hz),

7.27 (d, 2H, J¼8.8 Hz), 7.29 (d, 1H, J¼8.8 Hz). 13C NMR
(125 MHz, CDCl3) d 38.33, 38.68, 41.74, 55.12, 56.00,
67.30, 71.12, 71.47, 71.66, 76.33, 77.46, 77.59, 78.30,
80.47, 84.27, 101.81, 110.38, 113.73, 122.19, 124.52,
125.72, 129.18, 129.50, 133.12, 139.76, 141.12, 141.61,
152.21, 159.25, 171.57. ESI-TOFMS (positive-ion) calcd
for C32H33ClINO8H: (MþH)þ 722.1018; found: 722.0996,
calcd for C32H33ClINO8NH4: (MþNH4)þ 739.1283; found
739.1238, calcd for C32H33ClINO8Na: (MþNa)þ 744.0837;
found: 744.0787, calcd for C32H33ClINO8K: (MþK)þ

760.0577; found 760.0441.

To a solution of the above triol (53.3 mg, 73.8 mmol) and
2,6-lutidine (130 ml, 1.12 mmol) in CH2Cl2 (1 ml) was
added a solution of TBSOTf (100 ml, 435 mmol) at 278 8C
and the mixture was stirred at room temperature for 12 h.
The reaction was quenched with phosphate buffer (pH 7.0).
The aqueous layer was extracted with ethyl acetate. The
combined organic layer was washed with brine, dried over
Na2SO4, and concentrated in vacuo. The reaction mixture
was purified by silica-gel column chromatography
(hexane/AcOEt¼1:1) to afford 32 (60.2 mg, 77%) as
amorphous solid: [a]D

23¼þ34.5 (0.60, CHCl3). IR (film) n
3311, 2954, 2930, 2856, 1659, 1651, 1514, 1487, 1251, 837,
778 cm21. 1H NMR (500 MHz, CDCl3) d 20.19 (s, 3H),
0.02 (s, 3H), 0.04 (s, 3H), 0.08 (s, 3H), 0.12 (s, 3H), 0.21 (s,
3H), 0.86 (s, 9H), 0.89 (s, 9H), 0.92 (s, 9H), 2.21 (d, 1H,
J¼2.6 Hz), 2.32 (dd, 1H, J¼14.1, 8.8 Hz), 2.39 (ddd, 1H,
J¼16.7, 7.3, 2.6 Hz), 2.53 (dd, 1H, J¼14.1, 3.0 Hz), 2.62
(ddd, 1H, J¼16.7, 7.3, 2.6 Hz), 3.04 (s, 1H), 3.79–3.94 (m,
8H), 4.21 (s, 2H), 4.46 (s, 2H), 4.63 (t, 1H, J¼7.3 Hz), 5.36
(d, 1H, J¼2.6 Hz), 5.43 (dd, 1H, J¼8.8, 3.0 Hz), 6.12 (t, 1H,
J¼5.8 Hz), 6.33 (t, 1H, J¼2.6 Hz), 6.44 (t, 1H, J¼7.2 Hz),
6.84 (d, 1H, J¼8.6 Hz), 6.89 (d, 2H, J¼8.3 Hz), 7.17 (d, 1H,
J¼8.6 Hz), 7.31 (d, 2H, J¼8.3 Hz). 13C NMR (125 MHz,
CDCl3) d 25.45, 25.03, 24.78, 24.57, 22.63, 22.61,
17.95, 18.07, 18.71, 25.66, 25.95, 25.99, 38.80, 38.82,
45.74, 55.14, 55.52, 68.58, 71.35, 71.40, 72.42, 73.61,
76.48, 79.63, 79.88, 81.73, 85.14, 102.10, 110.09, 113.75,
121.89, 126.27, 127.12, 129.39, 129.52, 130.71, 140.28,
141.60, 142.07, 152.53, 159.27, 169.93. MALDI-TOFMS
(positive-ion) calcd for C50H75ClINO8Si3Na: (MþNa)þ

1086.3431; found: 1086.3484, calcd for C50H75ClINO8Si3K:
(MþK)þ 1102.3171; found 1102.3180.

4.1.20. Macrolactam (34). To a degassed solution of
Pd2(dba)3·CHCl3 (26.9 mg, 26.0 mmol) and CuI (9.9 mg,
52.0 mmol) in DMF (13 ml) was added a degassed solution
of 32 (27.7 mg, 26.0 mmol) and (i-Pr)2NEt (160 ml) in DMF
(13 ml) at 60 8C. The mixture was stirred at 60 8C for 3 h.
The reaction mixture was quenched with saturated NH4Cl
solution. The aqueous layer was extracted with ethyl
acetate, and the combined organic layer was dried over
Na2SO4, and concentrated in vacuo. The residue was
purified by silica-gel column chromatography to afford 34
(9.7 mg, 40%) as colorless needles, mp 210–213 8C (from
hexane/AcOEt): [a]D

20¼235.5 (0.16, CHCl3). IR (film) n
3287, 2929, 2856, 1634, 1253, 1090, 1072, 837, 778 cm21.
1H NMR (500 MHz, CDCl3) d 20.38 (s, 3H), 20.14 (s,
3H), 20.05 (s, 3H), 0.10 (s, 3H), 0.15 (s, 3H), 0.21 (s, 3H),
0.77 (s, 9H), 0.83 (s, 9H), 0.95 (s, 9H), 2.02 (t, 1H,
J¼10.7 Hz), 2.82–2.87 (m, 2H), 2.94 (ddd, 1H, J¼15.5,
7.8, 1.4 Hz), 3.30 (s, 3H, C30-OMe), 3.57 (dd, 1H, J¼14.1,
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2.3 Hz, CH2N), 3.83 (s, 3H), 4.19 (d, 1H, J¼11.7 Hz,
CH2OMPM), 4.20 (d, 1H, J¼11.2 Hz), 4.27 (d, 1H,
J¼11.2 Hz), 4.62 (d, 1H, J¼11.7 Hz, CH2OMPM), 4.88
(dd, 1H, J¼14.1, 10.8 Hz, CH2N), 5.00 (dd, 1H, J¼10.8,
2.3 Hz, NH), 5.22 (t, 1H, J¼7.8 Hz), 5.35 (s, 1H, H-8), 5.61
(dd, 1H, J¼10.7, 4.8 Hz), 5.87 (dd, 1H, J¼3.5, 1.4 Hz,
H-12), 6.34 (d, 1H, J¼8.3 Hz, H-40), 6.86 (d, 1H, J¼8.3 Hz,
H-50), 6.92 (d, 2H, J¼8.8 Hz), 7.04 (s, 1H, H-3), 7.18 (d,
2H, J¼8.8 Hz), 7.30 (s, 1H, H-6). 13C NMR (125 MHz,
CDCl3) d 25.17, 25.03, 24.77, 24.39, 23.21, 23.06,
17.77, 18.13, 18.42, 25.61, 25.66, 26.00, 38.47 (C14), 43.55,
48.98, 54.88, 55.24, 67.54, 70.39 (C5), 70.57, 70.79, 83.76
(C8), 92.45 (C9), 110.19, 113.88, 120.24, 121.91 (C3),
122.10, 128.97, 129.21, 129.72, 131.44 (C6), 133.47,
135.81 (C4), 136.12 (C2), 138.96 (C13), 142.33, 144.30
(C7), 150.06 (C1), 153.95, 159.33, 168.34. HMBC
correlations: H3–C1, H3–C7, H3–C5, H3–C13; H5–C3,
H5–C4, H5–C13; H6–C2, H6–C4, H6–C8, H6–C14.
MALDI-TOFMS (positive-ion) calcd for C50H74ClNO8Si3-
Na: (MþNa)þ 958.4308; found: 958.4375, calcd for
C50H74ClNO8Si3K: (MþK)þ 974.4048; found 974.4182.
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Abstract—The synthesis and stereochemistry of the first reported pentaspiro- and hexaspiro-1,3-dioxane and polyspiro-1,3-oxathiane
(from dispiro to hexaspiro) derivatives are described. The crystal structures of a dispiro- and tetraspiro-1,3-oxathiane were determined by
X-ray diffraction methods. NMR and chiral column HPLC investigations in solution revealed flexible and semiflexible structures for which
syn–anti, cis– trans and d,l isomers were observed.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Our previous investigations1 – 4 of the stereochemistry of
spiro-1,3-dioxanes dealt with the helical chirality of those
spiranes with six-membered rings. The sequence of a helix
which exhibits P or M configuration repeats after every
fourth six-membered ring.

The parent compound, spiro[5.5]undecane 1 exhibits a
flexible structure in which ring flip (A and B, Scheme 1)
causes enantiomeric inversion. [I(M)OII(P)].

The dispiranes, as well as the higher members of the
polyspirane series, can be built up by merging the
corresponding monospirane units. For example, dispirane
2 (Scheme 2, Table 1), is made up of monospiranes AB and
BC. If the two merged units have the same helix
configuration, a dispirane with a M (III) or P (V)
configuration is obtained, but if they have different helix

configurations, the achiral form (IV) of the dispirane is
generated. At the same time marginal rings A and C can be
oriented on the same side of the best plane of ring B (defined
by bonds C6–C1 and C6–C5 or C9–C10 and C9–C14) for
which the structures are named 6,9-syn. If they are on
opposite sides of the reference plane the isomer is 6,9-anti.
The syn or anti orientations of marginal rings A and C can
be deduced from the values of the dihedral angle described
by the planes formed by bonds C10–C11, C13–C14 and
C1–C2, C4–C5. The dihedral angle is close to 08 for the anti
isomer, while for the syn isomers the two reference planes
are perpendicular. The syn isomers are chiral and exhibit M
or P configurations while the anti isomer is achiral, being
centrosymmetric.

The possible stereoisomers of trispirane 3 and tetraspirane 4
(Scheme 3, Table 1) and their chirality may be deduced
from the configurations of the three (or four) constituent
monospiro units (Table 1). For an odd number of monospiro
units all the possible stereoisomers are chiral, while in the
case of an even number of monospiro units, achiral forms
are also present.

The number of possible stereoisomers increases with the
number of monospirane units. The number of possible
structures of trispirane 3 is 6 and the tetraspirane 4 and the
pentaspirane 5 exhibit 10 and 20 isomers, respectively
(Table 1).

Hexaspirane 6 shows 36 possible conformers of the spirane
skeleton (found by extending the algorithm discussed for
compounds 1-5) four of them being achiral (6,9-syn-9,12-
syn-12,15-anti-15,18-syn-18,21-syn; 6,9-syn-9,12-anti-12,

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.02.027
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Scheme 2.

Table 1. Possible stereoisomers of spiro (from mono to penta) compounds with six-membered rings

Isomer Rings orientation 6,9-9,12-12,15-15,18 AB BC CD DE EF Helix

I — M — — — M
II — P — — — P

III syn M M — — M
IV anti P(M) M(P) — — —
V syn P P — — P

VI syn-syn M M M — M
VII syn-syn P P P — P
VIII syn-anti P P M — P
IX syn-anti M M P — M
X anti-anti P M P — P
XI anti-anti M P M — M

XII syn-syn-syn P P P P P
XIII syn-syn-syn M M M M M
XIV syn-syn-anti P P P M P
XV syn-syn-anti M M M P M
XVI anti-syn-anti M P P M P
XVII anti-syn-anti P M M P M
XVIII anti-anti-syn P M P P P
XIX anti-anti-syn M P M M M
XX anti-anti-anti M(P) M(P) P(M) P(M) —
XXI anti-anti-anti M(P) P(M) M(P) P(M) —

XXII syn-syn-syn-syn M M M M M M
XXIII syn-syn-syn-syn P P P P P P
XXIV syn-syn-syn-anti M M M M P M
XXV syn-syn-syn-anti P P P P M P
XXVI syn-syn-anti-syn M M M P P M
XXVII syn-syn-anti-syn P P P M M P
XVIII syn-syn-anti-anti M M M P M M
XXIX syn-syn-anti-anti P P P M P P
XXX syn-anti-syn-anti M M P P M M
XXXI syn-anti-syn-anti P P M M P P
XXXII syn-anti-anti-syn M M P M M M
XXXIII syn-anti-anti-syn P P M P P P
XXXIV anti-syn-syn-anti M P P P M P
XXXV anti-syn-syn-anti P M M M P M
XXXVI syn-anti-anti-anti M M P M P M
XXXVII syn-anti-anti-anti P P M P M P
XXXVIII anti-syn-anti-anti M P P M P P
XXXIX anti-syn-anti-anti P M M P M M
XL anti-anti-anti-anti M P M P M M
XLI anti-anti-anti-anti P M P M P P
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15-anti-15,18-anti-18,21-syn; 6,9-anti-9,12-syn-12,15-anti-
15,18-syn-18,21-anti and 6,9-anti-9,12-anti-12,15-anti-
15,18-anti-18,21-anti).

Earlier studies5,6 of the monocycle and spiro-1,3-oxathianes
determined that the peculiar chirality of the unsubstituted
heterocycle involves a virtual tricoordinated chiral center
(Scheme 4)5 and we also disclosed cis– trans equilibration
of some of the spiro-derivatives via ring-chain tautomerism
(Scheme 5).6

We decided to extend our structural investigation to include
the synthesis of a new series of compounds involving larger

spiro-1,3-dioxane (penta and hexaspiro) and polyspiro-1,3-
oxathiane derivatives (up to hexaspiro) given the interesting
configurational and conformational aspects (revealed by
variable temperature NMR experiments) of six-membered
ring spiro compounds observed in previous studies. These
were performed with spiro-1,3-dioxanes, spiro-1,3-
oxathiane and polyspiro-1,3-dioxanes (up to tetraspir-
anes).1 – 10 Also we wished to gain a better understanding
of the observations concerning the stereochemistry of these
derivatives. As far as we know, only a few penta and
hexaspiranes have already been reported11 – 25 (all of them
from the ‘rotan’ family; i.e., all spiro atoms being located on
the same ring) and no studies of the higher spiranes were
found. Our target spiranes are among the largest described
in the literature and the first ones of this size to have
1,3-dioxane or 1,3-oxathiane rings.

2. Results and discussion

New polyspiro 1,3-dioxanes 11-14 and oxathianes 19-26
were obtained by condensation reactions of a dicarbonyl
compound with a 1,3-diol or a 3-mercapto-alcohol
(Schemes 6 and 7).Scheme 4.

Scheme 3.

Scheme 6.

Scheme 5.
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2.1. Penta and hexaspiro-1,3-dioxanes

Compounds 11 and 13 have flexible structures (R¼H,
Scheme 8). All the rings are flipping and all the possible
structures of the spirane are in equilibrium. The NMR
spectra of these compounds at rt show singlets for the
methylene protons of the 1,3-dioxane rings (Table 2). At
low temperature (180 K), the changes in the shape of the
spectra (broad bands instead of the singlets) suggest that
ring flip is frozen.

Compounds 12 and 14 (Scheme 8, R¼t-C4H9) exhibit
semiflexible structures, the marginal rings being ananco-
meric26 (‘rigid’) while the middle part of the spiranes is
flipping (12: rings B, C, D, E; 14: B, C, D, E, F; Scheme 8).
The conformational equilibria in 12 involve, on one side, 10
possible structures XXII, XXV, XXVI, XXIX, XXX,
XXXIII, XXXV, XXXVI, XXXIX and XL and, on the
other side, the other 10 possible conformers (Table 1). To
transform a structure of one of these groups into a structure
belonging to the other group it is necessary to break and to
remake bonds with the opposite stereochemistry. This
transformation is not possible via conformational equi-
librium, so two separable stereoisomers are possible. A
comparison of the configuration of the chiral elements of the
isomers of 12 shows that they are enantiomers.

In order to observe the enantiomers of 12, the compound
(racemate) was subjected to resolution on chiral column
HPLC. A partial resolution (tR1¼24.9 min and tR2¼
25.8 min) was observed on CHIRALCEL OD column,
using an isocratic mobile phase (n-hexane) and polarimetric,
mass spectrometry (ESI-MS) and evaporative light scatter-
ing detection (ELSD).

Investigations of the conformational equilibria of 14
demonstrated the possibility of having two separable

diastereoisomers (as can be deduced from the configurations
of the chiral elements). As for 12, there are two groups of
conformers (one of 19 and the other of 17 possible structures
for a total of 36). To transform one member of a group into
another of the same group, ring flips are sufficient, while to
change from a structure of one group into one of the other
requires the breaking and remaking of bonds with inverted
stereochemistry. The pentaspirane with fixing groups at its
extremities and other substituted spiranes with an odd
number of spiro units (e.g., monospirane and trispirane),1,2

have separable enantiomers, while those with an even
number of spiro units (e.g., substituted dispiranes, tetra-
spiranes and hexaspiranes)3,4 exhibit separable diastereo-
isomers. In the NMR spectra of 12 and 14 (mixtures of
diastereoisomers), recorded at rt, the protons of the
1,3-dioxane rings show up as two singlets (Table 2). The
low temperature spectra (180 K, CD2Cl2) of these com-
pounds reveal that the flipping of the rings is frozen and
rather than the above two singlets, four groups of unresolved
signals (bands) are observed from 3.0 to 4.2 ppm. These
signals belong to the axial and equatorial protons of the
various structurally frozen diastereoisomers.

2.2. Polyspiro-1,3-oxathianes

The stereochemistry of polyspiro-1,3-oxathianes 19-26
correlates with the total number of spiro units and with
the number of cyclohexane rings separating the two
heterocycles. If the two 1,3-oxathiane rings are separated
by an odd number of carbocycles, the compound exhibits cis
and trans isomers, whereas, if the number of intervening
cyclohexane rings is even, the polyspiro-1,3-oxathiane has
separable enantiomers.

2.2.1. Stereochemistry of compounds 19, 20, 22-24 and
26. Compounds 19, 20, 22-24 and 26 were separated by
flash-chromatography into the two possible diastereo-
isomers (cis and trans, Scheme 9) and these were
investigated as single compounds. In most of the syntheses,
the major isomer was trans (Table 3). The two isomers have
very similar NMR spectra and, in the majority of cases, they
could not be differentiated (in their mixture) by NMR. The
ratios were calculated using the already determined amounts
of separated isomers.

Scheme 7.

Scheme 8.

Table 2. NMR data (CH2–O moiety, CD2Cl2) for 11-14

Compound 11 12 13 14

d (–CH2O–), ppm 3.54 3.38 3.46 3.38
3.67 3.67
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The possible conformational equilibria for the cis and trans
isomers of dispiranes 19 and 20 are shown in Schemes 10
and 11. There are three cis structures corresponding to the
syn (P and M helix) and anti orientations of the spirane
skeleton. In all of these structures one of the sulfur atoms
(on the middle cyclohexane ring) is equatorial and the other,
axial. Sulfur is the reference atom since it has priority. The
number of possible conformers for the trans isomers of 19
and 20 is higher (six) because both sulfur atoms must either
be equatorial (main case) or axial (minor case), and each of
these is either syn (P or M configuration) or anti.

At rt, all possible conformers of each diastereoisomer (cis or
trans) are in equilibrium. The NMR spectra recorded at this
temperature are very simple (e.g., the spectra of the trans
and cis isomers of 20 only show two singlets for the protons

of the heterocycles; trans: dO – CH2¼3.40 ppm and dS – CH2¼
2.61 ppm; cis: dO – CH2¼3.42 ppm and dS – CH2¼2.59 ppm;
Table 4). The 1H NMR spectra of the cis and trans isomers
of dispiro-1,3-oxathianes are very similar. Nonetheless,
some differences were observed for the protons of the
middle cyclohexane ring. The flipping of the rings in both
isomers produces isochronous carbon resonances at posi-
tions 7, 8, 15 and 16 (one signal in 13C NMR spectra).
However, the protons at these positions are not all
equivalent in the conformational equilibrium (Scheme 12).

Four of the eight protons at these positions are pro-
cis(denoted with c), being oriented on the same side of the
middle ring as the two sulfur atoms in the cis isomer or on
the same side as the closer sulfur atom in the trans isomer.
The other four protons are oriented on opposite sides of the
middle ring with respect to the reference sulfur atoms and,
thus, are pro-trans (denoted with t).

In the NMR spectrum of the trans isomer, the protons of the
cyclohexane ring correspond to two doublets at d 1.80 and
2.1 ppm with an average coupling constant of 10.0 Hz,
while in the spectrum of the cis isomer, the signals at d
1.85–2.05 ppm are unresolved doublets of doublets (Figs.
1a and 2a). The low temperature spectra of the isomers of

Scheme 9.

Scheme 10. Conformational equilibria for cis isomers of 19 and 20.

Table 3. trans/cis or (D1/D2)p ratio of compounds 19, 20, 22-24 and 26

Compound 19 20 22 23 24 26

trans/cis (D1/D2) 0.94 1.35 1.44 1.52 1.50 1.04

The assignment for the trans and cis structures could not be performed
unambiguously; D1 for 23 and 26 is only assumed to be the trans isomer.
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20 (Figs. 1b and 2b) show the signals arising from the frozen
diastereoisomers.

The 1H NMR spectrum of the trans isomer run at 187 K
(Fig. 1) exhibits four sets of signals with different intensities
assigned to the six frozen conformations (four which form
two pairs of enantiomers) of this isomer. Two sets of high
intensity signals were assigned to the syn (XLVI, L) and anti
(XLVII) conformers bearing the equatorial sulfur atoms on
the middle cyclohexane ring while the other two sets of low
intensity signals belong to the minor conformers for which
the sulfur atoms are axial (syn: XLV, XLIX; anti: XLVIII).
The syn and anti conformers could not be differentiated due
to the overlap of the signals belonging to the protons of the
cyclohexane rings. This is despite the theoretically different
shapes of the spectra anticipated for these protons. In both
conformers of the trans isomer (syn and anti), the two
heterocycles of the spirane are equivalent.

Scheme 11. Conformational equilibria for trans isomers of 19 and 20.

Table 4. NMR data (rt, CD2Cl2, d, ppm) of compounds 19-26

Compound Isomer O–CH2 S–CH2 CH3

19 cis 3.88 2.83 —
trans 3.85 2.86 —

20 cis 3.42 2.59 1.05
trans 3.40 2.61 1.05

21 — 3.39 2.57 1.02
22 cis 3.74 2.72 —

trans 3.74 2.72 —

23p D2 3.30 2.49 0.93
D1 3.30 2.48 0.93

24 cis 3.47 2.66 —
trans 3.45 2.68 —

25 — 3.47 2.65 —
26p D2 3.46 2.65 —

D1 3.46 2.65 —

Scheme 12.
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The part of the spectrum belonging to the protons of the
heterocycles shows, for each diastereoisomer, two AB (AX)
systems which were assigned to the axial and equatorial
protons of the O–CH2 and S–CH2 moieties, respectively
(Fig. 1, Table 5). At low temperature, well separated signals
were observed which could be attributed to axial
(dax¼1.080, 1.085 ppm) and equatorial (deq¼0.789 ppm)
protons. However, it was not possible to differentiate the
signals belonging to the different stereoisomers.

The 1H NMR spectrum of cis isomer run at 187 K (Fig. 2) is
as complex as the spectrum recorded for trans isomer,
despite the lower number of stereoisomers (in fact only two,
the syn and anti diastereoisomers, which are present in an
almost 1/1 ratio). The complexity of the spectrum is due to
the non-equivalence of the two 1,3-oxathiane rings A and
C. Each isomer has one 1,3-oxathiane ring with an axial
sulfur atom while the other one has an equatorial sulphur.
The low temperature spectrum shows four sets of signals of
similar intensity (some of which overlapped).

The NMR spectra recorded at rt for the cis and trans isomers
of 24 exhibit, for the heterocyclic protons as well as for
those of the middle cyclohexane ring, sets of signals
similar to those of 20. Low temperature spectra of the
isomers of 24 are more complex due to the higher number
of possible structures, but the part of the spectra
belonging to the protons of the heterocycles shows groups
of signals similar to those attributed to the diastereoisomers
of 20.

The differences observed between the spectra (either at rt or
at low temperature) of the cis and trans isomers of 22, 23
and 26 are not as significant as those for 19, 20 and 24. Thus,
structural assignment (cis and trans), by NMR, for the two
isolated isomers of each compound was not possible.
However, an assignment was possible for compound 22
via the X-ray diffraction of the crystalline trans isomer.
In the other cases (compounds 23 and 26) it was assumed
that the less polar product (i.e., the highest Rf on silica gel)
was the trans isomer (as in the case for 19, 20, 22 and 24).
However, without other experimental support, it was
preferred to mark the isolated isomers as D1 and D2 (in
the order of their elution on silica gel, they are assumed to be
either the trans or the cis form of a compound).

Conformational analysis (Scheme 13) of the middle part of
the tetra- (rings B, C and D) and hexaspiranes (rings C, D
and E) had markedly different results than those of 19, 20
and 24.

The conformational equilibria for the cis and trans
diastereoisomers involving the flipping of rings B, C and
D (compounds 22 and 23, Scheme 13) or C, D and E
(compound 26) lead to conformations in which both sulphur
atoms are either both equatorial or both axial or in which
there is one axial and one equatorial sulphur (Scheme 13).
The different axial and equatorial positions of the sulphur
atoms (which dictate the differences in NMR spectra)
observed for the cis and trans isomers of 19, 20 and 24 do
not exist for the cis and trans isomers of 22, 23 and 26. The
small steric differences between the cis and trans isomers of
these compounds explain their very similar NMR spectra

Figure 1. 1H NMR spectra of the trans of 20; (a) at rt; (b) at 187 K;
(c) COSY at 187 K.

Figure 2. 1H NMR spectra of the cis of 20; (a) at rt; (b) at 187 K; (c) COSY
at 187 K.
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(some minor differences are observed for the signals
assigned to the cyclohexane).

The low temperature spectra (180 K) of the isomers of
compounds 22, 23 and 26 do not allow for the differentiation
of the signals belonging to their many frozen structures,
related to the three different arrangements of the sulfur
atoms (eq.,eq.; eq.,ax.; and ax.,ax.). Nonetheless, they do
show separate signals for the protons of the 1,3-oxathiane
rings with both axial or equatorial sulfur atoms. Thus, the
low temperature spectra of these compounds show two sets
of signals of different intensities (ratio 3/2). The main set

belongs to the protons of the heterocycles bearing an
equatorial sulfur atom on the neighbouring cyclohexane
ring. This finding is consistent with a higher A-value for the
cyclohexane ring having the S–R group than for that having
the O–R group27 and it is in agreement with the results of
previous conformational determinations involving mono-
spiro-1,3-oxathianes.6 However, the low temperature spec-
tra of compounds 22 and 23 (Figs. 3 and 4) are quite
different. It is known that the presence of geminal methyl
groups at position 5 of the 1,3-oxathiane ring increases the
barrier for the flipping of the heterocycle. This is contrary to
geminal substitution at position 2 which diminishes D#G8

Table 5. NMR dataa (187 K, CD2Cl2, d, ppm) of trans and cis isomers of 20

Isomer O–CH2 S–CH2 CH3

eq ax eq Ax eq ax

trans (major) syn and anti 3.17 3.42, 3.39 2.15 2.97 1.085, 1.080 0.789

trans (major) syn and anti 3.17 3.59, 3.56 2.17 2.79, 2.77 1.08 0.79

cis (all rings of syn and anti structures) 3.15, 3.17 3.61, 3.43, 3.39 2.16 2.97, 2.95, 2.80 1.097, 1.083 0.795, 0.784

a The COSY spectra show long range couplings of the axial proton of the heterocycles with the axial methyl groups (the more deshielded ones).

Scheme 13.
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(e.g., the D#G8 values for 1,3-oxathiane, for 2,2-dimethyl-
1,3-oxathiane and 5,5-dimethyl-1,3-oxathiane are 38.9, 33.4
and 43.5 kJ/mol, respectively).28 Two factors determine the
amount of ring flip for these compounds: an increase in the
energy of the ground state (which lowers the barrier of
inversion due to the axial substituent) and an increase in the
energy of the transition state (half-chair conformations,
which increase the barrier of inversion) due to greater steric
hindrance. The A-values for a methyl group at position 5 of
the 1,3-oxathiane ring (A¼2.7–3.7 kJ/mol)29,30 are con-

siderably lower than for that at position 2 (A¼13.6 kJ/
mol)29,30 which explains the differences between the values
for the inversion barriers. As has been previously observed
for the higher barrier of inversion of 5,5-dimethyl-1,3-
oxathiane versus 1,3-oxathiane itself the conformational
behaviours of compounds 22 and 23 are indeed different.
The inversion barrier of the 1,3-oxathiane rings in 23 is high
enough that the flipping of the heterocycle freezes at
180 K. This effect can be attributed to the presence of
methyl groups. On the other hand, the NMR spectrum of 22
at the same temperature, shows only the beginning of the
coalescence related to conformational equilibrium. Variable
temperature NMR experiments of the trans isomer of 22
(Fig. 3) revealed that the flipping of the cyclohexane part of
the spirane (rings B, C and D) froze at 211 K. Two sets of
broad and unresolved signals are obtained instead of the
two multiplets recorded at 299 K (dCH2 – O¼3.81 ppm and
dCH2 – S¼2.80 ppm). The set of higher intensity signals
(dCH2 – O¼3.72 ppm and dCH2 – S¼2.80 ppm) corresponds to
those 1,3-oxathiane rings with an equatorial sulfur atom on
the neighboring cyclohexane ring, while the set of lower
intensity signals (dCH2 – O¼3.82 ppm and dCH2 – S¼
2.70 ppm) belong to 1,3-oxathiane rings bearing an axial
sulfur. The spectrum run at 180 K shows the coalescence of
the signals due to the heterocycles and thus the freezing in
space of the 1,3-oxathiane rings.

Variable temperature NMR experiments of diastereomer D1

of compound 23 show the freezing in space of both the
cyclohexane and the 1,3-oxathiane rings. The two singlets
recorded at 299 K (dCH2 – O¼3.38 ppm and dCH2 – S¼
2.56 ppm), which may be attributed to the protons of the
heterocycles, change in the spectrum run at 180 K. Signals
belonging to the two types of 1,3-oxathiane rings (equatorial
sulfur atom, main case; axial sulfur atom, minor case) and to
the axial and equatorial positions of these protons are
observed. The signals assigned to the axial protons of each
moiety are well separated for each type of ring (CH2–O
moiety: dax¼3.40 ppm (Seq rings), dax¼3.62 ppm (Sax

rings); CH2–S moiety: dax¼2.97 ppm (Seq rings), dax¼2.77
ppm (Sax rings), while those due to the equatorial protons
overlapped (CH2–O moiety: deq¼3.13 ppm; CH2–S moiety:
deq¼2.12 ppm). The other two signals (d¼2.57 ppm and
2.31 ppm) of Figure 4 belong to the protons of the
cyclohexane rings. The conclusion that freezing of the
flipping of the 1,3-oxathiane rings has occurred was also
supported by the recording of different signals for the axial
(dax¼1.11, 1.09 ppm) versus equatorial (deq¼0.80 ppm)
methyl groups at the extremities of the spirane. Variable
temperature experiments of the other isomers of 22 and 23
gave similar results.

Low temperature spectra of the isomers of 26 were similar
to those observed for the isomers of 23. That is, the freezing
in space of the 1,3-oxathiane rings as well as the central
carbocycle occur.

Crystals of the trans isomers of compounds 20 and 22 were
investigated by X-ray diffraction methods. The ORTEP
diagrams (Figs. 5 and 6) show a chair conformation for all
six-membered rings, a 6,9-anti conformation for dispirane
20 and a 6,9-syn-9,12-anti-12,15-syn conformation of the
spirane skeleton for 22.

Figure 3. Variable NMR spectra (CD2Cl2) of trans isomer of compound 22:
(a) 299 K, (b) 211 K and (c) 180 K.

Figure 4. Variable temperature NMR spectra of D1 isomer of compound
23: (a) 299 K and (b) 180 K.
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These conformations were determined from the values of the
reference dihedral angles [20: C4SC6O/C4ASAC6AOA¼0.08
(the molecule is centrosymmetric); 22: (C18O1S1C17/
C2C11C6C13¼99.68; C5C9C14C15/C7C12C10C16¼17.98;
C2C11C13C6/C20O2S2C19¼96.98].

2.2.2. Stereochemistry of compounds 21 and 25. Com-
pounds 21 and 25 exhibit separable enantiomers (Scheme
14). In addition to the chiral elements specific to the spirane
skeleton (helical chirality) and those specific to the
1,3-oxathiane ring (a virtual tricoordinated chiral center)
these compounds also contain a chiral axis (C6–C12 for
compound 21 and C9–C15 for compound 25). The best
planes of rings A and D in 21 and B and E in 25 remain
perpendicular regardless of the ring flips producing
conformational equilibria.

The presence of different heteroatoms (oxygen and sulfur)
in these cycles gives the parent structures axial chirality. In
fact, the chirality of these molecules is similar to that of

spiro[5.5]undecane derivatives bearing different substitu-
ents at their extremities.

The different configurations arising from helicity and the
virtual chiral center are inverted during ring flip, while the
configuration of the chiral axis remains unchanged and
compounds 21 and 25 exhibit only enantiomers. The
racemic of 25 was solved on HPLC using a chiral column
(Fig. 8). The flexible behaviour of the compounds was seen
in the NMR spectra which show singlets for the CH2–O (21:
d¼3.38 ppm; 25: d¼3.46 ppm) and the CH2–S (21: d¼
2.56 ppm; 25: d¼2.65 ppm) moieties (Fig. 7). All methyl
groups in 21 are detected as one singlet at d¼1.01 ppm
(Fig. 8).

Stereochemical analysis of the moiety containing the middle
part of the spiranes and the heteroatoms (Scheme 15)
reveals that, for each enantiomer, three arrangements are
feasible. These would correspond to the axial–axial,
equatorial–equatorial or axial–equatorial orientations of

Figure 5. Labelled diagram of the trans isomer of compound 20.

Figure 6. ORTEP diagram of trans isomer of compound 22.

Scheme 14.
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the sulphur atoms. Low temperature NMR spectra could not
differentiate between the large number of stereoisomers of
the frozen structures. Nonetheless, different signals for the
two types of 1,3-oxathiane rings, that is, either having an
equatorial (main case) or axial (minor case) sulfur atom, are
observed. The ratio for the two types of rings is about 3/2.
The signal for the axial protons of each moiety are well
separated for each type of ring (CH2–O moiety: dax¼3.41,
3.40 ppm (Seq rings), dax¼3.62 ppm (Sax rings); CH2–S
moiety: dax¼2.98 ppm (Seq rings), dax¼2.77, 2.28 ppm (Sax

rings). On the other hand, the equatorial protons belonging
to different type of rings overlapped (CH2–O moiety:
deq¼3.14 ppm; CH2–S moiety: deq¼2.13 ppm). The axial
and equatorial methyl groups produce different signals.
(dax¼1.16, 1.17 ppm; deq¼0.86 ppm).

The low temperature spectra of compound 25, while

showing evidence that conformational equilibrium freezes,
are more complex. The complexity arises from the higher
number of isomers and greater differentiation between the
many types of 1,3-oxathiane rings.

3. Conclusions

The good yielding synthesis of the first reported polyspiro-
1,3-oxathianes, from di to hexaspiranes, and of the first
penta and hexaspiro-1,3-dioxanes is reported. The cis
and trans isomers of oxathiane derivatives were separated
by column chromatography and were investigated as
single compounds. The fist crystal structures of poly-
spiro-1,3-oxathiane derivatives (one dispiro- and another
one tetraspiro) were determined by X-ray diffraction and
the 6,9-anti disposition of the dispirane (20) and the

Figure 7. Variable temperature NMR spectra (CD2Cl2) of 19: (a) 280 K, (b) 243 K and (c) 187 K.

Figure 8. Chromatograms of the resolution of 25 on a CHIRACEL OD column using a chiral detector (polarimeter, a) and evaporative light scattering
detection (b).
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6,9-syn-9,12-anti-12,15-syn (22) arrangement of the tetra-
spirane skeleta were revealed. The variable temperature
NMR experiments showed the flexible or the semiflexible
structure of the investigated polyspiro-1,3-dioxane or
polyspiro-1,3-oxathiane derivatives. The semiflexible 1,3-
dioxane spiranes bearing an odd number of spirane units
were found to have separable enantiomers, while those with
an even number of spiro units have separable diastereo-
isomers. The polyspiro-1,3-oxathiane compounds exhibi-
ting two 1,3-oxathiane rings separated by an odd number of
cyclohexane rings have separable cis and trans isomers, but
if the respective number of cyclohexane rings is even, the
polyspirane shows separable enantiomers. The chiral HPLC
resolution of polyspiranes (pentaspiro-1,3-dioxane and
tetraspiro-1,3-oxathiane) is also reported.

4. Experimental

4.1. General remarks

1H and 13C NMR spectra were recorded in CD2Cl2 (CDCl3)
as solvent in 5 mm tubes on a Bruker AM 400 (Varian

Gemini) NMR spectrometer equipped with a dual 13C–1H
(multinuclear) head operating at 400 (300) MHz for protons
and 100 (75) MHz for carbon atoms. IR spectra were
recorded on a JASCO FT-IR 615 spectrometer. Melting
points were measured with a Kleinfeld APOTEC melting
point apparatus and are uncorrected. Elemental analyses
were obtained at the University of Medicine and Pharma-
ceutics, Cluj-Napoca, Romania or at Université de Rouen,
France. The results agreed favorably with the calculated
values. Thin-layer chromatography was performed on
Merck silica gel 60 F 254. Silica gel Merck (40–63 mm)
was used for flash chromatography.

HPLC separations were carried out at 15 8C using a
quaternary gradient pump (Spectra Physics P4000) with a
Rheodyne Model 7725 injection valve (20 mL sample loop)
and a column of 250 mm length and 4.6 mm i.d. containing
a CHIRALCEL OD phase (DAICEL Chemical Industries,
10 mm particles). Detection was performed by a DDL 31
Evaporative Light Scattering Detector (ELSD) (Eurosep
Instrument), ESI-MS and a chiral detector (polarimeter
JASCO Model OR 1590). The sensitivity on the ELSD was
adjusted via the photomultiplier gain at 600 V (HT PM

Scheme 15.
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600). Nitrogen (pressure 1.3 bar) was chosen to nebulise the
effluent coming from column and the evaporation tempera-
ture was set at 50 8C. The samples were prepared in
n-hexane. The solutes were analyzed with an isocratic
mobile phase (100% n-hexane) at a flow rate of 0.7 mL/min.
n-Hexane (HPLC grade) was obtained from ACROS (Geel,
Belgium). A Finnigan Navigator LC–MS system (Manche-
ster, UK) with a Spectra Physics pump (P1000) was used in
the Atmospheric Pressure Chemical Ionisation in positive
mode (APCIþ) for compounds identification in these
conditions: source heater¼130 8C, APCI heater¼550 8C,
cone voltage 30 V.

4.2. X-ray crystallographic data

The molecular structure of 20 was determined at Université
du Québec à Montréal, Québec, Canada, while the structure
of 22 was determined at the National Laboratory of X-ray
Diffractometry, ‘Babes-Bolyai’ University, Cluj-Napoca,
Romania. The details of the crystal structure determination
and refinement for compounds 20 and 22 are given in
Table 6.

The crystals were studied on a Siemens P4 diffractometer (20)
and on a Bruker SMART-APEX diffractometer (22), using
graphite-monochromatised Mo Ka radiation. Crystal (22)
was attached with silicon grease to a cryoloop. The data were
collected using the XSCANS program for crystal 20. The
structures were solved by direct methods, and all the other
non-hydrogen atoms were found by the usual Fourier
methods. The structures were refined with anisotropic thermal
parameters. The hydrogen atoms were fixed in a riding model
with mutual isotropic thermal parameters. The resolution and

the refinement of the structures were done using the Siemens
SHELXTL system (20)31 and a software package SHELX-97
(22).32,33 The drawings were created with the Siemens
SHELXTL system (20) and Ortep program (22).34

The CIF tables have been deposited with the Cambridge
Crystallographic Data File Centre as supplementary publi-
cation no. CCDC-2158555 (20) and 215677 (22). Copies of
the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: int.
code þ44(1223)336-033; e-mail: deposit@ccdc.cam.ac.uk].

4.3. General procedure for the synthesis of compounds
11-14 containing 1,3-dioxane rings

To a solution of 4.4 mmol of diol (7 or 8) in 20 mL of
toluene and 2 mL of DMSO were added 2.0 mmol of the
corresponding diketone (9 and 10, respectively) and 0.02 g
of p-toluenesulfonic acid. The mixture was refluxed and the
water that resulted from the reaction was removed using a
Dean–Stark trap. When the theoretical amount of water was
separated, after cooling at room temperature, the catalyst
was neutralised (with stirring) with excess powdered
CH3COONa (ca. 0.05 g). The reaction mixture was washed
twice with 20 mL water. The organic layer was dried over
Na2SO4, then toluene was removed under reduced pressure
and the spiro compounds were purified by flash-chroma-
tography on silica gel or by crystallisation from acetone.

The syntheses of the starting diol, 8, and mercaptoalcohol 17
were devised by our group35 (being new compounds), while
the syntheses of diol 736 and of diketones 937 – 39 and 1040

were performed using procedures described in the literature

Table 6. Crystal data and data collection information for 20 and 22

Compound 20 22

Empirical formula C16H28O2S2 C22H36O2S2

Formula weight 316.50 396.63
Temperature (K) 293(2) 297(2)
Wavelength (Å) 0.71073 0.71073
Crystal system Orthorhombic Triclinic
Space group Pbca P1 (no. 1)
Unit cell dimensions
a (Å) 9.8770(10) 6.0808(7)
b (Å) 7.8200(10)
c (Å) 21.739(2) 9.9635(12)
a (8) 90 112.061(2)
b (8) 90 105.678(2)
g (8) 90 92.743(2)
Volume (Å3) 1679.1(3) 525.04(11)
Z 4 1
Dcalc (g/cm3) 1.252 1.254
Absorbtion coefficient (mm21) 0.317 0.267
F(000) 688 216
Crystal size (mm) 0.29£0.42£0.31 0.37£0.37£0.48
u range for the data collection (8) 1.87–2.75 2.26–28.1
Reflections collected 14,189 4004
Independent reflections 1927 1980
Refinement method Full-matrix on F 2 Full-matrix on F 2

Data/restraints/parameters 1927/0/92 1980/0/235
Goodness-of-fit on F 2 1.059 1.089
Final R indices [F 2.2s(F 2)] R1¼0.0321, wR2¼0.0755 R1 0.0349, wR2¼0.0896
R indices (all data) R1¼0.0397 R1¼0.0380
Largest difference peak and hole (e Å3) 0.279 and 20.146 0.19 and 20.21
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4.3.1. 8,16,25,30-Tetraoxapentaspiro[5.2.2.2.2.5.2.2.2.2]-
hentriacontane (11). White crystals (0.2 g, 24%), mp 180–
182 8C. (Found: C, 74.99; H, 10.32. C27H44O4 requires: C,
74.96; H, 10.25%); dH (400 MHz; CD2Cl2) 1.25–1.45
(28H, overlapped peaks, 1-H2, 5-H2, 19-H2, 23-H2; 2-H2,
4-H2, 20-H2, 22-H2; 3-H2, 21-H2; 11-H2, 13-H2, 27-H2,
28-H2), 1.69 (8H, broad triplet (AA’BB0 system), 3J¼
6.0 Hz, 10-H2, 14-H2, 26-H2, 29-H2) and 3.54 (8H, s, 7-H2,
17-H2, 24-H2, 31-H2); dC (100 MHz; CD2Cl2) 21.98, 27.24,
28.64, 32.08, 32.30, 32.49, 32.99 (C-1, C-5, C-19, C-23;
C-2, C-4, C-20, C-22; C-3, C-21; C-6, C-18; C-10, C-14,
C-26, C-28; C-11, C-13, C-27, C-28), 68.46 (C-7, C-17,
C-24, C-31) and 98.91 (C-9, C-15).

4.3.2. 3,21-Di-t-butyl-8,16,25,30-tetraoxapentaspiro-
[5.2.2.2.2.5.2.2.2.2]hentriacontane (12). White crystals
(0.19 g, 18%), mp 290–292 8C. (Found: C, 77.30; H, 11.21.
C35H60O4 requires: C, 77.15; H, 11.10%); dH (400 MHz;
CD2Cl2) 0.84 (18H, s, 3-C(CH3)3, 21-C(CH3)3), 0.91–1.11
(10H, overlapped peaks, 3-H, 21-H; 2-H2, 4-H2, 20-H2, 22-
H2), 1.35 (8H, m, 11-H2, 13-H2, 27-H2, 28-H2), 1.59 (4H, m,
1-Hax, 5-Hax, 19-Hax, 23-Hax), 1.69 (8H, m, 10-H2, 14-H2,
26-H2, 29-H2), 1.87 (4H, m, 1-Heq, 5-Heq, 19-Heq, 23-Heq),
3.38 (4H, s, 7-H2, 24-H2) and 3.67 (8H, s, 17-H2, 31-H2); dC

(100 MHz; CD2Cl2) 22.68, 28.66, 32.31, 32.49, 32.69, 32.84
(C-1, C-5, C-19, C-23; C-2, C-4, C-20, C-22; 3-C(CH3)3, 21-
C(CH3)3; C-6, C-18; C-10, C-14, C-26, C-28; C-11, C-13,
C-27, C-28), 27.81 (3-C(CH3)3, 21-C(CH3)3), 49.14 (C-3,
C-21), 64.99 (C-7, C-17, C-24, C-31) and 98.92 (C-9, C-15).

4.3.3. 8,19,28,35-Tetraoxahexaspiro[5.2.2.2.2.2.5.2.2.
2.2.2]hexatriacontane (13). White crystals (0.27 g, 26%),
mp 309–311 8C. (Found: C, 76.82; H, 10.99. C33H56O4

requires: C, 76.69; H, 10.92%); dH (400 MHz; CD2Cl2)
1.25–1.45 (36H, overlapped peaks, 1-H2, 5-H2, 22-H2,
26-H2; 2-H2, 4-H2, 23-H2, 25-H2; 3-H2, 24-H2; 11-H2,
16-H2, 30-H2, 33-H2; 13-H2, 14-H2, 31-H2, 32-H2), 1.69
(8H, m, 10-H2, 17-H2, 29-H2, 34-H2) and 3.46 (8H, s, 7-H2,
20-H2, 27-H2, 36-H2); dC (100 MHz; CD2Cl2) 21.98, 27.24,
28.45, 29.30, 30.27, 32.08, 32.79, 32.99 (C-1, C-5, C-22,
C-26; C-2, C-4, C-23, C-25; C-3, C-24; C-6, C-21; C-10,
C-17, C-29, C-34; C-11, C-16, C-30, C-33; C-12, C-15;
C-13, C-14, C-31, C-32), 68.44 (C-7, C-20, C-27, C-36) and
99.01 (C-9, C-18).

4.3.4. 3,24-Di-t-butyl-8,19,28,35-tetraoxahexaspiro-
[5.2.2.2.2.2.5.2.2.2.2.2]hexatriacontane (14). White crys-
tals (0.41 g, 33%), mp 310–312 8C. (Found: C, 78.15; H,
11.66. C41H72O4 requires: C, 78.29; H, 11.54%); mixture of
diastereoisomers. dH (400 MHz; CD2Cl2) 0.84 (18H, s,
3-C(CH3)3, 24-C(CH3)3), 0.91–1.10 (10H, overlapped
peaks, 3-H, 24-H; 2-H2, 4-H2, 23-H2, 25-H2), 1.29 (8H, s,
13-H2, 14-H2, 31-H2, 32-H2), 1.33 (8H, m, 11-H2, 16-H2,
30-H2, 33-H2), 1.58 (4H, m, 1-Hax, 5-Hax, 19-Hax, 23-Hax),
1.68 (8H, m, 10-H2, 17-H2, 29-H2, 34-H2), 1.87 (4H, m,
1-Heq, 5-Heq, 19-Heq, 23-Heq) and 3.38 (4H, s, 7-H2, 27-H2),
3.67 (8H, s, 22-H2, 36-H2); dC (100 MHz; CD2Cl2) 22.67,
28.46, 32.07, 32.48, 32.69, 32.69, 32.79, 32.84 (C-1, C-5,
C-22, C-26; C-2, C-4, C-23, C-25; 3-C(CH3)3, 24-C(CH3)3;
C-6, C-21; C-10, C-17, C-29, C-34; C-11, C-16, C-30, C-33;
C-12, C-15; C-13, C-14, C-31, C-32), 27.80 (3-C(CH3)3,
24-C(CH3)3), 49.14 (C-3, C-24), 64.97 (C-7, C-20, C-27,
C-36) and 99.04 (C-9, C-18).

4.4. General procedure for the synthesis of compounds
19-26 containing 1,3-oxathiane rings

A solution of 4.4 mmol of 3-mercapto-propan-1-ol (15-17),
the corresponding diketone (9, 10, 18) (2.0 mmol) and
0.05 g of p-toluenesulfonic acid in 20 mL of toluene was
refluxed and the water generated in the reaction was
removed using a Dean–Stark trap. When the theoretical
water was separated, after cooling at rt, the catalyst was
neutralised (with stirring) with an excess of 0.1 M KOH (in
order to remove the remaining thiol). The organic layer was
then washed twice with water (20 mL). After drying over
Na2SO4, the toluene was removed under reduced pressure
and the oxathianes were purified by flash-chromatography
or by crystallisation from acetone.

4.4.1. 5,14-Dioxa-1,10-dithiadispiro[5.2.5.2]hexadecane
(19). White crystals (0.43 g, 83%), mixture of trans and
cis isomers, subjected to column chromatography (dichloro-
methane–petroleum ether–ethyl acetate 5/12/1, DRf¼0.14,
trans isomer with Rf¼0.54 and cis isomer with Rf¼0.40).

trans Isomer. White crystals (0.18 g, 35%), mp 187–
188 8C. (Found: C, 55.32; H, 7.56; S, 24.88. C12H20O2S2

requires: C, 55.35; H, 7.74; S, 24.63%); dH (300 MHz,
CDCl3) 1.78–1.86 (4H, m, 3-H2, 12-H2), 2.00 (4H, d, 2J¼
10.0 Hz, 7-HH0, 8-HH0, 15-HH0, 16-HH0), 2.12 (4H, d, 2J¼
10.0 Hz, 7-HH0, 8-HH0, 15-HH0, 16-HH0), 2.86 (4H, m,
2-H2, 11-H2) and 3.85 (4H, m, 4-H2, 13-H2); dC (75 MHz,
CDCl3) 24.08 (C-3, C-12), 25.51 (C-7, C-8, C-15, C-16),
31.78 (C-2, C-11), 61.63 (C-4, C-13) and 80.19 (C-6, C-9).

cis Isomer. White crystals (0.19 g, 37%), mp 119–120.2 8C.
(Found: C, 55.54; H, 7.58; S, 24.72. C12H20O2S2 requires:
C, 55.35; H, 7.74; S, 24.63%); dH (300 MHz, CDCl3) 1.78–
1.86 (4H, m, 3-H2, 12-H2), 1.98–2.16 (8H, m, 7-H2, 8-H2,
15-H2, 16-H2), 2.83 (4H, m, 2-H2, 11-H2) and 3.88 (4H, m,
4-H2, 13-H2); dC(75 MHz, CDCl3) 24.12 (C-3, C-12), 25.64
(C-7, C-8, C-15, C-16), 32.37 (C-2, C-11), 61.37 (C-4,
C-13) and 80.91 (C-6, C-9).

4.4.2. 3,3,12,12-Tetramethyl-5,14-dioxa-1,10-dithiadi-
spiro[5.2.5.2]hexadecane (20). White crystals (0.5 g,
79%), mixture of trans and cis isomers, subjected to column
chromatography (petroleum ether–ethyl acetate 12/1, DRf¼
0.11, trans isomer with Rf¼0.52 and cis isomer with
Rf¼0.41).

trans Isomer. White crystals (0.26 g, 42%), mp 192–
193 8C. (Found: C, 60.85; H, 8.99; S, 20.16. C16H28O2S2

requires: C, 60.71; H, 8.92; S, 20.26%); dH (300 MHz,
CDCl3) 1.05 (12H, s, 3-CH3, 12-CH3), 1.94 (4H, d, 2J¼
10.0 Hz, 7-HH0, 8-HH0, 15-HH0, 16-HH0), 2.13 (4H, d, 2J¼
10.0 Hz, 7-HH0, 8-HH0, 15-HH0, 16-HH0), 2.61 (4H, s, 2-H2,
11-H2) and 3.40 (4H, s, 4-H2, 13-H2); dC (75 MHz, CDCl3)
24.92 (3-CH3, 12-CH3), 28.04 (C-3, C-12), 31.62 (C-7, C-8,
C-15, C-16), 36.75 (C-2, C-11), 71.25 (C-4, C-13) and 80.05
(C-6, C-9).

cis Isomer. White crystals (0.19 g, 31%), mp 156 8C.
(Found: C, 55.29; H, 7.68; S, 24.81. C16H28O2S2 requires:
C, 60.71; H, 8.92; S, 20.26%); dH (300 MHz, CDCl3) 1.05
(12H, s, 3-CH3, 12-CH3), 1.92–2.14 (8H, m, 7-H2, 8-H2,
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15-H2, 16-H2), 2.59 (4H, s, 2-H2, 11-H2) and 3.42 (4H, s,
4-H2, 13-H2); dC (75 MHz, CDCl3) 24.93 (3-CH3, 12-CH3),
28.09 (C-3, C-12), 32.20 (C-7, C-8, C-15, C-16), 36.81
(C-2, C-11), 71.16 (C-4, C-13) and 80.70 (C-6, C-9).

4.4.3. 3,3,15,15-Tetramethyl-5,17-dioxa-1,13-dithia-tri-
spiro[5.2.2.5.2.2]henicosane (21). White crystals (0.21 g,
27%), mp 189–191 8C. (Found C, 65.64; H, 9.37; S, 16.44.
C21H36O2S2 requires: C, 65.57; H, 9.43; S, 16.67%); dH

(400 MHz; CD2Cl2) 1.02 (12H, s, 3-CH3, 15-CH3), 1.25–
1.50 (8H, m, 8-H2, 10-H2, 19-H2, 20-H2), 1.81 (4H, m,
7-HH0, 11-HH0, 18-HH0, 21-HH0), 1.98 (4H, m, 7-HH0,
11-HH0, 18-HH0, 21-HH), 2.57 (4H, s, 2-H2, 14-H2) and 3.39
(4H, s, 4-H2, 16-H2); dC (100 MHz; CD2Cl2) 28.40, 29.94,
32.20, 33.13 (C-3, C-5; C-7, C-11, C-18, C-21; C-8, C-10,
C-19, C-20; C-9), 25.14 (3-CH3, 15-CH3), 37.09 (C-2,
C-14), 71.42 (C-4, C-16) and 82.19 (C-6, C-12).

4.4.4. 5,20-Dioxa-1,16-dithiatetraspiro[5.2.2.2.5.2.2.2]-
hexacosane (22). White crystals (0.56 g, 71%), mixture of
trans and cis isomers, subjected to column chromatography
(toluene–dichloromethane–ethyl acetate 8/2/0.5, DRf¼
0.10, trans isomer with Rf¼0.34 and cis isomer with Rf¼
0.23).

trans Isomer. White crystals (0.33 g, 42%), mp 215–
217 8C. (Found: C, 66.78; H, 9.12; S, 16.14. C22H36O2S2

requires: C, 66.62; H, 9.15; S, 16.17%); dH (400 MHz,
CDCl3) 1.33–1.58 (16H, overlapped peaks, 8-H2, 13-H2,
22-H2, 25-H2; 10-H2, 11-H2, 23-H2, 24-H2), 1.64–1.78 (8H,
overlapped peaks, 3-H2, 18-H2; 7-HH0, 14-HH0, 21-HH0,
26-HH0), 1.86 (4H, m, 7-HH0, 14-HH0, 21-HH0, 26-HH0),
2.72 (4H, m, 2-H2, 17-H2) and 3.74 (4H, m, 4-H2, 19-H2);
dC (100 MHz, CDCl3) 24.47, 26.39, 30.26, 32.52, 32.74
(C-2, C-17; C-3, C-18; C-7, C-14, C-21, C-26; C-8, C-13,
C-22, C-25; C-9, C-12; C-10, C-11, C-23, C-24), 61.61
(C-4, C-19) and 82.52 (C-6, C-15).

cis Isomer. White crystals (0.23 g, 29%), mp 206–208 8C.
(Found: C, 66.55; H, 9.26; S, 16.30. C22H36O2S2 requires:
C, 66.62; H, 9.15; S, 16.17%); dH (400 MHz, CDCl3) 1.19
(4H, s, 10-H2, 23-H2), 1.24 (4H, s, 11-H2, 24-H2), 1.28–
1.34 (8H, overlapped peaks, 8-H2, 13-H2, 22-H2, 25-H2),
1.64–1.78 (8H, overlapped peaks, 3-H2, 18-H2; 7-HH0,
14-HH0, 21-HH0, 26-HH0), 1.86 (4H, m, 7-HH0, 14-HH0,
21-HH0, 26-HH0), 2.72 (4H, m, 2-H2, 17-H2) and 3.74 (4H,
m, 4-H2, 19-H2); dC (100 MHz, CDCl3) 24.47, 26.39, 30.26,
32.52, 32.74 (C-2, C-17; C-3, C-18; C-7, C-14, C-21, C-26;
C-8, C-13, C-22, C-25; C-9, C-12; C-10, C-11, C-23, C-24),
61.61 (C-4, C-19) and 82.52 (C-6, C-15).

4.4.5. 3,3,18,18-Tetramethyl-5,20-dioxa-1,16-dithiate-
traspiro[5.2.2.2.5.2.2.2]hexacosane (23). White crystals
(0.57 g, 63%), mixture of trans and cis isomers, subjected to
column chromatography (toluene–dichloromethane–ethyl
acetate 60/1/0.15, DRf¼0.09, D1 isomer with Rf¼0.29 and
D2 isomer with Rf¼0.20).

D1 isomer. White crystals (0.32 g, 35%), mp 225–227 8C.
(Found: C, 68.89; H, 9.61; S, 14.33. C26H44O2S2 requires:
C, 68.97; H, 9.80; S, 14.16%); dH (400 MHz, CDCl3) 0.93
(12H, s, 3-CH3, 18-CH3), 1.16–1.35 (16H, overlapped
peaks, 8-H2, 13-H2, 22-H2, 25-H2; 10-H2, 11-H2, 23-H2,

24-H2), 1.73 (4H, m, 7-HH0, 14-HH0, 21-HH0, 26-HH0), 1.84
(4H, m, 7-HH0, 14-HH0, 21-HH0, 26-HH0), 2.48 (4H, s, 2-H2,
17-H2) and 3.30 (4H, s, 4-H2, 19-H2); dC (100 MHz, CDCl3)
28.40, 32.11, 32.74 (C-3, C-18; C-7, C-14, C-21, C-26; C-8,
C-13, C-22, C-25; C-9, C-12; C-10, C-11, C-23, C-24),
25.14 (3-CH3, 18-CH3), 37.10 (C-2, C-17), 71.40 (C-4,
C-19) and 82.38 (C-6, C-15).

D2 isomer. White crystals (0.21 g, 23%), mp 206–208 8C.
(Found: C, 68.99; H, 9.64; S, 14.31. C26H44O2S2 requires:
C, 68.97; H, 9.80; S, 14.16%); dH (400 MHz, CDCl3) 0.93
(12H, s, 3-CH3, 18-CH3), 1.19 (4H, s, 10-H2, 23-H2), 1.23
(4H, s, 11-H2, 24-H2), 1.27–1.35 (8H, overlapped peaks,
8-H2, 13-H2, 22-H2, 25-H2), 1.73 (4H, m, 7-HH0, 14-HH0,
21-HH0, 26-HH0), 1.84 (4H, m, 7-HH0, 14-HH0, 21-HH0,
26-HH0), 2.49 (4H, s, 2-H2, 17-H2) and 3.30 (4H, s, 4-H2,
19-H2); dC (100 MHz, CDCl3) 28.40, 30.26, 31.15, 32.13,
32.74 (C-3, C-18; C-7, C-14, C-21, C-26; C-8, C-13, C-22,
C-25; C-9, C-12; C-10, C-11, C-23, C-24), 25.15 (3-CH3,
18-CH3), 37.10 (C-2, C-17), 71.40 (C-4, C-19) and 82.39
(C-6, C-15).

4.4.6. 22,25-Dioxa-8,13-dithiatetraspiro[5.2.2.2.5.2.2.2]-
hexacosane (24). White crystals (0.49 g, 62%), mixture of
trans and cis isomers, subjected to column chromatography
(toluene–dichloromethane–ethyl acetate 24/2/0.25, DRf¼
0.15, trans isomer with Rf¼0.43 and cis isomer with Rf¼
0.28).

trans Isomer. White crystals (0.26 g, 33% yield), mp 217–
219 8C. (Found: C, 66.47; H, 9.22; S, 16.21. C22H36O2S2

requires: C, 66.62; H, 9.15; S, 16.17%); dH (400 MHz,
CDCl3) 1.33–1.58 (20H, overlapped peaks, 1-H2, 5-H2,
16-H2, 20-H2; 2-H2, 4-H2, 17-H2, 19-H2; 3-H2, 18-H2), 1.85
(4H, d, 2J¼10 Hz, 10-HH0, 11-HH0, 23-HH0, 24-HH0), 2.10
(4H, d, 2J¼10 Hz, 10-HH0, 11-HH0, 23-HH0, 24-HH0), 2.68
(4H, s, 7-H2, 14-H2) and 3.45 (4H, s, 21-H2, 26-H2); dC

(100 MHz, CDCl3) 21.74, 27.17, 30.66, 32.95, 33.56 (C-1,
C-5, C-16, C-20; C-2, C-4, C-17, C-19; C-3, C-18, C-6,
C-15; C-10, C-11, C-23, C-24), 34.31 (C-7, C-14), 70.69
(C-21, C-26) and 81.77 (C-9, C-12).

cis Isomer. White crystals (0.17 g, 22%), mp 196–198 8C.
(Found: C, 66.38; H, 9.18; S, 16.11. C22H36O2S2 requires:
C, 66.62; H, 9.15; S, 16.17%); dH (400 MHz, CDCl3) 1.35–
1.60 (20H, overlapped peaks, 1-H2, 5-H2, 16-H2, 20-H2;
2-H2, 4-H2, 17-H2, 19-H2; 3-H2, 18-H2), 1.90–2.07 (8H,
overlapped peaks, 10-H2, 11-H2, 23-H2, 24-H2), 2.66 (4H, s,
7-H2, 14-H2) and 3.47 (4H, s, 21-H2, 26-H2); dC (100 MHz,
CDCl3) 21.74, 27.18, 30.60, 32.39, 33.55 (C-1, C-5, C-16,
C-20; C-2, C-4, C-17, C-19; C-3, C-18, C-6, C-15; C-10,
C-11, C-23, C-24), 34.23 (C-7, C-14), 70.80 (C-21, C-26)
and 81.08 (C-9, C-12).

4.4.7. 24,31-Dioxa-7,17-dithia-pentaspiro[5.2.2.2.2.5.2.
2.2.2]hentriacontane (25). White crystals (0.19 g, 21%),
mp 250–252 8C. (Found: C, 69.95; H, 9.45; S, 13.88.
C27H44O2S2 requires: C, 69.77; H, 9.54; S, 13.80%); dH

(400 MHz; CD2Cl2) 1.32–1.58 (28H, overlapped peaks,
1-H2, 5-H2, 19-H2, 23-H2; 2-H2, 4-H2, 20-H2, 22-H2; 3-H2,
21-H2; 11-H2, 13-H2, 27-H2, 28-H2), 1.80 (4H, m, 10-HH0,
14-HH0, 26-HH0, 29-HH0), 1.93 (4H, m, 10-HH0, 14-HH0,
26-HH0, 29-HH0), 2.65 (4H, s, 7-H2, 17-H2) and 3.46 (4H, s,
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24-H2, 31-H2); dC (100 MHz; CD2Cl2) 21.76, 27.20, 30.67,
32.18, 32.29, 32.39, 33.60 (C-1, C-5, C-19, C-23; C-2, C-4,
C-20, C-22; C-3, C-21; C-6, C-18; C-10, C-14, C-26, C-28;
C-11, C-13, C-27, C-28), 34.19 (C-7, C-17), 70.53 (C-24,
C-31) and 82.80 (C-9, C-15).

4.4.8. 27,36-Dioxa-7,20-dithia-hexaspiro[5.2.2.2.2.2.5.2.
2.2.2.2]hexatriacontane (26). White crystals (0.62 g, 57%
yield), mixture of trans and cis isomers, subjected to column
chromatography (toluene–dichloromethane–ethyl acetate
24/2/0.25, DRf¼0.13, D1 isomer with Rf¼0.38 and D2

isomer with Rf¼0.25).

D1 isomer. White crystals (0.24 g, 22% yield), mp 315–
317 8C. (Found: C, 72.41; H, 10.11; S, 11.82. C33H56O2S2

requires: C, 72.20; H, 10.28; S, 11.68%); dH (400 MHz,
CDCl3) 1.28–1.49 (36H, overlapped peaks, 1-H2, 5-H2,
22-H2, 26-H2; 2-H2, 4-H2, 23-H2, 25-H2; 3-H2, 24-H2;
11-H2, 16-H2, 30-H2, 33-H2; 13-H2, 14-H2, 31-H2, 32-H2),
1.80 (4H, m, 10-HH0, 17-HH0, 29-HH0, 34-HH0), 1.84 (4H,
m, 10-HH0, 17-HH0, 29-HH0, 34-HH0), 2.65 (4H, s, 7-H2,
20-H2) and 3.46 (4H, s, 27-H2, 36-H2).

D2 isomer. White crystals (0.23 g, 21%), mp 324–326 8C.
(Found: C, 72.34; H, 10.11; S, 11.81. C33H56O2S2 requires:
C, 72.20; H, 10.28; S, 11.68%); dH(400 MHz, CDCl3)
1.27–1.48 (36H, overlapped peaks, 1-H2, 5-H2, 22-H2,
26-H2; 2-H2, 4-H2, 23-H2, 25-H2; 3-H2, 24-H2; 11-H2,
16-H2, 30-H2, 33-H2; 13-H2, 14-H2, 31-H2, 32-H2), 1.80
(4H, m, 10-HH0, 17-HH0, 29-HH0, 34-HH0), 1.84 (4H, m,
10-HH0, 17-HH0, 29-HH0, 34-HH0), 2.65 (4H, s, 7-H2,
20-H2) and 3.46 (4H, s, 27-H2, 36-H2).

Acknowledgements

The work was supported by grants from CNCSIS (33/2002
and 34/2002) and by AUPELF-UREF (Agence Universitaire
de la Francophonie) (PAS 26/2001). Special thanks to
Kelly Walsh for providing assistance with editing of this
manuscript.

References and notes
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Influence of the metal and chiral diamine on metal(II)salen
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Abstract—The influence of the metal ion and chiral diamine used to form a metal(salen) complex on the catalytic activity of the complex in
the asymmetric benzylation of an alanine enolate was investigated. Only metal ions which could form square-planar complexes gave
catalytically active complexes, and best results were obtained with metal ions from the first row of transition metals, particularly copper(II)
and cobalt(II). Salen ligands derived from acyclic, chiral 1,2-diamines were found to generate poor catalysts, an effect which seems to
correlate with the ability of the substituents within the diamine to adopt a conformation in which they are anti to one another. Complexes
derived from a variety of 5- and 6-membered cyclic 1,2-diamines did form active catalysts, but the enantioselectivity was always far lower
than that of the parent cyclohexane-1,2-diamine derived complex.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

There is currently considerable interest in the asymmetric
synthesis of a-amino acids and a,a-disubstituted amino
acids by the alkylation of a prochiral enolate derived from
glycine or an a-substituted amino acid in the presence of a
chiral catalyst. Most of this work is carried out under phase-
transfer conditions, with the chiral catalyst acting as a phase
transfer catalyst.1

The first results in this area came from the group of
O’Donnell and used quaternary ammonium salts derived
from cinchona alkaloids to catalyse the asymmetric
alkylation of a glycine derived enolate, leading to
a-amino acids with moderate enantiomeric excesses.2 The
main problem with this chemistry was the inadequate
enantioselectivity, but recently the groups of Lygo3 and
Corey,4 have shown that the use of a 9-anthracenylmethyl
group to quaternize the cinchona alkaloid resulted in a
catalyst that exhibited significantly enhanced enantio-
selectivity, and allowed the synthesis of a-amino acids
with .95% enantiomeric excess.5 Attempts to extend this
chemistry to enolates derived from other amino acids, thus
allowing the synthesis of a,a-disubstituted amino acids
were less successful due to the lower enantioselectivity
observed.6 The same catalyst can also be used to catalyse
the alkylation of other enolates,7 Michael additions,8,9 aldol

reactions,10 and enone epoxidations.11 It can also be used in
conjunction with achiral palladium complexes to induce the
asymmetric allylation of enolates.12 Recently, polymer
supported9,13 and oligomeric14 versions of the cinchona
derived phase transfer catalysts have been developed and
used for asymmetric amino acid synthesis. The catalysts
have also been used under micellar conditions.15

Synthetic quaternary ammonium salts derived from
binaphthol have been developed by Maruoka.16 These
salts have been shown to act as asymmetric phase transfer
catalysts for both the alkylation and dialkylation (with two
different alkylating agents) of a glycine derived imine,
leading to both a-amino acids and a,a-disubstituted amino
acids with excellent enantiomeric excesses. The asymmetric
alkylation of b-keto-esters17 and aldol reactions are also
catalysed by these chiral ammonium salts.18 Other groups
have also investigated the use of synthetic phase transfer
catalysts derived from ammonium19 or guanidinium20 salts
and crown ethers.21

All the above work is based on the use of purely organic
catalysts as asymmetric phase transfer catalysts. It was not
until 1998 that Belokon’ and Kagan first demonstrated that a
metal complex could act as an asymmetric phase transfer
catalyst. The sodium salt of TADDOL was found to catalyse
the alkylation of alanine derivatives leading to a-methyl-a-
amino acids with up to 82% enantiomeric excess.22 It was
subsequently shown that the sodium salts of both NOBIN23

and BINOLAM24 could act as asymmetric phase transfer
catalysts for the same reaction.
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Chiral transition metal complexes have been used to
catalyse a wide range of asymmetric transformations, and
we have shown that they can be used to catalyse the
asymmetric alkylation of amino acid enolates under phase
transfer conditions. In 1999, we reported that nickel(II)salen
complex 1a (10 mol%) would catalyse the asymmetric
benzylation of alanine enolate 2 leading to a-methyl
phenylalanine 3 (Scheme 1) with 30% enantiomeric
excess.25 The corresponding copper(II)salen complex 1b
was found to be a far more effective catalyst and 2 mol% of
this complex was sufficient to catalyse the formation of
compound 3 with 88% enantiomeric excess. Complex 1b
also catalysed the asymmetric alkylation of compound 2
with other alkyl halides, giving a-methyl a-amino acids
with 75–90% enantiomeric excess.25 These reactions are
carried out under solid–liquid phase transfer conditions
with solid sodium hydroxide as the base, and both
enantiomers of catalyst 1b are equally readily available,
thus allowing the synthesis of either enantiomer of an
a-methyl a-amino acid.

In subsequent work, we have studied the effect that
substituents on the aromatic rings of catalyst 1b have on
the enantioselectivity of the catalyst,25,26 and optimized the
reaction conditions and the structure of the imine within
substrate 2.26 We have also demonstrated that under
appropriate reaction conditions, it is possible to use the
readily available methyl ester analogue 4 of substrate 2.27

Most recently, we have shown that the chemistry shown in
Scheme 1 can be applied to amino acids other than alanine,
thus allowing the synthesis of a range of non-racemic a,a-
disubstituted a-amino acids.28

In this paper, we report the results of a study aimed at better
understanding the influence of various factors on the
enantioselectivity of this reaction. In particular, we have
prepared catalysts from a range of transition metals and
from both cyclic and acyclic chiral diamines.

2. Results and discussion

The first factor that we studied was the effect of the central
transition metal. Since the nickel(II) and copper(II) com-
plexes 1a,b had already been found to be catalytically
active,25 a range of other (salen)M2þ complexes were
prepared and tested for catalytic activity in the model
reaction shown in Scheme 2. The substrate 4 used in this
work does not have the optimized para-chlorobenzylidene
imine as this optimisation had not been discovered at the
start of this project.26 Substrate 4 was subsequently used
throughout the work described in this paper to allow the
results to be compared. The enantiomeric excess of the
a-methyl-phenylalanine methyl ester product 5 was deter-
mined by reaction with an excess of (S)-a-methyl
benzylisocyanate to give a pair of diastereomeric ureas 6.
The diastereotopic benzylic protons (PhCH2) of compounds
6 give rise to a series of four well resolved doublets in the 1H
NMR spectrum. Integration of these doublets allowed the
diastereomeric excess of ureas 6 and hence the enantiomeric
excess of amine 5 to be determined once the conversion of 5
to 6 had gone to completion.

Initially, first row transition metal complexes were studied.
Complexes 1c-e could be prepared and isolated by reaction
of the salen ligand with the appropriate metal acetate.
However, all attempts to isolate complex 1f using zinc
bromide or diethylzinc (in thf, toluene or hexane) as the
metal source were completely unsuccessful.29 Therefore,
this complex was prepared in situ from the salen ligand and
diethylzinc. Manganese(II)salen30,31 and iron(II)salen31,32

complexes 1c and 1d were found to be catalytically inactive
(Table 1: entries 1 and 2). These complexes would not be

Scheme 1. Reagents: (i) 1a,b (2 – 10 mol%)/NaOH (solid)/BnBr;
(ii) H3Oþ/D.

Scheme 2. Reagents: (i) 1a-l (2 mol%)/NaOH (solid)/BnBr; (ii) MeOH/
AcCl; (iii) SiO2; (S)-PhCH(Me)NvCvO.

Table 1. The effect of the metal in complexes 1 on enantioselectivitya

Entry Metal Complex Yield (%) Enantioselectivity (%)b

1 Mn2þ 1c 15 1
2 Fe2þ 1d 34 3
3 Co2þ 1e 83 80
4c Ni2þ 1a 34 30
5 Cu2þ 1b 91 81
6 Zn2þ 1f 39 1
7 Rh2þ 1g 92 14
8 Pd2þ 1h 56 1
9 Pt2þ 1i 55 0
10 Co3þ 1j 46 7
11 Co3þ 1k 66 0
12 Co1þ 1l 21 0

a Reactions were carried out under the conditions described in Scheme 2.
b The error in this measurement is estimated to be ^3%.
c Data taken from Ref. 25 for substrate 2 and using 10 mol% of complex

1a.
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expected to be square-planar. The 15–34% yield of
essentially racemic compound 5 obtained in these reactions
presumably arises from an uncatalysed background reaction
as we have previously shown that even in the absence of any
catalyst, racemic a-methyl-phenylalanine is formed under
the reaction conditions.33

Cobalt(II)salen complex34 1e was found to be as active a
catalyst as the copper(II)salen complex 1b (Table 1: entries
3 and 5), which is the best previously known salen complex
for this reaction. To further investigate the relationship
between complexes 1e and 1b, the X-ray structure35 of
complex 1e was obtained for comparison with the known
structure of complex 1b.36 The structure of complex 1e is
shown in Figure 1, and as expected the complex was found
to be square-planar.37 Comparison of the bond lengths and
bond angles within the X-ray structures of complexes 1b
and 1e revealed that the structures were essentially super-
imposable. The asymmetric unit of compound 1e contains
two essentially identical, independent, homochiral
molecules that form discrete, face-to-face dimers in the
solid state with a Co· · ·Co distance of 3.326(1) Å.
Symmetry-related dimers interact via CH· · ·O hydrogen
bonds.

In situ prepared zinc(II)salen complex 1f did not give an
active catalyst (Table 1: entry 6). A survey of the Cambridge
X-ray database revealed that Zn(salen) complexes tend not
to be four-coordinate in the solid state. Instead, trigonal
bipyramidal, five-coordinate complexes are formed by
intermolecular association involving the salen oxygen
atoms.29

The results from the first row of transition metal M2þ(salen)
complexes clearly show that a square-planar complex is
essential for catalytic activity. It is also notable that
complexes 1b and 1e which are both paramagnetic (17e2

and 15e2 systems respectively) are significantly more
active than the nickel(II)salen complex 1a which is
diamagnetic (16e2 system), despite the fact that all three
complexes are known to be square-planar.36,38 This suggests
that the mechanism may involve a single electron transfer
process.

Three other M2þ(salen) complexes were prepared from
group 9/10 metals in the second and third rows of transition
metals. Rh(II)salen complex 1g was prepared from
rhodium(II) acetate and was found to be catalytically active,
but gave product 5 with only 14% enantiomeric excess
(Table 1: entry 7). An attempt to increase the enantio-
selectivity by using 10 mol% of catalyst 1g was unsuccess-
ful, giving product 5 with an unchanged 13% enantiomeric
excess. Interestingly however, complex 1g gave the (S)-
enantiomer of compound 5 as the major product, whilst
every other complex tested gave predominantly the (R)-
enantiomer of the product. The reason for this difference in
enantioselectivity is not known, but it may be relevant that
rhodium(II)salen complexes are known to be bimetallic
with a Rh–Rh bond.39 Palladium(II)salen complex40,41 1h
(prepared from palladium(II) acetate) and platinum(II)salen
complex41,42 1i (prepared from platinum(II) chloride) were
both catalytically inactive, giving racemic product 5
(Table 1: entries 8 and 9). These three results again show
the superiority of complexes from group 9 over complexes
from group 10 as asymmetric phase transfer catalysts.
Complexes 1h and 1i were also tested as catalysts in
conjunction with potassium hydroxide rather than sodium
hydroxide as the base. Our model to explain the asymmetric
induction in these reactions25,28 envisages the formation of a
bimetallic complex, with the alkali metal coordinated
between the oxygen atoms of the salen ligand. Increasing
the size of the transition metal within the salen complex was
anticipated to increase the distance between these two
oxygen atoms so that they would prefer to coordinate to a
larger alkali metal. However, palladium complex 1h gave
just a 13% yield of racemic 5 under these conditions, and
platinum complex 1i gave no product. As a result of these
results we concluded that only first row transition metal
complexes formed useful catalysts and our subsequent work
was concentrated on these species.

All of the above work was carried out with metal ions in the
þ2 oxidation state. Two Co(III) complexes were also
prepared and tested. Iodo complex 1j was prepared by
treatment of Co(II)salen complex 1e with iodine in
dichloromethane as reported for the preparation of other
iodocobalt(III)salen complexes.43 Complex 1k was
obtained by treatment of complex 1e with ferrocinium
hexafluorophosphate in acetonitrile.44 By analogy with the
known X-ray structures45 of other 5-coordinate Co(III)salen
complexes, complex 1j is expected to have a square-based
pyramidal structure with the salen ligand forming the square
base. Complex 1k, with a non-coordinating anion will
however be square-planar.46 Both of these complexes
displayed little or no catalytic activity (Table 1, entries 10
and 11).

Figure 1. The X-ray structure of complex 1e.
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Finally, the use of salen complexes of metals in the þ1
oxidation state was investigated. Attempts to prepare the
Cu(I)salen complex from copper(I) acetate and the salen
ligand were unsuccessful as only the Cu(II)salen complex
1b could be isolated from these reactions. The preparation
of Co(I)salen complexes by the reduction of the correspond-
ing Co(II)salen complexes using sodium amalgam is
however a well known process.47 Cobalt(I)salen complexes
are known to be square-planar and to be capable of
coordinating a sodium ion between the two phenolic
oxygens.48 Therefore, complex 1e was treated with sodium
amalgam in thf to generate the corresponding Co(I)salen
complex34 1l This complex was used without purification
due to the known sensitivity of Co(I)salen complexes to air,
but was not found to display any catalytic activity.
Reactions involving complex 1l were far less clean than
those involving complexes 1b,e, produced only a small
amount of product and gave only racemic product (Table 1:
entry 12).

Having determined that Co2þ and Cu2þ were the optimal
metals, the structure of the diamine was next investigated.
Four complexes (7a-d) derived from three C2-symmetric
acyclic diamines with different steric properties were
prepared. The (R,R)-1,2-diphenyl-ethane-1,2-diamine
needed for the preparation of complexes 7b,c was
commercially available49,50 and the corresponding diamines
needed for the preparation of complexes 7a,d were prepared
by a literature route involving the addition of the appropriate
Grignard reagent to imine 8 (Scheme 3).51,52 As the results
in Table 2 show, all of these ligands formed copper(II)
complexes which were less catalytically active than
complex 1b. The most active of these complex was 7a
(Table 2: entry 1) derived from (R,R)-butane-2.3-diamine,
and complex 7d was catalytically inactive (Table 2: entry 4)
as indicated by the absence of any enantioselectivity. The
chemical yield in this case is probably due to the
uncatalysed background reaction.33

The R-groups in complexes 7a-d can adopt locations which
are either gauche- or anti- to one another as shown by the
Newman projections in Figure 2. Cyclic diamines (such as
(R,R)-cyclohexane-1,2-diamine) can only adopt the gauche-
conformation, but for acyclic diamines the anti-confor-
mation is generally thermodynamically more stable as it
minimizes steric repulsions between the R-groups. The
X-ray structure of the square-planar cobalt(II) complex
derived from ligand 7a has previously been determined53

and shows that the methyl groups are indeed anti to one
another.

Complex 7b derived from (R,R)-1,2-diphenyl-ethane-1,2-
diamine was less active than complex 7a (Table 2: compare
entries 1 and 2). X-ray structures of square-planar
nickel(II)salen complexes derived from this ligand have
been reported in which the phenyl rings are gauche- or anti-
to one another.54,55 In contrast, the X-ray structure of the
square-planar cobalt(II) complex analogous to 7c shows that
the phenyl rings on the ethylenediamine unit are in this case
locked into the anti-conformation to avoid steric inter-
actions with the two additional phenyl rings on the imine
part of the ligand.56 Complex 7c was found exhibit only a
very low enantioselectivity (Table 2: entry 3).

To investigate why complex 7d was totally inactive, an
X-ray structure analysis of this complex was undertaken.57

This compound also contains two independent molecules in
the asymmetric unit, although a face-to-face interaction as
in 1e is precluded by the bulk of the tert-butyl substituents.
Intermolecular association is again via CH· · ·O interactions
and, as in 1e, the geometry at both independent Cu(II) ions
is square-planar. The structure also revealed (Fig. 3) that the
tert-butyl groups adopted anti-positions on the five-
membered chelate ring to minimize steric repulsions
between them. The effect of this is that the tert-butyl
groups extend over and below the copper ion as shown in
the space filling model illustrated in Figure 4. This would
prevent substrate 4 from complexing to the copper ion, and
hence prevent complex 7d from exhibiting any catalytic
activity.

The results obtained with complexes 7a-d strongly suggest
that for a complex to be catalytically active, the substituents

Scheme 3. Reagents: (i) RMgBr then H3Oþ; (ii) Pd(OH)2/HCO2NH4/
EtOH/D.

Figure 2. gauche- and anti-Conformations of salen complexes.

Table 2. The effect of acyclic diamines on catalytic activitya

Entry Complex Yield (%) Enantioselectivity (%)

1 7a 73 36
2 7b 21 25
3 7c 54 5
4 7d 27 0

a Reactions were carried out under the conditions described in Scheme 2.
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on the ethylenediamine part of the salen ligand must adopt a
gauche-conformation. Complexes 7c,d where this is not
possible are inactive, whilst complexes 7a,b which are
expected to exist as an equilibrium mixture of anti- and
gauche-conformations are active. Complex 7a with small
methyl substituents would be expected to have a greater
percentage of molecules in the gauche-conformation than
complex 7b and hence to be more catalytically active. This
matches the observed results.

To restrict the ligands to a gauche-conformation whilst
varying the size of the substituents within the ethylene-
diamine unit, a series of complexes derived from cyclic
diamines was prepared. First, the systematic replacement of
the cyclohexyl ring within catalyst 1b with cyclopropyl,
cyclobutyl- and cyclopentyl- rings to give complexes 9a-c
was investigated. The enantiomerically pure diamines
required for this work were prepared by literature pro-
cedures.58,59 The catalytic activity observed which should
be with each of these complexes is presented in Table 3.

In the case of compounds 9a and 9b, whilst we were able to
prepare the required enantiomerically pure 1,2-diamines,
and the salen ligand, it was not possible to isolate the copper

Figure 3. The X-ray structure of complex 7d.

Figure 4. A space-filling model of complex 7d showing the tert-butyl group
protruding over the copper ion.

Table 3. The effect of cyclic diamines on catalytic activitya

Entry Complex Yield (%) Enantioselectivity (%)

1 9a 69 0
2 9b 60 0
3 9c 84 25
4 9d 59 37
5 9e 52 32
6 9f 85 32

a Reactions were carried out under the conditions described in Scheme 2.
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complexes 9a,b. It may be that the torsional angles around
the 3- or 4-membered ring prevent the heteroatoms within
the salen ligand from adopting suitable locations to form a
square-planar complex. However, the crude product
obtained by mixing the ligand and copper(II) bromide was
tested, though no enantioselectivity was observed (Table 3:
entries 1 and 2).

Cyclopentane derivative 9c was prepared by the literature
route,59 and the corresponding N-benzyl pyrrolidine derived
ligand was also prepared by a modification of the literature
procedure.60 Thus, N-benzyl-(3S,4S)-3,4-dihydroxy-
pyrrolidine was prepared from (R,R)-tartaric acid. However,
in our hands the conversion of this diol into the
corresponding bis-azide by a Mitsunobu procedure60 was
problematic. In contrast, conversion of the diol to the
corresponding bis-mesylate61 and then conversion to the
bis-azide using the procedure reported for 1,2-diazido-
cyclopentane62 worked smoothly. Subsequent reduction of
the bis-azide to the corresponding diamine, formation of the
salen ligand and synthesis and isolation of complex 9d
occurred as expected. However, whilst complexes 9c and 9d
did form active catalysts (Table 3: entries 3 and 4), the
asymmetric induction observed with them was only about
one third that observed with the corresponding cyclohexane
derivative 1b.

The 1,2-diamino-4,5-dimethylcyclohexane required for the
synthesis of complex 9e was prepared by a modification of a
literature procedure. Addition of allylmagnesium bromide

to imine 8 gave diamine63 10 as shown in Scheme 4.
Treatment of diamine 10 with butylmagnesium chloride and
catalytic bis-(cyclopentadienyl)zirconium dichloride
resulted in reductive cyclisation to cyclohexane derivative64

11. However, the order of addition of the reagents was found
to be critical to control the stereochemistry of the
cyclisation. Only when the butylmagnesium chloride and
(cyclopentadienyl)zirconium dichloride were premixed
followed by addition of diamine 10 was compound 11
obtained as the major stereoisomer. In our hands, all other
conditions gave unreacted starting material. Hydrogenolysis
of compound 11 was carried out using 20% Pd(OH)2 on
carbon at three atmospheres pressure of hydrogen for 24 h,
and gave the partially deprotected compound 12. Compound
12 was resubjected to the same hydrogenolysis conditions to
give diamine 13. Treatment of diamine 13 with salicyl-
aldehyde gave the required salen ligand 14 which could be
complexed to copper to give complex 9e.

In complex 9e, the formation of the chelate forces both
amino groups to adopt equatorial positions on the
cyclohexane ring, and this in turn means that both methyl
groups are in axial positions. It was hoped that the methyl
groups would be able to interact with a coordinated
substrate, but disappointingly, complex 9e only exhibited
32% enantioselectivity (Table 3: entry 5), compared to 81%
for complex 1b (Table 1: entry 5) which does not have the
two methyl groups on the cyclohexane ring. The acyclic
diamine derived ligands 7a-d demonstrated that axial
groups on the carbon adjacent to the nitrogen atoms were
detrimental to the enantioselectivity of the catalysts. The
result obtained with complex 9e suggests that this effect
extends all the way across the cyclohexane ring.

The enantiomerically pure anthracene derived diamine
required for the preparation of complex 9f was prepared
from anthracene and fumaric acid by the literature route.65

Condensation of this diamine with salicylaldehyde gave the
required salen ligand49 which could be complexed to copper
to give complex 9f. In complex 9f, the cyclohexane ring is
forced to adopt a boat conformation, and this was found to
have a detrimental effect on the enantioselectivity of the
catalyst (Table 3: entry 6) as the complex converted
compound 4 into product 5 with just 32% enantiomeric
excess.

3. Conclusions

Of the metal(salen) complexes studied as asymmetric phase
transfer catalysts in this work, only the Cu(II) and Co(II)
complexes were found to give high levels of asymmetric
induction. These two complexes are both square-planar and
paramagnetic. Variation of the original cyclohexane-1,2-
diamine derived salen ligand did not increase the asym-
metric induction. Complexes derived from acyclic diamines
exist predominantly in an anti-conformation which may
account for their reduced catalytic activity. It was not
possible to isolate copper complexes of cyclopropyldiamine
and cyclobutyldiamine derived ligands. The cyclopentyl-
diamine and cyclohexyldiamine derived ligands studied,
were catalytically active, but gave lower asymmetric

Scheme 4. Reagents: (i) allylMgBr then H3Oþ; (ii) BuMgBr (5 equiv.)/Cp2-
ZrCl2 (20 mol%); (iii) Pd(OH)2/C/H2, 3 atm; (iv) salicylaldehyde.
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induction than the parent cyclohexane diamine derived
complex.

4. Experimental

4.1. General

1H NMR, 13C NMR, 19F NMR and 31P NMR spectra were
recorded on a Bruker Avance 360 Spectrometer, (1H
360 MHz, 13C 90 MHz, 19F 338 MHz and 31P 145 MHz).
The solvent for a particular spectrum is given in
parentheses. 1H and 13C NMR Spectra were referenced to
TMS and chemical-shift (d) values, expressed in parts per
million (ppm), are reported downfield of TMS. Chemical-
shift values for 31P spectra are reported downfield of
phosphoric acid, and chemical-shift values for 19F spectra
are relative to CFCl3. The multiplicity of signals is reported
as singlet (s), doublet (d), triplet (t), quartet (q), multiplet
(m), broad (br) or a combination of any of these. For 13C
NMR spectra, the peak assignments were made with the
assistance of DEPT experiments.

Infrared spectra were recorded on a Perkin–Elmer FT-IR
Paragon 1000 spectrometer, as a thin film between NaCl
plates in the reported solvent, or as KBr disks. The
characteristic absorption is reported as broad (br), strong
(s), medium (m) or weak (w). Low and high resolution mass
spectra were recorded at the EPSRC national service at the
University of Wales, Swansea, or on a Bruker Apex III
FTMS or Jeol AX505W spectrometer within the chemistry
department at King’s College. The sample was ionized by
electron ionization (EI), chemical ionisation (CI) fast atom
bombardment (FAB) or electrospray ionization (ESI). The
major fragment ions are reported and only the molecular
ions are assigned.

Optical rotations were recorded on a Perkin–Elmer 343
polarimeter in a thermostated cell of length 1 dm at 20 8C
using the sodium D-line, and a suitable solvent that is
reported along with the concentration (in g/100 ml). Melting
points were determined with a Buchi Melting Point
apparatus N8 520092 and are uncorrected. Elemental
analyses were performed by the London School of
Pharmacy.

Chromatographic separations were performed with silica
gel 60 (230–400 mesh) and thin-layer chromatography was
performed on polyester backed sheets coated with silica gel
60 F254, both supplied by Merck. Toluene was distilled
from sodium prior to use.

Crystals were mounted on a thin glass fibre using epoxy
resin and cooled on the diffractometer to 120 K using an
Oxford Cryostream low temperature attachment. Approxi-
mate unit cell dimensions were determined by the Nonius
Collect program66 from 5 index frames of width 28 in f
using a Nonius KappaCCD diffractometer, with a detector to
crystal distance of 30 mm. The Collect program was then
used to calculate a data collection stratgey to 99.5%
completeness for u¼27.58 using a combination of 28 f
and v scans of 10–120 s deg21 exposure time (depending
on crystal quality). Crystals were indexed using the

DENZO-SMN package67 and positional data were refined
along with diffractometer constants to give the final unit cell
parameters. Integration and scaling (DENZO-SMN, Scale-
pack67) resulted in unique data sets corrected for Lorentz
and polarisation effects and for the effects of crystal decay
and absorption by a combination of averaging of equivalent
reflections and an overall volume and scaling correction.
Structures were solved using SHELXS-9768 and developed
via alternating least squares cycles and difference Fourier
synthesis (SHELXL-9768) with the aid of the program
XSeed.69 All non-hydrogen atoms were modelled aniso-
tropically, while hydrogen atoms are assigned an isotropic
thermal parameter 1.2 times that of the parent atom (1.5 for
terminal atoms) and allowed to ride. All calculations were
carried out with IBM compatible PCs.

4.1.1. Manganese(II)salen complex 1c. To a solution of
(R,R)-[N,N0-bis-(20-hydroxybenzylidene)]-1,2-diamino-cyclo-
hexane (476 mg, 1.48 mmol) in ethanol (15 ml), was added
KOH (166 mg, 2.96 mmol) dissolved in ethanol (4 ml). To the
resulting yellow solution was added a suspension of anhydrous
manganese acetate (256 mg, 1.48 mmol) in ethanol (4 ml) and
the reaction was refluxed at 100–120 8C for 2 h under a
nitrogen atmosphere. The solution was allowed to reach room
temperature and then concentrated in vacuo. The resulting
black solid was taken up with dichloromethane, filtered and
evaporated in vacuo to leave a black solid which was
recrystallized from dichloromethane/hexane to afford com-
pound 1c (461 mg, 83%) as black crystals. Mp .250 8C.
[a]D

20¼21233 (c 0.012, CHCl3); nmax (KBr) 3022 (w), 2934
(m), 2859 (w), 1632 (s), 1600 (s) and 1537 cm21 (s); m/z (ESI)
375 (Mþ, 100). Found (ESI) 375.0900 (Mþ), C20H20N2O2Mn
requires 375.0880.

4.1.2. Iron(II)salen complex 1d.32 (R,R)-[N,N0-Bis-(20-
hydroxybenzylidene)]-1,2-diamino-cyclohexane (847 mg,
2.63 mmol) and anhydrous iron(II) acetate (457 mg,
2.63 mmol) were stirred in ethanol (8 ml) at 75 8C for 1 h
under a nitrogen atmosphere A dark orange solid pre-
cipitated. The mixture was allowed to cool to room
temperature and then filtered and washed with hexane
under a nitrogen atmosphere. The orange precipitate was
purified by suspension in refluxing ethanol under a nitrogen
atmosphere, followed by filtration and washing with hexane
to give compound 1d (494 mg, 50%) as an orange solid. Mp
.270 8C; [a]D

20¼2714 (c 0.017, CHCl3); nmax (KBr) 3024
(w), 2926 (m), 2855 (w), 1614 (s) and 1539 cm21 (s); m/z
(ESI) 376 (Mþ, 100). Found (ESI) 376.0846 (Mþ),
C20H20N2O2Fe requires 376.0869.

4.1.3. Cobalt(II)salen complex 1e.34 (R,R)-[N,N0-Bis-(20-
hydroxybenzylidene)]-1,2-diamino-cyclohexane (1.61 g,
5.0 mmol) and anhydrous cobalt(II) acetate (1.25 g,
5.0 mmol) were stirred in ethanol (16 ml) at 70 8C for 1 h
under an argon atmosphere. During this time an orange solid
precipitated. The reaction was allowed to cool to room
temperature and then filtered and washed with hexane under
a nitrogen atmosphere. The orange precipitate was purified
by suspension in refluxing ethanol under an argon
atmosphere, followed by filtration and washing with hexane
to obtain a crimson solid (543 mg, 29%). Crystals suitable
for X-ray analysis were obtained by recrystallisation from
hexane/dichloromethane. Mp .270 8C; [a]D

20¼21420 (c
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0.050, CHCl3); nmax (KBr) 3019 (w), 2930 (w), 2855 (w),
1603 (s) and 1531 cm21 (m); m/z (FAB) 380 (MHþ, 70%),
379 (Mþ, 66), 307 (26), 154 (100), 136 (69). Crystal data:
C20H20CoN2O2, M¼379.31, red cube, 0.30£0.30£
0.30 mm3, monoclinic, space group P21 (No. 4),
a¼11.1089(7), b¼12.3377(6), c¼12.3903(10) Å, b¼
97.133(3)8, V¼1685.05(19) Å3, Z¼4, Dc¼1.495 g/cm3,
F000¼788, KappaCCD, Mo Ka radiation, l¼0.71073 Å,
T¼120(2) K, 2umax¼55.08, 10999 reflections collected,
6940 unique (Rint¼0.0610). Final GooF¼0.996,
R1¼0.0534, wR2¼0.0871, R indices based on 5011
reflections with I.2s(I) (refinement on F 2), 452
parameters, 1 restraint. Lp and absorption corrections
applied, m¼1.034 mm21. Absolute structure
parameter¼20.009(17).70

4.1.4. Rhodium(II)salen complex 1g. (R,R)-[N,N0-Bis-(20-
hydroxybenzylidene)]-1,2-diamino-cyclohexane (116 mg,
0.36 mmol) and sodium methoxide (39 mg, 0.72 mmol)
were dissolved in methanol (7 ml). The yellow solution was
stirred at room temperature for 5 min, then [Rh(OAc)2]2·
2H2O (86 mg, 0.18 mmol) was added as a slurry in MeOH
(2 ml). The resulting green solution was stirred and heated
to 60 8C for 4 h, under an argon atmosphere. Subsequently,
the dark brown mixture was allowed to cool to room
temperature and then evaporated in vacuo. The crude
product was dissolved in dichloromethane (7 ml) and
diethyl ether (10 ml) was added until a pale brown solid
precipitated. The precipitate was collected by suction
filtration, washed with diethyl ether (5 ml) and dried in
vacuo to leave complex 1g (150 mg, 98%) as a pale brown
solid. Mp .270 8C; [a]D

20¼28 (c 0.025, MeOH); nmax

(CHCl3) 2942 (m), 2863 (w), 1635 (s), 1602 (s) and
1536 cm21 (w); m/z (ESI) 423 (Mþ, 100). Found (ESI)
423.0572 (Mþ), C20H20N2O2Rh requires 423.0574.

4.1.5. Palladium(II)salen complex 1h.40 (R,R)-[N,N0-Bis-
(20-hydroxybenzylidene)]-1,2-diamino-cyclohexane (122 mg,
0.378 mmol) and sodium methoxide (49 mg, 0.91 mmol) were
dissolved in methanol (29 ml). The yellow solution was stirred
at room temperature for 5 min, then anhydrous palladium
acetate (85 mg, 0.378 mmol) was added and the reaction
stirred for 2 h. The precipitate was collected by vacuum
filtration, washed with cold methanol and dried in vacuo with
gentle heating for several hours to provide complex 1h
(127 mg, 79%) as a yellow solid. Mp .270 8C; [a]D

20¼2504
(c 0.025, CHCl3); nmax (KBr) 3045 (w), 2932 (m), 2857 (w),
1632 (s), 1601 (s) and 1531 cm21 (s);dH (CDCl3) 1.3–2.4 (4H,
m, CH2CH2), 3.6–3.7 (1H, m, CH–N), 6.4–7.3 (4H, m,
ArCH), 7.31 (1H, s, HCvN); dC (CDCl3) 24.9 (CH2), 28.8
(CH2), 72.7 (CH), 115.0 (ArCH), 121.2 (ArC), 122.2 (ArCH),
135.0 (ArCH), 135.2 (ArCH), 155.6 (CHvN), 165.9 (ArC);
m/z (ESI) 426 (Mþ, 100). Found (ESI) 426.0644 (Mþ),
C20H20N2O2Pd requires 426.0648. Found: C, 56.4%; H, 4.5%;
N, 6.3%. C20H20N2O2Pd requires: C, 56.3%; H, 4.7%; N,
6.6%.

4.1.6. Platinum(II)salen complex 1i.41 (R,R)-[N,N0-Bis-(20-
hydroxybenzylidene)]-1,2-diamino-cyclohexane (200 mg,
0.62 mmol), PtCl2 (165 mg, 0.62 mmol) and NaOMe
(67 mg, 1.24 mmol) were added to methanol (5 ml) stirred
for 4 h at room temperature and then the solvent was
removed in vacuo. The residue was first purified by

chromatography on LH-20 using EtOH/toluene (1:3) as
eluent to give a mixture of complex 1i and unreacted ligand.
The mixture was washed with diethyl ether (3£4 ml) to
leave complex 1i (60 mg, 19%) as a yellow solid. Mp 180–
190 8C (decomp.); [a]D

20¼2192 (c 0.017, CHCl3); nmax

(KBr) 2932 (m), 1607 (s) and 1535 cm1 (m); dH (CDCl3)
1.3–2.4 (4H, m, CH2CH2), 3.6–3.7 (1H, m, CH–N), 6.4–
7.4 (4H, m, ArCH), 7.63 (1H, s, H–CN); dC (CDCl3) 25.0
(CH2), 28.1 (CH2), 74.1 (CH), 116.2 (ArCH), 122.5 (ArC),
122.7 (ArCH), 134.1 (ArCH), 134.3 (ArCH), 151.2
(CHvN), 163.8 (ArC); m/z (ESI) 538 (MþNaþ). Found
(ESI) 1053.2262 (2MþNaþ), C40H40N4O4Pt2Na requires
1053.2237.

4.1.7. Cobalt(III)salen complex 1j. To a solution of
complex 1e (100 mg, 0.26 mmol) in dichloromethane
(53 ml) was added a solution of iodine (34 mg,
0.13 mmol) in dichloromethane (1 ml). The mixture was
stirred at room temperature for 1 h during which time the
red colour of the solution disappeared and a brown solid
precipitated. The solution was evaporated to dryness to give
complex 1j (128 mg, 96%) as a brown solid which was used
without further purification. Mp 260 8C; [a]D

20¼21000 (c
0.001, CHCl3); nmax (KBr) 3052 (w), 2933 (w), 2859 (w),
1628 (s), 1595 (s) and 1535 cm21 (m); dH (DMSO-d6)
1.5–3.1 (4H, m, CH2CH2), 3.6–3.7 (1H, m, CHN), 6.5–7.6
(4H, m, ArCH), 8.03 (1H, s, HCvN); dC (DMSO-d6) 24.5
(CH2), 29.8 (CH2), 69.9 (CH), 115.5 (ArCH), 119.3 (ArC),
123.0 (ArCH), 135.1 (ArCH), 135.5 (ArCH), 164.4
(CHvN), 165.6 (ArC). Found (ESI) 379 (M2Iþ, 100).
Found (ESI) 379.0831 (M2Iþ), C20H20N2O2Co requires
379.0857.

4.1.8. Cobalt(III)salen complex 1k. A solution of ferro-
cenium hexafluorophosphate (66 mg, 0.20 mmol) in aceto-
nitrile (4 ml) was added to a solution of complex 1e (75 mg,
0.20 mmol) in acetonitrile (4 ml) at room temperature. The
mixture was stirred for 19 h and then was concentrated in
vacuo. The crystalline residue was washed with hexane to
remove ferrocene and dried in vacuo to afford complex 1k
(104 mg, 99%) as a black crystalline solid. Mp .250 8C;
[a]D

20¼23005 (c 0.033, MeOH); nmax (KBr): 2939 (w),
1637 (s), 1604 (m), and 1544 cm21 (m); dH (DMSO-d6)
1.6–2.1 (4H, m, CH2CH2), 3.0–3.1 (1H, m, CHN), 6.7–7.6
(4H, m, ArCH), 8.02 (1H, s, HCvN); dC (DMSO-d6) 24.5
(CH2), 29.8 (CH2), 69.8 (CH), 115.5 (ArCH), 119.2 (ArC),
123.0 (ArCH), 135.1 (ArCH), 135.5 (ArCH), 164.4
(CHvN), 165.6 (ArC); dF (DMSO-d6) 270.5 (d
1JPF¼711 Hz, PF6); dP(DMSO-d6) 2143 (hept. 1JPF¼
711 Hz, PF6); m/z (ESI) 379 (M2PF6)þ. Found (ESI)
379.0821 (M2PF6)þ, C20H20N2O2Co requires 379.0851.

4.1.9. Copper(II)salen complex 7a. (þ)-[N,N0-Bis-(20-
hydroxybenzylidene)]-2,3-diamino-butane53 (80 mg,
0.3 mmol), copper(II) bromide (67 mg, 0.3 mmol) and
sodium methoxide (33 mg, 0.6 mmol) were dissolved in
methanol (5 ml) and stirred for 18 h at room temperature.
The solvent was evaporated in vacuo and the residue was
purified by chromatography on LH-20 using EtOH/toluene
(1:3) to give complex 7a (74 mg, 69%), as a dark brown
solid. Mp 258–260 8C; [a]D

20¼2582 (c 0.014, CHCl3); nmax

(CHCl3) 2964 (w), 1622 (s), 1600 (m) and 1536 cm21 (m);
m/z (CI) 358 (MHþ, 55), 297 (63), 148 (89), 122 (100), 72
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(61). Found (ESI) 358.0743 (MHþ), C18H19N2O2Cu
requires 358.0737.

4.1.10. [N,N0-Bis-(20-hydroxyphenyl)phenylmethyl-
idene]-(R,R)-1,2-diamino-1,2-diphenylethane and
[N-(20-hydroxyphenyl)phenylmethylidene]-(R,R)-1,2-
diamino-1,2-diphenylethane. To a solution of (R,R)-1,2-
diamino-1,2-diphenylethane (220 mg, 1.04 mmol) in
ethanol (10 ml), 2-hydroxybenzophenone (410 mg,
2.07 mmol) was added at room temperature. The resulting
bright yellow solution was stirred under reflux for 44 h, then
it was allowed to cool to room temperature and allowed to
stand overnight. The resulting precipitate was filtered,
washed with cold ethanol (2 ml), dried by suction filtration
and then in vacuo to leave [N,N0-bis-(20-hydroxyphenyl)-
phenylmethylidene]-(R,R)-1,2-diamino-1,2-diphenylethane71

(300 mg, 51%) as a yellow solid. Mp 215–217 8C;
[a]D

20¼þ178 (c 0.55, CHCl3); nmax (CHCl3) 3064 (w), 3032
(w), 2913 (w) and 1606 cm21 (s); dH (CDCl3) 4.68 (1H, s,
CH), 6.50–7.37 (14H, m, ArCH), 15.42 (1H, s, OH); dC

(CDCl3) 72.5 (CH), 117.9 (ArCH), 118.4 (ArCH), 120.4
(ArC), 127.4 (ArCH), 127.7 (ArCH), 128.0 (ArCH), 128.3
(ArCH), 128.5 (ArCH), 128.7 (ArCH), 128.9 (ArCH), 129.2
(ArCH), 132.4 (ArCH), 132.9 (ArCH), 134.3 (ArC), 140.3
(ArC), 163.2 (ArC), 175.4 (CvN); m/z (CI) 573 (MHþ, 5),
286 (31), 198 (73), 106 (100). Found (ESI) 573.2549 (MHþ),
C40H33N2O2 requires 573.2536. The mother liquors from the
crystallisation were evaporated in vacuo, and the resulting
yellow residue was purified by chromatography using Et2-
O/hexane (3:7) to give [N-(20-hydroxyphenyl)phenylmethyl-
idene]-(R,R)-1,2-diamino-1,2-diphenylethane (142 mg, 35%)
as a yellow solid. Mp 61–64 8C; [a]D

20¼þ48 (c 0.5, CHCl3);
nmax (CHCl3) 3384 (w), 3062 (m), 3030 (m), 2908 (w), 1607
(s) and 1572 cm21 (m); dH (CDCl3) 1.55 (2H, brs, NH2), 4.32
(1H, d J¼5.5 Hz, CH), 4.39 (1H, d J¼5.5 Hz, CH), 6.51–7.31
(19H, m, ArCH), 15.90 (1H, s, OH); dC (CDCl3) 62.8 (CH),
72.7 (CH), 117.9 (ArCH), 118.4 (ArCH), 120.3 (ArC), 127.6
(ArCH), 127.7 (ArCH), 127.5 (ArCH), 127.9 (ArCH), 128.1
(ArCH), 128.5 (ArCH), 128.6 (ArCH), 128.8 (ArCH), 129.3
(ArCH), 132.3 (ArCH), 133.1 (ArCH), 133.9 (ArC), 141.0
(ArC), 142.6 (ArC), 163.7 (ArC), 175.4 (CvN); m/z (CI) 393
(MHþ, 20), 287 (100), 270 (99), 167 (15), 106 (55). Found
(ESI) 393.1961 (MHþ), C27H25N2O requires 393.1961.

4.1.11. Copper(II)salen complex 7b.50 (R,R)-[N,N0-Bis-
(20-hydroxybenzylidene)]-1,2-diamino-1,2-diphenylethane,
(140 mg, 0.33 mmol), CuBr2 (74 mg, 0.33 mmol) and
NaOMe (36 mg, 0.67 mmol) in methanol (4 ml) were
stirred for 4 h at room temperature and then the solvent
was removed in vacuo. The crude residue was purified by
chromatography on LH-20 using EtOH/toluene (1:3) to give
complex 7b (109 mg, 69%) as a purple solid. Mp .270 8C;
[a]D

20¼2310 (c 0.010, CHCl3); nmax (CHCl3) 3028 (w),
1619 (s), and 1535 cm21 (m); m/z (FAB) 504 (MþNaþ,
100%), 482 (MHþ, 69), 481 (Mþ, 21). Found (ESI)
482.1053 (MH)þ, C28H23N2O2Cu requires 482.1056.
Found: C, 70.0%; H, 4.4%; N, 5.5%. C28H22N2O2Cu
requires: C, 69.8%; H, 4.6%; N, 5.8%.

4.1.12. Copper(II)salen complex 7c. [N,N0-Bis-(20-
hydroxyphenyl)phenylmethylidene]-(R,R)-1,2-diamino-1,2-
diphenylethane71 (173 mg, 0.3 mmol), copper(II) bromide
(67 mg, 0.3 mmol) and sodium methoxide (33 mg,

0.6 mmol) were dissolved in methanol (8 ml) and stirred
for 3 h at room temperature. The solvent was evaporated in
vacuo and the residue was purified by chromatography on
LH-20 using EtOH/toluene (1:3) to give complex 7c
(186 mg, 98%), as a brown solid. Mp .270 8C; [a]D

20¼260
(c 0.025, CHCl3); nmax (KBr) 3057 (w), 2926 (w), 1600 (m),
1568 (s) and 1521 cm21 (s); m/z (CI) 634 (MHþ, 100), 573
(33), 286 (56), 106 (92). Found (ESI) 634.1680 (MHþ),
C40H31N2O2Cu requires 634.1676.

4.1.13. [N,N0-Bis-(20-hydroxybenzylidene)]-(R,R)-3,4-
diamino-2,2,5,5-tetramethylhexane. To a solution of
(R,R)-3,4-diamino-2,2,5,5-tetramethyl-hexane52 (270 mg,
1.6 mmol) in ethanol (20 ml), was added salicylaldehyde
(380 mg, 3.2 mmol). The resulting bright yellow solution
was stirred under reflux for 5 h. Subsequently the solution
was allowed to reach room temperature and then evaporated
in vacuo. The residue was recrystallized from hexane-
isopropanol to leave the desired product (340 mg, 56%) as
yellow crystals. Mp 117–119 8C; [a]D

20¼þ185 (c 0.083,
CHCl3); nmax (CHCl3) 3060 (w), 2963 (s), 2871 (m), 1626
(s) and 1582 cm21 (m); dH (CDCl3) 0.83 (9H, s, C(CH3)3),
3.31 (1H, s, CH–N), 6.8–7.3 (4H, m, ArCH), 8.30 (1H, s,
HCvN), 13.58 (1H, s, OH); dC (CDCl3): 28.0 (CH3), 36.3
(CMe3), 77.7 (CHN), 118.0 (ArCH), 118.6 (ArCH), 118.9
(ArC), 131.7 (ArCH), 132.8 (ArCH), 162.3 (ArC), 165.8
(CHvN); m/z (CI) 381 (MHþ, 100), 262 (8), 122 (12).
Found (ESI) 381.2541 (MHþ), C24H33N2O2 requires
381.2542. Found: C, 75.9%; H, 8.6%; N, 7.2%.
C24H32N2O2 requires: C, 75.8%; H, 8.5%; N, 7.4%.

4.1.14. Copper(II)salen complex 7d. [N,N0-Bis-(20-
hydroxybenzylidene)]-(R,R)-3,4-diamino-2,2,5,5-tetramethyl-
hexane (140 mg, 0.37 mmol), copper(II) bromide (82 mg,
0.37 mmol) and sodium methoxide (40 mg, 0.74 mmol) were
added to methanol (2 ml) and stirred for 3 h at room
temperature. The solvent was evaporated in vacuo and the
residue was purified by chromatography on LH-20 using
EtOH/toluene (1:3) to give complex 7d as a black solid.
Recrystallisation from hexane-dichloromethane gave complex
7d (111 mg, 68%) as black crystals. Mp .270 8C;
[a]D

20¼21200 (c 0.025, CHCl3); nmax (KBr) 3021 (w), 2963
(s), 2870 (w), 1614 (s), and 1533 cm21 (s); m/z (FAB) 464
(MþNaþ, 100), 442 (MHþ, 66), 350 (24), 328 (52). Found
(ESI) 442.1682 (MHþ), C24H31N2O2Cu requires 442.1681.
Found: C, 65.1%; H, 7.0%; N, 6.2%. C24H30N2O2Cu requires:
C, 65.2%; H, 6.8%; N, 6.3%. Crystal data: C24H30CuN2O2,
M¼442.04, blue needle, 0.40£0.15£0.15 mm3, monoclinic,
space group P21 (No. 4), a¼11.2350(4), b¼18.1208(5),
c¼11.5127(4) Å, b¼108.019(2)8, V¼2228.88(13) Å3, Z¼4,
Dc¼1.317 g/cm3, F000¼932, KappaCCD, Mo Ka radiation,
l¼0.71073 Å, T¼120(2) K, 2umax¼55.08, 14897 reflections
collected, 8895 unique (Rint¼0.0872). Final GooF¼1.012,
R1¼0.0527, wR2¼0.1067, R indices based on 7186 reflections
with I.2s(I) (refinement on F 2), 535 parameters, 1 restraint.
Lp and absorption corrections applied, m¼1.001 mm21.
Absolute structure parameter¼20.007(12).70

4.1.15. (2)-(R,R)-[N,N0-Bis-(20-hydroxybenzylidene)]-
1,2-diaminocyclopropane. To a solution of (2)-trans-
1,2-diaminocyclopropane dihydrochloride58 (190 mg,
1.3 mmol) in dichloromethane (10 ml), salicylaldehyde
(351 mg, 2.9 mmol) was added at room temperature. The
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resulting bright yellow solution was stirred at reflux for
23 h, and then evaporated in vacuo to give a dark yellow
syrup. The residue was dissolved in dichloromethane and
hexane was added to precipitate impurities. The solution
was filtered and evaporated in vacuo to give the desired
compound72,73 (148 mg, 40%) as a bright yellow solid. Mp
109–111 8C; [a]D

20¼2563 (c 1.6, CHCl3); nmax (CHCl3)
3057 (w), 2986 (w), 2883 (w), 1625 (s) and 1580 cm21 (m);
dH (CDCl3) 1.59 (2H, t J¼6.3 Hz, CH2), 3.32 (1H, t
J¼6.3 Hz, CH), 6.8–6.9 (2H, m, ArCH), 7.1–7.3 (2H, m,
ArCH), 8.40 (1H, s, H–CN), 12.37 (1H, brs, OH); dC

(CDCl3) 20.4 (CH2), 50.6 (CHN), 117.3 (ArCH), 119.3
(ArC), 119.4 (ArCH), 131.5 (ArCH), 132.5 (ArCH), 160.7
(ArC), 164.0 (CHvN); m/z (FAB) 281 (MHþ, 50), 160
(55), 148 (100), 132 (72), 105 (80). Found (ESI) 281.1286
(MHþ) C17H17N2O2 requires 281.1290.

4.1.16. (1)-[N,N0-Bis-(20-hydroxybenzylidene)]-1,2-dia-
minocyclobutane. To a solution of (þ)-trans-1,2-diamino-
cyclobutane59 (112 mg, 1.3 mmol) in dichloromethane
(10 ml), salicylaldehyde (317 mg, 2.6 mmol) was added at
room temperature. The resulting bright yellow solution was
stirred at room temperature for 19 h, and then evaporated in
vacuo to give the desired product73 (233 mg, 61%) as a
yellow gel. [a]D

20¼þ565 (c 1.2, CHCl3); nmax (CHCl3) 3057
(w), 2990 (w), 2948 (w), 2875 (w), 1625 (s) and 1580 cm21

(m); dH (CDCl3) 1.9–2.3 (2H, m, CH2CH2), 4.0–4.1 (1H,
m, CH), 6.8–7.3 (4H, m, ArCH), 8.21 (1H, s, HCvN),
13.21 (1H, brs, OH); dC (CDCl3) 24.4 (CH2), 69.5 (CHN),
117.4 (ArCH), 119.0 (ArC), 119.2 (ArCH), 132.1 (ArCH),
132.9 (ArCH), 161.4 (ArC), 164.2 (CHvN); m/z (CI) 295
(MHþ, 100), 191 (10), 148 (6), 122 (6). Found (ESI)
317.1243 (MþNa)þ, C18H18N2O2Na requires 317.1261.

4.1.17. (2)-(R,R)-[N,N0-Bis-(20-hydroxybenzylidene)]-
1,2-diaminocyclopentane. To a solution of (2)-(R,R)-
trans-1,2-diaminocyclopentane59 (179 mg, 1.8 mmol) in
dichloromethane (10 ml), salicylaldehyde (437 mg,
3.6 mmol) was added at room temperature. The resulting
bright yellow solution was stirred at room temperature for
21 h, then evaporated in vacuo, and dried in vacuo with
gentle heating for several hours to give the desired product
(433 mg, 78%) as a yellow gel. [a]D

20¼2467 (c 0.535,
CHCl3); nmax (neat) 3057 (w), 2959 (m), 2873 (m), 1626 (s)
and 1580 cm21 (m); dH (CDCl3) 1.8–2.2 (3H, m, CH2CH2-
CH2), 3.6–3.7 (1H, m, NCH), 6.8–7.2 (4H, m, ArCH), 8.19
(1H, s, HCvN), 13.24 (1H, s, OH); dC (CDCl3) 22.3 (CH2),
33.4 (CH2), 76.9 (CHN), 117.2 (ArCH), 119.0 (ArC), 119.1
(ArCH), 131.8 (ArCH), 132.7 (ArCH), 161.3 (ArC), 165.1
(CHvN); m/z (CI) 308 (Mþ, 56), 187 (100), 147 (14), 122
(22). Found (ESI) 309.1593 (MHþ) C19H21N2O2 requires
309.1598.

4.1.18. Copper(II) complex 9c. (2)-(R,R)-[N,N0-Bis-(20-
hydroxybenzylidene)]-1,2-diamino-cyclopentane (213 mg,
0.69 mmol), CuBr2 (154 mg, 0.69 mmol) and NaOMe
(75 mg, 1.38 mmol) were added to methanol (5 ml) and
stirred for 5 h at room temperature. The solvent was
evaporated in vacuo and the residue was purified by gel
permeation chromatography on LH-20 using CH2Cl2 as
eluent. Recrystallization from dichloromethane gave
complex 9c (104 mg, 41%) as small green needles. Mp
.270 8C; [a]D

20¼2177.8 (c 0.016, CHCl3); nmax (KBr) 2933

(w), 1639 (s), 1601 (m) and 1534 cm21 (m); m/z (ESI) 370
(MHþ). Found (ESI) 739.1402 (2MþHþ), C38H37N4O4Cu2

requires 739.1401.

4.1.19. Copper(II) complex 9d. (3R,4R)-[N,N0-Bis-(20-
hydroxybenzylidene)]-1-benzyl-3,4-diaminopyrrolidine60

(65 mg, 0.16 mmol), CuBr2 (36 mg, 0.16 mmol) and
NaOMe (18 mg, 0.33 mmol) were added to methanol
(6 ml) and stirred at room temperature for 3 h. The solvent
was evaporated in vacuo and the residue was purified by gel
permeation chromatography on LH-20 using EtOH/toluene
(1:3) as eluent to give complex 9d (34 mg, 45%) as a dark
green solid. Mp 236–238 8C; [a]D

20¼230 (c 0.023, CHCl3);
nmax (KBr) 1637 (s) and 1536 cm21 (m); m/z (ESI) 461
(MHþ, 55), 412 (100), 387 (31). Found (ESI) 461.1158
(MHþ), C22H25N2O2Cu requires 461.1159.

4.1.20. N,N0-Bis-[(S)-10-phenylethyl]-(1R,2R,4R,5R)-1,2-
diamino-4,5-dimethyl-cyclohexane.64 Bis-(cyclopenta-
dienyl)zirconium dichloride (224 mg, 0.76 mmol) and dry
diethyl ether (70 ml) were added to a three necked flask
under a N2 atmosphere. n-Butylmagnesium chloride (2 M in
Et2O, 9.4 ml, 18.7 mmol) was added with stirring and the
mixture was allowed to react for 30 min. N,N0-Bis-[(S)-10-
phenylethyl]-(R,R)-4,5-diamino-1,7-octadiene (1.3 g,
3.74 mmol) dissolved in dry diethyl ether (5 ml) was then
added dropwise and the resulting mixture was allowed to
react for 44 h at room temperature. The reaction was
quenched with saturated aqueous ammonium chloride
(40 ml). The aqueous layer was extracted with diethyl
ether (3£40 ml) and the combined organic layers were
washed with brine (70 ml), dried over magnesium sulphate
and concentrated in vacuo to give an orange oil (1.3 g)
which contained a 6:1 ratio of the 4,5-(R,R) and 4,5-(R,S)-
diastereomers. The diastereomers were separated by column
chromatography using EtOAc/hexane (1:3) as eluent. The
4,5-(R,R)-diastereomer (790 mg, 60%) eluted first as a
yellow oil, followed by the 4,5-(R,S)-diastereomer (134 mg,
10%) as a yellow oil. Spectroscopic data for both
diastereomers were consistent with the literature data.64

4.1.21. N-[(S)-10-Phenylethyl]-(1R,2R,4R,5R)-1,2-dia-
mino-4,5-dimethyl cyclohexane 12. A solution of N,N0-
bis-[(S)-10-phenylethyl]-(1R,2R,4R,5R)-1,2-diamino-4,5-
dimethyl cyclohexane (350 mg, 1.0 mmol) in methanol
(20 ml) was hydrogenated in the presence of 20% Pd(OH)2

on carbon (150 mg) under hydrogen at three atmospheres
pressure for 24 h. The reaction was filtered through Celite
and concentrated in vacuo The resulting pale yellow residue
was purified by chromatography using ethyl acetate/
methanol (5:1) to give compound 12 (115 mg, 47%) as a
colourless oil. [a]D

20¼296.7 (c 0.55, CHCl3); nmax (neat)
3301 (s), 3025 (w), 2960 (s), 2923 (s), 2872 (m) and
1584 cm21 (m); dH (CDCl3) 0.79 (3H, d J¼6.3 Hz, CH3),
0.88 (3H, d J¼6.3 Hz, CH3), 1.27 (3H, d J¼6.6 Hz, CH3),
1.3–1.5 (4H, m, 2£CH2), 1.75 (2H, brs, NH2), 1.77 (1H, s,
NH), 2.1–2.2 (1H, m, CH), 2.6–2.7 (1H, m, CH), 3.82 (1H,
q J¼6.6 Hz, CH), 7.1–7.3 (5H, m, ArCH); dC (CDCl3) 20.4
(CH3), 20.5 (CH3), 25.6 (CH3), 32.9 (CH), 33.5 (CH2), 33.8
(CH), 37.1 (CH2), 51.3 (CH), 55.3 (CH), 56.5 (CH), 127.1
(ArCH), 127.2 (ArCH), 128.8 (ArCH), 146.3 (ArC); m/z
(CI) 247 (MHþ, 100), 174 (10), 120 (43). Found (ESI)
247.2174 (MHþ), C16H27N2 requires 247.2174.
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4.1.22. (1R,2R,4R,5R)-1,2-Diamino-4,5-dimethyl cyclo-
hexane 13. A solution of compound 12 (236 mg,
0.96 mmol) in methanol (6 ml) was hydrogenated in the
presence of 20% Pd(OH)2 on carbon (150 mg) under
hydrogen at three atmospheres pressure for 90 h. The
reaction was filtered through Celite and concentrated in
vacuo. The resulting pale yellow residue was purified by
chromatography using dichloromethane/methanol (3:1) to
give compound 13 (45 mg, 33%) as a colourless oil.
Spectroscopic data were consistent with the literature
data.64

4.1.23. (1R,2R,4R,5R)-[N,N0-Bis-(20-hydroxybenzyl-
idene)]-1,2-diamino-4,5-dimethylcyclohexane 14. To a
solution of (1R,2R,4R,5R)-4,5-dimethyl-cyclohexane-1,2-
diamine64 (35 mg, 0.25 mmol) in ethanol (6 ml), salicyl-
aldehyde (61 mg, 0.50 mmol) was added at room tempera-
ture. The resulting bright yellow solution was refluxed for
19 h, then allowed to cool to room temperature and
evaporated in vacuo. The residue was purified by column
chromatography using ethyl acetate/hexane (1:2) as eluent
to afford compound 14 (26 mg, 30%) as a yellow solid. Mp
93–95 8C; [a]D

20¼þ245 (c 1.3, CHCl3); nmax (CHCl3) 2957
(w), 2926 (m), 2875 (m), 1630 (s) and 1582 cm21 (m); dH

(CDCl3) 0.95 (3H, d J¼6.0 Hz, CH3), 1.5–1.7 (2H, m,
CH2), 1.7–1.9 (1H, m, CH), 3.4–3.5 (1H, m, CH), 6.8–6.9
(2H, m, ArCH), 7.1–7.3 (2H, m, ArCH), 8.32 (1H, s,
HCvN), 13.51 (1H, brs, OH); dC (CDCl3) 20.4 (CH3), 33.8
(CH), 37.2 (CH2), 70.0 (CHN), 117.3 (ArCH), 119.1
(ArCH), 119.2 (ArC), 131.8 (ArCH), 132.8 (ArCH), 161.5
(ArC), 164.6 (CHvN); m/z (CI) 351 (MHþ, 100%), 247 (9),
232 (10), 122 (39). Found (ESI) 351.2063 (MHþ),
C22H27N2O2 requires 351.2067.

4.1.24. Copper(II) complex 9e. Ligand 14 (25 mg,
0.07 mmol), CuBr2 (16 mg, 0.07 mmol) and NaOMe
(8 mg, 0.142 mmol) were added to methanol (2 ml) and
stirred at room temperature for 5 h. The solvent was
evaporated in vacuo and the residue was purified by gel
permeation chromatography on LH-20 using CH2Cl2/
MeOH (1:1) as eluent. Recrystallization from dichloro-
methane/methanol gave complex 9e (28 mg, 96%) as small
purple needles. Mp .250 8C; [a]D

20¼2451 (c 0.014,
CHCl3); nmax (CHCl3) 2931 (w), 1630 (s), 1602 (m) and
1540 cm21 (m); m/z (EI) 411 (Mþ, 2), 132 (25), 91 (22), 44
(100). Found (ESI) 412.1204 (MHþ), C22H25N2O2Cu
requires 412.1207.

4.1.25. (1)-(11S,12S)-11,12-Diamino-9,10-dihydro-9,10-
ethano-anthracene dihydrochloride.65 (11S,12S)-9,10-
Dihydro-9,10-ethanoanthracene-11,12-diacid chloride65

(2.00 g, 6.04 mmol) dissolved in toluene (15 ml) was
added dropwise to a cooled (ice bath) solution of sodium
azide (1.37 g, 21.18 mmol) in water (15 ml). The mixture
was stirred between 0 8C and room temperature for 4 h. The
organic layer was separated and washed with dilute sodium
hydrogen carbonate (15 ml) and water (2£10 ml), dried over
anhydrous magnesium sulfate and filtered into a 50 ml
round bottom flask to give a solution of the corresponding
bis-azide. A reflux condenser and extra toluene (15 ml) were
added to the flask, and the solution was stirred and heated to
80 8C for 1 h. Subsequently, the reaction was cooled to room
temperature to give a solution of bis-isocyanate. To this

solution was added 6 N HCl (6 ml). The mixture was stirred
and heated to 80 8C for 3 h and stirred at room temperature
overnight. The two layers were separated and the aqueous
phase was washed with toluene (2£10 ml). The aqueous
phase was then concentrated in vacuo to give (þ)-
(11S,12S)-diamino-9,10-dihydro-9,10-ethano-anthracene
dihydrochloride (970 mg, 40%) as a brownish solid. Mp
.250 8C; [a]D

20¼þ14 (c 0.25, CHCl3); nmax (KBr) 3406
(m), 2878 (br), 1578 (m) and 1527 cm21 (m); dH (CD3OD)
3.66 (1H, brs, CH), 4.79 (1H, brs, CH), 7.3–7.4 (2H, m,
ArCH), 7.5–7.6 (2H, m, ArCH); dC (CD3OD) 48.0 (CH),
56.6 (CH), 126.8 (ArCH), 127.9 (ArCH), 129.5 (ArCH),
129.7 (ArCH), 138.1 (ArC), 141.3 (ArC); m/z (EI) 237
((M2HCl–Cl)þ, 100).

4.1.26. (11S,12S)-[N,N0-Bis-(20-hydroxybenzylidene)]-
11,12-diamino-9,10-dihydro-9,10-ethanoanthracene. To
a solution of (þ)-(11S,12S)-11,12-diamino-9,10-dihydro-
9,10-ethanoanthracene dihydrochloride (280 mg, 0.9 mmol)
in ethanol (20 ml), were added sodium methoxide (98 mg,
1.8 mmol) and salicylaldehyde (221 mg, 1.8 mmol). The
resulting solution was stirred under reflux for 3 h. The
solution was allowed to cool to room temperature and then
evaporated in vacuo. The yellow residue was taken up in
dichloromethane (20 ml) and washed with water (15 ml)
and brine (15 ml). The organic layer was dried over
anhydrous magnesium sulphate and evaporated to dryness
to leave the desired compound (220 mg, 54%) as a yellow
solid. Mp 102–104 8C; [a]D

20¼þ250 (c 1.4, CHCl3); nmax

(CHCl3) 3024 (w), 2879 (w), 1628 (s) and 1579 cm21 (m);
dH (CDCl3) 3.45 (1H, s, CH), 4.23 (1H, s, CH), 6.7–6.8 (2H,
m, ArCH), 7.1–7.3 (6H, m, ArCH), 8.21 (1H, s, HCvN),
12.41 (1H, s, OH); dC (CDCl3) 52.0 (CH), 77.5 (CH), 117.5
(ArCH), 118.9 (ArC), 119.2 (ArCH), 124.6 (ArCH), 126.1
(ArCH), 127.1 (ArCH), 127.2 (ArCH), 131.9 (ArCH), 133.0
(ArCH), 140.2 (ArC), 140.7 (ArC), 161.2 (ArC), 164.9
(CHvN); m/z (ESI) 445 (MHþ, 100). Found (ESI)
445.1907 (MHþ), C30H25N2O2 requires 445.1911.
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Abstract—Aminals, which are used as protecting groups in syntheses and are part of many biologically active compounds, are normally
prepared from aldehydes and diamines under conditions that remove water in order to shift the equilibrium to the side of the aminal. Here we
report for the first time that aminals can be prepared and isolated in pure water without a catalyst in high yield and purity.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Aminals,1 which are also known under the term N,N-acetals,
are the aminated equivalents of acetals. The aminals can be
either open chained or cyclic like aminal analogue 1. Cyclic
aminals can be used in synthesis as protecting groups for
aldehydes.2 – 6 In addition, five-membered ring aminals
(imidazolidines) are important parts of biologically active
compounds, for example, folic acid derivates.7 – 9 Six-
membered ring aminals (hexahydro-pyrimidines) are also
often incorporated in biologically active molecules.10,11

Classical methods of preparing aminals involve the use of
various drying agents, for example, potassium carbonate,12

calcium sulfate,13 boric anhydride14 or removal of water by
azeotropic distillation with benzene15 in order to shift the
equilibrium to the product side as shown in Scheme 1. If the
aminals are crystallizing easily, reactions are performed in
methanol or ethanol in the presence of a small amount of
acetic acid.2 If formaldehyde is used in the reaction, often an
ethanol–water mixture is used as the solvent.16

We noticed from the literature that imines can be
conveniently prepared in pure water without the presence
of a catalyst from corresponding amines and aldehydes.17

Since we were interested in preparing imidazolidines in a
fast and easy way, we wanted therefore to investigate, if it
would be also possible to prepare aminals in a similar way.
So far aminals have never been synthesized and isolated in
pure water. There is only one example known in the
literature where the equilibrium constants for the formation
of a few imidazolidines were measured in water via UV
absorbance, however, no products were isolated.18 In
addition an aminal was prepared in a biphasic system of
water and dichloromethane from diamines and glyoxal.19

The preparation of aminals in water is desirable, since
reaction procedures, where water is used as a solvent instead
of an organic solvent have become in recent years more and
more important due to environmental consideration.20,21

2. Results and discussion

In order to follow the procedure of Simion et al. for the
preparation of imines in water,17 N,N0-dibenzyl-ethane-1,2-
diamine (2) was strongly stirred in water and benzaldehyde
was added to the emulsion. During 3 h of stirring a white
precipitate formed which was filtered of and washed with
water. After drying under vacuum the desired product 3a
was obtained in 91% yield (Table 1, entry 1) in high purity
according to NMR spectral data and CHN-analysis. In
comparison, when 2 was refluxed with benzaldehyde and a
catalytic amount of p-toluene sulfonic acid in benzene on a
Dean–Stark apparatus, the reaction took 16 h and a flash
column chromatography with deactivated silica gel had to
be performed to get 3a in proper purity. When the reaction
was carried out in abs. ethanol the product had to be purified
again via flash column chromatography or via recrystallisa-
tion, which gave the product in only 62% yield. Finally,
benzaldehyde was added to neat diamine 2 and a strong
exothermic reaction was observed, which was completed
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after 15 min. However, due to the high temperature during
the reaction many impurities next to 3a were detected in the
NMR spectra and again a flash column chromatography had
to be carried out which gave the aminal 3a in 60% yield.
Given those results we concluded that for the preparation of
aminal analogues of 3a a reaction of diamines and
benzaldehydes in water would be the most convenient and
efficient procedure. The results are summarized in Table 1
Scheme 2.

First diamine 2 was reacted with different benzaldehydes to
give the corresponding imidazolidines (entries 1–9). In all
cases the obtained yields were very high (between 91 and
99%) and the products were pure according to NMR spectra
and CHN-analysis. Electron deficient (entries 1–3, 6–9)
and electron rich (entries 4, 5) benzaldehydes gave similar
results. Even the hindered 2,6-dichloro-benzaldehyde gave
the corresponding aminal 3i in a good yield of 88% (entry
9). In cases where the melting points of the benzaldehydes
where higher than room temperature, the mixtures were
heated to 80 8C in order to melt the aldehydes and ensure the

formation of an emulsion containing both reactants (entries
6, 8, 9, 16). When the benzaldehydes were not melted,
yields where significantly lower.

In case of the polyfluorinated aminal 3g (entry 7) the
reaction was carried out in deoxygenated water under a
nitrogen atmosphere. This was necessary to prevent the
rapid oxidation of the aldehyde to the corresponding
carboxylic acid before the formation of the desired aminal
3g was finished. The product 3g was isolated in a good yield
of 92%. Since 3g was a liquid, it was extracted from the
reaction mixture with chloroform. To compare again
methods, an attempt to prepare 3g in benzene with a
Dean–Stark apparatus under reflux was carried out, which
gave no product at all. The same result was observed when
abs. ethanol was chosen as a solvent for the reaction. When
pentafluorobenzaldehyde was added to neat diamine 2 a
strong exothermic reaction was observed, however no
product was isolated, which may be due to the possible
instability of either pentafluorobenzaldehyde or aminal 3g at
higher temperatures.

Aliphatic aldehydes can be applied in the described
procedure also. Propionaldehyde gave with diamine 2 the
expected aminal 3j in 85% yield (entry 10). However, due to
the lower reactivity of aliphatic aldehydes the reaction time
had to be prolonged to 16 h. The scope of the reaction was
extended with N,N0-dibenzyl-propane-1,3-diamine (4)17,22

and N,N0-dibenzyl-butane-1,3-diamine (6)22 which gave

Table 1. Preparation of aminals

Entry Diamine Aldehyde Aminal Yield (%)

1 2 R1¼Bn, n¼2 Benzaldehyde 3a R2¼C6H5 91
2 2 2-Chlorobenzaldehyde 3b R2¼1-(2-Cl–C6H4) 96
3 2 Pyridine-2-carbaldehyde 3c R2¼2-(C5H4N) 99
4 2 Thiophene-2-carbaldehyde 3d R2¼2-(C4SH3S) 99
5 2 2-Methoxybenzaldehyde 3e R2¼1-(2-MeO–C6H4) 94
6a 2 2,4-Dichlorobenzaldehyde 3f R2¼1-(2,4–Cl2-C6H3) 96
7 2 Pentafluorobenzaldehyde 3g R2¼1-(C6F5) 92
8a 2 4-Chlorobenzaldehyde 3h R2¼1-(4-Cl–C6H4) 91
9a 2 2,6-Dichlorobenzaldhyde 3i R2¼1-(2,6-Cl2–C6H3) 88
10b 2 Propionaldehyde 3j R2¼CH2CH3 85
11 4 R1¼Bn, n¼3 Benzaldehyde 5a R2¼C6H5 96
12 4 2-Chlorbenzaldehyde 5b R2¼1-(2-Cl–C6H4) 88
13 4 Pyridine-2-carbaldehyde 5c R2¼2-(C5H4N) 93
14 6 R1¼Bn, n¼4 2-Chlorobenzaldehyde 7a R2¼1-(2-Cl–C6H4) 99
15b 8 R1¼(R)-MeCHPh 2-Chlorobenzaldehyde 9a R2¼1-(2-Cl–C6H4) 81
16a,b 8 4-Chlorobenzaldehyde 9b R2¼1-(4-Cl–C6H4) 80
17a 10 R1¼Ph, n¼2 2-Chlorobenzaldehyde 11a R2¼1-(2-Cl–C6H4) 98
18a 10 Acetaldehyde 11b R2¼CH3 42
19 12 R1¼Me, n¼2 Benzaldehyde 13 R2¼C6H5 67
20c 14 Piperidine 2-Chlorobenzaldehyde 15 99

21 16 (^)-N,N0-Dibenzyl-1,2-cyclohexanediamine Pyridine-2-carbaldehyde 17 95

a Reaction temperature 80 8C.
b Reaction time 16 h.
c 2 equiv. piperidine.

 

Scheme 2.
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with aldehydes cyclic aminals with a six- or a seven-
membered ring in good yields between 88 and 99% (entries
11–14).

Furthermore N,N0-bis-((R)1-phenyl-ethyl)-ethane-1,2-
diamine (8)23 was used in the reaction with 2- and
4-chlorobenzaldehydes in order to have a more hindered
system next to the nitrogen atoms. The reactions were
complete after 16 h and the liquid products were isolated via
extraction with chloroform giving the aminals 9a and 9b in
81 and 80% yield, respectively (entries 14, 15).

In addition N,N0-diphenyl-ethane-1,2-diamine (10) was
forming with 2-chlorobenzaldehyde and acetaldehyde the
aminals 11a and 11b in 98 and 42% yield, respectively
(entries 17, 18). Since the melting point of the diamine 10 is
70 8C the reaction mixture was heated to 80 8C to melt the
diamine. Aminal 13 was obtained in 67% yield from N,N0-
dimethyl-ethane-1,2-diamine (12) and benzaldehyde (entry
19). Open aminals are also accessible as shown in entry 20,
where 2 equiv. of piperidine (14) gave with 2-chloro-
benzaldehyde the expected product in 99% yield (entry 20).
Finally, the (^)-trans-cyclohexanediamine analogue 16
furnished with pyridine-2-carbaldehyde the aminal 17 in
95% yield (entry 21).

3. Conclusion

We were able to demonstrate a simple method to prepare
cyclic aminals with various ring sizes in high yield and high
purity in pure water without the presence of a catalyst. In
addition it was possible to get access to aminals which could
not be prepared via several different standard procedures.

4. Experimental

4.1. General experimental

N,N0-Dibenzyl-ethane-1,2-diamine (2), N,N0-diphenyl-
ethane-1,2-diamine (10), N,N0-dimethyl-ethane-1,2-diamine
(12), piperidine (14) and aldehydes were obtained from
Aldrich and used without further purification. N,N0-
Dibenzyl-propane-1,3-diamine (4),17,22 N,N0-dibenzyl-
butane-1,3-diamine (6),22 N,N0-bis-((R)1-phenyl-ethyl)-
ethane-1,2-diamine (8)23 and (^)-N,N0-dibenzyl-1,2-cyclo-
hexanediamine (16)24 were prepared according to literature
procedures. The reactions were carried out in dest. water.

Flash column chromatography25 was performed on Sorbisil
C-60. All reactions were monitored by TLC with Merck
Silica gel 60 F254 plates. Elemental analyses were carried
out by the Microanalytical Laboratory of the Institut für
Pharmazeutische Chemie der Universität Braunschweig.
Infrared spectra were recorded on a Perkin–Elmer 2000
FT-IR System FTIR instrument. NMR spectra were
performed in CDCl3 at ambient temperature on a Bruker
AMX 400 and a Bruker AC 200F. Mass spectra were
recorded on Hewlett–Packard 5898B (at 70 eV). Melting
points were taken with an apparatus after Dr Tottoli and are
uncorrected.

4.2. Preparation of aminals

General procedure. A diamine (1.00 mmol) was added to
water (1.5 mL) and an aldehyde (1.00 mmol) was added.
The mixture was vigorously stirred for 3 h at rt. For
exceptions in temperature and reaction times see Table 1.
The precipitate was isolated by filtration, washed with water
(5 mL) and dried under vacuum to afford the desired
product. In case the product was a liquid, the reaction
mixture was extracted with CHCl3 (3£5 mL) and the
combined organic phases were dried (Na2SO4) and the
solvent evaporated.

4.2.1. 1,3-Dibenzyl-2-phenyl-imidazolidine (3a). As a
white solid (91%). Mp 97–98 8C (Lit.26 99 mp 8C); MS
(EI), m/e 328 (Mþ, 25%), 327 (Mþ2H, 25), 251 (Mþ2Ph,
100), 91 (80); IR (KBr) 2780s, 1490s, 1450s, 1161s,
700s cm21; 1H NMR (200 MHz) d 7.67–7.16 (m, 15H),
3.84 (s, 1H), 3.79 (d, J¼13.0 Hz, 2H), 3.22–3.13 (m, 2H),
3.20 (d, J¼13.2 Hz, 2H), 2.53–2.45 (m, 2H); 13C NMR
(50 MHz) d 140.3, 139.2, 129.5, 128.6, 128.2, 128.1, 126.8,
89.0, 56.9, 50.6. Anal. Calcd for C23H24N2: C, 84.11; H,
7.36; N, 8.53, found: C, 83.80; H, 7.37; N, 8.48. The spectral
data were consistent with literature values.27,28

4.2.2. 1,3-Dibenzyl-2-(2-chloro-phenyl)-imidazolidine
(3b). As a white solid (96%). Mp 96 8C (Lit.29 96–97 8C);
MS (EI), m/e 361 (MþþH, 25%), 251 (100), 91 (75); IR
(KBr) 2793m, 1365m, 1151s, 757vs, 698vs cm21; 1H NMR
(400 MHz) d 8.14 (d, J¼7.8 Hz, 1H), 7.45–7.25 (m, 13H),
4.70 (s, 1H), 3.85 (d, J¼13.2 Hz, 2H), 3.41 (d, J¼13.2 Hz,
2H), 3.26–3.23 (m, 2H), 2.64–2.61 (m, 2H); 13C NMR
(100 MHz) d 139.7, 138.2, 136.0, 131.8, 129.8, 129.3,
128.9, 128.6, 127.7, 127.3, 83.6, 57.3, 51.2. Anal. Calcd for
C23H23ClN2: C, 76.12; H, 6.39; N, 7.72, found: C, 75.82; H,
6.32; N, 7.55.

4.2.3. 2-(1,3-Dibenzyl-imidazolidin-2-yl)-pyridine (3c).
As a white solid (99%). Mp 80–81 8C; MS (EI), m/e 329
(MþþH, 5%), 251 (100), 197 (10), 238 (10), 91 (80), 65
(10); IR (KBr) 2792m, 1493m, 1434s, 1360m, 1135m,
1148m, 781s, 749s, 696vs cm21; 1H NMR (400 MHz) d
8.56–8.55 (m, 1H), 8.01 (dt, J¼8.0, 1.0 Hz, 1H), 7.79 (td,
J¼7.7, 1.8 Hz, 1H), 7.30–7.20 (m, 11H), 4.14 (s, 1H), 3.86
(d, J¼13.4 Hz, 2H), 3.41 (d, J¼13.4 Hz, 2H), 3.27–3.23
(m, 2H), 2.61–2.57 (m, 2H); 13C NMR (100 MHz) d 161.8,
148.6, 139.4, 137.3, 128.9, 128.5, 127.2, 123.7, 123.5, 89.9,
57.4, 51.3. Anal. Calcd for C22H23N3: C, 80.21; H, 7.04; N,
12.76, found: C, 79.89; H, 7.12; N, 12.88.

4.2.4. 1,3-Dibenzyl-2-thiophen-2-yl-imidazolidine (3d).
As a white solid (99%). Mp 122 8C; MS (EI), m/e 333
(MþþH, 1%), 124 (50), 97 (30), 91 (100); IR (KBr) 1307s,
1161s, 744s, 717s, 698s cm– 1; 1H NMR (400 MHz) d 7.42–
6.99 (m, 13H), 4.82 (s, 1H), 3.96 (d, J¼12.9 Hz, 2H), 3.29
(d, J¼12.9 Hz, 2H), 3.20–3.17 (m, 2H), 2.56–2.52 (m, 2H);
13C NMR (100 MHz) d 146.4, 139.4, 129.0, 128.6, 128.0,
127.3, 127.1, 126.2, 84.0, 57.3, 50.7. Anal. Calcd for
C21H22N2S: C, 75.41; H, 6.63; N, 8.38, found: C, 75.41; H,
6.61; N, 8.77.

4.2.5. 1,3-Dibenzyl-2-(2-methoxy-phenyl)-imidazolidine
(3e). As a white solid (94%). Mp 70 8C; MS (EI), m/e 357
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(MþþH, 20%), 251 (100), 148 (15), 121 (20), 91 (100), 65
(20); IR (KBr) 2795s, 2492s, 1380s, 1239s, 1153s, 752s,
698s cm21; 1H NMR (400 MHz) d 8.00 (dd, J¼7.6, 1.4 Hz,
1H), 7.32–7.03 (m, 12H), 6.87 (d, J¼8.3 Hz, 1H), 3.59 (s,
1H), 3.84 (s, 3H), 3.80 (d, J¼13.2 Hz, 2H), 3.29 (d,
J¼13.2 Hz, 2H), 3.17–3.14 (m, 2H), 2.56–2.52 (m, 2H);
13C NMR (100 MHz) d 159.5, 140.0, 130.3, 129.5, 128.4,
121.5, 110.6, 80.1, 55.9, 51.1. Anal. Calcd for C24H26N2O:
C, 80.41; H, 7.31; N, 7.81, found: C, 80.3; H, 7.43; N, 7.71.

4.2.6. 1,3-Dibenzyl-2-(2,4-dichloro-phenyl)-imidazoli-
dine (3f). As a yellow solid (96%). Mp 84 8C; MS (EI),
m/e 395 (MþþH, 15%), 251 (100), 91 (80); IR (KBr) 2804s,
1337s, 1152s, 854s, 697vs cm– 1; 1H NMR (400 MHz) d
8.03 (d, J¼8.3 Hz, 1H), 7.39–7.35 (m, 2H), 7.31–7.20 (m,
10H), 4.60 (s, 1H), 3.78 (d, J¼13.1 Hz, 2H), 3.38 (d,
J¼13.1 Hz, 2H), 3.25–3.15 (m, 2H), 2.65–2.55 (m, 2H);
13C NMR (100 MHz) d 139.4, 137.2, 136.4, 134.7, 132.8,
128.9, 128.8, 128.6, 128.1, 127.3, 83.1, 57.2, 51.2. Anal.
Calcd for C23H22Cl2N2: C, 69.52; H, 5.58; N, 7.05, found:
C, 69.33; H, 5.46; N, 6.81.

4.2.7. 1,3-Dibenzyl-2-pentafluorophenyl-imidazolidine
(3g). Reaction was carried out in deoxygenated water
under a nitrogen atmosphere. The crude oily product was
purified by flash chromatography (FCC) (eluant: 2.5% ethyl
acetate 20.5% triethylamine–hexane) through a short pad
of silica to afford the title compound 3g as a clear oil (92%).
MS (EI), m/e 418 (Mþ, 10%), 251 (40), 91 (100); IR (KBr)
2795s, 1500s, 954s, 740s, 700s cm21; 1H NMR (400 MHz)
d 7.22–7.18 (m, 10H), 4.61 (s, 1H), 3.75 (d, J¼13.3 Hz,
2H), 3.66 (d, J¼13.2 Hz, 2H), 3.32–3.29 (m, 2H), 2.72–
2.69 (m, 2H); 13C NMR (100 MHz) d 138.8, 128.7, 128.5,
127.5, 79.8, 58.3, 52.0. Anal. Calcd for C23H19N2F5: C,
66.02; H, 4.58; N, 6.70, found: C, 65.67; H, 4.56; N, 6.55.

4.2.8. 1,3-Dibenzyl-2-(4-chloro-phenyl)-imidazolidine
(3h). As a white solid (91%). Mp 106 8C (Lit.29 109 8C);
MS (EI), m/e 361 (MþþH, 25%), 251 (75), 152 (20), 125
(20), 91 (100), 65 (20); IR (KBr) 2804m, 1493m, 1148m,
1186m, 822s, 698vs cm21; 1H NMR (400 MHz) d 7.64–
7.61 (m, 2H), 7.44–7.38 (m, 2H), 7.33–7.22 (m, 10H), 4.01
(s, 1H), 3.79 (d, J¼13.2 Hz, 2H), 3.28–3.20 (m, 4H), 2.57–
2.53 (m, 2H); 13C NMR (100 MHz) d 139.6, 139.4, 134.6,
131.2, 128.9, 128.8, 128.6, 127.3, 88.6, 57.3, 51.1. Anal.
Calcd for C23H23ClN2: C, 76.12; H, 6.39; N, 7.72, found: C,
76.00; H, 6.39; N, 7.65.

4.2.9. 1,3-Dibenzyl-2-(2,6-dichloro-phenyl)-imidazoli-
dine (3i). As a white solid (88%). Mp 145 8C; MS (EI),
m/e 495 (MþþH, 5%), 251 (90), 91 (100); IR (KBr) 2792m,
1492m, 1436s, 1377m, 1337m, 1148m, 782m, 766m, 737vs,
698s cm21; 1H NMR (400 MHz) d 7.37–7.11 (m, 13H),
5.07 (s, 1H), 3.87 (d, J¼13.6 Hz, 2H), 3.58 (d, J¼13.6 Hz,
2H), 3.36–3.33 (m, 2H), 2.62–2.58 (m, 2H); 13C NMR
(100 MHz) d 140.1, 137.7, 135.2, 129.5, 128.6, 128.5,
128.2, 127.1, 85.0, 58.2, 51.8. Anal. Calcd for C23H22Cl2N2:
C, 69.52; H, 5.58; N, 7.06, found: C, 69.47; H, 5.59; N, 6.88.

4.2.10. 1,3-Dibenzyl-2-ethyl-imidazolidine (3j). The crude
oil was purified by flash chromatography (FCC) (eluant:
2.5% ethyl acetate 20.5% triethylamine–hexane) to afford
the title compound 3j as a clear oil. (85%). MS (EI), m/e 280

(Mþ, 5%), 251 (Mþ2Et, 100); IR (neat) 2925s, 2785s,
1495s, 1455s, 1345s, 1028s, 700s cm21; 1H NMR
(200 MHz) d 7.29–7.19 (m, 10H), 3.98 (d, J¼13.1 Hz,
2H), 3.38 (d, J¼13.3 Hz, 2H), 3.14 (t, J¼3.8 Hz, 1H), 2.99–
2.86 (m, 2H), 2.47–2.38 (m, 2H), 1.73–1.60 (m, 2H), 1.11–
0.92 (m, 3H); 13C NMR (50 MHz) d 139.8, 128.6, 128.2,
126.8, 85.6, 58.5, 50.6, 24.4, 8.16. The spectral data were
consistent with literature values.27,28

4.2.11. 1,3-Dibenzyl-2-phenyl-hexahydro-pyrimidine
(5a). As a white solid (96%). Mp 113–114 8C (Lit.30

120 8C); MS (EI), m/e 341 (Mþ2H, 10%), 265 (Mþ2Ph,
100), 91 (95); IR (KBr) 2950s, 2795s, 1490s, 1450s, 1095s,
700s cm21; 1H NMR (200 MHz) d 7.69–7.13 (m, 15H),
3.612 (d, J¼13.2 Hz, 2H), 3.608 (s, 1H), 3.02–2.95 (m,
2H), 2.85 (d, J¼13.1 Hz, 2H), 2.11–1.41 (m, 4H); 13C
NMR (50 MHz) d 141.9, 139.7, 129.6, 128.6, 128.3, 128.2,
128.0, 126.6, 89.0, 58.4, 51.8, 24.4. Anal. Calcd for
C24H26N2: C, 84.17; H, 7.65; N, 8.18, found: C, 84.20; H,
7.65; N, 8.13.

4.2.12. 1,3-Dibenzyl-2-(2-chloro-phenyl)-hexahydro-
pyrimidine (5b). As a white solid (88%). Mp 94–96 8C;
MS (EI), m/e 375 (MþþH, 5%), 365 (100), 91 (80); IR
(KBr) 2923s, 1367s, 1098s, 756vs, 739vs, 698vs cm21; 1H
NMR (400 MHz) d 8.19–8.16 (m, 1H), 7.41–7.19 (m,
13H), 4.34 (s, 1H), 3.58 (d, J¼13.2 Hz, 2H,), 3.03–2.99 (m,
4H), 2.15–2.08 (m, 2H), 1.92–1.83 (m, 1H), 1.51–1.47 (m,
1H); 13C NMR (100 MHz) d 139.9, 136.1, 131.3, 129.5,
128.9, 128.7, 128.5, 128.0, 127.7, 127.1, 83.2, 58.1, 51.3,
25.1. Anal. Calcd for C24H25ClN2: C, 76.48; H, 6.69; N,
7.43, found: C, 76.08; H, 6.69; N, 7.36.

4.2.13. 1,3-Dibenzyl-2-pyridin-2-yl-hexahydro-pyrimi-
dine (5c). As a white solid (93%). Mp 80–81 8C; MS
(EI), m/e 344 (MþþH, 25%), 265 (Mþ2pyridinyl, 100), 91
(80); IR (KBr) 3060s, 2930s, 2790s, 1590s, 1490s, 1450s,
1440s, 1170s, 980s, 820s, 790s cm21; 1H NMR (400 MHz)
d 8.58–8.56 (m, 1H), 8.07–8.04 (m, 1H), 7.77 (td, J¼7.6,
1.7 Hz, 1H), 7.28–7.21 (m, 11H), 3.90 (s, 1H), 3.50 (d,
J¼13.6 Hz, 2H), 3.06 (d, J¼13.6 Hz, 2H), 3.05–3.01 (m,
2H), 2.13 (td, J¼11.8, 2.8 Hz, 2H), 1.94–1.85 (m, 1H),
1.56–1.52 (m, 1H); 13C NMR (100 MHz) d 163.1, 148.4,
139.7, 137.5, 129.0, 128.5, 127.1, 124.0, 123.6, 89.5, 58.7,
51.8, 25.0. Anal. Calcd for C23H25N3: C, 80.43; H, 7.34; N,
12.23, found: C, 80.03; H, 7.28; N, 12.17.

4.2.14. 1,3-Dibenzyl-2-(2-chloro-phenyl)-[1,3]diazepane
(7a). As a white solid (98%). Mp 67 8C; MS (EI), m/e 390
(MþþH, 1%), 160 (80), 91 (100); IR (KBr) 2791m, 1085s,
1070s, 762vs, 751vs, 697vs cm21; 1H NMR (400 MHz) d
8.10 (d, J¼4 Hz, 1H), 7.45–7.19 (m, 13H), 5.04 (s, 1H),
3.90–3.84 (m, 2H) 3.70–3.66 (m, 2H) 3.02–2.97 (m, 2H),
2.88–2.82 (m, 2H), 1.71–1.55 (m, 4H); 13C NMR
(100 MHz) d 140.6, 140.4, 135.6, 130.2, 129.2, 128.6,
128.6, 128.5, 127.0, 126.8, 82.6, 55.5, 48.9, 26.2. Anal.
Calcd for C22H23N3: C, 76.80; H, 6.96; N, 7.17, found: C,
76.42; H, 7.05; N, 6.99.

4.2.15. 2-Chlorophenyl-1,3-bis-((R)-1-phenyl-ethyl)-imi-
dazoline (9a). The crude product was purified by Kugelrohr
distillation (0.5 mbar, 200 8C) to afford the title compound
9a as a clear yellow oil (81%). [a]25

D ¼230 (c¼1 in CHCl3),
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MS (EI), m/e 391 (MþþH, 15%), 279 (Mþ2PhCl, 100),
105 (65); IR (neat) 2970s, 1490s, 1450s, 1370s, 1030s, 760s,
700s cm21; 1H NMR (400 MHz) d 7.98 (d, J¼8.0 Hz, 1H),
7.38–7.14 (m, 13H), 4.97 (s, 1H), 3.81–3.71 (m, 2H),
3.20–3.14 (m, 1H), 2.90–2.85 (m, 1H), 2.74–2.63 (m, 2H),
1.42 (d, J¼6.5 Hz, 3H), 1.15 (d, J¼6.5 Hz, 3H); 13C NMR
(100 MHz) d 145.0, 144.4, 141.9, 134.6, 132.3, 129.2,
128.9, 128.6, 128.2, 127.9, 127.7, 127.2, 127.1, 126.8, 78.5,
62.2, 55.4, 50.0, 49.1, 44.7, 23.4, 14.4. Anal. Calcd for
C25H27N2Cl: C, 76.81; H, 6.97; N, 7.17, found: C, 76.43; H,
6.95; N, 7.12.

4.2.16. 4-Chlorophenyl-1,3-bis-((R)-1-phenyl-ethyl)-imi-
dazoline (9b). The crude product was purified by Kugelrohr
distillation (0.5 T, 200 8C) to afford the title compound 9b
as a clear yellow oil (80%). [a]25

D ¼270 (c¼1 in CHCl3),
MS (EI), m/e 391 (MþþH, 25%), 279 (Mþ2PhCl, 100),
105 (65); IR (neat) 2970s, 1490s, 1450s, 1090s, 700s cm21;
1H NMR (400 MHz) d 7.26–7.13 (m, 14H), 4.35 (s, 1H),
3.66 (q, J¼6.5 Hz, 1H), 3.56 (q, J¼6.5 Hz, 1H), 3.14–3.02
(m, 2H), 2.90–2.82 (m, 2H), 1.33 (d, J¼6.5 Hz, 3H), 1.22
(d, J¼6.5 Hz, 3H); 13C NMR (100 MHz) d 144.6, 144.3,
144.4, 133.1, 130.7, 128.5, 128.3, 128.09, 128.06, 127.99,
127.2, 127.1, 82.0, 60.3, 59.2, 48.3, 47.0, 23.7, 17.9. Anal.
Calcd for C25H27N2Cl: C, 76.81; H, 6.97; N, 7.17, found: C,
76.55; H, 7.02; N, 7.16.

4.2.17. 2-(2-Chloro-phenyl)-1,3-diphenyl-imidazolidine
(11a). As a white solid (99%). Mp 128 8C (Lit.31 128–
129 8C). The spectral data were consistent with literature
values.31

4.2.18. Methyl-1,3-diphenyl-imidazolidine (11b). The
crude product was filtered of and recrystallised from
methanol to afford the title compound 11b as a white
solid. (42%). Mp 95–96 8C (Lit.32 mp 97 8C). The spectral
data were consistent with literature values.33

4.2.19. 1,3-Dimethyl-2-phenyl-imidazolidine (13). As a
clear liquid (67%). The spectral data were consistent with
literature values.34

4.2.20. 1,10-(2-Chloro-phenylmethanediyl)-bis-piper-
idine (15). 2 equiv. piperidine were used in the reaction.
The product was isolated as a yellow liquid (99%). (Lit.35

62 8C). MS (EI), m/e 292 (Mþ, 5%), 208 (Mþ, –piperidinyl,
95%), 125 (90), 84 (100); IR (neat) 2930s, 1470s, 1440s,
1270s, 1100s, 910s, 735s cm– 1; 1H NMR (200 MHz) d
7.44–7.12 (m, 4H), 4.39 (s, 1H), 2.84–2.28 (m, 8H), 1.56–
1.34 (m, 12H); 13C NMR (50 MHz) d 134.8, 134.2, 130.0,
129.3, 127.7, 125.4, 83.1, 49.8, 26.2, 25.2.

4.2.21. (6)-1,3-Dibenzyl-2-(2-pyridinyl)-octahydro-
benzoimidazole (17). As a white solid (95%). Mp 49–
50 8C; MS (EI), m/e 383 (Mþ, 5%), 305 (Mþ, –pyridinyl,
50), 187 (25), 91 (100); IR (KBr) 2925s, 2800s, 1590s,
1450s, 1440s, 1145s, 700s cm21; 1H NMR (400 MHz) d
8.40–8.38 (m, 1H), 7.52 (td, J¼7.6, 1.9 Hz, 1H), 7.38–7.35
(m, 1H), 7.20–7.05 (m, 11H), 4.74 (s, 1H), 3.84 (d,
J¼13.8 Hz, 1H), 3.79 (d, J¼13.7 Hz, 1H), 3.53 (d,
J¼14.4 Hz, 1H), 3.47 (d, J¼14.4 Hz, 1H), 2.99–2.94 (m,
1H), 2.55–2.49 (m, 1H), 1.83–1.70 (m, 2H), 1.31–1.13 (m,
2H); 13C NMR (100 MHz) d 162.0, 148.6, 141.3, 139.6,

135.8, 129.4, 128.4, 128.2, 128.1, 126.9, 126.7, 124.5,
122.5, 87.8, 69.3, 67.9, 56.9, 52.9, 30.6, 30.3, 25.0, 24.9.
Anal. Calcd for C26H29N3: C, 81.42; H, 7.62; N, 10.96,
found: C, 81.22; H, 7.65; N, 10.90.
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Oxymethylcrowned chromene: photoswitchable stoichiometry of
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Abstract—Chromene derivatives bearing oxymethyl-12-crown-4 (1), -15-crown-5 (2), -18-crown-6 (3) ether moieties, and non-cyclic
analogue (4) were synthesized, and their metal ion binding properties and photochromism were examined. NMR titration with alkali metal
ions revealed that 1 formed a 1:2 complex (metal ion: ligand) with Naþ, while Liþ afforded a 1:1 complex of 1. In cases of Kþ and Rbþ, the
complexes were a mixture of 1:1 and 1:2 complexes, but the formation of 1:1 complex was observed again with Csþ. Under UV irradiation,
however, the complex stoichiometry of 1 with all alkali metal ions was 1:1. As a comparison of NMR spectra between the Liþ and Naþ

complexes of 1 indicated considerable upfield shift for the chromene moiety of the Naþ complex, p–p stacking of the chromene moiety
seems to induce formation of the 1:2 complex. These results indicate that the chromene moiety is not only to show photochromism but also to
induce aggregation to form the 1:2 complex resulted in switching of the complex stoichiometry by UV irradiation. The formation of 1:2
complex appeared only with 1 because flexibility of the crown moieties for 2 and 3 interfered the formation of 1:2 complex. Studies on
photochromism in the presence of a metal ion demonstrated that the chromene derivatives bearing crown ether moieties show ion-responsive
photochromism depending on the metal ion binding ability of their crown ether moieties.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Photochromism is a reversible photoinduced phenomenon
in which a photosensitive compound is converted to another
isomer exhibiting a different absorption spectrum in the
visible region. For recent several decades, various photo-
chromic compounds have been designed, and their photo-
chromism has been examined.1 In view of practical
application, physical properties such as colorability,
decoloration rate, photofatigue resistance and so on, have
been widely scrutinized. On the other hand, combination of
photochromic compounds with ion-responsive molecules
such as crown ether has been reported to afford ion-
responsive photochromic compounds. Incorporation of a
crown ether moiety to azobenzene,2 diarylethene,3 spiro-
pyran,4 and spirooxadine5 have been reported to show their
fascinating ion-responsive photochromism. In our previous
work, chromene derivatives bearing monoazacrown ether6

and t-butylcalix[4]arene7 moieties also showed ion-respon-
sive photochromism. In this paper, we report chromene
derivatives bearing an oxymethylcrown ether moiety,

namely, crowned chromene, which show not only ion-
responsible photochromism but also photoswitchable
stoichiometry of metal ion complexes.

2. Results and discussion

2.1. Synthesis of chromene derivatives

Crowned chromenes 1–3 and non-cyclic analogue 4 for
comparison were synthesized according to the outline as
shown in Scheme 1. Bromomethylchromene was prepared
by following a method in the literature.8 The reaction of
bromomethylchromene with hydroxymethylcrown ethers or
non-cyclic analogue was carried out in the presence of
powdered sodium hydroxide using THF as a solvent at room
temperature. Conventional treatment of the reaction mixture
afforded the corresponding products with 59–83% yields
after purification by gel permeation chromatography.

2.2. Binding properties with metal ions

The metal ion binding properties of the obtained crowned
chromenes and non-cyclic analogue was examined by 13C
NMR titration using alkali and alkaline-earth metal
perchlorates in acetonitrile-d3 at room temperature. In
control experiments using 1 with Liþ, NMR spectra for

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.02.014
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the crown ether moiety showed significant downfield shift
upon addition of Liþ, however, there was serious difficulty
in assignment. For the chromene moiety, any meaningful
change in chemical shift was not observed. On the other
hand, the benzyl carbon adjacent to the crown ether moiety
was assignable with a considerable change in chemical shift.
Therefore, we chose this carbon as an indicator for NMR
titration.

When the molar ratio of Liþ/ligand was greater than 1, the
chemical shift of the benzyl carbon of 1 was almost
constant. This result suggests formation of a 1:1 complex.
To determine the Liþ complex stoichiometry of 1 precisely,
we examined a Job plot as depicted in Figure 1. A clear
maximum point was observed at 0.5 in the molar fraction of
ligand to indicate a 1:1 stoichiometry of the Liþ complex.
Similarly, 13C NMR titration of 1 was carried out using
Naþ. Interestingly, the chemical shift was constant when the
molar ratio of Naþ/ligand was greater than 0.5. This
tendency implies that the Naþ complex stoichiometry of 1 is

1:2 (Naþ: ligand). Job plots (Fig. 2) showed a maximum
around 0.67 in the molar fraction of ligand which confirms
that the Naþ complex stoichiometry of 1 is 1:2 (Naþ:
ligand). In cases of Kþ and Rbþ, Job plots gave a maximum
between 0.5 and 0.67. These tendencies suggest that these
complexes were a mixture of 1:1 and 1:2 complexes. For
Csþ, Job plots again gave the maximum point at 0.5 in the
molar fraction, indicating that complex stoichiometry of 1
with Csþ was 1:1. The formation of 1:2 complex is not usual
for monomeric (monocyclic) 12-crown-4 derivatives, and
this phenomenon will be discussed later in detail. On the
other hand, the complex stoichiometries with alkali metal
ions for 2 and 3 were always 1:1. For 4, the spectral change
in chemical shift induced by addition of an alkali metal ion
was too small to evaluate metal ion binding properties. It is
obvious that non-cyclic analogue 4 is lack of metal ion
binding ability as compared with other chromene deriva-
tives bearing the crown ether moieties.

When alkaline-earth metal perchlorates were added to the

Scheme 1. Synthesis outline.

Figure 1. Job plots for Liþ complex of 1. Figure 2. Job plots for Naþ complex of 1.
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solution of 1, spectral broadening occurred with coloration
of the solution to hamper the measurement. A similar
tendency was observed with other chromene derivatives.
As the coloration of the solution means that thermal
isomerization is induced, alkaline-earth metal ions inter-
acted with the chromene derivatives more strongly
enough to induce thermal isomerization than alkali
metal ions. Therefore, the binding constants with alkali-
ne-earth metal ions could not be determined by NMR
titration.

The binding constants9 for 1:1 complexes (k11) with alkali
metal ions were evaluated through the binding isotherms by
non-linear least-square regression using the NMR titration
data, and the values are summarized in Table 1. In the case
of Naþ complex of 1, the binding constant of 1:2 complex
(k12) was also evaluated as two molecules of 1 were
regarded as one bidentate ligand to form 1:1 complex. The
binding constants for 1 showed that Liþ was far preferable
to Csþ. In cases of Kþ and Rbþ, the binding constants
could not be determined because these complexes were a
mixture of 1:1 and 1:2 complexes. Crowned chromene 2
showed the binding ability to Naþ, while the complex of
3 with Kþ appeared to be the most stable. Generally, 12-
crown-4, 15-crown-5, and 18-crown-6 are known to show
the binding ability to Liþ, Naþ, and Kþ depending on their
ring size, respectively. As the binding properties of the
crowned chromenes were consistent with the binding
properties of the parent crown ethers, the lariat effect of

the chromene moieties upon the binding properties seems to
be negligible.

2.3. Ion-responsive photochromism

The photochromism of the chromene derivatives was
evaluated in the presence of alkali and alkaline-earth
metal ions. Without UV irradiation, no spectral change of
1 solution was observed in the presence of an alkali metal
ion as shown in Figure 3. This indicates that there is no
thermal isomerization induced by the metal ion complexa-
tion of its crown ether moiety. Upon UV irradiation, the
most significant change in spectra was induced with Liþ,
reflecting that Liþ formed the most stable complex. In cases
of alkaline-earth metal ions, Ca2þ induced slight thermal
isomerization, and the other alkaline-earth metal ions
induced significant spectral change under UV irradiation
(Fig. 4). Considerable red-shift in the spectra10 was induced
by metal ions as was observed in the chromene derivatives
bearing monoazacrown ether6 and t-butylcalix[4]arene7

moieties.

In the case of solution of 2 (Fig. 5), thermal isomerization
was not observed in the presence of any alkali metal ions
similar to the solution of 1. When UV light was irradiated on
the solution of 2, the most significant spectral change was
induced with Naþ. Among alkaline-earth metal ions, Ca2þ,
Sr2þ, and Ba2þ induced significant spectral change for the
solution of 2, but Mg2þ showed no influence on photo-
isomerization (Fig. 6).

In Figure 7, the solution of 3 with Kþ afforded the most
spectral change upon UV irradiation, but the influence of
alkali metal ions on photoisomerization was not remarkable.
Contrary to alkali metal ions, all alkaline-earth metal ions
induced distinguished spectral change for the solution of 3
upon UV irradiation as shown in Figure 8. Especially, the
Mg2þ influence on photoisomerization was notable com-
pared with the Mg2þ solutions of 1 and 2. This tendency

Table 1. Binding constantsa

Liþ Naþ Kþ Rbþ Csþ

1 4.2 (71) — — 0.24
2 20 29 16 4.6 2.3
3 0.51 58 75 10 5.9
4 — — — — —

a The units for k11 and k12 (in parenthesis) are 103 mol21 dm3 and
105 mol22 dm6, respectively.

Figure 3. Absorption spectra of 1 in the presence of alkali metal ions.
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might be derived from the flexibility of the 18-crown-6
moiety, which may capture two small metal ions. For non-
cyclic analogue 4, any influence of alkali metal ions on
photochromism was hardly observed, but significant
spectral changes were induced by alkaline-earth metal
ions similar to the crowned chromenes (the data not shown).

It is reported that chromene is converted to the open
(quinoidal) form by UV irradiation11 in which there is a
carbonyl group to interact with a metal ion (Scheme 2). In
previous work,6 we pointed out that there are two
interactions with a metal ion derived from the crown ether
moiety and the carbonyl group in the open form (Scheme 3)
similar to the crowned spiropyrans.12 Among alkali metal
ions, the most significant influence on photoisomerization
was induced with Liþ, Naþ, and Kþ for the solution of 1, 2,
and 3, respectively. This tendency seems to reflect the metal

ion binding ability of the crown ether moieties as 12-crown-
4, 15-crown-5, and 18-crown-6 to Liþ, Naþ, and Kþ

depending on their ring size, respectively. However,
alkaline-earth metal ions did not show such tendency
depending on the ring size of the crown ether moieties. This
difference might reflect that alkali metal ions interact with
the crown ether moieties predominantly, while alkaline-
earth metal ions tend to interact with the carbonyl group13

more strongly than with the crown ether moiety in the open
form. This is supported by the tendency of non-cyclic
analogue 4 where alkali metal ions did not show any
influence on photochromism, but alkaline-earth metal ions
induced significant spectral change upon UV irradiation.

In order to estimate the conversion (%) of chromene
derivatives to the open form from the closed form upon UV
irradiation, extinction coefficient, 1 for the open form was

Figure 4. Absorption spectra of 1 in the presence of alkaline-earth metal ions.

Figure 5. Absorption spectra of 2 in the presence of alkali metal ions.
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evaluated. When the interaction of a metal ion with the
chromene derivatives is strong enough, the conversion is
regarded as 100% in the presence of excess amount of the
metal ion upon UV irradiation. As Ca2þ showed notable
interaction with all of the chromene derivatives, their
absorption spectra were measured in the presence of ten-
fold excess amount of Ca2þ to evaluate 1 for the open form.
The obtained 1 values were 2.0, 1.8, 1.7, and
2.0£104 mol21 dm3 for 1, 2, 3, and 4, respectively. There-
fore, the conversion in the absence of a metal ion was
evaluated as 32, 37, 36, and 31% for 1, 2, 3, and 4,
respectively. In the presence of Liþ, 1 was converted to the
open form in 69%. The conversion for 2 and 3 was 51 and
47% in the presence of Naþ and Kþ, respectively. These
tendencies reflect the influence of metal ions on the
photoisomerization equilibrium. In the case of 4, the
conversion in the presence of alkali metal ions was between
31 and 35% and any meaningful influence on the conversion

ratio was not observed. Among alkaline-earth metal ions,
Ca2þ, Sr2þ, and Ba2þ afforded high conversion with more
than 85% for 1, 2, and 3, and the conversion was more than
80% even for 4. This result indicates that the influence on
photoisomerization equilibrium by alkaline-earth metal ions
is far greater than that by alkali metal ions.

Chromene, which is colorless in the closed form, is colored
upon UV irradiation by adopting the open form
(Scheme 2).11 The colored open form restores to the
colorless closed form thermally. If there is any specific
interaction between a metal ion captured by the crown
ether moiety and the carbonyl group in the open form, the
open form of the crowned chromene should be stabilized,
resulting in a significant delay of the decoloration
process (Scheme 3). Therefore, the decoloration rate
constants reflect the thermal stability of the crowned
chromene complex with a metal ion under UV irradiation.

Figure 6. Absorption spectra of 2 in the presence of alkaline-earth metal ions.

Figure 7. Absorption spectra of 3 in the presence of alkali metal ions.
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When the complex stoichiometry of the crowned chromene
with a metal ion is 1:1, the decoloration process from the
open form (O) to the closed form (C) is expressed as a first-
order reaction. The decoloration rate constant (k) is defined
by Eq. 1 in Scheme 4 with the elapsed time (t), initial

concentration of O at t¼0 ([O]0), and concentration of C at a
given time ([C]t). [O]0 and [C]t are expressed with the
initial absorbance of a crowned chromene solution (A0),
final absorbance at t¼1 (A1), absorbance at a given time
(At), and the molar absorption coefficient of O (1). Eq. 1 is
then converted to Eq. 2 in Scheme 4. According to Eq. 2,
the thermal decoloration rate constants of the crowned
chromene under UV irradiation can be determined,
where the smaller value means the more stable complex
formation.

To determine the decoloration rate constants, time-course
absorption-spectral changes of the crowned chromene
acetonitrile solutions in the presence of a metal ion were
followed at room temperature after turning off UV light.14

The decoloration rate constants are summarized in Table 2.
Among the alkali metal ion complexes of 1, the Liþ

complex was the most stable one, while Naþ forms the most
stable complex with 2. However, the complexes of 3 and 4
did not show clear stabilization effect with alkali metal ions.
On the other hand, alkaline-earth metal ions showed
remarkable stabilization effect in all of the chromene
derivatives, even in non-cyclic analogue 4. This tendency
also suggests that the interaction of the carbonyl group with
alkaline-earth metal ions13 seems to be stronger than that
with alkali metal ions, resulting in the stabilization of the
complexes regardless of ring size of the crown ether
moieties.

2.4. Complex stoichiometry of 1

The metal ion binding ability of 12-crown-4 to Liþ is well
known to form 1:1 complex.15 On the other hand, bis(12-
crown-4) derivatives generally show a high binding ability
to Naþ by formation of a sandwich type complex, namely,
1:2 (metal ion: crown ether ring) complex.16 In the case of
polymers carrying a 12-crown-4 moiety at the side chain,
their binding ability towards Naþ is also attained through
formation of a similar sandwich type complex.17 On the
other hand, it has been reported that various lariat crown

Scheme 3. Photoisomerization of crowned chromene.

Scheme 4. Equations for decoloration rate constant.

Figure 8. Absorption spectra of 3 in the presence of alkaline-earth metal ions.

Scheme 2. Photoisomerization of chromene.
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ethers form metal ion complexes in which the lariat moiety
interacts with the metal ion captured by the crown ether
moiety intramolecularly.18 To the best of our knowledge,
however, the sandwich type complex formation of mono-
meric (monocyclic) 12-crown-4 derivatives seems to be
possible only in the presence of a large excess of crown
ether. In the case of the sandwich type Naþ-complex
formation of our crowned chromene, therefore, the
chromene moiety must play an essential role to induce an
intermolecular interaction resulting in the 1:2 complex
formation of its 12-crown-4 moiety with Naþ.

In order to investigate the 1:2 complex structure of 1, 1H
NMR measurement was conducted in the presence of Liþ

and Naþ. The concentrations for 1 and metal ions were 2
and 4£1022 mol dm23, respectively. Liþ induced signifi-
cant downfield shifts (,ca. 0.2 ppm) for the crown ether
ring protons and slight downfield shifts (,0.02 ppm) for the
chromene moiety and the benzyl protons. In the case of
Naþ, the crown ether moiety protons indicated moderate
downfield shifts (,0.06 ppm), but the chromene moiety and
the benzyl protons exhibited moderate upfield shifts
(,0.05 ppm). As upfield shifts are induced by diamagnetic
anisotropy of aromatic rings,19 p–p stacking of the
chromene moieties is strongly suggested. However, further
attempts to obtain information about the 1:2 complex
structure by X-ray crystallography was failed.

The formation of 1:2 complex was only observed in the case
of 1. With increasing metal ion radius from Liþ to Csþ, the

complex stoichiometry of 1 changed from 1:1 to 1:2,
between 1:1 and 1:2, and finally, returned to 1:1. It is well
known that Naþ is the most suitable to form 1:2 complex
with 12-crown-4, but Liþ and Csþ have significant
disadvantage to form 1:2 complex with 12-crown-4, where
Liþ and Csþ are too small and large in size, respectively.
This tendency implies that not only p–p stacking of the
chromene moiety but also the size fitness of the metal ion to
the crown ether moiety promotes the formation of 1:2
complex. Although the formation of 1:2 complex is also
reported with various 15-crown-5 and 18-crown-6 deriva-
tives in the presence of Kþ and Csþ, respectively, the
corresponding crowned chromenes, 2 and 3, did not form
1:2 complex. The fact that 15-crown-5 and 18-crown-6 are
more flexible than 12-crown-4 implies that flexibility of the
crown ether moieties hampers p–p stacking of the
chromene moieties. Probably due to rigidity of the 12-
crown-4 moiety, the formation of 1:2 complex occurs only
for 1 in the presence of appropriate metal ion.

The complex stoichiometry of 1 with Liþ and Naþ under
UV irradiation was examined by Job plot method using the
absorption spectra data at 420 nm, where there was no
absorbance derived from the closed form, as shown in
Figure 9. As the chromene derivatives are converted to the
open form by UV irradiation in the absence of a metal ion,
the absorbance difference between the chromene solutions
with and without a metal ion was applied to Job plots to
evaluate the complex stoichiometry for the open form under
UV irradiation. Both plots afforded the maximum points at

Figure 9. Job plots for Liþ and Naþ complexes of 1 under UV irradiation.

Table 2. Decoloration rate constants (1022 s21)

Without metal ion Liþ Naþ Kþ Rbþ Csþ Mg2þ Ca2þ Sr2þ Ba2þ

1 6.1 4.4 5.7 6.2 6.2 6.2 1.6 0.029 0.10 0.28
2 6.0 6.2 4.6 5.8 5.7 5.9 2.6 0.051 0.033 0.086
3 6.7 6.5 6.3 6.0 6.1 6.2 0.25 0.021 0.063 0.060
4 5.8 5.8 5.4 5.9 5.9 5.6 2.7 0.17 0.34 0.61
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0.5, indicating that both complex stoichiometries with Liþ

and Naþ were 1:1 under UV irradiation. Therefore, it is
clear that the Naþ complex of 1 changed its stoichiometry
form 1:2 to 1:1 (Naþ: ligand) by UV irradiation (Scheme 5).
On the other hand, the Liþ complex of 1 adopted 1:1
stoichiometry regardless of UV irradiation (Scheme 6).

3. Conclusions

In summary, the Naþ complex of 1 showed a drastic change
in the complex stoichiometry by UV irradiation. The
complex stoichiometry of 1 with Naþ was 1:2 (Naþ: ligand)
for the closed form (without UV irradiation), but it turned
out to 1:1 for the open form (with UV irradiation)
(Scheme 5). On the contrary, Liþ formed 1:1 stoichiometry
complexes regardless of UV irradiation (Scheme 6). This
phenomenon indicates that the chromene moiety in the
crowned chromenes is a unique functional group not only to
show a photochromism but also to switch the complex
stoichiometry of its crown ether upon UV irradiation in the
presence of a metal ion. Furthermore, the chromene
derivatives bearing crown ether moieties showed ion-
responsive photochromism depending on the metal ion
binding ability of their crown ether moieties.

4. Experimental

4.1. General

All chemicals for synthesis were of available purity and
used without further purification. For spectral measure-
ments, spectroscopic grade acetonitrile was used as a
solvent, while all metal perchlorates were of the commer-
cially highest purity.

4.2. Synthesis of chromene derivatives: general
procedures

Under nitrogen atmosphere, a THF solution (20 mL) of
5-bromomethylchromene (427 mg, 1 mmol) with hydroxy-
methyl crown ether or non-cyclic analogue (3 mmol) was
placed to a three-necked flask at room temperature. Powdered
sodium hydroxide (360 mg, 9 mmol) was added, and the
reaction mixture was stirred for 1 h at room temperature. Then,
acetic acid (540 mg, 9 mmol) was added to the reaction
mixture. The reaction mixture was poured into water and the
product was extracted with chloroform. The crude product
obtained by solvent evaporation was purified by gel
permeation chromatography.

4.2.1. Oxymethyl-12-crown-4-chromene 1. The reaction
of bromomethylchromene with hydroxymethyl-12-crown-4
by the general procedures afforded the compound in 70%
yield as yellow-orange viscous oil: 1H NMR (CDCl3,
400 MHz) d 3.5–3.9 (17H, m, OCH2), 4.81 (2H, s, PhCH2),
6.20 (1H, d, J¼10.0 Hz, CHv), 7.2–7.5 (13H, ArH, CHv),
7.70 (1H, d, J¼8.4 Hz, ArH), 7.73 (1H, s, ArH), 7.93 (1H, d,
J¼8.4 Hz, ArH); IR (neat, cm21): 3019 (CH2), 1221
(OCH2), 752 (CvC); m/z 552 (Mþ). Anal. Calcd for
C35H36O6: C 76.06, H 6.57, Found: C 76.15, H 6.37.

4.2.2. Oxymethyl-15-crown-5-chromene 2. The reaction
of bromomethylchromene with hydroxymethyl-15-crown-5
afforded the compound in 69% yield as yellow-orange
viscous oil: 1H NMR (CDCl3, 400 MHz) d 3.6–3.9 (21H,
m, OCH2), 4.82 (2H, s, PhCH2), 6.19 (1H, d, J¼10.0 Hz,
CHv), 7.1–7.5 (13H, ArH, CHv), 7.70 (1H, d, J¼8.0 Hz,
ArH), 7.75 (1H, s, ArH), 7.91 (1H, d, J¼8.4 Hz, ArH); IR
(neat, cm21): 3019 (CH2), 1211 (OCH2), 769 (CvC); m/z
596 (Mþ). Anal. Calcd for C37H40O7: C 74.47, H 6.76,
Found: C 74.28, H 6.73.

4.2.3. Oxymethyl-18-crown-6-chromene 3. The reaction
of bromomethylchromene with hydroxymethyl-18-crown-6
afforded the compound in 83% yield as yellow-brown
viscous oil: 1H NMR (CDCl3, 400 MHz) d 3.6–3.9 (25H,
m, OCH2), 4.82 (2H, s, PhCH2), 6.21 (1H, d, J¼9.6 Hz,
CHv), 7.2–7.5 (13H, ArH, CHv), 7.71 (1H, d, J¼8.0 Hz,
ArH), 7.74 (1H, s, ArH), 7.94 (1H, d, J¼8.4 Hz, ArH); IR
(neat, cm21): 3019 (CH2), 1209 (OCH2), 727 (CvC); m/z
640 (Mþ). Anal. Calcd for C39H44O8: C 73.10, H 6.92,
Found: C 72.93, H 6.95.

4.2.4. Non-cyclic analogue-chromene 4. The reaction of
bromomethylchromene with non-cyclic analogue afforded
the compound in 59% yield as yellow viscous oil: 1H NMR
(CDCl3, 400 MHz) d 1.16 (3H, t, J¼7.0 Hz, CH3), 1.17 (3H,
t, J¼6.2 Hz, CH3), 3.4–3.9 (17H, m, OCH2), 4.83 (2H, s,
PhCH2), 6.20 (1H, d, J¼10.0 Hz, CHv), 7.2–7.5 (13H, ArH,
CHv), 7.71 (1H, d, J¼7.6 Hz, ArH), 7.75 (1H, s, ArH), 7.93
(1H, d, J¼8.0 Hz, ArH); IR (neat, cm21): 3019 (CH2), 1221
(OCH2), 781 (CvC); m/z 582 (Mþ). Anal. Calcd for
C37H42O6: C 76.26, H 7.26, Found: C 76.30, H 7.24.

4.3. NMR titration

The solutions for NMR titration were prepared by solvent
substitution. For the determination of binding constants

Scheme 5. Photoisomerization of Naþ complex of 1.

Scheme 6. Photoisomerization of Liþ complex of 1.

S. A. Ahmed et al. / Tetrahedron 60 (2004) 3211–32203218



with Liþ and Naþ, the concentration range of metal ions was
5 – 40£1023 mol dm23, and the concentration of the
chromene derivatives were fixed on 2£1022 mol dm23.
On the other hand, the concentrations for Kþ, Rbþ, and Csþ

were between 0.5–7£1023 mol dm23, and the concen-
tration for the chromene derivatives were constant at
5£1023 mol dm23. For the Job plots, the sum of concen-
trations for the crowned chromenes and metal perchlorates
was 4£1022 mol dm23 for Liþ and Naþ, while that was
1£1022 mol dm23 with Kþ, Rbþ, and Csþ. In order to
determine the binding constants, the binding isotherms by
non-linear least-square regression were applied, and the
chemical shifts for the complexes were evaluated experi-
mentally by extrapolation.

4.4. Absorption spectra measurement

Absorption spectra measurement was carried out using
acetonitrile as the solvent at room temperature. The
absorption spectra before UV irradiation were taken after
allowing a measuring solution to stand overnight under dark
condition. The absorption spectra measurements after UV
irradiation were carried out after photoirradiation for 3 min,
while irradiating the UV light on the measurement cell in
the perpendicular direction to the measuring incident light.
The UV light (525 mW/cm2), obtained by passing light of a
200-W Hg – Xe lamp through a light filter (central
wavelength; 363 nm, half width; 9.5 nm, transmittance
0.53), was introduced to the cell compartment of a
spectrophotometer by using a glass fiber guide and was
irradiated on the quartz cell containing a solution. The
concentrations for the chromene derivatives and alkali
metal perchlorates were 1£1024 and 5£1024 mol dm23,
respectively. In the case of alkaline-earth metal per-
chlorates, the concentration was 1£1024 mol dm23. For
the Job plots, the sum of concentrations for the crowned
chromenes and metal perchlorates was 1£1024 mol dm23.
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guest complex chemistry: macrocycles; Vögtle, F., Weber, E.,
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An efficient phosphine-free palladium coupling for the synthesis
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Abstract—Straightforward and rapid access to 2-arylbenzo[b]thiophenes has been developed. It involved a catalytic coupling of 3-activated
benzo[b]thiophenes with several aryl halides in the presence of a phosphine-free palladium system. In case of fragile functional groups such
as aldehydes, a quaternary ammonium was used as an additive as with the other substrates, the coupling performed better and faster in the
presence of a crown ether, the best one being DCH-18-C-6, with good yields and low reaction times. This method would provide a direct
access to novel structures of biological interest.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The benzo[b]thiophene core was found to be present in
several drug candidates, exhibiting some interesting bio-
logical properties, e.g. antipsychotic,1 antiinflammatory,2

antiallergic,3 antithrombotic-fibrilonitic4 and herpes virus
inhibitor.5

A particular interest was given to 2-arylbenzo[b]thiophenes
for the treatment of various cancers. Indeed, some
derivatives were found to be potent selective estrogen
receptor modulators (SERMs)6—the most famous of which
being Raloxifene and Arzoxifene (Fig. 1)—also used as
antitubulin agents.7,8

The recent interest to this class of compounds lead to the
investigation of new synthetic routes to substituted
benzo[b]thiophenes. An intramolecular cyclisation from
substituted thiobenzyls was generally used, according to the
procedure described by Kost.9 However, this method, which
involved two steps, one basic and the following acidic,
proved to be non-regioselective and was not compatible
with acid or base sensitive functional groups. Thus, other
methods were developed, starting from thiobenzyl10 or
thioanisole11 derivatives. Recently, Flynn et al. described an
efficient synthesis of 2,3-disubstituted benzo[b]thiophenes
with tubulin binding activity.12 However, even if the
synthetic path afforded the desired products in high yields,
no more than seven steps were required. Consequently,

catalytic routes were investigated for direct access to
2-arylbenzo[b]thiophenes. For instance, Sall13 and
Samat14 have synthesised some of these derivatives by
Suzuki coupling.15

We focused on a method allowing the direct arylation of
benzo[b]thiophenes. On the contrary to the usual arylation
methods,16 of the Stille,17 Kumada18 and Suzuki-type,15

which all involve a regioselective halogenation of the
substrate and the use of an organometallic reagent prior to
the coupling, the ‘Heck-type’ coupling is carried out in one
single step. Indeed, Miura19 and Otha20 previously managed
to arylate benzo[b]thiophene selectively in moderate yields
with palladium, triphenylphosphine and, for the first one, an
over stoechiometric (i.e. 2 equiv.) amount of copper iodide.

We have recently reported the direct arylation of 3-sub-
stituted benzo[b]thiophenes21 based on the improvements of
a catalytic coupling previously developed on thiophene
derivatives.22,23

It involved the use of a system based on Pd(OAc)2,
n-Bu4NBr, an inorganic base (K2CO3) in a polar aprotic
solvent, DMF being the most suitable.24 In this paper, we
will describe the extensions of this method as well as some
improvements achieved in order to develop an easy parallel

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.02.011
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synthesis of valuable new benzo[b]thiophene derivatives for
biological studies.

2. Results and discussion

2.1. Synthesis of the starting materials

The 3-bromobenzo[b]thiophene 1 was quantitatively and
selectively synthesised by direct bromination of ben-
zo[b]thiophene with N-bromosuccinimide under acidic
conditions, according to a procedure described by Kellogg.25

Then, a nucleophilic aromatic substitution with copper
cyanide26 afforded benzo[b]thiophene-3-carbonitrile 2 in
78% yield. Similarly, according to a procedure previously
described by our group,27 3-methoxybenzo[b]thiophene 3
and 3-(2,2,2-trifluoroethoxy)-benzo[b]thiophene 4 were
synthesised in 100 and 54% yields, respectively (Scheme 1).

2.2. Coupling studies and improvements

The following Heck-type coupling required an aromatic
halide and a catalytic system based on palladium salt. We
have previously described this coupling with a system based
on the use of 5% of palladium diacetate, a stoiechiometric
amount of tetra-n-butylammonium bromide, an excess of
potassium carbonate in DMF (Scheme 2).21

The reaction conditions have already been studied a few
years ago by our group.24 Among species of Pd(0) and Pd(II),
Pd(OAc)2 was found to give the best yields. Following the
Jeffery conditions,28 we also used a quaternary ammonium
additive which enhanced the reaction rates and improved
the yields, although the nature of its effect was not proved
(formation of a very reactive palladium complex, better
homogenisation of the reactants?). Amatore and Jutand have
reported29 that the quaternary ammonium would increase
the salinity of the mixture. Palladium species may then be
stabilised by halide ions.

It was also reported that the whole catalytic system only
slightly differed from the one used for the Ullmann30

catalytical coupling by the nature of the base (potassium
carbonate instead of diisopropylethylamine).31 Therefore,
various amounts of biaryl product (Ar–Ar) could be
obtained. In addition, supposing that the basicity would
affect the conversion and the reaction rate, the quaternary
ammonium was replaced by a crown ether, that of being
dicyclohexyl-18-crown-6 (DCH-18-C-6). We used four
different phenyl bromides, three of them bearing a chlorine
atom at different positions and one bearing a cyano group at
the ortho position (Table 1).

In most cases, better conversions (and also better isolated
yields) were observed in the case of the additive being the
crown ether. The reaction was found in all cases to be more
selective towards the formation of the biaryl by-products
and, especially in the case of 2-bromobenzonitrile (entry 4),
the reaction was much faster.

We then performed this coupling on a heteroaryl halide, the
first one being 2-bromopyridine (Table 2 entries 1–5). We
assumed that this substrate would relatively be non-reactive
due to its tendency to easily form 2,20-bipyridine as
previously observed during the Ullmann coupling.31

Although little selective, the Heck-type coupling performed
to afford the major desired product 9. Reaction times were
divided by 5 when using the crown ethers (entry 2 and 3)
instead of the ammonium bromide (entry 1). In addition,
isolated yields were improved as well as the selectivity
towards the biaryl formation, DCH-18-C-6 being more
efficient than 18-C-6. In order to prevent from the use of a
toxic solvent, DMF could also be replaced by DMSO (entry
4 and 5).

The reaction was found to perform slightly faster with
similar yields and this, even with 0.1 equiv. of DCH-18-C-6
(entry 5). However, moderate yields (i.e. 45%) were still
obtained with this substrate, mainly due to the low
selectivity of the reaction. In addition, the use of DMSO
sometimes involved the degradation of the nitrile function
into the corresponding amide therefore decreasing the
efficiency of the catalytic system.

Some improvements were observed with 3-bromopyridine
and 3-bromoquinoline (Table 2 entries 6–10). The replace-
ment of the quaternary ammonium by DCH-18-C-6
dramatically enhanced the reaction rate (entries 7 and 10).
However, in the case of 3-bromopyridine, DMF proved to
be the best solvent giving a better reaction rate, selectivity
and isolated yield (entries 7 and 8). At last, the use of DCH-
18-C-6 instead of n-Bu4NBr with 3-bromoquinoline (entries
9 and 10) afforded similar isolated yields but with a lower
reaction time, a better selectivity and thus a straightforward
purification.

The use of DCH-18-C-6 appeared to be particularly
attractive with benzo[b]thiophene 2, giving better yields
with short reaction times. DMSO could be used as a solvent
in replacement of DMF if the substrates did not degrade
themselves under these conditions.

2.3. Effect of the substitutent at position 3

As for a comparison between benzo[b]thiophenes bearing
different functional groups at the position 3, we used a
catalytic system which involved the use of 5% of palladium
diacetate, in the presence of tetra-n-butylammonium
bromide and an excess of potassium carbonate. Indeed,
benzo[b]thiophene-3-carboxaldehyde (commerciallyScheme 1.

Scheme 2.
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available) was rapidly degradating in the presence of DCH-
18-C-6, yielding non substituted benzo[b]thiophene by
decarbonylation, hence the use of the ammonium salt. The
coupling with 4-iodoanisole was then performed on 6
substituted benzo[b]thiophenes (Scheme 3, Table 4).

Unexpectedly, only benzo[b]thiophenes bearing either a
mesomeric donating (OCH3, OCH2CF3) or withdrawing
(CHO, CN) group gave significant results in an acceptable
reaction time (1–2 days). Non-substituted benzo[b]thio-
phene (entry 1) and the 3-acetonitrile one both showed a low

conversion and a poor selectivity towards the biaryl by-
product (Table 3).

It was therefore reasonable to assume that an activation of
the C2–C3 double bond was required and may enhance the
reactivity of the benzo[b]thiophene in different parts of
the catalytic cycle (see Section 2.6 for mechanistic
considerations).

2.4. Effect of the nature of the halide

It is generally admitted for the Heck32 and the Ullmann30

reactions that the reactivity of the halide was the following:
I.Br@Cl@F. As in the case of compounds 5, 6, 7 (Table 1)
only a few traces of the product, where a substitution of the
chlorine occurred, were detected by GC/MS, we reckoned
that aryl chlorides were not reactive enough in our
conditions.

We therefore compared the difference of reactivity of two

Table 1. Coupling studies on benzo[b]thiophene 2. Influence of the additive

Entry Product Additive Time (h) Conversion (isolated yield) (%) Selectivity Pdct/Ar–Ar

1 5 n-Bu4NBr 1.5 98 (69) 10

DCH-18-C-6 1.5 93 (68) 30

2 6 n-Bu4NBr 2.5 99 (72) 5

DCH-18-C-6 2 100 (76) 30

3 7 DCH-18-C-6 1.5 96 (73) .50

4 8 n-Bu4NBr 48 88 (44) 14

DCH-18-C-6 2 100 (63) .50

Typical procedure: see Section 4 procedures A and B.

Table 2. Coupling studies on benzo[b]thiophene 2. Influence of the additive and the solvent

Entry Product Additive Solvent Time (h) Conversion (isolated yield) (%) Selectivity Pdct/Ar–Ar

1 9 n-Bu4NBr DMF 96 56 (27) 0.6

2 18-C-6 DMF 20 87 (35) 2
3 DCH-18-C-6 DMF 20 89 (44) 2
4 DCH-18-C-6 DMSO 17 100 (47) 3
5 DCH-18-C-6(a) DMSO 15 98 (46) 2

6 10 n-Bu4NBr DMF 120 98 (41) .50

7 DCH-18-C-6 DMF 3 92 (57) .50
8 DCH-18-C-6(a) DMSO 15 96 (52) 20

9 11 n-Bu4NBr DMF 72 100 (67) 5

10 DCH-18-C-6 DMF 7 95 (67) .50

Typical procedure: see Section 4 procedures A, B and C. (a) DCH-18-C-6¼0.1 equiv.

Scheme 3.
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aryl bromides with their corresponding iodides in the
presence of benzo[b]thiophene-3-carboxaldehyde under the
conditions cited above on Scheme 3 (Table 4). Unexpect-
edly, aryl bromides were found to react faster and more
selectively than their iodine analogues. As a consequence,
isolated yields were also much better, partly due to the ease
of the separation. Indeed, with aryl iodides, the palladium
specie underwent a rapid oxidative addition. Then we
assumed that a second oxidative addition of Ar-I occurred,
preventing the benzo[b]thiophene to react with the Ar-Pd-X
specie. Thus the major product of the reaction was the biaryl
compound and not the desired 2-arylbenzo[b]thiophene.

Aryl bromides were therefore employed rather than their
iodides analogues and also due to their better availability
and cheaper cost.

2.5. Coupling studies on benzo[b]thiophene-3-
carboxaldehyde

Benzo[b]thiophene-3-carboxaldehyde was thus coupled
with various aryl bromides with the conditions cited
above on Scheme 3. Products of arylation were formed in
acceptable reaction times (3–48 h) with a good selectivity
(Table 5).

It was remarkable that isolated yields were not affected by
the steric hindrance of cyano and nitro groups at ortho
position in spite of longer reaction times than their para
substituted analogues (entries 1–3). We also noticed that the
nature of the substitutent on the aryl had almost no effect,
the coupling being as efficient with electron-donating
groups such as OMe (Table 4, entry 1) as with electron-
withdrawing groups such as CN or NO2 (Table 5 entries 1–3).
However, the purification of compound 21 (entry 3) proved
to be tedious hence yielding lower quantities of the desired
compound. Finally, although the reaction time was longer
than with other substrates, a quite good yield was obtained

with 3-bromoquinoline (entry 5) with the same observed
selectivity as with benzo[b]thiophene-3-carbonitrile (Table
2, entry 9).

2.6. Coupling studies on electron-rich
benzo[b]thiophenes 3 and 4

We have already described21 the syntheses of some
2-arylbenzo[b]thiophenes derived from the 3-methoxy
substituted compound 3 (see entry 1 and 2 of Table 6 as
examples). The coupling reaction was carried out at 100 8C
as higher temperatures did not give better results. It was
performed on 3 with other aryl halides, such as 2-bromo-
toluene (entries 3–4) and 3-bromoquinoline (entry 5).
Similarly as observed with benzo[b]thiophene-3-carboni-
trile, the use of DCH-18-C-6 in replacement of the
ammonium bromide dramatically decreased the reaction
time and, in parallel, improved the yields from 42 to 75%.
Good yield and selectivity were also obtained with
3-bromoquinoline when using DCH-18-C-6 (entry 5).

Compound 4, 3-(2,2,2-trifluoroethoxy)benzo[b]-thiophene
also reacted rapidly with excellent selectivities and good
yields (entries 6 and 7). The ortho-substituted bromobenzo-
nitrile even gave the coupled compound 29 within only
45 min (entry 7). However, it was noticed for electron-rich
benzo[b]thiophenes that the conversion often stopped
before being complete (entries 2, 3, 5 and 6). Indeed, the
catalytic system was apparently less stable than with
electron-poor benzo[b]thiophenes, as traces of palladium
‘black’ were observed after only a few hours. Therefore, we
assumed that the catalytic cycle was different depending on
the nature of the benzo[b]thiophene.

2.7. Catalytic cycle

It is noteworthy to outline that no conversion was observed
with the benzo[b]thiophene-2-carbonitrile (synthesised via
the 2-iodobenzo[b]thiophene according to the method
described by Gaertner33). We reckon that a preliminary
complexation of the palladium by the sulfur atom may lead
the organometallic complex close to the position 2. In
addition, the sulfur atom would probably stabilise a possible
positive charge at position 2.

Considering the catalytic scheme generally admitted for the
Heck reaction,32 a Pd(0) complex undergoes an oxidative
addition by the aryl halide. The complex may be formed in
situ from several oxidised palladium species, the most

Table 3. Effect of the substitutent at position 3

Entry R Pdct Time
(h)

Conversion
(isolated yield)

Selectivity
Pdct/Ar–Ar

1 H 12 48 15 0.6
2 CN 13 20 86 (66) 3.5
3 CH2CN 14 48 12 1.2
4 CHO 15 24 82 (50) 2.8
5 OCH3 16 28 95 (61) 3.5
6 OCH2CF3 17 48 98 (66) 11

Table 4. Influence of the nature of the halide on the coupling

Entry Product Halide Time (h) Conversion (isolated yield) (%) Selectivity Pdct/Ar–Ar

1 15 I 24 82 (50) 2.8

Br 4 99 (64) 9

2 18 I 16 53 (21) 0.5

Br 3 99 (70) 10

Typical procedure: see Section 4 procedure A.
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occurring one being Pd(OAc)2/PPh3.20 In our case, a
phosphine free system was used. Recently, Yao et al.
proposed a mechanism of the Heck reaction for a phosphine
free system based on palladium diacetate and K3PO4.34

However, this mechanism could not be generalised to our
system as their cycle made no difference on the nature of the
olefin and therefore could not explain the lack of reactivity
observed with benzo[b]thiophene and benzo[b]thiophene-3-
acetonitrile (Table 3, entries 1 and 3). In addition, as in each
reaction little quantities of benzo[b]thiophene dimer were
isolated, we assumed that the reducing agent was the
substrate itself, hence the gap between the conversion and
the isolated yield. Indeed, Itahara35 used palladium
diacetate for direct aromatic arylation, yielding biaryls and

palladium zero-valent. Thus it was noticed that, for most of
the substrates, the better the selectivity between the main
catalytic cycle and the Ullmann side reaction, the better the
isolated yield. Indeed, the Ullmann path16 generated some
Pd(II) which should then be reduced by the substrate, hence
lowering the yield.

It is reasonable to assume that there were two different
mechanisms depending on the nature of the R group at
position 3. For instance, Sharp et al. proposed36 two
different paths about the arylation at positions 2 or 5 of
3-carboalkoxy furan and thiophen. Similarly, we suppose
that, in the case of R being a withdrawing group, the Ar-Pd-
X specie would undergo a preliminary complexation from

Table 5. Coupling studies on benzo[b]thiophene-3-carboxaldehyde

Entry Product Time (h) Conversion and (isolated yield) (%) Selectivity Pdct/Ar–Ar

1 19 18 99 (56) 7

2 20 20 99 (54) 18

3 21 3 95 (41) 7

4 22 5 98 (58) 8

5 23 48 86 (52) 5

Typical procedure: see Section 4 procedure A.

Table 6. Coupling studies on benzo[b]thiophenes 3 and 4

Entry Substrate Procedure Product Time (h) Conversion and (isolated yield) (%) Selectivity Pdct/Ar–Ar

1 3 A 24 25 95 (66) .50

2 3 A 25 28 92 (69) 25

3 3 A 26 24 71 (42) .50

4 B 4 97 (75) .50

5 3 B 27 8 93 (62) 20

6 4 B 28 6 91 (59) .50

7 4 B 29 0.75 99 (76) .50

Typical procedure: see Section 4 procedures A and B.
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the sulfur atom, followed by an insertion of the aryl at
position 2. The resulting complex would then undergo a b-H
elimination to yield the desired 2-arylbenzo[b]thiophene
and a H-Pd-X specie which is then regenerated into Pd(0) by
the base (Scheme 4, path A).

In the case of R being a donating group, the mechanism is
analogous to the one recently proposed by Miura.37 The
electron-rich benzo[b]thiophene would first undergo an
addition on the Ar-Pd-X specie. Then the base would
eliminate the proton at position 2, hence regenerating the
C2–C3 double bond. Finally, a reductive elimination would
yield the desired compound and regenerate the catalyst
(Scheme 4, path B).

3. Conclusion

In conclusion, we have shown that Pd(OAc)2, in combi-
nation with K2CO3 and DCH-18-C-6 in either DMF or
DMSO can be an efficient system for direct access to
2-arylbenzo[b]thiophenes. The reaction performed with
both electron donating and electron withdrawing substitu-
tents on aryl bromides in the absence of any supplementary
stabilising ligands such as phosphines. In addition, although
only benzo[b]thiophenes bearing an electron-withdrawing
group or an electron-donating group at position 3 reacted,
this system provided new interesting structures which
diversity will constitute a pool of building blocks for a
library of new drugs.

4. Experimental

4.1. General

The experimental details for the synthesis and the physical
chemical data for compounds 6, 13, 24 and 25 have already
been described in Ref. 21. Compound 16 has been described
in Ref. 10.

Reactants and solvents have been supplied by Acros,
Aldrich, Alfa Aesar, Fluka and Lancaster. Tlcs were
performed with Merck 60 F254 silica gel plates. Flash
chromatographies were performed with Merck Si 60 (40–
63 mm) silica. Gas chromatographies were performed
with Shimadzu GC-14A models with an apolar column
and a flame ionisation detector and with the following
programming: 100 8C (1 min) then þ10 8C/min then
300 8C (1 min). Mass spectra were performed with a
GC/MS FISONS INSTRUMENT MD 800 with the same
temperature program as described above. NMR spectra
were performed on either a Bruker AMX 300 (1H:
300 MHz; 13C: 75 MHz) or a Bruker DPX 500, 500 MHz.
Elemental analyses were made by the ‘Service Central
d’Analyse du CNRS’ (Solaize, France). Melting points
were measured on a Köfler bench.

4.1.1. 3-Bromo-benzo[b]thiophene 1. To a solution of
benzo[b]thiophene (10 g; 74.5 mmol) in chloroform
(75 mL) and acetic acid (75 mL), was added stepwise
N-bromosuccinimide (16.6 g; 93.1 mmol) for 4 h at 0 8C
and then allowed to stir at room temperature for 24 h. Then
chloroform (30 mL) was added and the resulting mixture
was successively washed with a saturated sodium thiosul-
fate solution (200 mL), a saturated sodium carbonate
solution (200 mL) and water (150 mL). The extracted
organic layer was then dried over MgSO4, filtered and
evaporated. The resulting red liquid was then filtered of a
pad of silica, eluting with cyclohexane to afford 1 as a
yellow oil (15.87 g, 100%); dH (300 MHz, CDCl3) 7.43
(ddd, 1H, J¼1.5, 7.4, 8.1 Hz), 7.45 (s, 1H), 7.49 (ddd, 1H,
J¼1.1, 7.4, 7.7 Hz), 7.85 (m, 2H) ppm; m/z 214 (100), 212
(90), 133 (50), 89 (70).

4.1.2. Benzo[b]thiophene-3-carbonitrile 2. A solution of
3-bromobenzo[b]thiophene 1 (15 g; 70.4 mmol), copper
cyanide (7.7 g; 84 mmol) in dry dimethylacetamide
(100 mL) was heated under reflux for 3 days under
argon atmosphere. The mixture was diluted with ethylene
diamine (35 mL) and water (70 mL) and extracted with
dichloromethane (6£100 mL). The organic phase was
successively washed with a 10% solution of sodium
cyanide (2£100 mL), brine (100 mL) and water (100 mL),
then dried over MgSO4, filtered and evaporated. The
brown crude mixture was filtered over a short pad of
silica, eluting with cyclohexane, to afford 2 as a white
crystalline powder (5.5 g, 78%); mp 71–72 8C; Rf 0.3
(silica, cyclohexane/AcOEt 90:10); dH (300 MHz, CDCl3)
7.48 (ddd, 1H, J¼1.1, 7.0, 7.0 Hz), 7.53 (ddd, 1H, J¼1.1,
7.0, 7.0 Hz), 7.91 (ddd, 1H, J¼0.7, 1.1, 7.0 Hz), 8.00
(ddd, 1H, J¼0.7, 1.1, 7.0 Hz), 8.14 (s, 1H); dC (75 MHz,
CDCl3) 107.2 (C), 114.4 (CN), 122.6 (CH), 122.9 (CH),
126.1 (CH), 126.3 (CH), 137.3 (C), 137.6 (CH), 138.6
(C) ppm; m/z 159 (100), 132 (10).

Scheme 4.
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4.1.3. 3-Methoxy-benzo[b]thiophene 3. To a solution of 1
(4.45 g; 20.9 mmol) in methanol (40 mL), was added
sodium methoxyde (11.26 g; 209 mmol), copper oxide
(835 mg; 10.5 mmol), KI (50 mg; 0.24 mmol), CuI
(80 mg; 0.4 mmol) and DMF (50 mL) and then was
refluxed for 24 h. The mixture was hydrolysed by water
(40 mL), filtered and then DCM (70 mL) was added. The
mixture was successively washed with a saturated
solution of ammonium chloride (100 mL), a saturated
sodium thiosulfate solution (2£100 mL) and water
(100 mL). The extracted organic layer was then dried
over MgSO4, filtered and evaporated. The resulting red
liquid was then purified by flash chromatography, eluting
with cyclohexane to afford 3 as a pale yellow oil (3.48 g,
100%); Rf 0.5 (silica, cyclohexane/AcOEt 95:5); dH

(300 MHz, CDCl3) 3.96 (s, 3H, OCH3), 6.28 (s, 1H),
7.33–7.38 (m, 2H), 7.74–7.80 (m, 2H); dC (75 MHz,
CDCl3) 57.6 (CH3), 95.9 (CH), 121.3 (CH), 123.2 (CH),
124.1 (CH), 125.6 (CH), 132.5 (C), 138.2 (C), 152.3 (C)
ppm; m/z 164 (70), 149 (100), 121 (60).

4.1.4. 3-(2,2,2-Trifluoroethoxy)benzo[b]thiophene 4. In a
round bottomed flask containing NaH (505 mg, 21 mmol)
was added stepwise, at 0 8C under argon, a solution of 2,2,2-
trifluoroethanol (1.5 mL, 21 mmol) in anhydrous DMF
(4 mL). After stirring for 20 min, 3-bromobenzo[b]thio-
phene 1 (3.19 g, 15 mmol) and CuI (143 mg, 0.75 mmol)
were added. The resulting mixture was refluxed for 17 h and
then cooled. Dichloromethane (40 mL) was added, the
mixture was filtered of a short pad of celite and then
successively washed with a saturated solution of ammonium
chloride (30 mL) and water (30 mL). The organic layer was
dried over MgSO4, filtered and evaporated. The crude
product was then purified by flash chromatography
(cyclohexane) to afford 4 as a yellow oil (1.73 g, 54%); Rf

0.1 (silica, cyclohexane); found C 52.25, H 2.84%,
C10H7F3OS requires C 51.72, H 3.04%; dH (300 MHz,
CDCl3) 4.49 (q, CH2, J¼8.1 Hz), 6.39 (s, 1H), 7.42 (m, 2H),
7.78 (m, 1H), 7.88 (m, 1H); dC (75 MHz, CDCl3) 67.7 (q,
CH2, J¼36 Hz), 98.8 (CH), 121.4 (CH), 123.3 (CH), 124.6
(CH), 126.1 (CH), 131.8 (C), 138.1 (C), 149.5 (C); dF

(188 MHz, CDCl3) 274.3 (t, 3F, J¼8.1 Hz) ppm; m/z 234
(10), 232 (90), 151 (20), 149 (100).

4.2. Typical procedure A

A suspension of potassium carbonate (3.75 mmol), tetra-n-
butylammonium bromide (1.25 mmol), substituted ben-
zothiophene (1.25 mmol) and aryl halide (1.25 mmol) in
N,N-dimethylformamide (1.25 mL) was stirred under argon
at the indicated temperature for 5 min. Palladium diacetate
(0.0625 mmol) was then added and the resulting mixture
was allowed to stir for the time indicated, adding stepwise
aryl halide (0.375 by 0.375 mmol) until no change of the
chemical yield (determined by G.C). After cooling to room
temperature, the mixture was filtered over Celitew, rinsed
with dichloromethane (10 mL) and then successively
washed with brine (10 mL), a saturated sodium thiosulfate
solution (10 mL) and water (10 mL). The organic phase was
dried over MgSO4, filtered and concentrated to give a brown
residue. The latter was then purified by flash column
chromatography (silica, cyclohexane/AcOEt) to afford the
pure desired compound.

4.3. Typical procedure B

Same as procedure A but dicyclohexyl-18-crown-6
(1.25 mmol) was used instead of tetra-n-butylammonium
bromide.

4.4. Typical procedure C

Same as procedure A but dicyclohexyl-18-crown-6
(0.13 mmol) was used instead of tetra-n-butylammonium
bromide and the reaction was performed in DMSO
(1.25 mL) instead of DMF.

4.4.1. 2-(40-Chlorobenzyl)-benzo[b]thiophene-3-carboni-
trile 5. Prepared according to procedure B. Isolated yield:
68%; white solid; mp 135–136 8C; Rf 0.20 (silica,
cyclohexane/AcOEt 95:5); found C 66.49, H 3.06, N 5.14,
S 12.00, Cl 13.00%, C15H8ClNS requires C 66.79, H 2.99, N
5.19, S 11.89, Cl 13.14%; dH (500 MHz, CDCl3) 7.47 (ddd,
1H, J¼1.0, 7.4, 8.2 Hz), 7.50 (d, 2H, J¼8.7 Hz), 7.54 (ddd,
1H, J¼1.0, 7.4, 8.1 Hz), 7.83 (d, 2H, J¼8.7 Hz), 7.85 (d,
1H, J¼8.2 Hz), 7.97 (d, 1H, J¼8.1 Hz); dC (75 MHz,
CDCl3) 102.9 (C), 115.3 (CN), 122.8 (CH), 123.1 (CH),
126.7 (CH), 126.8 (CH), 129.8 (2CH), 130.0 (2CH), 130.3
(C), 137.1 (C), 137.8 (C), 139.5 (C), 153.8 (C) ppm; m/z 271
(30), 269 (100), 233 (20).

4.4.2. 2-(20-Chlorobenzyl)-benzo[b]thiophene-3-carboni-
trile 7. Prepared according to procedure B. Isolated yield:
73%; pale yellow solid; m.p. 133–134 8C; Rf 0.15 (silica,
cyclohexane/AcOEt 97:3); found C 67.06, H 2.91, N 5.20%,
C15H8ClNS requires C 66.79, H 2.99, N 5.19%; dH

(500 MHz, CDCl3) 7.41 (ddd, 1H, J¼1.0, 7.5, 7.8 Hz),
7.46 (ddd, 1H, J¼1.9, 7.5, 8.0 Hz), 7.51 (ddd, 1H, J¼1.0,
7.2, 7.9 Hz), 7.54–7.60 (m, 3H), 7.89 (d, 1H, J¼7.8 Hz),
8.01 (d, 1H, J¼8.0 Hz); dC (75 MHz, CDCl3) 107.3 (C),
114.5 (C), 122.8 (CH), 123.2 (CH), 126.5 (CH), 126.8 (CH),
127.6 (CH), 130.6 (C), 130.9 (CH), 131.9 (CH), 132.5 (CH),
134.0 (C), 138.2 (C), 139.1 (C), 152.1 (C) ppm; m/z 271
(10), 269 (100), 233 (70), 189 (80).

4.4.3. 2-(20-Benzonitrile)-benzo[b]thiophene-3-carboni-
trile 8. Prepared according to procedure B. Isolated yield:
63%; pale yellow solid; mp 191–193 8C; Rf 0.15 (silica,
cyclohexane/AcOEt 95:5); found C 73.29, H 3.09, N
10.48%, C16H8N2S requires C 73.82, H 3.10, N 10.76%;
dH (300 MHz, CDCl3) 7.54 (ddd, 1H, J¼1.3, 7.2, 7.3 Hz),
7.60 (ddd, 1H, J¼1.3, 7.3, 7.5 Hz), 7.66 (m, 1H), 7.77 (m,
2H), 7.88 (d, 1H, J¼8.86 Hz), 7.92 (d, 1H, J¼7.5 Hz), 8.03
(d, 1H, J¼7.2 Hz); dC (75 MHz, CDCl3) 107.41 (C), 113.25
(C), 114.21 (CN), 117.56 (CN), 122.96 (CH), 123.52 (CH),
126.91 (CH), 127.33 (CH), 130.90 (CH), 131.69 (CH),
133.62 (CH), 134.63 (CH), 134.94 (C), 138.38 (C), 139.07
(C), 150.09 (C) ppm; m/z 260 (100), 233 (10).

4.4.4. 2-(20-Pyridine)-benzo[b]thiophene-3-carbonitrile
9. Prepared according to procedure C. Isolated yield:
46%; pale yellow solid; mp 170–171 8C; Rf 0.1 (silica,
cyclohexane/AcOEt 95:5); found C 70.95, H 3.04, N
11.74%, C14H8N2S requires C 71.16, H 3.41, N 11.86%;
dH (300 MHz, CDCl3) 7.36 (ddd, 1H, J¼0.9, 4.9, 7.7 Hz),
7.47 (ddd, 1H, J¼1.3, 7.2, 7.2 Hz), 7.52 (ddd, 1H, J¼1.3,
7.2, 7.2 Hz), 7.85 (dd, 1H, J¼1.9, 8.1 Hz), 7.88 (dd, 1H,
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J¼1.3, 7.2 Hz), 7.97 (dd, 1H, J¼1.3, 7.2 Hz), 8.40 (ddd, 1H,
J¼0.9, 8.1, 8.1 Hz), 8.70 (ddd, 1H, J¼0.9, 1.5, 4.7 Hz); dC

(75 MHz, CDCl3) 102.3 (C), 115.6 (CN), 121.6 (CH), 122.9
(CH), 123.0 (CH), 125.1 (CH), 126.5 (CH), 127.1 (CH),
137.7 (C), 138.7 (C), 139.8 (C), 150.1 (CH), 150.4 (C),
155.4 (C) ppm; m/z 236 (100), 209 (10), 78 (10).

4.4.5. 2-(30-Pyridine)-benzo[b]thiophene-3-carbonitrile
10. Prepared according to procedure C. Isolated yield:
52%; yellow solid; mp 150–152 8C; Rf 0.15 (silica,
cyclohexane/AcOEt 95:5); found C 71.28, H 3.54, N
11.71, S 13.69%, C14H8N2S requires C 71.16, H 3.41, N
11.86, S 13.57%; dH (300 MHz, CDCl3) 7.43 (ddd, 1H,
J¼1.3, 7.3, 8.1 Hz), 7.45 (dd, 1H, J¼4.0, 8.1 Hz), 7.52 (ddd,
1H, J¼1.0, 7.3, 7.5 Hz), 7.84 (d, 1H, J¼7.5 Hz), 7.94 (dd,
1H, J¼1.0, 8.1 Hz), 8.21 (ddd, 1H, J¼1.6, 1.6, 8.1 Hz), 8.73
(d, 1H, J¼4.0 Hz), 9.06 (d, 1H, J¼1.6 Hz); dC (75 MHz,
CDCl3) 103.9 (C), 114.9 (CN), 122.9 (CH), 123.2 (CH),
124.3 (CH), 126.8 (CH), 127.1 (CH), 128.2 (C), 135.6 (CH),
138.0 (C), 139.2 (C), 149.2 (CH), 151.0 (C), 151.6 (CH)
ppm; m/z 236 (100).

4.4.6. 2-(40-Anisyl)-benzo[b]thiophene-3-carboxaldehyde
15. Prepared according to procedure A. Isolated yield: 64%;
pale yellow solid; mp 75–76 8C; Rf 0.4 (silica, cyclohex-
ane/AcOEt 95:5); found C 71.34, H 4.39, O 11.88, S
11.74%, C16H12O2S requires C 71.62, H 4.51, O 11.93, S
11.95%; dH (300 MHz, CDCl3) 3.87 (s, 3H, OCH3), 6.99
(d, 2H, J¼8.8 Hz), 7.39 (ddd, 1H, J¼0.6, 7.4, 8.1 Hz),
7.47 (m, 1H), 7.51 (d, 2H, J¼8.8 Hz), 7.79 (d, 1H,
J¼7.9 Hz), 8.76 (dd, 1H, J¼0.7, 7.4 Hz), 10.05 (s, 1H,
CHO); dC (75 MHz, CDCl3) 55.9 (CH3), 114.8 (2CH),
122.0 (CH), 124.2 (C), 125.4 (CH), 126.0 (CH), 126.6
(CH), 130.0 (C), 132.3 (2CH), 137.7 (C), 138.0 (C),
161.4 (C), 161.6 (C), 187.2 (CHO) ppm; m/z 268 (100),
267 (70), 237 (30).

4.4.7. 2-(40-Anisyl)-3-methoxybenzo[b]thiophene 16. Pre-
pared according to procedure A. Isolated yield 61%; pink
solid; mp 62–64 8C; Rf 0.35 (silica, cyclohexane/AcOEt
95:5); dH (300 MHz, CDCl3) 3.75 (s, CH3), 3.76 (s, CH3),
6.99 (d, 2H, J¼8.9 Hz), 7.34 (ddd, 1H, J¼1.3, 7.3, 7.3 Hz),
7.40 (ddd, 1H, J¼1.2, 7.3, 7.3 Hz), 7.72–7.78 (m, 2H), 7.81
(d, 2H, J¼8.9 Hz); dC (75 MHz, CDCl3) 55.7 (CH3), 61.1
(CH3), 114.6 (2CH), 121.1 (CH), 123.1 (CH), 124.7 (CH),
125.1 (CH), 125.9 (C), 127.1 (C), 129.6 (2CH), 135.3 (C),
135.7 (C), 146.8 (C), 159.7 (C) ppm; m/z 270 (70), 255
(100), 227 (80), 212 (70), 184 (60).

4.4.8. 2-(40-Anisyl)-3-(2,2,2-trifluoroethoxy)benzo[b]-
thiophene 17. Prepared according to procedure A.
Isolated yield 66%; pink crystals; mp 78–80 8C; Rf 0.10
(silica, cyclohexane); found C 60.17, H 3.96%,
C17H13F3O2S requires C 60.35, H 3.87%; dH (300 MHz,
CDCl3) 3.88 (s, OCH3), 4.23 (q, CH2, J¼8.4 Hz), 7.01 (d,
2H, J¼8.9 Hz), 7.36 (ddd, 1H, J¼1.4, 7.5, 7.9 Hz), 7.42
(ddd, 1H, J¼1.3, 7.4, 7.5 Hz), 7.74 (d, 2H, J¼8.9 Hz), 7.76
(m, 2H); dC (75 MHz, CDCl3) 55.7 (CH3), 69.4 (q, CH2,
J¼35.0 Hz), 114.9 (2CH), 116.3 (C), 120.8 (CH), 123.1
(CH), 124.7 (C), 125.1 (CH), 125.5 (CH), 129.9 (2CH),
134.4 (C), 135.6 (C), 143.8 (C), 160.2 (C); dF (282 MHz,
CDCl3) 274.9 (t, 3F, J¼8.4 Hz) ppm; m/z 340 (30), 338
(60), 255 (100).

4.4.9. 2-(40-Benzotrifluoride)-benzo[b]thiophene-3-car-
boxaldehyde 18. Prepared according to procedure
A. Isolated yield: 70%; pale brown solid; mp 96–98 8C;
Rf 0.6 (silica, cyclohexane/AcOEt 95:5); found C 62.64, H
2.76, F 18.81%, C16H9F3OS requires C 62.74, H 2.96, F
18.61%; dH (300 MHz, CDCl3) 7.48 (ddd, 1H, J¼1.2, 7.4,
8.2 Hz), 7.55 (ddd, 1H, J¼1.0, 7.4, 8.2 Hz), 7.72 (d, 2H,
J¼8.3 Hz), 7.80 (d, 2H, J¼8.3 Hz), 7.87 (d, 1H, J¼7.4 Hz),
8.80 (dd, 1H, J¼1.2, 8.0 Hz), 10.05 (s, 1H); dC (75 MHz,
CDCl3) 120.8 (CH), 122.8 (q, CF3, J¼272.8 Hz), 124.4
(CH), 124.9 (q, 2CH, J¼3.7 Hz), 125.4 (CH), 125.7 (CH),
129.9 (C), 130.0 (2CH), 131.0 (q, C, J¼32.7 Hz), 134.3 (C),
136.0 (C), 137.2 (C), 157.0 (C), 185.0 (CHO) ppm; m/z 306
(80), 305 (100), 237 (60), 208 (50), 160 (20).

4.4.10. 2-(20-Nitrophenyl)-benzo[b]thiophene-3-carbox-
aldehyde 19. Prepared according to procedure A. Isolated
yield: 56%; yellow solid; mp 155–156 8C; Rf 0.1 (silica,
cyclohexane/AcOEt 95:5); found C 63.72, H 3.20, N 5.01, O
17.12%, C15H9NO3S requires C 63.59, H 3.20, N 4.94, O
16.94%; dH (300 MHz, CDCl3) 7.48 (ddd, 1H, J¼1.4, 7.2,
8.0 Hz), 7.55 (ddd, 1H, J¼1.4, 7.2, 8.0 Hz), 7.61 (dd, 1H,
J¼1.5, 6.2 Hz), 7.70 (ddd, 1H, J¼1.5, 6.2, 7.5 Hz), 7.75
(ddd, 1H, J¼1.5, 6.7, 7.5 Hz), 7.86 (dd, 1H, J¼1.5, 6.7 Hz),
8.16 (dd, 1H, J¼1.4, 7.2 Hz), 8.71 (dd, 1H, J¼1.4, 7.2 Hz),
9.86 (s, 1H); dC (75 MHz, CDCl3) 121.9 (CH), 125.0 (CH),
125.1 (CH), 126.4 (CH), 126.5 (C), 126.6 (CH), 131.1 (CH),
131.9 (C), 132.9 (CH), 133.7 (CH), 136.2 (C), 138.8 (C),
146.6 (C), 153.9 (C), 185.0 (CHO) ppm; m/z 283 (40), 163
(100), 119 (80), 93 (50).

4.4.11. 2-(20-Benzonitrile)-benzo[b]thiophene-3-carbox-
aldehyde 20. Prepared according to procedure A. Isolated
yield: 54%; orange crystals; mp 172–174 8C; Rf 0.1 (silica,
cyclohexane/AcOEt 95:5); found C 72.97, H 3.54, N 5.50%,
C16H9NOS requires C 72.98, H 3.45, N 5.32%; dH

(500 MHz, CDCl3) 7.53 (ddd, 1H, J¼1.3, 7.6, 7.6 Hz),
7.59 (ddd, 1H, J¼1.0, 7.6, 7.9 Hz), 7.68 (ddd, 1H, J¼1.2,
7.6, 8.2 Hz), 7.69 (d, 1H, J¼7.9 Hz), 7.77 (ddd, 1H, J¼1.3,
7.6, 7.9 Hz), 7.89 (dd, 1H, J¼1.3, 7.9 Hz), 7.91 (d, 1H,
J¼8.2 Hz), 8.71 (dd, 1H, J¼1.0, 7.6 Hz), 9.91 (s, 1H,
CHO); dC (75 MHz, CDCl3) 114.4 (C), 117.4 (C), 122.2
(CH), 125.8 (CH), 126.9 (CH), 127.0 (CH), 130.7 (CH),
132.6 (CH), 133.2 (CH), 134.0 (CH), 135.4 (C), 136.7 (C),
139.1 (C), 154.3 (C), 185.4 (CHO) ppm; m/z 262 (80), 235
(100), 190 (90).

4.4.12. 2-(40-Benzonitrile)-benzo[b]thiophene-3-carbox-
aldehyde 21. Prepared according to procedure A. Isolated
yield: 41%; pale green solid; mp 168–169 8C; Rf 0.1 (silica,
cyclohexane/AcOEt 95:5); found C 72.67, H 3.45, N 5.31, O
6.43%, C16H9NOS requires C 72.98, H 3.45, N 5.32, O
6.08%; dH (300 MHz, CDCl3) 7.48 (ddd, 1H, J¼1.0, 7.3,
8.1 Hz), 7.55 (ddd, 1H, J¼1.1, 7.4, 8.1 Hz), 7.70 (d, 2H,
J¼7.5 Hz), 7.81 (d, 2H, J¼7.5 Hz), 7.89 (dd, 1H, J¼1.1,
7.3 Hz), 8.77 (dd, 1H, J¼1.0, 7.4 Hz), 10.03 (s, 1H); dC

(75 MHz, CDCl3) 113.9 (C), 118.1 (C), 121.9 (CH), 125.5
(CH), 126.6 (C), 126.8 (C), 131.1 (C), 131.3 (2CH), 132.7
(2CH), 136.3 (C), 137.0 (C), 138.3 (C), 157.1 (C), 185.7
(CHO) ppm; m/z 263 (70), 262 (100), 235 (20), 190 (60).

4.4.13. 2-(40-Chloro-phenyl)-benzo[b]thiophene-3-car-
boxaldehyde 22. Prepared according to procedure
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A. Isolated yield: 58%; pale yellow solid; mp 96–98 8C; Rf

0.35 (silica, cyclohexane/AcOEt 97:3); found C 66.40, H
3.44, Cl 13.04%, C15H9ClOS requires C 66.05, H 3.33, Cl
13.00%; dH (300 MHz, CDCl3) 7.38–7.57 (m, 6H), 7.78
(ddd, 1H, J¼0.8, 1.4, 7.5 Hz), 8.77 (ddd, 1H, J¼0.8, 1.3,
7.5 Hz), 10.01 (s, 1H, CHO); dC (75 MHz, CDCl3) 122.0
(CH), 125.6 (CH), 126.4 (CH), 126.8 (CH), 129.6 (2CH),
130.4 (C), 130.7 (C), 132.1 (2CH), 136.9 (C), 137.4 (C),
138.3 (C), 159.2 (C), 186.5 (CHO) ppm; m/z 271 (100), 243
(30), 163 (98).

4.4.14. 2-(30-Quinolyl)-benzo[b]thiophene-3-carboxalde-
hyde 23. Prepared according to procedure A. Isolated yield:
52%; white solid; mp 179–180 8C; Rf 0.1 (silica, cyclohex-
ane/AcOEt 95:5); found C 74.61, H 3.84, N 4.81%,
C18H11NOS requires C 74.72, H 3.83, N 4.84%; dH

(500 MHz, CDCl3) 7.49 (ddd, 1H, J¼1.2, 7.9, 8.2 Hz),
7.56 (ddd, 1H, J¼1.1, 8.1, 8.2 Hz), 7.67 (ddd, 1H, J¼1.3,
7.0, 8.2 Hz), 7.84 (ddd, 1H, J¼1.6, 7.0, 8.3 Hz), 7.89 (d, 1H,
J¼7.9 Hz), 7.93 (d, 1H, J¼8.2 Hz), 8.22 (d, 1H, J¼8.3 Hz),
8.39 (d, 1H, J¼2.2 Hz), 8.83 (d, 1H, J¼8.1 Hz), 9.16 (d, 1H,
J¼2.2 Hz), 10.12 (s, 1H, CHO); dC (75 MHz, CDCl3) 122.1
(CH), 125.4 (C), 125.7 (CH), 126.7 (CH), 127.0 (CH), 127.4
(C), 128.4 (CH), 128.7 (CH), 130.0 (CH), 131.5 (CH), 131.6
(C), 137.4 (C), 138.1 (CH), 138.7 (C), 148.7 (C), 150.7
(CH), 156.5 (C), 186.2 (CHO) ppm; m/z 290 (10), 289 (100),
288 (90), 260 (30).

4.4.15. 2-(20-Toluyl)-3-methoxybenzo[b]thiophene 26.
Prepared according to procedure B. Isolated yield 75%;
slightly yellow oil; Rf 0.6 (silica, cyclohexane/AcOEt 98:2);
found C 75.27, H 5.55%, C16H14OS requires C 75.56, H
5.55%; dH (500 MHz, CDCl3) 2.40 (s, 3H, CH3), 3.68 (s,
3H, OCH3), 7.27 (ddd, 1H, J¼1.8, 7.3, 7.8 Hz), 7.33 (m,
1H), 7.35 (ddd, 1H, J¼1.1, 7.8, 8.0 Hz), 7.39 (ddd, 1H,
J¼1.3, 7.3, 8.6 Hz), 7.43 (ddd, 1H, J¼1.0, 7.3, 7.9 Hz), 7.49
(dd, 1H, J¼1.1, 7.3 Hz), 7.77 (ddd, 1H, J¼0.6, 1.0, 7.9 Hz),
7.83 (ddd, 1H, J¼0.6, 1.3, 8.6 Hz); dC (75 MHz, CDCl3)
20.8 (CH3), 61.0 (OCH3), 121.6 (CH), 122.6 (C), 122.9
(CH), 124.5 (CH), 125.3 (CH), 126.0 (CH), 129.1 (CH),
130.6 (CH), 131.8 (CH), 132.8 (C), 134.4 (C), 137.1 (C),
138.8 (C), 147.3 (C) ppm; m/z 254 (30), 239 (30), 221 (60),
211 (40), 178 (100).

4.4.16. 2-(30-Quinolyl)-3-methoxybenzo[b]thiophene 27.
Prepared according to procedure B. Isolated yield: 62%;
orange-red solid; mp 70–71 8C; Rf 0.55 (silica, cyclohex-
ane/AcOEt 95:5); found C 73.80, H 4.51, N 4.67%,
C18H13NOS requires C 74.20, H 4.50, N 4.81%; dH

(500 MHz, CDCl3) 3.94 (s, 3H, CH3), 7.38 (dd, 1H,
J¼6.9, 7.3 Hz), 7.42 (dd, 1H, J¼6.9, 7.8 Hz), 7.58 (dd,
1H, J¼6.9, 7.8 Hz), 7.72 (dd, 1H, J¼6.9, 8.2 Hz), 7.81 (d,
1H, J¼7.8 Hz), 7.82 (d, 1H, J¼7.3 Hz), 7.87 (d, 1H,
J¼7.8 Hz), 8.13 (d, 1H, J¼8.2 Hz), 8.50 (d, 1H, J¼2.1 Hz),
9.46 (d, 1H, J¼2.1 Hz); dC (125 MHz, CDCl3) 61.7 (CH3),
121.7 (CH), 123.4 (CH), 123.7 (C), 125.0 (CH), 126.0 (CH),
126.9 (C), 127.6 (CH), 128.3 (C), 128.5 (CH), 129.6 (CH),
130.2 (CH), 134.2 (CH), 134.7 (C), 136.6 (C), 147.5 (C),
149.3 (C), 150.1 (CH) ppm; m/z 291 (95), 276 (100), 248
(70), 76 (70).

4.4.17. 2-(30-Pyridyl)-3-(2,2,2-trifluoroethoxy)benzo-
[b]thiophene 28. Prepared according to procedure

B. Isolated yield 59%; colourless oil; Rf 0.15 (silica,
cyclohexane/AcOEt: 95/5); found C 58.27, H 3.18, N
4.51%, C15H10F3NOS requires C 58.25, H 3.26, N 4.53%;
dH (500 MHz, CDCl3) 4.29 (q, 2H, J¼8.2 Hz), 7.41 (m,
2H), 7.45 (ddd, 1H, J¼1.3, 7.5, 7.9 Hz), 7.78 (dd, 1H,
J¼1.5, 7.6 Hz), 7.80 (dd, 1H, J¼1.3, 7.2 Hz), 8.13 (ddd,
1H, J¼1.3, 1.6, 8.2 Hz), 8.61 (dd, 1H, J¼1.3, 4.7 Hz),
9.01 (d, 1H, J¼1.6 Hz); dC (75 MHz, CDCl3) 70.0 (q,
CH2, J¼35 Hz), 121.1 (CH), 121.6 (C), 123.4 (CH),
124.0 (C), 124.9 (C), 125.4 (CH), 126.3 (CH), 127.0 (q,
CF3, J¼257 Hz), 133.5 (CH), 135.4 (CH), 136.3 (C),
145.7 (C), 149.2 (CH), 149.6 (CH); dF (282 MHz, CDCl3)
274.74 (t, 3F, J¼8.2 Hz) ppm; m/z 309 (40), 226 (100),
198 (80).

4.4.18. 2-(20-Benzonitrile)-3-(2,2,2-trifluoroethoxy)benzo-
[b]thiophene 29. Prepared according to procedure
B. Isolated yield 76%; colourless oil; Rf 0.3 (silica,
cyclohexane/AcOEt: 95/5); found C 61.42, H 2.97, N
4.28%, C17H10F3NOS requires C 61.26, H 3.02, N 4.20%;
dH (500 MHz, CDCl3) 4.24 (q, 2H, J¼8.2 Hz), 7.44 (ddd,
1H, J¼1.6, 6.9, 7.0 Hz), 7.47 (ddd, 1H, J¼1.5, 7.0, 7.2 Hz),
7.53 (ddd, 1H, J¼2.5, 6.3, 7.9 Hz), 7.67–7.71 (m, 2H),
7.80–7.85 (m, 3H); dC (75 MHz, CDCl3) 70.3 (q, CH2,
J¼35 Hz), 113.7 (C), 118.2 (C), 121.6 (CH), 123.3 (CH),
125.4 (CH), 126.5 (CH), 129.4 (CH), 132.1 (CH), 132.8 (C),
133.2 (CH), 134.2 (CH), 135.6 (C), 137.3 (C), 146.7 (C),
149.9 (C); dF (282 MHz, CDCl3) 275.10 (t, 3F, J¼8.2 Hz)
ppm; m/z 333 (60), 250 (100), 222 (70).
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Abstract—A range of acidic Molecularly Imprinted Polymers (MIPs) were synthesised using the imprint molecule trans-carvyl amine as a
transition state analogue for the selective isomerisation of a-pinene oxide to trans-carveol. The amine functionality of the imprint molecule
was used to selectively position a sulfonic acid group in the MIP binding pocket utilising 4-styrene sulfonic acid as the functional monomer.
Co-polymerisation with varying ratios of styrene and divinylbenzene afforded a range of MIPs which were tested for their ability to effect
selective formation of trans-carveol from a-pinene oxide. Although successful imprinting was demonstrated in binding studies, it was shown
that solvent effects were dominant in effecting selective formation of trans-carveol. Using DMF as solvent, up to 70% of the products from
acid catalysed isomerisation of a-pinene oxide with the polystyrene MIPs were obtained via the necessary para menthyl tertiary carbocation,
and industrially important trans-carveol was obtained in 45% yield.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The conceptually elegant polymerization technique of
molecular imprinting,1 as encapsulated in Figure 1,
produces macroporous polymers which contain binding
sites capable of selective molecular recognition of the
original imprint molecule or template around which they
were constructed. The enormous potential of this method
has not gone unrecognized and, in consequence, molecu-
larly imprinted polymers (MIPs) have been used as
separation and extraction materials,2 as microreactors
containing reagents for selective reductions,3 as biomimetic
sensors,4 as specific adsorbents capable of shifting the
equilibrium of a thermodynamically unfavourable enzym-
atic reaction,5 and as ‘protecting groups’ using an external
reagent.6 The selection of an imprint molecule which can be
regarded as a transition state mimic for a given reaction then
leads on to the idea that the preparation of such shape
selective polymers can be used in catalyst design, as in the
seminal studies of Lerner and Schultz on catalytic
antibodies.7 Even though selective binding of a transition
state mimic represents only one facet of enzyme like
catalysis, several recent studies8 testify to the potential of
MIPs as selective catalysts, and therefore stimulated our
interest in using this approach for proton mediated
rearrangements.

From the outset, it is important to recognise both the
advantages and the limitations of the process of molecular
imprinting as outlined below (Fig. 1). In the first step,
monomers containing functional groups which can interact
with the imprint molecule, are pre-organised around the
imprint molecule 1. A mixture of standard monomer and
cross-linker is then co-polymerised around this imprint
moleculemonomer complex 2 in a radical polymerisation
process, to form a macroporous polymer which contains
sites at which the imprint molecule is bound 3. Finally, the
imprint molecule is removed from the polymer to leave well
defined, shape specific cavities 4 which are spatially and
functionally compatible with the imprint molecule 1.

The interactions between the imprint molecule 1 and the
functional monomers can be electrostatic, covalent or non-
covalent. In the latter case the description pre-organisation
is a slight misnomer, since the combination of weak
intermolecular forces involved leads rather to a dynamic
associated complex 2 in constant exchange with solution.
This, along with other factors, leads to the inherent
heterogeneity of the molecular recognition sites produced
within the polymer. This has proven to be one of the major
sticking points in catalytic applications of MIPs. Despite
this drawback, the manifest stability of MIPs when
compared to natural enzymes or other artificial analogues,
means that the realisation of catalytic MIPs remains a highly
desirable goal.

With the above principles in mind, the present paper
describes our initial studies towards the application of this
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technology for the selective isomerisation of a-pinene oxide
to trans-carveol. (2)-trans-Carveol 5,9 one of the con-
stituents of the Valencia orange essence oil, is an important
compound for the fragrance chemical industry. It is usually

commercially available as an expensive mixture of isomers.
A selective and efficient solid-phase procedure to obtain it
from a-pinene oxide 6 is therefore an important objective
(Fig. 2).

Figure 1.

Figure 2. Representative major products arising from the acid-catalysed opening of a-pinene oxide.
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The acid-catalysed opening of a-pinene oxide 6 (Fig. 2) is
well documented and typical of the structural rearrange-
ments often encountered within terpenoid chemistry. In this
instance, the initially formed carbocation 7 can undergo
several competing processes, including 1,2 hydride
migration to give pinocamphone, proton loss to give
trans-pinocarveol, and no less than three alkyl shifts to
release the strain inherent in the four membered ring.
Remarkably, both the [1,2] shift which leads to campholenic
aldehyde and the ‘E1 elimination’ leading to trans-carveol 5
both require movement of the same pair of electrons from
the same s bond. In general, Lewis acids usually display a
high selectivity in favour of cyclopentenic aldehydes,10

while in the presence of Brönsted acids, various amounts of
trans-carveol 5 and other para-menthenic compounds are
also produced.11 When solid catalysts are used, campho-
lenic aldehyde, fencholenal, pinocamphone and trans-
pinocarveol are usually the major products and only small
amounts of 5 are observed.12 It is worthy of note that Noyori
et al. achieved a 72% yield of trans-carveol 5 from 6 by
treatment with a mixture of trimethylsilyl trifluoro-
methanesulfonate and 2,6-lutidine followed by addition of
DBU.13 Such a combination of reagents is not however, a
practical proposition for industrial application.

Given these previous studies and with the goal of trying to
achieve selectivity towards the formation of 5, it therefore
appeared logical to focus our attention onto the design of
Brönsted acid-supported imprinted polymers.

2. Results and discussion

2.1. Preparation of imprinted polystyrenes

In the first instance we elected to conduct our preliminary
studies with imprinted styrene/divinylbenzene polymers
since their synthesis and use as MIPs was already well
precedented in the literature.14 In the choice of the imprint
molecule, we hoped to achieve two goals. The strategic
location of an acidic group in the active site which could
initiate the conversion of 6 to 5 was of course the primary
objective. Moreover, in order to obtain selectivity, we also
wished to use a molecule which would create a shape
selective site capable of influencing the product ratio in
favour of the product 5. The identification of a good
transition-state analogue for the transformation of a-pinene
oxide 6 into 5 was far from obvious. The mechanisms are
still under debate,15 but carbonium ion 7 is generally
accepted to be the preliminary intermediate. Although
formation of this carbocation should be the rate-determining
step, the selectivity of the transformation is determined
during the subsequent collapse of this reactive intermediate

7 since most of the products derive from this common
species. For our work, we therefore selected the crude
imprint molecule 816 (Fig. 3) in the hope that this molecule
would both locate the acidic group in the binding site and
produce a cavity in the polymer which was complementary
to the desired product 5, thus affecting the product
distribution in its favour. In these early studies we were
more concerned with selectivity than turnover, thus a
product like binding site was considered acceptable.

Five polymers A1-A5 of varying monomer to crosslinker
ratio’s were synthesised with various loadings of imprint
molecule-monomer complex 9 (Fig. 3) by co-polymerising
styrene and divinylbenzene with the pre-formed salt 917

under radical conditions. The relative quantities of the
reagents are reflected in the degree of crosslinking and have
important consequences on the physical and molecular
recognition properties of the MIPs produced18 (vide infra).
A reference polymer R, imprinted with 3-methyl-butyl-
amine instead of carvylamine 8, was also synthesised
(Table 1).

The imprint molecules were removed by washing with
triethylamine and the sulfonic acid functions of these
polymers were then regenerated with HCl:diethyl ether
followed by exhaustive washing to neutral pH. Five polymer
catalysts A1p–A5p were thus obtained (Fig. 4). A reference
catalyst Rp was also produced from polymer R using the
same experimental protocol.

2.2. Catalysis studies

The acid-catalysed a-pinene oxide ring-opening reactions
were carried out at room temperature in toluene using
stoichiometric amounts of MIP. The selectivities in the
presence of p-toluene sulfonic acid (p-TSA) and polymers
Rp, A1p–A4p are displayed in Table 2.

Figure 3.

Table 1.

Polymer Imprint molecule Cross-linker monomer ratioa Loadingb

R 6 1/35

A1 8 6 1/35
A2 8 3 1/35
A3 8 2 1/35
A4 8 2 1/15
A5 8 3 1/10

a Crosslinker monomer ratio. The crosslinker:monomer ratio is the ratio of
moles of divinylbenzene to styrene. A higher ratio indicates a higher level
of crosslinking.

b Loadings. Loadings refer to the ratio of the number of moles of salt 9 to
the total number of moles of polymerisable molecules. A higher loading
indicates more sites per unit volume of polymer.
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In the event, it was particularly striking that all the
polymer catalysts exhibited a much better selectivity for
the formation of 5 than was observed in the homogeneous
reaction with para-toluene sulfonic acid. However, the
polymers A1p– A4p imprinted with (2)-trans-carvyl
amine 8 did not appear to be better than the reference
polymer R p. Indeed, all the polymers tested led to
similar product distributions. This suggested that the
shape of the polymer site had little effect on selectivity
and the main influence seemed to be local media effects in
the vicinity of the sulfonic acid group. This was interesting,
since toluene had been specifically selected as the solvent
since it closely resembled the hydrophobic environment
expected in the polystyrene binding site. It was therefore
logical to further study the influence of the nature of the
solvent.

Although we had initially avoided protic solvents due to the
potential complication of specific acid catalysis, we next
turned to methanol as the solvent. The data obtained are
presented in Table 3.

These results show that the choice of solvent can profoundly
affect the selectivity of this isomerisation reaction. The
compounds 5, 15 and 16, derived from cation 18 (Fig. 5), a
secondary intermediate in the isomerisation to trans-
carveol, are now the major products, accounting for as
much as 54% of the reaction mixture. As before, all
polymers displayed more or less equivalent selectivities for
5 and were significantly better than p-TSA.

Since these results indicated that the use of a more polar
solvent was promoting the reaction pathway via the
carbocation 18, we turned our attention towards DMF, in
the belief that this solvent would also favour the formation
of 18 without acting as a nucleophilic trap, thereby
increasing the amount of 5 produced. These expectations
were verified as can be seen in Table 4.

In this case no significant differences between all the
catalysts, including p-TSA, were observed. However, in all
cases, trans-carveol 5 became the major product. Although
this result was not encouraging in terms of selective MIP

Table 2. Product distribution in the isomerisation of a-pinene oxide in toluene at room temperature. Product distributions were determined by GC analysis
using authentic samples of 10, 11, 5, and 12 for comparison

Figure 4.
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recognition it does represent a simple method for the
formation of 5 from commercially available a-pinene oxide.

Two primary explanations may be considered for the similar
reactivity profiles of the polymers prepared. The first is that
the imprinting process was inefficient and the second
possibility is that specific acid catalysis was operating,
although this would tend to predicate the same product
distribution with both p-TSA and the polymers. In order to
eliminate the first possibility we therefore studied the
binding characteristics of the polymers A1p–A5p, in order
to check the quality of their molecular imprinting. Their
molecular recognition properties were assessed using a
simple modification of the filtration protocol as described in
the experimental section.

When polymers A1p–A5p and Rp were suspended in a
solution containing the imprint molecule 8, polymer Rp

proved to be the least efficient at reabsorbing amine 8
(Fig. 6), which is consistent with the fact that an amine other
than 8 was used to imprint this reference polymer. It should
be noted that in all cases, the rebinding process was very
sluggish, with equilibration taking more than 15 h. Accord-
ingly, the extraction of 8 from the polymers using DCM and
then 10% n-PrNH2: DCM was also slow, as illustrated in
Figure 6(b).

Competitive rebinding studies were also performed on
polymers A1p, A4p and Rp using equimolar mixtures of
(2)-trans-carvyl amine 8 and a-methyl benzylamine 20
(Fig. 7) in DCM. Although selectivities were modest, after
15 h, A1p and A4p had absorbed more imprint molecule 8
than competitor 20, while the converse was observed with
reference polymer Rp (Table 5). Given however, that the
dominant interaction of 8 involves electrostatic interactions
through salt formation and that ‘shape selectivity’ can only
involve very modest p–p interactions between the alkene
residues and the aromatic rings of the polymer, the observed
selectivities for preferential binding of 8 are very
encouraging.

Nevertheless, from all of the foregoing results, it can be
concluded that various different binding characteristics were
observed depending on the MIPs tested. Polymer A4p

displayed the fastest and most selective recognition for the
imprint molecule 4. In contrast, the reference polymer Rp

clearly exhibited much poorer performances than all the
other polymers A1p–A5p. This constitutes strong evidence

Figure 5.

Table 4. Product distribution in the isomerisation of a-pinene oxide in
DMF at room temperature. Product distributions were determined by GC
analysis using authentic samples of 10, 5, and 19 for comparison

Table 3. Product distribution in the opening of a-pinene oxide in methanol at room temperature. Product distributions were determined by GC analysis using
authentic samples of 14, 15, 5, 17 and 16 for comparison
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that the molecular imprinting process had per se been
effective.

On considering that all of the imprinted polymers tested,
including the reference polymer Rp, exhibited similar
behaviours towards a-pinene oxide, despite their differing
binding behaviour towards imprint molecule 8 one may
wonder if the reactions did indeed proceed within the
imprinted sites at all. The pKa values of the species involved
(Table 6) may suggest that none of our reactions were
actually catalysed by the acidic groups of the polymers, but
rather by protonated methanol, protonated DMF or by the
hydronium ion.

The actual catalytic entity would therefore be the same with
all polymers and thus specific acid catalysis could occur
outside the polymeric framework, which is consistent with
the uniformity of the results obtained. It remains to be

explained why p-TSA gave different results in methanol and
toluene when compared with the MIPs. If the reaction were
truly occurring in the bulk solvent there should be no
difference between the MIPs and p-TSA since it is unlikely
that a proton transfer process is the rate determining step.

There are two possible explanations for this phenomenon. It
is possible that the reactions are occurring in a hetero-
geneous fashion and that although no selectivity is exerted
on the reaction by the differing shapes in the different MIPs,
the local media effects are such as to favour formation of the
desired product. It is not unusual in enzyme systems for
the local environment in the active site to modify the pKa of
the functional groups involved in enzyme catalysis and
hence influence the product outcome.20 Indeed Kirby and
Tawfik have recently highlighted the importance of these
local media effects in a study of modified PEI synzymes,21

and have shown that local microenvironments alone ‘in the
absence of efficient positioning of the catalytic amine base
relative to the substrate, can give rate accelerations as high
as 105’. The other possibility is that the reaction is occurring
within the polymer, but the sites are poorly accessible,
consistent with the slow kinetics observed in the binding
studies, and thus diffusion of the reactant into the binding
site becomes the rate limiting step. Thus the improved yield
of the desired product is due rather to a more sluggish
reaction resulting in less product decomposition, than to
effective selective catalysis.

Notwithstanding these subtleties, it seems clear that the
collapse of carbonium 7 into 18 rather than the [1,2] shift to
afford campholenic aldehydes 10 (Fig. 2), is favoured when
a nucleophilic trap, either reversible or irreversible is
present. Indeed, much higher yields of trans-carveol-
derived products were observed in solvents such as
methanol or DMF. Future efforts directed towards exploit-
ing this observation should hopefully provide an efficient,
cheap and commercially viable one step synthesis of trans-
carveol 5.

In conclusion, the results described herein, have shown that
it is possible to prepare a polystyrene based sulfonic acid
polymer which can channel up to 70% of the products from
acid catalysed isomerisation of a-pinene oxide via the

Figure 7.

Table 5. Competitive binding of equimolar amounts of 4 and 7 by polymers
A1p, A4p and Rp in DCM

Polymer A1p A4p Rp

Molar ratio 8:20 left in solution after 15 h 47:53 44:56 53:47

Figure 6. (a) Rebinding of 8 by polymers A1p–A5p and Rp in DCM. (b) Release of template 8 from MIPs A1-A5 and R, using DCM (3 fractions) and then 10%
n-PrNH2:DCM (3 fractions).

Table 6. pKa values for the species involved19

Acid Base Approximate pKa

ArSO3H ArSO3
2 26.5

MeOH2
þ MeOH 22

H3Oþ H2O 21.74
DMF·Hþ DMF 20.5
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necessary para menthyl tertiary carbocation and produce
industrially important trans-carveol 5 in 45% yield.
However, in spite of evidence that several of the polymers
used were successfully imprinted with trans-carvyl amine 8
as a potential transition state mimic for the desired reaction,
the nature of the solvent chosen clearly played the
determining role in the final outcome. The present study
should therefore also serve as a caveat as to the perfidious
and promiscuous behaviour of the proton which evidently
did not wish to return to its sulfonate counterion in the
imprinted polymers.

3. Experimental

3.1. General

All reactions were performed under an inert atmosphere.
Chloroform was distilled from calcium hydride, toluene was
distilled over sodium, and methanol was distilled from
magnesium turnings. DMF was dried with MgSO4(s) and
distilled over Linde type 4 Å molecular sieves under
reduced pressure. Styrene (inhibitor 10–15 ppm p-tbutyl-
catechol) and 80% divinylbenzene tech. (mixture of cis and
trans-isomers, inhibitor 1000 ppm p-tbutylcatechol) were
supplied by Aldrich and were distilled from hydroquinone at
low pressure prior to use. A.I.B.N. was recrystallised from
DCM and all amine reagents were distilled before use. 1H
NMR Spectra were recorded at 500 MHz on a Bruker
Avance 500, at 400 MHz on a Varian VXR-400 or a Bruker
AMX-400 or at 300 MHz on a Bruker AMX-300. 13C NMR
spectra were recorded at 125.8, 100.6 MHz or 75.4 MHz on
the instruments above. Infrared spectra were recorded as
thin films on KBr plates or as KBr discs on a Perkin–Elmer
FT-IR 1605 instrument Gas Chromatography was per-
formed on a Hewlett–Packard 5890A machine (flame
ionisation detector) with a 25 m£0.50 mm BPX5 column
using hydrogen as the carrier gas.

3.1.1. Synthesis of (1R,5R)-trans-carvyl amine 8. (1R,5R)-
trans-Carvyl amine- 8, was prepared according to literature
procedure from (R)-(2)-carvone.16

Bp: 95–98 8C/0.75 mbar; [a]D
25: 2182.4 (CH2Cl2, c¼1); 1H

NMR (CDCl3, 400 MHz): dH 5.40 (1H, m), 4.68 (1H, s-),
4.67 (1H, s), 3.15 (1H, s(br)), 2.23–1.57 (5H, m), 1.72 (3H,
s-), 1.69 (3H, s), 1.29 (2H, s(br)-); 13C NMR (CDCl3,
100 MHz): dC 149.5, 136.2, 122.8, 108.7, 49.8, 37.5, 35.1,
31.0, 21.2, 20.9. IR (neat): ñmax 3293 (w), 3217 (w), 3074
(w), 2959 (m), 2914 (s), 1648 (m), 1441 (s), 1375 (m), 1150
(w), 1046 (w), 942 (w), 883 (s), 806 (m); LRMS (FAB) m/z:
152 [MþH]þ, 135, 119, 107.

3.1.2. Synthesis of 4-styrenesulfonic acid, (1R,5R)-trans-
carvyl amine salt 9. A solution of acetyl chloride:MeOH
(1:20 v/v, 6.0 mL) was made up under nitrogen at 0 8C and
added dropwise with stirring to (1R,5R)-trans-carvyl amine
8 (500 mg, 3.3 mmol, 1 equiv.) at 0 8C. After 20 min the
solution was concentrated in vacuo to afford the amine
hydrochloride. This was immediately dissolved in methanol
(25 mL) and added to a solution of 4-styrenesulfonic acid,
sodium salt (680 mg, 3.3 mmol, 1 equiv.) in methanol
(125 mL). The solution was stirred for 4 h, then concen-

trated in vacuo to afford an off white solid. Chloroform
(30 mL) was added and any remaining solid was removed
by suction filtration. The filtrate was concentrated in vacuo
to afford a pale yellow solid (1.05 g) containing a mixture of
(1R,5R)-trans-carvyl amine hydrochloride 21 and 4 styrene-
sulfonic acid, (1R,5R)-trans-carvyl amine salt 9. The ratio
9:21, 1.4:1 was determined by 1H NMR.

1H NMR (CDCl3, 300 MHz): dH 8.11 (3H, s(br)), 7.69 (2H,
AA0BB0, d, J¼12.5 Hz), 7.40 (2H, AA0BB0, d, J¼12.5 Hz),
6.69 (1H, dd, J¼17.5, 11.0 Hz), 5.72 (1H, d, Jtrans¼17.5
Hz), 5.63 (1H, m), 5.30 (1H, d, Jcis¼11.0 Hz,), 4.68 (1H, s),
4.64 (1H, s), 3.60 (1H, m(br)), 2.49 (1H, m(br)), 2.10 (2H,
m), 1.79 (3H, s), 1.63 (3H, s); 13C NMR (CDCl3, 100 MHz):
dC 147.8, 143.2, 139.5, 135.9, 129.3, 128.4, 126.2, 126.0,
115.5, 109.5, 50.1, 34.3, 31.7, 30.3, 20.9; LRMS (FAB) m/z:
336 [MsaltþH]þ; (CI negative) m/z: 182.8 [Macid2H]2; (CI
positive) m/z: 151.9 [MamineþH]þ.

3.1.3. Synthesis of 4-styrenesulfonic acid, isoamylamine
salt 22. HCl:diethyl ether (5 mL) was added dropwise to a
stirred solution of isoamylamine (436 mg, 50 mmol,
1 equiv.) in diethyl ether (15 mL) to produce a white
precipitate. The solvent was removed in vacuo and the
residue taken up in MeOH (60 mL) and stirred at room
temperature. 4-Styrenesulfonic acid, sodium salt (1.02 g,
60 mmol, 1.2 equiv.) was added and the solution stirred for
18 h. The solvent was removed in vacuo, the residue taken
up in chloroform (70 mL), filtered, and concentrated in
vacuo to afford a pale yellow solid (776 mg) containing a
mixture of 4-styrenesulfonic acid, isoamylamine salt 22 and
isoamylamine hydrochloride 23. The ratio 22:23 1.3:1 was
determined by 1H NMR.

1H NMR (CDCl3, 300 MHz): dH 7.77 (2H, AA0BB0, d,
J¼12.5 Hz), 7.71 (3H, s(br)), 7.38 (2H, AA0BB0, d,
J¼12.5 Hz, 6.66 (1H, dd, J¼17.5, 11.0 Hz), 5.74 (1H, d,
Jtrans¼17.5 Hz, 5.28 (1H, d, Jcis¼11.0 Hz), 2.84 (1H, m),
1.49 (4H, m(br)), 0.75 (6H, d, J¼3.5 Hz); 13C NMR
(CDCl3, 75 MHz): dC 143.0, 139.7, 135.7, 126.1, 115.8,
38.4, 35.9, 25.5, 22.0; LRMS (CI negative) m/z: 183
[Macid2H]2; (CI positive) m/z: 88, [MamineþH]þ.

3.2. General procedure for the synthesis of polystyrene
MIPs

Styrene, divinylbenzene, 4-styrenesulfonic acid, (1R,5R)-
trans-carvyl amine salt 9, and AIBN (2 mol% per
polymerisable double bond) were dissolved in chloroform
(1.7 v/v of polymerisable molecules) in a Schlenk flask of
diameter 3.0 cm. Three freeze thaw cycles were carried out
and the polymerisation mixture was placed in a preheated
bath at 70 8C and heated under nitrogen with stirring
(300 rpm) for 40 min. The bath was cooled to 60 8C and the
polymerisation mixture was incubated for a further 23 h
20 min. The flask was cooled to room temperature and the
solvent removed under vacuum. The resultant polymer
monolith was ground.

3.2.1. Synthesis of polystyrene A1. Loading: 1/35, cross-
linker-monomer ratio 6:1. 4-Styrenesulfonic acid,
(1R,5R)-trans-carvyl amine salt 922 (200 mg, 0.43 mmol),
styrene (224 mg, 246 mL, 2.15 mmol), divinylbenzene
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(1.68 g, 1.84 mL, 12.9 mmol), AIBN. (92 mg, 0.6 mmol)
and chloroform (3.55 mL) were polymerised according to
the general procedure.

3.2.2. Synthesis of polystyrene A2. Loading: 1/35, cross-
linker-monomer ratio 3:1. 4-Styrenesulfonic acid,
(1R,5R)-trans-carvyl amine salt 922 (200 mg, 0.43 mmol),
styrene (329 mg, 430 mL, 1.3 mmol), divinylbenzene
(1.47 g, 1.61 mL, 3.8 mmol), AIBN (86.5 mg, 0.53 mmol)
and chloroform (3.47 mL) were polymerised according to
the general procedure.

3.2.3. Synthesis of polystyrene A3. Loading: 1/35, cross-
linker-monomer ratio 2:1. 4-Styrenesulfonic acid,
(1R,5R)-trans-carvyl amine salt 922 (200 mg, 0.43 mmol),
styrene (523 mg, 575 mL, 5.0 mmol), divinylbenzene
(1.31 g, 1.43 mL, 10.0 mmol), AIBN (82 mg, 0.5 mmol)
and chloroform (3.41 mL) were polymerised according to
the general procedure.

3.2.4. Synthesis of polystyrene A4. Loading: 1/15, cross-
linker-monomer ratio 2:1. 4-Styrenesulfonic acid,
(1R,5R)-trans-carvyl amine salt 922 (200 mg, 0.43 mmol),
styrene (224 mg, 246 mL, 2.15 mmol), divinylbenzene
(560 mg, 612 mL, 4.3 mmol), AIBN (35 mg, 0.22 mmol)
and chloroform (1.46 mL) were polymerised according to
the general procedure.

3.2.5. Synthesis of polystyrene A5. Loading: 1/10, cross-
linker-monomer ratio 3:1. 4-Styrenesulfonic acid,
(1R,5R)-trans-carvyl amine salt 922 (184 mg, 0.43 mmol),
styrene (115 mg, 126 mL, 1.1 mmol), divinylbenzene
(417 mg, 456 mL, 3.2 mmol), AIBN (24.6 mg, 0.15 mmol)
and chloroform (1.0 mL) were polymerised according to the
general procedure.

3.2.6. Synthesis of the reference polystyrene R. Styrene
(224 mg, 246 mL, 2.1 mmol), divinylbenzene (1.68 g,
1.84 mL, 12.9 mmol), 4-styrenesulfonic acid, isoamylamine
salt 22 (158 mg, 0.43 mmol) and AIBN (92 mg, 0.6 mmol,
2 mol% per polymerisable double bond) were dissolved in
chloroform (3.55 mL, 1.7 v/v of polymerisable molecules)
in a Schlenk flask of diameter 3.0 cm. Three freeze thaw
cycles were carried out and the polymerisation mixture was
placed in a preheated bath at 70 8C and heated under
nitrogen with stirring (300 rpm) for 40 min. The bath was
cooled to 60 8C and the polymerisation mixture was
incubated for a further 23 h 20 min. The flask was cooled
to room temperature and the solvent removed under
vacuum. The resultant polymer monolith was ground.

3.3. Procedure for the washing and generation of acid
sites in the crude polystyrenes A1p–A5p and Rp

The ground crude polymer was placed in a sintered glass
funnel and washed with chloroform (5£10 mL). The solvent
was removed in vacuo and the residue analysed by 1H NMR,
which identified AIBN decomposition products and trace
amounts of unreacted reagents as determined by comparison
with reference spectra. The polymer was washed with 10%
Et3N:DCM (5£10 mL) to remove the bound (1R,5R)-trans-
carvyl amine 8, as determined by 1H NMR analysis of the
filtrate, then DCM (10 mL). The polymer was stirred in

HCl:diethyl ether (20 mL) for 3 h at 0 8C, filtered, then
washed with diethyl ether (2£20 mL), DCM (2£20 mL),
water (2£20 mL), methanol (2£20 mL or until pH 7), and
DCM (5£10 mL). The polymer was then dried in vacuo to
give the active polymer A1p–A5p and Rp.

Polymer A1p 1/35 6:1. Elemental analysis: found C 88.16,
H 7.85, N 0.18, S 0.70.

Polymer A2p 1/35 3:1. Elemental analysis: found C 86.92,
H 7.74, N 0.32, S 0.85

Polymer A3p 1/35 2:1. Elemental analysis: found C 88.02,
H 8.01, N 0.27, S 0.82.

Polymer A4p 1/15 2:1. Elemental analysis: found C 86.04,
H 7.76, N 0.24, S 0.93.

Polymer A5p 1/10 3:1. Elemental analysis: found C 85.04,
H 7.72, N 0.38, S 0.92.

Polymer Rp 1/35 6:1. Elemental analysis: found C 88.25, H
7.82, N 0.24, S 0.75.

3.4. General method for binding studies

The dried polymer A1p–A5p was placed in a sealed soxhlet
extraction thimble and suspended in a beaker containing a
known quantity of DCM (60 mL). The solution was stirred
for 20 min at 0 8C, the level of the solvent was marked and
the soxhlet thimble was removed (slowly, allowing residual
non-absorbed solvent to drip from the soxhlet back into the
beaker). The amount of solvent absorbed by the polymer
was measured using the difference between the volume of
DCM remaining and the original volume of DCM (60 mL).
(1R,5R)-trans-Carvyl amine 8 (65 mg, 0.43 mmol, 1 equiv.)
was then added to the beaker, the extraction thimble was
suspended as previously and DCM was added up to the
mark† (vide supra). The solution was stirred and, at specific
intervals, the thimble was raised, the remaining solvent
removed in vacuo, and the quantity of (1R,5R)-trans-carvyl
amine 8 remaining in solution was determined. After each
measurement the (1R,5R)-trans-carvyl amine 8 was
redissolved in DCM to the previously marked level.

3.5. General method for determining the percentage of
imprint molecule: (1R,5R)-trans-carvyl amine 8 bound
in the polymer

In the binding studies carried out according to the general
method above there is always a certain quantity of (1R,5R)-
trans-carvyl amine 8 present in the polymer due to non-
specific binding (i.e., the solvent absorbed by the polymer
will naturally contain a certain amount of (1R,5R)-trans-
carvyl amine 8). The approximation we have made is that

† An important distinction between adding DCM (60 mL) and adding the
solvent up to the mark is necessary here. The polymers absorb significant
quantities of solvent which they retain for a considerable time. If one adds
another (60 mL) of solvent then there will be more solvent present due to
preabsorbed DCM in the polymer. In order to avoid lengthy drying
procedures in between steps the marked level is used. This is the level at
which the total of the DCM absorbed in the polymer and in the rest of the
beaker is equal to 60 mL.
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the percentage of (1R,5R)-trans-carvyl amine 8 bound due
to ‘non-specific binding’ is equal to the percentage of DCM
absorbed by the polymer. To avoid overestimating the level
of binding, the calculation of the amount of template bound
in the polymer at each point in the binding study includes a
correction factor to account for this phenomenon (Eq. 1).

8 bound=mg : M ¼ y 2 xða=bÞ ð1Þ

percentage of 8 remaining in solution

¼ MðmgÞ=original weightð65:0 mgÞ ð2Þ

Where y¼original weight of 8 (65.0 mg, 0.43 mmol,
1 equiv.), x¼weight of 8 in remaining in solution, (a/b)¼
correction factor: original volume of DCM (60 mL)/
(original volume of DCM (60 mL)2volume of DCM
absorbed by polymer).

3.6. Binding studies on MIPs A1p–A5p, and Rp

Binding studies were carried out on the polymers A1p–A5p,
and Rp according to the general method. The amount of
solvent absorbed by each MIP was determined according to
this general method, and the corrected percentage (Eq. 2) of
(1R,5R)-trans-carvyl amine 8 remaining in solution was
determined after 1, 4, 8, and 15 h for each of the MIPs

MIP Volume
of

solvent
absorbed

(mL)

% of 8 bound 15 h
mmol

of
8

bound
0 h 1 h 4 h 8 h 15 h

A1p 12.0 0 20 56 63 72 71%
A1p (repeat)a 12.0 0 34 50 62 70 0.31
A2p 14.0 0 7 36 52 66 0.28
A3p 13.0 0 6 48 60 73 0.31
A4p 8.0 0 19 57 70 82 0.35
A5p 7.5 0 15 39 52 62 0.27
Rp 14.0 0 10 36 42 43 0.13

The percentage of 8 bound after 15 h was taken to be the
amount of 8 required for saturation of the all the available
sulfonic acid sites in the MIP, and was used to calculate the
number of mmol of active sites in each polymer. These
values were used to calculate the number of equivalents
used in the subsequent catalytic studies.

3.7. General method for the debinding studies of
polystyrene–divinylbenzene MIPs A1p–A5p, and Rp

The apparatus used was the same as for the binding studies.
The beaker was filled up to the mark with DCM (vide
supra). The solution was stirred at 0 8C for 1 h before the
soxhlet was removed, the remaining solvent reduced in
vacuo and the residue analysed by 1H NMR. This was
carried out three times. The beaker was then filled with 10%
n-PrNH2:DCM (60 mL), stirred at 0 8C for 2 h, then reduced
in vacuo and the residue analysed by 1H NMR. This was
carried out three times. The amount of (1R,5R)-trans-carvyl
amine 8 in each fraction was calculated from the weight and
the molar ratio of 8: n-PrNH3(CO3)2: n-PrNH2 as observed

by 1H NMR. In each case the mass balance of (1R,5R)-
trans-carvyl amine 8 over the entire binding-debinding
experiment was in the region of 90%.

In each case the ratios were determined by comparing the
integration of the following peaks.

1H NMR (CDCl3, 300 MHz): dH (1R,5R)-trans-carvyl
amine 8 5.40 (1H, m, vCHR) and/or 4.67 (2H, 2s,
vCH2); n-PrNH3(CO3)2 0.79 (3H, t, J¼7.5 Hz, CH3);.
n-PrNH2 0.68, (3H, t, J¼7.5 Hz, CH3)

MIP Amount of 8 removed in each washing (mg)

DCM DCM DCM n-PrNH2

DCM
n-PrNH2

DCM
n-PrNH2

DCM

A1p 1.9 1.9 2.2 41.2 4.5 0
A2p 1.2 2.4 1.6 8.4 15.3 3.1
A3p 3.0 2.1 0.0 20.4 11.2 3.0
A4p 0.7 0.1 1.9 38.8 5.5 0.0
A5p 3.1 1.0 0.9 34.2 2.5 0
Rp 7.6 3.1 1.8 24.0 3.3 0

3.8. General method for competitive binding studies

The apparatus used was the same as for the binding studies.
The amount of solvent absorbed by the polymer was
determined as previously. (1R,5R)-trans-carvyl amine 8
(1 equiv. of the calculated number of binding sites in the
polymer, vide supra) and a-methyl benzylamine 20
(1 equiv.) were added to the beaker and the 1:1 ratio was
confirmed by 1H NMR. DCM (60 mL) was added up to the
mark (vide supra) and the solution was stirred at 0 8C for
15 h. The solution was then concentrated in vacuo and the
ratio 8:20 of the amines not bound by the polymer was
determined by 1H NMR.

In each case the ratio’s were determined by comparing the
integration of the following peaks.

1H NMR (CDCl3, 300 MHz): dH a-methyl benzylamine 20,
4.27 (1H, q, J¼6.5 Hz, CH3CHN); (1R,5R)-trans-carvyl
amine 8, 5.40 (1H, m, vCHR) and/or 4.67 (2H, 2s, vCH2)

Competitive binding of equimolar amounts of 8 and 20 by
polymers A1p, A4p and Rp in DCM

Polymer A1p A4p Rp

Molar ratio 8:20
left in solution after 15 h

47:53 44:56 53:47

3.9. General method for polymer regeneration

Polymers were regenerated after the binding studies. The
apparatus used was the same as for the binding studies. The
polymer was washed with DCM (2£60 mL/1 h/0 8C) to
remove any excess n-PrNH2 and then stirred with
HCl:diethyl ether (60 mL/1 h/0 8C) to regenerate the acid
sites. The polymer was washed with ether (3£60 mL),
methanol (n£60 mL until pH neutral) and DCM (2£60 mL).
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3.10. General procedure for the reaction of a-pinene
oxide 6 with polystyrenedivinylbenzene MIPs in toluene

a-Pinene oxide 6 was added to a stirred suspension of the
polystyrene–divinylbenzene MIP (1 equiv.) in toluene
(0.015 M to 6) at room temperature. An example of the
reaction scale is a-pinene oxide 6 (22.9 mg, 24 mL,
0.15 mmol, 1 equiv.), A1p (913 mg, 0.15 mmol, 1 equiv.),
and toluene (10.0 mL). The reaction was stirred for 1 h and
analysed by GC comparison with authentic samples. The
polymer was then filtered off, washed with DCM (3£10 mL)
and the filtrate concentrated in vacuo and analysed by 1H
and 13C NMR.

3.11. General procedure for the reaction of a-pinene
oxide 6 with polystyrene–divinylbenzene MIPs in
methanol

a-Pinene oxide 6 was added to a stirred suspension of the
polystyrene–divinylbenzene MIP (1 equiv.) in methanol
(0.015 M to 6) at room temperature. An example of the
reaction scale is a-pinene oxide 6 (22.9 mg, 24 mL,
0.15 mmol, 1 equiv.), A1p (913 mg, 0.15 mmol, 1 equiv.),
and methanol (10.0 mL). The reaction was stirred for 1 h
and analysed by GC comparison with authentic samples.
The polymer was then filtered off, washed with DCM
(3£10 mL) and the filtrate concentrated in vacuo and
analysed by 1H and 13C NMR.

3.12. General procedure for the reaction of a-pinene
oxide 6 with polystyrene–divinylbenzene MIP’s in DMF

a-Pinene oxide 6 was added to a stirred suspension of the
polystyrene – divinylbenzene MIP (1 equiv.) in DMF
(0.015 M to 6) at room temperature. An example of the
reaction scale is a-pinene oxide 6 (22.9 mg, 24 mL,
0.15 mmol, 1 equiv.), A1p (913 mg, 0.15 mmol, 1 equiv.),
and DMF (10.0 mL). The reaction was stirred until
consumption of all the starting material was observed by
GC comparison with authentic samples (3–7.5 h). The
polymer was then filtered off, and washed with DCM
(3£10 mL). The organic layer was washed with distilled
water (5£10 mL), dried over MgSO4(s), concentrated in
vacuo and analysed by 1H and 13C NMR.

3.13. Solution reactions of p-TSA monohydrate with
a-pinene oxide 6

a-Pinene oxide 6 (24 mL, 0.15 mmol, 1 equiv.) was added
to a stirred solution of p-toluenesulfonic acid (28.5 mg,
0.15 mmol, 1 equiv.) in toluene (10.0 mL) and the reaction
stirred at room temperature for 1 h and analysed by GC
comparison with authentic samples.

3.13.1. 2-Methyl-5-(1-methylethenyl)-2-cyclohexen-1-ol,
or trans-carveol 5.23 Rf 0.3 (SiO2, 20% EtOAc:petrol 40–
60 8C); 1H NMR (CDCl3, 400 MHz): dH 5.59 (1H, dm,
J¼5.5 Hz), 4.11 (1H, s), 4.09 (1H, s), 4.02 (1H, s(br)), 2.32
(1H, m), 2.14 (1H, dm, J¼13.5 Hz), 2.03–1.55 (4H, m),
1.80 (3H, s), 1.75 (3H, s); 13C NMR (CDCl3, 100 MHz): dC

149, 134.3, 125.4 109.0, 68.6, 36.7, 35.2, 31.0, 20.9. IR
(neat): ñmax 3333 (s, OH), 3082 (w), 2966 (s), 2916 (s), 1645
(m, CvC), 1438 (s), 1375 (m), 1264 (m), 1156 (m), 1164

(m), 1054 (s), 1032 (s), 962 (s), 944 (m), 887 (s); LRMS
(EIMS) m/z: 152 [Mþ.], 109, 84, 69, 54, 38.

3.13.2. (2,2,4-Trimethyl-cyclopent-3-enyl)-acetaldehyde,
or campholenic aldehyde 10.24 Rf 0.7 (SiO2, 20%
EtOAc:petrol 40–60 8C). 1H NMR (CDCl3, 400 MHz): dH

9.80 (1H, t, J¼2.5 Hz), 5.29 (1H, m), 2.55–2.25 (4H, m),
1.89 (1H, m), 1.61 (3H, d(br), J¼2.5 Hz), 1.00 (3H, s), 0.79
(3H, s); 13C NMR (CDCl3, 100 MHz): dC 201.8, 147.8,
121.5, 46.8, 45.0, 44.3, 35.4, 25.5, 19.9, 12.5. IR (neat): ñmax

3038 (w), 2957 (s), 2716 (w, CHO), 1726 (s, CvO), 1463
(m), 1437 (w), 1384 (w), 1362 (m), 1016 (w), 794 (m);
LRMS (EIMS) m/z: 152 [Mþ.], 108, 93, 82, 67, 57.

3.13.3. 4,4,7-Trimethyl-6-oxa-bicyclo[3.2.1]oct-3-ene
11.25 Rf 0.7 (SiO2, 20% EtOAc:petrol 40–60 8C); 1H
NMR (CDCl3, 500 MHz): dH 5.16 (1H, m), 3.95 (1H, d,
J¼5.0 Hz), 2.22–2.19 (2H, m), 2.18 (1H, dd, J¼10.5,
5.0 Hz), 2.10 (1H, m,), 1.80 (1H, d, J¼10.5 Hz), 1.67 (3H,
m), 1.28 (3H, s), 1.16 (3H, s); 13C NMR (CDCl3, 75 MHz):
dC 139.5, 120.2, 82.7, 76.6, 41.8, 34.5, 30.4, 30.3, 25.4,
21.4. IR (neat): ñmax 2968 (s), 2874 (m), 2840 (m), 1441
(m), 1358 (m), 1297 (w), 1209 (m), 1114 (m), 1033 (m),
1006 (s); LRMS (CI) m/z: 153 [MþH]þ, 135, 107, 93.

3.13.4. 6,6-Dimethyl-2-methylene-bicyclo[3.1.1]heptan-
3-ol, or trans-pinocarveol 12.26 Rf 0.3 (SiO2, 20%
EtOAc:petrol 40–60 8C); 1H NMR (CDCl3, 400 MHz): dH

4.97 (1H, s), 4.80 (1H, s), 4.40 (1H, d, J¼7.5 Hz), 2.49 (1H,
t, J¼5.5 Hz), 2.36 (1H, m), 2.22 (1H, d, J¼14.5, 7.5 Hz),
1.97 (1H, m), 1.82 (1H, dd, J¼14.5, 4.0 Hz), 1.69 (1H, d,
J¼10 Hz), 1.25 (3H, s), 0.62 (3H, s); 13C NMR (CDCl3,
75 MHz): dC 156.3, 111.8, 67.2, 51.0, 40.8, 40.2, 34.9, 28.6,
26.3, 21.5. IR (neat): ñmax 3383 (s, b, OH), 3071 (w), 2974
(s), 2921 (s), 2869 (s), 1646 (m, CvC), 1452 (m), 1384 (s),
1387 (m), 1340 (w), 1296 (m), 1145 (m), 1106 (w), 1086
(w), 1022 (m), 1002 (m), 895 (m); LRMS (CI) m/z: 153
[MþH]þ, 135, 107 93, 79.

3.13.5. (2,2,3-Trimethyl-cyclopent-3-enyl)-acetaldehyde
dimethyl acetal, or campholenic aldehyde dimethyl
acetal 14.27 Rf 0.5 (SiO2, 20% EtOAc:petrol 40–60 8C);
mp (petrol 30–40 8C/EtOAc): 76–78 8C; 1H NMR (CDCl3,
400 MHz): dH: 5.23 (1H, m), 4.43 (1H, dd, J¼7.5, 4.0 Hz),
3.34 (3H, s), 3.31 (3H, s), 2.31 (1H, m), 1.90–1.76 (3H, m),
1.61 (3H, d, J¼1.5 Hz), 1.54 (1H, m), 0.99 (3H, s), 0.76
(3H, s). 13C NMR (CDCl3, 100 MHz) dC/ppm: 148.5, 121.7,
104.0, 53.0, 52.0, 46.8, 45.9, 35.5, 32.8, 25.6, 19.7, 12.7. IR
(neat): ñmax 3036 (w), 2953 (s), 2830 (m), 1464 (m), 1382
(m), 1361 (m), 1193 (w), 1138 (m), 1124 (s), 1059 (s), 1016
(m), 965 (m), 937 (w), 795 (m); LRMS (FABS) m/z: 198
[M]þ, 133.

3.13.6. 5-(1-Methoxy-1-methyl-ethyl)-2-methyl-cyclo-
hex-2-enol, or Sobrerol-monomethyl ether 15.28 Rf 0.1
(SiO2, 20% EtOAc:petrol 40–60 8C); 1H NMR (CDCl3,
400 MHz): dH 5.57 (1H, dm, J¼5.0 Hz), 4.01 (1H, m), 3.19
(3H, s), 2.04–1.89 (3H, m), 1.78 (3H, s), 1.74 (1H, s(br)),
1.38 (1H, td, J¼13.0, 4.0 Hz), 1.1 (6H, s); 13C NMR
(CDCl3, 100 MHz) dC 134.3, 125.4, 76.2, 68.5, 48.7, 35.3,
32.7, 27.0, 22.4, 22.1, 20.9. IR (neat): ñmax 3394 (s, b, OH),
2970 (s), 2919 (s), 1456 (m), 1380 (m), 1364 (m), 1252 (w),
1158 (m), 1140 (m), 1075 (s), 1035 (m), 961 (w), 805 (w).
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3.13.7. trans-2-Methyl-5-(1methoxy,1-methylethyl)-2-
cyclohexenmethyl ether, or Sobrerol dimethyl ether
16.29 Rf 0.4 (SiO2, 20% EtOAc:petrol 40–60 8C); 1H
NMR (CDCl3, 400 MHz): dH 5.59 (1H, m), 3.50 (1H, m),
3.40 (3H, s), 3.19 (3H, s), 2.11 (1H, dd, J¼15.5, 2.0 Hz),
1.98 (2H, m), 1.76 (3H, d, J¼1.5 Hz), 1.761.69 (2H, m),
1.12 (3H, s), 1.11 (3H, s); 13C NMR (CDCl3, 100 MHz): dC

133.2, 125.8, 79.7, 76.1, 57.1, 48.6, 34.7, 27.2, 26.8, 22.7,
22.5, 21.0. IR (neat): ñmax 2972 (s), 2921 (s), 2834 (s), 1455
(m), 1381 (m), 1384 (m), 1333 (w), 1250 (m), 1189 (m),
1157 (m), 1140 (m), 1078 (s), 914 (m), 807 (w).

3.13.8. 1,7,7-Trimethyl-6-exo-methoxy bicyclo[2.2.1]-
heptan-2-endo-ol 17. Rf 0.3 (SiO2, 20% EtOAc:petrol
40–60 8C); 1H NMR (CDCl3, 500 MHz): dH 4.79 (1H, d,
J¼10.5 Hz, OH), 4.02 (1H, m), 3.79 (1H, dt, J¼9.5, 3.0 Hz),
3.32 (3H, s), 2.38 (1H, m), 2.27 (1H, m), 1.73 (1H, t,
J¼5.0 Hz), 1.32 (1H, dd, J¼13.0, 3.5 Hz), 1.20 (1H, dd,
J¼13.5, 4.0 Hz), 1.03 (3H, s), 0.80 (3H, s), 0.81 (3H, s); 13C
NMR (CDCl3, 75 MHz): dC 89.9, 79.0, 58.2, 50.1, 48.8,
43.2, 39.8, 36.0, 20.0, 19.7, 12.1. IR (neat): ñmax 3483 (s,
OH), 2986 (m), 2952 (s), 2877 (m), 1450 (m), 1369 (m),
1298 (w), 1190 (m), 1230 (s), 1190 (m), 1130 (s), 1086 (s),
1062 (m), 1004 (w), 970 (w), 899 (w).

3.13.9. 5-Isopropylidene-2-methyl-cyclohex-2-enol 19. Rf

0.4 (SiO2, 20% EtOAc:petrol 40–60 8C); 1H NMR (CDCl3,
500 MHz): dH 5.47 (1H, m), 3.97 (1H, m), 2.85 (1H, d(br),
J¼20 Hz), 2.65 (1H, dd, J¼13.5, 4.0 Hz), 2.31 (1H, dm,
24 Hz), 1.77 (3H, m), 1.71 (3H, s), 1.66 (3H, s), 1.44 (1H,
s(br)); 13C NMR (CDCl3, 100 MHz): dc 135.9, 125.8, 124.3,
123.1, 70.4, 35.9, 29.8, 20.4, 20.2, 19.9. IR (neat): ñmax 3257
(s, OH), 3160 (m), 2966 (m), 2935 (m), 2884 (m), 1607 (w),
1436 (w), 1366 (w), 1320 (w), 1058 (w), 1014 (s), 912 (w),
803 (w); LRMS (FABS) m/z: 152 [M]þ, 149, 133, 107.
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Abstract—A theoretical study of photoinduced ring-isomerization of 3-amino-5-methyl- and 3-amino-5-phenyl-1,2,4-oxadiazoles is
reported. The results well agree with the reported experimental data: in particular, they explain the ring-photoisomerization into the
corresponding 2-amino-1,3,4-oxadiazoles through a ring contraction-ring expansion route; moreover, the occurrence of competing pathways
involving both the ring contraction and the internal cyclization–isomerization mechanism during irradiation of the 5-alkyl substituted
substrates in the presence of a base has been also substantiated.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Photoinduced ring rearrangements of five-membered
heterocycles represent a wide class of reactions that
received a lot of attention both for the development of
synthetic procedure and the description of their mechan-
isms.1 – 3 Among these, two generally observed pathways
are represented by (i) the ring contraction-ring expansion
mechanism, which explains the interchange of two adjacent
ring atoms and involves a three-membered ring inter-
mediate, and (ii) the internal cyclization–isomerization
route (also named ‘electrocyclic ring closure-heteroatom
migration’ route), which involves an initial bicyclic isomer
(the Dewar isomer) through the formation of a bond
between positions 2 and 5 of the starting ring, followed by
a sigmatropic shift to form the rearranged ring (Scheme 1).
A general scheme which is a combination of the two
pathways above has also been proposed; furthermore, a
‘zwitterion-tricyclic’ route in sulfur containing hetero-
cycles, and a ‘fragmentation–addition’ route have been
also recognized.2

For a given heterocycle, competing pathways involving
both ring contraction and internal cyclization have been
documented, and they have been shown to depend on the
structure of the starting ring and on the photoreaction
medium.4,5 In some cases, e.g. in the isothiazole series the
occurrence of the above competing pathways was also

affected by the presence of a base such as triethylamine
(TEA) in the irradiation medium.5

A theoretical approach has been used to rationalize many of
these photochemical isomerizations. In this respect, we
recently proposed a unified description by using semi-
empirical calculations,6 – 9 in some case also confirmed by
ab initio studies.10 – 13 By this description, a singlet excited
state of a heterocyclic molecule will decay into the
corresponding triplet state or into the corresponding
Dewar isomer, depending on energetic factors. The Dewar
isomer will develop into the internal cyclization–isomer-
ization route; in turn, the triplet state will develop through
cleavage of the weakest bond of the ring (generally, the
X–Ca bond, where X is a heteroatom of the ring) giving
open-chain products or ring contraction products, and then
the corresponding ring expansion isomer.

In the frame-work of our general project on the

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.02.007
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Scheme 1. The photoisomerization of five-membered heterocyckes.
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photoreactivity of O–N bond containing azoles, we
previously described14 the occurrence of ring photo-
rearrangement of 1,2,4-oxadiazoles into 1,3,4-oxadiazoles
which was found to be restricted to oxadiazoles containing
an XH group at C(3) of the ring in one hand, and favored by
the presence of a base in the irradiation medium, in the
other.15 On this basis, tautomeric or acid–base equilibria in
the starting oxadiazole or in the intermediates are supposed
to be involved during the transformation, which was framed
in the ring contraction-ring expansion pattern. Experimental
observations on 3-amino-5-phenyl-1,2,4-oxadiazole
showed that the yield of photorearranged 2-amino-1,3,4-
oxadiazole was enhanced when irradiation was carried out
in the presence of a base (Scheme 2).15

By contrast, during the irradiations of some 3-amino-5-
alkyl-1,2,4-oxadiazoles, the occurrence of two competing
photorearrangements has been recently revealed (see
Scheme 3):16 in methanol, the ring contraction-ring
expansion was the only process involved, whereas, in the
presence of triethylamine (TEA) as a base, both ring
contraction-ring expansion and internal cyclization–iso-
merization routes were observed (the latter reported for the
first time in the oxadiazole series leads to a ring-degenerate
photoisomerization).

Irradiations performed on the corresponding fluorinated
analogues showed the same trend of photoreactivity:
3-amino-5-perfluoroalkyl- and 3-amino-5-pentafluoro-
phenyl-1,2,4-oxadiazoles behaved differently towards the
ring-phototransformation process.17

To gain some information on the substituent effect and to
test the validity of the above-described hypothesis for more
complex heterocycles, we have now performed a compu-
tational survey on the 3-amino-5-methyl-1,2,4-oxadiazole
(model compound for 5-alkyl derivatives) and on 3-amino-
5-phenyl-1,2,4-oxadiazole (model compound for 5-aryl
derivatives) considering all the possible species that could
be involved in the very first steps of the photoreaction.
Taking into account previous results using this theoretical
approach, we investigated the ground and the lowest triplet

state of the substrate, the triplet biradicals that result from
the homolytic cleavage of O(1)–N(5) and O(1)–C(5) bonds
(the former being the species supposed to occur in the
isomerization process leading to the formation of diazirine
intermediates and therefore of the 1,3,4-oxadiazoles).†

Moreover, the Dewar isomers of 3-amino-5-methyl-
(phenyl)-1,2,4-oxadiazoles (precursors of the ring-
degenerate isomers) in their singlet state have been also
considered. To simulate irradiations in the presence of TEA,
all the above mentioned species have been also treated in
their deprotonated forms.

2. Results and discussion

2.1. General methodology

We performed ab initio calculations using 6-31G** basis set
on Gaussian 98, using UHF method.18 The calculations
were usually done using Møller-Plesset perturbations
(MP2). The Polak–Ribiere algorithm with gradient calcu-
lations was adopted for geometry optimizations. The open-
shell states were treated at the same level of accuracy as the
closed state states. We verified that the obtained structures

Scheme 2. Photoisomerization of 5-aryl-3-amino-1,2,4-oxadiazoles.s.

Scheme 3. Photoisomerization of 5-alkyl-3-amino-1,2,4-oxadiazoles.

Figure 1. Structures of possible intermediates in the photochemical
isomerization of 3-amino-5-methyl-1,2,4-oxadiazole.

† The O(1) –N(2) bond cleavage has been recognized in several
phorotransformation of O–N bond containing heterocycles such as
1,2,4-oxadiazoles or isoxazoles, however, we choose to include 1,5-
biradical [from O(1)–C(5) bond cleavage] in our calculations for a
complete comparison of potential species involved.
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were minima on the potential energy surfaces calculating
the frequencies of the optimized structures.

2.2. 3-Amino-5-methyl-1,2,4-oxadiazole

Structures referring to the 3-amino-5-methyl-1,2,4-oxa-
diazole are illustrated in Figure 1; the relative energy
profile referring to these structures is reported in Figure 2;
energy values and geometrical data (bond distances and
angles) are reported in Tables 1 and 2. In the ground state
the substrate shows bond lengths in agreement with the
aromatic character of the molecule: N2–C3 and N4–C5

resemble double bonds, C5–O1 as well as O1–N2 shows an
intermediate length between a single and a double bond,
C3–N4 resembles a single bond. In the triplet state N2–C3,
N4–C5, and C5–O1 appear to be single bonds while C3–N5

has the length of a double bond. The triplet state of 3-amino-
5-methyl-1,2,4-oxadiazole showed a p,p)p character with
the LSOMO at 26.32 eV and the HSOMO at 23.86 eV.
The 1,2 biradical is a p,pp triplet with the LSOMO at
26.68 eV and the HSOMO at 26.50 eV. Furthermore, the
1,5 biradical is a p,pp triplet with the LSOMO at 25.24 eV
and the HSOMO at 24.71 eV. It is clear from the energy
diagram (Fig. 2) that the formation of the triplet species is
significantly favored over the formation of the Dewar
isomer; furthermore the formation of the 1,2-biradical is
strongly favored with respect to the formation of the 1,5-
biradical, and this drives the reaction towards the formation
of the 1,3,4-oxadiazole product.

2.3. Deprotonated 3-amino-5-methyl-1,2,4-oxadiazole

The same kind of calculations were performed on the
conjugated bases of the species described above. In the
presence of a base, in fact, we could observe the formation
of the corresponding conjugated bases of all the possible
intermediates in the photochemical reaction. However it is
not possible to exclude that the base is involved in the acid–
base equilibria of one of the intermediates or of the excited
states of the substrate rather than on the deprotonation of the
substrate in its ground state. The structural properties of this
compound are collected in Figure 3 and in Tables 1 and 2.

It is noteworthy that the structure of the triplet state strictly
resembles that of the ground state. The triplet state of the
conjugated base of 3-amino-5-methyl-1,2,4-oxadiazole
showed a p,pp character with the LSOMO at 25.82 eV

Figure 2. Relative energies of the species involved in the photoisomeriza-
tion of 3-amino-5-methyl-1,2,4-oxadiazole.

Table 1. Structural properties and energies of possible intermediates and their corresponding conjugated bases (c.b.) in the photochemical isomerization of
1,2,4-oxadiazole derivatives

Compounda Electr. state Structural element Relative energy
(kcal mol21)

O1–N2

(Å)
N2–C3

(Å)
C3–N4

(Å)
N4–C5

(Å)
C5–O1

(Å)
N2–C5

(Å)

3-Amino-5-methyl-1,2,4-oxadiazole S0 1.394 1.286 1.369 1.281 1.305 0
3-Amino-5-methyl-1,2,4-oxadiazole S1 86
3-Amino-5-methyl-1,2,4-oxadiazole T1 1.336 1.438 1.260 1.398 1.431 58
3-Amino-5-methyl-1,2,4-oxadiazole 1,2-biradical T1 – 1.352 1.305 1.410 1.186 9
3-Amino-5-methyl-1,2,4-oxadiazole 1,5-biradical T1 1.287 1.309 1.388 1.244 – 71
3-Amino-5-methyl-1,2,4-oxadiazole dewar T1 1.472 1.456 1.273 1.458 1.361 1.438 73
3-Amino-5-methyl-1,2,4-oxadiazole c.b. S0 1.352 1.404 1.334 1.357 1.441 0
3-Amino-5-methyl-1,2,4-oxadiazole c.b. S1 57
3-Amino-5-methyl-1,2,4-oxadiazole c.b. T1 1.352 1.406 1.334 1.357 1.442 64
3-Amino-5-methyl-1,2,4-oxadiazole c.b. 1,2-biradical T1 – 1.355 1.364 1.323 1.229 33
3-Amino-5-methyl-1,2,4-axadiazole c.b. 1,5-biradical T1 1.278 1.373 1.419 1.229 – 79
3-Amino-5-methyl-1,2,4-oxadiazole c.b. dewar S0 1.480 1.496 1.343 1.415 1.390 1.423 44
3-Amino-5-phenyl-1,2,4-oxadiazole S0 1.428 1.338 1.422 1.336 1.365 0
3-Amino-5-phenyl-1,2,4-oxadiazole T1 1.341 1.471 1.355 1.386 1.433 32
3-Amino-5-phenyl-1,2,4-oxadiazole 1,2-biradical T1 – 1.339 1.361 1.438 1.216 12
3-Amino-5-phenyl-1,2,4-oxadiazole 1,5-biradical T1 1.182 1.445 1.386 1.278 – 41
3-Amino-5-phenyl-1,2,4-oxadiazole dewar S0 1.628 1.484 1.331 1.538 1.379 1.545 61
3-Amino-5-phenyl-1,2,4-oxadiazole c.b. S0 1.428 1.338 1.422 1.336 1.365 0
3-Amino-5-phenyl-1,2,4-oxadiazole c.b. S1 98
3-Amino-5-phenyl-1,2,4-oxadiazole c.b. T1 2.008 1.360 1.413 1.370 1.260 56
3-Amino-5-phenyl-1,2,4-oxadiazole c.b. 1,2-biradical T1 – 1.367 1.387 1.408 1.226 7
3-Amino-5-phenyl-1,2,4-oxadiazole c.b. 1,5-biradical T1 1.234 1.404 1.434 1.212 – 70
3-Amino-5-phenyl-1,2,4-oxadiazole c.b. dewar S0 1.621 1.516 1.398 1.492 1.401 1.520 57

a c.b.¼conjugated base.
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and the HSOMO at 21.67 eV. The 1,2 biradical is a n,pp

triplet with the LSOMO at 25.35 eV and the HSOMO at
21.62 eV. Furthermore, the 1,5 biradical is a n,pp triplet
with the LSOMO at 23.59 eV and the HSOMO at
23.12 eV. The relative energies for the five above-
mentioned structures are shown in Figure 4 and Table 1.
It is evident that the excitation of the oxadiazole anion to its
singlet state is favored compared to the excitation of the

neutral form. The more interesting data, however, come
from the possible evolution pattern of the first formed S1

excited state. In facts, the intersystem crossing S1!T1 has a
small barrier (,7 kcal/mol) and the formation of the 1,3,4-
oxadiazole through the more stable 1,2-biradical is slowed
down. On the other hand, the formation of the Dewar isomer
is favored over the intersystem crossing (i.s.c.) to the T1

state and, as confirmed by experimental results, the ring-
degenerate isomerization through the internal cyclization–
isomerization route starts competing with the ring contrac-
tion-ring expansion pathway.

2.4. 3-Amino-5-phenyl-1,2,4-oxadiazole

To justify the absence of the above competing pathways in
the reactivity of 5-aryl derivatives, similar calculations have

Table 2. Other structural properties of possible intermediates and their corresponding conjugated bases (c.b.) in the photochemical isomerization of 1,2,4-
oxadiazole derivatives

Compounda Angle (8)
1–2–3 2–3–4 3–4–5 4–5–1 5–1–2 2–5–4 3–2–5 5–2–1 1–5–2 2–5–6

3-Amino-5-methyl-1,2,4-oxadiazole S0 102.45 114.9 101.67 113.85 107.13
3-Amino-5-methyl-1,2,4-oxadiazole T1 102.78 115.52 105.33 107.56 108.78
3-Amino-5-methyl-1,2,4-oxadiazole 1,2-diradical 71.65 121.72 121.31 121.6 58.94
3-Amino-5-methyl-1,2,4-oxadiazole 1,5-diradical 114.52 128.44 122.24 78.57 88.40
3-Amino-5-methyl-1,2,4-oxadiazole dewar 99.04 101.57 84.98 109.99 60.87 93.94 79.45 55.74 63.39 127.33
3-Amino-5-methyl-1,2,4-oxadiazole c.b. S0 104.05 113.58 105.54 108.28 108.05
3-Amino-5-methyl-1,2,4-oxadiazole c.b. T1 104.08 113.49 105.61 108.26 108.06
3-Amino-5-methyl-1,2,4-oxadiazole c.b. 1,2-biradical 80.03 127.31 118.76 129.86 84.05
3-Amino-5-methyl-1,2,4-oxadiazole c.b. 1,5-biradical 115.53 120.45 122.21 79.00 89.86
3-Amino-5-methyl-1,2,4-oxadiazole c.b. dewar 100.42 96.9 85.80 112.92 59.34 97.08 80.07 57.19 63.47 126.18
3-Amino-5-phenyl-1,2,4-oxadiazole S0 107.28 108.74 106.89 110.47 106.61
3-Amino-5-phenyl-1,2,4-oxadiazole T1 107.50 108.32 107.50 109.36 107.33
3-Amino-5-phenyl-1,2,4-oxadiazole 1,2-biradical 66.72 123.17 125.57 115.61 56.03
3-Amino-5-phenyl-1,2,4-oxadiazole 1,5-biradical 122.70 128.96 126.97 77.42 83.78
3-Amino-5-phenyl-1,2,4-oxadiazole dewar 101.98 95.82 92.27 107.28 61.16 85.64 86.18 51.54 67.42 130.09
3-Amino-5-phenyl-1,2,4-oxadiazole c.b. S0 107.28 108.74 106.89 110.47 106.61
3-Amino-5-phenyl-1,2,4-oxadiazole c.b. T1 93.22 117.55 111.50 117.96 99.77
3-Amino-5-phenyl-1,2,4-oxadiazole c.b. 1,2-biradical 69.67 118.02 124.58 120.14 47.31
3-Amino-5-phenyl-1,2,4-oxadiazole c.b. 1,5-biradical 121.51 123.40 139.01 50.95 76.63
3-Amino-5-phenyl-1,2,4-oxadiazole c.b dewar 103.27 92.83 91.68 110.64 59.88 89.09 86.22 52.86 67.26 128.74

a c.b.¼conjugated base.

Figure 3. Structures of possible intermediates in the photochemical
isomerization of the conjugated base of 3-amino-5-methyl-1,2,4-oxadia-
zole.

Figure 4. Relative energies of the species involved in the photoisomeriza-
tion of the conjugated base of 3-amino-5-methyl-1,2,4-oxadiazole.
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been considered for the 3-amino-5-phenyl-1,2,4-oxadiazole.
At the ground state, this compound already showed some
different properties with respect to the corresponding
5-methyl derivative, its structure presenting a highly dienic
character (see Fig. 5 and Tables 1 and 2). In fact the N2–C3

and N4–C5 distances are intermediate between a single and
a double C–N bond, the C3–N4 and C5–O1 bonds show
typical distances for single bonds. In the triplet state the
structure is clearly deformed with some inverted
distances: in fact, the N2–C3 distance is similar to that of
a single C–N bond while C3–N4 showed an intermediate
distance between single and double C–N bond. Both S0

and T1 states of 3-amino-5-phenyl-1,2,4-oxadiazole are
planar.

The triplet state of 3-amino-5-phenyl-1,2,4-oxadiazole
showed a p,pp character with the LSOMO at 26.47 eV
and the HSOMO at 23.72 eV. The 1,2 biradical is a p,pp

triplet with the LSOMO at 26.57 eV and the HSOMO at
26.39 eV. On the contrary, the 1,5 biradical is a p,sp triplet
with the LSOMO at 24.70 eV and the HSOMO at
24.31 eV. The relative energies for the five above-
mentioned structures are shown in Figure 6 and Table 1.
Interestingly, the data are in strong agreement with the
experimental results: the singlet state (whose energy of
92 kcal/mol was obtained from the fluorescence spectrum)

could evolve to give both the Dewar isomer and the
corresponding triplet state; however, the formation of the
triplet state is strongly favored and the ring-degenerate
isomerization from the Dewar species is not observed.

2.5. Deprotonated 3-amino-5-phenyl-1,2,4-oxadiazole

The structural properties of the conjugated bases of all the
possible intermediates in the irradiation of 3-amino-5-
phenyl-1,2,4-oxadiazole are collected in Figure 7 and in
Tables 1 and 2. We can see that the triplet state is deformed
with the O1–N2 bond almost broken (and this will play a
significant role driving the reaction towards the formation of
the 1,2-biradical) and the C5–O1 bond similar to a double
C–O bond. The triplet state of the conjugated base of
3-amino-5-phenyl-1,2,4-oxadiazole showed p,sp character
with the LSOMO at 21.00 eV and the HSOMO at
20.11 eV. The 1,2 biradical is a p,pp triplet with the
LSOMO at 21.54 eV and the HSOMO at 20.50 eV.
Furthermore, the 1,5 biradical is a p,pp triplet with the
LSOMO at 20.38 eV and the HSOMO at 0.69 eV. The
relative energies for the five above-mentioned structures are
shown in Figure 8 and Table 1. These data also agree with
the experimental findings: the Dewar isomer and the triplet
state of the anion have almost the same energy, however, the
geometry of the triplet state (see above) and the significant
stability of the triplet 1,2-biradical, will drive the reaction
towards the formation of the 1,3,4-oxadiazole as the only
product.

3. Conclusion

Although the reactions have all been carried out in
methanol, which as a protic solvent will favor acid–base
equilibria and could stabilize the intermediates involved,
calculations performed on the model compounds in the gas
phase are in agreement with the experimental results
previously reported. For the 5-phenyl derivative, the

Figure 5. Structures of possible intermediates in the photochemical
isomerization of 3-amino-5-phenyl-1,2,4-oxadiazole.

Figure 6. Relative energies of the species involved in the photoisomeriza-
tion of 3-amino-5-phenyl-1,2,4-oxadiazole.
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computational study clearly explained the absence of the
internal cyclization–isomerization route due to a more
favored route through the formation of the 1,2-biradical
leading to the diazirine intermediate and therefore to the
1,3,4-oxadiazole as the only product. This appears valid
both for neutral and anionic forms. For the 5-methyl series,
the computational model on the neutral form still showed
that the ring contraction-ring expansion route is the
favoured one. In the presence of a base, instead, we witness
an inversion in the relative stability of the Dewar isomer and
the first triplet state intermediate; the formation of the more
stable 1,2-biradical still drives the reaction mainly towards
the formation of the 1,3,4-oxadiazole ring, but the formation
of the 1,2,4-oxadiazole regioisomer is now present as the
result of a more competitive process.

As a comment on the role of the base, the authors believe
that the involvement of the base in the deprotonation of the
excited state cannot be excluded: besides the process
described, a deprotonation of the oxadiazole excited state

can lead to the formation of the deprotonated anion that can
evolve into the final products.
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Abstract—We have described here the self-assembling properties of the synthetic tripeptides Boc-Ala(1)-Aib(2)-Val(3)-OMe 1, Boc-
Ala(1)-Aib(2)-Ile(3)-OMe 2 and Boc-Ala(1)-Gly(2)-Val(3)-OMe 3 (Aib¼a-amino isobutyric acid, b-Ala¼b-alanine) which have distorted
b-turn conformations in their respective crystals. These turn-forming tripeptides self-assemble to form supramolecular b-sheet structures
through intermolecular hydrogen bonding and other noncovalent interactions. The scanning electron micrographs of these peptides revealed
that these compounds form amyloid-like fibrils, the causative factor for many neurodegenerative diseases including Alzheimer’s disease,
Huntington’s disease and Prion-related encephalopathies.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Oligopeptides with appropriate conformations can self-
assemble to form many regular structures such as sheets,
ribbons, rods and tubes which have numerous applications
in biological and material sciences.1,2 For example, Ghadiri
and his coworkers have established that self-assembling
cyclic peptides form hollow nanotubes, which can act as
artificial ion channels and biosensors.3 Zhang and his
colleagues have shown that a self-assembling peptide
scaffold can serve as a substrate for neurite outgrowth and
synapse formation and this type of biologically compatible
scaffold is also important for tissue repair and tissue
engineering.4 Self-assembling peptides sometimes form
gels when they encapsulate solvent molecules under
suitable conditions.5 Very recently, Artzner and his
co-workers have demonstrated that self-assembly of a
synthetic therapeutic octapeptide, Lanreotide, leads to the
formation of supramolecular b-sheets which upon further
self-assembly ultimately form monodisperse nanotubes in
water with diameters that are tunable by suitable modifi-
cations in the molecular structure.6 Higher order molecular
self-assembly of a peptide into a b-sheet structure is not
only important for designing biomaterials, but also useful in
studying pathogenesis of certain age-related disease causing
fibrils where self-assembly of mis-folded proteins or protein
fragments leads to the formation of the aggregated mass that

is known as amyloid fibrils.7 The supramolecular b-sheet
stabilization and consequent insoluble amyloid plaque
formation are associated with several neurodegenerative
diseases including Alzheimer’s disease8 and Prion-protein
diseases.9 Sequences and three dimensional structures of
disease-causing amyloid proteins and/or protein fragments
are enormously varied. However, they self-assemble into
supramolecular b-sheets and consequently form protease
resistant amyloid fibrils and exhibit similar physicochemical
properties (viz.: congophilicity, binds to thioflavin T).10 The
therapeutic challenge in all forms of these fatal neuro-
degenerative diseases is to prevent amyloid fibril formation,
a goal that requires a detailed understanding of the path-
way(s) of b-sheet aggregation as well as fibrillation.
Recently, many research groups also have used self-
assembling, b-sheet forming peptides as amyloid fibril
inhibitors.11

Previously, we have demonstrated that short peptides with
extended backbone conformations can self-assemble to
form supramolecular b-sheet structures in crystals and
amyloid-like fibrils in the solid state.12 As Ab-peptides
(Amyloid b-peptide) contain many short loops and turn
conformations in their backbones,13 self-assembly of turn-
forming peptides is important for model studies. Recently,
Kirschner and his co-workers measured the powder
diffraction patterns of a solubilized and dried Ab31-35
sample and demonstrated that this peptide adopts an
intramolecular hydrogen bonded reverse-turn conformation
which is important for amyloid fibril formation and its
cytotoxicity.14 However, the crystal structures of model
peptides which form an intermolecularly hydrogen-bonded
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supramolecular b-sheet from a turn-forming semi-cyclic
peptide backbone are still rarely obtained. In our very recent
communication, we have demonstrated that a b-turn
forming peptide can form supramolecular b-sheet structure
through self-aggregation and can exhibit amyloid-like
fibrillar morphology in the solid state.15 Continuing our
research in this field, we report here the results of our studies
on three synthetic terminally blocked tripeptides, Boc-
Ala(1)-Aib(2)-Val(3)-OMe 1, Boc-Ala(1)-Aib(2)-Ile(3)-
OMe 2 and Boc-Ala(1)-Gly(2)-Val(3)-OMe 3 which all
adopt reverse turn conformations and self-assemble to form
supramolecular b-sheets in crystals and amyloid-like fibrils
in the solid state.

2. Results and discussion

Peptides 1 and 2 contain the centrally located confor-

mationally constrained Aib (a-aminoisobutyric acid) resi-
due together with hydrophobic Val (valine) and Ile
(isoleucine) residues at the C terminus and both adopt a
turn structure. In tripeptide 3, the centrally positioned Aib
has been substituted by the structurally very flexible Gly
(glycine) residue with the aim of investigating whether or
not peptide 3 forms the folded turn conformation. These
peptides were studied using X-ray crystallography, NMR,
scanning electron microscopy and optical microscopy.

Figure 1. (a) The structure of peptide 1 showing the atomic numbering scheme. Ellipsoids at 20% probability. The weak intramolecular hydrogen bond is
shown as a dotted line. (b) Molecular conformation of peptide 2 showing the atomic numbering scheme. The weak intramolecular hydrogen bond is shown as a
dotted line. Ellipsoids at 30% probability. (c) ORTEP diagram with atomic numbering scheme of the peptide 3. Thermal ellipsoids are shown at 30%
probability level. The weak intramolecular hydrogen bond is shown as a dotted line.

Table 1. Selected backbone torsion angles (8) of peptides 1, 2 and 3

Torsional angles Peptide 1 Peptide 2 Peptide 3

v0 169.6(7) 170.8(4) 173.9(6)
f1 258.1(9) 254.6(6) 255.6(9)
c1 146.7(6) 147.1(4) 139.6(6)
v1 170.6(6) 171.4(5) 171.0(6)
f2 60.1(9) 60.0(6) 72.7(8)
c2 30.8(9) 30.0(5) 19.1(10)
v2 170.8(6) 170.6(4) 175.9(6)
f3 263.8(8) 260.8(5) 256.7(8)
c3 143.7(7) 142.2(4) 137.9(8)

Table 2. Intra and intermolecular hydrogen bonding parameters of peptides
1, 2 and 3

D-H· · ·A H· · ·A (Å) D· · ·A (Å) D-H· · ·A (8)

Peptide 1
N10-H10· · ·O31 2.89 3.61 142
N4–H4· · ·O121a 2.33 3.10 150
N7–H7· · ·O91b 2.14 3.00 172
Peptide 2
N10–H10· · ·O3 2.77 3.48 141
N4–H4· · ·O112c 2.37 3.12 145
N7–H7· · ·O9d 2.16 3.02 172
Peptide 3
N10–H10· · ·O31 2.56 3.29 143
N4–H4· · ·O91e 2.29 3.03 145
N7–H7· · ·O91f 2.10 2.93 160

a Symmetry equivalent xþ0.5, yþ0.5, z.
b Symmetry equivalent x, 1þy, z.
c Symmetry equivalent 0.5þx, 0.5þy, z.
d Symmetry equivalent x, 1þy, z.
e Symmetry equivalent 12x, y20.5, 22z.
f Symmetry equivalent x21, y, z.
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2.1. X-ray crystallography

The molecular conformations of tripeptides Boc-Ala(1)-
Aib(2)-Val(3)-OMe 1, Boc-Ala(1)-Aib(2)-Ile(3)-OMe 2
and Boc-Ala(1)-Gly(2)-Val(3)-OMe 3 are shown in Figure
1(a)–(c), respectively. Figure 1 reveals that peptides 1, 2
and 3 adopt folded conformations corresponding to the
distorted b-turn structure. Backbone torsion angles for these
peptides 1, 2 and 3 are listed in Table 1. For peptides 1 and 3
there exists a very weak 4!1 hydrogen bond between Boc-
CO and Val (3) NH (N10· · ·O31, 3.61 and 3.29 Å for 1 and
3, respectively) and for peptide 2 the weak hydrogen bond is
between Boc-CO and Ile(3) NH (N10· · ·O3, 3.48 Å). These
hydrogen bonds are illustrated in Figure 1(a)–(c) and
dimensions are detailed in Table 2. In peptide 1 there are
two intermolecular hydrogen bonds (N7–H7· · ·O91 and
N4–H4· · ·O121) that are responsible for connecting indi-
vidual peptide molecules to form and stabilize the

Figure 2. Packing of b-turn conformations of peptide 1 along the
crystallographic b axis forming semi-cylindrical ribbon structure and
further self-assembly along the crystallographic a and b axes to form a two
dimensional monolayer b-sheet structure. Hierarchical self-assembly of
individual b-sheets along the c direction results in the formation of a highly
ordered cross b-sheet structure.

Figure 3. Two dimensional monolayer b-sheet structure obtained by the packing of individual b-turn conformations of peptide 2 along the crystallographic a
and b axes which on further self-assembly gives supramolecular cross b-sheet structure along the c direction.

Figure 4. Self-assembly of peptide 3 in the b-turn conformation to form supramolecular b-sheet structure in crystal. (a) the b-turn building block, (b) packing
of b-turn conformations along the crystallographic a axis forming semi-cylindrical ribbon structure, (c) and (d) the spacing of b-turn conformation along
crystallographic b axis through intermolecular hydrogen bonds to form corrugated sheet like structures, (e) packing of individual b-sheets along the
crystallographic c axis by van der Waals interactions forming highly ordered b-sheet structure in crystal.
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supramolecular monolayer sheet assembly along the crystal-
lographic b and a axes, respectively. These b-sheets are
regularly stacked via van der Waals interactions as shown
by the projection of the unit cells in the c direction to form
the complex quaternary sheet structure (Fig. 2). The
hydrogen bonding parameters of peptide 1 are listed in
Table 2. In peptide 2, the b-turn building blocks are
aggregated via two unique intermolecular hydrogen bonds
N7–H7· · ·O9 and N4–H4· · ·O112 (Table 2) along the b and
a axes respectively to form two-dimensional sheet-like
structures which on further self-assembly form a supra-
molecular b-sheet structure via van der Waals interactions
in the c direction (Fig. 3). Figure 4 schematically illustrates
the stepwise b-sheet formation for peptide 3. Each turn-like
conformation (Fig. 4(a)) self-assembles via an inter-
molecular hydrogen bond (N7–H7· · ·O91) to form a semi-
cylindrical ribbon structure along the short crystallographic
a axis (Fig. 4(b)). These ribbons are connected along the
screw axis parallel to b via intermolecular hydrogen bonds
N4–H4· · ·O91 to form two-dimensional corrugated sheet-
like structures (Fig. 4(c)) which are regularly stacked via
van der Waals interactions as shown by the projection of the
unit cells in the c direction to form a supramolecular b-sheet
structure (Fig. 4(e)). Hydrogen bonding data for peptide 3
are also listed in Table 2. Crystal data for these three
peptides are detailed in Table 3.

2.2. Morphology of peptides

The scanning electron microscope (SEM) was used for the
morphological studies of these peptides. The SEM image of
peptide 1 obtained from dried fibrous materials (which were
grown slowly from methanol–water mixture) clearly shows
that the aggregate in the solid state is a bundle of long
filaments (Fig. 5). The SEM images (Figs. 6 and 7) of the
dried fibrous materials (which were grown slowly from a
methanol–water mixture) of peptides 2 and 3 exhibit that
the aggregates in the solid state have amyloid-like fibrillar
morphology.16 Moreover, the time-dependent optical
microscopic studies of peptide 1 in chloroform solution
clearly indicates that these fibrils were grown from

Table 3. Crystal and data collection parameters of peptides 1, 2 and 3

Peptide 1 Peptide 2 Peptide 3

Empirical formula C18H33N3O6 C19H35N3O6 C16H29N3O6

Crystallizing solvent Dimethylsulphoxide Methanol–water Ethyl acetate
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2 C2 P21

a(Å) 19.349(25) 19.345(22) 6.112(12)
b(Å) 6.094(10) 6.068(8) 12.515(14)
c(Å) 19.438(25) 20.323(21) 13.357(14)
a(8) (90) (90) (90)
b(8) 101.34(1) 101.27(1) 102.89(1)
g(8) (90) (90) (90)
U(Å3) 2248 2339 997
Z 4 4 2
Mol. wt. 387.5 401.5 359.4
Density (calcd, Mg/mm3) 1.145 1.140 1.197
Unique data 3758 4115 3152
Observed reflns. (I.2s (I)) 2347 2132 1246
R 0.1059 0.0736 0.0858
wR2 0.2440 0.1776 0.2554

Figure 5. SEM image of peptide 1 showing a bunch of rod-like fibrils in the
solid state.

Figure 6. Typical SEM image of peptide 2 in the solid state.

Figure 7. SEM image of peptide 3 exhibits filamentous fibrillar
morphology in solid state.

S. K. Maji et al. / Tetrahedron 60 (2004) 3251–3259 3255



relatively smaller protofibrils (Fig. 8(a)), which ultimately
form higher order mature fibrils (Fig. 8(b)), a characteristic
feature of amyloid fibril formation.7b,d,17 These fibrils
obtained from peptides 1, 2 and 3 were stained with a
physiological dye, Congo red, and exhibit distinct green-
gold birefringence under polarized light (Fig. 9). These
results are consistent with Congo red binding to an amyloid
b-sheet fibrillar structure.10

3. Conclusion

In spite of having different sequences and compositions, all
three reported peptides adopt a distorted b-turn confor-
mation in their crystal structures. Moreover, these turn-
forming peptides self-associate to form supramolecular
b-sheet structures via non-covalent interactions including
intermolecular hydrogen bonds, in which all the hydrogen
bonds are formed between the peptide linkages. These turn-
forming peptides also form amyloid-like fibrils upon further
self-aggregation, as is evident from the characteristic Congo
red binding studies and observing the typical birefringence
of these fibrils under a cross polarizer. So, these peptides
represent a good model system for self-assembling b-sheets
from turn-forming model synthetic peptides. These results
have also established that the unconventional folded,
b-turn-like structure (apart form the conventional extended
backbone conformations) is a competent subunit for

supramolecular b-sheets and amyloid-like fibrils in short
model peptides.

4. Experimental

4.1. Peptide synthesis

The tripeptides were synthesized by conventional solution
phase methods using racemization-free fragment conden-
sation strategy.18 The Boc group was used for N-terminal
protection and the C terminus was protected as a methyl
ester. Couplings were mediated by dicyclohexylcarbodi-
imide-1-hydroxybenzotriazole (DCC/HOBt). All inter-
mediates have been characterized by 1H NMR (300 MHz)
and thin layer chromatography (TLC) on silica gel and used
without further purification. The final products were purified
by column chromatography using silica (100–200-mesh
size) gel as stationary phase and ethyl acetate as eluent.
Purified final compounds have been fully characterized by
300 MHz 1H NMR spectroscopy.

4.1.1. Boc-Ala-OH (4). A solution of Ala (3.56 g, 40 mmol)
in a mixture of dioxan (80 mL), water (40 mL) and 1 M
NaOH (40 mL) was stirred and cooled in an ice-water bath.
Di-tert-butylpyrocarbonate (9.6 g, 44 mmol) was added and
stirring was continued at room temperature for 6 h. Then the
solution was concentrated in vacuum to about 40–60 mL,
cooled in an ice water bath, covered with a layer of ethyl-
acetate (about 50 mL) and acidified with a dilute solution of
KHSO4 to pH 2–3 (congo red). The aqueous phase was
extracted with ethyl acetate and this operation was done
repeatedly. The ethyl acetate extracts were pooled, washed
with water and dried over anhydrous Na2SO4 and evapo-
rated in vacuum. Pure material was obtained as white solid.

Yield¼7.308 g (36 mmol, 90%). Mp 85 8C. Anal. Calcd for
C8H15NO4 (189): C, 50.79; H, 7.94; N, 7.40. Found: C,
50.62; H, 7.77; N, 7.52.

4.1.2. Boc-Ala(1)-Aib(2)-OMe (5). A sample of Boc-Ala-
OH (4.54 g, 24 mmol) was dissolved in dichloromethane
(DCM) (40 mL) in an ice-water bath. H-Aib-OMe was
isolated from the corresponding methyl ester hydrochloride
(3.36 g, 48 mmol) by neutralization and subsequent extrac-
tion with ethyl acetate and the ethyl acetate extract was
concentrated to 20 mL. This was added to the reaction
mixture, followed immediately by di-cyclohexylcarbodi-
imide (DCC) (4.94 g, 24 mmol). The reaction mixture was
allowed to come to room temperature and stirred for 24 h.
DCM was evaporated, and the residue was taken up in ethyl
acetate (30 mL), and dicyclohexylurea (DCU) was filtered
off. The organic layer was washed with 2 M HCl
(3£30 mL), brine, 1 M sodium carbonate (3£30 mL) and
brine (2£30 mL) and dried over anhydrous sodium sulfate,
and evaporated in vacuum to yield 5 as waxy solid.

Yield¼5.48 g (19 mmol, 79.17 %). 1H NMR (CDCl3,
300 MHz, d ppm): 6.77 [Aib(2)NH, 1H, s]; 5.06 [Ala(1)
NH, 1H, d]; 4.16 [CaHs of Ala(1), 1H, t]; 3.73 [–OCH3, 3H,
s]; 1.54 [CbH3 s of Aib, 6H, s]; 1.45 [Boc-CH3 s, 9H, s];
1.35 [CbHs of Ala(1), 3H, m]. Anal. Calcd for C13H24N2O5

Figure 8. (a) Optical microscopic image of peptide 1 showing intermediate
protofibril formation in CHCl3 solution. (b) Optical microscopic image of
peptide 1 showing full-length fibril formation in CHCl3 solution.

Figure 9. Congo red stained peptide 3 fibrils observed through crossed
polarizers showing green-gold birefringence a characteristic feature of
amyloid fibrils.
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(288): C, 54.16; N, 9.72; H, 8.33. Found: C, 54.4; N, 9.8; H,
8.5.

4.1.3. Boc-Ala(1)-Aib(2)-OH (6). To a sample of 5 (4.6 g,
16 mmol), MeOH (40 mL) and 2 M NaOH (24 mL) were
added and the progress of saponification was monitored by
thin layer chromatography (TLC). The reaction mixture was
stirred. After 10 h, methanol was removed under vacuum,
the residue was taken up in 30 mL of water, washed with
diethyl ether (2£20 mL). Then the pH of the aqueous layer
was adjusted to 2 using 1 M HCl and it was extracted with
ethyl acetate (3£20 mL). The extracts were pooled, dried
over anhydrous sodium sulfate, and evaporated in vacuum
to yield 2.72 g of 6 as white solid.

Yield¼2.72 g (13.6 mmol, 85%). Mp 176 8C. 1H NMR
((CD3)2SO, 300 MHz, d in ppm): 11.8 [–COOH, 1H, br.];
7.8 [Aib(2) NH, 1H, s]; 6.73 [Ala(1) NH, 1H, d]; 3.94 [CaHs
of Ala(1), 1H, m]; 1.41 [CbH3 s of Aib(2), 6H, s]; 1.36 [Boc-
CH3 s, 9H, s]; 1.14 [CbH3 s of Ala(1), 3H, m]. Anal. Calcd
for C12H22N2O5 (274): C, 52.55; N, 10.21; H, 8.029. Found:
C, 52.6; N, 10.16; H, 8.2.

4.1.4. Boc-Ala(1)-Aib(1)-Val(3)-OMe 1. A sample of Boc-
Ala-Aib-OH (0.82 g, 3 mmol) in DMF (8 mL) was cooled in
an ice-water bath and H-Val-OMe was isolated from the
corresponding methyl ester hydrochloride (1.0 g, 6 mmol)
by neutralization, subsequent extraction with ethyl acetate
and concentration (5 mL) and it was added to the reaction
mixture, followed immediately by DCC (0.62 g, 3 mmol)
and HOBt (0.4 g, 3 mmol). The reaction mixture was stirred
for 3 days. The residue was taken in ethyl acetate (20 mL)
and the DCU was filtered off. The organic layer was washed
with 2 M HCl (3£20 mL), brine, 1 M sodium carbonate
(3£20 mL), brine (2£20 mL), dried over anhydrous sodium
sulfate and evaporated in vacuum to yield 0.77 g (2 mmol,
66.66 %) of white solid. Purification was done by silica gel
column (100–200 mesh) using ethyl acetate as eluent.
Colourless single crystals were grown from dimethylsulph-
oxide by slow evaporation.

Yield¼0.77 g (2 mmol, 66.66 %). Mp 184 8C. 1H NMR
(CDCl3, 300 MHz, d ppm): 7.06 [Val (3) NH, 1H, d, J¼
4.58 Hz]; 6.71 [Aib(2) NH, 1H, s]; 4.96 [Ala(1) NH, 1H, d,
J¼4.98 Hz]; 4.50 [CaH of Ala(1), 1H, m]; 4.09 [CaH of
Val(3), 1H, m]; 3.74 [–OCH3, 3H, s]; 2.16–2.20 [CbH of
Val(3), 1H, m]; 1.54 [CbHs of Aib, 6H, s]; 1.45 [Boc-CH3,
9H, s]; 1.35, 1.36 [CbHs of Ala(1), 3H, d, J¼4.23 Hz];
0.89–0.94 [CgHs of Val (3), 6H, m]. Anal. Calcd for
C18H33N3O6 (387): C, 55.81; H, 8.53; N, 10.85. Found: C,
55.75; H, 8.37; N, 11.92. Mass spectral data MþNaþ¼410,
Mcalcd¼387.

4.1.5. Boc-Ala(1)-Aib(2)-Ile(3)-OMe (2). Boc-Ala-Aib-
OH (1.37 g, 5 mmol) in DMF (15 mL) was cooled in an
ice-water bath and H-Ile-OMe was isolated from
the corresponding methyl ester hydrochloride (1.82 g,
10 mmol) by neutralization and subsequent extraction with
ethyl acetate and the ethyl acetate extract was concentrated
to 8 mL. It was then added to the reaction mixture, followed
immediately by DCC (1.03 g, 5 mmol) and HOBt (0.68 g,
5 mmol). The reaction mixture was stirred for 3 days. The
residue was taken up in ethyl acetate 20 mL and the DCU

was filtered off. The organic layer was washed with 2 M
HCl (3£40 mL), brine, 1 M sodium carbonate (3£40 mL),
brine (2£40 mL), dried over anhydrous sodium sulfate and
evaporated in vacuum to yield 1.6 g (4 mmol) of white
solid. Purification was done by silica gel column (100–200
mesh) using ethyl acetate as eluent.

Yield¼1.6 g, 80%. Mp 178 8C. 1H NMR (CDCl3, 300 MHz,
d ppm): 7.08 [Ile(3) NH, 1H, d, J¼8.16 Hz]; 6.68 [Aib(2)
NH 1H, s]; 4.96 [Ala(1) NH,1H, d, J¼7.5 Hz]; 4.51–4.55
[CaH of Ala(1), 1H, m]; 4.09–4.11 [CaH of Ile(3), 1H, m];
3.72 [–OCH3, 3H, s]; 1.89–1.94 [CbHs of Ile(3), 1H, m];
1.61 [CbH3 s of Aib(2), 6H, s]; 1.45 [Boc-CH3 s, 9H, s];
1.34–1.39 [CbHs of Ala(1), 3H, d, J¼8.82 Hz]; 1.25 [Cgs of
Ile(3), 3H, d]; 0.89–0.96 [Cgs & CdHs of Ile(3), 5H, m].
Anal. Calcd for C19H35N3O6 (401): C, 56.85; N, 10.47; H,
8.72. Found: C, 56.71; N, 10.35; H, 8.8. Mass spectral data
MþNaþ þHþ¼425, Mcalcd¼401.

4.1.6. Boc-Ala(1)-Gly(2)-OBz (7). A sample of Boc-Ala-
OH (3.78 g, 20 mmol) was dissolved in a mixture
of dichloromethane-N,N-dimethylformamide (DCM/DMF)
(30 mL) in an ice-water bath. H-Gly-OCH2Ph was isolated
from of the corresponding benzyl ester p-toluene sulphonate
(13.48 g, 40 mmol) by neutralization, subsequent extraction
with ethyl acetate and concentration (10 mL) and this was
added to the reaction mixture, followed immediately by
di-cyclohexaylcarbodiimide (DCC) (4.12 g, 20 mmol) and
1-hydroxybenzotriazole (HOBt) (2.7 g, 20 mmol). The
reaction mixture was allowed to come to room temperature
and stirred for 24 h. DCM was evaporated, the residue was
taken in ethyl acetate (40 mL), and dicyclohexylurea (DCU)
was filtered off. The organic layer was washed with 2 M
HCl (3£40 mL), brine, 1 M sodium carbonate (3£40 mL)
and brine (2£40 mL) and dried over anhydrous sodium
sulfate, and evaporated in vacuum to yield of the dipeptide 7
as white solid.

Yield¼5.712 g (17 mmol, 85%). Mp 73 8C. 1H NMR
(CDCl3, 300 MHz, d ppm): 7.35 [Ph, 5H, m]; 6.73 [Gly(2)
NH, 1H, t]; 5.18 [-benzyl CH2, 2H, s]; 5.01–5.03 [Ala(1)
NH, 1H, d]; 4.22 [CaH of Ala(1), 1H, t]; 4.04–4.09
[CaHs of Gly(2), 2H, t]; 1.44 [Boc-CH3, 9H, s]; 1.35–1.37
[CbHs of Ala(1), 3H, d]. Anal. Calcd for C17H24N2O5

(336): C, 60.71; H, 7.14; N, 8.33. Found: C, 60.67; H, 6.98;
N, 8.36.

4.1.7. Boc-Ala(1)-Gly(2)-OH (8). To Boc-Ala(1)-Gly(2)-
OBz 7 (4.37 g, (13 mmol), MeOH (40 mL) and 2 M NaOH
(15 mL) were added and the progress of saponification
was monitored by thin layer chromatography (TLC). The
reaction mixture was stirred. After 10 h methanol was
removed under vacuum, the residue was taken in 20 mL of
water, washed with diethyl ether (2£20 mL). Then the pH
of the aqueous layer was adjusted to 2 using 1 M HCl and
it was extracted with ethyl acetate (3£20 mL). The
extracts were pooled, dried over anhydrous sodium
sulfate, and evaporated in vacuum to yield 2.70 g of 8 as
white solid.

Yield¼2.70 g (11 mmol, 84.61%). Mp 88 8C. 1H NMR
(70% (CD3)2SOþ30% CDCl3, 300 MHz, d in ppm): 12.4
[–COOH, 1H, br]; 7.93 [Gly(2) NH, 1H, t]; 6.67 [Ala(1)
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NH, 1H, d]; 4.06 [CaH of Ala(1), 1H, t]; 3.76–3.80 [CaHs
Gly(2), 2H, m]; 1.40 [Boc-CH3, 9H, s];1.22–1.24 [CbHs of
Ala(1), 3H, m]. Anal. Calcd for C10H18N2O5 (246): C,
48.78; H, 7.31; N, 11.38. Found: C, 48.66; H, 7.29; N, 11.42.

4.1.8. Boc-Ala(1)-Gly(2)-Val(3)-OMe (3). A sample of
Boc-Ala-Gly-OH (1.23 g, 5 mmol) in DMF (10 mL) was
cooled in an ice-water bath and H-Val-OMe was isolated
from the corresponding methyl ester hydrochloride (1.67 g,
10 mmol) by neutralization, subsequent extraction with
ethyl acetate and concentration (7 mL) and it was added to
the reaction mixture, followed immediately by of DCC
(1.03 g, 5 mmol) and HOBt (0.67 g, 5 mmol). The reaction
mixture was stirred for 3 days. The residue was taken in
ethyl acetate (40 mL) and the DCU was filtered off. The
organic layer was washed with 2 M HCl (3£40 mL), brine,
1 M sodium carbonate (3£40 mL), brine (2£40 mL), dried
over anhydrous sodium sulfate and evaporated in vacuum to
yield 1.32 g of white solid. Purification was done by silica
gel column (100–200 mesh) using ethyl acetate as eluent.
Colourless single crystals were grown from ethyl acetate by
slow evaporation.

Yield¼1.32 g (3.7 mmol, 74%). Mp 97 8C. 1H NMR
(CDCl3, 300 MHz, d ppm): 6.90 [Gly(2) NH, 1H, t]; 6.68
[Val (3) NH, 1H, d, J¼8.4 Hz]; 5.02 [Ala(1) NH, 1H, d,
J¼6.6 Hz]; 4.52 [CaH of Ala(1), 1H, m]; 4.23 [CaH of
Val(3), 1H, m]; 3.95–4.0 [CaHs of Gly(2), 2H, m]; 3.73
[–OCH3, 3H, s]; 2.16–2.22 [CbH of Val(3), 1H, m]; 1.44
[Boc-CH3, 9H, s]; 1.37–1.40 [CbHs of Ala(1), 3H, d, J¼
7.2 Hz]; 0.89–0.95 [CgHs of Val(3), 6H, m]. Mass spectral
data MþNaþ¼382, Mcalcd¼359. Anal. Calcd for
C16H29N3O6 (359): C, 53.48; H, 8.07; N, 11.70. Found: C,
53.46; H, 8.02; N, 11.77.

4.2. Single crystal X-ray diffraction study

For tripeptides 1, 2 and 3 intensity data were collected with
Mo Ka radiation using the MAR research Image Plate
System. For all peptides the crystals were positioned at
70 mm from the Image Plate. Selected details of the
structure solutions and refinements are given in Table 3.
100 frames were measured at 28 intervals with a counting
time of 2–5 min for various peptides. Data analyses were
carried out with the XDS program.19 The structures were
solved using direct methods with the Shelx8620 program.
For peptide 1, the tert-butyl group was disordered, with each
methyl group taking up two different sites each refined with
50% occupancy. Apart from the disordered atoms in peptide
1, all non-hydrogen atoms of all peptides were refined with
anisotropic thermal parameters. The hydrogen atoms were
included in geometric positions and given thermal para-
meters equivalent to 1.2 times those of the atom to which
they were attached. The structures were refined on F2 using
Shelxl.21 Crystallographic data for the three structures have
been deposited at the Cambridge Crystallographic Data
Center (CCDC 222157, 222158 and 173625).

4.3. NMR experiments

All NMR studies were carried out on a Brüker DPX
300 MHz spectrometer at 300 K. Peptide concentrations
were in the range 1–10 mM in CDCl3 and (CD3)2SO.

4.4. Mass spectrometry

Mass spectra of final compounds (tripeptides 1, 2 and 3)
were recorded on a HEWLETT PACKARD Series
1100MSD mass spectrometer by positive mode electrospray
ionization.

4.5. Morphological study

The Morphology of the tripeptides was investigated using
an optical microscope and scanning electron microscope
(SEM). For the SEM study, fibrous materials (slowly grown
from methanol–water mixtures) were dried and gold
coated. Then the micrographs were taken in a SEM
apparatus (Hitachi S-415A). For the optical microscopic
study of the peptide 1 in CHCl3, Olympus CH 30 imaging
microscope equipped with Image Pro Plus ver 4.0 software
was used.

4.6. Congo red binding study

An alkaline saturated Congo red solution was prepared. The
peptide fibrils were stained with alkaline Congo red solution
(80% methanol/20% glass distilled water containing 10 mL
of 1% NaOH) for 2 min then the excess stain (Congo red)
was removed by rinsing the stained fibril with 80%
methanol/20% glass distilled water solution for several
times. The stained fibrils were dried in vacuum at room
temperature for 24 h, then visualized at 100£ or 500£
magnification and birefringence was observed between
crossed polarizers.
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Lannfelt, L. Nat. Neurosci. 2001, 4, 887–893.

18. Bodanszky, M.; Bodanszky, A. The practice of peptide

synthesis. Springer: New York, 1984; pp 1–282.

19. Kabsch, W. J. Appl. Cryst. 1988, 21, 916.

20. Sheldrick, G. M. Acta. Crystallogr. Sect. A: Fundam.

Crystallogr. 1990, 46, 467.

21. Sheldrick, G. M. Program for Crystal Structure Refinement;

University of Göttingen: Germany, 1993.

S. K. Maji et al. / Tetrahedron 60 (2004) 3251–3259 3259



CeCl3·H2O/NaI-Promoted stereoselective synthesis of
2,4-disubstituted chiral tetrahydroquinolines

Jhillu S. Yadav,* B. V. S. Reddy, M. Srinivas and B. Padmavani

Division of Organic Chemistry, Indian Institute of Chemical Technology, Hyderabad 500 007, India

Received 31 October 2003; revised 12 January 2004; accepted 5 February 2004

Abstract—D-Glycals readily undergo cyclization with aryl amines in the presence of CeCl3·7H2O–NaI under mild and neutral conditions to
afford a novel sugar derived tetrahydroquinoline derivatives in good yields with high stereoselectivity. The stereochemistry of the products
was assigned by using various NMR studies.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The tetrahydroquinoline moiety is a core structure in many
biologically important natural products1 such as flindersine,
oricine, and veprisine. Derivatives of these alkaloids possess
a wide range of biological activities such as psychotropic,
antiallergic, and anti-inflammatory behavior2 and are used
as a potential pharmaceuticals.3 Recently, great attention
has been focussed on the use of water as a green solvent in
organic synthesis. In addition to its abundance, and for
economical and safety reasons, water has naturally become
a substitute and an alternative environmentally benign
solvent in organic synthesis.4 The use of aqueous medium as
solvent also reduces the harmful effects of organic solvents
on the environment. Lanthanide salts are unique Lewis acids
that are currently of great research interest.5 In particular,
cerium reagents are relatively non-toxic, readily available at
low cost and are fairly stable to air or moisture. Owing to its
unique properties, CeCl3 has been extensively used for a
variety of organic transformations.6,7

2. Results and discussions

In continuation of our interest in the synthesis of C- and O-

glycosides,8 we herein report a novel approach for the
synthesis of sugar derived chiral tetrahydroquinolines from
D-glucal and aryl amines. Thus, treatment of 3,4,6-tri-O-
acetyl-D-glucal 2 with aniline in the presence of an
equimolar ratio of CeCl3·7H2O and NaI in water afforded
sugar fused tetrahydroquinoline 3a in 82% yield (Scheme 1).
The reaction proceeded efficiently in water at 80 8C and the
product was obtained with high stereoselectivity. The
product 3a was characterized by various NMR experiments
like double quantum filtered correlation spectroscopy
(DQFCOSY), nuclear Overhauser effect spectroscopy
(NOESY), heteronuclear single quantum correlation spec-
troscopy (HSQC) and 3JCH optimized HMBC experiments.
The edited HSQC spectrum showed the presence of two
methylene groups in addition to eight methine and two
methyl groups. The location of methylene at the bridge head
of bicyclononene like structure was confirmed by the
presence of small couplings between these protons and the
bridge protons H1 and H3 J1H – 2H¼3.7 Hz, J1H – 2H¼1.8 Hz,
J2H – 3H¼2.4 Hz, and J2H – 3H¼4.6 Hz. Fusion of the bicyclo-
nonene and the aromatic ring at C11–NH was confirmed by
NOE between H1–H12 (Fig. 1a).

Further support for the structure came from HMBC peaks
between H1–C12, H1–C11, H1–C16 and H12–C1. The two

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.02.018
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six-membered rings of the bicyclononene moiety have two
different conformations. The oxygen containing ring takes a
chair form, whereas the other ring with nitrogen and fused
to the aromatic ring exists in the half chair form. HMBC
peaks between H2–C11 and H2–C4 are consistent with
the structure. Large coupling constant value of
JH4 – H5¼10.4 Hz and a NOESY cross-peak between
H2–H4 further support the chair form for the ring containing
these protons. Ring current effect due to the aromatic ring
causes a high field chemical shifts of H2 (d¼1.96 ppm) and
H5 (d¼3.58 ppm).

Encouraged by the results obtained with aniline, we
turned our attention to various aryl amines and glycals.
Interestingly, a variety of aryl amines including mono-, and
di-substituted anilines reacted smoothly with glucal tri-
acetate under similar conditions to afford the corresponding
benzo-fused heterobicycles in good yields. However, 3,4,6-
tri-O-methyl-D-glucal or 3,4,6-tri-O-benzyl-D-glucal did
not react with aryl amines under identical reaction
conditions (entry o, Table 1). The reaction was successful

only with glucal triacetate. Furthermore, the reaction did not
proceed with 2,6-disubstituted anilines such as 2,6-dicholo-
roaniline and 2,6-dimethylaniline under the reaction
conditions (entry n, Table 1). These results clearly indicated
that one of the ortho positions of aniline should be free from
substitution for the success of the reaction. The probable
mechanism seems to be addition of aniline to the a,b-
unsaturated aldehyde, which is formed in situ from D-glucal
and water. Thus, the initially formed 1,4-adduct may
undergo an intramolecular cyclization resulting in the
formation of fused tetrahydroquinolines (Scheme 2). This
method is clean and highly stereoselective, affording sugar
fused tetrahydroquinolines in a one-pot operation. The
efficacy of various metal halides such as CeCl3·7H2O, YCl3,
YbCl3, BiCl3, and ZrCl4 was studied in water. Among these
catalysts, CeCl3·7H2O was found to be the most effective
reagent in terms of conversion and reaction rates. It is
important to mention that simple cyclic enol ethers such as
3,4-dihydro-2H-pyran and 2,3-dihydrofuran gave the corre-
sponding cis-fused pyrano- and furano-tetrahydroquino-
lines, respectively, under similar reaction conditions.9

Figure 1. Important NOE’s and chemical structure of 3a.

Table 1. CeCl3·7H2O/NaI-promoted synthesis of fused chiral tetrahydroquinolines

Entry Aryl amine D-Glucal Producta Reaction time (h) Yield (%)b

1a R¼R1¼R2¼H 3a 7.0 82

1b R¼R1¼H; R2¼Cl 3b 8.0 80

1c R¼R1¼H; R2¼Me 3c 7.5 85

1d R¼R1¼H; R2¼F 3d 9.0 75

1e R¼R1¼H; R2¼Br 3e 8.5 72

1f R¼R2¼H; R1¼Me 3f 7.5 83c

J. S. Yadav et al. / Tetrahedron 60 (2004) 3261–32663262



Water appears to give the best results as solvent. Finally, we
have examined the possibility of CeCl3·7H2O functioning
catalytically or at least, in less than stoichiometric amounts.
But best results were obtained with an equimolar ratio of
CeCl3·7H2O and NaI. However, in the absence of NaI the
reaction was very slow by CeCl3 alone in refluxing water
and took a longer reaction time (15–36 h) to achieve
complete conversion. This clearly indicates that the addition
of 1 equiv. of NaI is crucial in this transformation. It is well-

known in literature that sodium iodide activates the CeCl3 to
accelerate the reaction.6 Although, the reactions proceeded
with hydrochloric acid, low conversions (14–25%) were
obtained even after long reaction times (15–24 h). The
scope and generality of this process is illustrated with
respect to various aryl amines and D-glucal (Table 1).

In summary, we describe a novel protocol for the synthesis
of sugar derived chiral tetrahydroquinolines from D-glucal

Table 1 (continued)

Entry Aryl amine D-Glucal Producta Reaction time (h) Yield (%)b

1g R¼R1¼H; R2¼OMe 3g 8.0 70

1h R¼R2¼H; R1¼Cl 3h 9.0 80c

1i R¼Cl; R1¼Me;¼R2¼H; 3i 8.5 79

1j R¼Cl; R1¼R2¼H 3j 7.5 82

1k R¼Me; R1¼R2¼H 3k 8.0 86

1l R¼Br; R1¼H; R2¼nMe 3l 9.5 65

1m a-Naphthalamine 3m 8.5 70

1n 2,6-Dichloroaniline No reaction 8.0 —

1o Aniline

R0¼Me or Bn

No reaction 9.0 —

a Products were characterized by 1H NMR, 13C NMR, IR and mass spectroscopy.
b Yield refers to pure products after chromatography.
c 5–10% other regioisomer was obtained.

Scheme 2.
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and aryl amines using the inexpensive and readily available
CeCl3·7H2O/NaI reagent system under mild and neutral
conditions. The use of water as solvent makes this method
quite simple and a more convenient and environmentally
benign process to prepare sugar based heterobicycles in a
single-step operation.

3. Experimental

3.1. General

Melting points were recorded on Buchi R-535 apparatus and
are uncorrected. IR spectra were recorded on a Perkin–
Elmer FT-IR 240-c spectrophotometer using KBr optics. 1H
NMR and 13C spectra were recorded on Gemini-200 and
Varian Unity-500 spectrometer in CDCl3 using TMS as
internal standard. Mass spectra were recorded on a Finnigan
MAT 1020 mass spectrometer operating at 70 eV. The
optical rotations were measured on a Jasco Dip 360 Digital
polarimeter.

3.2. General procedure

A mixture of 3,4,6-tri-O-acetyl-D-glucal (2 mmol), aniline
(3 mmol), CeCl3·7H2O (2 mmol) and NaI (2 mmol) in water
(10 mL) was stirred at 80 8C temperature for the specified
time as required to complete the reaction (Table 1). After
complete conversion, as indicated by TLC, the reaction
mixture was extracted with ethyl acetate (2£10 mL). The
combined organic layers were dried over anhydrous
Na2SO4, concentrated in vacuo and purified by column
chromatography on silica gel (Merck, 100–200 mesh, ethyl
acetate–hexane, 1:9) to afford the pure tetrahydroquinoline
derivative. Spectral data for products.

3.2.1. Compound 3a. Colourless liquid, [a]D
27¼95.5

(c¼1.0, CHCl3), IR (KBr): nmax: 3427, 2935, 2857, 1730,
1607, 1461, 1365, 1257, 1098, 835 cm21. 1H NMR
(500 MHz, CDCl3): d 7.16 (dt, J¼1.5, 7.9 Hz, 1H, H13),
7.13 (dd, J¼1.5, 7.9 Hz, 1H, H15), 6.69 (dt, J¼1.5, 7.9 Hz,
1H, H14), 6.61 (dd, J¼1.5, 7.9 Hz, 1H, H12), 4.84 (dd,
J¼3.1, 10.4 Hz, 1H, H4), 4.81 (dd, J¼1.8, 3.7 Hz, 1H, H1),
4.44 (brs, 1H, NH), 4.19 (dd, J¼4.2, 12.0 Hz, 1H, H6), 3.99
(dd, J¼2.2, 12.0 Hz, 1H, H60), 3.84 (ddd, J¼2.4, 3.1,
4.6 Hz, 1H, H3), 3.58 (ddd, J¼2.1, 4.2, 10.4 Hz, 1H, H5),
2.29 (ddd, J¼2.4, 3.7, 13.2 Hz, 1H, H2), 2.10 (s, 3H, CH3-
10), 2.06 (s, 3H, CH3-8), 1.96 (ddd, J¼1.8, 4.6, 13.2 Hz, 1H,
H2). 13C NMR (proton decoupled, 75 MHz, CDCl3): d
170.8, 169.8, 145.0, 130.5, 129.9, 118.8, 117.2, 112.9, 71.8,
68.5, 67.4, 63.0, 46.6, 27.9, 21.0, 20.7. FAB Mass: 305 Mþ,
259, 191, 144, 130, 119, 91, 69, 57. HRMS calcd for
C16H19NO5: 305.1263. Found: 305.1281.

3.2.2. Compound 3b. Pale yellow liquid, [a]D
27¼93.5

(c¼2.0, CHCl3), IR (KBr):nmax: 3409, 2928, 1728, 1607,
1495, 1372, 1242, 1045, 870 cm21. 1H NMR (500 MHz,
CDCl3): d 7.05–7.20 (m, 2H), 6.50–6.57 (m, 1H), 4.75 (dd,
J¼3.2, 10.5 Hz, 1H), 4.65 (dd, J¼1.8, 3.8 Hz, 1H), 4.32
(brs, 1H, NH), 4.25 (dd, J¼4.2, 12.0 Hz, 1H), 4.0 (dd,
J¼2.1, 12.0 Hz, 1H), 3.78 (ddd, J¼2.5, 3.2, 4.5 Hz, 1H),
3.60 (ddd, J¼2.1, 4.2, 10.3 Hz, 1H), 2.23 (ddd, J¼2.5, 3.8,
13.0 Hz, 1H), 2.10 (s, 3H), 2.05 (s, 3H), 1.90 (ddd, J¼1.8,

4.5, 13.0 Hz, 1H). 13C NMR (proton decoupled, 75 MHz,
CDCl3): d 170.8, 169.8, 143.5, 129.7, 121.4, 119.9, 115.0,
114.1, 71.5, 68.0, 67.4, 62.9, 46.4, 27.5, 20.9, 20.7. FAB
Mass: 340 Mþ, 325, 309, 295, 281, 267, 251, 221, 207, 191,
164, 147, 133, 117, 91, 77. HRMS calcd for C16H18ClNO5:
339.08735. Found: 339.08313.

3.2.3. Compound 3c. Viscous liquid, [a]D
27¼57.4 (c¼0.7,

CHCl3), IR (KBr): nmax: 3409, 2926, 1729, 1622, 1510,
1440, 1248, 1045, 815, 758 cm21. 1H NMR (500 MHz,
CDCl3): d 6.98–6.90 (m, 2H), 6.50 (d, J¼8.0 Hz, 1H,), 4.80
(dd, J¼3.2, 10.5 Hz, 1H), 4.77 (dd, J¼1.7, 3.8 Hz, 1H), 4.40
(brs, 1H, NH), 4.20 (dd, J¼4.2, 12.0 Hz, 1H), 3.85 (dd,
J¼2.1, 12.0 Hz, 1H), 3.78 (ddd, J¼2.4, 3.2, 4.5 Hz 1H),
3.50 (ddd, J¼2.1, 4.2, 10.5 Hz, 1H), 2.30 (ddd, J¼2.4, 3.7,
13.0 Hz, 1H), 2.25 (s, 3H), 2.10 (s, 3H), 2.05 (s, 3H), 1.95
(ddd, J¼1.7, 4.5, 13.0 Hz, 1H). 13C NMR (proton
decoupled, 75 MHz, CDCl3): d 170.6, 170.1, 145.0, 129.6,
127.3, 118.6, 117.4, 112.7, 71.8, 67.4, 65.2, 62.9, 46.6, 29.6,
21.6, 20.8, 20.6. FAB Mass: 319 Mþ, 281, 207, 158, 144,
105, 91, 73, 57. HRMS calcd for C17H21NO5: 319.1419.
Found: 319.1437.

3.2.4. Compound 3d. Oily liquid, [a]D
27¼67.1 (c¼0.75,

CHCl3), IR (KBr): nmax: 3356, 2961, 1733, 1505, 1260,
1040, 809 cm21. 1H NMR (500 MHz, CDCl3): d 6.78–6.90
(m, 2H), 6.45–6.50 (m, 1H), 4.80 (dd, J¼3.1, 10.5 Hz, 1H),
4.70 (dd, J¼1.8, 3.8 Hz, 1H), 4.30 (brs, 1H, NH), 4.20 (dd,
J¼4.2, 12.0 Hz, 1H), 3.90 (dd, J¼2.1, 12.0 Hz, 1H), 3.80
(ddd, J¼2.5, 3.1, 4.5 Hz, 1H), 3.50 (ddd, J¼2.1, 4.2,
10.3 Hz, 1H), 2.25 (ddd, J¼2.5, 3.8, 13.1 Hz, 1H), 2.10 (s,
3H), 2.0 (s, 3H), 1.95 (ddd, J¼1.8, 4.5, 13.1 Hz, 1H). 13C
NMR (proton decoupled, 75 MHz, CDCl3): d 170.3, 169.4,
156.9, 141.1, 119.6, 117.2, 116.9, 113.9, 71.7, 68.1, 67.7,
62.9, 46.7, 27.9, 21.0, 20.8. FAB Mass: 323 Mþ 267, 221,
191, 147, 133, 73. HRMS calcd for C16H18FNO5: 323.1169.
Found: 323.1127.

3.2.5. Compound 3e. Brown liquid, [a]D
27¼169.2 (c¼1.5,

CHCl3), IR (KBr): nmax: 3410, 3019, 2955, 1738, 1603,
1490, 1371, 1246, 1046, 813, 757 cm21. 1H NMR
(500 MHz, CDCl3): d 7.10–7.20 (m, 2H), 6.50 (d,
J¼8.1 Hz, 1H), 4.80 (dd, J¼3.2, 10.5 Hz, 1H), 4.70 (dd,
J¼1.8, 3.8 Hz, 1H), 4.40 (brs, 1H, NH), 4.25 (dd, J¼4.2,
12.0 Hz, 1H), 4.10 (dd, J¼2.1, 12.0 Hz, 1H), 3.90 (ddd,
J¼2.5, 3.2, 4.5 Hz, 1H), 3.80 (ddd, J¼2.1, 4.2, 10.3 Hz,
1H), 2.30 (ddd, J¼2.5, 3.8, 13.0 Hz, 1H), 2.10 (s, 3H), 2.04
(s, 3H), 1.90 (ddd, J¼1.8, 4.5, 13.0 Hz, 1H). 13C NMR
(proton decoupled, 75 MHz, CDCl3): d 170.8, 169.8, 143.9,
132.8, 132.6, 129.1, 120.6, 114.6, 71.5, 68.0, 67.5, 62.9,
46.5, 27.5, 20.9, 20.7. FAB Mass: 383 Mþ, 368, 340, 327,
289, 265, 239, 224, 219, 191, 165. HRMS calcd for
C16H18BrNO5: 383.0368. Found: 383.0393.

3.2.6. Compound 3f. Viscous liquid, [a]D
27¼67.5 (c¼1.4,

CHCl3), IR (KBr): nmax: 3413, 2972, 2854, 1741, 1620,
1583, 1492, 1439, 1371, 1329, 1241, 1171, 1047, 815 cm21.
1H NMR (200 MHz, CDCl3): d 6.90 (d, J¼8.0 Hz, 1H), 6.50
(d, J¼8.0 Hz, 1H), 6.40–6.35 (s, 1H), 4.85 (dd, J¼3.1,
10.3 Hz, 1H), 4.75 (dd, J¼1.7, 3.8 Hz, 1H), 4.40 (brs, 1H,
NH), 4.20 (dd, J¼4.2, 12.0 Hz, 1H), 3.90 (dd, J¼2.1,
12.0 Hz, 1H), 3.80 (ddd, J¼2.4, 3.1, 4.5 Hz 1H), 3.55 (ddd,
J¼2.1, 4.2, 10.3 Hz, 1H), 2.30 (ddd, J¼2.4, 3.7, 13.0 Hz,
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1H), 2.25 (s, 3H), 2.10 (s, 3H), 2.05 (s, 3H), 1.90 (ddd,
J¼1.7, 4.5, 13.0 Hz, 1H). 13C NMR (proton decoupled,
50 MHz, CDCl3): d 170.3, 169.9, 145.0, 132.5, 127.3,
118.7, 117.5, 112.8, 71.8, 67.4, 65.2, 62.9, 46.6, 29.6, 21.6,
20.7, 20.6. FAB Mass: 319 Mþ1, 282, 170, 144, 91, 43.
HRMS calcd for C17H21NO5: 319.1419. Found: 319.1458.

3.2.7. Compound 3g. Oily liquid, [a]D
25¼21.5 (c¼0.7,

CHCl3), 1H NMR (500 MHz, CDCl3): d 6.58–6.65 (m, 2H),
6.40 (d, J¼7.9 Hz, 1H), 4.70 (dd, J¼3.0, 10.3 Hz, 1H, H4),
4.63 (dd, J¼1.7, 3.8 Hz, 1H), 4.15 (dd, J¼4.2, 12.0 Hz, 1H),
3.90 (dd, J¼2.1, 12.0 Hz, 1H), 3.75 (ddd, J¼2.4, 3.0,
4.5 Hz, 1H), 3.65 (s, 3H), 3.45 (ddd, J¼2.1, 4.2, 10.3 Hz,
1H), 2.20 (ddd, J¼2.4, 3.8, 13.2 Hz, 1H), 2.05 (s, 3H), 2.0
(s, 3H), 1.90 (ddd, J¼1.7, 4.5, 13.2 Hz, 1H). 13C NMR
(proton decoupled, 75 MHz, CDCl3): d 170.9, 169.8, 151.8,
129.7, 123.5, 119.6, 117.0, 114.9, 71.8, 68.7, 67.2, 63.1,
55.8, 46.7, 28.1, 21.0, 20.7. IR (KBr): nmax: 3325, 3015,
1739, 1505, 1462, 1221, 1041, 759 cm21. FAB Mass: 335
Mþ, 281, 267, 249, 221, 207, 191, 177, 160, 147, 133, 117,
105, 91, 73, 65, 55. HRMS calcd for C17H21NO6:
335.13688. Found: 335.13259.

3.2.8. Compound 3h. Light yellow liquid, [a]D
27¼64.5

(c¼2.8, CHCl3), IR (KBr): nmax: 3390, 2926, 2854, 1731,
1599, 1485, 1428, 1371, 1242, 1128, 1047, 846, 760 cm21.
1H NMR (500 MHz, CDCl3): d 7.15–6.95 (m, 1H), 6.60–
6.58 (m, 1H), 6.45–6.40 (m, 1H), 4.73 (dd, J¼3.2, 10.5 Hz,
1H), 4.60 (dd, J¼1.8, 3.8 Hz, 1H), 4.30 (brs, 1H, NH), 4.23
(dd, J¼4.2, 12.0 Hz, 1H), 4.05 (dd, J¼2.1, 12.0 Hz, 1H),
3.79 (ddd, J¼2.5, 3.2, 4.5 Hz, 1H), 3.60 (ddd, J¼2.1, 4.2,
10.3 Hz, 1H), 2.25 (ddd, J¼2.5, 3.8, 13.0 Hz, 1H), 2.10 (s,
3H), 2.05 (s, 3H), 1.95 (ddd, J¼1.8, 4.5, 13.0 Hz, 1H). 13C
NMR (proton decoupled, 75 MHz, CDCl3): d 170.5, 169.6,
143.2, 130.4, 121.3, 119.9, 115.2, 114.0, 71.4, 68.0, 67.5,
62.7, 46.3, 27.4, 20.8, 20.6. FAB Mass: 339 Mþ, 333, 292,
220, 281, 194, 166, 153, 128, 97, 84, 44. HRMS calcd for
C16H18ClNO5: 339.08735. Found: 339.08419.

3.2.9. Compound 3i. Brown solid, mp 49–51 8C,
[a]D

27¼28.0 (c¼1.6, CHCl3), IR (KBr): nmax: 3417, 2927,
1739, 1622, 1594, 1468, 1370, 1239, 1064, 814, 769 cm21.
1H NMR (500 MHz, CDCl3): d 7.05–6.90 (m, 1H), 6.60–
6.6.75 (m, 1H), 4.89 (dd, J¼3.2, 10.5 Hz, 1H), 4.76 (dd,
J¼1.8, 3.7 Hz, 1H), 4.35 (brs, 1H, NH), 4.20 (dd, J¼4.2,
12.0 Hz, 1H), 3.95 (dd, J¼2.2, 12.0 Hz, 1H), 3.85 (ddd,
J¼2.4, 3.2, 4.6 Hz, 1H), 3.50 (ddd, J¼2.1, 4.2, 10.5 Hz,
1H), 2.25 (ddd, J¼2.4, 3.7, 13.2 Hz, 1H), 2.15 (s, 3H), 2.10
(s, 3H), 2.05 (s, 3H), 1.93 (ddd, J¼1.8, 4.6, 13.2 Hz, 1H,
H2). 13C NMR (proton decoupled, 75 MHz, CDCl3): d
170.3, 169.5, 134.6, 133.4, 130.2, 127.3, 120.1, 107.4, 71.5,
68.7, 67.6, 63.0, 46.8, 27.9, 21.2, 20.7, 20.3. FAB Mass: 353
Mþ, 336, 178, 83, 57, 43. HRMS calcd for C17H20ClNO5:
353.1030. Found: 353.1073.

3.2.10. Compound 3j. Light yellow solid, mp 119–120 8C,
[a]D

27¼52.2 (c¼2.0, CHCl3), IR (KBr): nmax: 3412, 2970,
2927, 1727, 1607, 1499, 1256, 1044, 842, 740 cm21. 1H
NMR (500 MHz, CDCl3): d 7.25 (d, J¼8.0 Hz, 1H), 7.05 (d,
J¼7.9 Hz, 1H), 6.60 (t, J¼7.9 Hz, 1H), 4.90 (dd, J¼3.2,
10.5 Hz, 1H), 4.80 (dd, J¼1.8, 3.8 Hz, 1H), 4.25 (dd, J¼4.0,
12.0 Hz, 1H, H6), 3.98 (dd, J¼2.0, 12.0 Hz, 1H), 3.90 (ddd,
J¼2.3, 3.2, 4.7 Hz, 1H), 3.58 (ddd, J¼2.0, 4.0, 10.5 Hz,

1H), 2.30 (ddd, J¼2.3, 3.8, 13.2 Hz, 1H), 2.10 (s, 3H), 2.06
(s, 3H), 1.90 (ddd, J¼1.8, 4.7, 13.2 Hz, 1H). 13C NMR
(proton decoupled, 75 MHz, CDCl3): d 170.8, 169.9, 141.0,
129.7, 128.9, 120.2, 117.0, 112.7, 71.3, 68.2, 67.5, 62.9,
46.6, 27.6, 21.0, 20.7. FAB Mass: 340 Mþ, 329, 325, 309,
295, 281, 267, 251, 221, 207, 191, 164, 147, 133, 117, 91,
77. HRMS calcd for C16H18ClNO5: 339.08735. Found:
339.08908.

3.2.11. Compound 3k. Viscous liquid, [a]D
27¼83.7 (c¼0.8,

CHCl3), IR (KBr): nmax: 3422, 2931, 2858, 1734, 1604,
1472, 1367, 1254, 1093, 837 cm21. 1H NMR (500 MHz,
CDCl3): d 6.98–6.95 (m, 2H), 6.60 (t, J¼7.9 Hz, 1H,), 4.82
(dd, J¼3.2, 10.5 Hz, 1H), 4.78 (dd, J¼1.7, 3.8 Hz, 1H), 4.22
(dd, J¼4.2, 12.0 Hz, 1H), 4.20 (brs, 1H, NH), 3.95 (dd,
J¼2.1, 12.0 Hz, 1H), 3.90 (ddd, J¼2.4, 3.2, 4.5 Hz 1H),
3.55 (ddd, J¼2.1, 4.2, 10.5 Hz, 1H), 2.30 (ddd, J¼2.4, 3.7,
13.0 Hz, 1H), 2.15 (s, 3H), 2.10 (s, 3H), 2.05 (s, 3H), 1.95
(ddd, J¼1.7, 4.5, 13.0 Hz, 1H). 13C NMR (proton
decoupled, 75 MHz, CDCl3): d 170.9, 169.9, 143.0, 130.8,
128.4, 120.1, 118.4, 116.8, 71.7, 68.8, 67.3, 63.1, 46.9, 29.6,
27.9, 21.0, 20.8. FAB Mass: 319 Mþ, 281, 207, 158, 144,
105, 91, 73, 57. HRMS calcd for C17H21NO5: 319.1419.
Found: 319.1451.

3.2.12. Compound 3l. Yellow solid, mp 165 8C, [a]D
27¼51.2

(c¼1.35, CHCl3), IR (KBr): nmax: 3416, 2965, 2362, 1728,
1618, 1505, 1432, 1373, 1232, 1043, 861 cm21. 1H NMR
(500 MHz, CDCl3): d 7.20 (s, 1H), 6.90 (s, 1H), 4.85 (dd,
J¼3.1, 10.4 Hz, 1H), 4.78 (dd, J¼1.8, 3.7 Hz, 1H), 4.25
(brs, 1H, NH), 4.20 (dd, J¼4.2, 12.0 Hz, 1H), 3.90 (dd,
J¼2.2, 12.0 Hz, 1H), 3.85 (ddd, J¼2.4, 3.1, 4.6 Hz, 1H),
3.50 (ddd, J¼2.1, 4.2, 10.4 Hz, 1H), 2.25 (ddd, J¼2.4, 3.7,
13.2 Hz, 1H), 2.15 (s, 3H), 2.10 (s, 3H), 2.05 (s, 3H), 1.95
(ddd, J¼1.8, 4.6, 13.2 Hz, 1H, H2). 13C NMR (proton
decoupled, 75 MHz, CDCl3): d 170.5, 169.6, 139.7, 133.4,
130.3, 127.1, 120.2, 107.3, 71.3, 68.5, 67.5, 62.8, 46.9,
27.9, 21.0, 20.8, 20.1. FAB Mass: 397 Mþ, 385, 355,
341, 327, 311, 295, 281, 267, 221, 207, 191, 147, 133, 77.
HRMS calcd for C17H20BrNO5: 397.05148. Found:
397.05205.

3.2.13. Compound 3m. Viscous oil, [a]D
27¼85.6 (c¼0.5,

CHCl3), IR (KBr): nmax: 3400, 2956, 2859, 1730, 1605,
1467, 1254, 1093, 838 cm21. 1H NMR (500 MHz, CDCl3):
d 7.80–7.70 (m, 3H), 7.38–7.45 (m, 2H), 7.10–7.18 (m,
1H), 4.90 (dd, J¼3.0, 10.5 Hz, 1H), 4.82 (dd, J¼1.7, 3.8 Hz,
1H), 4.40 (brs, 1H, NH), 4.05 (dd, J¼4.2, 12.0 Hz, 1H), 3.90
(dd, J¼2.0, 12.0 Hz, 1H), 3.84 (ddd, J¼2.3, 3.0, 4.6 Hz,
1H), 3.50 (ddd, J¼2.0, 4.2, 10.5 Hz, 1H), 2.30 (ddd, J¼2.3,
3.8, 13.2 Hz, 1H), 2.10 (s, 3H), 2.04 (s, 3H), 1.96 (ddd,
J¼1.7, 4.6, 13.2 Hz, 1H). 13C NMR (proton decoupled,
75 MHz, CDCl3): d 170.9, 169.7, 143.5, 130.7, 129.6,
124.5, 123.2, 122.8, 122.0, 121.1, 120.3, 119.5, 71.9, 68.4,
67.1, 63.5, 46.7, 28.0, 20.9, 20.5. FAB Mass: 355 Mþ, 341,
325, 281, 265, 251, 221, 207, 191, 177, 147, 133, 117, 105,
91, 73, 65, 55. HRMS calcd for C20H21NO5: 355.1419.
Found: 355.1458.
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Abstract—Synthesis of the terminal disaccharide unit of a novel a-(1!2) linked heptoglycan of K. pneumoniae ssp. strain R20 from methyl
a-D-mannopyranoside has been presented. Central to the strategy is the application of Sharpless asymmetric dihydroxylation to introduce a
new center at C-6 position of mannopyranoside. The coupling of two heptoglycans (12 and 13) was accomplished by a Lewis acid catalyst.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Klebsiella pneumonia is an important gram-negative
pathogenic bacterium associated with nosocomial infec-
tions.1 K. pneumonia is most commonly the cause of
pneumonia, or hospital-acquired urinary tract or burn
wound infections. Klebsiella species seems to have resistant
plasmids (R-plasmids), which imparts resistance to anti-
biotics such as ampicillin and carbenicillin.2 The capsular
polysaccharides and lipopolysaccharides (LPS) are thought
to participate in many physiological process and play a key
role in the pathogenesis and manifestation of infection.3 The
O-polysaccharide and core oligosaccharide moieties of LPS
is immunogenic, which can give antibodies having specific
serological properties and that can also be of diagnostic
importance. Antibodies can be directed against the con-
served region of LPS, which might provide an useful
approach to chemotherapy for infections from
K. pneumoniae.4 Such applications require a detailed
knowledge of the molecular structure of the targeted LPS
molecules the enormous structural variations. Structural
investigation of LPS core region began only recently. In
a preliminary investigation5 of LPS from the rough mutant
K. pneumonia ssp. pneumonia R20,6 a major fraction of the
carbohydrate backbone was isolated and its structure was
established. The structure (Fig. 1) is unique with regard to
the presence of a novel heptoglycan of a-(1!2) linkage and
does not contain phosphate substituent in the core region.
As a part of our on going studies to synthesize various
carbohydrate units present in the LPS of K. pneumonia,
herein, we report the synthesis of the terminal disaccharide

unit of the heptoglycan of a-(1!2) linkage present in
K. pneumonia ssp. pneumonia strain R20.

2. Results and discussion

The literature procedure to introduce a new centre at C-6
involved the reaction of a-D-manno-hexodialdo-1,5-pyrano-
side and the Grignard complex of benzyloxymethyl-
chloride7 or isopropoxydimethylsilyl-methyl chloride
followed by oxidative cleavage of the carbon–silicon
bond.8 We envisaged a new protocol to achieve the
objective by employing the Sharpless asymmetric dihy-
droxylation9 of the 6-methylene sugar derivative with an
appropriate ligand.

The synthesis started from methyl a-D-mannopyranoside
(1) (Scheme 1), which was converted into the dibenzyl
derivative 2 by following the reported procedure.10 The
primary hydroxyl group of 2 was first protected as its TBS
ether on treatment with TBS-Cl and imidazole in DMF and
subsequently the free OH group at C-2 was blocked with
MPM-Br in the presence of NaH in THF to afford 4.
Removal of TBS group with n-Bu4NF in THF gave 5.
Successive oxidation by Swern oxidation reaction11 and
Wittig reaction with PPh3CH3I and NaNH2 in anhydrous
ether gave olefin 6.12

The Sharpless asymmetric dihydroxylation of 6 (Scheme 2)
with (DHQ)2PYR ligand, K3Fe(CN)6, K2CO3 and catalytic
OsO4 in tert-BuOH–H2O (1:1 v/v) afforded an inseparable
(9:1, chiral HPLC) mixture of diastereomers 7. However the
corresponding acetonide derivatives (8a and 8b) prepared
by treating 7 with DMP and PPTS, were conveniently
separated by silica gel chromatography. The stereo-
chemistry at C-6 of 8b was confirmed converting it into

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.02.017
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the known compounds: 9 {[a]D¼þ22.4 (c 0.98, CHCl3);
lit.13 [a]Dþ23 (c 1, CHCl3)} and 10 {[a]D¼þ27.3 (c 0.85,
CHCl3), lit.13 [a]D¼þ27 (c 1, CHCl3)}. These studies
indirectly ensured the stereochemical assignment of com-
pound 8a as indicated.

The diol 7a on treatment with BnBr and NaH in THF
provided the benzylated product 11 (Scheme 2). The
MPM group at C-2 was then deprotected with DDQ14 to
furnish 12 with a free OH group suitable for glycosylation
reaction.

Subsequently, compound 12 was converted into glycosyl
donor 13 under acetolysis condition15 at 0 8C. The 1H NMR
spectrum of 13 showed two characteristic singlets at 2.05
and 2.11 ppm.

The final coupling between 12 and 13 was conducted16

(Scheme 3) in presence of catalytic BF3·OEt2 and 4 Å
molecular sieves in dry CH2Cl2 to provide the disaccharide

14. The 1H NMR spectrum of 14 showed resonance due to
the methyl of C(2)-OAc and anomeric methoxyl as two
singlets respectively at 2.09 and 3.29 ppm. A doublet at
5.22 ppm was assigned to H-2 proton. In the 13C NMR
spectrum, two anomeric carbon signals were visible at
99.5 and 99.8 ppm, confirming a-configuration at both the
anomeric carbons.

Compound 14 on deacetylation (Scheme 3) under Zemplen
conditions17 provided 15, which in principle can behave as a
building block to synthesize higher homologous saccharide.
Hydrogenolysis18 of 15 using 10% Pd(OH)2–C in MeOH
gave the required disaccharide 16. In the 1H NMR spectrum
of 16, signals due to two anomeric protons were observed at
4.77 and 4.90 ppm as doublet (J¼1.7 Hz). The charac-
teristic coupling constants observed in 1H NMR along
with the 13C NMR signals for the anomeric carbons,
revealed a-configuration at C-1 as well as C-10.

In conclusion, an efficient linear synthesis of terminal

Figure 1. Structure of K. pneumoniae lipopolysaccharide.

Scheme 1. Reagents and conditions: (a) Imidazole, TBDMS-Cl, DMF, 0 8C to rt, 1 h, 82%; (b) NaH, MPM-Br, THF, 4 h, 73%; (c) n-Bu4NF, THF, 1 h, 74%;
(d) (i) (COCl)2, DMSO, Et3N, 278 8C; (ii) PPh3CH3I, NaNH2, Et2O, 240 8C, 30 min, 32%.
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disaccharide unit of the hepto-glycan of a (1!2) linkage
has been accomplished from methyl a-D-mannopyranoside.

3. Experimental

3.1. General

Chemicals used in this study were purchased from Aldrich,
Fluka or Lancaster and used as received. Moisture-sensitive
reactions were performed in an inert atmosphere of either
N2 or Ar using dry solvents. The elemental analysis was
recorded on Elmentar-Vario-EL (Heraeus Company Ltd.
Germany). IR spectra were obtained on a Perkin–Elmer
FT-IR spectrometer. The NMR spectra were obtained on a
Bruker 200 Fourier transform spectrometer. Optical
rotations were measured with a JASCO DIP 370 digital
polarimeter. Reactions were monitored by Thin Layer
chromatography (TLC) carried out on 0.25 mm E-Merck
silica gel plates (60F-254) with UV, I2 and anisaldehyde in
ethanol as development reagents.

3.1.1. Methyl 3,4-di-O-benzyl-6-O-(tert-butyldimethyl-
silyl)-D-mannopyranoside (3). A solution of 2 (15.0 g,

40.1 mmol), imidazole (8.2 g, 120 mmol) and TBS-Cl
(6.0 g, 40.0 mmol) in CH2Cl2 (120 mL) was stirred for
1 h, concentrated and purified on silica gel using EtOAc–
light petroleum (1:9) to afford 3 (16.0 g, 82%) as a
colourless syrup; [a]D¼þ33.9 (c 0.49, CHCl3); 1H NMR
(200 MHz, CDCl3) data: d 0.2 (s, 6H), 0.80 (s, 9H), 2.27 (br
s, 1H), 3.33 (s, 3H), 3.71 (m, 6H), 4.66 (m, 5H), 7.29 (m,
10H); 13C NMR (50 MHz, CDCl3): d25.5, 17.7, 23.5, 54.3,
62.0, 70.4, 71.3, 72.3, 74.6, 74.9, 99.1, 127.5, 127.6, 128.2,
128.4, 137.9. Anal. calcd for C27H40O6Si: C, 66.36; H, 8.25.
Found: C, 66.69; H, 8.26.

3.1.2. Methyl 3,4-di-O-benzyl-6-O-(tert-butyldimethyl-
silyl)-2-O-(p-methoxybenzyl)-a-D-mannopyranoside (4).
A solution of 3 (11.0 g, 22.5 mmol) and NaH (1.8 g,
45.0 mmol, 60% dispersion in oil) in THF (75 mL) was
stirred for 30 min and then MPM-Br (5.0 g, 24.9 mmol) was
added. After 4 h, the reaction was quenched with ice and
concentrated. The residue was partitioned between EtOAc–
water, dried (Na2SO4), concentrated and purified on silica
gel using EtOAc–light petroleum (0.5:9.5) to give 4 (10.0 g,
73%) as a colourless syrup; [a]D¼þ30.2 (c 0.9, CHCl3); 1H
NMR (200 MHz, CDCl3) data: d 0.2 (s, 6H), 0.82 (s, 9H),
3.20 (s, 3H), 3.41 (m, 1H), 3.96 (s, 3H), 3.74 (m, 5H), 4.51

Scheme 3. Reagents and conditions: (a) BF3·OEt2, 4 Å mol sieves, CH2Cl2, 0 8C to rt, 12 h, 26%; (b) MeONa, MeOH, 10 min, 72%; (c) H2, Pd(OH)2–C,
MeOH, 40 h, 52%.

Scheme 2. Reagents and conditions: (a) (DHQ)2PYR, K3Fe(CN)6, K2CO3, cat. OsO4, tert-BuOH–H2O (1:1 v/v), 0 8C, 6 h; (b) DMP, PPTS, 4 h; (c) PPTS,
MeOH, 6 h, 65%; (d) DDQ, CH2Cl2–H2O (9:1), 3 h, 70%; (e) NaH, BnBr, DMF, 30 min, 57%; (f) H2, Pd/C, MeOH, 30 h (g) AcOH–Ac2O–H2SO4 (5:2:0.3),
60%.
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(m, 6H), 4.82 (d, 1H, J¼10.8 Hz), 6.76 (d, 2H, J¼8.8 Hz),
7.21 (m, 12H); 13C NMR (50 MHz, CDCl3): d 25.4, 18.1,
25.7, 54.1, 54.6, 62.6, 71.8, 71.9, 72.9, 74.4, 74.7, 76.7,
80.0, 98.6, 113.4, 127.2, 127.3, 127.6, 128.0, 129.0, 130.4,
138.5, 138.7. Anal. calcd for C35H48O7Si: C, 69.04; H, 7.95.
Found: C, 68.91; H, 7.66.

3.1.3. Methyl 3,4-di-O-benzyl-2-O-(p-methoxybenzyl)-a-
D-mannopyranoside (5). A solution of 4 (10.0 g,
16.4 mmol) and n-Bu4NF (33.0 mL, 33.0 mmol, 1 M) was
stirred for 1 h and concentrated. The residue was partitioned
between EtOAc–water, dried (Na2SO4), concentrated and
purified on silica gel using EtOAc and light petroleum ether
(1:4) to give 5 (6.0 g, 74%) as colourless oil; [a]D¼þ28.6 (c
0.7, CHCl3); IR (cm21): 3359, 3032, 2868, 1602, 1211,
1155; 1H NMR (200 MHz, CDCl3) data: d 2.05 (brs, 1H),
3.21 (s, 3H), 3.55 (m, 1H), 3.77 (s, 3H), 3.81 (m, 5H), 4.57
(m, 7H), 6.76 (d, 2H, J¼8.7 Hz), 7.23 (m, 12H); 13C NMR
(50 MHz, CDCl3): d 54.7, 55.1, 62.4, 72.2, 72.6, 74.4, 74.9,
75.1, 80.2, 99.5, 113.8, 127.5, 128.0, 128.3, 129.4, 130.3,
138.6. Anal. calcd for C29H34O7: C, 70.43; H, 6.93. Found:
C, 70.59; H, 7.11.

3.1.4. Methyl 3,4-di-O-benzyl-6-eno-2-O-(p-methoxyben-
zyl)-a-D-mannoheptopyranoside (6). A solution of
DMSO (2.8 mL, 32.4 mmol) and oxalyl chloride (1.4 mL,
16.2 mmol) in CH2Cl2 (50 mL) at 278 8C was stirred for
30 min and then 5 (4.0 g, 8.1 mmol) was added. After
45 min, Et3N (6.8 mL, 48.6 mmol) was added and the
reaction slowly brought to RT. The CH2Cl2 layer was
washed with water, dried (Na2SO4) and concentrated to
obtain the aldehyde (3.4 g), which was dissolved in dry
ether (30 mL), cooled to 240 8C and Ph3PvCH2 {gener-
ated from PPh3CH3I (11.2 g, 27.6 mmol) and sodamide
(1.0 g, 25.6 mmol)} was added. After 30 min, reaction
mixture was concentrated and the residue purified on silica
gel using EtOAc–light petroleum (0.07:0.93) to give 6
(1.3 g, 32%) as a colourless syrup; [a]D¼þ24.4 (c 1,
CHCl3); IR (cm21): 3025, 2890, 1638, 1604, 1205, 1137; 1H
NMR (200 MHz, CDCl3) data: d 3.29 (s, 3H), 3.71 (m, 3H),
3.78 (s, 3H), 3.91 (t, 1H, J¼6.9 Hz), 4.64 (m, 7H), 5.25 (d,
1H, J¼8.8 Hz), 5.43 (d, 1H, J¼14.4 Hz), 5.96 (m, 1H), 6.80
(d, 2H, J¼8.4 Hz), 7.28 (m, 12H); 13C NMR (50 MHz,
CDCl3): d 54.7, 55.2, 72.5, 72.5, 72.9, 74.7, 75.1, 79.0, 80.1,
99.4, 113.9, 117.7, 127.6, 128.0, 128.3, 128.4, 129.5, 130.6,
135.8. Anal. calcd for C30H34O6: C, 73.45; H, 6.98. Found:
C, 73.68; H, 6.92.

3.1.5. Methyl 3,4-di-O-benzyl-6,7-O-isopropylidine-2-O-
(p-methoxybenzyl)-D-glycero-a-D-mannopyranoside
(8a) and methyl 3,4-di-O-benzyl-6,7-O-isopropylidine-2-
O-(p-methoxybenzyl)-L-glycero-a-D-mannopyranoside
(8b). A solution of K2CO3 (1.1 g, 8.0 mmol), K3Fe(CN)6

(2.6 g, 8.0 mmol), OsO4 (27 mg, 0.1 mmol) and (DHQ)2

PYR (23 mg, 0.026 mmol) in t-BuOH–H2O (16.0 mL, 1:1)
was added to 6 (1.3 g, 2.65 mmol). After 6 h at 0 8C, the
reaction was quenched with solid sodium sulphite and
extracted with EtOAc, dried (Na2SO4) and concentrated to
give 7a/7b (1.0 g), which was treated with DMP (5 mL) and
PPTS (0.53 g) for 4 h. The reaction mixture was neutralized
with Et3N, concentrated and chromatograph on silica gel
using EtOAc–light petroleum (1:9) to give 8a (0.71 g,
47%); [a]D¼þ30.8 (c 0.8, CHCl3); 1H NMR (200 MHz,

CDCl3) data: d 1.20 and 1.30 (2s, 6H), 3.18 (s, 3H), 3.56 (m,
5H), 3.65 (s, 3H), 3.85 (t, 1H, J¼7.9 Hz), 4.18 (m, 1H), 4.47
(m, 6H), 4.83 (d, 1H, J¼11.0 Hz), 6.67 (d, 2H, J¼8.7 Hz),
7.17 (m, 12H); 13C NMR (50 MHz, CDCl3): d 27.2, 54.9,
55.6, 65.1, 69.5, 72.3, 72.6, 73.0, 74.5, 74.8, 75.2, 80.2,
99.7, 127.6, 127.7, 127.8, 128.0, 128.4, 128.6, 129.8, 138.5.
Anal. calcd for C33H40O8: C, 70.19; H, 7.14. Found: C,
69.92; H, 7.18. Further elution gave 8b (0.078 g, 5.2%) as a
colourless oil; [a]D¼þ19.4 (c 1.05, CHCl3); 1H NMR
(200 MHz, CDCl3) data: d 1.38 and 1.44 (2s, 6H), 3.32 (s,
3H), 3.80 (s, 3H), 3.83 (m, 3H), 4.01 (m, 3H), 4.41 (dd, 1H,
J¼2.3, 6.1 Hz), 4.62 (m, 6H), 4.98 (d, 1H, J¼8.3 Hz), 6.83
(d, 2H, J¼7.2 Hz), 7.29 (m, 12H). Anal. Calcd for
C33H40O8: C, 70.19; H, 7.14. Found: C, 70.04; H, 7.26.

3.1.6. Methyl 2,3,4,6,7-penta-O-benzyl-L-glycero-a-D-
mannoheptopyranoside (9). A solution of 8b (1.0 g,
1.8 mmol) and DDQ (0.47 g, 2.1 mmol) in CH2Cl2:H2O
(9:1, 7 mL) was stirred for 3 h, concentrated and purified on
silica gel using EtOAc–light petroleum (1:4). The resulting
product (0.5 g) and NaH (0.2 g, 4.9 mmol, 60% dispersion
in oil) in dry DMF (5 mL) were stirred for 30 min followed
by addition of BnBr (0.45 mL, 3.7 mmol). After 12 h, the
reaction was worked up as usual to afford a residue which
was purified on silica gel using EtOAc–light petroleum
(1:10) to give 9 (0.68 g, 57%) as a colourless syrup; [a]D¼
þ22.4 (c 0.98, CHCl3); IR (cm21): 3012, 2866, 1611, 1219,
1131; 1H NMR (200 MHz, CDCl3) d 3.26 (s, 3H), 3.81 (m,
7H), 4.55 (m, 11H), 7.25 (m, 25H); 13C NMR (50 MHz,
CDCl3): d 54.7, 70.9, 72.1, 72.4, 72.6, 73.2, 74.8, 75.0, 75.2,
78.5, 80.5, 98.8, 127.2, 127.3, 127.5, 127.6, 128.2, 138.5,
138.6. Anal. calcd for C43H46O7: C, 76.53; H, 6.87. Found:
C, 76.30; H, 6.78.

3.1.7. Methyl 3,4,6,7-tetra-O-benzyl-2-O-(p-methoxy-
benzyl)-D-glycero-a-D-mannoheptopyranoside (11). A
solution of 8a (0.68 g, 1.2 mmol) and PPTS (0.33 g,
1.3 mmol) in MeOH (10 mL) was stirred for 6 h, neutralized
by Et3N and concentrated. The resulting compound 7a
(0.5 g, 1.0 mmol) was dissolved in dry THF (7 mL) and
NaH (0.15 g, 3.8 mmol, 60% dispersion in oil) was added.
After 30 min, BnBr (0.3 mL, 2.4 mmol) was introduced,
stirred for another 12 h and worked up as usual to afford a
residue which was purified on silica gel using EtOAc–light
petroleum (1:10) to give 11 (0.55 g, 65%) as a colourless
syrup; [a]D¼þ29.2 (c 1.07, CHCl3); IR (cm21): 3022,
2875, 1612, 1216, 1140; 1H NMR (200 MHz, CDCl3): d
3.31 (s, 3H), 3.70 (m, 5H), 3.77 (m, 3H), 3.96 (s, 2H), 4.65
(m, 11H), 6.76 (d, 2H, J¼7.3 Hz), 7.26 (m, 22H); 13C NMR
(50 MHz, CDCl3) data: d 54.6, 55.1, 63.2, 72.0, 72.3, 73.2,
74.7, 74.9, 75.0, 80.5, 99.7, 113.6, 127.4, 127.5, 127.9,
128.3, 129.5, 138.7, 138.9. Anal. calcd for C44H48O8: C,
74.98; H, 6.86. Found: C, 74.69; H, 7.08.

3.1.8. Methyl 3,4,6,7-tetra-O-benzyl-D-glycero-a-D-man-
noheptopyranoside (12). A solution of 11 (1.3 g,
1.8 mmol) and DDQ (0.46 g, 2.0 mmol) in CH2Cl2–H2O
(9:1) was stirred for 3 h, concentrated and the residue
purified on silica gel using EtOAc–light petroleum (1:4) to
give 12 (0.76 g, 70%) as a colourless oil; [a]D¼þ17.3 (c
0.9, CHCl3); IR (cm21): 3376, 3035, 2892, 1615, 1210,
1190; 1H NMR (200 MHz, CDCl3) data: d 3.35 (s, 3H), 3.85
(m, 7H), 4.65 (m, 9H), 7.31 (m, 20H); 13C NMR (50 MHz,
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CDCl3): d 54.8, 68.2, 70.8, 72.0, 72.6, 73.3, 74.4, 78.3, 80.8,
100.2, 127.5, 127.6, 127.7, 127.9, 128.3, 128.5, 138.0,
138.6. Anal. calcd for C36H40O7: C, 73.95; H, 6.89. Found:
C, 73.81; H, 6.93.

3.1.9. 1,2-Di-O-acetyl-3,4,6,7-tetra-O-benzyl-D-glycero-
a-D-mannoheptopyranoside (13). A mixture of acetic
acid, acetic anhydride and sulfuric acid (3.0 mL; 25:5:1.5)
and 12 (0.3 g, 0.5 mmol) was stirred for 1 h at 0 8C. The
reaction was neutralized with NaHCO3 solution, extracted
with EtOAc, dried (Na2SO4), evaporated and purified on
silica gel using EtOAc–light petroleum (1:9) to give 13
(0.2 g, 60%) as a colourless oil; [a]D¼þ22.5 (c 0.9,
CHCl3); IR (cm21): 3015, 2912, 1710, 1611, 1145; 1H
NMR (200 MHz, CDCl3): d 2.05, 2.11 (2s, 6H), 3.94 (m,
4H), 4.24 (m, 2H), 4.64 (m, 8H), 5.28 (br.d, 1H, J¼5.6 Hz),
6.05 (d, 1H, J¼2.0 Hz), 7.32 (m, 20H); 13C NMR (50 MHz,
CDCl3): d 20.4, 64.3, 71.8, 72.1, 72.3, 73.6, 74.4, 74.8, 79.1,
91.5, 127.1, 127.3, 127.5, 127.7, 127.9, 128.1, 128.7, 137.7,
137.8, 138.0, 138.2, 168.2, 169.8. Anal. calcd for C39H42O9:
C, 71.54; H, 6.46. Found: C, 71.41; H, 6.25.

3.1.10. Methyl 2-O-acetyl-3,4,6,7-tetra-O-benzyl-D-glycero-
a-D-mannoheptopyranosyl-(1!2)-3,4,6,7-tetra-O-ben-
zyl-D-glycero-a-D-mannoheptopyranoside (14). To a
mixture of 12 (0.14 g, 0.2 mmol), 13 (0.2 g, 0.3 mmol)
and activated 4 Å molecular sieves (0.1 g) in dry CH2Cl2
(3 mL), BF3·OEt2 (0.05 mL) was added. After 12 h, the
reaction was neutralized with Et3N, filtered, concentrated
and purified on silica gel using EtOAc–light petroleum
(1:10) to give the disaccharide 14 (0.07 g, 26%) as a
colourless syrup; [a]D¼þ28.9 (c 1, CHCl3); IR (cm21):
3041, 2882, 1725, 1600, 1208, 1180; 1H NMR (200 MHz,
CDCl3) data: d 2.09 (s, 3H), 3.29 (s, 3H); 3.76 (m, 13H),
4.59 (m, 18H), 5.22 (brd, 1H, J¼5.4 Hz), 7.21 (m, 40H); 13C
NMR (50 MHz, CDCl3): d 21.0, 54.7, 68.8, 72.0, 72.3,
72.4, 75.2, 75.3, 78.5, 78.6, 79.5, 99.5, 99.8, 127.5, 127.7,
128.0, 128.4, 135.1, 135.6, 138.5, 169.8. Anal. calcd for
C73H78O14: C, 74.34; H, 6.66. Found: C, 74.51; H, 6.92.

3.1.11. Methyl 3,4,6,7-tetra-O-benzyl-D-glycero-a-D-
mannoheptopyranosyl-(1!2)-3,4,6,7-tetra-O-benzyl-D-
glycero-a-D-mannoheptopyranoside (15). A solution of
14 (0.06 g, 0.05 mmol) and MeONa (3 mg) in MeOH
(2 mL) was stirred for 10 min, quenched by adding solid
CO2 and concentrated. The residue purified on silica gel
using EtOAc–light petroleum (1:9) to give 15 (0.042 g,
72%) as a colourless syrup; [a]D¼þ32.7 (c 1.12, CHCl3);
IR (cm21): 3390, 3027, 2870, 1613, 1217, 1163; 1H NMR
(200 MHz, CDCl3) data: d 3.41 (s, 3H), 3.86 (m, 14H), 4.72
(m, 18H), 7.26 (m, 40H); 13C NMR (50 MHz, CDCl3): d
54.6, 65.5, 68.8, 72.6, 73.0, 73.5, 75.4, 78.1, 78.4, 79.8,
98.7, 98.9, 127.4, 127.7, 127.8, 128.0, 128.2, 128.4, 135.2,
135.8, 138.0. Anal. calcd for C71H76O13: C, 74.98; H, 6.73.
Found: C, 75.18; H, 6.99.

3.1.12. Methyl D-glycero-a-D-mannoheptopyranosyl-

(1!2)-D-glycero-a-D-mannoheptopyranoside (16). A
suspension of 10% Pd(OH)2–C (10 mg) and 15 (0.035 g,
0.03 mmol) in MeOH (5 mL) was hydrogenolyzed at rt for
40 h. Filtration of the catalyst followed by concentration
gave 16 (0.007 g, 52%) as a colourless oil; [a]D¼þ65
(c 0.8, H2O); IR (cm21): 3390, 2871, 1209, 1161; 1H NMR
(200 MHz, D2O) data: d 3.41 (s, 3H), 3.79 (m, 14H), 4.77
(d, 1H, J¼1.7 Hz), 4.90 (d, 1H, J¼1.7 Hz); 13C NMR
(50 MHz, D2O): d 54.3, 62.1, 62.2, 67.6, 67.8, 69.9, 70.1,
71.0, 72.2, 72.4, 74.2, 74.2, 101.9, 102.4. Anal. Calcd for
C15H28O13: C, 43.27; H, 6.78. Found: C, 43.41; H, 6.93.
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Abstract—A new synthetic method of (2)-vallesamidine, including a unique 2,2,3-trialkylindoline skeleton, was developed by reductive
radical cyclization reaction from the 2,3-dialkylindole derivative, which has been known to be an intermediate for the synthesis of
aspidospermidine.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Vallesamidine 1 is one of 28 alkaloids isolated from
Vallesia dichotoma Ruiz and Pav in 1965 and its structure
and absolute configuration were determined by Djerassi in
1968.1 The defined structure shows a unique and abnormal
indole alkaloid including a 2,2,3-trialkylindoline skeleton,
which differs from (þ)-aspidospermidine 2, a typical indole
alkaloid, having 2,3,3-trialkylindoline chromophore
(Scheme 1). The stereochemistry of vallesamidine at C-5
and C-19 is identical to that of aspidospermidine, suggesting
that these two alkaloids are possibly biosynthesized from
the same intermediate. A great amount of research has been
reported on the synthesis of 2,3,3-trialkylated indoline
alkaloids such as Aspidosperma and Strychnos families,2 but
little research has been carried out on 2,2,3-trialkylated
indoline alkaloids such as vallesamidine.3

In 1990, Heathcock reported the first total synthesis of (^)-
vallesamidine via newly developed methodology, wherein
the indolenine skeleton is formed in the late stage of its
synthesis.4 In his paper, it is noted that alkylation at C-2 of a

2,3-disubstituted indole 3 is not generally useful, because of
the propensity of the resulting cation to rearrange to the
more stable 2,3,3-trialkylindolenium ion. In fact, Harley-
Mason,5 Fuji6 and Schultz7 have succeeded in the synthesis
of the aspidosperidine skeleton from 3, being used as a key
intermediate, in the cyclization which includes the interest-
ing rearrangement as shown in Scheme 2.

On the other hand, Levy’s elegant transformation of the
pentacyclic vallesamidine skeleton from tabersonine was
achieved by treatment with Zn powder in acetic acid.8 It has
been proposed that 2,2,3-trialkylindoline intermediate 6 is
included in the equilibrium reaction mixture, in addition to
2,3,3-trialkylindoline 4 and quebrachamine chromophore 5
(Scheme 3). In this way, enantiomeric (þ)-vallesamidine
was obtained in 24% yield.

Because of the above discussion, we have been interested in
investigating a new synthetic approach to vallesamidine
wherein the reductive radical cyclization of the known 2,3-
dialkylindole derivative 3a provides the 2,2,3-trialkyl-
indoline skeleton. Although many novel ring systems and

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.02.015

Tetrahedron 60 (2004) 3273–3282

Scheme 1.
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natural products have been synthesized by radical reactions,
a small amount of research has been devoted to the synthesis
of indoline alkaloids.9 In this article, we first describe a
successful total synthesis of (2)-vallesamidine 1 from 3a,
prepared by the following line (Scheme 4),10 and second the
additional transformation of 3a into (þ)-aspidospermidine 2
and (þ)-dihydroeburnamenine 24a from the common
intermediate 3a.

2. Results and discussion

2.1. Synthesis of (2)-vallesamidine

The synthesis of the chiral key intermediate 3a was started
from 7, which was obtained from the double alkylation of
(S)-g-trityloxymethyl-g-butyrolactone by using the method
reported by Koga.11 Detritylation of 7 afforded an alcohol 8

Scheme 2.

Scheme 3.

Scheme 4. Reagents and conditions: (a) 80% AcOH, 80 8C, 1 h; (i) 4 M aq. NaOH, dioxane, 100 8C, 1 h; (ii) CO2; (iii) aq. NaIO4, rt, 3 h; (iv) 1 M HCl; (c) (i)
NaBH4, MeOH, rt, 1 h; (ii) 4 M HCl–MeOH, 70 8C, 1 h; (d) (i) DiBAL–H, Et2O, 278 8C, 1 h; (ii) CH(OMe)3, p-TsOH, MeOH, 80 8C, 40 min; (e) (i) 9-BBN,
THF, rt, overnight; (ii) 30% H2O2, 3 M aq. NaOH, THF, rt, 1 h; (f) SO3-Py, DMSO, TEA, CH2Cl2, rt, 0.5 h; (g) NaClO2, t-BuOH, aq. NaH2PO4,
Me2CvCHMe, rt, 1 h; (h) tryptamine, AcOH, 125 8C, 6 days; (i) 20% aq. NaOH, MeOH, rt, 1 h.
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in 98% yield, which was hydrolyzed with 4 M aqueous
NaOH in dioxane followed by neutralization with CO2. The
resulting mixture was oxidized with sodium periodate to
give hemiacetal 9 in 95% yield. Reduction of 9 with sodium
borohydride in methanol gave g-lactones 10 (92%). The
lactone was then converted to methylacetal 11 by reduction
with diisobutylaluminum hydride at 278 8C, followed by
treatment with trimethyl orthoformate and p-toluene-
sulfonic acid in methanol, in 84% yield in two steps.
Transformation of the double bond in 11 into primary
alcohols 12a,b was performed by following successive
reactions of hydroboration with 9-BBN in THF and
oxidation with hydrogenperoxide in alkali in 87% yield.
The alcohols 12a,b were further oxidized to carboxylic
acids 14a,b (95% yield)12 via 13a,b in the usual way.

The next condensation reaction was performed by heating
the mixture of carboxylic acids 14a,b with tryptamine in
AcOH at refluxing temperature. In this reaction mixture, the
intermediate 15 was always detected on a silica gel TLC.
The structure of 15 was proposed by spectral data and
further confirmed by its chemical transformation into the
same products 16a,b. After 6 days, the intermediate 15
completely disappeared and then, the reaction mixture was
separated by using a silica gel column chromatography to
give a tetracyclic indole lactam derivatives 16a (43%) and
16b (44%)6 as acetates. Exposure of 16a to 20% aqueous
NaOH in MeOH solution afforded the desired alcohol 3a,
corresponding to the natural form, and 16b gave another
stereoisomer 3b under the same conditions. The stereo-
chemistry of each product was characterized by
comparison with 1H NMR spectra of the authentic samples.6

The structure of 3a was further confirmed by the
conversion into the known compound (þ)-aspidospermi-
dine 2 under the usual acidic conditions followed by LAH
reduction.6 The next approach from 3a to 1 is outlined in
Scheme 5.

The primary hydroxy group in the side chain of 3a was

converted into mesylate by using MsCl–DMAP in pyridine
at 0 8C in 92% yield. The resulting mesylate 17a was treated
with diphenydiselenide and NaBH4 in EtOH at room
temperature, giving the desired selenide 18a in 68% yield
together with N-alkylated product (4% yield, Hunteria type
chromophore). Treatment of the selenide 18a with a mixture
of tributyltin hydride (n-Bu3SnH) and 2,20-azobisisobutyro-
nitrile (AIBN) in toluene at 100 8C under argon for 30 min
gave a single product in 91% yield, the structure of which
was assumed to be pentacyclic compound 19 based on the
following physical data; in 1H NMR (d): the signal at
4.77 ppm (lH, s; C19-proton) of 18a moved to 3.28 ppm
(lH, s); in 13C NMR (d): two sp2 carbon signals at 126–
136 ppm, corresponding to a and b-carbon in the indole
ring of 18a, disappeared and in place of these signals, two
new signals were observed at 44.6 ppm (–CH–) and
76.3 ppm (quaternary carbon). N-Methylation of 19 with
the mixture of HCHO–NaBH3CN–AcOH in acetonitrile
gave 20 in 87% yield.

Finally, reduction of the lactam 20 by using LAH in THF
under refluxing temperature for 30 min was achieved to
provide (2)-vallesamidine 1 in 82% yield. The structure of
the synthetic material was confirmed by comparison with
the physical data reported by Heathcock.4b

2.2. Radical reduction of the epimer 18b

Another stereoisomer 3b was also converted into phenyl-
selenide 18b through mesylate 17b as shown in Scheme 6.
Exposure of the isomer 18b with n-Bu3SnH and AIBN in
toluene at 100 8C for 1 h under an argon atmosphere gave a
single product 22 in 70% yield. None of the cyclized
product was detected on silica gel TLC. The 1H NMR
spectrum of 22 indicated the presence of two methyl groups.
This observation may reflect a reduction of the radical
intermediate generated from the 20-phenylselenylethyl side
chain in 18b, because the location of the radical is separated
from indole ring as depicted in 21.

Scheme 5. Reagents and conditions: (a) MsCl, pyridine, 0 8C, 2 h; (b) (PhSe)2, NaBH4, EtOH, 0 8C!rt, 3 h; (c) n-Bu3SnH, AlBN, toluene, 100 8C, 0.5 h; (d)
35% HCHO, NaBH3CN, CH3CN, then AcOH, rt, 1 h; (e) LAH, THF, 70 8C, 0.5 h.
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2.3. Syntheses of (1)-dihydroeburnamenine 24a and
(2)-epidihydroeburnamenine 24b

It is interesting to note that the mesylate 17b was readily
converted into N-alkylated pentacyclic product 23b by
treatment with NaOH in THF at room temperature in 88%
yield, although ring closure of 18b was not observed under
radical reaction conditions as described above. The other
stereoisomer of the masylate 17a was also converted into a
cyclization product 23a in 94% yield with alkali. (þ)-
Dihydroeburnamenine 24a was obtained from 23a on
reduction with LiAlH4 in THF under refluxing temperature
in 91% yield. Reduction of another isomer 23b was not
succeeded under the same conditions because of decompo-
sition. However, when 23b was treated with an excess
amount of NaBH4–TFA in dioxane, the desired (2)-
epidihydroeburnamenine 24b was obtained in 87% yield
(Scheme 7). The structures of 24a6 and 24b3,6,13 were
characterized by comparison with the physical data reported
in the literature, respectively.

3. Conclusions

We have developed a new strategy for preparation of the
2,2,3-trialkylindoline skeletons via reductive radical
cyclization reaction, and demonstrated five steps for the
synthesis of vallesamidine 1 from the intermediate 3a,
which has been known to be a common substrate for the
synthesis of Aspidosperma and Hunteria type indole
alkaloids. It is noteworthy that vallesamidine 1 and the
co-occurring aspidosperma-type indole alkaloids have been
shown to have the same absolute configuration at carbon 2,

5, 12, 19, which may suggest one route for biosynthesis of
these alkaloids is carried out from the common intermediate
3a.

4. Experimental

4.1. General information

All melting points were uncorrected. 1H NMR spectra
(600 MHz) and 13C NMR spectra (150 MHz) were recorded
on a JEOL JNM-A 600 spectrometer. 13C NMR assignments
were carried out using DEPT experiments. IR spectra were
recorded on a JASCO IR-810 spectrometer. UV spectrum
was recorded on a JASCO UVIDEC-6100 spectrometer. MS
spectra were recorded on a JEOL-MS700. Optical rotations
were measured on a JASCO DIP-370 polarimeter. Separ-
ation of the products by flash column chromatography was
carried out on silica gel (Fuji Silysia Chem. Co., BW-300).
Separation of the products by TLC was carried out on silica
gel (MERCK 1.05744).

4.1.1. (2R)-2,3-Dideoxy-2-ethyl-2-(2-propenyl)-D-
glyceropentanoic acid g-lactone (8). A solution of 7
(1.96 g, 4.60 mmol) in 80% AcOH (15.5 mL) was stirred at
80 8C for 1 h. After the mixture was concentrated under
reduced pressure, the residue was diluted with AcOEt. The
organic phase was washed with saturated aqueous NaHCO3

and brine, dried over anhydrous Na2SO4 and concentrated.
The residual oil was purified by flash column chromato-
graphy on silica gel with hexane–AcOEt (1:1) as eluant to
give 8 (827 mg, 98%) as a colorless oil; [a]D

20 þ22.38 (c 1.7,
CHCl3); IR (neat) 3450, 1760, 1645, 1195, 930 cm21; 1H

Scheme 6. Reagents and conditions: (a) MsCl, DMAP, pyridine, 0 8C, 2 h; (b) (PhSe)2, NaBH4, EtOH, 0 8C, 0.5 h!rt, 3 h; (c) n-Bu3SnH, AlBN, toluene,
100 8C, 1 h.

Scheme 7. Reagents and conditions: (a) NaOH, THF, rt, 20 min; (b) LAH, TAF, 70 8C, 0.5 h; (c) NaBH4, TFA, dioxane, 100 8C, 45 min.
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NMR (CDCl3): d 0.93 (3H, t, J¼7.3 Hz), 1.58–1.73 (2H,
m), 2.03 (1H, dd, J¼13.2, 7.8 Hz), 2.09 (1H, dd, J¼13.2,
9.3 Hz), 2.30 (1H, dd, J¼13.7, 7.8 Hz), 2.37 (1H, dd,
J¼13.7, 7.3 Hz), 3.59 (1H, dd, J¼12.7, 4.9 Hz), 3.88 (1H,
dd, J¼12.7, 2.9 Hz), 4.44–4.54 (1H, m), 5.13–5.22 (2H,
m), 5.71–5.86 (1H, m); 13C NMR (CDCl3; DEPT) d 8.6
(CH3), 29.2 (CH2), 31.6 (CH2), 41.5 (CH2), 48.6 (C), 63.9
(CH2), 77.7 (CH), 119.5 (CH2), 132.6 (CH), 180.8 (C); MS
(EI): 184 (Mþ); HRMS (EI), calcd for C10H16O3: 184.1099;
found: 184.1122.

4.1.2. (3R)-3-Ethyldihydro-5-hydroxy-3-(2-propenyl)-
2(3H)-furanone (9). To a solution of 8 (827 mg,
4.49 mmol) in dioxane (113 mL) was added 4 M aqueous
NaOH (45 mL) and the mixture was heated at 100 8C for
1 h. After cooling, the reaction mixture was neutralized with
dry ice. To the milky suspension was added a solution of
NaIO4 (2.42 g, 11.3 mmol) in H2O (20 mL) and the
suspension was stirred at room temperature for 3 h. After
quenched with 1 M HCl–H2O (180 mL), the reaction
mixture was extracted with CH2Cl2 (3£100 mL). The
combined extracts were washed with saturated aqueous
NaHCO3, brine, and dried over anhydrous Na2SO4 and
concentrated. The residual oil was purified by flash column
chromatography on silica gel with hexane–AcOEt (2:1) as
eluant to afford diastereoisomers 9 (727 mg, 95%) as
colorless oil. The ratio of the diastereoisomeric mixture
could not be determined because of broad signals observed
in the 1H NMR spectrum; IR (neat) 3400, 1750, 1645, 1195,
930 cm21; 1H NMR (CDCl3): d 0.94 (3H, br s), 68 (2H, br
s), 2.07 (1H, br s), 2.35 (2H, br s), 4.98 (1H, br s), 5.10–5.20
(2H, br m), 5.73 (1H, br s), 5.83 (1H, br s); 13C NMR
(CDCl3; DEPT) d 8.7 (CH3), 29.8 (CH2), 38.4 (CH2), 41.0
(CH2), 48.4 (C), 96.9 (CH), 119.7 (CH2), 132.8 (CH), 180.6
(C); MS (EI): 170 (Mþ); HRMS (EI), calcd for C9H14O3:
170.0943; found: 170.0932.

4.1.3. (3R)-3-Ethyldihydro-3-(2-propenyl)-2(3H)-fura-
none (10). Sodium borohydride (156 mg, 4.12 mmol) was
added to a solution of 9 (350 mg, 2.06 mmol) in MeOH
(7.7 mL). After stirring at room temperature for 1 h, the
reaction mixture was acidified with 4 M HCl–MeOH
(0.94 mL) and heated at 70 8C for 1 h. After the reaction
mixture was allowed to cool to room temperature, the
resulting mixture was diluted with CH2Cl2 and the solution
was washed with saturated aqueous NaHCO3, brine, and
dried over anhydrous Na2SO4 and concentrated. The
residual oil was purified by flash column chromatography
on silica gel with hexane–AcOEt (4:1) as eluant to afford 10
(293 mg, 92%) as a colorless oil; [a]D

20 223.38 (c 1.6,
CHCl3); IR (neat) 2980, 1770, 1375, 1190, 1030 cm21; 1H
NMR (CDCl3): d 0.96 (3H, t, J¼7.3 Hz), 1.65 (2H, qd,
J¼7.3, 1.5 Hz), 2.10 (1H, dq, J¼14.6, 7.3 Hz), 2.19 (1H, dq,
J¼14.6, 7.3 Hz), 2.30 (1H, ddt, J¼13.7, 8.3, 1.0 Hz), 2.17
(1H, ddt, J¼13.7, 6.8, 1.5 Hz), 4.22 (2H, t, J¼7.3 Hz),
5.12–5.19 (2H, m), 5.68–5.82 (1H, m); 13C NMR (CDCl3;
DEPT) d 8.7 (CH3), 29.2 (CH2), 30.8 (CH2), 40.4 (CH2),
46.5 (C), 65.3 (CH2), 119.3 (CH2), 132.9 (CH), 180.8 (C);
MS (EI): 154 (Mþ); HRMS (EI), calcd for C9H14O2:
154.0994; found: 154.0985.

4.1.4. (3R)-3-Ethyltetrahydro-2-methoxy-3-(2-pro-
penyl)furan (11). A solution of 0.95 M diisobutylalminum

hydride in hexane (0.95 mol/L, 6.0 mL, 5.70 mmol) was
added dropwise to a stirred solution of 10 (385 mg,
2.50 mmol) in anhydrous ether (19.0 mL) at 278 8C under
nitrogen. The mixture was stirred at the same temperature
for 1 h. After the reaction mixture was allowed to warm to
room temperature, MeOH (12 mL), methyl orthoformate
(1.0 mL, 9.14 mmol) and p-toluenesulfonic acid (1.59 g,
8.36 mmol) were added to the mixture, and the resulting
solution was heated at refluxing temperature for 40 min.
After cooling, the mixture was diluted with AcOEt and the
organic solution was washed with saturated aqueous
NaHCO3, brine, and dried over anhydrous Na2SO4 and
then concentrated. The residual oil was purified by flash
column chromatography on silica gel with hexane–AcOEt
(10:1) as eluant to afford 11 (355 mg, 84%) as an
inseparable mixture of diastereoisomers (17:14). IR (neat)
1645, 1455, 1105, 1030, 915 cm21; 1H NMR (CDCl3): d
0.87 and 0.88 (3H, t, J¼7.3 Hz), 1.25–1.59 (2H, m), 1.66–
1.81 (2H, m), 2.03–2.34 (2H, m), 3.33 and 3.34 (3H, s),
3.84–3.92 (1H, m), 3.93–3.98 (1H, m), 4.47 and 4.48 (1H,
s), 5.00–5.10 (2H, m), 5.72–5.83 (1H, m); 13C NMR
(CDCl3; DEPT) d 8.2 and 9.2 (CH3), 24.5 and 26.8 (CH2),
33.7 and 33.8 (CH2), 36.0 and 37.9 (CH2), 49.5 and 50.0
(C), 54.6 and 54.7 (CH3), 65.9 and 65.9 (CH2), 108.6 and
108.8 (CH), 116.7 and 117.7 (CH2), 134.4 and 135.8 (CH);
MS (EI): 170 (Mþ); HRMS (EI), calcd for C10H18O2:
170.1307; found: 170.1332.

4.1.5. (3R)-3-Ethyltetrahydro-2-methoxy-3-furanpro-
panol (12a,b). To a solution of 11 (976 mg, 5.73 mmol)
in absolute THF (23 mL) was added a solution of 0.5 M
9-borabicyclo[3,3,1]nonane (9-BBN; 36.7 mL, 18.4 mmol)
in hexane dropwise for a period of 15 min under nitrogen
atmosphere and the mixture was stirred at room temperature
overnight. The mixture was allowed to cool to 0 8C. To the
cold solution was added H2O (20 mL), 3 M aqueous NaOH
(31.2 mL, 93.6 mmol), and 30% H2O2 (8.33 mL,
81.5 mmol) and the mixture was warmed again to room
temperature. After stirring for 1 h, the mixture was extracted
with ether (twice). The combined organic extracts were
washed with H2O and brine, and dried over anhydrous
Na2SO4 and concentrated to give an oil that was purified by
flash column chromatography on silica gel with hexane–
AcOEt (1:1) as eluant to afford 12a,b (567 mg, 87% as
collected yield) as a mixture of diastereomers (17:14) and
recovered 11 (377 mg, 39%). The sample for physical
analysis was separated by repeated TLC on silica gel with
hexane–AcOEt (2:3). 12a: [a]D

20 þ79.98 (c 1.6, CHCl3); IR
(neat) 3400, 1460, 1100, 1055, 920 cm21; 1H NMR
(CDCl3): d 0.86 (3H, t, J¼7.3 Hz), 1.34 (1H, dq, J¼14.7,
7.3 Hz), 1.43 (1H, dq, J¼14.7, 7.3 Hz), 1.48–1.53 (4H, m),
1.67–1.77 (2H, m), 3.33 (3H, s), 3.58–3.70 (2H, m), 3.87
(1H, q, J¼8.4 Hz), 3.93 (1H, td, J¼8.4, 4.3 Hz), 4.47 (1H,
s); 13C NMR (CDCl3; DEPT) d 8.2 (CH3), 26.2 (CH2), 26.9
(CH2), 28.1 (CH2), 34.1 (CH2), 49.4 (C), 54.5 (CH3), 63.4
(CH2), 65.8 (CH2), 108.9 (CH); MS (EI): 187 (Mþ21);
HRMS (EI), calcd for C10H19O3 (Mþ21): 187.1334; found:
187.1342. 12b: [a]D

20 283.78 (c 0.99, CHCl3); IR (neat)
3400, 1460, 1100, 1055, 920 cm21; 1H NMR (CDCl3) d
0.85 (3H, t, J¼7.3 Hz), 1.31–1.39 (1H, m), 1.40–1.46 (1H,
m), 1.46–1.60 (4H, m), 1.67–1.78 (2H, m), 3.33 (3H, s),
3.64 (2H, t, J¼6.6 Hz), 3.88 (1H, q, J¼8.4 Hz), 3.94 (1H, td,
J¼8.4, 4.0 Hz), 4.47 (1H, s); 13C NMR (CDCl3; DEPT): d
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9.2 (CH3), 24.2 (CH2), 27.3 (CH2), 29.6 (CH2), 34.4 (CH2),
49.5 (C), 54.7 (CH3), 63.5 (CH2), 65.8 (CH2), 109.0 (CH);
MS (EI): 187 (Mþ21); HRMS (EI), calcd for C10H19O3

(Mþ21): 187.1334; found: 187.1353.

4.1.6. (3R)-3-Ethyltetrahydro-2-methoxy-3-furanpro-
panal (13a,b). Surfur trioxide pyridine complex (1.90 g,
11.9 mmol) was added to a solution of 12a,b (274 mg,
1.46 mmol), methyl sulfoxide (14.0 mL, 197 mmol) and
triethylamine (5.5 mL, 39.5 mmol) in CH2Cl2 (5.5 mL) and
the mixture was stirred at room temperature for 0.5 h under
nitrogen atmosphere. The resulting mixture was diluted with
AcOEt and washed with H2O, saturated aqueous NH4Cl,
saturated aqueous NaHCO3, and brine and dried over
anhydrous Na2SO4. Concentration of the solvent under
reduced pressure provided crude aldehyde 13a,b which was
used for next reaction without any purification; 13a
(prepared from 12a): [a]D

20 þ89.68 (c 1.4, CHCl3); IR
(neat) 1730, 1460, 1100, 1055, 920 cm21; 1H NMR
(CDCl3): d 0.86 (3H, t, J¼7.3 Hz), 1.34 (1H, dq, J¼14.7,
7.3 Hz), 1.42 (1H, dq, J¼14.7, 7.3 Hz), 1.68–1.78 (2H, m),
1.79–1.89 (2H, m), 2.30–2.44 (2H, m), 3.30 (3H, s), 3.88
(1H, q, J¼8.1 Hz), 3.94 (1H, td, J¼8.1, 5.1 Hz), 9.74 (1H, t,
J¼2.2 Hz); 13C NMR (CDCl3; DEPT) d 8.2 (CH3), 23.7
(CH2), 26.4 (CH2), 33.8 (CH2), 39.8 (CH2), 49.1 (C), 54.5
(CH3), 65.8 (CH2), 108.7 (CH), 202.7 (CH); MS (EI): 186
(Mþ); HRMS (EI), calcd for C10H18O3: 186.1256; found:
186.1237. 13b (prepared from 12b): [a]D

20 291.48 (c 1.5,
CHCl3); IR (neat) 1730, 1460, 1380, 1100, 1060,
1030 cm21; 1H NMR (CDCl3): d 0.85 (3H, t, J¼7.3 Hz),
1.48 (1H, dq, J¼14.7, 7.3 Hz), 1.56 (1H, dq, J¼14.7,
7.3 Hz), 1.62–1.72 (3H, m), 1.73–1.82 (1H, m), 2.35–2.45
(2H, m), 3.31 (3H, s), 3.89 (1H, q, J¼8.1 Hz), 3.95 (1H, td,
J¼8.1, 4.0 Hz), 9.80 (1H, t, J¼1.5 Hz); 13C NMR (CDCl3;
DEPT) d 9.1 (CH3), 24.3 (CH2), 25.5 (CH2), 34.2 (CH2),
39.1 (CH2), 49.2 (C), 54.7 (CH3), 65.7 (CH2), 108.6 (CH),
202.0 (CH); MS (EI): 186 (Mþ); HRMS (EI), calcd for
C10H18O3: 186.1256; found: 186.1243.

4.1.7. (3R)-3-Ethyltetrahydro-2-methoxy-3-furanpro-
panoic acid (14a,b). To a solution of aldehydes 13a,b in
tert-butylalcohol (11.8 mL) was added 2-methyl-2-butene
(0.68 mL, 6.42 mmol), sodium dihydrogenphosphate
dihydrate (228 mg, 1.46 mmol) and H2O (3.0 mL) and
sodium chlorite (544 mg, 6.02 mmol) portionwise over 1 h
under vigorous stirring. After cooling to 0 8C, the mixture
was acidified with 1 M HCl, and then extracted with CH2Cl2
(three times). The combined extracts were dried over
anhydrous Na2SO4 and concentrated to give an oil which
was purified by flash column chromatography on silica gel
with hexane–AcOEt (1:1) as eluant to afford 14a,b
(280 mg, 95%) as a mixture of diastereomers (17:14). 14a
(prepared from 13a): [a]D

20 þ77.88 (c 1.3, CHCl3); IR (neat)
1710, 1460, 1100, 1050, 975 cm21; 1H NMR (CDCl3): d
0.87 (3H, t, J¼7.3 Hz), 1.33 (1H, dq, J¼14.7, 7.3 Hz), 1.42
(1H, dq, J¼14.7, 7.3 Hz), 1.69–1.80 (2H, m), 1.80–1.90
(2H, m), 2.26–2.37 (2H, m), 3.32 (3H, s), 3.88 (1H, q,
J¼8.1 Hz), 3.95 (1H, td, J¼8.1, 5.1 Hz), 4.46 (1H, s); 13C
NMR (CDCl3; DEPT) d 8.2 (CH3), 26.3 (CH2), 26.4 (CH2),
29.9 (CH2), 33.8 (CH2), 49.1 (C), 54.6 (CH3), 65.8 (CH2),
108.7 (CH), 180.0 (C); MS (EI): 201 (Mþ21); HRMS (EI),
calcd for C10H17O4 (Mþ21): 201.1127; found: 201.1119.
14b (prepared from 13b): mp 41–42 8C; [a]D

20 283.28 (c

1.2, CHCl3); IR (KBr) 1710, 1450, 1190, 1100, 1025 cm21;
1H NMR (CDCl3): d 0.86 (3H, t, J¼7.3 Hz), 1.47 (1H, dq,
J¼14.7, 7.3 Hz), 1.56 (1H, dq, J¼14.7, 7.3 Hz), 1.65–1.81
(4H, m), 2.27–2.37 (2H, m), 3.33 (3H, s), 3.90 (1H, q,
J¼8.1 Hz), 3.95 (1H, td, J¼8.1, 4.4 Hz), 4.48 (1H, s); 13C
NMR (CDCl3; DEPT) d 9.1 (CH3), 24.2 (CH2), 28.3 (CH2),
29.2 (CH2), 34.1 (CH2), 49.3 (C), 54.8 (CH3), 65.7 (CH2),
108.5 (CH), 179.7 (C); MS (EI): 201 (Mþ21). Anal. calcd
for C10H18O4: C, 59.39; H, 8.97. Found: C, 58.99; H, 8.99.

4.1.8. (1R,12bR)-1-Ethyl-2,3,6,7,12,12b-hexahydro-1-(2-
acetoxyethyl)-indolo[2,3-a]quinolizin-4 (1H)-one (16a)
and (1R,12bS)-1-ethyl-2,3,6,7,12,12b-hexahydro-1-(2-
acetoxyethyl)-indolo[2,3-a]quinolizin-4(1H)-one (16b).
A mixture of 14a,b (205 mg, 1.01 mmol) and tryptamine
(211 mg, 1.32 mmol) in AcOH (3.0 mL) was heated at
125 8C for 6 days. After the solvent was removed under
reduced pressure, the resulting residue was purified by flash
column chromatography on silica gel with CH2Cl2–MeOH
(20:1) as eluant to afford 16a (154 mg, 43%) and 16b
(158 mg, 44%) as a crystalline solid. Additional product 15
was isolated as an intermediate in this reaction; 16a
(recrystallization from AcOEt–hexane): mp 79–81 8C;
[a]D

20 þ77.88 (c 1.3, CHCl3); IR (KBr) 1740, 1620, 1240,
1135, 745 cm21; 1H NMR (DMSO-d6): d 1.08 (3H, t,
J¼7.3 Hz), 1.16 (1H, ddd, J¼14.7, 9.9, 5.9 Hz), 1.51 (1H,
ddd, J¼14.7, 9.9, 5.9 Hz), 1.52–1.59 (1H, m), 1.78 (1H, dq,
J¼14.7, 7.3 Hz), 1.87 (3H, s), 1.89–1.96 (1H, m), 1.99 (1H,
dq, J¼14.7, 7.3 Hz), 2.31–2.44 (2H, m), 2.54–2.61 (1H,
m), 2.65 (1H, td, J¼11.7, 2.2 Hz), 2.72 (1H, br d,
J¼14.3 Hz), 3.79 (1H, td, J¼10.6, 5.9 Hz), 3.95 (1H, td,
J¼10.6, 5.9 Hz), 4.88 (1H, s), 4.88–4.91 (1H, m), 6.99 (1H,
td, J¼7.7, 1.0 Hz), 7.07 (1H, td, J¼7.7, 1.0 Hz), 7.42 (1H,
dd, J¼7.7, 1.0 Hz), 7.45 (1H, dd, J¼7.7, 1.0 Hz), 10.31 (1H,
br s); 13C NMR (CDCl3; DEPT) d 8.2 (CH3), 20.9 (CH3),
21.1 (CH2), 27.5 (CH2), 28.9 (CH2), 30.3 (CH2), 30.5 (CH2),
38.8 (C), 41.2 (CH2), 60.3 (CH2), 60.7 (CH), 111.1 (CH),
113.5 (C), 118.3 (CH), 119.9 (CH), 122.4 (CH), 126.4 (C),
130.4 (C), 136.3 (C), 169.8 (C), 171.1 (C); MS (EI): 354
(Mþ). Anal. calcd for C21H26N2O3: C, 71.16; H, 7.39; N,
7.90. Found: C, 70.74; H, 7.51; N, 7.86. 16b (recrystalliza-
tion from AcOEt–hexane): mp 75–77 8C; [a]D

20 284.08 (c
1.3, CHCl3); IR (KBr) 1720, 1630, 1235, 1035, 740 cm21;
1H NMR (DMSO-d6): d 0.64 (3H, t, J¼7.3 Hz), 0.89 (1H,
dq, J¼14.7, 7.3 Hz), 1.28 (1H, dq, J¼14.7, 7.3 Hz), 1.60
(1H, ddd, J¼13.6, 6.2, 4.4 Hz), 1.90–2.02 (2H, m), 2.06
(3H, s), 2.18 (1H, ddd, J¼15.0, 8.8, 6.6 Hz), 2.26 (1H, ddd,
J¼17.6, 11.0, 6.2 Hz), 2.38 (1H, ddd, J¼17.6, 6.2, 4.4 Hz),
2.53–2.60 (1H, m), 2.65 (1H, td, J¼11.7, 3.0 Hz), 2.68–
2.74 (1H, m), 4.29 (1H, ddd, J¼11.0, 8.8, 6.6 Hz), 4.39 (1H,
ddd, J¼11.0, 8.8, 5.9 Hz), 4.88 (1H, dd, J¼11.7, 3.0 Hz),
4.94 (1H, s), 6.99 (1H, td, J¼7.3, 1.0 Hz), 7.07 (1H, td,
J¼7.3, 1.0 Hz), 7.41 (1H, dd, J¼7.3, 1.0 Hz), 7.42 (1H, dd,
J¼7.3, 1.0 Hz), 10.32 (1H, br s); 13C NMR (CDCl3; DEPT)
d 6.9 (CH3), 21.2 (2 carbons: CH3 and CH2), 23.8 (CH2),
27.2 (CH2), 28.9 (CH2), 34.9 (CH2), 38.9 (C), 40.8 (CH2),
60.5 (CH), 61.4 (CH2), 111.4 (CH), 112.9 (C), 117.9 (CH),
119.4 (CH), 122.0 (CH), 126.2 (C), 129.8 (C), 136.7 (C),
169.7 (C), 172.8 (C); MS (EI): 354 (Mþ). Anal. calcd for
C21H26N2O3: C, 71.16; H, 7.39; N, 7.90. Found: C, 71.09;
H, 7.48; N, 7.89.

Compound 15. [a]D
20 þ27.48 (c 1.2, CHCl3); IR (neat) 3300,
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1635, 1460, 1040, 740 cm21; 1H NMR (DMSO-d6): d 0.75
(3H, t, J¼7.3 Hz), 1.23 (1H, dq J¼14.7, 7.3 Hz), 1.30 (1H,
dq, J¼14.7, 7.3 Hz), 1.50 (1H, ddd, J¼13.6, 9.9, 5.5 Hz),
1.67 (1H, dt, J¼13.6, 5.5 Hz), 1.73 (1H, ddd, J¼12.8, 8.4,
6.6 Hz), 1.83 (1H, ddd, J¼12.8, 8.1, 5.9 Hz), 2.21 (1H, dt,
J¼17.2, 5.5 Hz), 2.33 (1H, ddd, J¼17.2, 9.9, 5.5 Hz), 2.85
(1H, ddd, J¼13.9, 9.2, 4.8 Hz), 2.95 (1H, ddd, J¼13.9, 9.5,
7.0 Hz), 3.40 (1H, ddd, J¼13.2, 9.2, 7.0 Hz), 3.65 (1H, ddd,
J¼13.2, 9.5, 4.8 Hz), 3.69 (1H, td, J¼8.4, 5.9 Hz), 3.79 (1H,
q, J¼8.4 Hz), 4.50 (1H, s), 6.98 (1H, t, J¼7.3 Hz), 7.06 (1H,
t, J¼7.3 Hz), 7.13 (1H, d, J¼2.2 Hz), 7.33 (1H, d,
J¼7.3 Hz), 7.57 (1H, d, J¼7.3 Hz), 10.80 (1H, br s); 13C
NMR (DMSO-d6; DEPT) d 8.4 (CH3), 23.5 (CH2), 26.4
(CH2), 28.2 (CH2), 29.7 (CH2), 34.1 (CH2), 42.9 (C), 46.1
(CH2), 64.1 (CH2), 94.7 (CH), 111.3 (CH), 111.5 (C),
118.1 (CH), 118.2 (CH), 120.8 (CH), 122.6 (CH), 127.2 (C),
136.2 (C), 169.7 (C); MS (EI): 312 (Mþ2H20); HRMS (EI),
calcd for C19H24N2O2 (Mþ2H20): 312.1838; found:
312.1837.

4.1.9. (1R,12bR)-1-Ethyl-2,3,6,7,12,12b-hexahydro-1-(2-
hydroxyethyl)-indolo[2,3-a]quinolizin-4 (1H)-one (3a)
and (1R,12bS)-1-ethyl-2,3,6,7,12,12b-hexahydro-1-(2-
hydroxyethyl)-indolo[2,3-a]quinolizin-4(1H)-one (3b).
To a solution of 16a (72.2 mg, 0.204 mmol) in MeOH
(2.0 mL) was added 20% aqueous NaOH solution (80 mL,
0.40 mmol). After stirring at room temperature for 1 h, the
reaction mixture was neutralized with AcOH. The resulting
mixture was diluted with AcOEt and washed with saturated
aqueous NaHCO3 and brine, dried over anhydrous Na2SO4,
and concentrated. The resulted crystalline solid was washed
with AcOEt and collected by filtration to give 3a (45.9 mg,
72%); 3a (recrystallization from CH2Cl2–MeOH): mp
264–268 8C decomp.; [a]D

20 þ188.18 (c 0.15, CH3OH); IR
(KBr) 3300, 1610, 1415, 1155, 745 cm21; 1H NMR
(DMSO-d6): d 1.01–1.07 (1H, m), 1.06 (3H, t, J¼7.3 Hz),
1.39 (1H, ddd, J¼13.9, 10.3, 5.9 Hz), 1.54 (1H, dt, J¼13.2,
5.1 Hz), 1.76 (1H, dq, J¼14.7, 7.3 Hz), 1.87 (1H, ddd,
J¼13.2, 10.3, 7.3 Hz), 1.96 (1H, dq, J¼14.7, 7.3 Hz), 2.32–
2.40 (2H, m), 2.52–2.60 (1H, m), 2.60–2.68 (1H, m), 2.68–
2.74 (1H, m), 3.22 (1H, td, J¼10.3, 5.9 Hz), 3.30 (1H, td,
J¼10.3, 5.5 Hz), 4.83 (1H, s), 4.87–4.93 (1H, m), 6.98 (1H,
t, J¼7.3 Hz), 7.06 (1H, t, J¼7.3 Hz), 7.41 (1H, d,
J¼7.3 Hz), 7.45 (1H, d, J¼7.3 Hz), 10.30 (1H, br s); 13C
NMR (DMSO-d6; DEPT) d 8.3 (CH3), 20.8 (CH2), 27.2
(CH2), 28.8 (CH2), 29.4 (CH2), 35.0 (CH2), 38.2 (C), 40.0
(CH2), 56.3 (CH2), 60.0 (CH), 110.9 (C), 111.6 (CH), 117.3
(CH), 118.5 (CH), 120.9 (CH), 125.8 (C), 131.6 (C), 136.5
(C), 169.0 (C); MS (EI): 312 (Mþ). Anal. calcd for
C19H24N2O2: C, 73.05; H, 7.74; N, 8.97. Found: C, 72.73;
H, 7.84; N, 8.93.

The preparation of 3b was carried out under the same
procedure described above in 85% yield; 3b (recrystalliza-
tion from CH2Cl2–MeOH): mp 123–127 8C; [a]D

20 2141.28
(c 0.24, CH3OH); IR (KBr) 3380, 1615, 1440, 1305,
745 cm21; 1H NMR (DMSO-d6): d 0.74 (3H, t, J¼7.3 Hz),
1.21 (1H, dq, J¼14.7, 7.3 Hz), 1.29 (1H, dq, J¼14.7,
7.3 Hz), 1.52 (1H, ddd, J¼13.2, 6.6, 3.7 Hz), 1.79 (1H, dt,
J¼15.4, 5.9 Hz), 1.94–2.02 (1H, m), 2.05 (1H, ddd,
J¼15.4, 8.1, 5.9 Hz), 2.24 (1H, ddd, J¼17.6, 11.0,
6.6 Hz), 2.38 (1H, ddd, J¼17.6, 6.6, 3.7 Hz), 2.51–2.59
(1H, m), 2.62 (1H, td, J¼11.7, 2.2 Hz), 2.70 (1H, dt,

J¼13.9, 2.2 Hz), 3.71–3.80 (1H, br m), 3.82–3.90 (1H, br
m), 4.87–4.93 (1H, m), 5.03 (1H, br s, OH), 5.06 (1H, s),
6.98 (1H, t, J¼7.3 Hz), 7.06 (1H, t, J¼7.3 Hz), 7.41 (1H, d,
J¼7.3 Hz), 7.43 (1H, d, J¼7.3 Hz), 10.29 (1H, br s); 13C
NMR (DMSO-d6; DEPT) d 7.0 (CH3), 20.8 (CH2), 24.4
(CH2), 26.8 (CH2), 28.8 (CH2), 38.2 (CH2), 38.4 (C), 40.1
(CH2), 56.6 (CH2), 60.2 (CH), 110.9 (C), 111.5 (CH), 117.3
(CH), 118.5 (CH), 120.9 (CH), 125.9 (C), 132.0 (C), 136.0
(C), 169.0 (C); MS (EI): 312 (Mþ). Anal. calcd for
C19H24N2O2: C, 73.05; H, 7.74; N, 8.97. Found: C, 72.81;
H, 7.90; N, 8.80.

4.1.10. (1R,12bR)-1-Ethyl-2,3,6,7,12,12b-hexahydro-1-
[2-[(methanesulfonyl)oxy]ethyl]indolo[2,3-a]quinolizin-
4(1H)-one (17a) and (1R,12bS)-1-ethyl-2,3,6,7,12,12b-
hexahydro-1-[2-[(methanesulfonyl)oxy]ethyl]-
indolo[2,3-a]quinolizin-4(1H)-one (17b). Methane-
sulfonyl chloride (40.7 mg, 0.355 mmol) was added drop-
wise to a solution of 3a (11.1 mg, 0.0355 mmol) and
4-(dimethylamino)pyridine (14.7 mg, 0.120 mmol) in
pyridine (1.3 mL) at 0 8C under N2 atmosphere. After
stirring at 0 8C for 2 h, the reaction mixture was diluted with
AcOEt. The solution was washed with saturated aqueous
NaHCO3 and brine, dried over anhydrous Na2SO4, and
concentrated. The residue was purified by preparative TLC
on silica gel with CH2Cl2–MeOH (25:1) to afford 17a
(12.7 mg, 92%) as a colorless oil; [a]D

20 þ110.08 (c 0.69,
CHCl3); IR (neat) 1630, 1355, 1175, 955, 745 cm21; 1H
NMR (CDCl3): d 1.22 (3H, t, J¼7.3 Hz), 1.53 (1H, dq,
J¼14.7, 7.3 Hz), 1.69 (1H, ddd, J¼13.9, 6.6, 2.9 Hz), 1.82–
1.98 (2H, m), 1.99–2.07 (1H, m), 2.52 (1H, ddd, J¼14.9,
11.7, 6.6 Hz), 2.60 (1H, ddd, J¼18.3, 6.6, 2.9 Hz), 2.71–
2.82 (3H, m), 2.81 (3H, s), 3.94–4.02 (1H, m), 4.06–4.15
(1H, m), 4.82 (1H, s), 5.13–5.19 (1H, m), 7.14 (1H, t,
J¼7.3 Hz), 7.22 (1H, t, J¼7.3 Hz), 7.38 (1H, d, J¼7.3 Hz),
7.52 (1H, d, J¼7.3 Hz), 7.98 (1H, br s); 13C NMR (CDCl3;
DEPT) d 8.3 (CH3), 21.1 (CH2), 28.0 (CH2), 29.0 (CH2),
30.4 (CH2), 31.1 (CH2), 37.2 (CH3), 39.3 (C), 40.8 (CH2),
60.3 (CH), 65.7 (CH2), 111.1 (CH), 113.7 (C), 118.3 (CH),
120.1 (CH), 122.7 (CH), 126.3 (C), 130.1 (C), 136.2 (C),
169.7 (C); MS (EI): 294 (Mþ2MsOH); HRMS (EI), calcd
for C19H22N2O (Mþ2MsOH): 294.1732; found: 294.1744.

The preparation of 17b was carried out under the same
procedure described above in 90% yield; 17b (colorless oil):
[a]D

20 277.88 (c 1.0, CHCl3); IR (neat) 3400, 1625, 1355,
1180, 955 cm21; 1H NMR (CDCl3): d 0.75 (3H, t,
J¼7.3 Hz), 0.99 (1H, dq J¼14.7, 7.3 Hz), 1.52 (1H, dq,
J¼14.7, 7.3 Hz), 1.73 (1H, ddd, J¼13.9, 6.6, 3.7 Hz), 1.90
(1H, td, J¼13.9, 6.6 Hz), 2.20 (1H, ddd, J¼14.7, 8.8,
5.8 Hz), 2.42 (1H, dt, J¼15.4, 8.1 Hz), 2.49 (1H, ddd,
J¼17.6, 11.7, 6.6 Hz), 2.55 (1H, ddd, J¼17.6, 6.6, 3.7 Hz),
2.69–2.83 (2H, m), 3.11 (3H, s), 4.50–4.59 (1H, m), 4.70
(1H, dt, J¼15.4, 8.1 Hz), 4.91 (1H, s), 5.12–5.17 (1H, m),
7.12 (1H, t, J¼7.3 Hz), 7.19 (1H, t, J¼7.3 Hz), 7.39 (1H, d,
J¼7.3 Hz), 7.51 (1H, d, J¼7.3 Hz), 8.72 (1H, br s); 13C
NMR (CDCl3; DEPT) d 7.0 (CH3), 21.1 (CH2), 24.0 (CH2),
27.2 (CH2), 28.8 (CH2), 36.4 (CH2), 38.2 (CH3), 39.3 (C),
40.9 (CH2), 60.7 (CH), 66.3 (CH2), 111.3 (CH), 113.7 (C),
118.1 (CH), 119.8 (CH), 122.3 (CH), 126.3 (C), 129.8 (C),
136.6 (C), 169.6 (C); MS (EI): 294 (Mþ2MsOH); HRMS
(EI), calcd for C19H22N2O (Mþ2MsOH): 294.1732; found:
294.1776.
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4.1.11. (1R,12bR)-1-Ethyl-2,3,6,7,12,12b-hexahydro-1-
[2-[(phenylseleno)ethyl]-indolo[2,3-a]quinolizin-4(1H)-
one (18a) and (1R,12bS)-1-ethyl-2,3,6,7,12,12b-hexa-
hydro-1-[2-[(phenylseleno)ethyl]-indolo[2,3-a]quino-
lizin-4(1H)-one (18b). Sodium borohydride (11 mg,
0.29 mmol) was added to a solution of 17a (29.3 mg,
0.065 mmol) and diphenyl diselenide (47.9 mg,
0.153 mmol) in EtOH (2.5 mL) at 0 8C and the mixture
was stirred at 0 8C for 30 min and then allowed to warm to
room temperature. Sodium borohydride (20 mg,
0.53 mmol) was frequently added to the reaction mixture
during 3 h. The mixture was allowed to cool to 0 8C,
neutralized with AcOH, and then diluted with AcOEt. The
organic phase was washed with saturated aqueous NaHCO3

and brine, and dried over anhydrous Na2SO4 and concen-
trated. The residue was purified by preparative TLC on
silica gel with AcOEt–hexane (3:1) to afford 18a (23.0 mg,
68%) and 23a (0.8 mg, 4%) as a colorless oil; 18a
(recrystallized from MeOH): mp 180–181 8C; [a]D

20

þ151.98 (c 0.40, CHCl3); IR (CDCl3) 1630, 1440, 1420,
1305 cm21; 1H NMR (CDCl3): d 1.15 (3H, t, J¼7.3 Hz),
1.50 (1H, dt, J¼13.9, 4.4 Hz), 1.62 (1H, ddd, J¼13.9, 6.6,
3.7 Hz), 1.74 (1H, dt, J¼13.9, 4.4 Hz), 1.81 (1H, dq,
J¼14.7, 7.3 Hz), 1.85–1.94 (2H, m), 2.37 (1H, ddd,
J¼18.3, 11.6, 6.6 Hz), 2.46–2.55 (2H, m), 2.61–2.76 (4H,
m), 4.77 (1H, s), 5.05–5.13 (1H, m), 7.08–7.19 (4H, m),
7.22 (1H, t, J¼7.3 Hz), 7.24–7.30 (2H, m), 7.33 (1H, d,
J¼7.3 Hz), 7.52 (1H, d, J¼7.3 Hz), 7.78 (1H, br s); 13C
NMR (150 MHz, CDCl3; DEPT) d 8.2 (CH3), 21.0 (CH2),
21.9 (CH2), 27.8 (CH2), 28.9 (CH2), 30.0 (CH2), 33.1 (CH2),
40.5 (C), 40.9 (CH2), 60.4 (CH), 111.0 (CH), 113.5 (C),
118.3 (CH), 120.0 (CH), 122.4 (CH), 126.4 (C), 127.2 (CH),
129.0 (CH), 129.5 (C), 130.5 (C), 133.3 (C), 136.1 (C),
169.8 (C); MS (EI): 452 (Mþ). Anal. calcd for
C25H28N2OSe: C, 66.51; H, 6.25; N, 6.21. Found: C,
66.28; H, 6.31; N, 6.21.

The preparation of 18b was carried out under the same
procedure described above in 88% yield and 23b at 5.6%
yield as a by-product; 18b (a colorless oil): [a]D

20 220.88 (c
0.64, CHCl3); IR (neat) 3320, 1620, 1440, 1310, 740 cm21;
1H NMR (CDCl3): d 0.69 (3H, t, J¼7.3 Hz), 0.89 (1H, dq
J¼14.7, 7.3 Hz), 1.40 (1H, dq, J¼14.7, 7.3 Hz), 1.67 (1H,
ddd, J¼13.9, 6.6, 3.7 Hz), 1.92 (1H, td J¼13.9, 6.6 Hz),
2.04 (1H, ddd, J¼14.7, 12.5, 5.1 Hz), 2.23 (1H, ddd,
J¼14.7, 12.5, 5.1 Hz), 2.44 (1H, ddd, J¼18.3, 11.7, 6.6 Hz),
2.52 (1H, ddd, J¼18.3, 6.6, 3.7 Hz), 2.65–2.77 (3H, m),
3.05 (1H, dt, J¼12.5, 5.1 Hz), 3.12 (1H, td, J¼12.5, 5.1 Hz),
4.85 (1H, s), 5.12 (1H, dt, J¼11.7, 2.9 Hz), 7.07–7.12 (2H,
m), 7.16 (1H, t, J¼7.3 Hz), 7.33 (1H, br s), 7.40 (2H, t,
J¼7.3 Hz), 7.43 (1H, d, J¼7.3 Hz), 7.47 (1H, d, J¼7.3 Hz),
7.67 (2H, d, J¼7.3 Hz); 13C NMR (CDCl3; DEPT) d 7.0
(CH3), 21.1 (CH2), 22.1 (CH2), 24.1 (CH2), 26.9 (CH2), 28.9
(CH2), 38.4 (CH2), 40.5 (C), 40.9 (CH2), 60.1 (CH), 111.0
(CH), 113.5 (C), 118.1 (CH), 119.8 (CH), 122.2 (CH), 126.2
(C), 128.2 (CH), 129.0 (C), 129.7 (CH), 130.4 (C), 134.1
(CH), 136.0 (C), 169.8 (C); MS (EI): 452 (Mþ); HRMS (EI),
calcd for C25H28N2OSe: 452.1386; found: 452.1378.

4.1.12. (6aR,11aS,13aS,13bR)-13a-Ethyl-1,2,5,6,6a,11,
12,13,13a,13b-decahydro-3H-cyclopenta[ij]-indolo[2,3-
a]quinolizin-3-one (19). To a solution of 18a (7.5 mg,
0.017 mmol) and 2,20-azobisisobutyronitrile (0.67 mg,

0.0041 mmol) in toluene (0.75 mL) was added tributyltin
hydride (19.4 mg, 0.067 mmol), and the mixture was stirred
at 100 8C for 0.5 h under argon atmosphere. After the
solvent was removed under reduced pressure, the residual
crude material was purified by preparative TLC on silica gel
with CH2Cl2–MeOH (25:1) to afford 19 (4.5 mg, 91%) as a
colorless needles (re-crystallization from benzene); mp
194–195 8C; [a]D

20 þ26.68 (c 0.23, CHCl3); IR (neat) 3340,
1635, 1465, 1270, 750 cm21; UV (MeOH, log 1) 245.8
(3.57), 296.4 (3.18) nm; 1H NMR (CDCl3): d 0.96 (3H, t,
J¼7.3 Hz), 1.63–1.96 (9H, m), 1.96–2.03 (1H, m), 2.27
(1H, ddd, J¼17.2, 10.6, 5.1 Hz), 2.38 (1H, dt, J¼17.2,
4.8 Hz), 2.75 (1H, ddd, J¼12.8, 8,1, 4.8 Hz), 3.15 (1H, t,
J¼5.9 Hz), 3.28 (1H, s), 4.34 (1H, dt, J¼12.8, 6.6 Hz), 6.63
(1H, d, J¼7.3 Hz), 6.78 (1H, t, J¼7.3 Hz), 7.06 (1H, t,
J¼7.3 Hz), 7.17 (1H, d, J¼7.3 Hz); 13C NMR (CDCl3;
DEPT) d 9.1 (CH3), 24.6 (CH2), 28.8 (CH2), 29.1 (CH2),
35.2 (CH2), 36.2 (CH2), 36.5 (CH2), 40.1 (CH2), 43.6 (C),
44.6 (CH), 69.7 (CH), 76.3 (C), 109.7 (CH), 119.4 (CH),
123.5 (CH), 127.9 (CH), 130.8 (C), 149.1 (C), 171.0 (C);
MS (EI): 296 (Mþ); HRMS (EI), calcd for C19H24N2O:
296.1889; found: 296.1867.

4.1.13. (6aR,11aS,13aS,13bR)-13a-Ethyl-1,2,5,6,6a,11,
12,13,13a,13b-decahydro-11-methyl-3H-cyclopenta[ij]-
indolo[2,3-a]quinolizin-3-one (20). To a solution of 19
(4.4 mg, 0.015 mmol) and 35% formaldehyde (24 mL,
0.30 mmol) in acetonitrile (0.66 mL) was added sodium
cyanoborohydride (2.8 mg, 0.045 mmol) and the mixture
was stirred at room temperature. After 10 min, acetic acid
(30 mL, 0.50 mmol) was added to the reaction mixture,
which was further stirred at room temperature for 1 h. The
mixture was diluted with AcOEt and washed with saturated
aqueous NaHCO3 and brine, dried over anhydrous Na2SO4

and concentrated. The residue was purified by preparative
TLC on silica gel with CH2Cl2–MeOH (20:1) to afford 20
(4.0 mg, 87%) as a colorless oil; [a]D

20 237.58 (c 0.40,
CHCl3); IR (neat) 2880, 1645, 1480, 1210, 755 cm21; 1H
NMR (CDCl3): d 0.93 (3H, t, J¼7.3 Hz), 1.58–1.68 (2H,
m), 1.69–1.86 (6H, m), 1.96–2.06 (2H, m), 2.28–2.40 (2H,
m), 2.56 (1H, ddd, J¼13.2, 11.0, 5.1 Hz), 2.80 (3H, s), 3.06
(1H, t, J¼6.6 Hz), 3.40 (1H, s), 4.46 (1H, ddd, J¼13.2, 6.6,
3.7 Hz), 6.55 (1H, d, J¼7.3 Hz), 6.77 (1H, t, J¼7.3 Hz),
7.03 (1H, d, J¼7.3 Hz), 7.12 (1H, t, J¼7.3 Hz); 13C NMR
(CDCl3; DEPT) d 8.9 (CH3), 26.2 (CH2), 27.6 (CH2), 28.4
(CH2), 31.4 (CH2), 32.5 (CH2), 32.8 (CH3), 34.5 (CH2), 39.7
(CH2), 44.3 (C), 44.4 (CH), 70.3 (CH), 78.5 (C), 110.2
(CH), 119.4 (CH), 122.8 (CH), 127.7 (CH), 134.8 (C), 152.0
(C), 170.4 (C); MS (EI): 310 (Mþ); HRMS (EI), calcd for
C20H26N2O: 310.2045; found: 310.2046.

4.1.14. (2)-Vallesamidine (1). To a solution of 20 (6.9 mg,
0.022 mmol) in anhydrous THF (1.5 mL) was added lithium
aluminum hydride (6.0 mg, 0.16 mmol), and the mixture
was heated with stirring at 70 8C for 0.5 h under an argon
atmosphere. After cooling to 0 8C, two drops of water were
added to the reaction mixture, which was then diluted with
AcOEt, and filtered through a hyflo super-cel. Evaporation
of the solvent afforded an oil. The crude material was
purified by preparative TLC on silica gel with CH2Cl2–
MeOH (10:1) to afford (2)-vallesamidine (1) (5.4 mg, 82%)
as a colorless oil; [a]D

20 276.68 (c 0.25, CHCl3); IR (neat)
2750, 1610, 1485, 1115, 735 cm21; UV (MeOH, log 1)
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258.6 (3.69), 302.4 (3.18) nm; 1H NMR (CDCl3): d 0.90
(3H, t, J¼7.3 Hz), 1.35–2.15 (12H, m), 2.25–2.50 (3H, m),
2.78 (3H, s), 2.70–3.00 (3H, br m), 6.44 (1H, br d,
J¼7.3 Hz), 6.67 (1H, br t, J¼7.3 Hz), 7.03 (1H, d,
J¼7.3 Hz), 7.07 (1H, t, J¼7.3 Hz); 13C NMR (CDCl3;
DEPT) d 9.1 (CH3), 18.1 (CH2), 26.4 (CH2), 27.3 (CH2),
30.1 (CH2), 31.0 (CH3), 31.2 (CH2), 35.4 (CH2), 44.0 (CH),
44.4 (C), 49.6 (CH2), 50.1 (CH2), 72.6 (CH), 78.6 (C), 107.6
(CH), 117.7 (C), 122.9 (CH), 127.3 (CH), 134.6 (C), 151.3
(C); MS (EI): 296 (Mþ); HRMS (EI), calcd for C20H28N2:
296.2252; found: 296.2216.

4.1.15. (12bS)-1,1-Diethyl-2,3,6,7,12,12b-hexahydro-
indolo[2,3-a]quinolizin-4(1H)-one (22). Tributyltin
hydride (20.4 mg, 0.070 mmol) was added to a solution of
18b (8.9 mg, 0.020 mmol) and 2,20-azobisisobutyronitrile
(1.8 mg, 0.011 mmol) in toluene (0.9 mL), and the mixture
was stirred at 100 8C for 1 h under an argon atmosphere.
After the solvent was removed under reduced pressure,
obtained the residue was purified by preparative TLC on
silica gel with CH2Cl2–MeOH (25:1) to afford 22 (4.1 mg,
70%) as a colorless needles (recrystallization from
CH2Cl2–MeOH); mp 293–294 8C; [a]D

20 291.88 (c 0.41,
CHCl3); IR (neat) 3270, 1620, 14440, 1310, 750 cm21; 1H
NMR (CDCl3): d 0.74 (3H, t, J¼7.3 Hz), 0.99 (1H, dq
J¼14.7, 7.3 Hz), 1.20 (1H, t, J¼7.3 Hz), 1.48 (1H, dq,
J¼14.7, 7.3 Hz), 1.62 (1H, ddd J¼11.7, 6.6, 2.9 Hz), 1.81
(1H, dq, J¼14.7, 7.3 Hz), 1.86–1.96 (2H, m), 2.46 (1H,
ddd, J¼17.6, 11.7, 6.6 Hz), 2.53 (1H, ddd, J¼17.6, 6.6,
2.9 Hz), 2.53 (1H, ddd, J¼17.6, 6.6, 2.9 Hz), 2.70–2.80
(3H, m), 4.85 (1H, s), 5.17 (1H, ddd, J¼10.3, 3.7, 1.5 Hz),
7.13 (1H, t, J¼8.1 Hz), 7.19 (1H, t, J¼8.1 Hz), 7.35 (1H, d,
J¼8.1 Hz), 7.51 (1H, d, J¼8.1 Hz), 7.80 (1H, br s); 13C
NMR (CDCl3; DEPT) d 7.1 (CH3), 8.2 (CH3), 21.1 (CH2),
24.3 (CH2), 26.5 (CH2), 28.9 (CH2), 29.9 (CH2), 39.1 (C),
40.9 (CH2), 60.4 (CH), 110.8 (CH), 113.2 (C), 118.2 (CH),
119.8 (CH), 122.2 (CH), 126.4 (C), 131.2 (C), 136.0 (C),
170.0 (C); MS (EI): 296 (Mþ); HRMS (EI), calcd for
C19H24N2O: 296.1889; found: 296.1903.

4.1.16. (3R,16R)-14,15-Dihydroeburnamenin-19-one
(23a). A powder of NaOH (2 mg, 0.05 mmol) was added
to a solution of 17a (12.4 mg, 0.0318 mmol) in THF
(1.0 mL) and the mixture was stirred at room temperature
for 20 min. The reaction mixture was diluted with AcOEt
and then washed with saturated aqueous NaHCO3 and brine,
dried over anhydrous Na2SO4, and concentrated. The
residue was purified by preparative TLC on silica gel with
CH2Cl2–MeOH (25:1) to afford 23a (8.8 mg, 94%) as a
colorless oil; [a]D

20 þ81.98 (c 0.45, CHCl3); IR (neat) 2930,
1650, 1460, 1010, 750 cm21; 1H NMR (CDCl3): d 1.01 (3H,
t, J¼7.3 Hz), 1.45–1.60 (3H, m), 2.03–2.11 (2H, m), 2.11–
2.18 (1H, m), 2.26 (1H, ddd, J¼17.6, 5.1, 1.5 Hz), 2.45 (1H,
ddd, J¼17.6, 13.2, 5.9 Hz), 2.70 (1H, dd, J¼15.4, 5.1 Hz),
3.03 (1H, td, J¼12.5, 5.1 Hz), 3.07–3.15 (1H, m), 3.69 (1H,
td, J¼11.7, 5.2 Hz), 4.23 (1H, ddd, J¼11.7, 5.9, 1.5 Hz),
4.36 (1H, s), 4.96 (1H, dd, J¼12.5, 5.9 Hz), 7.13 (1H, t,
J¼7.3 Hz), 7.20 (1H, t, J¼7.3 Hz), 7.29 (1H, d, J¼7.3 Hz),
7.47 (1H, d, J¼7.3 Hz); 13C NMR (CDCl3; DEPT) d 7.3
(CH3), 20.8 (CH2), 22.3 (CH2), 28.7 (CH2), 28.9 (CH2), 31.0
(CH2), 33.4 (C), 38.6 (CH2), 43.3 (CH2), 60.7 (CH), 107.7
(C), 109.6 (CH), 118.4 (CH), 120.0 (CH), 121.4 (CH), 128.2
(C), 133.8 (C), 136.8 (C), 169.5 (C); MS (EI): 294 (Mþ);

HRMS (EI), calcd for C19H22N2O: 194.1732; found:
194.1746.

4.1.17. 14,15-Dihydroeburnamenine (24a). Lithium
aluminum hydride (11.1 mg, 0.298 mmol) was added to a
solution of 23a (9.3 mg, 0.032 mmol) in anhydrous THF
(4.5 mL) and the mixture was stirred at 70 8C for 0.5 h under
argon atmosphere. After cooling, two drops of water were
added to the reaction mixture, which was then diluted with
AcOEt. The mixture was filtered through hyflo super-cel
and the filtrate was dried over anhydrous Na2SO4 and then
concentrated. The residue was purified by preparative TLC
on silica gel with CH2Cl2–MeOH (10:1) to afford 24a
(8.1 mg, 91%) as a colorless oil; [a]D

20 þ17.38 (c 0.23,
CH3OH); IR (neat) 2940, 1460, 1355, 1100, 740 cm21; 1H
NMR (CDCl3): d 0.93 (3H, t, J¼7.3 Hz), 1.09 (1H, dt,
J¼13.9, 4.4 Hz), 1.31 (1H, dt, J¼13.9, 1.5 Hz), 1.38 (1H, dt,
J¼13.9, 1.5 Hz), 1.56 (1H, dq, J¼14.7, 7.3 Hz), 1.73–1.83
(1H, m), 1.90–2.02 (2H, m), 2.15 (1H, dq, J¼14.7, 7.3 Hz),
2.47 (1H, td, J¼11.7, 2.9 Hz), 2.55–2.65 (2H, m), 2.95–
3.05 (1H, m), 3.24–3.37 (2H, m), 3.78 (1H, td, J¼11.7,
5.9 Hz), 3.93 (1H, s), 4.16 (1H, ddd, J¼11.7, 5.9, 1.5 Hz),
7.11 (1H, t, J¼7.3 Hz), 7.17 (1H, t, J¼7.3 Hz), 7.29 (1H, d,
J¼7.3 Hz), 7.49 (1H, d, J¼7.3 Hz); 13C NMR (CDCl3;
DEPT) d 7.5 (CH3), 17.0 (CH2), 20.6 (CH2), 23.8 (CH2),
28.9 (CH2), 31.9 (CH2), 34.1 (C), 38.4 (CH2), 44.5 (CH2),
51.2 (CH2), 59.2 (CH), 104.3 (C), 109.2 (CH), 118.1 (CH),
119.3 (CH), 120.6 (CH), 127.9 (C), 136.3 (C); MS (EI): 280
(Mþ); HRMS (EI), calcd for C19H24N2: 280.1939; found:
280.1919.

4.1.18. (3R,16S)-14,15-Dihydroeburnamenin-19-one
(23b). The synthesis of 23b was carried out under the
same procedure described above in 88% yield; 23b
(colorless oil): [a]D

20 2132.68 (c 0.49, CHCl3); IR (neat)
2930, 1650, 1460, 1310, 740 cm21; 1H NMR (CDCl3): d
0.62 (1H, dq, J¼14.7, 7.3 Hz), 0.79 (3H, t, J¼7.3 Hz), 1.35
(1H, dq, J¼14.7, 7.3 Hz), 1.63 (1H, td, J¼13.2, 7.3 Hz),
1.87 (1H, td, J¼13.9, 7.3 Hz), 2.01 (1H, ddd. J¼13.2, 7.3,
0.7 Hz), 2.21 (1H, dd, J¼13.9, 5.9 Hz), 2.47–2.61 (2H, m),
2.70–2.88 (2H, m), 3.07 (1H, ddd, J¼13.2, 10.3, 5.1 Hz),
3.79 (1H, td, J¼11.7, 5.9 Hz), 4.22 (1H, dd, J¼11.7,
6.6 Hz), 4.44 (1H, s), 4.90 (1H, ddd, J¼13.2, 5.1, 2.2 Hz),
7.14 (1H, t, J¼7.3 Hz), 7.21 (1H, t, J¼7.3 Hz), 7.29 (1H, d,
J¼7.3 Hz), 7.50 (1H, d, J¼7.3 Hz); 13C NMR (CDCl3;
DEPT) d 7.1 (CH3), 16.9 (CH2), 20.2 (CH2), 28.7 (CH2),
29.3 (CH2), 30.4 (CH2), 35.7 (C), 38.9 (CH2), 39.8 (CH2),
60.0 (CH), 106.5 (C), 109.7 (CH), 118.5 (CH), 119.9 (CH),
121.4 (CH), 127.7 (C), 132.1 (C), 138.3 (C), 169.7 (C); MS
(EI): 294 (Mþ); HRMS (EI), calcd for C19H22N2O:
294.1732; found: 294.1703.

4.1.19. (3S)-14,15-Dihydroeburnamenine (24b). Sodium
borohydride (9.0 mg, 0.24 mmol) was added to a solution of
23b (7.0 mg, 0.024 mmol) and TFA (19.0 mL, 0.25 mmol)
in absolute dioxane (1.2 mL), and the mixture was stirred at
100 8C for 45 min under nitrogen atmosphere. Concen-
tration of the solvent under reduced pressure to give a
residual oil which was purified by preparative TLC on silica
gel with CH2Cl2–MeOH (20:1) to afford 24b (5.8 mg, 87%)
as a colorless oil; [a]D

20 254.48 (c 0.55, CH3OH); IR (neat)
2940, 1635, 1470, 1135, 740 cm21; 1H NMR (CDCl3): d
0.76 (3H, t, J¼7.3 Hz), 0.74–0.84 (1H, m), 1.12 (1H, td,
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J¼13.2, 4.4 Hz), 1.60 (1H, br d, J¼13.6 Hz), 1.68–1.82
(2H, m), 1.88 (1H, br dt, J¼12.8, 2.2 Hz), 1.91–2.02 (1H,
m), 2.06 (1H, dd. J¼13.9, 5.1 Hz), 2.24 (1H, td, J¼12.8,
2.2 Hz), 2.47 (1H, td, J¼12.1, 4.4 Hz), 2.71 (1H, dt, J¼15.4,
2.6 Hz), 2.90–2.99 (1H, m), 2.95 (1H, s), 3.02–3.12 (2H,
m), 3.77 (1H, td, J¼12.1, 5.5 Hz), 4.11 (1H, dd, J¼11.7,
6.6 Hz), 7.09 (1H, t, J¼7.3 Hz), 7.14 (1H, t, J¼7.3 Hz), 7.25
(1H, d, J¼7.3 Hz), 7.46 (1H, d, J¼7.3 Hz); 13C NMR
(CDCl3; DEPT) d 7.3 (CH3), 18.5 (CH2), 21.4 (CH2), 21.6
(CH2), 31.4 (CH2), 32.0 (CH2), 35.2 (C), 39.3 (CH2), 53.5
(CH2), 56.1 (CH2), 68.0 (CH), 105.2 (C), 109.1 (CH), 118.1
(CH), 119.2 (CH), 120.3 (CH), 127.9 (C), 134.0 (C), 137.3
(C); MS (EI): 280 (Mþ); HRMS (EI), calcd for C19H24N2:
280.1939; found: 280.1910.
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Abstract—Hexaazatriisothianaphthenes substituted with six alkylsulfanyl chains (propyl and dodecylsulfanyl) have been synthesised and
their thermotropic, photophysical and oxidation–reduction properties characterised. Their synthesis has been motivated by the results of
quantum-chemical calculations that point to efficient transport properties for these new electron-deficient mesogens since electron transport
is predicted to be only slightly affected by rotational degrees of freedom in the discotic mesophase.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Discotic aromatic compounds emerge as attractive materials
to promote efficient transport properties in organic-based
devices such as light-emitting diodes, photovoltaic cells, or
field effect transistors. Columnar liquid crystals combine the
advantages of ease of preparation of oriented thin films, high
order in the columns upon self-assembly, and self-healing
capacity. Since such functional materials are used as one-
dimensional semiconductors, both the orientation of the
columnar structures at interfaces and the intracolumnar
order of the aromatic cores play an important role in
defining the device performance.1 While a large number of
p-type semiconducting columnar mesogens is known, few
n-type materials have been reported to date.2 Hexa-
azatriphenylenes (HAT), incorporating six nitrogen hetero-
atoms within a triphenylene core, are known to be electron-
deficient and should thus facilitate electron injection.
Columnar liquid crystals of derivatives based on a
hexaazatriphenylene core have been obtained by supplying
the electron-deficient core with three to six lateral chains.3

In contrast, the electron-rich thiophene unit yields p-type
semiconductivity in polythiophenes. Enhanced electron
transport has been observed recently in conjugated
polymers containing both thiophene and electron deficient
units;4 the substitution of sexithienyl with perfluorated
carbon chains has also provided n-type semiconducting

materials.5 Our interest in electron-deficient columnar
mesogens3a has led us to combine the HAT and thiophene
building blocks to generate compound 1 (Fig. 1) as potential
electron transport material. We have introduced peripheral
alkylsulfanyl chains to increase solubility, stabilise the
radical anions,6 and induce supramolecular columnar liquid
crystalline order. The preparation of 1 has also been
triggered by the results of quantum-chemical calculations
indicating that the electron transport properties are expected
to be improved in hexaazatriisothianaphthene compounds

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
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Figure 1. Chemical structure of hexaazatriisothianaphthenes 1 not forming
LC phases and of hexaazatrinaphthalenes 2 forming LC phases for
R¼CnH2nþ1 (n¼6, 8, 10, 12).3a
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compared to triphenylene derivatives, as described
below. The convergent synthesis of the new electron-
deficient potential mesogen 1 containing linear lateral
alkylsulfanyl chains is reported here and its thermotropic,
photophysical and electrochemical properties are
characterised.

2. Results and discussion

2.1. Synthesis

Hexaazatriisothianaphthene is a molecule with a threefold
symmetry built on the hexaazatriphenylene core. This class
of compounds can be prepared by a threefold condensation
of either 1,2-diketones with hexaaminobenzene7 or of 1,2-
diamines with hexaketocyclohexane.8 Since hexaketo-
cyclohexane 3 is commercially available and the prep-
aration of diaminothiophenes is well established, we have
chosen the latter route to reach our synthetic goal. A first
attempt to obtain the parent hexaazatriisothianaphthene 5 by
the condensation of 3,4-diaminothiophene 4 with hexa-
ketone 3 is shown in Scheme 1. A subsequent hexabromina-
tion and nucleophilic substitution with mercaptoalkanes
should give the alkylsulfanyl-substituted molecules. This
approach offers as an advantage that the thermotropic
properties can be easily tuned in the final reaction step by
introduction of different lateral, flexible groups, as recently
achieved for hexaalkylsulfanyltriphenylenes9 and hexa-
alkylsulfanylhexaazatrinaphthylenes.3a After the threefold
condensation, a black insoluble powder was obtained, from
which the hexaazatriisothianaphthene 5 could not be
isolated. In order to improve the solubility of the final
product, a convergent strategy has been adopted (Scheme 2).
By nucleophilic substitution of the chlorine atoms of
thiophene 6 in N,N-dimethylformamide, the symmetric
2,5-dialkylsulfanyl-3,4-dinitrothiophenes 7a,b were
obtained in much lower yields than those previously
reported for similar compounds.10 In addition, non-C2

symmetric isomers 8a,b with a nitro group shifted to the
vicinal position were isolated; this side product was not
described by Erker,10 although it forms even at reaction
temperatures as low as 10 8C.†11 The modification of the
reaction conditions, using methanol as a protic solvent and
triethylamine as a base yielded the symmetrical thiophenes
7a,b almost quantitatively.12 The reduction of 7a,b with Fe/
AcOH afforded the dialkylsulfanyldiaminothiophenes 9a,b
in 35 and 49% yields, respectively. The target compounds
1a,b were obtained by the subsequent threefold conden-
sation of 9a,b with hexaketocyclohexane 3. It is known that
3-aminothiophene can undergo a transamination reaction in
the presence of catalytic amounts of acid.13 In order to avoid
this side reaction, which can lead to undesirable oligomers,
the condensation has been carried out only with molecular
sieves 4 Å; no transformation was observed unless a small
amount of methylsulfonic acid was added. Under these
conditions, the yield of 1a,b ranges from 6 to 9%. Reaction
conditions could be optimised using freshly prepared
hexaketocyclohexane octahydrate8b 3 and a mixture of
acetic acid and ethanol as reaction medium, which resulted
in up to 31% isolated pure product. The purity and
symmetry of the discotic product is demonstrated by
NMR, FT-IR spectroscopy and elemental analysis. 1H
NMR spectra of 1a,b show only protons of the lateral chains

  

Scheme 1. Unsuccessful divergent synthesis of alkylsulfanyl-substituted 1.

† Analytical data confirm the composition of the product 8a,b. 1H NMR
spectra present signals corresponding to two distinguishable a-CH2

groups, 13C NMR shows four different signals for the carbon atoms of the
thiophene ring, while EI mass spectra exhibit the same molecular mass
peak as in the symmetrical product 7a,b. Since FT-IR spectra are similar
for 7a,b and 8a,b, no rearrangement from a nitro to a nitrite group (at
1610–1680 cm21) takes place. Thus, we find an unusual process where
the nucleophilic substitution is accompanied by a shift of a nitro group.
The reaction process and mechanism have not been further investigated.
With the conditions given in Ref. 10 (DMF, RSH, K2CO3, 0 8C) the non-
symmetric products 8a,b were always isolated. The reaction at lower
temperature is very slow, but even at 210 8C the side product was
formed. Cine substitutions on 3,4-dinitro-substituted thiophenes, where
the leaving groups are at a neighbouring position of the incoming
nucleophile, were observed previously, see Ref. 11.
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and the FT-IR data confirm the absence of amino groups.
Interestingly, the IR spectra show a signal at 1734 cm21,
which cannot be attributed to the absorption of a keto group
according to mass analysis and 13C NMR spectra. Thus, this
signal is probably a combination or overtone of vibrations of
the polycyclic aromatic system. The threefold symmetry of
the product is verified by the 13C NMR data where only
three signals are found for the aromatic core, as expected
(Table 1).

2.2. Theoretical support

Charge transport in discotic liquid crystals is generally
considered to operate via a hopping mechanism whereby
charges move from disc to disc down the one-dimensional
stacks. The hopping rate, and hence the charge mobility,
strongly depends on the intermolecular transfer integrals
that describe the strength of the electronic coupling
between adjacent neighbours. The transfer integrals can be

Scheme 2. Convergent synthesis of alkylsulfanyl-substituted hexaazatriisothianaphthenes 1.
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calculated to a good approximation for holes [electrons] as
half the splitting of the HOMO [LUMO] levels in a dimer
formed by two neutral molecules;14 they are highly sensitive
to the relative positions of the interacting units, in particular
to ring rotations and displacements within the stacks, that
are expected in mesophases.15 In the case of the tri-
phenylene molecules, we have shown that the transfer
integrals become vanishingly small for specific rotational
angles, a feature that is strongly detrimental to the transport
properties. This motivated us to characterise, prior to
chemical synthesis, the charge transport properties in
hexaazatriisothianaphthene. We have thus calculated at
the semiempirical Intermediate Neglect of Differential
Overlap (INDO) level16 the electronic splittings in dimers

made of two hexaazatriisothianaphthene cores substituted
by six sulfanyl groups, 1c (Fig. 1) and have compared the
results to those previously obtained for triphenylene
derivatives. The geometry of the hexaazatriiso-
thianaphthene core has been optimised at the Density
Functional Theory (DFT) level using the B3LYP
functionals and a 6-31G** basis set.

As expected, the HOMO and LUMO splittings calculated in
cofacial dimers (where the two molecules are exactly
superimposed on top of one another) decrease with the
intermolecular distance. The splittings are found to be rather
high, 0.6 and 0.4 eV for the HOMO and LUMO levels,
respectively, for an intracolumnar separation of 0.35 nm.
The HOMO splitting of molecule 1 is smaller than the
corresponding value calculated for the triphenylene deriva-
tives (,0.8 eV);15 in contrast, the LUMO splittings are
similar, in the order of 0.4 eV, in the two compounds. In all
cases, the electronic splittings decrease when going away
from a cofacial conformation by laterally displacing one
molecule with respect to the other.

We report in Figure 2 the evolution of the HOMO and
LUMO splittings in a dimer built with two hexaazatri-
isothianaphthene cores substituted by six sulfanyl groups 1c
when rotating one disc with respect to the other around the
stacking axis, together with the corresponding evolution
obtained for the triphenylene molecule. While the HOMO

Table 1. 13C NMR data obtained in CDCl3 for the C3-symmetric molecules
1a,b

Compound Aromatic carbonsa Aliphatic carbons

131.4 (Cia) 13.3 (CH3)
1a 142.8, 143.7 (Cta) 23.0 (CH2)

40.1 (SCH2)

1b 131.3 (Cia) 14.1 (CH3)
142.7, 143.6 (Cta) 22.7, 28.7, 29.2–29.7, 31.9 (CH2)

37.9 (SCH2)

a Cia quaternary carbons of the inner aromatic ring, CtA quaternary carbons
of the thiophene unit; peaks were assigned by increment estimation of
chemical shifts.

Figure 2. INDO-calculated angular dependence of the HOMO and LUMO splittings in a dimer made of: (top) two hexaazatriisothianaphthene cores substituted
by six sulfanyl groups; and (bottom) two triphenylene molecules. The intermolecular distance is fixed here at 0.35 nm.

M. Lehmann et al. / Tetrahedron 60 (2004) 3283–32913286



splitting exhibits clear maxima and minima, the LUMO
splitting is almost constant between 0 to 60 8, in contrast to
the results obtained for the triphenylene derivatives. That
the calculated LUMO splittings are large and insensitive to
rotational degrees of freedom thus makes molecule 1 a
potentially very attractive electron-transport mesogen.

2.3. Thermotropic and photophysical properties

The thermotropic properties were investigated by means of
polarised optical microscopy (POM) and differential scan-
ning calorimetry (DSC). The hexaalkylsulfanylhexaazatri-
isothianaphthenes 1a,b do not show liquid crystalline
behavior despite the fact that similar systems, such as
hexaalkylsulfanylhexaazatrinaphthalene 2 (Fig. 1), possess
a rich mesomorphism.3a Compound 1a is crystalline under
POM and shows a melting transition in the second heating
cycle of DSC (onset at 147 8C, DH ¼ 33.8 kJ/mol). After
the first heating cycle where crystals melt at 69 8C,
compound 1b is a rather waxy material. However, this
material also shows in the second heating trace a transition
at 59 8C (onset) with a large enthalpy of 87.9 kJ/mol (Fig. 3).
Subsequent heating and cooling cycles show a hysteresis of
12 8C. POM studies reveal a typical crystal growth upon
cooling from the isotropic phase. The non-mesogenic
behavior is surprising; it could be related to Coulomb
repulsion effects linked to the charge distribution found on
the aromatic cores (a Mulliken population analysis
performed from the DFT calculations yields atomic charges
of 20.54lel on the nitrogen atoms, see Fig. 4), which could
dominate over the stabilizing forces induced by van der
Waals interactions.

The photophysical properties of 1a and 1b were investigated
by UV–Vis and emission spectroscopy. The absorption
spectrum of 1b in CHCl3 is displayed in Figure 5; as
expected, the same spectrum is obtained for compound 1a
since the size of the alkyl side chains does not impact the
optical properties. The absorption spectrum is characterised

by two maxima at 290 nm (with a molar extinction
coefficient 1 ¼ 4.6 ^ 0.1 £ 104 l/mol cm) and at 373 nm
(with 1 ¼ 6.0 ^ 0.1 £ 104 l/mol cm). In addition, we observe
a shoulder around 400 nm which appears as a vibronic
satellite of the lowest intense absorption band as well as a
tail extending down to 770 nm, which corresponds to a
small optical bandgap of 1.6 eV (Fig. 5, insert). A thin solid
film of 1 shows essentially the same absorption features as
in the dilute solution. However, when the absorption is
measured at room temperature in the crystalline phase, a
strong bathochromic shift of 23 nm is observed (Fig. 5),
which points to a strong interaction between chromophores
in the crystal. In contrast, such a shift is not present in the
spectra recorded in the isotropic liquid. Since it has been
suggested from X-ray data that aromatic mesogens maintain
columnar aggregates in the isotropic phase,17 the similarity
of the spectra in dilute solution and in the isotropic liquid in

 

 

Figure 3. DSC curves (first cooling and second heating) of hexaazatriisothianaphthene 1b (heating rate 108/min).

Figure 4. Charge distribution in the hexaazatriisothianaphthene molecule
substituted by six sulfanyl groups 1c, as calculated at the DFT level from
Mulliken population analysis. The size of the spheres is proportional to the
net charge on each atom; black [white] spheres relate to negative [positive]
charges. The charge on the nitrogen atoms is calculated to be 20.54lel.
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vicinity of the melting transition for molecule 1 points to a
weak interaction of mesogens and thus to a small tendency
towards aggregation. The emission of compounds 1a,b is so
weak that reliable fluorescence spectra could not be
recorded.

2.4. Oxidation–reduction properties

Cyclic voltammetry traces were recorded for thin films of
1a, casted on the working electrode from a toluene solution,
versus the standard calomel electrode (SCE). The first half
wave potential for reduction amounts to 20.89 V and the
one for oxidation to 0.28 V. From the onset of these
reduction and oxidation waves, the LUMO and HOMO
energies can be estimated to 23.9 and 24.8 eV,
respectively,18 in reference to ferrocene. The energy of the
LUMO level is relatively low compared to other electron
deficient aromatic disks, such as tributoxycarbonylhexa-
azatrinaphthylenes3b (23.4 eV), perylenediimide19

(23.3 eV) and even tris-8-hydroxyquinoline aluminium20

(22.9 eV), a commonly used electron-transport material in
light emitting diodes.21 Consequently, hexaalkylsulfanyl-
triisothianaphthene 1 exhibits an inherent electron deficient
nature and is therefore a potential n-type semiconductor.

3. Conclusions

In view of their promising electron transport properties
suggested by quantum-chemical calculations, the electron-
deficient and potentially mesogenic hexaazatriisothia-
naphthene cores substituted by propylsulfanyl and dodecyl-
sulfanyl chains have been prepared in a convergent
synthesis by condensation of diamines with hexaketocyclo-
hexane. Cyclic voltammetry on thin films demonstrates the
electron-deficient nature of the new material, with a
surprisingly low energy for the LUMO level estimated at
23.9 eV. Despite the fact that the closely related hexa-

azatrinaphthalene discs substituted by six alkylsulfanyl
chains form columnar LC phases, POM and DSC studies do
not establish the existence of liquid crystalline phases for
the new compounds; this has probably to be attributed to
strong Coulombic repulsion among the conjugated cores.
Lateral substituents other than alkylsulfanyl chains should
be found to promote supramolecular columnar organisation.

4. Experimental

Solvents and reagents were purchased from Aldrich and
used as received. Column chromatographies were per-
formed on silica gel (Merck silica gel 60, mesh size 0.2–
0.5 mm). 1H NMR spectra were recorded on a Bruker
Avance 300 with solvent signal as internal standard. Mass
spectra were recorded on a VG Micromass 7070F instru-
ment (electron impact, 70 eV) and a VG instruments ZAB
2-SE-FPD using FD. Elemental analysis was carried out at
the micro analytical laboratory of the University of Mainz
(Germany). UV/Vis absorption measurements were carried
out with a HP 8453 spectrophotometer. The thermal
behaviour of the materials synthesised was investigated by
polarizing optical microscopy (JENA microscope equipped
with a Mettler FP 52 hot stage) and differential scanning
calorimetry (Mettler Toledo DSC) with heating and cooling
scans performed at 10 8C min21. The cyclic voltam-
mograms reported here were recorded with a computer
controlled EG&G potentiostat/galvanostat at a constant scan
rate of 1000 mV/s. A three electrode configuration
undivided cell was used. The working electrode was glassy
carbon (3 mm diameter), with a Pt wire auxiliary electrode
and a non-aqueous reference electrode containing 0.01 M
AgNO3, 0.1 M tetrabutylammoniumperchlorate (TBAP) in
acetonitrile, and silver wire. The electrolyte was 0.1 M
TBAP in acetonitrile. The oxidation voltage sweeping range
was from 21.0 to 1.3 V. The polymer film is casted directly
on the working electrode from a toluene solution (3 mg/ml).

Figure 5. UV–Vis absorption spectra of hexaazatriisothianaphthene 1b in CHCl3 (solid line) and normalised spectra in a neat thin film heated to the isotropic
liquid (dotted line) and cooled to the crystalline phase (dashed line). The insert shows the absorption edge of the same spectra versus the energy in eV.
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Bubbling Argon through the electrolyte for 20 min prior to
the experiment purges the solution of dissolved oxygen. The
measurements were carried out under a positive pressure of
Argon. HOMO and LUMO levels were measured at the
onset of, respectively, the first oxidation and reduction
events of the second cycle. The potentials were referenced
to the ferrocene half wave potential (2EHOMO/LUMO ¼
Eoxidation/reduction 2 Eferrocen þ 4.8 eV).

4.1. General procedures

In a first attempt, dinitro and diamino derivatives 7, 8 and 9
have been prepared following the procedure reported in the
literature.10 However, since the nucleophilic substitution of
6 afforded a mixture of products, which were difficult to
purify, the synthesis had to be modified. In the following the
original and modified procedures are described, which were
used for the synthesis of 7 and 9. Moreover, a general
optimised synthesis for the final step of the reaction scheme,
the condensation of 9 with hexaketocyclohexane, is given.

General procedure (1). Nucleophilic substitution of 2,5-
dichloro-3,4-dinitrothiophene 6.

Method 1.10 Alkylthiol (11.0 mmol) was added to a
suspension of K2CO3 (1.5 g) in dry DMF (10 ml) under
nitrogen and stirred at ambient temperature for 20 min. The
mixture was cooled with an ice bath and a solution of
thiophene 6 (4.1 mmol) in DMF (4 ml) was added dropwise.
The reaction was controlled by thin layer chromatography.
After 2 h, no further reaction could be observed. The
mixture was poured on 100 g ice and the precipitate was
collected and recrystallised from acetone. The crude
product consisted of two different compounds, which were
purified by column chromatography. In contrast to previous
work,10 a non-symmetrical product 8a,b could be isolated in
the same amount as symmetrical product 7a,b.

Method 2.12 To solution of thiophene 6 (12 mmol) and
alkylthiol (27 mmol) in methanol (50 ml) at 5 8C, triethyl-
amine (3 ml) was added. The ice bath was removed after
10 min and the mixture was stirred additional 2 h at room
temperature.

General procedure (2). Reduction of 2,5-dialkylsulfanyl-
3,4-dinitrothiophene 7.

Thiophene 7 (0.8 mmol) was dissolved in acetic acid/water
(4.4 ml, 10:1) and heated to 75 8C. 624 mg (11 mmol) iron
powder were added in two portions, the mixture was
refluxed for 1 h, poured on water and extracted with
CH2Cl2. After drying the organic phase with Na2SO4 and
evaporation of the solvent, the product was isolated by
column chromatography.

General procedure (3). Condensation with hexaketocyclo-
hexane octahydrate (optimised procedure).

Freshly prepared hexaketocyclohexane £ 8H2O (180 mg,
0.58 mmol) and 3,4-diamino-2,5-dialkylsulfanylthiophene
(1.9 mmol) in ethanol/glacial acid (1:1, 40 ml) were stirred
over night at room temperature under argon atmosphere.
The reaction mixture was then poured on water (80 ml) and

extracted with CH2Cl2 (2 £ 50 ml). The combined organic
phases were washed with a saturated solution of NaHCO3

and water and dried over NaSO4. Evaporation yielded a
crude black product, which was purified as described below.

4.1.1. 2,5-Dipropylsulfanyl-3,4-dinitrothiophene (7a)
and 2,4-dipropylsulfanyl-3,5-dinitro-thiophene (8a).
Method 1. The general procedure (1) (method 1) led to a
yellow precipitate, which was purified by chromatography
on silica (toluene/hexane/ethyl acetate). Compound 7a
(0.98 g) was isolated as a yellow solid, mp 92 8C, yield
30%. As a side product, non-symmetrical compound 8a
(1.02 g) was obtained in 31% yield, mp 73 8C; this was not
reported in previous investigations.10

Method 2. The general procedure (1) (method 2), using
1-propanethiol, afforded a suspension of a yellow precipi-
tate. Water (100 ml) was added to the reaction mixture and
the precipitate was collected, washed with 20 ml cold
methanol and dried to yield 3.10 g (78%) of a yellow solid
7a.

Compound 7a. 1H NMR (CDCl3, 300 MHz) 1.08 (t, 6H,
CH3), 1.78 (m, 4H, CH2), 2.99 (t, 4H, SCH2). 13C NMR
(CDCl3, 75 MHz) 13.2 (CH3), 22.2 (CH2), 38.5 (SCH2),
138.5, 141.4 (CThiophene). FT-IR n(cm21) ¼ 2964, 2933,
2869, 1508, 1461, 1367, 1321, 1304. Mass (EI) m/z (rel.
intensity) ¼ 322 (100), 126 (19), 112 (34), 101 (35), 84 (72).

Compound 8a. 1H NMR (CDCl3, 300 MHz) 0.98, 1.13 (2t,
6H, CH3), 1.59, 1.89 (2dt, 4H, CH2), 2.97, 3.07 (2t, 4H,
SCH2). 13C NMR (CDCl3, 75 MHz) 13.2, 13.4 (CH3), 21.3,
22.7 (CH2), 37.1, 38.3 (SCH2), 136.8 (C–SR), 141.1 (C–
NO2), 141.4 (C – NO2), 154.3 (C – SR). FT-IR
n (cm21) ¼ 2979, 2968, 2954, 2931, 2871, 1516, 1494,
1450, 1383, 1308, 1242. Mass (EI) m/z (rel. intensity) ¼ 322
(28), 170 (43), 112 (60), 101 (100).

4.1.2. 2,5-Didodecylsulfanyl-3,4-dinitrothiophene (7b)
and 2,4-didodecylsulfanyl-3,5-dinitrothiophene (8b).
Method 1. Following the general procedure (1) (method
1), a yellow precipitate was obtained, which was purified by
column chromatography on silica (hexane/ethyl acetate).
Compound 7b (0.47 g) was isolated as a yellow solid, mp
77–79 8C, yield 20%. As a side product, non-symmetrical
compound 8b (0.40 g) was obtained in 17% yield, mp 60–
63 8C; this was not reported in previous investigations.10

Method 2. The general procedure (1) (method 2) using
1-dodecanethiol afforded a yellow precipitate, which was
collected by filtration and washed with methanol. Com-
pound 7b was obtained as a yellow solid (6.50 g, 92%).

Compound 7b. 1H NMR (CDCl3, 300 MHz) 0.92 (t, 6H,
CH3), 1.20–1.85 (m, 40H, CH2), 3.03 (t, 4H, SCH2). 13C
NMR (CDCl3, 75 MHz) 14.1 (CH3), 22.7, 28.6, 28.7, 29.0,
29.3, 29.5, 29.6, 29.7, 31.9 (CH2), 36.6 (SCH2), 141.4, 138.5
(CThiophene). FT-IR n (cm21) ¼ 2952, 2818, 2850, 1512,
1467, 1427, 1371, 1327, 1304. Mass (EI) m/z (rel.
intensity) ¼ 574 (100), 544 (12), 402 (10), 389 (9), 201 (9).

Compound 8b. 1H NMR (CDCl3, 300 MHz) 0.88 (t, 6H,
CH3), 1.10–2.00 (m, 40H, CH2), 2.99, 3.08 (2t, 4H, SCH2).
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13C NMR (CDCl3, 75 MHz) 14.1 (CH3), 22.7, 27.7, 28.6,
28.8, 28.96, 29.0, 29.3, 29.5, 29.6, 31.9 (CH2), 35.3, 36.4
(SCH2), 137.0 (C–SR), 141.1 (C–NO2), 141.3 (C–NO2),
154.5 (C–SR). FT-IR n (cm21) ¼ 2952, 2920, 2848, 1520,
1489, 1468, 1440, 1373, 1338, 1304, 1282, 1244. Mass (EI)
m/z (rel. intensity) ¼ 574 (4), 557 (12), 544 (10), 528 (11),
57 (100).

4.1.3. 3,4-Diamino-2,5-dipropylsulfanyl-thiophene (9a).
After reduction, following the general procedure (2), 9a was
obtained by column chromatography (silica/hexane/ethyl
acetate/NEt3) as a light brownish solid, yield 1.19 g (47%).
The product was not stable in air and consequently used
directly for the next reaction. 1H NMR (CDCl3, 300 MHz)
0.96 (t, 6H, CH3), 1.61 (m, 4H, CH2), 2.61 (t, 4H, SCH2),
3.76 (broad, 4H, NH2). 13C NMR (CDCl3, 75 MHz) 13.2
(CH3), 23.0 (CH2), 40.0 (SCH2), 108.1, 140.4 (CThiophene).

4.1.4. 3,4-Diamino-2,5-didodecylsulfanyl-thiophene (9b).
After reduction, following the general procedure (2), 9b was
obtained by column chromatography (silica/hexane/ethyl
acetate) as a light brownish waxy solid, yield 0.2 g (49%).
The product was not stable in air and consequently used
directly for the next reaction. 1H NMR (CDCl3, 300 MHz)
0.88 (t, 6H, CH3), 1.20–1.40, 1.58 (m, 40H, CH2), 2.62 (t,
4H, SCH2), 3.75 (broad, 4H, NH2). 13C NMR (CDCl3,
75 MHz) 14.1 (CH3), 22.7, 28.6, 29.2, 29.3, 29.5, 29.6, 29.7,
31.9 (CH2), 38.0 (SCH2), 108.2, 140.3 (CThiophene).

4.1.5. 1,3,8,10,15,17-Hexapropylsulfanyl-4,7,11,14,18,20-
hexaazatriisothianaphthene (1a). 300 mg (1.14 mmol)
9a, 60 mg (0.19 mmol) hexaketocyclohexane £ 8H2O
(Aldrich) (3) were dissolved in 10 ml chlorobenzene and
60 mg molecular sieves (4 Å) were added. The mixture was
refluxed for 2 days. Since no reaction was observed by TLC
control, one drop of methanesulfonic acid was added. After
2 h at reflux, the solvent was evaporated under vacuum and
the product was purified by column chromatography (silica
60, hexane/ethyl acetate ¼ 5:1). Compound 1a (15 mg) was
isolated as a dark yellow solid, yield 6%.

Optimised procedure. 550 mg of a crude product
obtained by the general procedure was purified by
column chromatography (silica 60, hexane/ethyl
acetate/triethylamine ¼ 80:4:1). The almost pure product
(170 mg) was recrystallised from ethanol/methylene
chloride by slow evaporation (approx. 2–3 days) of the
solvent at room temperature. Filtration afforded 156 mg
(32%) of black needle-like crystals, mp 147 8C (onset DSC).
1H NMR (CDCl3, 300 MHz) 1.29 (t, 18H, CH3), 1.82 (m,
12H, CH2), 3.03 (t, 12H, SCH2). 13C NMR (CDCl3,
75 MHz) 13.3 (CH3), 23.0 (CH2), 40.1 (SCH2), 131.4,
142.8, 143.7 (Caromatic). FT-IR n (cm21) ¼ 2957, 2924,
2851, 1734, 1459, 1379, 1288, 1125. Mass (EI) m/z (rel.
intensity) ¼ 848 (Mþ, 12), 182 (52), 150 (100), 108 (73).
Elemental analysis calcd for C36H42N6S9 (%): C 51.03, H
5.00, N 9.92; found: C 51.33, H 5.16, N 9.67.

4.1.6. 1,3,8,10,15,17-Hexadodecylsulfanyl-4,7,11,14,18,
20-hexaazatriisothianaphthene (1b). 200 mg (0.39 mmol)
9b, 20 mg (0.065 mmol) hexaketocyclohexane £ 8H2O
(Aldrich) (3) were dissolved in 10 ml chlorobenzene and
one drop of methanesulfonic acid was added. The mixture

was refluxed for 2 h. Then the solvent was evaporated under
vacuum and the product was purified by column chroma-
tography (silica 60, hexane/ethyl acetate). Compound 1b
(9 mg) was isolated as a dark yellow solid, yield 9%.

Optimised procedure. The crude product, obtained by the
general procedure (3), was purified by column chromato-
graphy (silica 60, hexane/ethyl acetate/triethyl-
amine ¼ 80:2:1). The purest fractions (136 mg) were
again chromatographed to yield 95 mg of a dark yellow
solid. The material was crystallised from ethanol/ methyl-
ene chloride by slow evaporation of methylene chloride at
40 8C and reduced pressure (800–500 mbar). Filtration
afforded 72 mg (24%) of brown to black solid powder, mp
69 8C (Onset DSC). 1H NMR (CDCl3, 300 MHz) 0.89 (t,
18H, CH3), 1.20–1.40, 1.55, 1.80 (m, 120H, CH2), 3.36 (t,
12H, SCH2). 13C NMR (CDCl3, 75 MHz) 14.1 (CH3), 22.7,
28.7, 29.2, 29.3, 29.5, 29.6, 29.7, 31.9 (CH2), 37.9 (SCH2),
131.3, 142.7, 143.6 (Caromatic). FT-IR n (cm21) ¼ 2962,
2926, 2853, 1734, 1467, 1380, 1262, 1125, 1097, 1073,
1024, 803. Mass (FD) m/z (rel. intensity) ¼ 1605 (17), 1618
(100). Elemental analysis calcd for C90H150N6S9 (%): C
67.36, H 9.42, N 5.24; found: C 67.39, H 9.45, N 5.16.
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Abstract—Using the HMO approximation, bond energy equations for triangular three-centre, two-electron [3c-2e] bonded species AB2
þ

(p-complexes) and the isomeric systems (AB2Bþ, BB2Aþ, BA2Bþ and AþþBvB) are described. The electronegativity difference (Dx)
between the atoms or groups A and B is assumed to be related to the difference (h) in their Coulomb integrals and the variation of relative
energies with electronegativity difference is explored. The bond energy curve for p-complexes is displaced relative to those of the two-
centre, two-electron [2c-2e] bonded species and this displacement accounts for the significant influence of electronegativity difference on
reactions proceeding via [3c-2e] bonded intermediates or transition states. The origin of the displacement of the bond energy versus
electronegativity difference curve for the p-complexes is identified as a 22hbBB term in the bond energy equation. In contrast to [2c-2e]
bonds, this term makes the influence of electronegativity difference on triangular [3c-2e] bonds directional, that is, the bond energies of AB2

þ

and BA2
þ are different in contrast to those of AB and BA. A more electronegative atom A destabilises the [3c-2e] bond by removing electron

density from the bonding interaction BB (bBB) whereas a less electronegative atom A will strengthen the bond by increasing the electron
density between the atoms B. Reactions involving [3c-2e] AB2

þ bonds are classified as homo- or heteroprocesses and the influence of
electronegativity difference on these discrete transformations is discussed in terms of the contribution of h, h 2 and 22hb functions to
differences in bond energy. The analysis is extended to p-complexes with back-donation and the equivalence of the description of onium ions
using either two [2c-2e] bonds or two [3c-2e] bonds is demonstrated. Extension of the analysis to 2-norbornyl cations suggests that, due to the
shape of the bond energy versus electronegativity difference curve, this cation exists within a window of stability between the alternative
isomers. 1,2-Disubstituted norbornyl cations are used as a model of p-complexes and the influence of substituent effects on relative stability
is explored using the AM1 method. After allowance for resonance and hyperconjugation effects, the results are found to be consistent with the
general conclusions of the simple HMO model.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Accurate calculations of molecular structure and properties
are now readily accessible and can be applied to a wide
range of chemical problems.1 These calculations are
structure specific and it is not always easy to make
generalisations from the accurate data that they produce.
In contrast, simple and approximate semi-quantitative
models can produce general analytical expressions for
molecular properties but these are lacking in accuracy and
reliability. Nevertheless, used with care they can usefully
bridge the gap between qualitative theories and specific
calculations by (i) providing a semi-quantitative general
model of the effects of structure variation on properties and
by (ii) directing attention to areas worthy of detailed
investigation by accurate structure-specific techniques. Both

approaches, particularly when used together, can make a
useful contribution to an understanding of structure and
reactivity2 and can focus experimental studies on new areas
worthy of investigation.

We have recently described3 a semi-quantitative model of
triangular three-centre, two-electron [3c-2e] bonds of the
type AB2

þ based on the HMO approximation.4,5 This model
suggests that the bond energies of these [3c-2e] bonds (AB2

þ

defined relative to AzþBzþBþ), like those of two-centre,
two-electron [2c-2e] bonds (AB defined relative to AzþBz),
are related to the electronegativity difference (Dx) between
the atoms or groups A and B. However, for the [3c-2e]
bonds the influence of electronegativity on bond energy is a
function of both (Dx)2 and (Dx) and, in contrast to bonds
AB, the influence of Dx is directional, that is, the bond
energies of AB2

þ and BA2
þ are different whereas those of AB

and BA are the same. This directional relationship may at
least in part be responsible for the observation that reactions
occurring via triangular three-centre bonds (p-complexes)
appear to be significantly affected by electronegativity
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difference. We have described this additional influence of
electronegativity difference as the 22hb effect because it is
this term in the general bond energy equation that gives rise
to the directional effect. Details of the derivation of this
model have been described elsewhere,3 where it was
discussed primarily using experimental data for reactions
involving s bonds. In this paper we explore the application
of this model to three-centre bonds formed from p bonds
(p-complexes) and extend the application to include a semi-
quantitative model of ‘back-donation’. We then explore
conclusions and predictions of this model using more
accurate structure-specific MO calculations.

2. Background

Many organic reactions involving electrophiles proceed via
species (intermediates or transition states) that involve
triangular [3c-2e] bonding.6 – 10 These species are often, but
not always, cations. In the gas phase, cations containing a
[3c-2e] bond are often more stable than isomeric systems in
which the electron pair is associated with a [2c-2e] bond.
The simplest examples are the triatomic hydrogen molecu-
lar ion H3

þ, which has an equilateral triangle structure 1,11,12

and the methonium ion CH5
þ 2.13 – 16 In solution, solvation

usually favours two-centre bonding and only rarely are
[3c-2e] bonded species, such as the 2-norbornyl cation 3,
stable enough to be observed experimentally.17 – 19 Never-
theless, their involvement in chemical reactions of both s
and p bonds is now well established.6

Dewar in 1945, was the first to recognise that alkenes could
form dative bonds with electrophiles.20 – 23 He described
these products as p-complexes, recognised their relation-
ship to aromatic species, and represented them using a
dative bond arrow between double bond and electrophile,
for example, 5. Using this representation of [3c-2e] bonds
the 2-norbornyl cation is represented by structure 3b. Many
electrophilic addition reactions of alkenes and 1,2-rear-
rangements of carbenium ions are interpreted in terms
of p-complex formation. A well-known example is the

Wagner–Meerwein rearrangement, exemplified by the
rearrangement of neopentyl iodide 7 via the p-complex 8,
as shown in Scheme 1.24,25 Whether the p-complex is an
intermediate or transition state in these rearrangements and
whether it is preceded by carbenium ion formation (e.g.,
Me3C–CH2

þ) appears to depend on the individual structure
and reaction conditions.26 The p-complex concept was
extended by Dewar to incorporate back-donation by an
electron pair on the electrophile (a reverse dative bond).27,28

Based on AIM and ELF studies of the 2-norbornyl
cation,29 – 31 it has been proposed that the alternative
representation of [3c-2e] bonds by structures of the type
3c and 6 is misleading and should be avoided. A study of the
calculated electron density in the 2-norbornyl cation 3
indicated that there is no ‘bond path’ connecting the
bridging carbon and each of its neighbours. Structures of
the type 4 or 5, implying tetracoordinate carbon, appear to
be a more realistic representation of the bonding. Here, and
throughout, we represent p-complexes (e.g., 8) using the
branched dashed line convention advocated by Olah6,32 to
represent the three-centre bonding. This provides a
consistent representation for both p and s bonds, facilitates
the writing of mechanisms using curly arrows and is
consistent with the electron density studies described
above.29 – 31 Additional reasons for favouring the represen-
tation 4 in preference to the dative representation 5, based
on the implications of dative bond arrows, are given in
Section 3.1.4.

Sigma bonds are weaker donors than p-bonds and only react
with electrophiles under much more severe conditions. It
was not until the 1960s that Olah32 – 35 and others,36,37 using
superacids and other new methodology, were able to
demonstrate the s-basicity of C–H and C–C single bonds
with a range of electrophiles to give products via triangular
[3c-2e] bond formation. Thus, the protolysis of neopentane
in HF-SbF5 gives predominantly C–C cleavage with
methane formation (Scheme 2).38 This reaction occurs via
the [3c-2e] bonded cation 10, which is analogous to a
p-complex and could be represented using a dative bond
(cf. 4). Formation of the species 10 may be preceded by
C–H bond protonation to give the cation 9 which then
undergoes a bond–bond rearrangement (9!10).39 – 41 The
universal role of [3c-2e] bonding in the reactions of s- and
p-bonds (s and p donors) with electrophiles has been

Scheme 1.

Scheme 2. Reagents: (i) HF–SbF5.
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emphasised by Olah.32 Dewar22 has emphasised that [3c-2e]
bonded species/p-complexes are associated with strong
chemical bonds and are distinct from more weakly bonded
van der Waals complexes.

The bonding of p-complexes, carbonium ions and other
[3c-2e] bonded systems has been described by qualitative
MO models and by increasingly sophisticated computer-
aided MO calculations on specific systems. The HMO
model that we have recently described3 extends the
qualitative analysis to a semi-quantitative description of
[3c-2e] bonding in terms of generalised analytical
expressions for relative bond energies. This permits some
cautious generalisations on the influence of the electro-
negativity of the participating atoms on the relative strength
of three-centre bonds and their ease of reaction. This model,
therefore, bridges the gap between qualitative general
pictures and sophisticated structure specific calculations
and allows some conclusions that are not readily forth-
coming from the other approaches, and which may be useful
as a general reactivity guide to practicing chemists. We are
aware of the limitations of the HMO method4,5,42 but we
emphasise that the objective of this study is to identify
general trends and their origins and not to calculate accurate
energies. We now explore in more detail the application
of this model to structures and reactions involving
‘p-complexes’ and extend the application to include
‘back-donation.’

3. Results and discussion

3.1. p-Complex formation: a semi-quantitative model

3.1.1. Bond energies. A p-complex can be considered to be
formed by overlap of the pz orbitals of a p bond BvB with a
hybrid orbital on atom A (11). Here the BB overlap is
different to the AB overlap and any interaction with the BB
s bond is neglected. The orbital topology is similar to but
different from that envisaged for formation of a three-centre
bond by a s bond (i.e., 12). A closer relationship between
these types of three-centre, two-electron bond is achieved if
the double bond forming the p-complex is considered to be
formed by overlap of sp hybrid orbitals. The three-centre
bond is then formed by overlap with two of these hybrids as
shown in structure 13. This approach has the advantage that
participation of the BB s bond is not neglected.

The purpose of the semi-quantitative model described here
is to focus attention on generic features that merit further
investigation by accurate structure specific calculations.
Considering the approximations used, we do not believe that
the extra refinement of the four-electron model 13 is either
justified or provides additional insight (see later). Only the

two-electron model 11 will be employed in the following
discussion.

Consider the formation of the p-complex 15 from the
classical precursors 14 and 16 (Scheme 3). In the HMO
model, details of which we have described elsewhere,3 the
orbital energies (E14, E15 and E16) of the localised orbitals
accommodating the electron pair involved in the change of
bonding are given by Eqs. 1–3.

E14 ¼ aB þ 1=2h þ 1=2½h2 þ 4b0
AB

2�1=2 ð1Þ

E15 ¼ aB þ 1=2ðh þ bBBÞ þ 1=2½h2 2 2hbBB þ bBB
2

þ 8bAB
2�1=2 ð2Þ

E16 ¼ aB þ bBB ð3Þ

In Eqs. 1–3, the parameter h is the difference between the
Coulomb integrals of atoms A and B (i.e., h¼aA2aB) and
can be taken as a measure of the electronegativity difference
(Dx) between the atoms A and B (i.e., h/Dx).4 The
resonance integrals in the p-complex are defined as bAB and
bBB, and b0

AB is the resonance integral of the s-bond in the
ion 14. As previously, based on second-moment scaling,43

we assume that the resonance integral of the s bond AB
(b0

AB) is related to the corresponding integral in the
p-complex (bAB) by b0

AB¼
p

2bAB. Although the choice of
b0

AB¼
p

2bAB may appear arbitrary it is not unreasonable
(the two-centre bond is shorter) and it is easily shown that
the choice does not affect the general conclusions (see later).

The bond energies (BE) of the species 14, 15 and 16 relative
to the energy of the dissociated system AzþBzþBþ (i.e.,
2aBþh) are therefore given by Eqs. 4–6. Note that the
choice of the reference point does not matter since we are
only interested in the relative energies of the species 14, 15
and 16 and these are independent of the reference frame
chosen. This is illustrated by comparing Figure 1(c) and (d)
(see below).

BE14 ¼ 2½h2 þ 8bAB
2�1=2 ð4Þ

BE15 ¼ 2bBB 2 ½h2 2 2hbBB þ bBB
2 þ 8bAB

2�1=2 ð5Þ

BE16 ¼ h 2 2bBB ð6Þ

Eq. 4 is in agreement with Pauling’s empirical relationship
for two-centre bond energies:44 – 47 bond energy (BE14) is at
a minimum when h¼0 (i.e., Dx¼0) and increases as
electronegativity difference increases. Note that it does not
matter if h is positive or negative since h 2 is always
positive. In the region h¼0 the hyperbola (Eq. 4) is
relatively flat (›BE14/›h¼0 when h¼0). For small values of
h the variation of bond energy will be small, in agreement
with calculated values of intrinsic bond energies.48,49

The bond energy equation for the three-centre bond 15

Scheme 3.
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(Eq. 5) shows interesting similarities to and differences from
the expression for the two-centre bond 14 (Eq. 4). Both
curves are hyperbolas but the [3c-2e] bond curve is
displaced along the h-axis by bBB. Both bond energy
expressions contain h 2 and 8bAB

2 terms, which seems
reasonable. Although each A–B bonding interaction in the
three-centre bond will be weaker, there are two interactions
instead of one, which compensates. For the three-centre
bond (Eq. 5) there are three additional terms each involving
bBB. The first two terms essentially reflect the new bonding
interaction (B–B) that takes place as the bond forms and
accounts for the greater stability of the [3c-2e] bond in the
gas phase (Fig. 1(a)). These bBB terms can be considered to
describe the favourable cyclic conjugation relative to a
linear [3c-2e] bond (B· · ·A· · ·B).

Figure 1(a) shows a plot of the bond energies given by Eqs.
4–6 against h, assuming that bAB¼bBB. If the bond energy
expression for the p-complex 15 was limited to these two
additional terms in bBB then it also would be a symmetrical
hyperbola with minimum energy when h¼0. If this were the
case, then variation of the electronegativity difference
between atoms A and B would have little influence on the
difference in bond energy between 14 and 15. However,

there is an additional term (22hbBB) that considerably
modifies the form of the hyperbola. This term in effect
displaces the hyperbola along the h axis and increases or
decreases the bond energy depending upon whether h is
positive or negative. When h is positive there is a negative
contribution to BE15 and vice versa. The minimum bond
energy occurs when h¼bBB and when h¼0 the gradient
(›BE15/›h) is 0.33. The bond energy difference between the
isomeric systems 14 and 15 will therefore vary significantly
with electronegativity difference (h), especially in the
region h¼0. In other words, in contrast to [2c-2e] bonds,
there is a directional influence of electronegativity differ-
ence on the bond energy of [3c-2e] bonds. We have
described this influence of electronegativity difference as
the 22hb effect because it is this term that accounts for it
in the HMO model and this emphasises the contribution
of both h and bBB. This influence of electronegativity
difference (h) on the bond energy difference of isomers 14
and 15 is not the result of dative bond formation (e.g., 4),
which would involve a full h term in the bond energy
difference. The contribution of h to dative bonds is
discussed in Section 3.1.3.

The bond energy expression for the dissociated system 16 is

Figure 1. Calculated relative energies of species 14, 15 and 16 with variation of h: (a) relative bond energies using Eqs. 4–6; (b) relative energies with
allowance for nuclear repulsion; (c) relative energies with allowance for nuclear repulsion and solvation; (d) relative energies defined with respect to Aþþ2Bz

instead of AzþBzþBþ.
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much simpler and in this model is represented by a linear
relationship (Eq. 6) (Fig. 1).

Before allowing for the effects of nuclear repulsion and
solvation it is informative to consider the relative values of
the energies given by Eqs. 4–6. If we assume that the
energies of all the other electrons remain unchanged, Eqs.
4–6 give the relative electronic energies of the isomeric
cations 14-16. A plot of Eqs. 4–6 is given in Figure 1(a).
This shows that the bond energy for the p-complex is
greatest over a wide range of h values. However, some
allowance for the differences in nuclear repulsion (DEnuc)
and for solvation (DEsolv) needs to be made in order to
model relative energies. Here it is necessary to take a semi-
empirical approach and use values that lead to a model
consistent with experimental observations. We have
assumed that DEnuc and DEsolv are independent of h. The
nuclear repulsion energy will be greatest for the cyclic
cation 15 and we can allow for this by decreasing the
relative bond energy of species 15 by þDEnuc. Using a value
ofþDEnuc¼1.0bAB gives the gas phase energy profile
shown in Figure 1(b). With this allowance for nuclear
repulsion the gas phase p-complexes 15 are expected to be
more stable than the isomers 14 and 16 over a wide range of
h values and this is in agreement with experiment and
theory. A large part of the extra stability of the gas phase
p-complexes 15 relative to the isomers 14 is attributable to
the BB interactions in the bond energy expression (Eq. 5).

Most reactions of interest occur in the solution phase, in
which the relative stabilities of the classical and non-
classical ions are reversed. The [2c-2e] bonded systems 14
and 16 are more stable and the [3c-2e] bonded systems 15
correspond to intermediates or transition states. This
reversal of stability can be partially attributed to greater
solvation of the classical cations 14 and 16 with localised
positive charge than that of the non-classical cations 15 with
greater delocalisation of charge. This extra solvation of
classical ions can be modelled by lowering the bond
energies of the cations 14 and 16 by DEsolv. Again it is
necessary to be pragmatic in selecting a value for DEsolv. It
is known that for simple organic reactions (in the region
h¼0) the p-complex is an intermediate/transition state in
the degenerate rearrangement of the cations 14 and the
activation energy is quite small.36,50 – 52 This, therefore,
places the hyperbola of the non-classical species 15 only
just above the hyperbola of the classical ion 14. We have
therefore used a value of DEsolv¼20.5bAB. Using this
allowance for nuclear repulsion and solvation, the relative
bond energies (RBE) of the species 14-16 are modelled by
Eqs. 7–9. The resulting plot of relative energies in solution
is shown in Figure 1(c) where it is assumed that bAB¼bBB.

RBE14 ¼ 2½h2 þ 8bAB
2�1=2 2 0:5bABðDEsolvÞ ð7Þ

RBE15 ¼ 2bBB 2 ½h2 2 2hbBB þ bBB
2 þ 8bAB

2�1=2

þ 1:0bABðDEnucÞ ð8Þ

RBE16 ¼ h 2 2bBB 2 0:5bABðDEsolvÞ ð9Þ

At this stage some comments on the assumptions and
estimations used in this model are appropriate. The
allowance for nuclear repulsion and solvation is purely

empirical and the values are chosen to give a model
consistent with the observation that simple p-complexes are
not detectable in solution but are accessible during
reactions. The separation of the parameters DEsolv and
DEnuc is artificial and is done only to acknowledge their
contributions. There is some evidence that the difference in
solvation energies in aqueous solution is smaller than we
have suggested.53 An alternative approach would be to
arbitrarily choose parameters to allow for these and other
effects that only move the curves on the y-axis and thereby
place the bond energy relationships in the same juxta-
position. We also recognise that we have assumed that
bAB¼bBB without justification and that the relationship
b0

AB¼
p

2bAB is imprecise. However, variation of the
relative b values makes little difference to the general
features of Figure 1. For example, different values for b
simply move the hyperbola for the classical ion 14 up or
down the y-axis and the effect is therefore incorporated into
the semi-empirical parameters (DEsolv and DEnuc) discussed
above. We regard the main value of the model summarised
by Figure 1 as providing an approximate evaluation of the
relative energies of the species 14-16 as electronegativity
difference varies. This provides insight into the nature of the
bonding that is not forthcoming from either qualitative
models or highly accurate calculated properties of a limited
number of structures. It is important to reiterate here that the
parameters DEsolv and DEnuc and the b values only move the
relative positions of the bond energy graphs in Figure 1 up
or down the y-axis. They do not move the curves along the
x-axis and this leads to important conclusions. It is relevant
to point out here that the use of the four-electron model 13
also only moves the relative positions of the bond energy
graphs on the y-axis and does not alter the conclusions,
which is why we have used the simpler two-electron
model 11.

Figure 1(d) shows the energies of species 14-16 calculated
relative to Aþþ2Bz and demonstrates that their relative
energies are independent of the reference frame chosen (cf.
Fig. 1(c) and (d)).

3.1.2. p-Complex structure and stability. Eqs. 7–9
describe a semi-quantitative model for the relative bond
energies of the species 14, 15 and 16 in solution. This model
suggests certain features that are worthy of further
exploration and which may give further insight into the
nature of triangular three-centre bonding. First, because of
the 22hb effect, there is a crossover of the relative energies
of the classical 14 and non-classical ion 15. However, as the
non-classical species (p-complex) becomes more favoured
so does the dissociated product 16. This suggests that simple
p-complexes 15 (without back-donation) are never more
stable in solution than the isomers 14 and 16. It is interesting
to question how close they come to being the most stable
structure in solution or even whether there is always a small
window of stability. The special case of the 2-norbornyl
cation is discussed in Section 3.3.

A second point that becomes clear from the bond energy
expression for p-complexes 15 (Eq. 5) is that the B–B
interaction (bBB) makes an important contribution to their
stability and that part of this contribution is dependant on
electronegativity difference. For molecular rearrangements
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the contribution of the B–B interaction in terms of
qualitative resonance theory was recognised by Wheland.54

He pointed out that in the general rearrangement 17!21
(Scheme 4) the intermediate species is a resonance hybrid of
the structures 18, 19 and 20. Interestingly, Wheland
emphasised the contribution of the structures 18 and 19
but made little comment on structure 20, other than to say
that it may ‘also have a significant weight’, and its
contribution to rearrangement mechanisms was largely
ignored in subsequent discussion. Here it is worth noting
that the p-complex approach of Dewar (i.e., 22) clearly
emphasises the contribution of hybrid 20 but neither of these
qualitative analyses focus attention on the combined
influence of Dx and b (i.e., 22hb). Later, the relative
importance of the resonance hybrids 18-20 as electronega-
tivity varies was briefly discussed in qualitative terms by
Berson and Suzuki55 and using qualitative arguments Dewar
showed that classical ions, for example, 17, can be expected
to be favoured as the electronegativity of the apical group A
increases.28 Based on the semi-quantitative model described
by Eqs. 7–9, the important quantitative contribution of the
resonance hybrid 20 in determining relative stability of the
intermediate species 23 with respect to the reactant 17 and
product 21 can be appreciated. In particular the important
bBB terms in Eq. 5 describe the contribution of the hybrid
20. This contribution is enhanced or reduced depending
upon the relative electronegativity of the atoms and the
absolute value of the resonance integral (bBB or bBC). This
is the 22hb effect: rearrangement will be easier when 2h
and b are maximised. On their own, the hybrids 18 and 19

have little energetic influence relative to the precursor 17
(cf. Eqs. 4 and 5). The HMO model permits the general
qualitative analysis of three-centre bonding based upon
qualitative resonance55 and MO20 – 22,27,28 theories to be
developed into a general semi-quantitative analysis and this
is explored further in Section 3.1.3

3.1.3. The influence of electronegativity on heterolytic
and homolytic cleavage of two-centre bonds (A–B). To
analyse the influence of electronegativity on reactions
involving [3c-2e] bonds, it is useful to recognise a
distinction between heterolytic and homolytic transform-
ations. This is also relevant to deciding whether [3c-2e]
bonds are appropriately represented as dative bonds (e.g., 5)
or by alternative representations (e.g., 4), and this point is
discussed further in Section 3.1.4.3. To emphasise simi-
larities to and differences from two-centre bonds, we briefly
discuss the influence of electronegativity on two-electron
dative bonds (B2!Aþ) before further discussing three-
centre bonds.

All covalent bonds can in principle be regarded as dative
bonds: a simple C–C bond can be envisaged as C2!Cþ.
Consider the general case of a dative bond between a Lewis
acid Aþ and a Lewis base B2 [B2þAþYB2!Aþ$B2A].
The energies of the precursor lone pair and [2c-2e] bond,
relative to AzþBz using the HMO model described above,
are h and 2[h 2þ4bAB

2]1/2, respectively. In other words, the
bond energy of the dative bond B2!Aþ relative to B2þAþ

is given by the expression:

{ 2 h 2 ½h2 þ 4bAB
2�1=2}

It is made up of two components: these are the energy
involved in transferring one electron from donor to acceptor
(2h) and the bond energy of the covalent bond between Az

and Bz (2[h 2þ4bAB
2]1/2). Depending upon the direction of

the reaction, the term 2h is characteristic of dative bond
formation or heterolytic cleavage and makes an important
contribution to the energetics of chemical transformations.
After allowing for nuclear repulsion (þ1.0bAB), plots of
bond energy versus electronegativity difference (h) for the
species B2þAþ, B2!Aþ$B2A and BzþAz are shown in
Figure 2.Scheme 4.

Figure 2. The calculated influence of h on the energy of (a) homolytic and (b) heterolytic cleavage of a two-centre, two-electron bond A–B.
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Here, and elsewhere, it is important to recognise the
difference between the theoretical bond energy and the
experimental bond dissociation energy, which will involve a
number of other factors. The HMO model describes
important but incomplete contributions to the bond
dissociation energy and should only be used to discuss
trends rather than actual energies. Within this model, when
h<0 the energy of B2þAþ and BzþAz are the same because,
among other things, no allowance is made for electron–
electron repulsion which is less in the diradical. In reality
when h¼0 the diradical will be more stable than the ion-pair
(e.g., CzþCz vs CþþC2) and homolytic cleavage (DEHOMO)
of the bond is optimal (Fig. 2(a)). However, when one of the
atoms becomes more electronegative (h,0) heterolytic
cleavage rapidly becomes the energetically favoured mode
of reaction (DEHET) (Fig. 2(b)). The greater the electro-
negativity (or more correctly the greater the Coulomb
integral) of the donor atom B relative to the acceptor A, the
easier heterolytic cleavage (DEHET) becomes and this is
directly related to the 2h term in the bond energy
expression. A crossover of the energies occurs when 2h
reaches a certain value and ionisation predominates.
Increasing the electronegativity (Coulomb integral) of an
atom facilitates heterolytic cleavage (e.g., –OH!–OH2

þ

and –F!–FSbF5).56,57

Although we have described bonds as dative (i.e., B2!Aþ)
in the preceding discussion, the concept of dative bonds is
unnecessary, although sometimes convenient, and all dative
bonds can be represented as conventional covalent bonds
(e.g., Me3Nþ–2BF3 instead of Me3N!BF3).58 For hetero-
lytic cleavage the bond energy of covalent bonds is related
to electronegativity difference (h) by a simple 2h term plus
an h 2 function and the ease of heterolytic cleavage is highly
dependant upon h. As h becomes increasingly more
negative the bond rapidly weakens (Fig. 2(b)). For
homolytic cleavage there is no 2h term in the energy of
cleavage (only an h 2 function) and as a result homolytic
cleavage is not enhanced as the electronegativity difference
(h) increases (Fig. 2(a)). Although not necessarily expressed
in terms of a simple HMO model, these features of [2c-2e]
covalent bonds are well known. Figure 2(a) is in good
qualitative agreement23 with Pauling’s empirical relation-
ship between [2c-2e] homolytic bond energies and electro-
negativity.44 – 47 In applying the HMO approximation to
[3c-2e] bonds it is reassuring that a similar application
to [2c-2e] bonds gives a semi-quantitative model that is
consistent with general experimental observations.

We have briefly discussed two-centre bonding here so that
similarities and differences in three-centre bonding can be
emphasised. In three-centre bonding, in addition to energy
differences for bond formation and cleavage being related to
2h (heterolytic cleavage) and an h 2 function (heterolytic
and homolytic cleavage), a dependence on a 22hb function,
not encountered with [2c-2e] bonding, influences the energy
of some [3c-2e] bond transformations. Just as for two-centre
bonds, it is important to distinguish between the types
of transformation involved in the reactions of triangular
[3c-2e] bonded species AB2.

3.1.4. Homoprocesses and heteroprocesses of [3c-2e]
bonds (AB2). We refer to the formation and breaking of a

[3c-2e] bond AB2 as a heteroprocess if the pair of electrons
moves from an association with only nuclei B to an
association with both A and B, or vice versa. We refer to the
formation and breaking of a [3c-2e] bond AB2 as a
homoprocess if the pair of electrons retains an association
with both nuclei A and B during the transformation. These
processes correspond to heterolytic and homolytic mecha-
nisms in two-centre bonds A–B but we use different terms
to avoid confusion.

3.1.4.1. Degenerate rearrangements. Consider the
generalised degenerate 1,2-shift occurring via a transition
state that is assumed to resemble the [3c-2e] bonded species
15 as shown in Scheme 5. Both steps in this transformation
involve homoprocesses and as a result there is not a large
influence of electronegativity difference on the activation
energy (i.e., no 2h term). However, because of the
involvement of the three-centre bonding, there is a contri-
bution of both h 2 and 22hb functions to the energy
difference. This results in asymmetry of the hyperbolas
describing the relative bond energies of reactant and
transition state. The relative energies of the species 14 and
15 are given by Eqs. 7 and 8 and a plot of these energies
(assuming bAB¼bBB) is shown in Figure 3(a). Inspection of
Figure 3(a) reveals that the activation energy of the
rearrangement can be expected to increase as the electron-
withdrawing power (electronegativity) of the migrating
group A increases relative to B (i.e., h increasing).
Degenerate 1,2-hydride and alkide shifts are usually very
fast and a number of factors including steric and
conformational effects will also determine the rate of
reaction. However, the influence of electronegativity
difference summarised in Figure 3(a) is consistent with
the general view that the inherent migratory aptitude of
groups is H.alkyl and Me3C.H3C.59,60

Migratory aptitude of alkyl substituents is often discussed in
terms of hyperconjugation and the stabilisation of develop-
ing positive charge on atom A. This deserves some
comment. In the positively charged [3c-2e] bonded species
15 the Coulomb integral (electronegativity) of alkyl groups
A will vary. Hyperconjugation and the electronegativity/
electron-withdrawing power of a charged alkyl group are
intimately related. The electronegativity (Coulomb integral)
of a methyl cation (Me radical IP 9.8 eV) is greater than that
of a t-butyl cation (tBu radical IP 7.2 eV) and this can be
rationalised in terms of hyperconjugation. The group
orbitals of the methyl substituents in the tertiary cation
interact with the empty orbital and reduce the Coulomb
integral: an electron is held more weakly than by a methyl
cation. During the change 14!15 the positive charge will
increase on atom A and it can be interpreted that more
electropositive groups will be better able to stabilise this
charge. We suggest that an alternative interpretation of
the influence of migrating group A on energy, which is
highlighted by the HMO model, is the extent to which an
atom or group A draws the pair of electrons away from the

Scheme 5.
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bonding interaction BB (bBB), or the reverse, and this effect
is a function of both h and bBB. This is the interaction that
modifies the bond energy (Eq. 5) and this substituent effect
on bond energy will also modify the distribution of the
electron pair. The influence of 22hbBB on energy is
therefore reflected in the distribution of positive charge,61

and also in the bond lengths BB and AB (see Section 3.3.2
and references cited therein). A migrating t-Bu group will
allow the retention of more bonding between BB in the
transition state 15 than the more electronegative Me group
and this accounts for a variation in activation energy as h
varies (Fig. 3(a)). If this is the case, then it is important not
to focus only on substituent effects (e.g., hyperconjugation)
on the migrating group A. Substituent effects on the atoms B
will also influence the relative energies. The difference in
the properties of A and B (e.g., h) should be emphasised
rather than effects at a single centre. On the basis of Figure
3(a), 1,2-hydride and 1,2-alkide shifts between secondary
carbons can be expected to be faster than those between
tertiary carbons.62

For a discussion of electronegativity difference of functional
groups, group electronegativities are available but these
have been derived for application to [2c-2e] bonds in neutral
species.63,64 In fact the electronegativities of carbon atoms
in alkyl groups vary little in these bonds and this is reflected
in fairly constant bond energies in CC bonds.48,49 This is
not the case for charged species in which the electron-
withdrawing power of alkyl groups will vary much more
with structure. Strictly, different values of h should be used
for species 14 and 15 but neglect of this does not change the
conclusions.

On the basis of the above discussion, more electropositive
substituents such as SiMe3 should have a very high
migratory aptitude. There is evidence to support this
conclusion,65,66 which is also related to the well known
b-effect in silicon-substituted carbocations.67,68 However,
because the electropositive silyl substituent has a weaker
hold on the pair of bonding electrons (thereby increasing
the bonding interaction BB) elimination is also thermo-
dynamically favoured (i.e., 15!16; A¼SiR3) (Fig. 1(c), h
negative) and products related to this alternative mode of
cleavage are often formed. In accord with the general

features of Figure 1(c), by using the more electronegative
SiCl3 substituent both elimination and the b-effect (and
presumably the migratory aptitude) are diminished.69,70 For
the same reasons the migratory aptitude of fluoroalkyl
substituents (e.g., CF3) can be expected to be very low.

It is also important to emphasise that the above analysis only
concerns the energy of the electron pair involved in the
[3c-2e] bond. Changes in the energies of other electrons
may be relevant. For example, the cation Bþ (14) may be
stabilised by resonance interactions (including hyperconju-
gation) and similar interactions with empty anti-bonding
orbitals may stabilise cation 15. These are important
additional effects and should not be overlooked. They are
well understood and are best taken into account on an
individual basis (see also Section 3.3.2). Hyperconjugation
effects must be separated into those that influence the energy
of the bond electron pair and those that influence the energy
of other electrons in the molecule (e.g., by stabilising Bþ).

3.1.4.2. Non-degenerate rearrangements. Consider the
non-degenerate 1,2-shifts shown in Scheme 6. The first step,
which is [3c-2e] bond formation, is now a heteroprocess
and, just as for two-centre bonds (Figure 2), the energy
difference involves a 2h term. Assuming bAB¼bBB, within
the HMO model the bond energies for the species 25 and 26
are the same as for the isomers 15 and 14 respectively and
are given by Eqs. 7 and 8. The relative bond energy for
species 24 is given by Eq. 10 (cf. Eq. 9). Figure 3(b) shows a
plot of the relative energies.

RBE24 ¼ h 2 2
p

2bBB 2 0:5bABðDEsolvÞ ð10Þ

It can be seen from Figure 3(b) that as the atom or group A
becomes increasingly more electronegative relative to B the
energy difference rapidly increases and there is a strong
driving force for rearrangement (24!26). Even small
electronegativity differences will have a big influence on

Figure 3. The calculated influence of h on the relative energies of products formed from a three-centre, two-electron bond AB2
þ by (a) a homoprocess and (b) a

heteroprocess.

Scheme 6.
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relative energies in the region h,0. Figure 3(b) suggests
that over a narrow range of positive h values the p-complex
25 will be a transition state with the activation energy
rapidly decreasing as h increases. Above a certain h value
the p-complex is no longer a transition state but simply a
point on the energy surface describing the collapse of the
cation 24 to the isomer 26. It is well known that 1,2-shifts
rapidly take place towards an electronegative electron-
deficient centre such as O or N. The particularly strong
driving force and influence of h arises because these
rearrangements are heteroprocesses. Resonance stabilis-
ation of the cations by substituents will also contribute to the
observed relative stabilities.

It is worth noting that Figure 3(b) may also provide some
insight into concerted reactions such as the Baeyer–Villiger
rearrangement71 in which the transition state is polarised
and approximates to three-centre bonding. The relationship
is similar to that of cyclopropenone to the cyclopropenyl
cation. In the Baeyer–Villiger rearrangement the electro-
negative CH3 substituent (B) has a low migratory aptitude
and in practice never migrates whereas more electropositive
R3C groups migrate well. It also follows that as A becomes
more electronegative, for example if the polarity of the
reaction increases, selectivity in the migrating groups can be
expected to decrease.

3.1.4.3. Addition–elimination. The addition of electro-
philes (e.g., Aþ or Bþ) to double bonds to form p-com-
plexes AB2

þ can also be classified as hetero- or homo-
processes. The relative bond energies for the addition
16!15 are given in Figure 1(c). As Aþ becomes more
electronegative the reaction becomes increasingly exo-
thermic due to the direct dependence on electronegativity
difference (h) (Scheme 7).

For this heteroprocess (16!15) the dative p-complex
representation 27 is excellent in many ways and is
consistent with a 2h term in the bond energy difference.
However, formation of the same species 15 by the
homoprocess 14!15 (Scheme 5) does not involve a 2h
term and structure 27 is not a meaningful representation of
15 when formed from the precursor 14. As for two-centre
bonds, the dative bond representation (e.g., 27) is more a
characteristic of the mode of formation (a heteroprocess)
rather than of the structure. To use structure 27 correctly it is
necessary to know the history of the molecule (or its fate).58

It is desirable to have a unique structural representation of
[3c-2e] bonds that has no reaction implications, in the same
way that all [2c-2e] s bonds can be represented uniquely
without the use of the dative notation. For this reason,
together with the reasons discussed in Section 2, we prefer
the universal use of the dotted line notation 15.

Addition of an electrophile Bþ to an AvB bond is a
homoprocess (28!25) (Scheme 8) and the exothermicity of
subsequent reactions will be determined by the structure of
the alternative products 24 or 26 (Scheme 6). The structure
of the thermodynamically more stable product (24 or 26)
(Fig. 3(b)) is in accord with Markovnikoff’s rule.

3.2. p-Complex formation with back-donation

3.2.1. Bond energies and the equivalence of three- and
two-centre bonding.

Consider the formation of the p-complex 30 (Scheme 9) in
which the atom or group A has a lone pair of electrons that
can be used for back-donation to the anti-bonding orbital on
BB. The bonding MO formed by this interaction is
summarised by structure 32 and arises from the interaction
of the atomic orbitals shown in structure 33. Within the HMO
approximation, the secular determinant for the system is:

aB þ h 2 E b00
AB 2b00

AB

b00
AB aB 2 E bBB

2b00
AB bBB aB 2 E

�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�

¼ 0

This is the same as the secular determinant for the [3c-2e] bond
interaction 11, discussed in Section 3.1, except that one of the
resonance integrals is negative. Solving this determinant gives
the energy of the three-centre MO 32 in the form of Eq. 11.3

E32 ¼ aB þ 1=2ðh 2 bBBÞ

þ 1=2½h2 þ 2hbBB þ bBB
2 þ 8b00

AB
2�1=2 ð11Þ

The bond energy (BE32) of the bond 32 relative to an isolated
lone pair A: (2aBþ2h) is therefore given by Eq. 12.

BE32 ¼ h þ bBB 2 ½h2 þ 2hbBB þ bBB
2 þ 8b00

AB
2�1=2 ð12Þ

Note particularly that apart from the h term, which is
discussed below, this differs from the bond energy

Scheme 7.

Scheme 8.

Scheme 9.
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expression for the simple [3c-2e] bond 15 (BE15) (Eq. 5)
only in that the signs of the bBB and 2hbBB terms have been
reversed. Here we have a þ2hb effect, which occurs
because the interaction is with the anti-bonding orbital of
the BB double bond.

Using our common reference points (AzþA:þBzþBþ¼4
aBþ3h), we are now able to write expressions for the bond
energies of all four-electrons in the species 29-31 and these
are given by Eqs. 13–15.

BE29 ¼ 2½h2 þ 8bAB
2�1=2 ð13Þ

BE30 ¼ h 2 ½h2 2 2hbBB þ bBB
2 þ 8bAB

2�1=2 2 ½h2

þ 2hbBB þ bBB
2 þ 8b00

AB
2�1=2 ð14Þ

BE31 ¼ h 2 2bBB ð15Þ

Eqs. 14 and 15 both contain an h term. Before discussing the
significance of these terms, first consider the bond energy
expression for the three-centre bond with back donation 30
(BE30). The two square root terms in Eq. 14 only differ in
the sign of the 2hbBB component and the values of the
resonance integrals bAB and b00

AB. For the purposes of
analysis, let us first assume that bAB¼b00

AB. It can then be
shown that because [hbBB]2p[h2þbBB

2þ8bAB
2]2 the two

2hb terms effectively cancel each other out, that is,

2½h2 2 2hbBB þ bBB
2 þ 8bAB

2�1=2 2 ½h2 þ 2hbBB

þ bBB
2 þ 8bAB

2�1=2

< 22½h2 þ bBB
2 þ 8bAB

2�1=2

¼ 22½h2 þ bBB
2 þ 4b0

AB
2�1=2 ð16Þ

Eq. 16 is effectively the bond energy expression for two s
bonds (cf. Eqs. 4 and 13)—strengthened by some BB
interaction (bBB). In other words, with the assumption that
bAB¼b00

AB, the bond energy (BE30) of the [3c-2e] bond with
back donation 30 (i.e., two three-centre bonds) is equivalent
to that of two two-centre s bonds plus an h term, that is,

BE30 < h 2 2½h2 þ bBB
2 þ 4b0

AB
2�1=2 ð17Þ

The h terms in Eqs. 14, 15 and 17 arise because the back-
donation of the lone pair A: is a heteroprocess, that is, the
lone pair is forming a dative bond with the anti-bonding
orbital. This therefore, introduces a strong dependence on
electronegativity difference (h) for the transformation
29!30.

The HMO model described by Eqs. 13–17 is therefore,
entirely consistent with the representation of bromonium
ions and related species (35; A¼Br, Cl, OH, SR) by two
covalent C–A bonds. When formed from the precursors 34
one of these bonds can be regarded as a dative bond (e.g.,

37) and is a heteroprocess. The species 35 can be regarded
as being bonded by two three-centre bonds (36; Eq. 14) or
by a pair of two-centre bonds (35 or 37; Eq. 17). The two
descriptions are equivalent but the representation 35 is
preferred (Scheme 10).

In practice the resonance integrals bAB and b00
AB in Eq. 14

will not be equal in magnitude. The integral b00
AB can be

expected to be smaller. Also the Coulomb integral for the
lone pair electrons on atom A (a0

A) will be slightly smaller
than aA. If we assume that b00

AB¼0.5bAB and h0¼a0
A2aB

then the new bond energy expression for the cation 30
(BE0

30) is given by Eq. 18.

BE0
30 ¼ h0 2 ½h2 2 2hbBB þ bBB

2 þ 8bAB
2�1=2 2 ½ðh0Þ2

þ 2h0bBB þ bBB
2 þ 2bAB

2�1=2 ð18Þ

If h2h0 is small but significant it can be shown that the
opposing 22hbBB and terms þ2h0bBB in Eq. 18 still
effectively cancel each other out. Eq. 19 is a reasonable
approximation and like Eq. 17 describes bonding equivalent
to one s bond and one weaker s bond.

BE0
30 < h0 2 ½h2 þ bBB

2 þ 8bAB
2�1=2

2 ½ðh0Þ2 þ bBB
2 þ 2b0

AB
2�1=2

¼ h0 2 ½h2 þ bBB
2 þ 4b0

AB
2�1=2

2 ½ðh0Þ2 þ bBB
2 þ b0

AB
2�1=2 ð19Þ

3.2.2. The influence of electronegativity on onium ion
stability. If we make the same assumptions about inter-
nuclear repulsion (DEnuc¼1.0bAB) and solvation (DEsolv¼
20.5bAB) as made in Section 3.1 but now include the
contribution of back donation to the bond energy of ion 30
in the form of Eq. 18, the relative bond energies of the
species 29–31 are as shown in Figure 4(a). For the purposes
of the plot we have assumed that h0¼h and, as previously,
bAB¼bBB. Note in particular how the stability of the cyclic
ion 30 has been increased relative to the acyclic species 29
and 31. Figure 4(b) compares the bond energies of the
onium ion 30 and the p-complex without back-donation 15.
In accord with experimental observation, the p-complex
with back-donation is now stable for a wide range of h
values and this stability extends to species where A is more
electronegative than B (h.0) (e.g., A¼Br, B¼CR2).

Note that as h increases and back donation becomes
increasingly difficult, due to the electronegativity of A, the
bond energy of the onium ion 35 tends towards that of the
simple [3c-2e] bond 15 (Fig. 4(b)). This can be appreciated
from the form of Eq. 18. As h0 increases the 2bAB

2 term
rapidly becomes small compared to [(h0)2þ2h0bBBþbBB

2].
Eq. 19 then approximates to the form of Eq. 20, which is the
bond energy expression for the bond 15 (Eq. 5).

BE0
30 ¼ h0 2 ½h2 2 2hbBB þ bBB

2 þ 8bAB
2�1=2

2 ½ðh0 þ bBBÞ
2 þ 2bAB

2�1=2Scheme 10.
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If 2bAB
2p(h0þbBB)2

BE0
30 < h0 2 ½h2 2 2hbBB þ bBB

2 þ 8bAB
2�1=2

2 ½ðh0 þ bBBÞ
2�1=2 ð20Þ

[BE0
30 <2bBB 2 ½h2 2 2hbBB þ bBB

2 þ 8bAB
2�1=2 ¼ BE15

The bond energy expressions discussed above are therefore
consistent with the following general conclusions. When
formed by rearrangement from an acyclic cation the
resulting p-complex can be regarded as being bonded by
a s bond and a weaker s dative bond as summarised by
structure 37. As the atom or group A becomes more
electropositive the dative bond strengthens and as A
becomes more electronegative it weakens and tends towards
a simple [3c-2e] bond without back-donation. Eqs. 13–19
therefore, provide a simple quantitative analysis of p-com-
plexes involving back-donation. Back-donation in p-com-
plexes has been discussed extensively by Dewar using both
qualitative analysis7,28 and MNDO calculations72 and the
semi-quantitative model discussed above is consistent with
these studies. Detailed MNDO calculations on a number of
specific structures were consistent with the earlier postulate
that there is a ‘continuous transition, with changing
electronegativity of the apical group, from species best
represented as p-complexes to ones best represented as
classical microcycles’,72 (i.e., Fig. 4(b)). The position
between the two extremes (15 and 35) will be reflected in
the molecular geometry and CC stretching frequency of
specific species. These aspects have been discussed
extensively elsewhere.72,73 In practice the acyclic ion 34
may well become more stable than the onium ion 35 before
it effectively becomes a simple p-complex 15 (Fig. 4(a)).

3.3. 2-Norbornyl cations

3.3.1. A semi-quantitative model of the influence of
electronegativity. There is of course one particularly well-
known example of a stable p-complex, namely the
2-norbornyl cation 38a (R¼H). This ion owes its relative
stability to the relief of some ring strain in going from the
classical structure 39a to the non-classical structure 38a.74

This strain energy can be modelled by increasing the energy
of the species 14 relative to 15 and 16. For the purposes of
modelling this effect we have used a value of 0.4b for the

extra energy and a plot of the corresponding energies is
shown in Figure 5(b). It can be seen that a modest increase
in the relative energy of the classical cation results in a
window in which the non-classical ion 15 is now more
stable than either of the alternatives (14 and 16). Presumably
the 2-norbornyl cation exists within this window. How large
is this window and how much can the 2-norbornyl cation be
modified without loss of the non-classical structure? Are
there 2-norbornyl cation derivatives or analogues that are
relatively more stable than the parent structure? These are
interesting questions that are intimately associated with the
influence of electronegativity on three-centre, two-electron
bonds.

On the basis of the model summarised in Figure 5(b),
making the apical atom or group A of a norbornyl system 38
more electropositive can be expected to increase the
stability of the non-classical ion 38 relative to the classical
ion 39. The relative ring strain will of course differ
depending upon the nature of the atom A. Synthetic studies
have demonstrated the stability of the norbornyl cation
analogues 38b-e and NMR studies have fully characterised
these species.75 – 77 Associated quantum mechanical calcu-
lations show that as the electronegativity of the elements
Si!Pb decreases, then the intramolecular stabilisation of
the norbornyl cations 38 relative to the ring-opened isomeric
cations 40 also decreases, in agreement with the general
trend summarised in Figure 5(b). This trend arises primarily
because the transformation 38Y40 is a heteroprocess
(Section 3.1.4) but the relative stability of the norbornyl
structure 38 is also favourably influenced by the C1–C2
interaction (b) and the 22hb effect. Furthermore, the
calculated C1–C2 bond lengths increase along the series 38

Figure 4. (a) Calculated energies of four-electron species 29, 30 and 31 with variation of h; (b) comparison of relative energies of three-centre, two-electron
bonds AB2

þ with and without back donation.
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Si!Pb consistent with increasing electron-transfer to the
C–C bonding interaction as h decreases. These recent
preparative and advanced quantum mechanical studies are
therefore in satisfactory agreement with the semi-quanti-
tative model summarised in Figure 5(b) but it must be
appreciated that in the series 38a-e other factors neglected in
the HMO model will also contribute to the relative
stabilities.

The HMO model has been pushed to its limits and further
investigations must rely on more accurate MO calculations.
In the next Section 3.3.2 we use the 2-norbornyl cation
38a (R¼H) as a model system to probe the influence of
1,2-substituents on p-complex stability.

3.3.2. An AM1 study of substituent effects on the 2-nor-
bornyl cation. The 2-norbornyl cation 41 is an excellent
model for investigating the influence of substituent effects
on the three participating atoms of a [3c-2e] bond. In this
study the variation of electronic effects of substituents is
used as a probe of the influence of ‘electronegativity’
variation. We appreciate that other effects, such as hyper-
conjugation and resonance interactions, will influence
bonding and relative stability and this must be taken into
account. We have chosen the AM1 method78 for this
quantitative study of the semi-quantitative model discussed
in Section 3.1. For this investigation the AM1 method has
advantages and disadvantages. An important advantage is
that much less computer time is required than for more
sophisticated ab initio calculations thus enabling a large
number of substituted cations to be investigated (75 for this
study). It does not seem unreasonable to explore the more
accessible model first. A disadvantage is that the AM1
method calculates the classical cation 42 (R¼H) to be more
stable than the non-classical ion 41 (R¼H) and therefore
does not give an accurate description of the absolute
energies. However, we have taken this inherent systematic
error into account by correcting the calculated heats of
formation of the 2-norbornyl cations 41 (DHf[41]) by
222.7 kcal mol21 (DHf

c[41]), which gives an energy dif-
ference for the unsubstituted non-classical and classical
cations 41 and 42 (R¼H) of 213.6 kcal mol21 correspond-
ing to accurate ab initio calculations.79 Since we are
specifically interested in the influence of substituents on

relative energies rather than absolute energies, we do not
regard a systematic error in the calculated absolute energies
as a problem.

In the AM1 method, because of the overestimation of the
energy of the classical cation, both cations 41 and 42
correspond to energy minima making it straightforward to
calculate heats of formation for both species. This is an
advantage over ab initio methods in which the classical ion
42 is not necessarily an energy minimum and can be difficult
to locate.79 With these limitations in mind and emphasising
that our main interest is the influence of substituents on the
relative energies, we have carried out AM1 calculation on
25 symmetrical 1,2-disubstituted-2-norbornyl cations 41
together with the corresponding classical cations 42 and
primary cations 43. These cations correspond to the general
species 14, 15 and 16 (Section 3.1) and the calculated heats
of formation are given in Tables 1 and 2.

Table 1 shows the AM1 calculated heats of formation for the
cations 41 (DHf[41] and DHf

c[41]) and 42 (DHf[42]) with all
geometrical variables minimised. The substituents R were
chosen to give a wide range of electronic effects. Table 1
also gives the difference in the calculated heats of formation
(DDHf

c[41-42]¼DHf
c[41]2DHf[42]). Inspection of Table 1

shows that in general, and as expected based on Figure 5(b),
the stability of the non-classical ion 41 increases relative
to the classical ion 42 as the electron-withdrawing power of
the substituents R increases.

To provide a quantitative basis for evaluating any
relationship between relative stability and substituent effect,
the correlation of DDHf

c[41-42] for the 25 pairs of cations in
Table 1 (entries 1–25) with sp

þ was investigated by linear
regression. The most appropriate electronic parameter for

Figure 5. A comparison of (a) the relative energies of species 14, 15 and 16 and (b) the relative energies of the 2-norbornyl cation and related species with
allowance for ring strain in the classical cation.
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quantifying the electronic effect of each substituent is
probably sp

þ.80 Although this parameter is derived for
p-substituted aromatic systems it should be more relevant to
the cations 41 and 42 than the simple Hammett constant sp.
Values for sp

þ are given in Table 1. The relationship shown
in Eq. 21 was obtained. Inspection of Eq. 21 reveals that
there is a significant correlation and that sp

þ accounts for
80% of the variation in energy difference.

DDHf
c½41–42� ¼ 210:205 2 18:681sp

þ

n ¼ 25; r2 ¼ 0:802; s ¼ 4:187

ð21Þ

DDHf
c½41–42� ¼ 212:572 2 10:704J2 21:434Rþ

n ¼ 25; r2 ¼ 0:838; s ¼ 3:865

ð22Þ

The correlation between the calculated energy difference
between the isomeric cations 41 and 42 and the parameter
sp

þ is rather good. Since the energy term is a difference
between two calculated values and since sp

þ is a general
parameter it would be unreasonable to expect to obtain a
better correlation using this data. Although values for
individual pairs of cations should be treated with caution a
general and significant trend is clear. The influence of
substituents on the energy difference is entirely in accord
with the simple model summarised in Figure 5. In particular
the relative stability of the non-classical cation increases as
the electron-withdrawing power (sp

þ) of the substituent
increases, that is, as the electronegativity of the carbon
atoms increases. Based on Eq. 21, the crossover point of the
relative energies of the carbonium ion 41 and the classical
carbocation 42 can be expected to occur when sp

þ<20.5.
From accurate calculations81,82 and X-ray crystallogra-
phy,83,84 we know that the 1,2-dimethyl-2-norbornyl cation
(Table 1, entry 12) is more stable than the classical ion 42
(R¼Me) (sp

þ¼20.31) and the crossover is therefore in the
range 0.sp

þ#20.5.

However, it is clear that for some substituents, in addition to
an electronegativity effect, there is also a resonance/hyper-
conjugation effect on the relative stability of the cations 41
and 42. To explore the relative importance of these effects
we next investigated the relationship using the Swain and
Lupton polar (J) and resonance (Rþ) constants which

Table 1. AM1 calculated heats of formation of 2-norbornyl cations 41 and classical isomers 42

Entry Substituent DHf[41] DHf
c[41] DHf[42] DDHf

c[41-42] s þ
J R

þ

1 H 212.0 189.3 202.9 213.6 0.0 0.0 0.0
2 CONH2 142.1 119.4 134.9 215.5 0.36 0.24 0.12
3 CN 292.8 270.1 286.1 216.0 0.66 0.51 0.15
4 CCl3 196.9 174.2 190.9 216.7 0.33 0.31 0.02
5 NO2 254.5 231.8 253.3 221.5 0.79 0.67 0.12
6 CF3 273.3 296.0 274.1 221.9 0.61 0.38 0.23
7 SOMe 155.6 132.9 157.6 224.7 0.49 0.52 20.03
8 SO2Me 108.0 85.3 112.9 227.6 0.72 0.54 0.18
9 CH2CN 268.2 245.5 258.6 213.1 0.16 0.21 20.05
10 Cl 202.6 179.9 190.2 210.3 0.11 0.41 20.30
11 CuCH 316.4 293.7 303.3 29.6 0.18 0.19 20.01
12 CH3 191.1 168.4 177.8 29.4 20.31 20.04 20.27
13 F 128.2 105.5 112.8 27.3 20.08 0.43 20.51
14 SMe 197.5 174.8 171.9 2.9 20.54 0.20 20.74
15 OMe 124.4 101.7 98.8 2.9 20.78 0.26 21.04
16 NHCOMe 117.2 94.5 85.1 9.4 20.60 0.28 20.88
17 CH2OMe 109.1 86.4 100.1 213.7 20.05 0.01 20.06
18 CO2Me 58.7 36.0 54.7 218.7 0.49 0.33 0.16
19 Br 228.0 205.3 219.3 214.0 0.15 0.44 20.29
20 Ph 257.4 234.7 233.7 1.0 20.18 0.08 20.26
21 Et 177.9 155.2 164.3 29.1 20.30 20.05 20.25
22 OPh 204.1 181.4 179.3 2.1 20.50 0.34 20.84
23 I 252.4 229.7 245.4 215.7 0.13 0.04 0.09
24 cycloPr 246.1 223.4 231.1 27.7 20.41 20.03 20.38
25 PhCH2 241.7 219.0 229.3 210.3 20.20 20.08 20.12

Table 2. AM1 calculated heats of formation of 2-norbornyl cations 41 and
primary cations 43

Entry Substituent DHf
c[41] DHf[43] DDHf

c[41-43]

1 H 189.3 221.3 232.0
2 CONH2 119.4 146.7 227.3
3 CN 270.1 294.0 223.9
4 CCl3 174.2 197.4 223.2
5 NO2 231.8 251.2 219.4
6 CF3 296.0 275.7 220.3
7 SOMe 132.9 157.7 224.8
8 SO2Me 85.3 110.9 225.6
9 CH2CN 245.5 272.6 227.1
10 Cl 179.9 209.9 230.0
11 CuCH 293.7 329.0 235.3
12 CH3 168.4 203.9 235.5
13 F 105.5 136.5 231.0
14 SMe 174.8 214.6 239.8
15 OMe 101.7 146.3 244.6
16 NHCOMe 94.5 131.6 237.1
17 CH2OMe 86.4 126.0 239.6
18 CO2Me 36.0 63.5 227.5
19 Br 205.3 232.5 227.2
20 Ph 234.7 271.5 236.8
21 Et 155.2 192.2 237.0
22 OPh 181.4 226.8 245.4
23 I 229.7 255.4 225.7
24 cycloPr 223.4 263.0 239.6
25 PhCH2 219.0 256.4 237.4
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separate these discrete effects (sp
þ¼JþRþ).80 For the set

of substituents used (Table 1) there was no correlation
between J and Rþ (r¼0.187). Using multiple regression the
significant relationship shown in Eq. 22 was obtained.

We interpret Eq. 22 to mean that there are two significant
electronic effects that determine the relative stability of the
1,2-substituted cations 41 and 42. A positive inductive effect
(J positive) increases the relative stability of the non-
classical ion 41. This is entirely consistent with the semi-
quantitative model described in Section 3.1 and summarised
in Figure 5. These substituents (J positive) effectively
increase the Coulomb integrals (electronegativity) of the
carbon atoms at positions 1 and 2. In addition there is a large
resonance effect, which includes hyperconjugation. Sub-
stituents with negative resonance effects (Rþ negative)
stabilise the classical ion 42 relative to the non-classical ion
41. To increase the relative stability of the non-classical
2-norbornyl cation an electron-withdrawing substituent in
which both J and Rþ are positive is desirable (e.g., CF3). Of
course, introducing electron-withdrawing groups will also
make it increasingly difficult to generate cations (41 or 42)
and may favour alternative modes of reaction, such as
deprotonation to nortricyclane derivatives. These and other
limitations need to be considered.

We next investigated the energies of the non-classical
cations 41 relative to the primary cations 43. For the parent
carbocations 42 and 43 (R¼H) the AM1 calculated energy
difference is 18.4 kcal mol21. This does not seem to be an
unreasonable value. We would not expect the energy
difference between a primary and secondary carbocation
to be less than this. In addition to hyperconjugation, a
s-bond is replaced by a weaker p-bond but there is also
significant relief of ring strain. If we accept that the energy
difference between cations 42 and 43 (R¼H) is at least
18.4 kcal mol21, then it is appropriate that to compare the
energies of the primary cations 43 with the carbonium ions
41 we should use the corrected heats of formation
(DHf

c[41]). The calculated heats of formation DHf
c[41]

and DHf[43] and their difference DDHf
c[41-43] are given in

Table 2. For the parent systems 41 and 43 (R¼H) (Table 2,
entry 1) the energy difference DDHf

c[41-43] is
232.0 kcal mol21. This is in good agreement with the
results of more accurate calculations which give the energy
difference in the range 224 to 232 kcal mol21 depending
upon the level of theory.31

Again a correlation of the calculated energy difference with
sp

þ was investigated for all 25 pairs of cations and the
relationship shown in Eq. 23 was obtained. This relationship
is also significant and suggests a clear trend. As the electron-
withdrawing power increases and the carbon atoms become
more electronegative the stability of the open chain primary
cation increases relative to the non-classical cation.
However, the energy difference is so great that it is unlikely
that the electron-withdrawing power of substituents would
be sufficient to reverse the stabilities of species 41 and 43. In
this sense the simple model represented by Figure 5(b)
exaggerates the stability of the primary cation 43 and, on the
basis of AM1 calculations, for the 2-norbonyl system the
primary cation bond energy is higher. Eq. 23 suggests that
the crossover point for the relative energies of the cations 41

and 43 is sp
þ<2, which is far in excess of any substituent

we could realistically encounter.

Using the Swain and Lupton constants the significant
relationship shown in Eq. 24 was obtained. Again, there is
both a field and resonance effect but note that the signs of
the coefficients are opposite to those in Eq. 22 and the
contribution of the resonance effect is smaller. We interpret
this as a negative resonance effect stabilising the non-
classical cation 41 more than the primary cation 43. In
addition a positive field effect increases the bond energy of
the carbocation 43 relative to the carbonium ion 41 by
increasing the effective electronegativity of the carbon
atoms as predicted by the Hückel model (Fig. 5).

DDHf
c½41–43� ¼ 232:470 þ 15:167sp

þ

n ¼ 25; r2 ¼ 0:822; s ¼ 3:176

ð23Þ

DDHf
c½41–43� ¼ 233:653 þ 17:875Jþ 13:883Rþ

n ¼ 25; r2 ¼ 0:849; s ¼ 2:997

ð24Þ

On the basis of these results we conclude that the simple
Hückel model described in Section 3.1 combined with
resonance/hyperconjugation effects is in good agreement
with the AM1 calculated relative stabilities. For the cations
41-43 both the Hückel and AM1 models provide a con-
sistent picture. Electron-donating substituents R (sp

þ,0,
that is, h positive plus hyperconjugation) increasingly
favour the classical ion 42 and electron-withdrawing
substituents R (sp

þ.0, that is, h negative) increasingly
favour the primary cation 43. The non-classical ion 41
occupies a position between these two extremes (cf. Fig. 5)
but in practise reversing the stability of cations 41 and 43 by
substituent effects at positions 1 and 2 is highly unlikely.
It should be possible to make relatively more stable
2-norbornyl cations by introducing moderately electron-
withdrawing groups at position 1 and 2. Moderately strong
and acid stable electron-withdrawing groups such as CF3

should significantly increase the stability of the carbonium
ion 41 relative to the classical structure 42 and more detailed
theoretical and experimental investigations of derivatives
such as 41 (R¼CF3) may be of some interest.

Clearly, placing electron-withdrawing substituents on a
molecule makes it more difficult to generate a cation and,
although the relative stability of the cation 41 may increase,
the absolute stability and ease of formation will decrease.
An alternative strategy for formation of more stable
2-norbornyl cation derivatives is to increase the electro-
negativity difference (h) by placing electron-donating
substituents on the carbon atom at position 6. However,
the choice of suitable substituents is not obvious. Several
studies of the solvolysis rates of 6,6-dimethyl-2-norbornyl
derivatives have been reported but kinetic data is not a
reliable guide to the relative thermodynamic stability of
products.85 – 87

Table 3 shows the AM1 calculated C–C bond lengths (r1,2

and ř1,6) that make up the [3c-2e] bond in the norbornyl
cations 41. The absolute values are poor compared to
reliably accurate ab initio calculations but the change of
bond length with substituent is of some interest here. The
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bond length ř1,6 was taken as the average of r1,6 and r2,6

where there were small deviations from symmetry. As the
electron-withdrawing power of the 1,2-substituents
increases the bond length r1,2 becomes shorter and the
bond lengths r1,6 and r2,6 increase. The relationship between
the bond lengths and electronic parameters are summarised
by Eqs. 25–28. Eqs. 26 and 28 suggest that bond length is
influenced by both field and resonance effects.

r1;2 ¼ 1:40 2 0:041sp
þ

n ¼ 25; r2 ¼ 0:770; s ¼ 0:010

ð25Þ

r1;2 ¼ 1:394 2 0:021J2 0:049Rþ

n ¼ 25; r2 ¼ 0:835; s ¼ 0:009

ð26Þ

�r1;6 ¼ 2:312 þ 0:188sp
þ

n ¼ 25; r2 ¼ 0:715; s ¼ 0:054

ð27Þ

�r1;6 ¼ 2:279 þ 0:273Jþ 0:148Rþ

n ¼ 25; r2 ¼ 0:755; s ¼ 0:003

ð28Þ

Eqs. 25–28 are statistically significant but we do not wish to
over-interpret their meaning. Increasing the ‘electronega-
tivity’ of the carbon atoms at positions 1 and 2 (i.e., positive
J) can be expected to attract the electron pair to these atoms
and away from the carbon atom at position 6. This will
increase the electron density in the bonding region between
C1 and C2 and this is consistent with bond shortening. This
interpretation is also consistent with the extra contribution
to bond energy that we have referred to as the 22hb effect.
Both the extra bond energy and the C1–C2 bond length
(r1,2) are a function of the difference in electronegativity h
(related to the J parameter) and the C1–C2 resonance
integral b. This polarisation inevitably results in lengthen-
ing of the C6–C1 and C6–C2 bond lengths (ř1,6). The

inverse variation of the interatomic distances r1,2 and ř1,6

with electronegativity difference is also seen in the
calculated interatomic distances of protonated alkanes40,

88 – 91 and related species92 – 94 and appears to be a
characteristic feature of [3c-2e] bonds.

Overall, the results of the AM1 calculations on the relative
energies and structures of 75 cations are consistent with the
semi-quantitative Hückel model described in Section 3.1.

4. Conclusions

We have described an HMO model of [3c-2e] bonds and
their formation and cleavage by homo- and heteroprocesses.
This simple model is consistent with general experimental
observations and the results of more accurate calculations
on specific structures. In particular the model rationalises
general trends in the influence of electronegativity dif-
ference and substituent effects on reactions occurring via
[3c-2e] bonded intermediates or transition states and
provides further insight into the major bonding interactions
in these systems.

Important features of this model are the distinct profiles of
the bond energy versus electronegativity difference curves
(BE vs h) of the interconverting isomeric species (14-16).
Key contributions to bond energy difference are a 2h term
for heteroprocesses and a function of 22hb for homo-
process. Although an empirical approach is used to estimate
the crossing points of the bond energy curves, the semi-
quantitative conclusions concerning energy differences are
not dependant upon a precise knowledge of the crossing
points. The effect of substituents on transformations
involving [3c-2e] bonds is often interpreted in terms of
the ability of an atom and its substituents to stabilise
positive charge. The model described here suggests that the
relative energies are best understood by an analysis of the
influence of electronegativity (electron-withdrawing power)
on the bond energies of the isomeric species. Examination
of the HMO bond energy equations suggest that significant
variation in the relative bond energies is the result of
differing dependence on electronegativity difference terms
(h, h 2 and 22hb). It is the contributions of these functions
of electronegativity difference that primarily determine the
variation in relative energies. In contrast to [2c-2e] bonded
species, the bond energy of a [3c-2e] bond AB2 is influenced
by a function of 22hb that accounts for the extent that the
atom A draws electron density away from the bonding
interaction BB. In order to focus attention on this term we
have described it as the 22hb effect. This effect also
influences the charge distribution and bond lengths.

In spite of the simplifications inherent in the HMO model,
used with caution it continues to give valuable insight into
chemical bonding. Although many terms are neglected,
those that are retained are major ones that will dominate
energy expressions. Many of the most useful theoretical
concepts in organic chemistry rely on severe approxi-
mations but used within their limitations this does not
detract from their usefulness in teaching and practice. We
believe that the simple bond energy/electronegativity
difference diagrams, exemplified by Figures 1–5, provide

Table 3. AM1 calculated interatomic distances for 2-norbornyl cations 41

Entry Substituent r1,2 ř1,6

1 H 1.392 2.240
2 CONH2 1.380 2.356
3 CN 1.390 2.354
4 CCl3 1.388 2.402
5 NO2 1.372 2.504
6 CF3 1.367 2.446
7 SOMe 1.383 2.388
8 SO2Me 1.361 2.613
9 CH2CN 1.392 2.311
10 Cl 1.400 2.315
11 CuCH 1.410 2.269
12 CH3 1.404 2.244
13 F 1.418 2.288
14 SMe 1.420 2.295
15 OMe 1.425 2.209
16 NHCOMe 1.448 2.235
17 CH2OMe 1.387 2.309
18 CO2Me 1.377 2.373
19 Br 1.393 2.354
20 Ph 1.414 2.230
21 Et 1.406 2.239
22 OPh 1.425 2.205
23 I 1.383 2.360
24 cycloPr 1.411 2.233
25 PhCH2 1.402 2.253
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a useful basis for understanding substituent effects in
structures or reactions in which intermediates or transition
states can be approximated to [3c-2e] bonded species.
Ultimately the tests of the usefulness of any model are:
(i) does it rationalise existing facts; (ii) does it provide new
insights into structure, reactions or properties and (iii) does
it direct attention to new areas worthy of further investi-
gation. It is hoped that the simple HMO model described in
this paper will fulfil some of these criteria by drawing
attention to general trends in the chemistry of triangular
three-centre, two-electron bonds and thus contribute to a
wider appreciation of the importance of this type of bonding
interaction in organic chemistry.
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2. Munzarová, M. L.; Hoffmann, R. J. Am. Chem. Soc. 2002, 124,

4787–4795.

3. Ramsden, C. A. J. Phys. Chem. A 2002, 106, 2777–2780.

4. Coulson, C. A.; O’Leary, B.; Mallion, R. B. Hückel theory for

organic chemists; Academic: London, 1978.

5. Heilbronner, E.; Bock, H. The HMO model and its application;

Verlag Chemie: GmbH, Weinheim, 1976.

6. Olah, G. A.; Prakash, G. K. S.; Williams, R. E.; Field, L. D.;

Wade, K. Hypercarbon chemistry; Wiley: New York, 1987.

7. DeKock, R. L.; Bosma, W. B. J. Chem. Ed. 1988, 65,

194–197.

8. McMurry, J. E.; Lectka, T. Acc. Chem. Res. 1992, 25, 47–53.

9. Stable carbocation chemistry; Prakash, G. K. S., Schleyer,

P. v. R., Eds.; Wiley: New York, 1997.

10. Mota, C. J. A. Quim. Nova 2000, 23, 338–345.

11. Gaillard, M. J.; Gemmell, D. S.; Goldring, G.; Levine, I.;

Pietsch, W. J.; Poizat, J. C.; Ratkowski, A. J.; Remillieux, J.;

Vager, Z.; Zabransky, B. J. Phys. Rev. 1978, A17, 1797–1803.

12. Oka, T. Phys. Rev. Lett. 1980, 45, 531–534.

13. Schleyer, P. v. R.; Carneiro, J. W. de M. J. Comp. Chem. 1992,

13, 997–1003.

14. Schreiner, P. R.; Kim, S.-J.; Schaefer, H. F.; Schleyer, P. v. R.

J. Chem. Phys. 1993, 99, 3716–3720.

15. Marx, D.; Parrinello, M. Nature 1995, 375, 216–218.

16. White, E. T.; Tang, J.; Oka, T. Science 1999, 284, 135–137.

17. Schleyer, P. v. R.; Fort, R. C., Jr.; Watts, W. E.; Comisarow,

M. B.; Olah, G. A. J. Am. Chem. Soc. 1964, 86, 4195–4197.

18. Saunders, M.; Schleyer, P. v. R.; Olah, G. A. J. Am. Chem.

Soc. 1964, 86, 5680–5681.

19. Olah, G. A.; Prakash, G. K. S.; Saunders, M. Acc. Chem. Res.

1983, 16, 440–448.

20. Dewar, M. J. S. Nature 1945, 156, 784.

21. Dewar, M. J. S. The electronic theory of organic chemistry;

Clarendon: Oxford, 1949.

22. Dewar, M. J. S.; Marchand, A. P. Ann. Rev. Phys. Chem. 1965,

16, 321–346.

23. Dewar, M. J. S. The molecular orbital theory of organic

chemistry; McGraw-Hill: New York, 1969.

24. Whitmore, F. C.; Wittle, E. L.; Popkin, A. H. J. Am. Chem.

Soc. 1939, 61, 1586–1590.

25. Nordlander, J. E.; Jindal, S. P.; Schleyer, P. v. R.; Fort, R. C.,

Jr.; Harper, J. J.; Nicholas, R. D. J. Am. Chem. Soc. 1966, 88,

4475–4484.

26. Ammal, S. C.; Yamataka, H.; Aida, M.; Dupuis, M. Science

2003, 299, 1555–1557.

27. Dewar, M. J. S. Bull. Soc. Chim. Fr. 1951, C71–C79.

28. Dewar, M. J. S.; Dougherty, R. C. The PMO theory of organic

chemistry; Plenum: New York, 1975; pp 298–310.

29. Werstiuk, N. H.; Muchall, H. M. J. Mol. Struct. 1999, 463,

225–229.

30. Werstiuk, N. H.; Muchall, H. M. J. Phys. Chem. A 2000, 104,

2054–2060.

31. Werstiuk, N. H.; Muchall, H. M.; Noury, S. J. Phys. Chem. A

2000, 104, 11601–11605.

32. Olah, G. A. Angew. Chem., Int. Ed. 1973, 12, 173–254.

33. Olah, G. A. Angew. Chem., Int. Ed. 1995, 34, 1393–1405.

34. Olah, G. A.; Prakash, G. K. S.; Sommer, J. Superacids; Wiley:

New York, 1985.

35. Olah, G. A. J. Org. Chem. 2001, 66, 5943–5957.

36. Brouwer, D. M.; Hogeveen, H. Progress in physical organic

chemistry; Streitwieser, A., Taft, R. W., Eds.; Wiley: New

York, 1972; Vol. 9, pp 179–240.

37. Sommer, J.; Bukala, J. Acc. Chem. Res. 1993, 26, 370–376.

38. Olah, G. A.; Halpern, Y.; Shen, J.; Mo, Y. K. J. Am. Chem.

Soc. 1971, 93, 1251–1256.

39. Olah, G. A. J. Am. Chem. Soc. 1972, 94, 808–820.

40. Esteves, P. M.; Mota, C. J. A.; Ramı́rez-Solı́s, A.; Hernández-

Lamoneda, R. J. Am. Chem. Soc. 1998, 120, 3213–3219.

41. Esteves, P. M.; Ramı́rez-Solı́s, A.; Mota, C. J. A. J. Phys.

Chem. B 2001, 105, 4331–4336.

42. Coulson, C. A.; Dewar, M. J. S. Discuss. Faraday Soc. 1947,

2, 54–62.

43. Lee, S. Acc. Chem. Res. 1991, 24, 249–254.

44. Pauling, L. The nature of the chemical bond, 3rd ed.; Cornell

University Press: New York, 1960; pp 91–95.

45. Murphy, L. R.; Meek, T. L.; Allred, A. L.; Allen, L. C. J. Phys.

Chem. A 2000, 104, 5867–5871.

46. Smith, D. W. J. Phys. Chem. A 2002, 106, 5951–5952.

47. Matsunaga, N.; Rogers, D. W.; Zavitsas, A. A. J. Org. Chem.

2003, 68, 3158–3172.

48. Exner, K.; Schleyer, P. v. R. J. Phys. Chem. A 2001, 105,

3407–3416.

49. Grimme, S. J. Am. Chem. Soc. 1996, 118, 1529–1534.

50. Saunders, M.; Hagen, E. L. J. Am. Chem. Soc. 1968, 90,

2436–2437.

51. Saunders, M.; Kates, M. R. J. Am. Chem. Soc. 1978, 100,

7082–7083.

52. Saunders, M. In Stereodynamics of molecular systems; Sarma,

J., Ed.; Pergamon: Oxford, 1979.

53. Schreiner, P. R.; Severance, D. L.; Jorgensen, W. L.; Schleyer,

P. v. R.; Schaefer, H. F. J. Am. Chem. Soc. 1995, 117,

2663–2664.

54. Wheland, G. W. Resonance in organic chemistry; Wiley: New

York, 1955; pp 523–524.

55. Berson, J. A.; Suzuki, S. J. Am. Chem. Soc. 1959, 81,

4088–4094.

56. Olah, G. A.; Tolgyesi, W. S.; Kuhn, S. J.; Moffatt, M. E.;

Bastien, I. J.; Baker, E. B. J. Am. Chem. Soc. 1963, 85,

1328–1334.

57. Olah, G. A.; Baker, E. B.; Evans, J. C.; Tolgyesi, W. S.;

McIntyre, J. S.; Bastien, I. J. J. Am. Chem. Soc. 1964, 86,

1360–1373.

58. Clayden, J.; Greeves, N.; Warren, S.; Wothers, P. Organic

chemistry; Oxford University Press: Oxford, 2001; p 116.

C. A. Ramsden / Tetrahedron 60 (2004) 3293–33093308



59. Stiles, M.; Mayer, R. P. J. Am. Chem. Soc. 1959, 81,

1497–1501.

60. Bethell, D. Comprehensive organic chemistry; Stoddart, J. F.,

Ed.; Pergamon: Oxford, 1979; Vol. 1, p 435, Chapter 2.7.

61. Esteves, P. M.; Alberto, G. G. P.; Ramı́rez-Solı́s, A.; Mota,

C. J. A. J. Am. Chem. Soc. 1999, 121, 7345–7348.

62. Olah, G. A.; Olah, J. A. Carbonium ions; Olah, G. A.,

Schleyer, P. v. R., Eds.; Wiley: New York, 1970; Vol. II, p

773.

63. Mullay, J. J. Am. Chem. Soc. 1984, 106, 5842–5847.

64. Mullay, J. J. Am. Chem. Soc. 1985, 107, 7271–7275.

65. Cook, M. A.; Eaborn, C.; Walton, D. R. M. J. Organomet.

Chem. 1970, 24, 301–306.

66. Jarvie, A. W. P.; Holt, A.; Thompson, J. J. Chem. Soc. (B)

1970, 746–748.

67. Lambert, J. B. Tetrahedron 1990, 46, 2677–2689.

68. Siehl, H.-U.; Müller, T. The chemistry of organic silicon

compounds; Rappoport, Z., Apeloig, Y., Eds.; Wiley:

Chichester, UK, 1998; Vol. 2, p 595.

69. Brook, M. A.; Neuy, A. J. Org. Chem. 1990, 55, 3609–3616.

70. Brook, M. A.; Henry, C.; Jueschke, R.; Modi, P. Synlett 1993,

97–104.

71. Krow, G. R. Comprehensive organic synthesis; Ley, S. V.,

Ed.; Pergamon: Oxford, UK, 1991; Vol. 7, p 671.

72. Dewar, M. J. S.; Ford, G. P. J. Am. Chem. Soc. 1979, 101,

783–791.

73. Allen, F. H. Tetrahedron 1982, 38, 2843–2853.

74. Sargent, G. D. Carbonium ions; Olah, G. A., Schleyer, P. v. R.,

Eds.; Wiley: New York, 1972; Vol. III, p 1132.

75. Steinberger, H.-U.; Müller, T.; Auner, N.; Maerker, C.;

Schleyer, P. v. R. Angew. Chem., Int. Ed. 1997, 36, 626–628.

76. Maerker, C.; Schleyer, P. v. R. The chemistry of organic

silicon compounds; Rappoport, Z., Apeloig, Y., Eds.; Wiley:

Chichester, UK, 1998; Vol. 2, p 513.

77. Müller, T.; Bauch, C.; Ostermeier, M.; Bolte, M.; Auner, N.

J. Am. Chem. Soc. 2003, 125, 2158–2168.

78. Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.

J. Am. Chem. Soc. 1985, 107, 3902–3909.

79. Schleyer, P. v. R.; Sieber, S. Angew. Chem., Int. Ed. 1993, 32,

1606–1608.

80. Hansch, C.; Leo, A. Substituent constants for correlation

analysis in chemistry and biology; Wiley: New York, 1979.

81. Schleyer, P. v. R.; Maerker, C. Pure Appl. Chem. 1995, 67,

755–760.

82. Muchall, H. M.; Werstiuk, N. H. J. Phys. Chem. A 1999, 103,

6599–6602.

83. Laube, T. Angew. Chem., Int. Ed. 1987, 26, 560–562.

84. Laube, T. Helv. Chim. Acta 1994, 77, 943–956.

85. Schleyer, P. v. R.; Donaldson, M. M.; Watts, W. E. J. Am.

Chem. Soc. 1965, 87, 375–376.

86. Altmann-Schaffner, E.; Grob, C. A. Helv. Chim. Acta 1987,

70, 43–48.

87. Kirmse, W.; Mrotzeck, U.; Siegfried, R. Chem. Ber. 1991,

124, 241–245.

88. Mota, C. J. A.; Esteves, P. M.; Ramı́rez-Solı́s, A.; Hernández-

Lamoneda, R. J. Am. Chem. Soc. 1997, 119, 5193–5199.

89. Okulik, N. B.; Sosa, L. G.; Esteves, P. M.; Mota, C. J. A.;

Jubert, A. H.; Peruchena, N. M. J. Phys. Chem. A 2002, 106,

1584–1595.

90. Esteves, P. M.; Alberto, G. G. P.; Ramı́rez-Solı́s, A.; Mota,

C. J. A. J. Phys. Chem. A 2000, 104, 6233–6240.

91. Seitz, C.; East, A. L. L. J. Phys. Chem. A 2002, 106,

11653–11662.

92. Olah, G. A.; Prakash, G. K. S.; Rasul, G. J. Org. Chem. 2001,

66, 2907–2910.

93. Olah, G. A.; Prakash, G. K. S.; Rasul, G. J. Org. Chem. 2002,

67, 8547–8551.

94. Sauers, R. R. Tetrahedron Lett. 2001, 42, 6625–6628.

C. A. Ramsden / Tetrahedron 60 (2004) 3293–3309 3309



A novel separation technique of diastereomeric esters of
pyridylethanols by extraction: formal total synthesis of

PNU-142721, HIV-1 reverse transcriptase inhibitor

Masato Matsugi,a Kinuyo Itoh,a Masatomo Nojima,a Yuri Hagimotob and Yasuyuki Kitab,*

aDepartment of Materials Chemistry and Frontier Research Center, Graduate School of Engineering, Osaka University, 2-1, Yamada-oka,

Suita, Osaka 565-0871, Japan
bGraduate School of Pharmaceutical Sciences, Osaka University, 1-6, Yamada-oka, Suita, Osaka 565-0871, Japan

Received 22 July 2003; revised 23 January 2004; accepted 23 January 2004

Abstract—The separation of diastereomeric esters derived from (^)-pyridylethanols and 3b-acetoxyetienic acid were achieved by an
extraction technique using diethyl ether and aqueous hydrochloric acid. A formal total synthesis of PNU-142721 was effectively carried out
to prepare the chiral, non-racemic synthon 1-furo[2,3-c]pyridin-5-yl-ethanol (1) by means of this technique. The structure optimized using
MOPAC calculations on each diastereomer suggested the presence of intramolecular CH/p interaction in only the (S)-isomer of the
diastereomers.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

We recently disclosed that a diastereomeric mixture derived
from (^)-trans-2-pyridylcyclohexanols and 3b-acetoxy-
etienic acid1 could be separated by a simple extraction
procedure using achiral organic media and aqueous acid
(Scheme 1).2 This phenomenon could be assumed by the
difference in the pKa values caused by an intramolecular
CH/p interaction3 in only one of the two diastereomers.
This interaction possibly reduces the electron density on the
nitrogen atom of the pyridine ring due to the charge transfer

character to CH(sp) from HOMO of the p moiety,4 or the
possibility of the difference in the steric bulkiness around
the nitrogen atom in the diastereomers.

Incidentally, (2)-6-chloro-2-[(1-furo[2,3-c]pyridin-5-yl-
ethyl)thio]-4-pyrimidinamine (PNU-142721) has been
announced as an HIV-1 specific, non-nucleoside reverse
transcriptase inhibitor5 and evaluated for its inhibitory
activity to the various reverse transcriptases and a panel of
mutant RT enzymes etcetera (Fig. 1).6 The reported
synthetic routes for the optically pure PNU-142721 involves

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.01.062
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Scheme 1. Diastereomer separation by extraction.
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an optical resolution of (^)-1-furo[2,3-c]pyridin-5-yl-
ethanol (1a)5 or (^)-(7-chlorofuro[2,3-c]pyridin-5-yl)-
ethanol (1b)7 using enzymatic acylation8 or asymmetric
reduction of the corresponding acetylpyridyne9 as a key step
to introduce the chirality to the molecule (Fig. 2). Although
these synthetic routes are excellent, the kinetic resolution of
(^)-1a has somewhat disadvantages such as the use of the
expensive acyl-reagent and a long reaction time (9 days).5

We wish to report here that the concise preparation of both
enantiomerically pure (S)-1a and (R)-1a using the con-
venient optical resolution technique of (^)-1a via a simple
extraction of the corresponding diastereomeric derivatives.

2. Results and discussion

First, we examined whether the separation technique of the
diastereomeric isomers can be applied to the diastereomers
derived from simple (^)-pyridylethanols (1c–1g)10 and 3b-
acetoxyetienic acid or not (Scheme 2). We used diethyl
ether as the organic phase since other solvents previously
tested did not work.2

Using the acidic extraction, the diastereomers could be
separated with moderate distribution if there is no electron-
withdrawing group on the pyridine ring (Table 1, entries
3–13). Thus, we found that this separation technique could
be applicable not only to the reported cyclic-type trans-(^)-

2-(2-pyridyl)cyclohexanols1 but also to the acyclic-type
pyridylethanols such as 1c–1g. However, the separation
was low when 1-(4-pyridyl)ethanol (1e) was used as the
(^)-substrate (Table 1, entries 9 and 10). We assume that
this is due to the acid catalyzed racemization of (R)-4e via a
cross-conjugated intermediate during the extraction (Fig. 3).

The absolute configuration of the diastereomer which
mainly existed in the organic phase, was the (S)-isomer.11

The shielding effect of the C18–CH3 on steroid ring was
observed by 1H NMR. These spectra corresponded to the
free form of 3 and not its HCl salt. The chemical shifts of
protons on C18–CH3 in 3 [d (ppm) in CDCl3] were 3c: 0.59;
3d: 0.51; 3e: 0.56; 3f: 0.60; 3g: 0.60; respectively. On the
other hand, the chemical shifts of protons in 4 on C18–CH3

were d 0.73 in all cases.12 These results strongly
suggest that our target diastereomers derived from

Figure 2.

Figure 1.

Scheme 2. The separation of diastereomers derived from pyridylethanols.

Table 1. Separation of the diastereomers (3 and 4) by extraction

Entry Ar aq. HCl
(%)

Organic
phase

Aqueous
phase

(S)-3
(%)

de
(%)

(R)-4
(%)

de
(%)

1 2-Pyridyl: 1c 3.0 99 3 0 —
2 5.0 97 2 1 43
3 6.0 80 15 17 70
4 7.0 63 34 33 67
5 3-Pyridyl: 1d 2.0 48 47 42 72
6 3.0 40 73 56 58
7 5.0 18 75 79 20
8 4-Pyridyl: 1e 1.0 72 19 18 45
9 2.0 39 27 54 3
10 3.0 15 39 75 2
11 2-(6-Methypyridyl): 1f 5.0 60 54 30 71
12 6.0 63 48 30 85
13 7.0 38 61 58 31
14 2-(6-Brompyridyl): 1g 7.0 97 6 0 —
15 15.0 95 2 0 —
16 30.0 99 3 0 —
17 2-Furo[2,3-c]pyridyl: 1a 3.0 77 34 18 87
18 5.0 39 91 57 49
19 7.0 37 95 54 53

The de were determined by 1H NMR (270 MHz).

M. Matsugi et al. / Tetrahedron 60 (2004) 3311–33173312



(^)-furo[2,3-c]pyridin-5-yl-ethanol, which has no electron-
withdrawing group on the pyridine ring, could also be
separated in a similar manner. In fact, we separated the
corresponding diastereomers with higher efficiency than we
expected (Table 1, entries 17–19).

The ideal concentration of aq. HCl was ca. 5.0–7.0 wt% for
separation of 1a (Table 1, entries 18 and 19). The structure
optimized with MOPAC13 of 3a suggested the presence of
an intramolecular CH/p interaction (Fig. 4). The shortest
distance between the C18–CH3 and the p moiety was

2.82 Å which is shorter than the sum of the each van der
Waals radius.14 We assume that this interaction may be
fixing the conformation to the ap plane15 of the chiral esters,
thus suggesting that it maybe superior to the steric effect
between the C18–CH3 and the p system. In particular, the
spread p plane of furopyridyl ring acts as a factor of
stabilizing the interaction.

As shown in Table 2, the 1H NMR spectrum of 3a and 4a in
diethyl ether-D10 showed an enhanced shielding effect on
the C18–CH3 than when using CDCl3, hence the presumed
major conformation of 3a in diethyl ether appears to be
close to MO calculation as in Figure 4.

After the extraction, the diastereomeric excess of both (S)-
3a and (R)-4a can be further enhanced by recrystallization
from diethyl ether/n-hexane to .99% de (Scheme 3).
Cleavage of the 3b-acetoxyetienic acid with aqueous
potassium hydroxide, then provides both of 1a for use in
the synthesis of optically pure PNU-142721.

The synthesis of PNU-142721, however, was attempted
without recrystallization at the diastereomer-resolution
stage on the basis of information that it could be obtained
optically pure by recrystallization at the end of the
synthesis.5 The route is shown in Scheme 4. In this case,
the distribution of the crude diastereomers was somewhat
different from the former case. This maybe due to the
change of the acidity of aq. HCl by the presence of an excess
of acyl reagent 3b-acetoxyetienic acid, which remained in
the reaction mixtures. The (S)-furo[2,3-c]pyridin-5-yl-
ethanol (70% ee) obtained from the organic phase after

Figure 4.

Table 2. Chemical shift values of C18–CH3 in 1H NMR at room temperature

Solvent Chemical shift of protons on
C18–CH3 in 3a [d (ppm)]

Chemical shift of protons on
C18–CH3 in 4a [d (ppm)]

Difference of chemical shift between
3a and 4a [d (ppm)]

CDCl3 0.54 0.73 0.19
(C2D5)2O 0.53 0.76 0.23

Figure 3.

Scheme 3. Optical resolution of (^)-1a by extraction.

M. Matsugi et al. / Tetrahedron 60 (2004) 3311–3317 3313



alkaline hydrolysis was converted to PNU-142721 (61% ee)
according to the reported method.5 A single recrystallizing
of the crude product from ethyl acetate/ether gave
PNU-142721 with 94% ee (Scheme 4). This synthetic
route has the benefit that there is no troublesome
purifications such as recrystallization or column chroma-
tography throughout the derivation from (^)-1a to the crude
PNU-142721.

To conclude, we have shown a novel optical resolution
technique of (^)-pyridylethanols by a simple extraction
method using an achiral-organic solvent and acidic solution.
Some features of this optical resolution technique by
extraction are summarized as follows. (1) The absolute
configurations of the resolved pyridylethanols can be easily
determined because of the fact that the (S)-isomer showing
the shielding effect of the C18–CH3 of the p system exists
in the organic phase upon extraction. (2) The diastereomeric
purity of pyridylethanol derivatives following the acidic
extraction can be further enriched by a single recrystalliza-
tion. (3) It does not require a long reaction time to obtain the
chiral alcohols. (4) The target compound PNU-142721 can
be prepared with only one recrystallization of the final
product.

We believe that this technique will play an important role in
a large-scale synthesis of similar optically active
pyridylethanols.

3. Experimental

3.1. General information

Melting points are taken with a micro hot-stage apparatus
(Yanagimoto) and are uncorrected. Infrared (IR) absorption
spectra were recorded with a SHIMADZU FTIR-8400
spectrometer as a KBr or a NaCl pellet. 1H NMR spectra
were measured on a JEOL JNM-EX270 or a JEOL JNM-
AL300 spectrometers with SiMe4 as the internal standard in
CDCl3. Mass spectra (MS) were determined on a JEOL
JMS-AMII50, a JEOL JMS-700 or a JEOL JMS-600H mass
spectrometer. Chiral HPLC analyses were performed with a
JASCO Gulliver series PU-986, MD-910 and CO-1560 or
2060 using a Daicel chiral column (Daicel Chiralcel OD,
OD-H or OJ). Specific rotations were measured by JASCO
P-1020 polarimeter. Kanto Chemical Silica Gel 60 N
(spherical, neutral) and Fuji Silysia Chemical silica gel
BW-300 were used for flash column chromatography,
respectively. (^)-1-(2-Furo[2,3-c]pyridyl)ethanol (1a),5

(^)-1-pyridylethanols (1c–g),10 3b-acetoxy-5-etienic acid
chloride (2)1 and 4-amino-6-chloro-2-thiopyrimidine

mesylate salt5 were essentially prepared by the reported
method.

3.1.1. (6)-1-(2-Furo[2,3-c]pyridyl)ethanol (1a).5 Yellow
oil; 1H NMR (270 MHz, CDCl3): dH 1.48 (3H, d, J¼6.5 Hz,
CH3), 4.06 (1H, br, OH), 4.93 (1H, q, J¼6.5 Hz, CH), 6.73
(1H, d, J¼1.9 Hz, furan-H), 7.46 (1H, s, pyridine-H), 7.70
(1H, d, J¼1.9 Hz, furan-H), 8.72 (1H, s, pyridine-H); IR
(NaCl): nmax/cm21 3360 (OH).

3.1.2. (6)-1-(2-Pyridyl)ethanol (1c).10a – c Yellow oil; 1H
NMR (300 MHz, CDCl3): dH 1.51 (3H, d, J¼6.6 Hz, CH3),
4.24 (1H, br, OH), 4.90 (1H, q, J¼6.6 Hz, CH), 7.20 (1H,
ddd, J¼7.5, 5.0, 0.6 Hz, pyridine-H), 7.28 (1H, ddd, J¼7.9,
0.6, 0.2 Hz, pyridine-H), 7.69 (1H, td, J¼7.7, 1.8 Hz,
pyridine-H), 8.54 (1H, dd, J¼5.0, 1.8 Hz, pyridine-H); IR
(KBr): nmax/cm21 3250 (OH).

3.1.3. (6)-1-(3-Pyridyl)ethanol (1d).10a,b Yellow oil; 1H
NMR (300 MHz, CDCl3): dH 1.54 (3H, d, J¼6.2 Hz, CH3),
2.21 (1H, br, OH), 4.97 (1H, q, J¼6.2 Hz, CH), 7.29 (1H,
dd, J¼7.8, 4.7 Hz, pyridine-H), 7.74 (1H, d, J¼7.8 Hz,
pyridine-H), 8.51 (1H, dd, J¼4.7, 1.3 Hz, pyridine-H), 8.59
(1H, d, J¼1.7 Hz, pyridine-H); IR (KBr): nmax/cm21 3202
(OH); MS (EIþ): m/z (%) 123 (Mþ, 17), 108 (100).

3.1.4. (6)-1-(4-Pyridyl)ethanol (1e).10a Colourless oil; 1H
NMR (270 MHz, CDCl3): dH 1.48 (3H, d, J¼6.5 Hz, CH3),
3.01 (1H, br, OH), 4.88 (1H, q, J¼6.5 Hz, CH), 7.29 (2H, d,
J¼4.6 Hz, pyridine-H), 8.41 (2H, d, J¼4.6 Hz, pyridine-H);
HRMS (EIþ) calcd for C7H9NO (Mþ): 123.0684, found:
123.0694.

3.1.5. (6)-1-[2-(6-Methylpyridyl)]ethanol (1f).10d Yellow
oil; 1H NMR (270 MHz, CDCl3): dH 1.48 (3H, d, J¼6.2 Hz,
CH3), 2.55 (3H, s, pyridine-60-CH3), 4.65 (1H, br, OH), 4.86
(1H, q, J¼6.2 Hz, CH), 7.03 (1H, d, J¼2.2 Hz, pyridine-H),
7.07 (1H, d, J¼2.2 Hz, pyridine-H), 7.56 (1H, t, J¼7.6 Hz,
pyridine-H); IR (NaCl): nmax/cm21 3376 (OH).

3.1.6. (6)-1-[2-(6-Bromopyridyl)]ethanol (1g).10d Colour-
less oil; 1H NMR (270 MHz, CDCl3): dH 1.50 (3H, d,
J¼6.5 Hz, CH3), 3.45 (1H, br, OH), 4.88 (1H, q, J¼5.5 Hz,
CH), 7.33 (1H, d, J¼7.4 Hz, pyridine-H), 7.38 (1H, d,
J¼7.4 Hz, pyridine-H), 7.55 (1H, t, J¼7.7 Hz, pyridine-H);
IR (NaCl): nmax/cm21 3391 (OH).

3.1.7. 3b-Acetoxyetienic acid chloride8 (2). Colourless
solid; mp 193–195 8C (dec.); 1H NMR (270 MHz, CDCl3):
dH 0.82 (3H, s, 18b-CH3), 0.83–2.59 (19H, m, steroid ring),
1.06 (3H, s, 19b-CH3), 1.98 (3H, s, 3b-OCOCH3), 2.88 (1H,
m, 17a-H), 4.81 (1H, m, 3a-H), 5.43 (1H, m, 6-olefin-H);
IR (KBr): nmax/cm21 1784 (CvO).

Scheme 4. An alternative route for PNU-142721.
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3.1.8. 4-Amino-6-chloro-2-thiopyrimidine mesylate
salt.5,6b Colourless crystal; mp 166.0–167.0 8C (Et2O); 1H
NMR (270 MHz, CDCl3): dH 2.40 (3H, s, CH3SO3H), 3.55
(1H, br, 2-SH), 4.89 (2H, br, 4-NH2), 6.23 (1H, s, 5-H), 1H
of methanesulfonic acid was not observed; HRMS (EIþ)
calcd for C4H4N3SCl (Mþ): 160.9814, found: 160.9813.

3.1.9. Typical procedure for esterification of 1a, c–g. To
a stirred solution of 3b-acetoxyetienic acid (2.56 g,
7.1 mmol) in C6H6 (20 ml) under nitrogen atmosphere
was added oxalyl chloride (3.60 ml, 40.8 mmol) and the
solution was stirred for 2 h at room temperature. The acid
chloride 2 was obtained as a white crystal after removal
C6H6 in vacuo. To a solution of 2 in CH2Cl2 (10 ml) under
nitrogen atmosphere and shielded from light, were added
Et3N (1.00 ml, 7.2 mmol) and 1a (1.00 g, 6.1 mmol) in
CH2Cl2 (10 ml) at 0 8C. After stirring for 4 h at room
temperature, the reaction mixture was filtered. The filtrate
was washed with saturated NaHCO3 aq. and water, dried
over Na2CO3, and concentrated in vacuo. The residue was
purified by column chromatography on silica gel (eluent:
hexane/AcOEt¼3:1) to give 3a and 4a (2.41 g, 78%) as a
diastereomeric mixture.

3.1.10. 3b-Acetoxy-10,13-dimethyl-2,3,4,7,8,9,10,11,12,
13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]-
phenanthrene-17-carboxylic acid 1-(2-furo[2,3-
c]pyridyl)ethyl ester (3a and 4a). Colourless solid; mp
126.5–127.0 8C; IR (KBr): nmax/cm21 1727 (CvO);
HRMS (EIþ) calcd for C31H39NO5 (Mþ): 505.2828,
found: 505.2827.

Compound (S)-3a. Mp 127.0–127.5 8C (Et2O); 1H NMR
(270 MHz, CDCl3): dH 0.47 (3H, s, 18b-CH3), 0.91 (3H, s,
19b-CH3), 1.05–2.39 (20H, m, steroid ring), 1.57 (3H, d,
J¼6.5 Hz, 17b-CO2CHCH3), 2.02 (3H, s, 3b-OCOCH3),
4.53 (1H, m, 3a-H), 5.30 (1H, m, 6-olefine-H), 5.98 (1H, m,
17b-CO2CHCH3), 6.73 (1H, d, J¼7.6 Hz, furan-H), 7.55
(1H, s, pyridine-H), 7.69 (1H, d, J¼7.6 Hz, furan-H), 8.77
(1H, s, pyridine-H).

Compound (R)-4b. 1H NMR (270 MHz, CDCl3): dH 0.70
(3H, s, 18b-CH3), 0.96 (3H, s, 19b-CH3), 1.05–2.39 (20H,
m, steroid ring), 1.58 (3H, d, J¼6.5 Hz, 17b-CO2CHCH3),
2.02 (3H, s, 3b-OCOCH3), 4.53 (1H, m, 3a-H), 5.30 (1H,
m, 6-olefine-H), 5.98 (1H, m, 17b-CO2CHCH3), 6.73 (1H,
d, J¼7.6 Hz, furan-H), 7.55 (1H, s, pyridine-H), 7.69 (1H, d,
J¼7.6 Hz, furan-H), 8.77 (1H, s, pyridine-H).

3.1.11. 3b-Acetoxy-10,13-dimethyl-2,3,4,7,8,9,10,11,12,
13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]-
phenanthrene-17-carboxylic acid 1-(2-pyridyl)ethyl
ester (3c and 4c).2b Colourless solid; mp 44.5–51.0 8C;
IR (KBr): nmax/cm21 1732 (CvO); MS (EIþ) m/z (%): 465
(Mþ, 1), 405 (100); HRMS (EIþ) calcd for C29H39NO4

(Mþ): 465.2879, found: 465.2885.

Compound (1S)-3c. 1H NMR (300 MHz, CDCl3): dH 0.59
(3H, s, 18b-CH3), 1.00 (3H, s, 19b-CH3), 1.18–2.33 (19H,
m, steroid ring), 1.60 (3H, d, J¼6.5 Hz, 17b-CO2CHCH3),
2.03 (3H, s, 3b-OCOCH3), 2.43 (1H, dd, J¼17.8, 9.0 Hz,
17a-H), 4.60 (1H, m, 3a-H), 5.37 (1H, m, 6-olefin-H), 5.93
(1H, q, J¼6.5 Hz, 17b-CO2CHCH3), 7.19 (1H, ddd, J¼7.5,

4.9, 1.2 Hz, pyridine-H), 7.38 (1H, dd, J¼7.9, 1.2 Hz,
pyridine-H), 7.68 (1H, td, J¼7.7, 1.7 Hz, pyridine-H), 8.58
(1H, ddd, J¼4.9, 1.7, 0.9 Hz, pyridine-H).

Compound (1R)-4c. 1H NMR (300 MHz, CDCl3): dH 0.73
(3H, s, 18b-CH3), 1.03 (3H, s, 19b-CH3), 1.18–2.33 (19H,
m, steroid ring), 1.60 (3H, d, J¼6.7 Hz, 17b-CO2CHCH3),
2.03 (3H, s, 3b-OCOCH3), 2.43 (1H, dd, J¼17.8, 9.0 Hz,
17a-H), 4.60 (1H, m, 3aH), 5.38 (1H, d, J¼4.2 Hz,
6-olefine-H), 5.95 (1H, q, J¼6.7 Hz, 17b-CO2CHCH3),
7.19 (1H, ddd, J¼7.5, 4.9, 1.3 Hz, pyridine-H), 7.36 (1H, d,
J¼7.9 Hz, pyridine-H), 7.67 (1H, td, J¼7.7, 1.7 Hz,
pyridine-H), 8.57 (1H, ddd, J¼4.9, 1.7, 0.9 Hz, pyridine-H).

3.1.12. 3b-Acetoxy-10,13-dimethyl-2,3,4,7,8,9,10,11,12,
13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]-
phenanthrene-17-carboxylic acid 1-(3-pyridyl)ethyl
ester (3d and 4d). Colorless amorphous; IR (KBr): nmax/
cm21 1732 (CvO); MS (FABþ) m/z (%): 466 (MHþ), 106
(100); HRMS (FABþ) calcd for C29H40NO4 (MHþ):
466.2958, found: 466.2943.

Compound (S)-3d. 1H NMR (300 MHz, CDCl3): dH 0.51
(3H, s, 18b-CH3), 0.96–2.19 (18H, m, steroid ring), 0.98
(3H, s, 19b-CH3), 1.57 (3H, d, J¼6.8 Hz, 17b-CO2-
CHCH3), 2.03 (3H, s, 3b-OCOCH3), 2.32–2.41 (3H, m,
17a-H and steroid ring), 4.61 (1H, m, 3a-H), 5.36 (1H, d,
J¼5.1 Hz, 6-olefine-H), 5.91 (1H, q, J¼6.8 Hz, 17b-CO2-
CHCH3), 7.27 (1H, m, pyridine-H), 7.69 (1H, ddd, J¼8.1,
2.1, 1.6 Hz, pyridine-H), 8.54 (1H, dd, J¼4.8, 1.6 Hz,
pyridine-H), 8.66 (1H, d, J¼2.1 Hz, pyridine-H).

Compound (R)-4d. 1H NMR (300 MHz, CDCl3): dH 0.71
(3H, s, 18b-CH3), 0.96–2.19 (18H, m, steroid ring), 1.03
(3H, s, 19b-CH3), 1.57 (3H, d, J¼6.7 Hz, 17b-CO2-
CHCH3), 2.04 (3H, s, 3b-OCOCH3), 2.32–2.41 (3H, m,
17a-H and steroid ring), 4.61 (1H, m, 3aH), 5.38 (1H, d,
J¼5.0 Hz, 6-olefine-H), 5.94 (1H, q, J¼6.7 Hz, 17b-CO2-
CHCH3), 7.27 (1H, m, pyridine-H), 7.67 (1H, ddd, J¼7.9,
2.0, 1.7 Hz, pyridine-H), 8.54 (1H, dd, J¼4.7, 1.7 Hz,
pyridine-H), 8.63 (1H, d, J¼2.0 Hz, pyridine-H).

3.1.13. 3b-Acetoxy-10,13-dimethyl-2,3,4,7,8,9,10,11,12,
13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]-
phenanthrene-17-carboxylic acid 1-(4-pyridyl)ethyl
ester (3e and 4e). Colorless amorphous; IR (KBr): nmax/
cm21 1732 (CvO); HRMS (CIþ) calcd for C29H39NO4:
465.2879, found: 465.2876.

Compound (S)-3e. 1H NMR (270 MHz, CDCl3): dH 0.56
(3H, s, 18b-CH3), 1.10–2.44 (20H, m, steroid ring), 1.00 (3H,
s, 19b-CH3), 1.57 (3H, d, J¼6.5 Hz, 17b-CO2CHCH3), 2.03
(3H, s, 3b-OCOCH3), 4.62 (1H, m, 3a-H), 5.37 (1H, d,
J¼5.0 Hz, 6-olefine-H), 5.84 (1H, m, 17b-CO2CHCH3), 7.26
(2H, m, pyridine-H), 8.58 (2H, m, pyridine-H).

Compound (R)-4e. 1H NMR (270 MHz, CDCl3): dH 0.72
(3H, s, 18b-CH3), 1.10–2.44 (20H, m, steroid ring), 1.03
(3H, s, 19b-CH3), 1.54 (3H, d, J¼6.5 Hz, 17b-CO2-
CHCH3), 2.04 (3H, s, 3b-OCOCH3), 4.62 (1H, m, 3a-H),
5.37 (1H, d, J¼5.0 Hz, 6-olefine-H), 5.84 (1H, m, 17b-
CO2CHCH3), 7.26 (2H, m, pyridine-H), 8.58 (2H, m,
pyridine-H).
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3.1.14. 3b-Acetoxy-10,13-dimethyl-2,3,4,7,8,9,10,11,12,
13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]-
phenanthrene-17-carboxylic acid 1-[2-(6-methyl-
pyridyl)]ethyl ester (3f and 4f). Colourless solid; mp
57.0–58.0 8C; IR (KBr): nmax/cm21 1732 (CvO); HRMS
(CIþ) calcd for C29H39NO4 (Mþ): 479.3036, found:
479.3036.

Compound (S)-3f. 1H NMR (270 MHz, CDCl3): dH 0.60
(3H, s, 18b-CH3), 0.96 (3H, s, 19b-CH3), 1.10–2.48 (20H,
m, steroid ring), 1.56 (3H, d, J¼6.5 Hz, 17b-CO2CHCH3),
2.04 (3H, s, 3b-OCOCH3), 2.54 (3H, s, pyridine-60-CH3),
4.61 (1H, m, 3a-H), 5.37 (1H, m, 6-olefine-H), 5.90 (1H, m,
17b-CO2CHCH3), 7.04 (1H, d, J¼7.8 Hz, pyridine-H), 7.17
(1H, d, J¼7.8 Hz, pyridine-H), 7.57 (1H, t, J¼7.8 Hz,
pyridine-H).

Compound (R)-4f. 1H NMR (270 MHz, CDCl3): dH 0.73
(3H, s, 18b-CH3), 1.00 (3H, s, 19b-CH3), 1.10–2.48 (20H,
m, steroid ring), 1.58 (3H, d, J¼6.5 Hz, 17b-CO2CHCH3),
2.05 (3H, s, 3b-OCOCH3), 2.54 (3H, s, pyridine-60-CH3),
4.61 (1H, m, 3a-H), 5.37 (1H, m, 6-olefine-H), 5.90 (1H, m,
17b-CO2CHCH3), 7.04 (1H, d, J¼7.8 Hz, pyridine-H), 7.17
(1H, d, J¼7.8 Hz, pyridine-H), 7.57 (1H, t, J¼7.8 Hz,
pyridine-H).

3.1.15. 3b-Acetoxy-10,13-dimethyl-2,3,4,7,8,9,10,11,12,
13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]-
phenanthrene-17-carboxylic acid 1-[2-(6-bromo-
pyridyl)]ethyl ester (3g and 4g). Colourless solid; mp
56.0–57.0 8C; IR (KBr): nmax/cm21 1732 (CvO); HRMS
(CIþ) calcd for C29H38BrNO4 (Mþ): 543.1984, found:
543.1987.

Compound (S)-3g. 1H NMR (270 MHz, CDCl3): dH 0.60
(3H, s, 18b-CH3), 1.02 (3H, s, 19b-CH3), 1.06–2.46 (20H,
m, steroid ring), 1.58 (3H, d, J¼6.5 Hz, 17b-CO2CHCH3),
2.04 (3H, s, 3b-OCOCH3), 4.61 (1H, m, 3a-H), 5.38 (1H,
m, 6-olefine-H), 5.88 (1H, m, 17b-CO2CHCH3), 7.32 (1H,
d, J¼7.6 Hz, pyridine-H), 7.39 (1H, d, J¼7.6 Hz, pyridine-
H), 7.57 (1H, m, pyridine-H).

Compound (R)-4g. 1H NMR (270 MHz, CDCl3): dH 0.73
(3H, s, 18b-CH3), 1.04 (3H, s, 19b-CH3), 1.06–2.46
(20H, m, steroid ring), 1.60 (3H, d, J¼6.5 Hz, 17b-
CO2CHCH3), 2.04 (3H, s, 3b-OCOCH3), 4.61 (1H, m,
3a-H), 5.38 (1H, m, 6-olefine-H), 5.88 (1H, m, 17b-
CO2CHCH3), 7.32 (1H, d, J¼7.6 Hz, pyridine-H),
7.39 (1H, d, J¼7.6 Hz, pyridine-H), 7.57 (1H, m,
pyridine-H).

3.2. Typical procedure for extraction

To a solution of 3a and 4a (300 mg, 1:1 of diastereomeric
mixture) in Et2O (50 ml) was added aq. 5.0 wt% HCl
(20 ml, diluted 36% HCl with dist. H2O). After vigorous
shaking, the ethereal solution was separated from the
aqueous layer, dried over Na2CO3 and filtered. The filtrate
was concentrated in vacuo to give 3a in 39% yield with 91%
de. The aqueous layer was made alkaline with NaHCO3 (pH
8) to precipitate a white solid. The precipitation was
collected by suction filtration and dried to give 4a in 57%
yield with 49% de.

3.3. General procedure for alkaline hydrolysis of 3a or
4a

3a (.99% de, 135 mg, 0.27 mmol), which was obtained
from the ethereal layer of extraction described above and
purified by recrystallization from ether, was dissolved in
EtOH (25 ml). To this alcohol solution was added 10%
KOH aq. (21 ml). After refluxing for 4 h, the reaction
mixture was diluted with dist. H2O (22 ml). The alkaline
aqueous mixture was extracted with four portions of
Et2O. The ethereal layer was washed with saturated
NaHCO3 aq. and brine, dried over Na2CO2, filtered and
concentrated to give (S)-1-[2-furo[2,3-c]pyridyl]ethanol
[(S)-1a, 43 mg, 99%, 99% ee; Chiral HPLC analysis [Daicel
Chiralcel OD; 0.5 ml/min; hexane/iPrOH¼95:5; 25 8C, tR:
32.4 min]].

3.3.1. (S)-1-(2-Furo[2,3-c]pyridyl)ethanol [(S)-1a].5

Yellow oil; [a]D
26 229.2 (c 0.94, CHCl3); 99% ee [chiral

HPLC analysis (Daicel Chiralcel OD, hexane/iPrOH¼95:5,
flow rate: 0.5 ml/min, 25 8C, tR: 32.4 min)].

3.3.2. (R)-1-(2-Furo[2,3-c]pyridyl)ethanol [(R)-1a].5

Yellow oil; [a]D
25 þ20.1 (c 0.86, CHCl3); 98% ee [chiral

HPLC analysis (Daicel Chiralcel OD, hexane/iPrOH¼99:1,
flow rate: 0.5 ml/min, 25 8C, tR: 49.3 min)].

3.4. Optical resolution of (6)-1a by extraction technique
and synthesis of PNU-142721

The diastereomeric mixture of 3a and 4a (3.21 g) was
separated by the extraction technique descried above [Et2O:
568 ml, aq. 5.0 wt% HCl: 247 ml (diluted 36% HCl with
dist. H2O)] and 80% de of 3a (1.49 g) was obtained from the
ethereal layer. The steroid moiety of 3a was removed by the
alkaline hydrolysis (EtOH: 278 ml, 10% KOH aq.: 223 ml)
to form (S)-1a (0.43 g, 39% for 3 steps, 70% ee).

To a solution of (S)-1a (70% ee, 0.41 g, 2.5 mmol) in CHCl3
(1.60 ml) under nitrogen atmosphere was added the solution
of triphenylphosphine (1.34 g, 5.0 mmol) in carbon tetra-
chloride (4.8 ml) and the resulting mixture was stirred for
26 h. Hexane (1.6 ml) was added and the reaction mixture
was continued to stir for 1 h. The generated precipitate was
removed by succession filtration and the filtrate was
concentrated. The residue was purified by column chroma-
tography on silica gel (eluent: hexane/AcOEt¼4:1) to give
(þ)-(R)-5-(1-chloroethyl)furo[2,3-c]pyridine [0.19 g, 42%
from (S)-1a] as a colourless oil.

To a suspension of sodium hydride (90 mg, 3.8 mmol),
which was washed with hexane, in DMF (3 ml) was added
4-amino-6-chloro-2-mercaptopyrimidine mesylate salt
(280 mg, 1.1 mmol) at 0 8C under nitrogen atmosphere.
The DMF solution was then stirred at room temperature for
1 h. To this solution was added a solution of (þ)-(R)-5-(1-
chloroethyl)furo[2,3-c]pyridine (190 mg, 1.1 mmol) in
DMF (5 ml). After stirred for 5 days, the resulting mixture
was diluted with AcOEt (25 ml), washed with 50% NaCl
aq., dried over K2CO3/MgSO4 and concentrated. The
residue was purified by column chromatography on silica
gel (eluent: hexane/AcOEt¼1:1) to give (S)-6-chloro-2-[[1-
(furo[2,3-c]pyridin-5-yl)ethyl]thio]-4-pyrimidinamine
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(PNU-142721) [240 mg, 73% from (þ)-(R)-5-(1-chloro-
ethyl)furo[2,3-c]pyridine, 61% ee] as a white crystal. This
crystal was purified by recrystallization from AcOEt/Et2O
to give optically pure PNU-142721 (18 mg, 8% from low
optical purity of PNU-142721, 94% ee).

3.4.1. (R)-5-(1-Chloroethyl)furo[2,3-c]pyridine.5 Colour-
less oil; 1H NMR (270 MHz, CDCl3): dH 1.94 (3H, d,
J¼6.8 Hz, CH3), 5.30 (1H, q, J¼6.8 Hz, CH), 6.80 (1H, s,
pyridyl-H), 7.72 (d, J¼1.9 Hz, furan-H), 7.76 (1H, d,
J¼1.9 Hz, furan-H), 8.83 (1H, s, pyridyl-H).

3.4.2. (S)-6-Chloro-2-[[1-(furo[2,3-c]pyridin-5-
yl)ethyl]thio]-4-pyrimidinamine (PNU-142721).5 Colour-
less crystal; 146.0–147.0 8C (AcOEt/Et2O); 1H NMR
(270 MHz, DMSO-d6): dH 1.72 (3H, d, J¼6.8 Hz, CH3),
5.12 (1H, q, J¼6.8 Hz, CH), 6.16 (1H, s, pyridyl-H), 7.04
(1H, d, J¼2.2 Hz, furan-H), 7.34 (2H, br, NH2), 7.81 (1H, s,
pyrimidyl-H), 8.23 (1H, d, J¼2.2 Hz, furan-H), 8.91 (1H, s,
pyridyl-H); IR (KBr): nmax/cm21 3308 and 3152 (NH);
[a]D

26 2280.6 (c 0.34, CHCl3); 94% ee [chiral HPLC
analysis (Daicel Chiralcel OD, hexane/iPrOH¼75:25, flow
rate: 0.5 ml/min, 25 8C, tR: 33.6 min)].
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