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Introduction


Oxygen and silicon are among the most abundant elements
present in the lithosphere. Consequently the major part of
the earth×s crust–its rocks, soils, clays, and sands–is made
up of silicon-oxygen compounds, such as metal silicates or
silica.[1,2] Notable examples include feldspars like gismon-
dine [CaAl2Si2O8(H2O)n], cancrinite [Na6Al6Si6O24(CaCO3)(-
H2O)]n, sodalite [Na8Al6Si6O24(OH)2(H2O)]n, hemimorphite
[Zn4(OH)2Si2O7], garnets [M3M2(SiO4)3] [M=CoII, MgII,
FeII ; M=AlIII, CrIII, FeIII] , and other orthosilicates such as
zircon [ZrSiO4], and M2SiO4 (M=BeII, MgII, FeII, MnII,
ZnII).[1,2] Further important silicates include natural and syn-
thetic zeolites.[3] Because of the widespread prevalence of


these basic silicate compounds, there is an important need
to understand their structures at the molecular level. While
this can be approached by various methods, the preparation
of molecular assemblies that can serve as soluble models for
these insoluble rocks is an attractive proposition. This task
would require the preparation of Si�O�M compounds in
which the molecular topology of the assemblies can be
varied over a reasonable range of two- and three-dimension-
al structures. Secondly, the ability to modulate the metal nu-
clearity in these compounds would allow the preparation of
designer metallosiloxanes with the required number of sili-
con and metal centers organized in a specific architecture.
Such molecular assemblies would also be of considerable in-
terest from the point of view of assisting an understanding
of the structure and reactivity of the silica supported transi-
tion-metal catalysts as well as metal-containing synthetic
zeolites. One of the successful approaches for modeling
silica-supported transition-metal compounds is due to Feher
and co-workers.[4] They have pioneered the use of the trisila-
nol (c-C6H11)7Si7O9(OH)3 as a model for silica surfaces. The
three Si�OH groups present in this trisilanol allow a con-
certed or a step-wise reaction with metal substrates to gen-
erate silicon rich metallosiloxanes. Several main-group-,
transition-metal-, lanthanide-, and actinide-containing silox-
anes have been prepared by this approach (Scheme 1).[4±6]


Some of these derivatives have also been found to be useful
in homogeneous catalysis reactions, such as alkene metathe-
sis, polymerization, epoxidation, and so forth.[7] All of these
aspects have been reviewed very recently.[8]


Although the trisilanol approach has been quite successful
in generating many types of metallosiloxanes, its limitation
is that in most of these cases the Si/M ratio is quite low. In
order to generate metallosiloxanes with a higher Si/M ratio
as well as to vary the structures of such derivatives an alter-
native approach is required. We will elaborate in this con-
cept the utility of silanetriols RSi(OH)3, which contain three
reactive hydroxyl groups attached to one silicon center, to-
wards the application of generating soluble metallosiloxanes
with diverse structures. Representative examples that will il-
lustrate the above theme have been discussed in the follow-
ing account.
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Abstract: Lipophilic N-bonded silanetriol RSi(OH)3
(R= (2,6-iPr2C6H3)N(SiMe3)) can be utilized as an ef-
fective synthon for building a variety of multimetallic
assemblies containing the Si-O-M motif. The type of
metallosiloxane synthesized–its nuclearity and its mo-
lecular topology–can be readily modulated by the
choice of the metal substrate, reaction stoichiometry,
and reaction conditions. It is anticipated that the syn-
thetic principles elaborated here will allow the design of
many other multifunctional synthons.
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Silanetriols


Silanetriols, RSi(OH)3, are a family of compounds with
three reactive OH groups attached to the same silicon
center.[9,10] Analogous carbon compounds, RC(OH)3, do not
exist. Silanols are also quite reactive and are prone to con-
densation reactions to generate compounds with Si-O-Si
bonds. However, we and others have shown that it is possi-
ble to stabilize the highly reactive silanetriols by the choice
of appropriate sterically hindered substituents.[9±11] Although
silanetriols will not themselves be discussed in this article it
is to be noted that they have a remarkable structural diversi-
ty in the solid-state due to the presence of extensive intra-
and intermolecular hydrogen bonding.[9,10] Most of the met-
allosiloxanes described in this article are derived from nitro-
gen-bonded silanetriols in general and from (2,6-
iPr2C6H3)N(SiMe3)Si(OH)3 (1) in particular. This compound
will be referred to as RSi(OH)3 here after.


The remarkable aspect of these N-bonded silanetriols is
that they can be prepared in multigram quantities, they are
air stable, and most importantly they are soluble in a wide
range of organic solvents, including hexane, toluene, THF,
dichloromethane, and so forth.[12] Because of these favoura-


ble properties we have found it convenient to use N-bonded
silanetriols for the assembly of metallosiloxanes.


Neutral and Ionic Alumino (Gallio and Indio)
Siloxanes


The wide spread occurrence of aluminosilicates in nature
has prompted us to assemble soluble aluminosiloxanes. We
felt that aluminum alkyls and related derivatives would be
ideal precursors for carrying out condensation reactions
with silanetriols. The driving force of the reaction would be
the conversion of the thermodynamically weak Al�C bond
into the more stable Al�O bond. Besides, the byproducts of
the reaction would be volatiles in the form of alkanes (or
hydrogen). These expectations were realized, and the reac-
tions of RSi(OH)3 with AlR3 or AliBu2H proceeded in a 1:1
stoichiometry (Scheme 2). The reaction involved all the
functional groups on silicon and aluminum. Polyhedral neu-
tral aluminosiloxanes were isolated with an Si/Al ratio of
1:1.[13, 14] By adopting a similar procedure and by using


Scheme 1. Metallosiloxanes derived from trisilanols.


Scheme 2. Synthesis of Al, Ga and In siloxanes 2±4 respectively.
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GaMe3 and InMe3, the corresponding neutral gallio 3 and
indiosiloxanes 4 could also be prepared (Scheme 2).[15,16] It is
quite important to mention here that in spite of the multi-
functional nature of the reactants, a single product in high
yields is isolated in these reactions in a manner that is remi-
niscent of self-assembly reactions. Secondly, all the polyhe-
dral alumino, gallio, and indiosiloxanes are extremely solu-
ble in a wide range of organic solvents including hexane,
benzene, dichloromethane, and so forth.


These polyhedral siloxanes 2±4 can be described as cubic
structures. The corners of the cube are occupied alternately
by silicon and aluminum (gallium and indium) atoms. The
edges of the cube are occupied by oxygen atoms, which
serve to bridge the metal centers.


In view of the fact that most naturally occurring silicates
contain alkali metal cations (such as feldspars, sodalite etc.),
it was of great interest to verify if the above synthetic meth-
odology can be extended to polyhedral cages that would be
ionic as well as lipophilic. Thus, using Na[Et2AlH2] or
LiAlH4 as the precursors, we were successful in preparing
aluminosiloxane cages bearing four negative charges
(Scheme 3). In spite of the presence of such high charges,


the organic envelope on the molecule facilitates their ready
solubility in common organic solvents. An interesting aspect
of their structure is that each of the four alkali counterions
caps one face of the cubic polyhedron. Thus, only the two
opposite faces of the polyhedron are uncapped and remain
open.[13,17] The coordination environment around sodium in
compound 5 is square-pyramidal. Four oxygen atoms from
the polyhedral cubic face serve as the base; the fifth apical
site is occupied by the oxygen atom of a THF molecule.


Such a coordination geometry around the sodium ion is
very similar to that found in sodium zeolite. This illustrates
the applicability of utilizing soluble polyhedral metallosilox-
anes to model natural and synthetic minerals. By using a
similar synthetic procedure, the reaction of RSi(OH)3 and
LiMMe4 (M=Ga, In) afforded the ionic gallio and indio si-
loxanes Li4[{Ga(RSiO3)(Me)}4] (7)[15] and Li4[{In(R-
SiO3)(Me)}4] (8),[16] respectively. A slight variation was ob-
served in the reaction between RSi(OH)3 and Na[InMe4]. A
product with an In3Na3O10Si4 (9) core was isolated in this re-
action.[16]


Is there an effect of changing the stoichiometry of the re-
actants? This was an important issue, particularly in view of
the fact that both the silanetriol and aluminum reagents are


trifunctional. We observed that a 1:2 reaction between
RSi(OH)3 and the metal alkyl also occurs smoothly
(Scheme 4). While all the three hydroxyl groups on silicon
are deprotonated, the metal centers are not completely deal-


kylated. In fact in this reaction the product formed has an
Si/M (M=Al, Ga, In) ratio of 1:2. The structure of the prod-
uct is described as a drum that contains a Si2M4O6 core.
While two metal centers contain two methyl groups each,
the other two contain only one methyl group.[13,14]


Further modulation in terms of reaction conditions is pos-
sible by varying the temperature. Thus, the reaction of
R’Si(OH)3 (R’= (2,6-Me2C6H3)NSiMe3) with AliBu2H at
�78 8C results in the formation of an eight-membered ring
with Al2Si2O4 (13) frame-work (Scheme 5).[14] While both
the aluminum centers contain one alkyl group each, the sili-
con atoms have one unreacted hydroxyl group.


To check if a further regression (in terms of the nuclearity
of the metal centers) is feasible, we chose the reaction of
R’Si(OH)3 (R’=2,6-iPr2C6H3{N(SiMe2iPr)}) with the steri-
cally hindered aluminum alkyl, [Al{(Me3Si)3C}(Me)2].


[18] We


Scheme 3. Synthesis of aluminosiloxanes 5 and 6.


Scheme 4. Synthesis of drum like siloxanes with Si2M4O6 core 10±12.


Scheme 5. Synthesis of a cyclic aluminosiloxane 13.
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were gratified that it was possible to control the reaction to
generate an acyclic product [Al{R’Si(OH)2O}2(thf){C-
(SiMe3)3}] (14), which contains a central aluminum connect-
ed to two silicon centers by the bridging oxygen atoms
(Scheme 6). Each of the terminal silicons bears two hydroxyl
groups. This is the simplest product that has been isolated in
these reactions.


Stannosiloxanes


Treatment of silanetriols with organotin halides affords a
range of products 16±18 (Scheme 7). The modulation of the
exact product type is readily achieved by an appropriate
choice of the organotin reagent. Thus, the acyclic product


RSi(OSnMe3)3 (15) is generated in the reaction with
Me3SnCl. A bicyclic product [(RSiO3)2(Ph2Sn)3] (16) with an
Si/Sn ratio of 2:3 is obtained with Ph2SnCl2. The reaction
with PhSnCl3, on the other hand, leads to the formation of
the cage compound [{Sn(RSiO3)(Ph)}4] (17).[19] In none of
these reactions was it possible to retain any hydroxyl groups
on the silicon center. However, reactions with Me3SiCl and
Me3GeCl allow the retention of two and one hydroxyl
groups in the products RSi(OH)2(OSiMe3) (18) and RSi(O-
H)(OGeMe3)2 (19), respectively.[17]


Titanosiloxanes


Titanium-containing silicate materials, such as TS-1, TS-2,
MCM-41, Ti-b-zeolite, ETS-4, ETS-10, and JDF-L1, have
made considerable impact in the area of heterogeneous cat-
alysis.[20] In view of the importance of such materials it is
quite a challenge to prepare their soluble molecular ana-
logues with a controlled amount of titanium atoms. Unlike,
in the case of aluminosiloxanes, for which we preferentially
used aluminum alkyls as the substrates, for the assembly of
titanosiloxanes we relied on titanium alkoxides and halides.


The first successful polyhedral titanosiloxane [{Ti(tBu-
SiO3)(Cp’)}4] (20) was synthesized by the reaction of tBu-
Si(OSnMe3)3 with [Ti(Cp’)Cl3] (Cp’=h5-C5H4Me)
(Scheme 8).[21] However, with the N-bonded silanetriols we
found that it is advantageous to use titanium alkoxides.[22]


Thus, a 1:1 reaction between the silanetriol and titanium
orthoester Ti(OR’)4 (R’=Et, iPr) proceeds at room temper-
ature with the elimination of the corresponding alcohol. The
polyhedral titanosiloxanes 21 and 22 are assembled in quan-
titative yields (Scheme 9). Interestingly, the OEt group in


Scheme 6. Synthesis of an acyclic aluminosiloxane 14.


Scheme 7. Synthesis of group 14 siloxanes 15±19.


Scheme 8. Synthesis of a cubic titanosiloxane 20.


Scheme 9. Trans alcoholysis of titanosiloxanes for the synthesis of 23±25.
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[{Ti(RSiO3)(OEt)}4] can be replaced by a variety of other al-
cohols to generate new titanosiloxanes 23±25.[23] Recently
Jutzi and co-workers have shown that the Ti�OR groups in
certain polyhedral titanosiloxanes are amenable for further
reaction with reagents, such as acetyl acetone or amino alco-
hols.[24]


In contrast to polyhedral cubic titanosiloxanes (with Si/Ti
ratio of 1:1) obtained in the reactions of RSi(OH)3 with tita-
nium orthoesters, the corresponding reactions with titanium
halides and silanetriols proved to be more complex
(Scheme 10).[25] Thus, the reaction of [Ti(Cp*)Cl3] with


RSi(OH)3 affords a Cp*- and chloride-free cage compound
[(RSi(OH)O2)6Ti4(m-O)2(thf)2] (26) with a Si/Ti ratio of 6:4.
Reaction with TiCl4¥2THF proved to be more complex and
an ionic cage compound [2,6-iPr2C6H3)NH3]2[(RSiO3)3-
Ti4Cl7(m3-O)]¥C6H5NH3Cl¥THF (27) was isolated. This poly-
hedral compound, described as an open cube, is bereft of
the fourth silicon atom. This cage has a Si/Ti ratio of 3:4.
An even lower Si/Ti ratio of 1:3 is obtained in the adaman-
tane type cage 28 in the reaction of [{Ti(Cp*)(Me)(m-O)}3]
with RSi(OH)3. Thus, the Si/Ti ratio in these titanosiloxanes


can be quite readily modulated by the choice of the titanium
reagent, while keeping the silanetriol constant.


As in the case of aluminum, in the case of titanium also
acyclic derivatives have been isolated. Thus, the reaction be-
tween [TiCp2Cl2] and RSi(OH)3 leads to the formation of
the acyclic compound [Ti{RSi(OH)2O}(Cp)2Cl] (29)
(Scheme 11).[26] In contrast in a similar reaction involving
[ZrCp2Cl2], an eight-membered cyclic compound [{Zr{RSiO-
H(O)2}Cp2}2] (30) was isolated. It may be noted that al-
though both 29 and 30 have a Si/M ratio of 1:1, the former
has two OH groups on silicon, while the latter has one.[26]


The titanosiloxanes [{Ti(R-
SiO3)(OR’)}4] (R’= tBu, tBuO,
tBuCH2) were found to be ef-
fective catalysts for the epoxi-
dation of olefins by tert-butyl
hydroperoxide (TBHP).[23] Im-
mobilized titanosiloxane in a
silica matrix was found to be
even more effective and the ef-
ficiency of TBHP in the epoxi-
dation of olefins was found to
increase to as high as 96%.[27]


Iron Siloxanes


Naturally occuring iron silicates
include olivine, MgFeSiO4 and
garnets [M3M’2(SiO4)3] (M=


CoII, MnII, FeII; M’=AlIII, CrIII,
FeIII).[1] While the former con-
tains iron in an oxidation state
of 2+ , in the latter iron is pres-
ent in the oxidation state of 2+
as well as 3+ . Other important
iron silicates include zeolites,
such as Fe-modified ZSM-5.[28]


These have been shown to be
quite versatile in their catalytic
activity. Because of these above
factors there is considerable in-
terest in the synthesis of poly-
hedral iron siloxanes. However,
this task turned out to be quite
a synthetic challenge, particu-
larly because of the instabilityScheme 10. Synthesis of titanosiloxanes 26±28.


Scheme 11. Synthesis of an acyclic titanosiloxane 29 and a cyclic zircono-
siloxane 30.
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of iron alkyls. In screening various iron compounds as sub-
strates towards the reaction with RSi(OH)3, we found that
the iron amides Fe[N(SiMe3)2]2 and Fe[N(SiMe3)2]3 were
ideal because of the ready and facile displacement of the by-
product HN(SiMe3)2 along with the concomitant formation
of Fe�O�Si bonds. Another synthetic trick that was de-
ployed was to use an appropriate auxiliary ligand to satisfy
the coordination requirement of the iron centers. Accord-
ingly, the reaction of Fe[N(SiMe3)2]2 with RSi(OH)3 in a 2:1
molar ratio in the presence of the N-heterocyclic carbene L
afforded the polyhedral drum, [(RSiO3)2{Fe(N(SiMe3)2)}2-
(FeL)2] (31) (L=1,3-diisopropyl-4,5-dimethylimidazole-2-yl-
idene) (Scheme 12).[29] Compound 31, in which the iron cen-


ters are in a formal oxidation state of 2+ , consists of two
Fe2O3Si rings that are fused to each other. Both tri- and
tetra-coordinate iron centers are found in 31. The Si/Fe
ratio in this compound is 1:2.


The synthesis of an iron siloxane that contains iron cen-
ters in the formal oxidation state of 3+ became possible in
a 1:1 reaction involving Fe[N(SiMe3)2]3 with RSi(OH)3


(Scheme 12).[29] The iron siloxane [{Fe(RSiO3)(L’)}4] (32)
(L’=Me3P) obtained has the cubic structure analogous to
that found in the alumino, gallio, indio, stanno, and titanosi-
loxanes discussed vide supra. The Si/Fe ratio in 32 is 1:1.
Thus it was possibile to control the Si/Fe ratio as well as to
change the structure of the product by the choice of the iron
amides.


Zinc Siloxanes


Recent studies on the zinc orthosilicate Zn2SiO4 suggest that
the mixture of Mn and ZnSiO4 in a 1:1 ratio affords a green
phosphor.[30] Other examples where the incorporation of
zinc in silicate framework leads to interesting applications
including zinc-exchanged zeolites (Zn/H-ZSM-5).[31] Besides,
several naturally occurring silicates contain zinc, such as wil-
lemite and hemimorphite.[1] These factors prompted us to


embark on a program for assembling soluble zinc siloxanes.
We chose zinc alkyls, ZnR2 (R=Me, Et) as the zinc precur-
sors. We also realized that the mismatch of the number of
functional groups on the two reactants, namely, RSi(OH)3
(three hydroxyl groups) vis-‡-vis ZnR2 (two alkyl groups)
provided a synthetic challenge and at the same time a
unique opportunity. Even more than the reactions discussed
vide infra those between RSi(OH)3 and ZnR2 are subject to
considerable stoichiometric control. The eventual nuclearity
of zinc siloxane can be modulated by a subtle change in the
molar ratio of the reactants.


A 1:1 reaction between ZnEt2 and RSi(OH)3 in THF
leads to the polyhedral drum [{Zn{RSi(OH)(O)2}(thf)}4]
(33) (Scheme 13). Compound 33 arises from the fusion of
two eight-membered Si2Zn2O4 rings.[32] Importantly, every


silicon atom in 33 has one reactive Si�OH group, while all
the zinc centers are completely dealkylated. Accordingly, if
one carries out the reaction of RSi(OH)3 with ZnMe2 in a
1:1 stoichiometry ratio in the presence of one equivalent of
MeLi the ionic polyhedral cage [{Zn(RSiO3)(L)Li}4] (L=


1,4-(Me2N)2C6H4) (34) could be isolated (Scheme 13).[33] The
addition of ligand L is necessary to crystallize 34 . The com-


Scheme 12. Synthesis of iron siloxanes in drum 31 and cubic 32 struc-
tures.


Scheme 13. Synthesis of polyhedral zinc siloxanes 33±35.
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position and structural similarity of 34 with that of the other
ionic cages 5±8 may be noted. Compound 34 is a polyhedral
cubic cage and the four contiguous faces of the cube are
capped by lithium ions. Each lithium atom is tetra-coordi-
nate, being surrounded by four oxygen atoms that are part
of two Si2Zn2O4 rings.


The reaction of RSi(OH)3 with ZnMe2 in a 1:2 stoichiom-
etry affords a zinc-rich siloxane [(RSiO3)4(ZnMe)4Zn4(thf)4]
(35) (Scheme 13).[34] The most interesting aspect of 35 is that
out of the eight zinc atoms present in this cage, two adopt
trigonal-planar geometries, two are in a trigonal-bypyrami-
dal environment, while the rest adopt tetrahedral arrange-
ments. The structure of 35 can be described as a distorted
cube; four of the eight zinc atoms and four silicon atoms
occupy the corners. The remaining four zinc atoms are posi-
tioned on the faces of the cube. Interestingly both 34 and 35
can be independently synthesized from 33.


A further fine tuning of the structure of zinc siloxane is
feasible. Thus, a 1:1.75 ratio between RSi(OH)3 and ZnMe2


leads to the formation of hepta zinc derivative
[(RSiO3)4(ZnMe)2{Zn(thf)}5] (36), while a 3:8 ratio leads to
the formation of the octanuclear zinc siloxane [(RSiO3)3(Zn-
Me)6{Zn(Me)(thf)}{Zn(thf)}] (37) (Scheme 14).[35] While in
36 two zinc centers retain one alkyl group, in 37 seven zinc
centers retain an alkyl group. The structure of 36 consists of
a nearly cubic Zn4Si4O12 unit, which is analogous to other
metallosiloxanes [{M(RSiO3)(thf)}4] (M=Al, Ga, In) dis-
cussed above. Three of the contiguous faces of the cubic
framework in 36 are capped by zinc atoms, while the other
three are open. The structure of 37 consists of a Zn7Si3O9


core and an exocyclic ZnMe fragment. Similar to that found
for 35, various zinc centers in 37 adopt different coordina-
tion geometries. Thus, three of the zinc centers are trigonal
planar, three others are in a tetrahedral geometry, while one
is in a trigonal-planar geometry. The eighth zinc atom is di-
coordinate and has a linear geometry. The remarkable struc-


Scheme 14. Synthesis of a heptanuclear 36 and octanuclear 37 zinc silox-
ane cages.


Table 1. Product variation in the reaction of RSi(OH)3 with various metal substrates.


Metal Reaction Product Core Metal Si/M Ref.
precursors stoich- structure nucle- ratio[b]


iometry arity[a]


1 MMe3
[c] 1:1 [{M(RSiO3)(thf)}4] cube 4 1:1 [13, 15,16]


2 LiAlH4 1:1 [{(RSiO3)(AlH)Li(thf)}4] cube 4 1:1 [17]
3 Na[AlEt2H2] 1:1 [{(RSiO3)(AlEt)Na(thf)}4] cube 4 1 :1 [13]
4 LiMMe4


[d] 1:1 Li4[{M(RSiO3)(Me)}4] cube 4 1:1 [15±17]
5 NaInMe4 4:3 [(RSiO3)2(RSiO2)2(InMe)2(InMe2)(Na¥thf)2(Na¥thf)2] cage 3 4:3 [16]
6 MMe3


[e] 1:2 [{(RSiO3)(MMe2)(MMe)}2] drum 4 1 :2 [14±16]
7 iBu2AlH 1:1 [{R’SiO2(OH)AliBu(S)}2]


[f] eight-membered ring 2 1:1 [14]
8 (Me3Si)3CAlMe2¥THF 2:1 [{R’Si(OH)2O}2Al(thf)C(SiMe3)3]


[g] acyclic 1 2:1 [18]
9 Me3SnCl 1:3 RSi(OSnMe3)3 acyclic 3 1:3 [19]
10 Ph2SnCl2 2:3 (RSiO3)2(PhSn)2 bicyclic 3 2:3 [19]
11 PhSnCl3 1:1 (RSiO3SnPh)4 cube 4 1:1 [19]
12 Me3SiCl 1:1 RSi(OH)2(OSiMe3) acyclic 1 1:1 [17]
13 Me3GeCl 1:2 RSi(OH)(OGeMe3)2 acyclic 2 1:2 [17]
14 Ti(OR’)4 1:1 [{Ti(RSiO3)OR’}4]


[h] cube 4 1 :1 [22]
15 [Ti(Cp*)Cl3] 4:3 [Ti4{RSi(OH)O2}(m-O)2(thf)2] multiple fused ring assembly 4 4:3 [25]
16 TiCl4 4:3 [(2,6-iPr2C6H3)NH3]2[Ti4(RSiO3)3Cl7(m3-O)(thf)] polyhedral cage 4 4:3 [25]
17 [{Ti(Cp*)(Me)(m-O)}3] 1:1 [(RSiO3){Ti(Cp*)(m-O)}3] adamantane 3 1:3 [25]
18 [Ti(Cp)2Cl2] 1:1 [{Ti(RSi(OH)2O)(Cp)2(Cl)] acyclic 1 1:1 [26]
19 [Zr(Cp)2Cl2] 1:1 [{Zr(RSi(OH)O2)(Cp)2}2] eight-membered ring 2 1:1 [26]
20 Fe[N(SiMe3)2]2 1:2 [(RSiO3)2{Fe(N(SiMe3)2)2Fe{(1,3-iPr2-3,4-Me2C3N2)}2] drum 4 1:2 [29]
21 Fe[N(SiMe3)2]3 1:1 [{Fe(RSiO3)(PMe3)}4] cube 4 1:1 [29]
22 ZnEt2 1:2 [{Zn{RSi(OH)(O)2}(thf)}4] drum 4 1:1 [32]
23 ZnMe2 1:1 [{Zn(RSiO3)(1,4-Me2N)2C6H4Li}4] cube 4 1:1 [33]
24 ZnMe2 1:2 [{(RSiO3)(ZnMe)Zn(thf)}4] distorted cube 8 3:8 [34]
25 ZnMe2 1:1.75 [(RSiO3)4(ZnMe)2{Zn(thf)}5] cage 7 4:7 [35]
26 ZnMe2 3:8 [(RSiO3)3(ZnMe)6{Zn(Me)(thf)}{Zn(thf)}] polyhedral cage 8 3:8 [35]


[a] Metal nuclearity is the number of main group (except Li and Na here) or transition metals present in the metallosiloxane. [b] Si/M ratio in the prod-
uct. [c] M=Al, Ga, In. [d] M=Ga, In. [e] M=Al, Ga, In. [f] R’=2,6-Me2C6H3N(SiMe3). [g] R’=2,6-iPr2C6H3{N(SiMe2iPr)}. [h] R’=Et, iPr.
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tural variation of zinc centers within the polymetallic zinc si-
loxane cages 35 and 36 is unprecedented.


Summary


The use of RSi(OH)3 as a multifunctional synthon enabled
the synthesis of several types of metellasiloxane assemblies.
The metal nuclearity and the topology of the product can be
readily and widely modulated as described vide supra. This
data is summarized in Table 1 and will serve to highlight this
aspect. The most noticeable feature of the information given
in Table 1 is that, irrespective of the type of metal substrate
utilized, one can notice a general reaction behavior. Without
alluding to all the reactions discussed vide supra, certain as-
pects of the reactivity behavior will be highlighted with the
data summarized in Table 1 to emphasize the usefulness of
designing and utilizing a trifunctional synthon such as
RSi(OH)3. Thus the reactions of RSi(OH)3 with diverse
metal substrates, containing three reactive groups leads to
the formation of cubic cages with a Si4M4O12 core (entries 1,
11, 14, 21). Stoichiometry and reaction condition control can
be exercised to change the nature of the metallosiloxane
(entries 6±8, 9±10, 12±13, 15±19, 20). The cubic cages can be
readily elaborated into polyheterotrimetallic derivatives (en-
tries 2±5, 23). The exercise of stoichiometric control in mod-
ulating the product type can be extremely productive in sit-
uations in which there is a mismatch of the reactive groups
between the silanetriol vis-‡-vis the metal substrate. This
aspect is exemplified very well in the reactivity of RSi(OH)3
with ZnR2 (Table 1: entries 23±26). It is expected that the
synthetic principles elucidated in this concept will allow new
families of metallosiloxanes, including those containing f-
block elements, to be soon assembled. Further it can be
readily anticipated that many other similarly designed syn-
thons can prove to be valuable in generating multimetallic
derivatives. The utility of RSi(NH2)3 and RP(O)(OH)2 as
multifunctional synthons[36,37] are indicators to the wider ap-
plicability of the principle elaborated in this article.
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Galactose Oxidase Models: Solution Chemistry, and Phenoxyl Radical
Generation Mediated by the Copper Status


Fabien Michel,[a] Fabrice Thomas,*[a] Sylvain Hamman,[a] Eric Saint-Aman,[b]


Christophe Bucher,[b] and Jean-Louis Pierre[a]


Introduction


Galactose oxidase (GO) is an extracellular copper-contain-
ing enzyme that catalyzes the oxidation of primary alcohols
to their corresponding aldehydes with concomitant reduc-
tion of molecular dioxygen to hydrogen peroxide. The appa-
rent paradox, a two-electron oxidation catalyzed by a single
copper atom, is explained by the presence of an additional
redox center, namely a tyrosyl radical from the protein
chain, coordinated to the metal.[1] An unusual feature is the
cross-linking between this residue and a neighboring cys-
teine, presumably to modulate its redox properties.[2] Prior
to the work of Rogers et al. ,[3a,b] Firbank et al.,[3c] and Whit-
taker et al. ,[4] very little was known about this post-transla-


tional modification and the oxidation of the tyrosine residue
into the tyrosyl radical. It has recently been shown that in
vitro processing of GO results from its reaction with copper
and molecular oxygen.[3] Three mechanisms have been pro-
posed. The first involves an initial tyrosine-to-copper(ii)
electron transfer (i.e., the copper is coordinated and initiates
the self-processing) and O2 is required to achieve the cross-
linking. An alternative second mechanism involves an initial
oxidation of Cys-228 to a sulfenate group in the presence of
O2 and free copper; the S atom, which is more electrophilic,
is subject to a nucleophilic attack by the tyrosinate and the
copper(ii) atom is then incorporated. Both of these mecha-
nisms afford a cross-linked tyrosinate-CuII intermediate that
is proposed to be oxidized by O2 to the active tyrosyl-Cu


II


form.[3] In the third pathway, copper(i) is chelated by the un-
processed tyrosinate and then O2 induces a two-electron oxi-
dation, affording the CuI-cross-linked tyrosinate; an addi-
tional two-electron oxidation leads to the mature CuII-cross-
linked tyrosinyl form.[4]


Several model compounds for the active site of GO have
been described in the last decade.[5] We have recently stud-
ied the electrochemically generated mononuclear CuII-phe-
noxyl radical complexes of ortho-tert-butylated N2O2 and
N3O ligands (Figure 1a,b) that appeared to be valuable
structural and functional model compounds of GO.[6,7] In
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Abstract: Galactose oxidase (GO) is
an enzyme that catalyzes two-electron
oxidations. Its active site contains a
copper atom coordinated to a tyrosyl
radical, the biogenesis of which re-
quires copper and dioxygen. We have
recently studied the properties of elec-
trochemically generated mononuclear
CuII-phenoxyl radical systems as model
compounds of GO. We present here
the solution chemistry of these ligands
under various copper and dioxygen sta-
tuses: N3O ligands first chelate CuII,
leading, in the presence of base, to
[CuII(ligand)(CH3CN)]


+ complexes


(ortho-tert-butylated ligands) or
[(CuII)2(ligand)2]


2+ complexes (ortho-
methoxylated ligands). Excess copper-
(ii) then oxidizes the complex to the cor-
responding mononuclear CuII-phenoxyl
radical species. N2O2 tripodal ligands,
in the presence of copper(ii), afford di-
rectly a copper(ii)-phenoxyl radical
species. Addition of more than two mo-
lar equivalents of copper(ii) affords a


CuII±bis(phenoxyl) diradical species.
The donor set of the ligand directs the
reaction towards comproportionation
for ligands possessing an N3O donor
set, while disproportionation is ob-
served for ligands possessing an N2O2


donor set. These results are discussed
in the light of recent results concerning
the self-processing of GO. A path in-
volving copper(ii) disproportionation is
proposed for oxidation of the cross-
linked tyrosinate of GO, supporting the
fact that both copper(i) and copper(ii)
activate the enzyme.


Keywords: copper ¥ enzyme
models ¥ galactose oxidase ¥
phenoxyl radicals ¥ tripodal ligands
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order to better understand the way in which copper and di-
oxygen are implied in GO activation, we present herein the
solution chemistry of these ligands under various copper
and dioxygen statuses. The study is extended to ortho-me-
thoxylated N3O ligands (Figure 1c), in which the ortho
group does not provide enough steric hindrance around the
chelated copper atom to prevent the formation of phenolato
bridges leading to dinuclear complexes.


Results and Discussion


Preparation of the ligands : The ligand denoted L’ possesses
two ortho-tert-butyl-phenol moieties and one pyridine
moiety; that denoted L possesses one ortho-tert-butyl
phenol and two pyridine moieties, and that denoted Lo pos-
sesses one ortho-methoxyphenol and two pyridine moieties.
Synthesis of the ligands HLOMe, HLtBu, HLF, HLNO2,
and H2L’(OMe)2 has been described previously.


[7,8] HLoOMe
was obtained by way of a one-pot Mannich synthesis by
mixing bis(2-pyridylmethyl)amine and 2,4-dimethoxyphenol
in the presence of one molar equivalent of formaldehyde.
Alkylation of bis(2-pyridylmethyl)amine by 2-hydroxy-3-me-
thoxy-5-tert-butylbenzaldehyde was the preferred method
for obtaining HLotBu.


Solution chemistry of the N3O ligands (up to one molar
equivalent of copper(ii) added)–Copper complexation :
When one molar equivalent of copper(ii) triflate is added to
a solution of HLOMe in aceto-
nitrile, an absorption band at
600 nm, corresponding to a d-d
transition, is observed in the
visible spectrum (Figure 2a),
and EPR reveals the presence
of a mononuclear copper(ii)
complex. These spectroscopic
features closely resemble those
reported for the isolated
[CuII(HLOMe)(CH3CN)]


2+


complex bearing an axially co-
ordinated phenol and an equa-
torially coordinated exogenous
acetonitrile (lmax = 590 nm, e
= 230 m�1 cm�1).[7] Likewise, the


addition of one molar equivalent of copper(ii) to HLtBu,
HLF, and HLNO2 affords [CuII(HLtBu)(CH3CN)]


2+ ,
[CuII(HLF)(CH3CN)]


2+ , and [CuII(HLNO2)(CH3CN)]
2+ , re-


spectively (Table 1).
However, closer examination of the complexation process


shows that the formation of these protonated copper(ii)


Figure 1. Ligands used in this work: a) H2L’(OMe)2, b) HLOMe (R
1 =


OMe), HLtBu (R1 = tBu), HLF (R1 = F), HLNO2 (R
1 = NO2),


c) HLoOMe (R2 = OMe), HLotBu (R2 = tBu).


Table 1. Electronic and EPR properties of the copper(ii) complexes in
acetonitrile solution.


Complexes Spin state lmax [nm]/e [m
�1 cm�1]


HLOMe
+1 equiv copper(ii) (S = 1=2) 600 (110)[a]


+0.5 equiv copper(ii) (S = 1=2) 586 (460)[b]


+1 equiv copper(ii) and NEt3 (S = 1=2) 579 (1190)[a]


+2 equiv copper(ii) and
1 equiv of NEt3


(S = 1) 426 (4300), 552 (470)[a]


HLtBu
+1 equiv copper(ii) (S = 1=2) 590 (170)[a]


+0.5 equiv copper(ii) (S = 1=2) 560 (540), 960 (120)[b]


+1 equiv copper(ii) and NEt3 (S = 1=2) 550 (1220), 900 (200)[a]


+2 equiv copper(ii) and
1 equiv of NEt3


(S = 1) 416 (1900), 650 (500)[a]


HLF
+1 equiv copper(ii) (S = 1=2) 580 (120)[a]


+0.5 equiv copper(ii) (S = 1=2) 535 (665), 940 (90)[b]


+1 equiv copper(ii) and NEt3 (S = 1=2) 523 (1080)[a]


HLNO2


+1 equiv copper(ii) (S = 1=2) 608 (100)[a]


+0.5 equiv copper(ii) (S = 1=2) 517 (740)[b]


+1 equiv copper(ii) and NEt3 (S = 1=2) 515 (600)[a]


H2L’(OMe)2
+2 equiv copper(ii) and
2 equiv NEt3


(S = 0) 416 (3370), 530 (1510), 850
(740)[a]


+3 equiv copper(ii) and
2 equiv NEt3


(S = 1=2) 426 (3600), 650 (540)[a]


HLoOMe
+1 equiv copper(ii) (S = 1=2) 590 (85)[a]


+0.5 equiv copper(ii) (S = 1) 470 (220), 870 (120)[b]


+1 equiv copper(ii) and NEt3 (S = 1=2) 470 (230)[a]


+2 equiv copper(ii) and
1 equiv NEt3


n.d. 418 (2300), 605 (400)[a]


HLotBu
+1 equiv copper(ii) (S = 1=2) 610 (170)[a]


+0.5 equiv copper(ii) (S = 1) 466 (560), 870 (380)[b]


+1 equiv copper(ii) and NEt3 (S = 1) 462 (500), 870 (300)[a]


+2 equiv copper(ii) and
1 equiv NEt3


n.d. 420 (3200), 620 (350)[a]


[a] Based on ligand concentration. [b] Based on copper(ii) concentration.


Figure 2. Titration of HLOMe (0.4 mm) with copper(ii) triflate: a) 0 to 0.5 molar equivalents of copper(ii) and
b) 0.5 to 1 molar equivalents of copper(ii). Arrows indicate spectral changes upon addition of copper; spectra
recorded in CH3CN at 298 K.
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complexes is more complicated than a simple reaction be-
tween the ligands and copper(ii). From 0 to 0.5 molar equiv-
alents added, the solution turns from colorless to purple and
a linear increase in absorption is observed at 586 nm (for
HLOMe, Figure 2a), 560 nm (for HLtBu), 535 nm (for
HLF), and 517 nm (for HLNO2). The lmax is shifted accord-
ing to the electronic properties of the para substituent (the
lower the electron-donating character of the group, the
lower the lmax), indicating that this transition arises from an
LMCT (Table 1). These results suggest that once the copper
is chelated by part of the available amount of ligand, the re-
maining free ligand acts as a base and deprotonates the
weakly coordinating phenol (Scheme 1, path a). Owing to


the higher pKa values of terti-
ary amines relative to pyridines,
the amine is proposed to play
the acid-base role. The intensity
of the 586 nm absorption of a
solution of HLOMe in acetoni-
trile with 0.5 molar equivalents
of copper(ii) added is inter-
mediate between that of a solu-
tion of isolated [CuII(HLO-
Me)(CH3CN)]


2+ and that of
[CuII(LOMe)(CH3CN)]


+


(Table 1). The former solution
thus comprises a mixture of the
phenol-copper [CuII(HLO-
Me)(CH3CN)]


2+ and the phe-
nolate-copper [CuII(LO-
Me)(CH3CN)]


+ complexes. The
pKa of the coordinating methoxyphenol (7.31�0.04, see
Supporting Information) is thus close to that of the free ter-
tiary amine. In contrast, the intensity of the 535 nm absorp-
tion of a solution of HLF in acetonitrile with 0.5 molar
equivalents of copper(ii) added is close to that of a solution
of [CuII(LF)(CH3CN)]


+ . This higher ratio of deprotonated
to protonated complexes is consistent with the lower pKa of
the coordinating fluorophenol (6.66�0.02, see Supporting
Information).
From 0.5 to one molar equivalent of copper(ii) added to


HLOMe, the purple solution turns deep blue (the same be-
havior is observed for all the ligands, thus only the results
obtained with HLOMe are described in detail here). The
spectrum of the deprotonated complex (characterized by its


LMCT transition) vanishes and is progressively replaced by
that of the protonated complex (characterized by d±d transi-
tions at 600 nm, Table 1). Complexation of copper(ii) by the
protonated ligand H2L


+ induces deprotonation of its tertiary
ammonium group. The proton is transferred to the coordi-
nating phenolate of [CuII(LOMe)(CH3CN)]


+ . Excess ligand
thus acts as a base in path a of Scheme 1 and as an acid in
path b. To confirm these results, solutions of the ligands
HLOMe, HLtBu, HLF, and HLNO2 in acetonitrile were ti-
trated with copper(ii) in the presence of one molar equiva-
lent of triethylamine as an exogenous base. The deprotonat-
ed complex was formed directly, as reflected by a linear in-
crease in the intensity of the LMCT band from 0 to one
molar equivalent of copper(ii) added (Scheme 1, path d, Fig-
ure 3a). Its formation is quantitative at one molar equivalent
of copper(ii) added (as judged by the e value of
1190 m�1 cm�1 at lmax = 579 nm). Similarly, addition of one
molar equivalent of HLOMe or NEt3 to [CuII(HLO-
Me)(CH3CN)]


2+ induces a hypsochromic shift of lmax and an
increase in the intensity of the absorption, consistent with
deprotonation of the weakly coordinating phenol
(Scheme 1, path c). The solution chemistry of these N3O li-
gands is summarized in Scheme 1.
The UV/Vis profiles for titration of each ligand with


zinc(ii) triflate instead of copper(ii) triflate show an isobestic


point between 0 and 0.5 molar equivalents of zinc(ii) added,
followed by a decrease in the absorbance at 299 nm
(HLOMe, see Supporting Information), 283 nm (HLtBu), or
288 nm (HLF) from 0.5 to 1 molar equivalent. As for cop-
per(ii) complexation, a first equilibrium involves the forma-
tion of a deprotonated zinc complex followed by its conver-
sion into a protonated complex.
In contrast to the ortho tert-butyl group of the N3O li-


gands, the ortho methoxy group of HLotBu or HLoOMe
does not provide sufficient steric bulk to prevent the forma-
tion of a dimeric structure in which two phenoxo oxygen
atoms bridge the two copper ions (see Supporting Informa-
tion). The titration profiles of HLotBu and HLoOMe with
copper(ii) are similar.


Scheme 1. Solution chemistry of HLOMe (the same behavior was ob-
served with HLtBu, HLF, and HLNO2); the base may be either NEt3 or
the ligand. Path e has been described previously.[7]


Figure 3. Titration of HLOMe (0.55 mm) with copper(ii) triflate in the presence of 0.55 mm triethylamine: a) 0
to 1 molar equivalent of copper(ii) and b) 1 to 2 molar equivalents of copper(ii) added. Arrows indicate spec-
tral changes upon addition of copper; spectra recorded in CH3CN at 233 K in order to avoid degradation of
the radical species (see text); inset: X-band EPR spectra recorded at 100 K: bold line: 1 mm solution of
HLOMe with one molar equivalent of copper(ii) added in the presence of NEt3; gray line: 1 mm solution of
the isolated [CuII(HLOMe)(CH3CN)]


2+ complex in CH3CN in the presence of one molar equivalent of NEt3.
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When one molar equivalent of copper(ii) triflate is added
to a solution of each ligand in acetonitrile (in the absence of
triethylamine), an absorption band at around 600 nm, corre-
sponding to d±d transitions, is observed in the visible spectra
(Table 1). EPR measurements reveal the presence of a mon-
onuclear copper(ii) complex. This suggests the formation of
the mononuclear [CuII(HLoOMe)(CH3CN)]


2+ and [CuII(H-
LotBu)(CH3CN)]


2+ complexes, in which the phenol remains
protonated and weakly coordinated to the copper(ii). The ti-
tration of a solution of the ligand in acetonitrile with 0 to
one molar equivalent of copper(ii) triflate shows that the
formation of these complexes, as monitored by the increase
in the intensity of the d±d transition band, is nonlinear. As
for the ortho-tert-butylated ligands, an LMCT transition
band appears in the UV/Vis spectra up to 0.5 molar equiva-
lents of copper(ii) added (at 470 nm and 466 nm for
HLoOMe and HLotBu, respectively). This band, which is the
signature of an unprotonated complex, is progressively re-
placed by the d-d transition of the [CuII(HLoO-
Me)(CH3CN)]


2+ or [CuII(HLotBu)(CH3CN)]
2+ species upon


addition of 0.5 to one molar equivalent of copper(ii)
(Table 1). In contrast to the ortho-tert-butylated ligands, the
EPR spectra, recorded at 0.5 molar equivalents of copper(ii)
added, reveal an S = 1 state for the unprotonated com-
plexes. This can be attributed to a ferromagnetic coupling
between two copper(ii) atoms, mediated by two m-phenoxo
bridges:[5j] the unprotonated complexes thus have the dimer-
ic structure [CuII2(L


oOMe)2] or [Cu
II
2(L


otBu)2].
In the presence of base, with up to one molar equivalent


of copper(ii) added, the electronic spectrum exhibits a linear
increase in the intensity of the LMCT band (Figure 4a),
while EPR spectroscopy reveals an S = 1 state for the
formed species. The same spectra were obtained by dissolv-


ing single crystals of [CuII2(L
oOMe)2]¥2ClO4 or [Cu


II
2(L


o-
tBu)2]¥2CF3SO3 in CH3CN or CH2Cl2, strongly supporting
the direct formation of [CuII2(L


oOMe)2]
2+ or [CuII2(L


o-
tBu)2]


2+ during the titration.


Solution chemistry of the N3O ligands (more than one
molar equivalent of copper(ii) added)–Formation of a phe-
noxyl radical species : A solution of HLOMe in acetonitrile


was titrated with copper(ii) up to a [CuII]:[HLOMe] ratio of
2, in the presence of one molar equivalent of triethylamine.
When one to two molar equivalents of copper(ii) were
added, the LMCT transition at 579 nm progressively de-
creased and vanished, while a new intense transition ap-
peared at 426 nm. An isobestic point was observed at
460 nm, indicating a simple equilibrium between the purple
[CuII(LOMe)(CH3CN)]


+ complex and this new deep-green
species (Figure 3b). No changes were observed beyond two
molar equivalents of copper(ii) added. The UV/Vis spectrum
of the final species exhibits an absorption at 426 nm (e =


4300 m�1 cm�1 based on the ligand concentration), corre-
sponding to a p±p* transition of the phenoxyl radical (no
LMCT band is observed).[9] Moreover, its X-band EPR
spectrum exhibits a DMS = �2 transition at 150 mT, char-
acteristic of a phenoxyl radical ferromagnetically coupled to
a copper(ii) atom (Figure 5).[7] These features are similar to
those of the electrogenerated [CuII(LOMeC)(CH3CN)]


2+ spe-
cies previously described.[7] In order to delineate the respec-
tive roles of dioxygen and copper(ii) in radical generation, a
solution of HLOMe in acetonitrile was titrated with cop-
per(ii) under an argon atmosphere (in a glove box). The
same UV/Vis feature was observed, indicating that O2 is not
responsible for radical formation. Moreover, when the cop-
per(ii) triflate salt was replaced by the redox-inactive zinc(ii)
triflate salt, no formation of a phenoxyl radical was ob-
served, indicating that it is the copper(ii) that acts as the oxi-
dizing agent.[10] [CuII(LOMe)(CH3CN)]


+ is thus quantita-
tively oxidized by copper(ii) to [CuII(LOMeC)(CH3CN)]


2+ .[11]


The titration process was further examined by cyclic vol-
tammetry (CV) and rotating disc electrode (RDE) voltam-
metry using an acetonitrile-based electrolyte (0.1m TBAP).
The initial CV curve of HLOMe exhibits an irreversible


peak at Ep
a = ++0.17 V versus


Fc/Fc+ , corresponding to the
oxidation of the phenol subunit.
When one molar equivalent of
copper(ii) is gradually added, a
new reversible redox system at
E1=2


= ++0.02 V appears at the
expense of the original irrever-
sible one. The new redox
system corresponds to the phe-
nolate/phenoxyl redox couple.
The shift in potential from +


0.17 to +0.02 V is consistent
with a lower oxidation potential
of the phenolate-CuII redox
center compared to that of the
phenol.[7] Accordingly, the
RDE voltammetric wave is


shifted (Figure 6) towards more negative potentials upon ad-
dition of copper(ii). The quantitative generation of [CuII-
(LOMeC)(CH3CN)]


2+ upon further addition of copper(ii)
(one to two molar equivalents) was evidenced by RDE am-
perometric titration: the anodic wave at +0.02 V is progres-
sively replaced by a cathodic wave at the same potential,
demonstrating that the complex is in its oxidized state
[CuII(LOMeC)(CH3CN)]


2+ .


Figure 4. Titration of HLotBu (0.3 mm) with copper(ii) triflate in the presence of 0.3 mm triethylamine: a) 0 to
one molar equivalent of copper(ii) and b) one to two molar equivalents of copper(ii) added. Arrows indicate
spectral changes upon addition of copper; spectra recorded in CH3CN at 233 K in order to avoid degradation
of the radical species (see text).
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In the absence of base, when one to two molar equiva-
lents of copper(ii) are added to a solution of HLOMe in
acetonitrile, the d-d transition of [CuII(HLOMe)(CH3CN)]


2+


at 600 nm decreases slightly while a weak absorption ap-
pears at 426 nm. Based on the molar extinction coefficient
previously reported for the phenoxyl radical complex [CuII-
(LOMeC)(CH3CN)]


2+ (5170 m�1 cm�1 at 427 nm),[7] we esti-
mate that less than 8% of the [CuII(HLOMe)(CH3CN)]


2+ is
converted into the radical species.[12] This result is consistent
with an oxidation potential of the phenol in [CuII(HLO-
Me)(CH3CN)]


2+ that is too high to allow its oxidation by
copper(ii) into the corresponding phenoxyl radical.[7] Only a
small amount of the [CuII(LOMe)(CH3CN)]


+ present in so-
lution is oxidized (Scheme 2). The same behavior was ob-
served with HLtBu (with lmax = 417 nm).


With HLF and HLNO2, the progressive appearance of the
absorption of a phenoxyl radical is not observed upon addi-
tion of one to two molar equivalents of copper(ii) (with or
without exogenous base). Only a decrease in the intensity of
the LMCT transition is seen, suggesting the formation of a
transient radical species that decomposes on the time scale
of the measurement.[13] This phenoxyl radical (which imme-
diately decays) is formed more slowly with HLNO2 than
with HLF, in keeping with the higher oxidation potential of
the nitrophenolate moiety and thus the lower driving force
for the reaction (E1=2


= 0.70 V versus Fc/Fc+ for [CuII(L-
NO2)(CH3CN)] compared to 0.02, 0.15, and 0.22 V for
[CuII(LOMe)(CH3CN)], [CuII(LtBu)(CH3CN)], and
[CuII(LF)(CH3CN)], respectively).


[7]


Addition of one molar equivalent of copper(ii), in the
presence of NEt3, to either HL


oOMe or HLotBu affords the
dimeric structures [CuII2(L


oOMe)2] and [CuII2(L
otBu)2], re-


spectively. Further addition of copper(ii) up to two molar
equivalents leads to a progressive disappearance of the
LMCT transition. The characteristic p±p* transition of the
phenoxyl radical appears at 420 (HLotBu) or 418 nm
(HLoOMe). The absorption at this wavelength is maximal
when two molar equivalents of copper(ii) are added, indicat-
ing quantitative oxidation of the m-phenolate moieties. In
addition, oxidation by copper(ii) affords the same final spe-
cies as the electrochemical oxidation of [CuII2(L


oOMe)2]
2+


or [CuII2(L
otBu)2]


2+ , leading to a mononuclear CuII-phenoxyl
complex (see Supporting Information). The excess copper is
thus able to oxidize the phenolates in [CuII(LO-
Me)(CH3CN)]


+ (or [CuII(LtBu)(CH3CN)]
+) as well as the


bridging phenolates in [CuII2(L
oOMe)2]


2+ (or [CuII2(L
o-


tBu)2]
2+) to phenoxyl radicals (Scheme 3).


Titration of copper(ii) with HLOMe–Evidence for a com-
proportionation reaction : The ligand reactivity was probed
through the titration of copper(ii) with HLOMe in the pres-
ence of one molar equivalent of NEt3 (based on the ligand
concentration). Upon addition of 0 to 0.5 molar equivalents
of HLOMe, an absorption corresponding to a phenoxyl radi-
cal increases linearly at 426 nm (Supporting Information).
Addition of 0.5 molar equivalents of HLOMe affords
0.5 molar equivalents of [CuII(LOMeC)(CH3CN)]


2+ and
0.5 molar equivalents of solvated CuI. Further addition of


Figure 5. X-band EPR spectra of a 1 mm solution of HLOMe with two
molar equivalents of copper(ii) in the presence of NEt3 (a) and a 1 mm


solution of the electrochemically generated [CuII(LOMeC)(Pyr)]+ com-
plex in CH3CN (+0.1m TBAP) (b; from ref. [7]); microwave freq.
9.45 GHz, power: 0.25 mW; mod. freq. 100 KHz, amp. 0.5 mT; T = 4 K.


Figure 6. Voltammetric curves at a glassy carbon RDE (600 rpm, 2 mm in
diameter) recorded for 1 mm HLOMe in acetonitrile (+1mm NEt3 +


0.1m TBAP): a) from zero to one molar equivalent of copper(ii) added
and b) from one to two molar equivalents of copper(ii) added. Arrows in-
dicate changes when copper(ii) is added. The potential values are refer-
red to the Fc/Fc+ couple.


Scheme 2. Generation of the CuII-phenoxyl radical complex of HLOMe
by copper(ii) oxidation; the same behavior was observed for HLtBu.


Scheme 3. Solution chemistry of HLoOMe; the same behavior was ob-
served for HLotBu.
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ligand to the resulting solution up to one molar equivalent
induces a color change from deep green to purple, with
quantitative formation of [CuII(LOMe)(CH3CN)]


+ , as
judged from the molar extinction coefficient of the LMCT
band observed in the final solution (see Supporting Informa-
tion). Therefore, once the 0.5 molar equivalent of free cop-
per(i) is chelated by HLOMe, it is readily oxidized by [CuII-
(LOMeC)(CH3CN)]


2+ to [CuII(LOMe)(CH3CN)]
+ .[14] This


unambiguously demonstrates the occurrence of a compro-
portionation reaction (Scheme 4), which can be more easily
visualized using the CuIII-phenolate canonical form instead
of the CuII-phenoxyl form.[15]


Solution chemistry of the N2O2 ligands±-Direct formation of
the copper(ii)-phenoxyl complex : A solution of H2L’(OMe)2
in acetonitrile was titrated at �40 8C with copper(ii) triflate
in the presence of two molar equivalents (one per phenol)
of NEt3. As soon as the copper(ii) had been added an ab-
sorption at 416 nm attributed to the p-p* transition of a
phenoxyl radical (e = 3370 m�1 cm�1 based on the copper(ii)
concentration), an absorption at 530 nm attributed to the
phenolate-to-copper charge-transfer transition (e =


1510 m�1 cm�1 based on the copper(ii) concentration), and an
absorption at 850 nm attributed to an LLCT transition (e =


740 m�1 cm�1 based on the copper(ii) concentration) ap-
peared in the visible spectrum (Figure 7a, Table 1). These
absorptions increase linearly up to two molar equivalents of
copper(ii) added. These results are consistent with the for-
mation of a phenolate-copper(ii)-phenoxyl complex and a
redox role for the copper(ii) atom.[16] It is noticeable that, in
the absence of base, the obtained phenoxyl radical species
are much less stable and decompose during titration.


The EPR spectrum of a solution consisting of
H2L’(OMe)2 in the presence of two molar equivalents of
copper(ii) shows a diamagnetic ground state for the resulting
species (Figure 8a). Since a ferromagnetic exchange between


the two spins of the radical and the metal is expected for a
mononuclear species,[7] a dimeric structure in which two m-


phenolato oxygens bridge two
copper(ii) atoms[16] is proposed
for the diamagnetic copper-phe-
noxyl radical complex.[17,18] The
reaction of H2L’OMe with cop-
per(ii) under anaerobic condi-
tions (in the presence of two
molar equivalents of NEt3) at
�40 8C was freeze-quenched at
one second. The EPR spectrum
of this sample exhibited a low
intensity axial copper(ii) signal
overlapped by a radical signal
(no hyperfine coupling constant
could be resolved) at g =


2.005, which may be attributed
to a dicopper(ii)-phenoxyl radi-
cal species, in contrast to the


bis(copper(ii)-phenoxyl) species, which is EPR-silent. In a
second sample, freeze-quenched at 30 s, this radical signal
had disappeared, suggesting that it was due to an intermedi-
ate in the reaction. Similarly, Shimazaki et al. have recently


Scheme 4. Comproportionation of the copper complexes of HLOMe.


Figure 7. Titration of H2L’(OMe)2 (0.4mm) with copper triflate in the presence of 0.8mm triethylamine: a) 0 to
two molar equivalents of copper(ii) and b) two to three molar equivalents of copper(ii) added. Arrows indicate
spectral changes upon addition of copper(ii); spectra were recorded in CH3CN at 233 K.


Figure 8. X-band EPR spectra of a) a 1mm solution of H2L’(OMe)2 in
CH3CN with 1.8 molar equivalents of copper(ii) triflate in the presence
of 2mm triethylamine (solid line); dotted line: blank containing a 1.8mm


solution of copper(ii) triflate in CH3CN; b) 1.1mm solution of
H2L’(OMe)2 in CH3CN with 2.8 molar equivalents of copper(ii) triflate in
the presence of 2.2mm triethylamine immediately after mixing at 233 K;
c) integrated spectra: immediately after mixing (solid line), after 30 s at
293 K (dashed line), after 60 s at 293 K (dotted line). Microwave freq.
9.45 GHz, power: 10 mW; mod freq. 100 KHz, amp. 0.4 mT; T = 4 K.
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reported that mixing N2O2 tripodal ligands with stoichiomet-
ric amounts of copper perchlorate affords a CuII-phenoxyl
radical species and CuI in a disproportionation reaction,[17,19]


while Stack et al. have prepared CuIII complexes by dispro-
portionation of copper(ii).[20] Disproportionation is thus pro-
posed to occur in the copper(ii) + H2L’(OMe)2 system.
Therefore, a change in the copper coordination sphere from
N3O to N2O2 could direct the reaction from comproportio-
nation towards disproportionation (Scheme 5).


It has been suggested that a
dimeric intermediate plays a
key role in the copper(ii) dis-
proportionation.[19] The results
obtained with our N2O2 ligands
support this hypothesis, but
those obtained with the N3O ligands HLoOMe and HLotBu
do not. In addition, the titration of H2L’(OMe)2 in the pres-
ence of 50 molar equivalents of pyridine instead of NEt3
(under these conditions, the dimeric non-radical complex is
quantitatively converted to a monomer, pyridine acting as
exogenous ligand)[6,7] again affords the phenoxyl-radical
complex, at a somewhat lower yield. This suggests a crucial
need for two phenol moieties in the same ligand to initiate
the reaction; its ability to form stable dimeric structures
does not seem to be of prime importance.[21]


Another interesting result was obtained by titrating H2L’-
(OMe)2 with up to three molar equivalents of copper(ii).
When two to three molar equivalents of copper(ii) are
added to H2L’(OMe)2, the 416 nm transition is shifted to
426 nm and its intensity increases (e = 3600 m�1 cm�1 based
on the ligand concentration) while the LMCT and LLCT
transitions vanish. An isobestic point is seen at 480 nm,
while an absorption is observed at 680 nm (e =


540 m�1 cm�1). These spectral changes support the formation
of a copper bis(phenoxyl) core. EPR shows a broad (S =
1=2) signal for this species (Figure 8b), reflecting an intramo-
lecular antiferromagnetic coupling between the two phenox-
yl radicals (the ligand is consequently diamagnetic) in the
copper(ii) diradical complex.[5f] We rule out the possibility
that this signal arises from free copper(ii) since its spin
Hamiltonian parameters (gzz = 2.296, Azz = 15.3 mT) differ
significantly from those of free copper. Moreover, its inten-
sity is dramatically decreased if the sample is allowed to
warm to room temperature for 30 s prior to the measure-
ment, suggesting that it arises from a highly reactive species
that decomposes quickly at room temperature into a dia-
magnetic complex (Figure 8c). Based on the fact that oxida-
tion of the bridging phenolate in [CuII2(L


oOMe)2]
2+ and


[CuII2(L
otBu)2]


2+ destabilizes the dimers and induces their
breakage (see Supporting Information), the expected struc-
ture for the copper bis(phenoxyl) radical complex of


H2L’(OMe)2 is monomeric. The solution chemistry of the
N2O2 ligands is summarized in Scheme 6.


Reaction with CuI : Reaction of HLOMe (which affords the
more persistent CuII-phenoxyl radical species) has been
tested with CuI (as [Cu(CH3CN)4(ClO4)]). Upon exposure
to air (at 233 K), the colorless solution of the CuI complex
(formation of the CuI complexes was monitored by 1H
NMR)[21] turns violet within a minute in the absence of base
or immediately in the presence of one molar equivalent of
NEt3. The UV/Vis feature of the final species (lmax =


565 nm, e = 1160 m�1 cm�1) is close to that reported for
[CuII(LOMe)(CH3CN)]


+ ,[7] indicating that O2 does not oxi-
dize the phenolate to a phenoxyl radical. Involvement of a
proton in the reaction of O2 with the copper(i) complex is


evidenced through the phenol-to-phenolate conversion in
the absence of base. Similar behavior (formation of a CuII-
phenolate complex) is observed when HLOMe is replaced
by HLoOMe.
After bubbling dioxygen at 233 K, the solution of the cop-


per(i) complex of H2L’(OMe)2 slowly changes from colorless
to deep purple. No intermediate species could be detected
during the transformation of the solution from colorless to
purple. The final product exhibits a UV/vis feature (lmax =


500 nm, e = 550 m�1 cm�1) quite different from that of the
isolated copper complexes of H2L’(OMe)2,


[7] indicating that
a highly reactive species is formed, which then decomposes.
Even if the exact nature of this species remains unclear,
these results highlight the dramatically different behavior of
an N2O2 ligand relative to its N3O analogue. In the copper(i)
complex, the N3O ligand is inert towards dioxygen while the
N2O2 ligand is strongly reactive.


Stability of the CuII-phenoxyl radical complexes : The rate
constant for the anaerobic self-decomposition of the cop-
per(ii) oxidized radical complex [CuII(LOMeC)(CH3CN)]


2+


at 298 K is 0.0076 min�1 (similar to that reported for the
electrochemically oxidized [CuII(LOMeC)(CH3CN)]


2+),[7]


while it is 0.0030 min�1 in the presence of air (at 298 K).
This result demonstrates that a shuttle between the free CuII


and CuI redox states is achieved in the presence of O2. The
excess free CuI is slowly oxidized by O2 into Cu


II, which im-
mediately reoxidizes the phenolate-based degradation prod-
ucts.


Conclusion and Biological Relevance


N3O ligands chelate one molar equivalent of copper(ii) lead-
ing, in the presence of base, to [CuII(Ligand)(CH3CN)]


+


complexes (ortho-tert-butylated ligands) or [CuII2(m-


Scheme 5. Comproportionation/disproportionation reactions tuned by the
coordination spheres of the ligands.


Scheme 6. Solution chemistry of the N2O2 ligand.
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Ligand)2]
2+ complexes (ortho-methoxylated ligands). An ad-


ditional molar equivalent of copper(ii) then oxidizes the
complex to the corresponding mononuclear CuII-phenoxyl
radical species. N2O2 tripodal ligands in the presence of
copper afford directly a copper(ii)-phenoxyl radical species.
Addition of more than two molar equivalents of copper(ii)
affords a CuII-bis(phenoxyl) diradical species. The donor set
of the ligand is crucial for tuning the reaction (Scheme 5).
It has recently been established that in vitro processing of


GO results from its reaction with copper and molecular di-
oxygen, although controversial mechanisms have been pro-
posed. In that proposed by Firbank et al.,[3] for example, a
cross-linked tyrosinate-CuII intermediate is oxidized by O2


to the active tyrosyl-CuII form (Scheme 7, paths a and b). In
contrast, Whittaker et al.[4] proposed a main CuI-dependent
path leading to a tyrosinate-CuI intermediate, which then
reacts with O2 (Scheme 7, path c).
Our results[23] show that, in the path proposed by Firbank


et al. ,[3] an alternative mechanism involving disproportiona-
tion of copper(ii)-tyrosinate could be considered for the oxi-
dation of the cross-linked tyrosinate (Scheme 7, path d).[17]


Since GO is extracellular the ratio [copper]:[apo-GO] might
be poorly controlled, and so, if a path close to that observed
for N3O ligands is considered, a comproportionation reac-
tion consuming the radical species could occur, and the
N2O2 coordination sphere of our ligands is likely to be close
to that of GO. The controversy about the copper(ii) or cop-
per(i) activation could therefore be explained in terms of
copper(ii) disproportionation giving a tyrosyl-copper(ii) spe-
cies and copper(i), and reaction with dioxygen (Scheme 7,
path d). Both copper(ii) and copper(i) could thus activate
GO. In this sense, our results reconcile the apparently con-
tradictory pathways proposed by Rogers et al.,[3a,b] Firbank
et al. ,[3c] and Whittaker et al.[4] to explain the self-processing
of GO (Scheme 6). This work may also pose new questions
concerning the role of the metal status during processing of
several metalloproteins.


Experimental Section


General : All chemicals were of reagent grade and were used without pu-
rification. NMR spectra were recorded on a Bruker AM 300 (1H at
300 MHz, 13C at 75 MHz) or a Bruker AC 200 (1H at 200 MHz) spec-
trometer. Chemical shifts are quoted relative to tetramethylsilane (TMS).
Mass spectra were recorded on a Thermofunnigen (EI/DCI) or a Nermag
R101C (FAB+ ) apparatus. Microanalyses were performed by the Serv-
ice Central d’Analyse du CNRS (Lyon, France).


UV/Vis spectroscopy: UV/Vis spectra were recorded on a Perkin±Elmer
Lambda 2 spectrophotometer equipped with a temperature controller
unit set at 298 K. The quartz cell pathlength was 1.000 cm. Low-tempera-
ture visible spectra were recorded on a Cary Varian 50 spectrophotome-
ter equipped with a low-temperature Hellma immersion probe (1.000 cm
pathlength).


EPR spectroscopy: X-band EPR spectra were recorded on a Bruker
ESP 300E spectrometer equipped with a Bruker nitrogen flow cryostat.
Spectra were treated using the WINEPR software and simulated using
the Bruker SIMFONIA software.


Electrochemistry : Electrochemical measurements were carried out using
a PAR model 273 potentiostat equipped with a Kipp-Zonen x-y recorder.
Experiments were performed in a standard three-electrode cell under
argon atmosphere. An Ag/AgNO3 (0.01 m) reference electrode was used.
All the potentials given in the text are referred to the regular Fc/Fc+


redox couple used as an internal reference (+87 mV versus Ag/AgNO3).
A glassy carbon disc electrode (5 mm diameter), which was polished with
1 mm diamond paste, was used as the working electrode. The electro-
chemical behavior of the ligands and complexes was studied by cyclic vol-
tammetry (CV) and with a rotating disc electrode (RDE) in acetonitrile
solutions containing 0.1m tetrabutylammonium perchlorate (TBAP) as
supporting electrolyte. Electrolysis was performed at 233 K using the
same apparatus and a carbon felt working electrode.


Preparation of the ligands


2,4-Dimethoxyphenol : 2,4-Dimethoxybenzaldehyde (3.32 g, 20 mmol)
was dissolved in methanol (30 mL). H2O2 (2.6 g, 20 mmol) and concen-
trated H2SO4 (0.4 mL) were added dropwise at 0 8C with stirring. The so-
lution was stirred for 24 h at room temperature and then poured into cold
water (100 mL), and the resulting mixture was extracted with CH2Cl2 (2î
50 mL). The organic layer was dried (Na2SO4) and concentrated. 2,4-Di-
methoxyphenol was purified by column chromatography on silica gel
with CH2Cl2 as eluent. 2,4-Dimethoxyphenol (2.46 g, 80%) was obtained
as a yellow oil. 1H NMR (200 MHz, CDCl3, 298 K, TMS): d = 3.76 (s,
3H), 3.86 (s, 1H), 6.39 (dd, 3J(H,H) = 8.6 Hz, 3J(H,H) = 2.8 Hz, 1H),
6.49 (d, 3J(H,H) = 2.8 Hz, 1H), 6.82 (d, 3J(H,H) = 8.6 Hz, 1H); 13C
NMR (75 MHz, CDCl3, 298 K, TMS): d = 56.2 (q), 99.3 (d), 104.7 (d),


Scheme 7. Simplified proposed pathways for the processing of GO: Paths a and b are adapted from ref. [3]) (Rogers et al. and Firbank et al.), path c
from ref. [4]) (Whittaker et al.); path d: this work.
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114.5 (d), 140.2 (s), 147.5 (s), 153.9 (s); MS (DCI, NH3 isobutane): m/z :
154 (2,4-dimethoxyphenol); elemental analysis calcd (%) for C8H10O3: C
62.33, H 6.54; found: C 62.34, H 7.04.


HLoOMe : 2,4-Dimethoxyphenol (462 mg, 3 mmol), bis(2-pyridylmethyl)-
amine (537 mg, 3 mmol), and formaldehyde (1.11 mL of a 37% aqueous
solution) in EtOH/H2O (4:6, 10 mL) were heated for 24 h at 80 8C. The
reaction mixture was then extracted with CH2Cl2 (2î50 mL) and the or-
ganic layer was dried (Na2SO4) and concentrated. The ligand was purified
by column chromatography on neutral alumina (+3% isopropylamine)
with CH2Cl2/ethyl acetate (1:1) as eluent. HL


oOMe (439 mg, 40%) was
obtained as a beige solid. 1H NMR (200 MHz, CDCl3, 298 K, TMS): d =


3.76 (s, 2H), 3.87 (s, 4H), 3.88 (s, 3H), 6.25 (d, 3J(H,H) = 2.7 Hz, 1H),
6.46 (d, 3J(H,H) = 2.7 Hz, 1H), 7.15 (m, 2H), 7.37 (d, 3J(H,H) = 12 Hz,
2H), 7.61 (m, 2H), 8.55 (d, 3J(H,H) = 3.9 Hz, 2H); 13C NMR (75 MHz,
CDCl3, 298 K, TMS): d = 53.9 (q), 55.1 (t), 57.2 (t), 97.6 (d), 103.7 (d),
120.3 (d), 120.9 (s), 121.3 (d), 135.0 (d), 138.9 (s), 147.0 (d), 150.3 (s),
156.3 (s); MS (DCI, NH3 isobutane): m/z : 365 (HLoOMe); elemental
analysis calcd (%) for C21H23N3O3: C 69.02, H 6.34, N 11.50; found: C
68.89, H 6.31, N 11.46.


2-Bromo-4-tert-butylphenol : 4-tert-Butylphenol (5 g, 27.7 mmol) and
tetra-n-butylammonium tribromide (16 g, 27.7 mmol) were dissolved in
CH2Cl2/methanol (9:6; 150 mL) and the solution was stirred for 30 min at
room temperature. The solvents were then evaporated and the concen-
trated reaction mixture was added to water (50 mL) and extracted with
diethyl ether (2îî50 mL). The combined organic layers were washed
with NaCl, dried (Na2SO4), and concentrated. The solvent was evaporat-
ed and 2-bromo-4-tert-butylphenol (5.71 g, 90%) was obtained as a color-
less oil. 1H NMR (300 MHz, CDCl3, 298 K, TMS): d = 1.27 (s, 9H), 6.94
(d, 3J(H,H) = 6.4 Hz, 1H), 7.22 (dd, 4J(H,H) = 2.3 Hz, 1H), 7.43 (d,
3J(H,H) = 2.3 Hz, 1H); 13C NMR (75 MHz, CDCl3, 298 K, TMS): d =


31.6 (q), 34.6 (s), 110.3 (s), 115.9 (d), 126.6 (d), 129.2 (d), 145.5 (s), 150.3
(s); MS (DCI, NH3 isobutane): m/z : 228 (2-bromo-4-tert-butylphenol);
elemental analysis calcd (%) for C10H13BrO: C 52.42, H 5.72, Br 34.88;
found: C 51.30, H 5.77, Br 33.72.


4-tert-Butyl-2-methoxyphenol : 2-Bromo-4-tert-butylphenol (5 g,
21.8 mmol), anhydrous CuCl2 (1.5 g, 11.2 mmol), and sodium methoxide
(12 g, 0.218 mol) were dissolved in DMF (150 mL). The mixture was
heated under reflux for 1.5 h, filtered, and the solvent was evaporated.
The solution was poured into water and HCl was added until neutraliza-
tion. The mixture was extracted with CH2Cl2 and the combined organic
layers were washed with NaCl, dried (Na2SO4), and concentrated.
Column chromatography on silica gel (CH2Cl2 as eluent) yielded 4-tert-
butyl-2-methoxyphenol (3.14 g, 80%) as an orange oil. 1H NMR
(200 MHz, CDCl3, 298 K, TMS): d = 1.30 (s, 9H), 3.89 (s, 3H), 6.80±6.94
(m, 3H); 13C NMR (75 MHz, CDCl3, 298 K, TMS): d = 31.9 (s), 34.8
(q), 56.3 (q), 114.2 (d), 118.3 (d), 120.6 (d), 143.6 (s), 143.8 (s), 147.3 (s);
MS (DCI, NH3 isobutane): m/z : 180 (4-tert-butyl-2-methoxyphenol); ele-
mental analysis calcd (%) for C11H16O2: C 73.30, H 8.95; found: C 72.58,
H 8.69.


5-tert-Butyl-2-hydroxy-3-methoxybenzaldehyde : 4-tert-Butyl-2-methoxy-
phenol (1 g, 5.55 mmol) and hexamethylenediamine (0.8 g, 6.9 mmol)
were dissolved in trifluoroacetic acid (10 mL). The mixture was heated
under reflux for 2.5 h, hydrolyzed with 4 m hydrochloric acid (10 mL) for
12 h at room temperature, and extracted with CH2Cl2. The combined or-
ganic layers were washed with 4 m hydrochloric acid and brine, dried
(Na2SO4), and concentrated. Column chromatography on silica gel (di-
ethyl ether/pentane (1:7) as eluent) yielded 5-tert-butyl-2-hydroxy-3-me-
thoxybenzaldehyde (0.93 g, 80%) as a yellow solid. 1H NMR (300 MHz,
CDCl3, 298 K, TMS): d = 1.33 (s, 9H; tBu), 3.93 (s; OMe), 7.16 (dd,
4J(H,H) = 2.0 Hz, 2H), 9.90 (s, 1H; CHO); 13C NMR (75 MHz, CDCl3,
298 K, TMS): d = 31.9 (q), 34.8 (s), 56.8 (q), 116.9 (d), 120.5 (s), 121.0
(d), 143.2 (s), 148.2 (s), 150 (s), 197.2 (s); MS (DCI, NH3 isobutane): m/z :
208 (5-tert-butyl-2-hydroxy-3-methoxybenzaldehyde); elemental analysis
calcd (%) for C12H16O3: C 69.21, H 7.74; found: C 69.29, H 7.79.


HLotBu : 5-tert-Butyl-2-hydroxy-3-methoxybenzaldehyde (656 mg,
3.15 mmol), bis(2-pyridylmethyl)amine (627 mg, 3.15 mmol), ten drops of
acetic acid, and sodium cyanoborohydride (198 mg, 3.15 mmol) in MeOH
(50 mL) were stirred for three days at room temperature. The reaction
mixture was extracted with CH2Cl2 and the combined extracts were
washed with brine, dried (Na2SO4), and concentrated. The ligand was pu-


rified by column chromatography on silica gel, eluting first with metha-
nol/ethyl acetate (6:1) and then with methanol. HLotBu (740 mg, 60%)
was obtained as a white solid. 1H NMR (300 MHz, CDCl3, 298 K, TMS):
d = 1.28 (s, 9H), 3.79 (s, 2H), 3.87 (s, 4H), 3.90 (s, 3H), 6.66 (d, 4J(H,H)
= 2.3 Hz, 1H), 6.85 (d, 4J(H,H) = 2.3 Hz, 1H), 7.14 (m, 2H), 7.39 (d,
3J(H,H) = 9 Hz, 2H), 7.61 (m, 2H), 8.56 (d, 3J(H,H) = 6 Hz, 2H); 13C
NMR (75 MHz, CDCl3, 298 K, TMS): d = 53.9 (q), 55.1 (t), 57.2 (t), 97.6
(d), 103.7 (d), 120.3 (d), 120.9 (s), 121.3 (d), 135.0 (d), 138.9 (s), 147.0 (d),
150.3 (s), 156.3 (s); MS (DCI, NH3 isobutane): m/z : 365 (HLotBu); ele-
mental analysis calcd (%) for C24H29N3O2: C 73.63, H 7.47, N 10.73;
found: C 74.06, H 7.75, N 10.34.
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dation occur during the dead time of the apparatus (3 ms, kobs >


300 s�1), precluding any detailed kinetic analysis.
[22] 1H NMR data of the copper(i) complex of HLOMe prepared in a


glove box in the presence of base (200 MHz, CDCl3, 298 K, TMS):
d = 1.31 (s, 9H), 3.66 (s, 3H), 3.84 (s, 3H), 3.89 (s, 2H), 6.68 (s,
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Chiral Recognition by Resorcin[4]arene Receptors: Intrinsic Kinetics and
Dynamics


Andrea Tafi,[a] Bruno Botta,[b] Maurizio Botta,[a] Giuliano Delle Monache,[c]


Antonello Filippi,[b] and Maurizio Speranza*[b]


Introduction


The remarkable catalytic proficiency and exceptional selec-
tivity of enzymes towards biomolecules are ascribed to a
combination of 1) shape-specific intermolecular interactions
between functionalities located on the host±guest comple-
mentary surfaces, which severely limit their translational
and (overall) rotational motion;[1] and 2) rate acceleration
due to partial desolvation of the functionalities themselves
in the host cavity.[2] Thus, understanding enzymatic catalysis
requires the adoption of tailor-made simplified host±guest


models and the comprehension of the intrinsic factors deter-
mining their behavior in the absence of solvation.


Calixarenes, long recognized as potential enzyme
mimics,[3±12] are concave macrocyclic receptors, formed by
the condensation of phenols and formaldehyde. Some of
them are characterized by a very flexible cavity-shaped ar-
chitecture due to the presence of suitably located side
chains (pendants). The great majority of studies on calixar-
enes was carried out in solution and concerned their ability
to selectively trap metal cations and transport them through
liquid membranes.[3±14] Much attention has also been paid to
the ability of calixarenes,[15±20] mostly tetrameric calix[4]ar-
enes,[4,10±12] to discriminate biomolecules, for example, amino
acids.[21±23]


Biomolecular recognition by unsolvated calixarenes[24±30]


has been much less investigated. To date, only two very
recent gas-phase studies can be found in the literature: 1) A
gas-phase study on the displacement of several amino acids
from the chiral amido[4]resorcinarene 1L (Figure 1) carried
out by us using an electrospray-ionization Fourier-transform
ion cyclotron resonance (ESI-FT-ICR) mass spectrometer,[31]


and 2) a study by Lebrilla et al. on the ability of some achi-
ral calix[6]arenes and calix[4]arenes to form inclusion com-
plexes with natural amino acids under the conditions of
matrix-assisted laser desorption ionization (MALDI).[32]


The molecular asymmetry of 1L is due to the four axial
pendants containing the chiral l-valine group. In our ESI-
FT-ICR study,[31] we found that the efficiency of the gas-
phase exchange reaction between the proton-bonded com-
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: Ion abundances
and kinetic plots of the gas-phase reaction between [1L¥H¥A]+


(A=none, Ala, Pro, Pip, and Ser) and B. Partial atomic charges used
in the docking and MD simulations.


Abstract: Molecular recognition of rep-
resentative amino acids (A) by a chiral
amido[4]resorcinarene receptor (1L)
was investigated in the gas phase by
ESI-FT-ICR mass spectrometry. The
ligand displacement reaction between
noncovalent diastereomeric [1L¥H¥A]+


complexes and the 2-aminobutane
enantiomers (B) exhibits a distinct
enantioselectivity with regard to both
the leaving amino acid A and the


amine reactant B. The emerging selec-
tivity picture, discussed in the light of
molecular mechanics and molecular dy-
namics calculations, points to chiral
recognition by 1L, as determined by the


effects of the host asymmetric frame
on the structure, stability, and rear-
rangement dynamics of the diastereo-
meric [1L¥H¥A]+ complexes and the
orientation of the amine reactant B in
encounters with [1L¥H¥A]+ . The results
contribute to the development of a dy-
namic model of chiral recognition of
biomolecules by enzyme mimics in the
unsolvated state.


Keywords: enantioselectivity ¥ gas-
phase kinetics ¥ host±guest systems ¥
mass spectrometry ¥ molecular
dynamics
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plexes [1L¥H¥A]+ (A=d- and l-alanine, d- and l-serine) and
(S)-(+)- and (R)-(�)-2-butylamine (B) [Eq. (1)] is apprecia-
bly affected by the configuration of both A and B.


½1L �H �A�þ þ B ! ½1L �H � B�þ þA ð1Þ


With the aim of assessing the intrinsic factors determining
the observed enantioselectivity, we extended the investiga-
tion to representative natural and nonnatural amino acids A
with widely differing structures and basicities, such as ala-
nine (Ala), leucine (Leu), proline (Pro), pipecolinic acid
(Pip), serine (Ser), and 3,4-dihydroxyphenylalanine
(DOPA). The relevant kinetic results are discussed in the
light of molecular mechanics (MM) calculations and mole-
cular dynamics (MD) simulations.


Materials and Methods


Materials : Enantiomerically pure 1L, in the flattened-cone conformation,
was synthesized and purified according to established procedures.[33] The
d and l enantiomers of the amino acids A were provided by Aldrich Co.
and used without further purification. The same source provided the (R)-
(�) (BR) and (S)-(+) (BS) enantiomers of 2-butylamine, which were puri-
fied in a vacuum manifold in several freeze±thaw cycles.


FT-ICR experiments : The experiments were performed at room tempera-
ture in an APEX 47e FT-ICR mass spectrometer equipped with an ESI
source (Bruker Spectrospin) and a resonance cell (™infinity cell∫) situated
between the poles of a superconducting magnet (4.7 T). Stock solutions
of 1L (1 î 10�5


m) in H2O/CH3OH (1/3) containing a fivefold excess of the
appropriate amino acid A were electrosprayed through a heated capillary
(130 8C) into the external source of the FT-ICR mass spectrometer. The
resulting ions were transferred into the resonance cell by a system of po-
tentials and lenses and quenched by collisions with methane pulsed into
the cell through a magnetic valve. Abundant signals, corresponding to
the natural isotopomers of the proton-bound complex [1L¥H¥A]+ , were
monitored and isolated by broadband ejection of the accompanying ions.
The [1L¥H¥A]+ family was then allowed to react with the chiral amine B
present in the cell at a fixed pressure that ranged from 1î 10�8 to 1î
10�7 mbar, depending on its reactivity. Accurate measurement of the
pressure of B in the resonance cell necessitates the use of an ion gauge
whose sensitivity is dependent on the nature of the chemical species. The
ionization gauge reading was corrected by first determining the rate con-
stant of the reaction between the CH4


+ radical cation and CH4 in the FT-
ICR instrument at a given nominal methane pressure and then by com-
paring the obtained result with the average value of reported rate con-
stants for this process (1.13 î 10�9 cm3 molecule�1 s�1).[34] Subsequently, the
correction factor needed for amine B can be estimated by a method
based on a linear dependence of the response of the ionization gauge
with the polarizability of the base in question.[35]


When [1L¥H¥A]+ is introduced in the resonance cell containing the chiral
amine B at constant pressure, the exchange reaction (1) exclusively takes
place. The appearance of the exchanged product [1L¥H¥B]+ was moni-
tored as a function of time t. If I is the intensity of complex [1L¥H¥A]+ at
delay time t and I0 is the sum of the intensities of [1L¥H¥A]+ and
[1L¥H¥B]+ , linear ln(I/I0) versus t plots were obtained for all systems in-
vestigated, except those with A=DOPA. Their good linearity (correla-
tion coefficient r2>0.990) confirms the view that the [1L¥H¥A]+ com-
plexes were collisionally thermalized by methane before they reacted
with B. The rate constants k of reaction (1) were obtained from the
slopes of the relevant linear ln(I/I0) versus t plots. The corresponding
second-order rate constants k are calculated from the ratio between the
slope of the first-order plots and the B pressure. Their values, compared
with the relevant collision rate constants kcoll, estimated according to Su×s
trajectory calculation method,[36] provides directly the efficiency of the re-
action (eff=k/kcoll).


Docking and molecular dynamics calculations : All calculations were car-
ried out on a SGI-Octane workstation. Molecular mechanics (MM) calcu-
lations (docking) and molecular dynamics simulations (MD) were per-
formed with the AMBER* force field as implemented in MacroMo-
del 5.5.[37] The extended nonbonded cutoff protocol of MacroModel was
applied, and the calculations were performed in the gas phase with the
constant-dielectric treatment (dielectric constant e=1.0). Partial atomic
charges to be used in the docking and MD simulations were obtained by
quantomechanics calculations performed with the semiempirical program
MOPAC, distributed by Accelrys Inc., using the AM1±Mulliken method.
The final charges used in this study are specified in the last column of
the four Cartesian-coordinate structures enclosed as Supporting Informa-
tion (.pdb format generated by InsightII), which describe a low-energy
conformation of each compound.


With the aim of gathering some structural information on the proton-
bound [1L¥H¥A]+ complexes, two kinds of computational methodologies
were employed: 1) The statistical Monte Carlo Multiple Minimum
(MCMM) conformational search of A and [1L¥H]+ , coupled with random
rototranslations of the A guest relative to the [1L¥H]+ host standing still
in the 3D space (MOLS command; MCMM/MOLS docking); and
2) Constant-temperature MD runs. Although MCMM/MOLS is indeed a


Abstract in Italian: La spettrometria di massa ESI-FT-ICR õ
stata impiegata per lo studio del riconoscimento chirale di
alcuni amminoacidi rappresentativi (A) da parte di un ammi-
do[4]resorcinarene chirale (1L). La reazione di rilascio del-
l’amminoacido A dai complessi diastereomerici non covalenti
[1L¥H¥A]+ a seguito dell’attacco degli enantiomeri del 2-am-
minobutano (B) mostra una distinta enantioselettivit‡ sia per
quanto riguarda la molecula uscente A che per quanto riguar-
da il reagente B. Il quadro di reattivit‡ ottenuto, discusso alla
luce di calcoli di meccanica e dinamica molecolare, indica
che il riconoscimento chirale da parte di 1L õ determinato
dall’effetto della struttura asimmetrica dell’ ammido[4]resor-
cinarene sulla struttura, la stabilit‡, e la dinamica di riarran-
giamento dei suoi complessi diastereomerici [1L¥H¥A]+ e dall’
orientamento dell’ammina reagente B nel complesso di colli-
sione con [1L¥H¥A]+ . I risultati ottenuti contribuiscono allo
sviluppo di un modello dinamico per il riconoscimento chira-
le di biomolecole da parte di enzimi artificiali allo stato non
solvatato.


Figure 1. Schematic structure of the flattened-cone conformer of 1L.
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well described and validated docking protocol,[38] we are nevertheless
aware that the number of rotatable bonds moved in each MCMM/MOLS
run is well over the maximum allowed to guarantee exhaustive searches.
In our opinion, this problem can be solved by combining docking studies
with MD simulations to ensure a complete and reasonably homogeneous
sampling of the whole potential energy hypersurface of our systems.
Each MCMM/MOLS docking run was made up of 10000 steps. With A=


Ala, a total of 22 torsional degrees of freedom were analyzed, while with
A=Ser and DOPA the number of rotatable bonds was 24 and 26, respec-
tively. In the docking calculations, the rototranslations of A with respect
to 1L were limited by the maximum values of 1808 for the rotational
angle and of 5, 10, or 15 ä (changeable value) for the translational move-
ment. At the same time, a randomly variable number of rotatable bonds
of the side chains of 1L (the flexibility of the resorcarene skeleton was
not directly sampled)[33] and A, ranging from 2 to N�1, where N is the
overall number of variable torsion angles defined in the command file,
was subjected to random step variations in the range 60±1808. Energy
minimizations were performed by using the truncated Newton conjugate
gradient (TNCG) procedure and were terminated when the rms energy
gradient fell below 10 J mol�1 ä�1. To eliminate duplicate conformations,
a comparison was performed on the heavy atoms, whereby 1.0 ä was
taken as the maximum allowable separation between couples of corre-
sponding atoms after superimposition. All the conformers were saved
that differed from the global minimum-energy conformation by no more
than 50 kJ mol�1. The overall conformation of each output docking geom-
etry was classified by the values taken by ad hoc defined structural de-
scriptors (SD).


The intermolecular out-of-plane bending shown in Figure 2 (left) for A=


Ser was used to classify the output MCMM/MOLS docking geometries
and to graph MD simulations. It was defined by picking four atoms as


follows: taking C2 to be the carbon atom bearing the protonated side
chain, the four designated atoms were, in sequential order, C28, C25, C27
for the host and the chiral carbon atom for the guest. The consequence
of this choice is that SD values centered around 08 correspond to an ex-
ternal lower rim location of A in proximity to the protonated pendant of
the host (henceforth denoted as ext). Values around �908 suggest a
lower-rim location of the guest, among the pendants of the hosting resor-
cin[4]arene (henceforth denoted as down), and values of +908 its loca-
tion in the achiral upper-rim cavity (henceforth denoted as up). Another
structural descriptor, based on the intermolecular improper dihedral
angle shown in Figure 2 (right), was defined to graph the MD/MC simu-
lations of the [1L¥H¥A]+ (A=DOPA) complexes. As for the SD of
Figure 2 (left), SD values centered around 08, �908, and +908 corre-
spond respectively to location of DOPA at external (ext), lower (down),
and upper (up) sides of the hosting resorcin[4]arene.


Constant-temperature MD simulations with generation of the canonical
ensemble were performed at 300 K. Coupling between the temperature
bath and the molecules was updated every 0.2 ps. The equilibration
period was 50 ps for every run, while the total simulation time was varied
from 4 to 20 ns, depending on the target of the different simulations.
During each trajectory, irrespective of its length, 5000 structures (frames)
were sampled at regular intervals throughout the time course. Each rec-


ognition simulation (both docking and molecular dynamics) was repeated
a few times, starting from different arbitrary geometries to produce a
complete sampling of the whole potential energy hypersurface of the se-
lected [1¥H¥A]+ systems. The convergence of the results guarantees the
completeness of the study.


Results and Discussion


FT-ICR experiments : The pseudo-first-order rate constant
of reaction (1) was obtained from the slopes of the relevant
ln(I/I0) versus t plots, where I is the intensity of complex
[1L¥H¥A]+ at the delay time t, and I0 the sum of the intensi-
ties of [1L¥H¥A]+ and [1L¥H¥B]+ . The corresponding second-
order rate constants are denoted according to the configura-
tion of the leaving amino acidic guest A (kD or kL) or to
that of the incoming amine B (kR or kS). Enantioselectivity
is defined in this discussion by the ratio SA=kD/kL when re-
ferring to the configuration of the amino acid A, or the
ratio SB=kR/kS when referring to the configuration of the
amine B. A value of SA>1 indicates that the amine B displa-
ces the d enantiomer of A faster that the l enantiomer from
the relevant diastereomeric [1L¥H¥AD]+ and [1L¥H¥AL]+ com-
plexes. The opposite is true when SA<1. A value of SA=1
corresponds to equal displacement rates. Analogously, a
value of SB>1 indicates that the displacement of the A
guest from a given [1L¥H¥A]+ diastereomer is faster with the
R amine than with the S amine. Again, the opposite is true
when SB<1. A value of SB=1 corresponds to equal displace-
ment rates.


Figure 3 shows the pseudo-first-order kinetic plots for the
displacement reaction (1) with [1L¥H¥A]+ (A=Leu). Similar
linear plots were obtained with A=Ala, Pro, Pip, and Ser


(r2>0.993; see Supporting Information). In contrast, irre-
spective of the configurations of A and B, the ln(I/I0) versus
t plots of [1L¥H¥A]+ (A=DOPA) are not linear (Figure 4).
The bimodal kinetics point to the presence of at least two
isomeric structures in the initial diastereomeric [1L¥H¥AD]+


and [1L¥H¥AL]+ reactants. These isomeric structures react
with the amine B at rates differing by a factor ranging from
about 20 to greater than 30. At a B pressure of 4.9 î
10�8 mbar and reaction times longer than 1.2 s, the curves of
Figure 4 become linear (r2>0.990), that is, after 1.2 s only


Figure 2. Left: Structural descriptor (SD) defined to classify the output
MCMM/MOLS docking geometries and to graph MD simulations for
[1L¥H¥A]+ (A=Ala, Ser). Right: Structural descriptor (SD) defined to
classify the output MCMM/MOLS docking geometries and to graph MD
simulations for [1L¥H¥A]+ (A=DOPA).


Figure 3. Kinetic plots for the gas-phase reaction between (R)-(�)- (cir-
cles) and (S)-(+)-2-butylamine (diamonds) (PB=2.8 î 10�8 mbar) and
[1L¥H¥A]+ (A=d-Leu (full symbols), l-Leu (open symbols)).
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the less reactive isomer ([1L¥H¥A]+)slow is present. The time
dependence of the more reactive fraction ([1L¥H¥A]+)fast can
be inferred from the overall [1L¥H¥A]+ decay after subtract-
ing the first-order decay of the ([1L¥H¥A]+)slow fraction. The
good linearity of the resulting curves (r2=0.976), illustrated
at the bottom of Figure 4, suggests that only a single isomer
is present in the more reactive ([1L¥H¥A]+)fast fraction. The y
intercepts of the linear extrapolations of Figure 4 provide an
estimate of the relative distribution of the ([1L¥H¥A]+)slow


and ([1L¥H¥A]+)fast isomers.
Thus, ([1L¥H¥A]+)slow/([1L¥H¥A]+)fast= (78	2)/(22	2)


from the reaction with BR. A similar distribution, namely,
([1L¥H¥A]+)slow/([1L¥H¥A]+)fast= (83	2)/(17	2), is obtained
for the reaction with BS.


The kinetics of the gas-phase displacement reaction (1)
depend on the nature and the configuration of the amino
acid guest and the configuration of the amine B (Table 1).
Indeed, the efficiency of reaction (1) decreases with increas-
ing proton affinity of the amino acid guest (PA(A), Table 1).
In contrast, no simple correlations are found between
PA(A) and the enantioselectivity factors SA and SB. Indeed,
SA>1 for A=Ala and Leu, while the reverse is true for the
other selected amino acids. In addition, the configuration of
the amine B may (SR


A¼6 SS
A for Ala, Ser, and Pip) or may not


affect the efficiency of reaction (1) (SR
A�SS


A for Leu, DOPA,
and Pro). Nor does a simple relationship exist between the


configuration of the amine B and the enantioselectivity fac-
tors SB. Thus, BR reacts faster than BS (SB>1) with all
[1L¥H¥A]+ complexes, except those with A=Leu. A SB<1
value is also measured in the reaction with [1L¥H¥AL]+


(AL=l-Ala and l-Ser).
The enantioselectivity picture emerging from Table 1


cannot be simply rationalized in terms of the relative stabili-
ty of the diastereomeric [1L¥H¥B]+ products of Equation (1).
Indeed, ancillary FT-ICR kinetic measurements of the
uptake of BR and BS (P=2.8 î 10�8 mbar) by the protonated
host [1L¥H]+ [Eqs. (2)] provide the following rate constants:
k(2a)= (5.2	0.1) î 10�11 and k(2b)= (3.4	0.1)î 10�11 cm3 mole-
cule�1 s�1. Since the collision rate constant kcoll


[36] for the
same reactions can be estimated to be as large as 1.17 î
10�9 cm3 molecule�1 s�1, one can conclude that direct B
uptake by [1L¥H]+ [Eqs. (2)] is highly reversible. In this
framework, the rate constant ratio (k(2a)/k(2b)=1.53	0.08)
would correspond approximately[39] to the [1L¥H¥BS]


+


Q[1L¥H¥BR]+ equilibrium constant. Accordingly, [1L¥H¥BR]+


is more stable than the [1L¥H¥BS]
+ by about 1 kJ mol�1 at


300 K.


½1L �H�þ þ BR Ð ½1L �H � BR�þ ð2aÞ


½1L �H�þ þ BS Ð ½1L �H � BS�þ ð2bÞ


Hence, the widely variable SB factors (from 0.77 to 1.81),
especially those below unity, cannot be explained in terms
of the stability of the products of Equation (1). Indeed, if
the exchange enantioselectivity reflects exclusively the
[1L¥H¥BR]+> [1L¥H¥BS]


+ stability order, a constant value of
SB=1.5 would be measured for all systems, in contrast to
the experimental evidence. Most likely, the enantioselectivi-
ty factors reported in Table 1 are related to the effects of
the resorcin[4]arene frame on the transition structures in-
volved in the displacement reactions (1). Therefore, any at-
tempt at rationalizing the enantioselectivity results of
Table 1–in particular: 1) SA>1 for A=Ala; 2) SA<1 for
A=Ser, DOPA; 3) the bimodal kinetics observed only with
[1L¥H¥A]+ (A=DOPA); 4) the different SB values for the
fast and slow displacements of DOPA–should start from


Figure 4. Kinetic plots for the gas-phase reaction between (R)-(�)- (cir-
cles) and (S)-(+)-2-butylamine (diamonds) (PB=4.9 î 10�8 mbar) and
[1L¥H¥A]+ (A=d-DOPA (full symbols), l-DOPA (open symbols)).


Table 1. Rate constants of the displacement reactions (1).[a]


Amino PA(A) (R)-(�)-C4H9NH2 (BR) (S)-(+)-C4H9NH2 (BS) SB Reaction efficiency
acid (A) [kcal mol�1] kR


[a] SR
A kS


[a] SS
A kR/kcoll kS/kcoll


d-Ala 215.5[42] 7.69	0.12 1.52	0.05 7.06	0.11 1.20	0.04 1.09	0.03 0.69 0.63
l-Ala 5.05	0.10 5.89	0.09 0.86	0.03 0.45 0.53
d-Ser 218.6[43] 4.59	0.06 0.67	0.02 3.70	0.06 0.49	0.01 1.24	0.05 0.41 0.34
l-Ser 6.87	0.05 7.56	0.06 0.91	0.02 0.62 0.68
d-Leu 218.6[42] 3.76	0.02 1.33	0.02 4.68	0.05 1.29	0.05 0.80	0.01 0.34 0.42
l-Leu 2.82	0.02 3.64	0.10 0.77	0.02 0.25 0.32
d-DOPA 221.0[b] 2.28	0.06 0.76	0.04 1.26	0.05 0.69	0.11 1.81	0.12 0.20 0.11
l-DOPA 3.00	0.09 1.82	0.20 1.65	0.24 0.27 0.16
d-DOPA 0.073	0.008 0.73	0.13 0.064	0.008 0.81	0.19 1.14	0.28 0.006 0.006


l-DOPA 0.100	0.008 0.079	0.009 1.27	0.25 0.009 0.007


d-Pro 224.9[44] 1.51	0.01 0.92	0.02 1.38	0.02 0.92	0.03 1.09	0.03 0.13 0.12
l-Pro 1.64	0.01 1.50	0.03 1.09	0.03 0.15 0.14
d-Pip 225.6[44] 0.147	0.002 0.91	0.02 0.117	0.002 0.74	0.02 1.26	0.04 0.013 0.010


l-Pip 0.161	0.003 0.157	0.003 1.02	0.04 0.014 0.014


[a] kî 10�10 cm3 molecule�1 s�1. [b] Taken as equal to the PA of tyrosine.
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the structural and energetic analysis of the relevant proton-
bonded diastereomeric [1L¥H¥A]+ reactants. This task was
addressed by molecular mechanics (MM) calculations and
molecular dynamics (MD) simulations.


Enantioselectivity in [1L¥H¥A]+ (A=Ala) complexes : In a
recent study,[40] Chimin and Houk used comprehensive MM
calculations and MD simulations to assess the structures of
hemicarcerands of neutral guests and to quantitatively eval-
uate their energetics. A similar quantitative estimate is not
possible in the present study owing to the high flexibility of
the 1L host, which greatly increases the number of conceiva-
ble structures of its stable adducts with the selected amino
acids. Furthermore, the relatively large uncertainty associat-
ed with the computational approaches does not allow the
quantitative reproduction of the small differences in free
energy of activation (<2 kJ mol�1 at 300 K) inferred from
the measured enantioselectivity values (Table 1). Instead, a
qualitative structural investigation of the interactions be-
tween 1L and selected guests may be helpful in rationalizing
the FT-ICR experimental results. As key examples, we se-
lected those characterized by the highest measured enantio-
selectivity, namely, [1L¥H¥A]+ (A=Ala) and [1L¥H¥A]+ (A=


Ser, DOPA), the former belonging to the SA>1 family (to-
gether with A=Leu) and the latter to the SA<1 family (to-
gether with A=Pro, Pip).


As pointed out in Materials and Methods, a complete and
reasonably homogeneous sampling of the whole potential
energy hypersurface of the selected [1L¥H¥A]+ systems re-
quires a combination of docking studies and MD simula-
tions. The time evolution of the molecular motions of
the host and guest moieties is expected to allow the system
to move between conformations populated at room tem-
perature by crossing over low energy barriers and by favor-
ing large flat minima with respect to narrow ones, so as
to provide a dynamic picture of the recognition process.
Furthermore, energy minimizations in molecular me-
chanics (docking) give steric energies corresponding to
enthalpies at 0 K. Therefore, to obtain average enthalpies
at room temperature, more appropriate for large and flexi-
ble systems, a constant-temperature MD simulation is
needed.


The nature of the proton-bound interaction in [1L¥H¥A]+


was determined in a previous investigation on the basis of
sustained off-resonance collision-induced decomposition
(SORI-CID) experiments and MCMM simulations.[31] Ac-
cordingly, an energetically favored structure is obtained with
the proton located on the oxygen atom of the p2 amido
group [the average enthalpy differences at 300 K amount to
ca. 17 kJ mol�1 in favor of p2/p3 (Figure 1)].


Figure 5 shows the results of docking calculations on dia-
stereomeric [1L¥H¥A]+ (A=Ala) complexes. The distribu-
tion of the relevant SD values (see Materials and Methods)
as a function of the energy of output complexes
(<20 kJ mol�1 over the global minimum) indicates that
three regions of [1L¥H]+ are best suited for hosting Ala:
1) among the four chiral pendants in correspondence with
its chiral lower-rim cavity (down); 2) in the external position
between the upper achiral and the lower chiral cavities in


proximity to two adjacent pendants (ext); and 3) inside the
achiral upper-rim cavity (up) with high steric energy.


Molecular dynamics runs up to 20 ns, performed at 300 K
on low-energy docking geometries, reveal that both alanine
enantiomers converge towards the ext region of the [1¥H]+


host, irrespective of the input geometry. An example of this
behavior is illustrated in Figure 6 for A=l-Ala. These find-


ings conform to the higher average potential energy values
scaled to 300 K of its down and up regioisomers with [1¥H]+


relative to the ext isomer (DDH300=0 (ext), +4 (down),
+16 kJ mol�1 (up)). In conclusion, MD simulations on low-
energy [1¥H¥A]+ (A=Ala) docking geometries give equal
average enthalpies for the diastereoisomeric inclusion com-
plexes with A=l-Ala and A=d-Ala (results not shown)
and point to ext as the thermodynamically most favored
structures at room temperature (Figure 7). Therefore, the
degenerate diastereomeric [1¥H¥A]+ (A=Ala) structures
cannot be responsible by themselves for the pronounced
enantioselectivity observed in their reaction with B (SA


R=


1.52	0.05, SS
A=1.20	0.04; Table 1). This is instead attribut-


able to the specific [1L¥H¥A]+/B interactions in the relevant
transition structures. In particular, the small effects of the
configuration of B on the reaction kinetics (SD


B =1.09	0.03,
SL


B=0.86	0.03) reveals that the amine B does not need to
enter the chiral lower-rim cavity of the host to remove Ala
from the ext position of [1¥H¥A]+ (A=Ala).


Enantioselectivity in [1L¥H¥A]+ (A=Ser) complexes : The
computational protocol used for the [1¥H¥A]+ (A=Ala) sys-
tems was applied to the recognition of Ser and DOPA by 1L.
The opposite SA enantioselectivity factors measured for


Figure 5. Docking of [1L¥H¥A]+ (A=d-Ala (squares); l-Ala (circles)).


Figure 6. Molecular dynamics of [1L¥H¥l-Ala]+.
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[1L¥H¥A]+ (A=Ser) and [1L¥H¥A]+ (A=Ala) (Table 1) find
a close correspondence in the computational analysis of the
diastereomeric [1L¥H¥A]+ (A=Ser) complexes, which re-
veals a picture that completely diverges from that of
[1L¥H¥A]+ (A=Ala). Indeed, the lowest-energy complexes,
collected during the MCMM/MOLS calculations, exhibit
some preference for the region of three-dimensional space
enclosed by the four chiral pendants of [1L¥H]+ (down),
which is much more pronounced for d-Ser (squares in
Figure 8) than for its l enantiomer (circles in Figure 8) and
is highlighted by the squares falling at �908 within the
20 kJ mol�1 energy window above the global minimum.


The observed correlation between the configuration of
the guest and its regioselectivity towards the host is not
completely unexpected. Indeed, the presence in the side
chain of Ser of a hydroxy group, absent in the Ala ana-
logues, may represent the third point of interaction with the
[1L¥H]+ chiral cavity (Easson±Steadman theory of three-
point interactions).[41]


The presence of some SD values around 08 at higher
steric energies in Figure 8 (circles) indicates that the ext
region of [1L¥H]+ might be accessible to the l-Ser guest. In
the same figure, the SD values around +908 (circles in
Figure 8), associated with only high-energy [1L¥H¥A]+ (A=


l-Ser) output structures (>13 kJ mol�1 above the global
minimum), suggest that the up region of [1L¥H]+ is hardly
accessible to l-Ser. In this connection, it should be pointed
out that the docking calculations did not assign any up ge-
ometries to [1L¥H¥A]+ (A=d-Ser; squares in Figure 8), de-
spite the achirality of the upper rim, which should equally


accommodate the two enan-
tiomers of Ser. This observation
further demonstrates the im-
practicability of the sole
MCMM/MOLS approach in ex-
haustively simulating recogni-
tion processes characterized by
extremely uneven potential
energy hypersurfaces and there-
fore the need of coupling it
with MD to give a reliable de-
scription of the process.


Molecular dynamics runs up
to 5 ns, carried out at 300 K on
low-energy docking geometries


to calculate average enthalpies of complexation (results not
shown) confirm the docking picture and point to down and
ext as the most favored hosting regions of [1L¥H¥A]+ (A=


Ser). The relevant average enthalpies of complexation DHav,
calculated from the difference between the average com-
bined enthalpy of the two isolated components and that of
the complex,[40] are estimated to be as large as 85 ([1L¥H¥d-
Ser]downþ ), 60 ([1L¥H¥d-Ser]extþ ), 61 ([1L¥H¥l-Ser]downþ ), and
59 kJ mol�1 ([1L¥H¥l-Ser]extþ ). The results of these calculations
confirm and clarify both the docking results and the MD
simulations when the MD runs are extended to 20 ns
(Figure 8 and Figure 9, respectively). Indeed, the down


region of [1L¥H]+ accommodates d-Ser much better than l-
Ser (DDHav= (DHav)d-Ser�(DHav)l-Ser=24 kJ mol�1). This sig-
nificant stability difference is reflected in the docking and
MD simulations, which indicate that d-Ser prefers to remain
in the down position of the host (Figure 9 a), whereas l-Ser
may relocate to the almost degenerate ext region of [1L¥H]+


(Figure 9 b), probably driven by entropy factors.


Figure 7. Three-quarter view of the fully minimized structure of the most representative ext [1L¥H¥l-Ala]+


(left) and [1L¥H¥d-Ala]+ (right) inclusion complexes. Hydrogen atoms bound to heteroatoms are shown, and
hydrogen-bonding interactions are depicted as dashed lines.


Figure 8. Docking of [1L¥H¥A]+ (A=d-Ser (squares); l-Ser (circles)).


Figure 9. Molecular dynamics of [1L¥H¥A]+ (A=d-Ser (a), l-Ser (b)).
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The 24 kJ mol�1 difference in stability between the persis-
tent [1L¥H¥d-Ser]downþ structure and the dynamically intercon-
verting [1L¥H¥d-Ser]extþ /[1L¥H¥l-Ser]þdown structures can account
for the observed pronounced effect of the guest configura-
tion on reaction (1) (SR


A=0.67	0.02, SS
A=0.49	0.01). How-


ever, this view may prove too simplistic when considering
the largely different (and opposite) effect of the configura-
tion of B measured in the reaction (SB in Table 1). Indeed,
as for [1¥H¥A]+ (A=Ala) (SL


B=0.86	0.03, SD
B =1.09	0.03),


no significant B effect is measured with [1¥H¥A]+ (A=l-
Ser) (SL


B=0.91	0.02). This coincidence points to a common
displacement route for both [1¥H¥A]+ (A=l-Ser) and
[1¥H¥A]+ (A=Ala), wherein the B amine can remove the
amino acid guest from the ext position of the host without
entering its chiral lower-rim cavity. In contrast, when amine
B reacts with the persistent down regioisomer of [1¥H¥A]+


(A=d-Ser), a larger effect of the B configuration is ob-
served (SD


B =1.24	0.05), which points to the involvement of
a more congested, high-energy transition structure in which
B partially enters the host chiral cavity to oust the d-serine
guest. This view is supported by the smaller reaction effi-
ciencies measured for the reaction on [1¥H¥A]+ (A=d-Ser)
relative to those for [1¥H¥A]+ (A=l-Ser, Ala) (0.34±0.41 vs
0.45±0.69, Table 1).


Enantioselectivity in [1L¥H¥A]+ (A=DOPA) complexes :
The results of MCMM/MOLS calculations on a large
number (several thousands) of diastereomeric systems yields
a reasonable family of low-energy [1L¥H¥A]+ (A=DOPA)
output structures (<20 kJ mol�1 above the global minimum),
as shown in Figure 10. Although the distribution of the SD
values over the total number of structures collected might
suggest some incompleteness of the search on the d-DOPA
systems, its analysis nevertheless is of some help, especially
in the case of l-DOPA. Like with l-Ser, all three down, up,
and ext regions of [1L¥H]+ proved suitable for hosting the
enantiomers of DOPA.


To overcome the intrinsic dimensional difficulty of the
DOPA systems and to explore their configurational space
more effectively than by Monte Carlo (MC) or MD, the
mixed mode MD/MC of MacroModel was applied, which
mixes both methodologies in a single simulation, while using
the dynamics paradigm to obtain average enthalpies at
room temperature. This ap-
proach is recognized to allow
the crossing of large energy
barriers by attempting MC var-
iations of internal coordinates
(variation of torsion angles,
and rototranslations in our
case) for every dynamics time
step. Some 20 ps MD/MC runs
were performed starting from
low-energy output down, ext,
and up docking geometries of
both enantiomers of DOPA.


The MD/MC simulations
starting from the global mini-
mum of both diastereomeric


[1¥H¥A]+ (A=DOPA) complexes suggest that the DOPA
guest can be permanently trapped in the chiral lower rim of
[1L¥H]+ (the down region; Figure 11). As shown in
Figure 12, in order to optimize the interaction with the
guest, the pendants of [1¥H]+ adopt a preorganized
™canyon-shaped∫ architecture due to the formation of a pair
of stable hydrogen bonds between adjacent side chains p3
and p4.


During the simulation, the phenyl ring of either l- or d-
DOPA is firmly accommodated in the cleft by a stable net-
work of intermolecular hydrogen bonds with the OH groups
(interacting with the carbonyl oxygen atoms at p1 and p3)
and the acidic function (interacting with the protonated


Figure 10. Docking of [1L¥H¥A]+ (A=d-DOPA (squares), l-DOPA cir-
cles)).


Figure 11. MD/MC simulations of the down regioisomer of [1L¥H¥A]+


(A=d-DOPA). A similar behavior was observed for [1L¥H¥A]+ (A=l-
DOPA).


Figure 12. Right: side view of the global minimum structure of the [1L¥H¥d-DOPA]+ down complex (For the
sake of simplicity hydrogen atoms are not shown, while hydrogen-bonding interactions are depicted as dashed
lines). Left: ™canyon-shaped∫ architecture adopted by the hosting partner (CPK model of [1L¥H]+ extracted
from the whole complex) to host d-DOPA among the four chiral pendants.
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amide at p2), but not with the amino group. The diastereo-
meric down structures exhibit similar average enthalpies,
calculated at 300 K, although their geometries are rather dif-
ferent. For instance, in the complex with d-DOPA, the NH2


group of the guest is directed towards one of the [1¥H]+ aro-
matic rings, while the same groups are parallel in the com-
plex with l-DOPA (Figure 13).


The SD values from MD/MC simulations indicate that, ir-
respective of its configuration, the DOPA guest can be per-
manently trapped in the achiral upper rim of [1L¥H]+ (the
up region) as well (Figure 14). The average enthalpies of the


diastereomeric up structures, calculated at 300 K, are very
similar and about 20 kJ mol�1 higher than those of the down
regioisomers.


In contrast, the MD/MC simulations starting from ext geo-
metries exhibit significant differences. Accordingly, d-
DOPA is better hosted than l-DOPA by [1L¥H]+ (by
10 kJ mol�1) and moves during the simulations towards the
lower rim of [1L¥H]+ (the down region; Figure 15).


By this movement, the two phenolic OH groups of d-
DOPA can form hydrogen bonds with the polar amido
groups of [1L¥H]+ (Figure 16, top). In contrast, the l-DOPA
guest permanently remains in the ext region of [1L¥H]+


(Figure 16, bottom). The average enthalpy of the ext struc-


tures exceeds those of the relevant up and down regioiso-
mers by 40 kJ mol�1.


The MC/MD simulations pointing to the persistency of
the chiral down and achiral up regioisomers of [1L¥H¥A]+


(A=DOPA), are consistent with the bimodal kinetics of
Figure 4. Owing to the 20 kJ mol�1 stability difference, the
down structure is associated with the most abundant


([1L¥H¥A]+)slow fraction (ca.
80 %), and the up structure
with the less abundant
([1L¥H¥A]+)fast component (ca.
20 %). This assignment is con-
sistent with the relevant SB fac-
tors as well (Table 1). Note that
the B-induced DOPA loss from
the achiral up region of [1L¥H]+


(i.e., in [1L¥H¥A]+)fast) is accom-
panied by high SB values (SD


B =


1.81	0.12, SL
B=1.65	0.24), not


far from those measured in the
direct uptake of B by [1¥H]+


(kR/kS=1.53	0.08). This coin-


cidence suggests that the B amine must be completely em-
bodied into the asymmetric lower-rim cavity of ([1L¥H¥A]+)fast


(A=DOPA) to push away the guest from its up position (a
™backside∫ displacement). In contrast, comparatively small
SB values (SD


B =1.14	0.28, SL
B=1.27	0.25) are associated


with B-induced DOPA loss from the chiral down region of
[1¥H¥A]+ (A=DOPA), that is, in [1L¥H¥A]+)slow). A similar
SB value is observed in the same reaction with [1¥H¥A]+


(A=d-Ser) (SD
B =1.24	0.05). Again, this coincidence in-


dicates that the B amine can remove the amino acid
guest located inside the asymmetric lower-rim cavity of


Figure 13. Three-quarter view of the fully minimized structure of the most representative down [1L¥H¥l-
DOPA]+ (left) and [1L¥H¥d-DOPA]+ (right) inclusion complexes. Hydrogen atoms bound to heteroatoms are
shown, and hydrogen-bonding interactions are depicted as dotted lines.


Figure 14. MD/MC simulations of the up regioisomer of [1L¥H¥A]+ (A=


d-DOPA). A similar behavior was observed for [1L¥H¥A]+ (A=l-
DOPA).


Figure 15. MD/MC simulations of the ext regioisomers of [1L¥H¥A]+ (A=


d-DOPA (a), l-DOPA (b)).
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([1L¥H¥A]+)slow (A=DOPA) only by partially entering the
same cavity (a ™frontside∫ displacement). In the relevant,
highly congested transition structures, the B amine is not
completely embodied into the host cavity, which therefore
may only partially exert its asymmetry towards it.


Conclusion


The proton-bound complexes between the chiral amido[4]r-
esorcinarene host 1L and representative amino acids A were
allowed to react with the 2-aminobutane enantiomers B in
the resonance cell of a ESI-FT-ICR instrument. A guest-ex-
change reaction was observed which exhibits a distinct enan-
tioselectivity with regards to both the leaving amino acid A
and the amine reactant B. The resulting selectivity picture
has been discussed in the light of molecular mechanics and
molecular dynamics calculations. Differences in exchange
selectivities are attributed to the effects of the host asym-
metric frame on the structure, stability, and rearrangement
dynamics of the diastereomeric [1L¥H¥A]+ complexes and
the orientation of the amine reactant B in encounters with
[1L¥H¥A]+ . The limited influence of the configuration of the
A guest (SA=kD/kL) or of amine B (SB=kR/kS) on the ex-
change rate of [1L¥H¥A]+ (A=Ala) is due to the attack of
the amine on the guest located outside the host in the proxi-
mity of two adjacent pendants (ext). The SA<1 selectivity
factors measured for [1L¥H¥A]+ (A=Ser) are determined by
the greater stability of [1L¥H¥A]+ (A=d-Ser), in which the
guest is located inside the chiral cavity of the host (the
down region), relative to [1L¥H¥A]+ (A=l-Ser), in which


the guest moves between the
degenerate ext and down posi-
tions. The comparatively large
SB selectivity factors measured
for the down [1L¥H¥A]+ (A=d-
Ser) structure are attributed to
™frontside∫ displacement of the
amino acid by the amine, in
which both are located inside
the host cavity. The bimodal ki-
netics observed with [1L¥H¥A]+


(A=DOPA) are due to the si-
multaneous formation of persis-
tent up and down regioisomers.
The large SB selectivity factors
measured for the up [1L¥H¥A]+


(A=DOPA) structure, are at-
tributed to the ™backside∫ dis-
placement of the amino acid by
amine entirely embodied in the
host cavity. Ligand-exchange
dynamics similar to those pro-
posed for the down [1L¥H¥A]+


(A=d-Ser) structure account
for the comparatively limited
SB selectivity factors measured
for the down [1L¥H¥A]+ (A=


DOPA) structure. The studied
cases demonstrate the importance of a dynamic model for
chiral recognition of biomolecules by enzyme mimics in the
unsolvated state.
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Synthesis of a Polymer-Bound Galactosylamine and Its Application as an
Immobilized Chiral Auxiliary in Stereoselective Syntheses of Piperidine and
Amino Acid Derivatives


Gernot Zech and Horst Kunz*[a]


Dedicated to Professor Johann Mulzer on the occasion of his 60th birthday


Introduction


Combinatorial solid-phase chemistry[1] has proven to be an
essential tool for rapid and efficient drug development. Al-
though the synthesis of enantiomerically pure compounds is
of significant importance for the medicinal industry, general-
ly applicable asymmetric solid-phase strategies are still
rare.[2] While polymer-bound chiral catalysts usually suffer
from limited applicability, several immobilized chiral auxilia-
ries have been described in the literature.[3] Auxiliaries
bound to the solid phase so far include enantiomerically
pure 1,3-oxazolidine-2-ones,[4] prolinols,[5] pseudoephedrins,[6]


or different carbohydrates;[7] these auxiliaries allow asym-
metric enolate reactions,[4] Diels±Alder reactions,[8] 1,3-dipo-
lar cycloadditions,[9] conjugate additions,[4e,10] and other types
of reaction.[11]


2,3,4,6-Tetra-O-pivaloyl-b-d-galactopyranosylamine (1)[12]


was shown to be a versatile chiral auxiliary enabling, for ex-
ample, diastereoselective Strecker[13] and Ugi reactions,[14]


hetero-Diels±Alder[15] and domino Mannich±Michael reac-
tions.[16] Recently, we reported an immobilized version (2a)
of this chiral galactosylamine, which allows diastereoselec-
tive syntheses of piperidine derivatives on the solid phase.[7e]


Herein, we describe the preparation of this polymer-
bound galactosylamine and its employment in diastereose-
lective syntheses of piperidine and amino acid derivatives,
which are generally obtained in excellent overall yields and
high chemical and optical purities after cleavage from the
polymeric support.


[a] Dr. G. Zech, Prof. Dr. H. Kunz
Institut f¸r Organische Chemie der Universit‰t Mainz
Duesbergweg 10±14, 55128 Mainz (Germany)
Fax: (+49)6131±39±24786
E-mail : hokunz@mail.uni-mainz.de


Abstract: A 2,3,4-tri-O-pivaloylated b-
d-galactopyranosyl azide bearing a hy-
droxy-functionalized spacer unit at the
C-6 position of the galactose was syn-
thesized and immobilized on the solid
phase by using a polymer-bound
chlorosilane. The azide was reduced to
the corresponding galactopyranosyl-
amine, which served as a versatile chiral
auxiliary in highly diastereoselective
Ugi four-component condensation re-
actions at ambient temperature. Fluo-
ride-induced cleavage from the poly-
meric support furnished N-glycosylated
N-acylated a-amino acid amides. The


reaction of the immobilized galactosyl-
amine with aldehydes gave rise to the
corresponding aldimines, which under-
went a domino Mannich±Michael con-
densation reaction with Danishefsky×s
diene at ambient temperature to yield
2-substituted 5,6-didehydropiperidin-4-
ones on the solid phase. Subsequent
cleavage with tetra-n-butylammonium


fluoride delivered the N-glycosylated
products in high yields, purities, and
diastereoselectivities. A chemoselective
1,4-hydride addition to the polymer-
bound dehydropiperidinones was ach-
ieved in the presence of the bulky oxy-
genophilic Lewis acid methylaluminum
[bis(2,6-di-tert-butyl-4-methylphenox-
ide)]. The conjugate addition of cyano-
modified Gilman reagents to the im-
mobilized dehydropiperidinones fur-
nished 2,6-cis-substituted piperidine de-
rivatives as the major diastereomers
that were isolated after cleavage from
the support.


Keywords: carbohydrates ¥ chiral
auxiliaries ¥ chiral piperidines ¥
combinatorial chemistry ¥ solid-
phase synthesis
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Results and Discussion


Preparation of the immobilized galactosylamine : Polymer-
bound silyl ethers, especially those substituted with bulky
groups, have been investigated extensively as reaction surfa-
ces due to the facile detachment of the reaction products by
mild fluoridolysis. Resin-bound aryl dialkylsilyl ethers have
been used in numerous syntheses of oligosaccharides,[17] gly-
copeptides,[18] polyketides,[19] and prostaglandins[20] and have
been found to be stable towards a variety of organometallic
reagents. For these reasons, we employed a sterically encum-
bered diisopropylchlorosilane as the anchor for the immobi-
lization of the galactosylamine. Coupling with a suitable hy-
droxy-functionalized galactosyl azide should furnish a pre-
cursor of the auxiliary from which the desired galactosyl-
amine can be obtained by on-bead reduction.


According to preceding studies,[7c] glycosyl azide 8
(Scheme 1) bearing an w-hydroxy carboxylic acid spacer
unit at C-6 of the carbohydrate was envisioned as a suitable


precursor. Galactosyl azide 8 was readily synthesized on a
multigram scale from 1,6-hexanediol and b-d-galactopyrano-
syl azide 5 by a six-step protocol. Monoprotection of 1,6-
hexanediol with tert-butyldiphenylchlorosilane, transforma-
tion of the remaining hydroxy function to form bromide 3,
and treatment with isobutyric acid dianion delivered the
chain-extended pivalic acid derivative 4 (Scheme 1). This
was treated with oxalyl chloride and coupled to b-d-galacto-
pyranosyl azide 5[21] to give selectively 6-O-acylated galacto-
syl azide 6. The remaining carbohydrate hydroxy functions
were pivaloylated and the silyl protecting group was finally
removed by using tetra-n-butylammonium fluoride (TBAF)


in THF, thereby furnishing the desired galactosyl azide 8
bearing a hydroxy-terminated spacer unit.


Polymer-bound chlorosilane 10a was obtained with a rela-
tively high loading of approximately 1.8 mmolg�1 (corre-
sponding to a substitution of every fourth arene unit) by
direct lithiation of polystyrene 9a (cross-linked with 1% di-
vinylbenzene) and subsequent treatment with dichlorodiiso-
propylsilane according to a general procedure given by Far-
rall and Frÿchet (Scheme 2).[22] O-Silylation of glycosyl azide


8 with chlorosilane 10a led to the immobilized auxiliary pre-
cursor 11a with a loading of approximately 0.4 mmolg�1.[23]


It should be noted that due to the high loading of 10a, 0.2
of an equivalent of 8 was sufficient to allow complete cou-
pling onto the solid phase and that there was no need to re-
isolate any potentially remaining alcohol 8 from the washing
solutions. If more than 0.2 of an equivalent of 8 was em-
ployed, the loading of 11a only slightly increased to a maxi-
mum value of 0.484 mmolg�1 (with 1.0 equivalent of 8), a
result indicating that the polymeric support is saturated with
the bulky auxiliary, probably due to steric reasons.[24] Substi-
tuted polystyrene resins obtained by the lithiation procedure
described above and subsequent reaction with electrophiles
mainly show a para substitution pattern.[25] Selectively para-
substituted chlorosilane 10b was obtained when commer-
cially available para-bromopolystyrene 9b was lithiated in-
stead of polystyrene and was subsequently treated with di-
chlorodiisopropylsilane according to the procedures of Far-
rall and Frÿchet[22] and Heinze et al.,[26] respectively (load-
ing: approximately 1.437 mmolg�1). Chlorosilane 10b has
been described to be advantageous with respect to reprodu-
cibility, control of the degree of functionalization, and ho-
mogeneity of the resin. However, in our hands, resin 10b
and resins 11b and 2b, obtained thereof, did not show any
noticable difference in reactivity compared to resins 11a
and 2a. Therefore, due to the lower costs of preparation,
the following transformations on the solid phase have all
been performed with silyl resins based on chlorosilane 10a.


Scheme 1. Solution-phase synthesis of 8. a) TBDPSCl, imidazole, DMF,
20 8C, 88%; b) CBr4, PPh3, CH2Cl2, 0!20 8C, 97%; c) Me2C=C(OLi)2,
THF, �20!40 8C, 78%; d) 1. C2O2Cl2, CH2Cl2, 20 8C; 2. b-d-galactopyra-
nosyl azide 5, pyridine, DMAP, 60 8C, 59%; e) PivCl, pyridine, 60 8C,
85%; f) TBAF¥3H2O, THF, 20 8C, 86%. TBDPS= tert-butyldiphenylsilyl,
DMF=N,N-dimethylformamide, THF= tetrahydrofuran, DMAP=4-
(N,N-dimethylamino)pyridine, Piv=pivaloyl (tBuCO), TBAF= tetra-n-
butylammonium fluoride.


Scheme 2. Synthesis of the immobilized galactosylamine. a) For 9a :
nBuLi, TMEDA, C6H12, 60 8C; for 9b : nBuLi, toluene, 60 8C (2 cycles);
b) iPr2SiCl2, THF, 20 8C; c) 1. imidazole, 8 (0.23 equiv), CH2Cl2, 20 8C,
12 h; 2. addition of MeOH, 24 h; d) 1,3-propanedithiol (10 equiv), NEt3
(10 equiv), DMF, 20 8C, 12 h. PS=polystyrene, TMEDA=N,N,N’,N’-
tetramethylethylenediamine.
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On-bead reduction of the azide moiety was accomplished
by using 10 equivalents each of 1,3-propanedithiol and tri-
ethylamine in DMF at room temperature to give galactosyl-
amines 2 (Scheme 2). This method of reduction[27] has al-
ready been employed for the reduction of b-d-glycosyl
azides[28] on the solid phase and resulted in retention of the
b configuration at the anomeric center. Both the coupling
and the reduction reaction are favorably monitored by FT-
IR spectroscopy of KBr pellets prepared from the resins.
The spectrum obtained from resin 11a showed strong ab-
sorption for the azide (ñazide=2116 cm�1) and the ester car-
bonyl groups (ñC=O=1745 cm�1), while in the spectrum of
resin 2a the azide absorption almost disappeared, thereby
indicating complete reduction after 22 h of vigorous shaking
(Figure 1). Galactosylamine resin 2a can be prepared on a


multigram scale and stored without any loss of reactivity for
several months. Its loading was determined by elemental
analysis to be 0.414 mmolg�1 (corresponding to a substitu-
tion of every eighteenth arene unit with the galactose
moiety).[29]


With the immobilized amine 2a in hand, we first set out
to explore the use of this auxiliary in asymmetric Ugi four-
component condensation reactions on solid phase to give N-
formyl-N-galactosyl-a-amino acid derivatives. Reaction con-
ditions of the corresponding solution-phase process include
stirring of the galactosylamine 1 with a small excess of alde-
hyde, isocyanide, formic acid, and the activating Lewis acid
zinc chloride at low temperature.[14] Preliminary investiga-
tions with a similar polymer-bound galactosylamine bearing
a different spacer unit have shown that asymmetric Ugi re-
actions can be performed on the solid phase by using reac-
tion conditions similar to those reported for the solution-
phase process. In these previous studies, the N-formyl-N-ga-
lactosyl-a-amino acid derivatives were obtained after cleav-
age from the support with diastereoselectivities (d.r. 86:14±
94:6)[7c] comparable to those reported for the solution-phase
process (d.r. 91:9±97:3).[14] However, to obtain sufficiently
pure reaction products purification by preparative HPLC
was necessary.


During the present work, we reinvestigated the reaction
and found that the condensation could be performed at am-


bient temperature without any decrease in diastereoselectiv-
ity. Shaking of the galactosylamine 2a with five equivalents
each of aldehyde, tert-butyl isocyanide, formic acid, and zinc
chloride gave rise to N-formylated N-galactosylated amino
acid derivatives 12 on the solid phase; the products were
subsequently released from the support by treatment with
fluoride (Scheme 3). Standard cleavage conditions include


stirring with five equivalents of tetra-n-butylammonium
fluoride (TBAF) in THF buffered with acetic acid (molar
ratio TBAF/AcOH 3:1). The crude products were generally
obtained with high yield, purity, and diastereoselectivity (ac-
cording to LC-MS analysis with UV and ELS detection) and
did not require any further purification.[30] In cases with
electron-deficient phenylglycine derivatives as the reaction
products 13 (see 13a, 13b, and 13d in Table 1), cleavage of


the silyl anchor with the nonbasic HF-pyridine complex is
recommended instead of cleavage with TBAF. Although
buffered with acetic acid, treatment with TBAF led to par-
tial epimerization of the amino acid derivatives (Table 1).
As expected from the corresponding reactions in solution,
the major diastereomers belong to the d series of a-amino
acids.[31]


Galactosyl imines prepared from 1 and aldehydes undergo
a Lewis acid promoted domino Mannich±Michael reaction
with Danishefsky×s diene 16 and yield N-galactosyl-5,6-dide-


Figure 1. IR spectra of resin-bound glycosyl azide 11a (A) and amine 2a
(B).


Scheme 3. Diastereoselective Ugi synthesis on the solid phase. a) R1�
CHO (5 equiv), HCO2H (5 equiv), tBuNC (5 equiv), ZnCl2 (3 equiv),
THF, 20 8C; b) cleavage method A: TBAF¥3H2O (5 equiv based on silyl
units), AcOH (1.7 equiv), THF, 20 8C, 48 h; c) cleavage method B: 1. HF-
pyridine complex (10 equiv based on silyl units), THF, 20 8C, 2. addition
of MeOSiMe3.


Table 1. Analysis of Ugi condensation products 13 after cleavage from
the polymeric support.


Compound R1 Yield [%][a] Purity [%][b] d.r.[b]


13a p-O2N�C6H4 66 (56) 92 (99) 76:24 (95:5)
13b p-F3C-C6H4 65 99 74:26
13c Ph 58 98 96:4
13d p-Cl-C6H4 84 96 80:20
13e p-MeO-C6H4 67 98 94:6
13 f iPr 68 (96) 99 (95) 91:9 (93:7)
13g nPr 70 95 91:9
13h iBu 64 96 90:10


[a] Overall yield of crude product (3 steps, based on loading of galactosyl
azide 11a). [b] Determined by LC-MS (ELSD) of crude products; results
obtained from cleavage with HF-pyridine are given in parentheses (for
13 a and 13 f).
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hydropiperidin-4-ones, which represent versatile synthons
for the diastereoselective synthesis of highly functionalized
piperidine derivatives.[16,32] In a preliminary communication,
we reported on the application of galactosylamine 2a as a
highly efficient chiral matrix for the asymmetric solid-phase
synthesis of dehydropiperidinones. As all solid-phase meth-
odologies leading to dehydropiperidinones described in the
literature so far[33] only gave racemic products, this ap-
proach, to the best of our knowledge, represents the only
asymmetric route towards a combinatorial solid-phase syn-
thesis of piperidinones.


According to this approach the primary reaction step was
the condensation of amine 2a with 5 equivalents of an aro-
matic or an aliphatic aldehyde; this was successfully ach-
ieved under optimized reaction conditions at room tempera-
ture in the presence of 10 equivalents of acetic acid
(Scheme 4). It should be noted that under these conditions


anomerization was not a problem, as could be anticipated
from preceding studies on reactions of the galactosylamine 1
in solution.[13] Moreover, undesired cleavage from the sup-
port during the condensation did not occur, as was proven
by gravimetric control and analysis of the combined washing
solutions. Interestingly, imine formation cannot be per-
formed with trimethylorthoformate as the dehydrating
agent.[34] However, the imine purity and the completeness of
imine formation could only be estimated by analysis of the
products derived from polymer-bound galactosyl imines.


Subsequent Mannich±Michael reactions of aldimines 15
with Danishefsky×s diene 16 to give resin-bound dehydropi-
peridinones 17 were preferably performed at room tempera-
ture as well (Scheme 4). The diastereoselectivities deter-
mined for the crude products 18 after fluoride-induced
cleavage compared well with those reported for the corre-
sponding solution-phase process,[16a,b] especially in cases of
dehydropiperidinones bearing an aromatic substituent at C-
2 (Table 2). It has to be emphasized that lowering of the re-
action temperature did not improve the diastereomeric ratio


in cases with aromatic-substituted dehydropiperidinones,
whereas an increase of reaction temperature to 60 8C result-
ed in significantly diminished purity of crude products after
cleavage. Obviously aliphatic dehydropiperidinones (except
for 18r where R is the bulky isopropyl group; see Table 2)
were formed with lower diastereoselectivity than their aro-
matic counterparts. As this difference was not observed in
the corresponding solution-phase reaction, it has to be as-
cribed to either reaction or cleavage conditions on the solid
phase. However, for aliphatic-substituted enaminones 17
and 18, respectively, the diastereomeric ratio could be shift-
ed towards the major diastereomer by lowering the reaction
temperature (for 18q, for example, the following diastereo-
meric ratios at different reaction temperatures have been
determined: 68:32 at 20 8C, 81:19 at �10 8C, and 81:19 at
�25 8C). Moreover, in contrast to the a-amino acid deriva-
tives mentioned above, the nature of the fluoride source did
not influence the chemical or optical purity of crude prod-
ucts 18 (Table 2, 18e and 18q).[35]


After elaborating efficient reaction conditions for the syn-
thesis of polymer-bound dehydropiperidinones, we were
next interested in achieving transformations leading to
higher-functionalized piperidine derivatives on the solid
phase.


The first transformation envisioned by us was the chemo-
selective reduction of the C�C double bond, to give finally
chiral 2-substituted piperidines. In solution chemistry, steri-
cally demanding borohydride reagents (for example, L-se-
lectride) have been found to be the reagents of choice for
this hydride addition. However, if polymer-bound dehydro-
piperidinones 17 were treated with varying quantities of L-
selectride, mixtures of the desired 1,4 and concurring 1,2 ad-


Scheme 4. Solid-phase synthesis of dehydropiperidinones. a) R1�CHO
(5 equiv), AcOH (10 equiv), toluene, 20 8C, 6 h; b) Danishefsky×s diene
16 (10 equiv), ZnCl2 (5 equiv), THF, 20 8C, 48 h; c) TBAF¥3H2O (5 equiv
based on silyl units), AcOH (1.7 equiv), THF, 20 8C, 48 h.


Table 2. Diastereoselective synthesis of dehydropiperidinones on the
solid phase (after cleavage from polymeric support with TBAF).


Compound R1 Yield [%][a] Purity [%][b] d.r.[b]


18a C6H5 81 98 95:5
18b 4-F-C6H4 77 97 99:1
18c 3-F-C6H4 n.d. 91 >99:1
18d[c] 4-Br-C6H4 n.d. 97 98:2
18e 3-Br-C6H4 57 (90[c]) 95 (88[c]) 99:1 (95:5[c])
18 f 4-Cl-C6H4 77 n.d. 97:3
18g 2-Cl-6-F-C6H3 49 89 97:3
18h 4-CN-C6H4 76 93 >99:1
18 i 4-CF3-C6H4 81 97 98:2
18j 4-NO2-C6H4 42 80 93:7
18k 4-Me-C6H4 n.d. 66 91:9
18 l 4-MeO-C6H4 84 98 98:2
18m[d] 4-pyridyl 13 <45 n.d.
18n CH2CH2-C6H5 50 83 90:10
18o CH3 50 90 78:22
18p[c][e] CH3CH2 78 92 85:15
18q[c][e] n-Pr 90 n.d. 81:19
18r iPr 73 92 98:2
18s iBu 61 88 82:18
18t tBu ± ± ±
18u[c][e] n-pentyl 87 95 84:16
18v n-heptyl 57 74 89:11


[a] Overall yield of crude product (4 steps, based on loading of galactosyl
azide 11a). [b] Determined by LC-MS (ELSD). [c] Cleavage with HF-
pyridine. [d] 15 equivalents of ZnCl2 were used. [e] Domino reaction at
�10 8C. n.d.=not determined.
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dition products were isolated in all cases. In addition, the
corresponding tetrahydropyridines resulting from reduction
of both the C�C double bond and the carbonyl group and
subsequent elimination of water, probably under the condi-
tions of the fluoride-induced cleavage from the polymeric
support, have been detected as by-products. Reaction condi-
tions, as well as stoichiometry, could not be optimized in
favor of the chemoselective conjugate C=C bond reduction
of the enone moiety. Improved purities of the products were
only observed when the sterically demanding Lewis acid
methyl aluminum-bis(2,6-di-tert-butyl-4-methylphenoxide)
(MAD) was added to the reaction mixture. Beside some
other interesting synthetic applications,[36] this oxygenophilic
aluminum complex has been shown to allow chemoselective
conjugate addition of Li organyls to a,b-unsaturated ke-
tones.[37] In the present case, the carbonyl function of dehy-
dropiperidinones 17 is activated and simultaneously effec-
tively blocked, thereby allowing selective attack of the hy-
dride at the b position (Scheme 5). Piperidinones 20 were


obtained after fluoridolytic detachment from the resins 19 in
satisfactory yields and purities. The major impurities either
arose from unreduced dehydropiperidinones 18 or from pi-
peridin-4-ols formed by double reduction (Scheme 5,
Table 3). It has to be noted that product purity could not be


enhanced by employing the sterically more demanding
methyl aluminum-bis(2,4,6-tri-tert-butylphenoxide) (MAT;
Table 3, 20r).[36a]


The conjugate addition of soft nucleophiles (for example,
organocuprates) to dehydropiperidinones generates the 2,6-
disubstitution pattern of piperidines that is a common struc-
ture motif in natural products.[38] Therefore, we were inter-
ested in the stereoselective solid-phase synthesis of 2,6-di-
substituted piperidine derivatives, which are readily available
by using the glycosyl imine strategy in solution. Due to the
vinylogous amide structure of the enone the conjugate addi-
tion requires soft nucleophiles in combination with hard
electrophiles for activation (for example, Yamamoto-type[39]


mono-organocuprates RCu¥BF3¥OEt2 or Gilman reagents ac-
tivated with trimethylsilylchloride (TMSCl)[40]). However,
all attempts to apply these cuprate reagents to the corre-
sponding reaction on the solid phase failed to give selective-
ly 2,6-disubstituted piperidines. In most cases either no reac-
tion or an unselective cuprate addition took place. The rea-
sons for this unexpected outcome probably lie in processes
that occur upon slowly warming up the reaction mixtures.
Therefore, it was necessary to investigate other cuprate re-
agents which show sufficient reactivity and especially stabili-
ty–even at the higher temperatures that are obviously
needed for cuprate addition on the solid phase to occur.
After several attempts with different donor-stabilized cup-
rate reagents and b-silyl cuprates,[41] cyano-modified Gilman
cuprates[42] proved to be the reagents of choice for this
transformation on the solid phase. When resin-bound dehy-
dropiperidinones were subjected to an excess of cuprate re-
agent R2Cu(CN)Li2 in the presence of BF3¥OEt2, conjugate
addition took place and furnished piperidine derivatives 21
(Scheme 6, Table 4). Crude 2,6-disubstituted piperidinones


22 were obtained in satisfactory yields and purities after re-
lease from the polymeric support. However, it has to be
noted that there was a distinct relationship between the re-
action temperature and the purity and diastereomeric ratio
of crude products 22. The lower the temperature chosen for
the cuprate addition and the longer this temperature was
kept, the higher was the diastereomeric ratio observed for
the piperidinones in most cases. As anticipated from preced-
ing studies carried out on reactions in solution, the major di-
astereomer was the cis-configured form (Scheme 6, Table 4).


Scheme 5. Conjugate hydride addition to polymer-bound enones 17. a) L-
Selectride (10 equiv), MAD (20 equiv), THF/toluene, �20 8C, 4 h;
b) TBAF¥3H2O (5 equiv based on silyl units), AcOH (1.7 equiv), THF,
20 8C, 48 h. MAD=methylaluminum bis(2,6-di-tert-butyl-4-methylphen-
oxide).


Table 3. Conjugate hydride addition on the solid phase in the presence
of MAD (after cleavage from the polymeric support).


Compound R1 Yield [%][a] Purity [%][b]


20c 3-F-C6H4 53 99
20d 4-Br-C6H4 34 82[f]


20e 3-Br-C6H4 n.d. 51
20 f 4-Cl-C6H4 50 65[f]


20g 2-Cl-6-F-C6H3 n.d. 47
20 i[c] 4-F3C-C6H4 n.d. 83
20 l[d] 4-MeO-C6H4 n.d. 21
20r[e] iPr 28 (32) 74 (77)


[a] Overall yield of crude product (5 steps, based on loading of galactosyl
azide 11a). [b] Determined by LC-MS (ELS detection unless otherwise
stated). [c] 40 equivalents of MAD and 15 equivalents of L-selectride
were used. [d] 10 equivalents of MAD and 5 equivalents of L-selectride
were used at �40 8C. [e] Numbers in parentheses show results when
MAT was used instead of MAD. [f] UV detection at l=215 nm. n.d.=
not determined.


Scheme 6. Conjugate cuprate addition to polymer-bound enones 17.
a) (R2)2Cu(CN)Li2 (30 equiv), BF3¥OEt2 (30 equiv), THF, �60!�15 8C,
14 h, then washing with ammonium pyrrolidine dithiocarbamate solution;
b) TBAF¥3H2O (5 equiv based on silyl units), AcOH (1.7 equiv), THF,
20 8C, 48 h.
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Conclusion


Herein, we have described the fluoride-labile linking strat-
egy of a galactosylamine as a polymer-bound chiral auxiliary
and its employment in Ugi four-component and domino
Mannich±Michael condensation reactions. In both types of
transformations stereodifferentiation was readily and effi-
ciently achieved at room temperature. The reaction products
were usually obtained in high yield and good chemical and
optical purity. It has to be emphasized that the analogous
solution-phase reactions leading to the corresponding prod-
ucts with comparable diastereoselectivities had to be con-
ducted at �25 8C or even at lower temperatures. Dehydropi-
peridinones arising from the domino Mannich±Michael con-
densation reaction were further functionalized by conjugate
addition reactions, thereby enabling an efficient access to pi-
peridine derivatives of higher structural diversity. As the
presented methodology delivered the glycosylated diastereo-
meric reaction products and allowed a direct analysis of the
diastereomeric ratio, the optimization of reaction sequences
was achieved in a time-efficient manner. However, to obtain
enantiomerically pure amino acid and piperidine derivatives,
respectively, the N-glycosidic bond has to be cleaved. Strat-
egies towards the selective cleavage of the N-glycosidic
bond of immobilized reaction products with the chiral auxil-
iary left on the polymeric support will be reported in due
course.


Experimental Section


General procedures : 1H NMR and 13C NMR spectra were recorded on
Bruker AC-200, AC-300, AM-400, or DRX-600 spectrometers. LC-MS
spectra were measured with an assembly consisting of a Knauer Maxi-
Star K-1001 gradient pump, a Phenomenex Luna C-18 (2) column (3 m,
75î4.6 mm), an LKB 2140 diode array detector, a PL-ELS 1000 ELS de-
tector (Polymer Laboratories), and a Navigator-1 ESI mass spectrometer
(ThermoQuest). Unless otherwise noted, all analytical HPLC runs were
performed with a flow rate of 0.75 mLmin�1 and a gradient of MeCN/
H2O (80:20!100:0 (v/v) within 10 min). Preparative and semi-prepara-
tive HPLC was performed with Luna C-18 (2) columns (10 m, 250î
50 mm and 250î21.2 mm, respectively), 2 Knauer Mini-Star K-500 gradi-
ent pumps, and a variable wavelength detector (Knauer). Flow rates
were 20 mLmin�1 for preparative and 10 mLmin�1 for semi-preparative
separations. IR spectra were measured on a Perkin±Elmer FT-1760X ap-
paratus by using KBr pellets (5 mg of resin with 120 mg of KBr).


Solid-phase reactions were either run in standard glassware or in fritted
glass cylinders being shaken in a Miniblock apparatus (Bohdan). All re-
actions involving organometallic species were carried out under an argon
atmosphere with oven-dried glassware.


Materials : TLC was performed on Merck silica gel 60 F254 aluminum
sheets. Silica gel was used for flash chromatography (40±63 mm) and for
filtrations (63±200 mm). The resins were purchased from Acros and Nova-
Biochem, washed successively with water, ethanol, THF, CH2Cl2, and di-
ethyl ether, dried under high vacuum at 60 8C for 12 h, and stored in a
desiccator over P2O5. THF was distilled over potassium benzophenone
ketyl, toluene over sodium benzophenone ketyl, and CH2Cl2 over calci-
um hydride immediately prior to use. Aldehydes used for imine forma-
tion were distilled und stored under argon at 4 8C. A solution of zinc
chloride in THF was prepared by melting ZnCl2 (3.41 g, 25 mmol) with
3 drops of conc. HCl under high vacuum and dissolving it in dry THF
(25 mL) after recooling. Diene 16 was prepared from 4-methoxybut-3-
ene-2-one by the silylation procedure given by Danishefsky and Kitahara
followed by repeated careful distillation at moderate temperature (oil
bath temperature has to be kept below 70 8C).[43]


6-(tert-Butyldiphenylsilyloxy)hexylbromide (3): tert-Butyldiphenylchloro-
silane (36.3 mL, 0.140 mol) was added to a solution of 1,6-hexanediol
(50.0 g, 0.423 mol) and imidazole (15.3 g, 0.224 mol) in DMF (700 mL) at
room temperature. After 36 h the solvent was removed and the residue
was dissolved in dichloromethane (400 mL) and washed twice with 1n
HCl and water. The organic layer was dried with MgSO4. Silica gel flash
chromatography (petroleum ether/ethyl acetate (4:1)) enabled separation
of excess 1,6-hexanediol and of bissilylated by-product from the monosi-
lylated product 6-(tert-butyldiphenylsilyloxy)hexanol (44.2 g, 88%),
which was obtained as a colorless oil; Rf=0.43 (petroleum ether/ethyl
acetate (2:1)); 1H NMR (CDCl3, 200 MHz): d=7.68±7.63 (m, 4H, aryl);
7.41±7.32 (m, 6H, aryl); 3.61 (pq, 4H, 3J=6.6 Hz, CH2OH, CH2OSi);
1.56±1.50 (m, 4H, 2îCH2); 1.38±1.24 (m, 4H, 2îCH2); 1.04 (s, 9H,
tBu) ppm; MS (FD): m/z : 356.4 [M]+ ; elemental analysis: calcd (%) for
C22H32O2Si (356.57): C 74.10, H 9.05; found: C 73.83, H 9.26.


Transformation into bromide 3 : A solution of tetrabromomethane
(43.11 g, 0.130 mol) in dry dichloromethane (150 mL) was added to a sol-
ution of the silyl ether prepared as described above (36.64 g, 0.103 mol)
in dichloromethane (700 mL). At 0 8C, a solution of triphenylphosphine
(39.34 g, 0.150 mol) in dichloromethane (100 mL) was added dropwise.
The reaction mixture was stirred for 3 h at 0 8C and for 12 h at room tem-
perature. After evaporation of the solvent, the residue was suspended in
diethyl ether (700 mL) and filtered. The filter cake was washed several
times with diethyl ether. The combined filtrates were concentrated in
vacuo und the remaining yellowish oil was purified by silica gel flash
chromatography (petroleum ether/ethyl acetate (15:1)) to give 3 (41.86 g,
97%) as colorless oil; Rf=0.84 (petroleum ether/ethyl acetate (15:1));
1H NMR (CDCl3, 200 MHz): d=7.67±7.63 (m, 4H, aryl); 7.41±7.36 (m,
6H, aryl); 3.64 (t, 2H, 3J=6.1 Hz, CH2OSi); 3.37 (t, 2H, 3J=6.8 Hz,
CH2Br); 1.86±1.79 (m, 2H, 1îCH2); 1.58±1.53 (m, 2H, 1îCH2); 1.39±
1.36 (m, 4H, 2îCH2); 1.03 (s, 9H, tBu) ppm; 13C NMR (CDCl3,
50.3 MHz): d=135.6, 129.5, 127.6 (phenyl); 134.1 (ipso-phenyl); 63.7
(CH2O); 33.9 (CH2Br); 32.8, 32.3, 27.9, 25.0 (4îCH2); 26.9 (3îMe); 19.3
(CMe3) ppm; MS (FD): m/z : 418.2 [M]+ , 340.3 [M�Br]+; elemental anal-


Table 4. Addition of cyano-modified Gilman reagents to polymer-bound
enones 17 (after cleavage from the polymeric support).


Compound R1 R2 Temp.
grad.[a]


Yield [%][b] Purity [%][c] d.r.[d]


22ac Ph nBu A 38 33 (61) n.d.
22ca 3-F-


C6H4


nBu B 75 49 (40) 98:2


22ca 3-F-
C6H4


nBu C 47 99 90:10


22ca 3-F-
C6H4


nBu[e] D n.d. 52 (47) 67:33


22ea 3-Br-
C6H4


nBu B 71 78 (22) 95:5


22ea 3-Br-
C6H4


nBu E 44 90 74:26


22gc 2-Cl-6-
F-C6H3


Ph D 48 68 78:22


22gb 2-Cl-6-
F-C6H3


Me D 67 81 (12) 96:4


22 ia 4-F3C-
C6H4


nBu B 76 61 (27) 93:7


22 ia 4-F3C-
C6H4


nBu C 47 85 (15) 72:28


22 ia 4-F3C-
C6H4


nBu E 62 99 84:16


22rc iPr Ph A 39 30 (30) n.d.


[a] Temperature gradients used: A: �40 8C for 18 h; B: �78 8C!�60 8C
over 2 h, then �60 8C!�15 8C over 12 h; C: �60 8C for 2 h, then �55 8C
for 12 h; D: �20 8C for 16 h; E: �40 8C for 2 h, then �40 8C!�15 8C
over 14 h. [b] Overall yield of crude product (5 steps, based on loading of
galactosyl azide 11a). [c] Determined by LC-MS (ELSD), percentage of
reisolated dehydropiperidinone is given in parentheses. [d] Determined
by LC-MS (ELSD). [e] TMSCl was used instead of BF3¥OEt2. n.d=not
determined.
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ysis: calcd (%) for C22H31BrOSi (419.47): C 62.99, H 7.45; found: C
62.25, H 7.35.


2,2-Dimethyl-8-(tert-butyldiphenylsilyloxy)-octanoic acid (4): Lithium di-
isopropylamide was prepared by adding nBuLi (1.6m in n-hexane;
235.1 mL, 0.376 mol) dropwise to a solution of diisopropylamine
(52.7 mL, 0.376 mol) in dry THF (400 mL) at �20 8C. The solution was
stirred for an additional 20 min and subsequently treated with isobutano-
ic acid (15.9 mL, 0.171 mol). The mixture was slowly warmed to 50 8C
(2 h) and recooled to �20 8C. A solution of hexylbromide 3 (35.86 g,
0.086 mol) in THF (50 mL) was added dropwise to the solution of the
dianion at �20 8C, then the mixture was warmed to 40 8C and kept at this
temperature for 1 h. The reaction mixture was hydrolyzed with cold 2n
HCl (220 mL) and the organic solvents were removed to a great extent.
The aqueous layer was extracted twice with dichloromethane (each
500 mL) and the organic solutions were washed with 1n HCl and water
and dried over MgSO4. Purification of the crude product by silica gel
flash chromatography (petroleum ether/ethyl acetate (8:1)) gave 4
(38.78 g, 78%) as colorless oil; Rf=0.65 (petroleum ether/ethyl acetate
(6:1)); 1H NMR (CDCl3, 200 MHz): d=7.67±7.62 (m, 4H, aryl); 7.38±
7.35 (m, 6H, aryl); 3.63 (t, 2H, 3J=6.3 Hz, CH2OSi); 1.53±1.46 (m, 4H,
2îCH2); 1.32±1.20 (m, 6H, 3îCH2); 1.17 (s, 6H, 2îMe); 1.03 (s, 9H,
tBu) ppm; 13C NMR (CDCl3, 50.3 MHz): d=184.9 (COOH); 135.6, 129.5,
127.6 (phenyl); 134.2 (ipso-phenyl); 64.0 (CH2O); 42.1 (CMe2COOH);
40.5, 32.5, 29.9, 25.7, 24.8 (5îCH2); 26.9 (3îMe); 25.0 (2îMe); 19.3
(CMe3) ppm; MS (ES�): m/z : 425.4 [M�H]� ; 255.2 [OTBDPS]� ; elemen-
tal analysis: calcd (%) for C26H38O3Si (426.66): C 73.19, H 8.98; found: C
73.17, H 8.73.


6-O-[2,2-Dimethyl-8-(tert-butyldiphenylsilyloxy)-octanoyl]-b-d-galacto-
pyranosyl azide (6): a,a-Branched carboxylic acid 4 (28.24 g, 66.2 mmol)
was dissolved in dry dichloromethane (200 mL) and treated with oxalyl
chloride (7.2 mL, 86.1 mmol). When gas evolution had ceased, the sol-
vent was evaporated and the crude acid chloride was dried under high
vacuum. The acid chloride was taken up in dry pyridine (150 mL) and
added dropwise to a solution of b-d-galactopyranosyl azide 5[21] (9.05 g,
44.1 mmol) in pyridine (60 mL). After addition of catalytic amounts of
DMAP, the mixture was stirred for 20 h at 70 8C. After concentration in
vacuo the residue was dissolved in ethyl acetate (500 mL) and extracted
twice with 1n HCl (300 mL), saturated NaHCO3, and water. The organic
solution was dried with MgSO4 and the residue obtained after evapora-
tion of the solvent was purified by silica gel flash chromatography (ethyl
acetate) to furnish 6 (15.90 g, 59%) as a yellowish oil; Rf=0.62 (ethyl
acetate); [a]25D =0.43 (c=1, CHCl3);


1H NMR (CDCl3, 400 MHz): d=7.64
(dd, 4H, 3J=7.8, 4J=1.6 Hz, 4îaryl); 7.41±7.32 (m, 6H, 6îaryl); 4.51
(brd, 1H, H-1); 4.36±4.27 (m, 2H, H-6a, H-6b); 3.88 (br s, 1H, H-4);
3.74 (t, 1H, 3J=6.3 Hz, H-5); 3.63±3.58 (m, 4H, CH2OSi, H-2, H-3); 3.52
(br s, 3H, 3îOH); 1.53±1.45 (m, 4H, 2îCH2); 1.33±1.27 (m, 2H,
1îCH2); 1.26±1.18 (m, 4H, 2îCH2); 1.14 (s, 6H, 2îMe); 1.02 (s, 9H,
tBu) ppm; 13C NMR (CDCl3, 50.3 MHz): d=178.5 (C=O); 134.1 (ipso-
aryl); 135.6, 129.5, 127.6 (aryl); 90.6 (C-1); 74.6, 73.4, 70.9, 68.5 (C-2, C-3,
C-4, C-5); 64.0, 62.5 (C-6, CH2OR); 42.4 (CMe2); 40.4, 32.5, 29.8, 25.6,
24.8 (5îCH2); 26.9 (Me); 25.0 (CMe2); 19.2 (CMe3) ppm; MS (ES+):
m/z : 608.0 [M+Na�N2]


+ ; 636.0 [M+Na]+ ; elemental analysis: calcd (%)
for C32H47N3O7Si (613.82): C 62.62, H 7.72, N 6.85; found: C 63.41,
H 7.65, N 6.95.


2,3,4-Tri-O-pivaloyl-6-O-[2,2-dimethyl-8-(tert-butyldiphenylsilyloxy)-octa-
noyl]-b-d-galactopyranosyl azide (7): A solution of linker-conjugated gal-
actosyl azide 6 (5.25 g, 8.6 mmol) in dry pyridine (100 mL) was treated
with pivaloyl chloride (5.3 mL, 42.8 mmol) and stirred at 60 8C for 6 days.
After filtration of precipitated pyridine hydrochloride and washing, the
solution was concentrated in vacuo and the residue was taken up with
ethyl acetate (500 mL) and extracted twice with 1n HCl (300 mL), satu-
rated NaHCO3, and water. The organic layer was dried with MgSO4 and
evaporated and the residue was purified by silica gel flash chromatogra-
phy (petroleum ether/ethyl acetate (12:1)) to give 7 (6.33 g, 85%) as a
colorless oil; Rf=0.56 (petroleum ether/ethyl acetate (10:1)); [a]25D =


�6.34 (c=1, CHCl3);
1H NMR (CDCl3, 200 MHz): d=7.67±7.62 (m, 4H,


aryl); 7.40±7.32 (m, 6H, aryl); 5.41 (d, 1H, 3J=2.9 Hz, H-4); 5.19 (dd,
1H, 3J=10.2, 3J=8.3 Hz, H-2); 5.09 (dd, 1H, 3J=10.3, 3J=2.9 Hz, H-3);
4.59 (d, 1H, 3J=8.3 Hz, H-1); 4.24±3.95 (m, 3H, H-5, H-6a, H-6b); 3.62
(t, 2H, 3J=6.6 Hz, CH2OR); 1.56±1.40 (m, 4H, 2îCH2); 1.36±1.25 (m,
13H, 2îCH2, 1îPiv tBu); 1.16, 1.09 (2 s, 18H, Piv tBu); 1.12 (s, 6H, 2î


Me); 1.02 (s, 9H, tBu) ppm; 13C NMR (CDCl3, 50.3 MHz): d=177.4,
177.1, 176.7 (C=O); 135.5, 134.2, 129.5, 127.6 (aryl); 88.5 (C-1); 73.2,
70.8, 67.8, 66.6 (C-2, C-3, C-4, C-5); 64.0, 61.0 (C-6, CH2OR); 42.3
(CMe2); 40.5 (CH2); 39.1, 38.8, 38.8 (Piv CMe3); 32.6, 29.8 (2îCH2);
27.2, 27.0, 26.9 (Piv Me, tBu Me); 25.7 (CH2); 25.1, 25.1, 24.9 (CH2, 2î
Me); 19.2 (tBu CMe3) ppm; MS (FD): m/z : 809.1 [M�tBu]+ ; MS (ES+):
m/z : 888.7 [M+Na]+ ; elemental analysis: calcd (%) for C47H71N3O10Si
(866.17): C 65.17, H 8.26, N 4.85; found: C 65.16, H 8.11, N 4.96.


2,3,4-Tri-O-pivaloyl-6-O-(2,2-dimethyl-8-hydroxy-octanoyl)-b-d-galacto-
pyranosyl azide (8): A solution of silyl ether 7 (16.57 g, 18.8 mmol) in
THF (250 mL) was treated with TBAF¥3H2O in THF (1m, 24.9 mL,
24.9 mmol) and stirred at room temperature until desilylation was com-
plete (24 h). The solvent was evaporated in vacuo and the residue was
dissolved in dichloromethane (400 mL), extracted twice with water
(200 mL), and dried with MgSO4. The crude product was purified by
silica gel flash chromatography (petroleum ether/ethyl acetate (5:1)) to
give 8 (10.19 g, 86%) as colorless needles; Rf=0.24 (petroleum ether/
ethyl acetate (4:1)); m.p. 74 8C; [a]25D =�9.91 (c=1, CHCl3);


1H NMR
(CDCl3, 200 MHz): d=5.39 (d, 1H, 3J=2.4 Hz, H-4); 5.17 (dd, 1H, 3J=
10.2, 3J=7.8 Hz, H-2); 5.07 (dd, 1H, 3J=10.0, 3J=2.7 Hz, H-3); 4.60 (d,
1H, 3J=7.8 Hz, H-1); 4.21±3.92 (m, 3H, H-5, H-6a, H-6b); 3.59 (t, 2H,
3J=6.3 Hz, CH2OH); 1.85 (br s, 1H, OH); 1.50±1.39 (m, 4H, 2îCH2);
1.32±1.23 (m, 13H, 2îCH2, 1îPiv tBu); 1.14, 1.07 (2s, 18H, Piv tBu);
1.11 (s, 6H, 2îMe) ppm; 13C NMR (CDCl3, 50.3 MHz): d=177.4, 177.3,
176.7 (C=O); 88.5 (C-1); 73.1, 70.8, 67.9, 66.6 (C-2, C-3, C-4, C-5); 62.8,
61.0 (C-6, CH2OH); 42.3 (CMe2); 40.4 (CH2); 39.1, 38.8 (Piv CMe3);
32.7, 29.7 (2îCH2); 27.1, 27.0 (Piv Me); 25.5 (CH2); 25.1, 25.0, 24.9
(CH2, 2îMe) ppm; MS (ES+): m/z=622.0 [M+Na�N2]


+ ; 650.1
[M+Na]+ ; elemental analysis: calcd (%) for C31H53N3O10 (627.77): C
59.31, H 8.51, N 6.69; found: C 59.44, H 8.64, N 6.70.


Polymer-bound diisopropylchlorosilane (10a): In a solid-phase reaction
vessel fitted with frit and heating jacket, washed and dried polystyrene
(4.00 g, 38.3 mmol, 100±200 mesh, cross-linked with 1% divinylbenzene)
was suspended in dry cyclohexane (40 mL). After addition of TMEDA
(7.52 mL, 49.8 mmol) and n-BuLi (1.6m in n-hexane; 31.1 mL,
49.8 mmol) the suspension was shaken at 60 8C for 4 h. After being
cooled to room temperature, the deeply red colored resin was washed
with dry cyclohexane (2î20 mL) and dry THF (3î20 mL) and swollen
in dry THF (60 mL). Upon addition of dichlorodiisopropylsilane
(11.8 mL, 65.1 mmol), an instantaneous decolorization was observed.
After 1.5 h of shaking the resin was washed successively with dry THF
and diethyl ether (3 cycles) and dried under high vacuum for 12 h to fur-
nish 10a (5.66 g, colorless beads; (DM=++1.66 g, which corresponds to
8.73 mmol chlorosilane units or approximately 1.542 mmolg�1): FT-IR
(KBr): ñ=3025 (w); 2923 (m); 2850 (w); 1602 (s); 1493 (s); 1452 (s);
1115 (br); 1029 (w); 883 (m); 757 (s); 730 (m); 697 (s) cm�1; elemental
analysis: {[(C8H8)x(C10H10)y]1[C8H7SiCl(iPr)2]0.32} with x=0.959 and y=
0.013; found: C 80.27, H 8.37, equal to (C+H)=88.6%, (Si+Cl)=
11.4%; the loading (l) was calculated by using Equation 1, where w(Si in
SiCl)=44.2%.


l10 a ¼
wðSiþ ClÞ � wðSi in SiClÞ


MðSiÞ ¼ 1:794mmol g�1 ð1Þ


Polymer-bound 2,3,4-tri-O-pivaloyl-6-O-(2,2-dimethyl-8-hydroxy-octano-
yl)-b-d-galactopyranosyl azide (11a)–Immobilization of galactosyl
azide : Polymer-bound chlorosilane 10a (5.59 g, approximately
9.67 mmol) was swollen in dry dichloromethane (40 mL). This was fol-
lowed by addition of galactosyl azide 8 (1.40 g, 2.23 mmol) and imidazole
(1.14 g, 1.81 mmol), each dissolved in dichloromethane (10 mL), and the
suspension was shaken at room temperature for 24 h. After addition of
dry MeOH (3.6 mL, 89.1 mmol) the suspension was shaken for a further
24 h. After filtration, the resin was washed successively with dichlorome-
thane and diethyl ether (3 cycles), with DMF (4î), and with dichlorome-
thane and diethyl ether (3 cycles). For gravimetric analysis the resin was
dried under high vacuum for 12 h. The polymer-bound galactosyl azide
was obtained as approximately 7 g of colorless beads: FT-IR (KBr): ñ=
3026 (w); 2925 (br); 2864 (m); 2117 (m); 1745 (s); 1602 (m); 1494 (s);
1453 (s); 1384 (w); 1277 (m); 1111 (br); 883 (m); 759 (s) cm�1; elemental
analysis: Calcd. (%) for (C8H8)0.959(C10H10)0.013(C8H7Si(iPr)2OXc)0.074(C8H7-


Si(iPr)2OMe)0.246 (wherein Xc=C31H52N3O10): C 78.7, H 8.5, N 1.4; found:
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C 80.02, H 9.21, N 1.54; loading based on nitrogen content: l11a=
0.366 mmolg�1 (calculated from [Eq. (2)], where w≈ (N) is the mean value
of nitrogen content of a sample of resin 11a). Coupling was nearly quan-
titative as only traces of galactosyl azide 8 could be detected in the com-
bined wash solutions.


l11a ½mmol g�1	 ¼ 10 �wðNÞ ½%	=½3� 14:007 gmmol�1	 ð2Þ


Polymer-bound 2,3,4-tri-O-pivaloyl-6-O-(2,2-dimethyl-8-hydroxy-octano-
yl)-b-d-galactopyranosylamine (2a)–Reduction of galactosyl azide : Pol-
ymer-bound azide 11a (approximately 7 g, corresponding to about
2.24 mmol) was swollen in dry DMF (70 mL) and treated with triethyl-
amine (3.10 mL, 22.4 mmol) and 1,3-propanedithiol (2.24 mL, 22.4 mmol).
The suspension was shaken at room temperature for 24 h, then filtered.
The resin was successively washed with dichloromethane and diethyl
ether (3 cycles) and with dichloromethane und methanol (3 cycles). A
yield of 6.74 g of colorless beads was obtained: FT-IR (KBr): ñ=3027
(m); 2926 (s); 2864 (s); 1741 (s); 1601 (m); 1494 (s); 1453 (s); 1384 (w);
1280 (m); 1110 (br); 1029 (w); 994 (w); 883 (m); 759 (s) cm�1; elemental
analysis: found: C 81.66, H 8.48, N 0.58; loading based on nitrogen con-
tent: l2a=0.414 mmolg�1 (calculated from [Eq. (3)], where w≈ (N) is the
mean value of nitrogen content of a sample of resin 2a).


l2a ½mmol g�1	 ¼ 10 �wðNÞ ½%	=14:007 gmmol�1 ð3Þ


Polymer-bound, para-selective diisopropylchlorosilane (10b): The prepa-
ration of resin 10b from para-bromopolystyrene was performed accord-
ing to the procedure given by Heintze et al. ,[26] except that the lithiation
procedure was carried out twice before the resin was treated with di-
chlorodiisopropylsilane. Loading determined by elemental analysis: l10b=
1.437 mmolg�1.


Polymer-bound 2,3,4-tri-O-pivaloyl-6-O-(2,2-dimethyl-8-hydroxy-octano-
yl)-b-d-galactopyranosyl azide (11b)–Immobilization of galactosyl
azide : Coupling of 10b with 8 was carried out under analogous condi-
tions to those described above for glycosyl azide 11a ; elemental analysis:
found: C 78.96, H 10.10, N 1.76; loading based on nitrogen content: l11b=
0.414 mmolg�1 [Eq. (2)].


Polymer-bound 2,3,4-tri-O-pivaloyl-6-O-(2,2-dimethyl-8-hydroxy-octano-
yl)-b-d-galactopyranosylamine (2b)–Reduction of galactosyl azide : Re-
duction was carried out as described above for resin 2a ; elemental analy-
sis: found: C 80.23, H 10.71, N 0.61; loading based on nitrogen content:
l2b=0.436 mmolg�1 [Eq. (3)].


General procedure for TBAF-induced cleavage from the polymeric sup-
port (method A): Resin (50 mg; loading: approximately 0.4 mmolg�1 car-
bohydrate, approximately 2 mmolg�1 Si units, approximately 0.10 mmol
Si units) was swollen in dry THF (2 mL), mixed with acetic acid (10 mL,
0.17 mmol) and tetra-n-butylammonium fluoride trihydrate (1m in dry
THF, 0.5 mL, 0.5 mmol) and shaken for 48 h at room temperature. The
suspension was filtered and the resin was washed successively with di-
chloromethane, THF, and methanol (each 2 mL, 6 cycles), then dried
under high vacuum. The filtrate was evaporated either under reduced
pressure or in a nitrogen stream and the remaining residue was filtered
through a short plug of silica (5 cm, È1 cm, conditioned with petroleum
ether/ethyl acetate (1:1)). Elution with petroleum ether/ethyl acetate
(1:1, 15 mL) and evaporation of the solvents delivered the crude reaction
products. For LC-MS and gravimetric analysis the crude product was dis-
solved in CH3CN and the solution filtered through an Optiflow mem-
brane filter (0.45 mm pore size). The filter was then washed twice with
CH3CN and the solution was evaporated to dryness.


General procedure for the HF-induced cleavage from polymeric support
(method B): In a fritted polypropylene syringe the resin (50 mg, loading:
approximately 0.4 mmolg�1 carbohydrate, approximately 2 mmolg�1 Si
units, approximately 0.1 mmol Si units) was swollen in dry THF (0.5 mL)
and treated with HF-pyridine complex (70%, 26 mL, 1.0 mmol). After
16 h of shaking, methoxytrimethylsilane (414 mL, 3.0 mmol) was added
and the suspension was shaken for an additional 5 h. It was filtered, then
the resin was washed successively with dichloromethane, THF, and meth-
anol (each 2 mL, 6 cycles) and dried under high vacuum. The residue ob-
tained after thorough evaporation of the wash solutions generally needed
no further purification. Both cleavage protocols are viable for resin


amounts from 10 mg up to 1 g. For analytical purposes the miniscale
cleavage (10 mg) easily allowed quantification of the purity of reaction
products. However, due to the small amount of product expected in these
cases the corresponding yield is not given (n.d.=not determined).


General procedure for the synthesis of polymer-bound Ugi condensation
products (12) by using galactosylamine 2a : A suspension of galactosyl-
amine resin 2a in dry THF (1 mL per 100 mg resin) was mixed with alde-
hyde (5 equiv), formic acid (5 equiv), tert-butyl isocyanide (5 equiv), and
ZnCl2 (3 equiv, 1m in THF) and shaken for 24 h at room temperature.
After filtration the resin was washed with dichloromethane, THF, and di-
ethyl ether and dried under high vacuum. Fluoridolytic cleavage from the
support by using either method A or B (see above) gave N-formyl-N-gal-
actopyranosyl-a-amino acid tert-butyl amides 13. (Due to amide rotamer-
ism partial signal doubling was observed in NMR spectra. This is indicat-
ed by the superscript R.}


N-Formyl-N-[6-O-(8-hydroxy-2,2-dimethyloctanoyl)-2,3,4,-tri-O-pivaloyl-
b-d-galacto-pyranosyl]-4-nitrophenylglycine-tert-butyl amide (13a): Clea-
vage A : Yield: 2.3 mg (66%); colorless oil; LC-MS: tR=4.71 (minor);
6.20 (major) min; d.r. 24:76 (ELSD), purity 92% (ELSD). Cleavage B :
LC-MS: tR=4.67 (minor); 6.17 (major) min; d.r. 5:95 (ELSD), purity
99% (ELSD). Isolation of both stereoisomers by preparative HPLC
(Luna C-18, MeCN (80%!100%), 60 min, l=215 nm); S isomer: tR=
50.0 min; yield: 14.8 mg (8%); colorless, amorphous solid; [a]25D =5.70
(c=1, CDCl3); Rf=0.30 (petroleum ether/ethyl acetate (4:1)); 1H NMR
(CDCl3, 400 MHz): d=8.38R, 8.16 (s, 1H, CHO); 8.38, 8.20R (d, 2H, 3J=
8.6 Hz, aryl); 7.52 (d, 2H, 3J=7.8 Hz, aryl); 6.01R, 5.50 (s, 1H, NH); 6.02,
5.05R (d, 1H, 3J=9.4 Hz, H-1); 5.48, 5.45R (d, 1H, 3J=2.9 Hz, H-4); 5.44,
5.35R (t, 1H, 3J=9.6 Hz, H-2); 5.21, 5.09R (dd, 1H, 3J=9.8, 3J=3.1 Hz,
H-3); 5.11R, 4.92 (s, 1H, a-CH); 4.17±3.95 (m, 3H, H-5, H-6a, H-6b);
3.62 (t, 2H, 3J=6.4 Hz, CH2OH); 1.58±1.46, 1.32±1.20, 1.36, 1.31, 1.29,
1.23, 1.10, 1.05, 1.00, 0.91 (m, 52H, 3îPiv tBu, tBu, 2îMe, 5îCH2) ppm;
MS (ES+): C44H69N3O12 (864.03): m/z : 886.7 [M+Na]+; R isomer: tR=
57.9 min; yield: 84 mg (48%); yellowish, crystalline solid; m.p. 91 8C;
[a]25D =�32.03 (c=1, CDCl3); Rf=0.47 (petroleum ether/ethyl acetate
(4:1)); elemental analysis: calcd. (%) for C44H69N3O14 (864.03): C 61.16,
H 8.05, N 4.86; found: C 60.68, H 7.92, N 4.75; 1H NMR (CDCl3,
400 MHz): d=8.31R, 8.20 (s, 1H, CHO); 8.13±8.10 (m, 2H, aryl); 7.56R,
7.50 (d, 2H, 3J=8.6 Hz, aryl); 6.42R, 5.71 (s, 1H, NH); 5.93, 5.12R (d, 1H,
3J=9.4 Hz, H-1); 5.49R, 5.23 (t, 1H, 3J=9.2 Hz, H-2); 5.42, 5.35R (d, 1H,
3J=2.5 Hz, H-4); 5.33, 5.10R (s, 1H, a-CH); 5.16±5.12 (m, 1H, H-3);
4.15±4.08, 3.93±3.77 (m, 3H, H-5, H-6a, H-6b); 3.56R, 3.54 (t, 2H, 3J=
6.7 Hz, CH2OH); 1.49±1.37, 1.28±1.17, 1.36, 1.29, 1.28, 1.22, 1.12, 1.10,
1.08, 1.05 (m, 52H, 3îPiv tBu, tBu, 2îMe, 5îCH2) ppm; 13C NMR
(CDCl3, 100.6 MHz): d=177.3, 177.2, 177.1, 176.7, 176.5, 176.1 (Piv�C=
O); 165.9R, 165.6 (CONHtBu); 163.7, 162.9R (CHO); 147.6, 147.5R (C�
NO2); 144.9, 142.9R (ipso-aryl); 129.2, 123.9, 123.5 (aryl); 86.3R, 78.5,
73.6, 73.1R, 72.0, 71.9R, 67.2, 66.4R, 65.8R, 65.4, 61.3R, 58.8 (C-1, C-2, C-3,
C-4, C-5, a-C); 62.7 (CH2OH); 61.2, 60.5R (C-6); 52.6, 51.9R (CMe3);
42.3, 42.2R (CMe2); 40.4, 40.3


R (CH2); 39.1, 38.8, 38.7 (Piv CMe3); 32.6,
29.6 (2îCH2); 28.6, 28.5


R (tBu Me); 27.3, 27.2, 27.0 (Piv Me); 25.5, 25.5,
24.8 (CH2); 25.1, 25.0, 24.9 (CMe2) ppm; MS (ES+): m/z : 585.3 [Msugar]


+ ;
864.4 [M+H]+ ; 886.5 [M+Na]+ .


N-Formyl-N-[6-O-(8-hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-
b-d-galacto-pyranosyl]-(4-trifluoromethyl)phenylglycine-tert-butyl amide
(13b): Cleavage A : Yield: 4.6 mg (65%), colorless oil; Rf=0.45 (petrole-
um ether/ethyl acetate (5:1)); LC-MS: tR=6.23 (minor); 7.57 (major)
min; d.r. 26:74 (ELSD), purity: 99% (ELSD). Separation of diastereo-
mers by semi-preparative HPLC (Luna C-18, MeCN (90%!100%),
40 min): S isomer: tR=29.7 min; 1H NMR (CDCl3, 400 MHz): d=8.40R,
8.16 (s, 1H, CHO); 7.63±7.47 (m, 4H, aryl); 6.21R, 5.40 (s, 1H, NH);
6.01, 4.99R (d, 1H, 3J=9.4 Hz, H-1); 5.51±5.42 (m, 2H, H-2, H-4); 5.14R,
4.87 (s, 1H, a-CH); 5.21, 5.06R (dd, 1H, 3J=10.0, 3J=2.9 Hz, H-3); 4.14±
3.94 (m, 3H, H-5, H-6a, H-6b); 3.62 (t, 2H, 3J=6.4 Hz, CH2OH); 1.37,
1.31, 1.30, 1.27, 1.12, 1.11, 1.07, 0.99, 0.87 (m, 52H, 3îPiv tBu, tBu, 2î
Me, 5îCH2) ppm; MS (ES+): C45H69F3N2O12 (887.03): m/z : 909.7
[M+Na]+ ; R isomer: tR=34.7 min; 1H NMR (CDCl3, 400 MHz): d=


8.35R, 8.23 (s, 1H, CHO); 7.61±7.49 (m, 4H, aryl); 6.11R, 5.37 (s, 1H,
NH); 5.95 (d, 1H, 3J=9.4 Hz, H-1); 5.53R, 5.25 (t, 1H, 3J=9.6 Hz, H-2);
5.45, 5.28R (d, 1H, 3J=2.6 Hz, H-4); 5.36R, 5.08 (s, 1H, a-CH); 5.16±5.11
(m, 1H, H-3); 4.20, 3.78R (dd, 1H, 2J=11.0, 3J=7.4 Hz, H-6a); 4.13,
3.81R (dd, 1H, 3J=7.4, 3J=5.1 Hz, H-5); 3.93, 3.70R (dd, 1H, 2J=11.0,
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3J=4.9 Hz, H-6b); 3.60, 3.57R (t, 1H, 3J=6.6 Hz, CH2OH); 1.39, 1.30,
1.25, 1.15, 1.13, 1.11, 1.07 (m, 52H, 3îPiv tBu, tBu, 2îMe, 5îCH2) ppm;
MS (ES+): m/z : 909.7 [M+Na]+ .


N-Formyl-N-[6-O-(8-hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-
b-d-galacto-pyranosyl]-phenylglycine-tert-butyl amide (13c): Cleavage A :
Yield: 3.8 mg (58%), colorless oil; Rf=0.27 (cyclohexane/ethyl acetate
(4:1)); LC-MS: tR=5.17 (minor); 6.55 (major) min; d.r. 4:96 (ELSD),
purity 98% (ELSD); MS (ES+): m/z : 841.6 [M+Na]+ . On a larger scale
(12c : 540 mg, approximately 0.216 mmol) cleavage allows the separation
of the diastereomers by preparative HPLC (Luna C-18, MeCN (80%!
100%), 60 min, l=215 nm): S isomer: tR=54.0 min; yield: 13 mg (7%);
colorless, amorphous solid; [a]25D =25.14 (c=1, CDCl3);


1H NMR (CDCl3,
400 MHz): d=8.44R, 8.15 (s, 1H, CHO); 7.36±7.34 (m, 5H, aryl); 6.08R,
5.31 (s, 1H, NH); 6.00, 4.76R (d, 1H, 3J=9.4 Hz, H-1); 5.52, 5.40R (t, 1H,
3J=9.8 Hz, H-2); 5.47, 5.39R (d, 1H, 3J=2.4 Hz, H-4); 5.24R, 4.84 (s, 1H,
a-CH); 5.19, 4.95R (dd, 1H, 3J=9.8, 3J=2.8 Hz, H-3); 4.14±3.94 (m, 3H,
H-5, H-6a, H-6b); 3.62, 3.61R (t, 2H, 3J=6.4 Hz, CH2OH); 1.87 (s, 1H,
OH); 1.57±1.18 (m, 10H, 5îCH2); 1.35, 1.30, 1.29, 1.28, 1.12, 1.11, 1.04,
1.00, 0.96 (several singlets, 42H, 3îPiv tBu, tBu, 2îMe) ppm; MS (ES+):
C44H70N2O12 (819.03): m/z : 838.6 [2M+Ca]+/2; 841.6 [M+Na]+ ; 857.6
[M+K]+ ; R isomer: tR=61.9 min; yield: 85 mg (48%); colorless, amor-
phous solid; [a]25D =�28.31 (c=1, CDCl3); elemental analysis: calcd (%):
C 64.52, H 8.61, N 3.42; found: C 63.04, H 8.89, N 3.24; 1H NMR
(CDCl3, 400 MHz): d=8.39R, 8.15 (s, 1H, CHO); 7.33±7.29 (m, 5H,
aryl); 5.87R, 5.30 (s, 1H, NH); 5.92, 5.10R (d, 1H, 3J=9.4 Hz, H-1); 5.55R,
5.21 (t, 1H, 3J=9.8 Hz, H-2); 5.52R, 5.07 (s, 1H, a-CH); 5.43, 5.29R (d,
1H, 3J=2.3 Hz, H-4); 5.10 (dd, 1H, 3J=10.2, 3J=2.7 Hz, H-3); 4.20,
3.58R (dd, 1H, 2J=10.6, 3J=7.2 Hz, H-6a); 4.13, 3.58R (t, 1H, 3J=6.3 Hz,
H-5); 4.13, 3.58R (dd, 1H, 2J=10.9, 3J=5.3 Hz, H-6b); 3.59R, 3.53 (t, 1H,
3J=6.4 Hz, CH2OH); 2.10 (s, 1H, OH); 1.50±1.20 (m, 10H, 5îCH2);
1.34, 1.27, 1.20, 1.13, 1.11, 1.08, 1.07, 1.04 (several singlets, 42H, 3îPiv
tBu, tBu, 2îMe) ppm; 13C NMR (CDCl3, 100.6 MHz): d=177.4, 177.3,
177.1R, 176.8R, 176.5R, 176.2, 176.1 (Piv�C=O) ppm; 166.9 (CONHtBu);
164.7, 162.6R (CHO); 137.4, 135.5R (ipso-phenyl); 129.0, 128.8, 128.6,
128.4 (phenyl); 85.7R, 72.3 (C-3); 78.3 (C-1); 73.2 (C-5); 67.4 (C-4); 65.4
(C-2); 62.7 (CH2OH); 61.3 (C-6); 58.9 (a-C); 52.3, 51.6R (CMe3); 42.3
(CMe2); 40.4 (CH2); 39.1, 38.9


R, 38.7, 38.6 (Piv CMe3); 32.7, 29.7 (2î
CH2); 28.8, 28.6


R (tBu Me); 27.3, 27.2, 27.1 (Piv Me); 25.5, 25.1, 25.0,
24.8 (CH2, CMe2) ppm; MS (ES+): m/z : 838.6 [2M+Ca]+/2; 841.6
[M+Na]+ ; 857.6 [M+K]+ .


(2R)-N-Formyl-N-[6-O-(8-hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-piv-
aloyl-b-d-galactopyranosyl]-4-chlorophenylglycine-tert-butyl amide
(13d): Cleavage A : Yield: 14.4 mg (84%), colorless oil; Rf=0.66 (petrole-
um ether/ethyl acetate (4:1)); LC-MS: tR=6.25 (minor); 7.53 (major)
min; d.r. 20:80 (ELSD), purity: 96% (ELSD). Isolation of the major dia-
stereomer by semi-preparative HPLC (Spherisorb C-18, MeCN (80%!
100%), 120 min): tR=20.1 min; 1H NMR (CDCl3, 400 MHz): d=8.35R,
8.19 (s, 1H, CHO); 7.37±7.21 (m, 4H, 4îaryl); 5.96R, 5.30 (s, 1H, NH);
5.93, 5.06R (d, 1H, 3J=9.4 Hz, H-1); 5.53R, 5.22 (t, 1H, 3J=9.7 Hz, H-2);
5.44, 5.35R (d, 1H, 3J=2.6 Hz, H-4); 5.31R, 5.02 (s, 1H, a-CH); 5.14,
5.12R (dd, 1H, 3J=10.1, 3J=2.6 Hz, H-3); 4.22 (dd, 1H, 2J=11.1, 3J=
7.4 Hz, H-6a); 4.13 (dd, 1H, 3J=7.0, 3J=5.6 Hz, H-5); 3.94 (dd, 1H, 2J=
11.1, 3J=5.3 Hz, H-6b); 3.60, 3.57R (t, 1H, 3J=6.4 Hz, CH2OH); 1.49±
1.43, 1.36, 1.29, 1.24, 1.14, 1.12, 1.10 (m, 52H, 3îPiv tBu, tBu, 2îMe, 5î
CH2) ppm; MS (ES+): C44H69ClN2O12 (853.48): m/z: 875.6 [M(35Cl)+Na]+;
877.6 [M(37Cl)+Na]+ .


(2R)-N-Formyl-N-[6-O-(8-hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-piv-
aloyl-b-d-galactopyranosyl]-4-methoxyphenylglycine-tert-butyl amide
(13e): Cleavage A: Yield: 17 mg (67%), colorless oil; Rf=0.53 (cyclohex-
ane/ethyl acetate (1:1)); [a]25D =�26.91 (c=0.5, CDCl3); LC-MS: tR=4.78
(minor); 6.25 (major) min; d.r. 6:94 (ELSD), purity 98% (ELSD);
1H NMR (CDCl3, 400 MHz): d=8.39R, 8.18 (s, 1H, CHO); 7.34R, 7.27 (d,
2H, 3J=8.8 Hz, 2îaryl); 6.84 (d, 2H, 3J=8.6 Hz, 2îaryl); 5.93, 5.01R (d,
1H, 3J=9.4 Hz, H-1); 5.72R, 5.21 (s, 1H, NH); 5.56R, 5.22 (t, 1H, 3J=
9.6 Hz, H-2); 5.45, 5.31R (d, 1H, 3J=2.4 Hz, H-4); 5.42R, 5.03 (s, 1H, a-
CH); 5.11 (dd, 1H, 3J=9.8, 3J=2.7 Hz, H-3); 4.25 (dd, 1H, 2J=11.0, 3J=
7.4 Hz, H-6a); 4.14 (t, 1H, 3J=6.6 Hz, H-5); 3.98 (dd, 1H, 2J=11.3, 3J=
5.7 Hz, H-6b); 3.78 (s, 3H, OMe); 3.61R, 3.57 (t, 1H, 3J=6.6 Hz,
CH2OH); 1.53±1.21, 1.35, 1.29, 1.28R, 1.23R, 1.15R, 1.13, 1.09, 1.06R (m,
52H, 3îPiv tBu, tBu, 2îMe, 5îCH2) ppm; MS (ES+): C45H72N2O13


(849.06): m/z : 871.6 [M+Na]+ .


(2R)-N-Formyl-N-[6-O-(8-hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-piv-
aloyl-b-d-galactopyranosyl]-valine-tert-butyl amide (13 f): Cleavage A :
Yield: 2.1 mg (68%), colorless oil; Rf=0.43 (petroleum ether/ethyl ace-
tate (4:1)); LC-MS: tR=5.72 (minor); 6.22 (major) min; d.r. 9:91
(ELSD), purity: 99% (ELSD). Cleavage B : Yield: 6 mg (96%), colorless
oil; LC-MS: tR=5.60; 6.13 min; d.r. 7:93 (ELSD), purity: 95% (ELSD).
Separation of diastereomers by semi-preparative HPLC (Luna C-18,
MeCN (80%!100%), 30 min): S isomer: Yield: <1 mg, tR=18.9 min;
1H NMR (CDCl3, 400 MHz): d=8.54, 8.48R (s, 1H, CHO); 6.16 (s, 1H,
NH); 6.01, 4.99R (d, 1H, 3J=9.0 Hz, H-1); 5.59 (t, 1H, 3J=10.0 Hz, H-2);
5.41 (d, 1H, 3J=2.8 Hz, H-4); 5.32±5.13 (m, 1H, H-3); 4.10±3.83 (m, 3H,
H-5, H-6a, H-6b); 3.62 (t, 2H, 3J=6.3 Hz, CH2OH); 3.06 (d, 1H, 3J=
10.2 Hz, a-CH); 2.25±2.15, 2.03±1.95R (m, 1H, CHMe2); 1.33, 1.30, 1.29,
1.26, 1.12, 1.11, 1.10, 1.09 (m, 52H, 3îPiv tBu, tBu, 2îMe, 5îCH2);
1.03, 0.80R (d, 3J=6.3 Hz, Me); 0.96, 0.85R (d, 3J=6.7 Hz, Me) ppm; R
isomer: Yield: 4 mg, tR=20.1 min; 1H NMR (CDCl3, 400 MHz): d=


8.66R, 8.32 (s, 1H, CHO); 6.55 (s, 1H, NH); 5.96 (d, 1H, 3J=9.0 Hz, H-
1); 5.53 (t, 1H, 3J=9.6 Hz, H-2); 5.42 (d, 1H, 3J=3.1 Hz, H-4); 5.17 (dd,
1H, 3J=9.8, 3J=2.8 Hz, H-3); 4.08±3.80 (m, 3H, H-5, H-6a, H-6b); 3.62
(t, 2H, 3J=6.3 Hz, CH2OH); 3.26 (d, 1H, 3J=10.1 Hz, a-CH); 2.46±2.35,
2.24±2.16R (m, 1H, CHMe2); 1.35, 1.30, 1.29, 1.11, 1.10, 1.09, 1.06 (m,
52H, 3îPiv tBu, tBu, 2îMe, 5îCH2); 1.01


R, 0.97, 0.93R, 0.87 (d, 6H,
3J=6.6 Hz, 2îMe) ppm; MS (ES+): C41H72N2O12 (785.02): m/z : 807.7
[M+Na]+ .


(2R)-N-Formyl-N-[6-O-(8-hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-piv-
aloyl-b-d-galactopyranosyl]-norvaline-tert-butyl amide (13 g): Cleav-
age A : Yield: 4.4 mg (70%), colorless oil; Rf=0.33 (cyclohexane/ethyl
acetate (4:1)); LC-MS: tR=5.70 (minor); 6.05 (major) min; d.r. 9:91
(ELSD), purity: 95% (ELSD); MS (ES+): C41H72N2O12 (785.02): m/z :
807.7 [M+Na]+ .


(2R)-N-Formyl-N-[6-O-(8-hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-piv-
aloyl-b-d-galactopyranosyl]-leucine-tert-butyl amide (13h): Cleavage A :
Yield: 4.1 mg (64%), colorless oil; Rf=0.31 (cyclohexane/ethyl acetate
(4:1)); LC-MS: tR=6.77 (major); 7.13 (minor) min; d.r. 90:10 (ELSD),
purity: 96% (ELSD); MS (ES+): C42H74N2O12 (799.04): m/z : 821.7
[M+Na]+ .


General procedure for the formation of N-galactosyl aldimines (15) on
the solid phase : Galactosylamine resin 2a (75 mg, 0.03 mmol) was swol-
len in toluene (0.5 mL), the suspension was combined with the aldehyde
(5 equivalents, 0.15 mmol) in toluene (0.3 mL) and acetic acid (10 equiva-
lents, 18 mL, 0.30 mmol), and the mixture was shaken at room tempera-
ture for 6 h. After filtration and successive washing with dichloromethane
and methanol (6 cycles), the resin was dried in vacuo to constant weight
(approximately 2 h).


General procedure for the tandem Mannich±Michael reaction on the
solid phase–Synthesis of dehydropiperidinones 18 : Galactosyl aldimine
resin 15 (75 mg, 0.03 mmol) was swollen in dry THF (1 mL), then zinc
chloride (1m in THF; 0.15 mL, 0.15 mmol) and diene 16 (59 mL,
0.30 mmol) were added at room temperature. The suspension was shaken
for 48 h, treated with 1n HCl (0.1 mL), shaken for a further 10 minutes,
and filtered, then the resin was washed with dichloromethane, THF, and
methanol (6 cycles). Subsequent cleavage from the support by using
either cleavage method A or B (see above) delivered dehydropiperidi-
nones 18.


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-phenyl-5,6-didehydro-piperidin-4-one (18a): Cleav-
age A : Yield: 19.1 mg (81%); colorless oil; Rf=0.41 (petroleum ether/
ethyl acetate (1:1)); LC-MS: tR=3.85 (minor); 4.20 (major) min; d.r. 5:95
(ELSD), purity: 98% (ELSD); 1H NMR (CDCl3, 200 MHz): d=7.37±
7.28 (m, 6H, 5îaryl, NCH=CH); 5.56 (t, 1H, 3J=9.8 Hz, H-2); 5.29 (d,
1H, 3J=2.9 Hz, H-4); 5.25 (d, 1H, 3J=8.4 Hz, NCH=CH); 4.93 (dd, 1H,
3J=9.8, 3J=2.9 Hz, H-3); 4.80 (dd, 1H, 3J=9.0, 3J=7.1 Hz, NCHPh);
4.27 (d, 1H, 3J=9.3 Hz, H-1); 3.97 (dd, 1H, 3J=6.8, 2J=10.7 Hz, H-6a);
3.81±3.56 (m, 4H, H-5, H-6b, CH2OH); 2.83±2.70 (m, 2H, CH2C=O);
1.51±1.20 (m, 10H, 5îCH2); 1.25, 1.16, 1.08 (3 s, 27H, Piv tBu); 1.12 (s,
6H, 2îMe) ppm; MS (ES+): C42H63NO11 (757.95): m/z : 758.6 [M+H]+ ;
780.6 [M+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(4-fluorophenyl)-5,6-didehydro-piperidin-4-one
(18b): Cleavage A : Yield: 18.2 mg (77%); colorless oil; Rf=0.37 (petro-
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leum ether/ethyl acetate (1:1)); [a]25D =13.64 (c=1, CHCl3); LC-MS: tR=
3.83 (minor); 4.12 (major) min; d.r. 1:99 (ELSD), purity: 97% (ELSD);
MS (ES+): C42H62FNO11 (775.94): m/z : 798.7 [M+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(3-fluorophenyl)-5,6-didehydro-piperidin-4-one
(18c): Cleavage A : Yield: n.d.; colorless oil; Rf=0.56 (petroleum ether/
ethyl acetate (1:1)); LC-MS: tR=4.32 min; d.r. >99:1, purity: 91%
(ELSD); MS (ES+): C42H62FNO11 (775.94): m/z : 798.5 [M+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(4-bromophenyl)-5,6-didehydro-piperidin-4-one
(18d): Cleavage B : Yield: n.d.; colorless oil; Rf=0.58 (petroleum ether/
ethyl acetate (1:1)); LC-MS: tR=4.42 (minor); 4.85 (major) min; d.r. 2:98
(ELSD), purity: 97% (ELSD); MS (ES+): C42H62BrNO11 (836.85): m/z :
585.4 [Msugar]


+ ; 836.3 [M(79Br)+H]+ ; 838.3 [M(81Br)+H]+ ; 858.3
[M(79Br)+Na]+ ; 860.3 [M(81Br)+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(3-bromophenyl)-5,6-didehydro-piperidin-4-one
(18e): Cleavage A : Yield: 14.3 mg (57%); colorless oil; Rf=0.52 (petrole-
um ether/ethyl acetate (1:1)); LC-MS: tR=4.60 (minor); 5.02 (major)
min; d.r. 1:99 (ELSD), purity: 95% (ELSD). Cleavage B : Yield: 30 mg
(90%); colorless oil; [a]25D =13.38 (c=1, CHCl3); LC-MS: d.r. 5:95
(ELSD), 2:98 (l=215±218 nm), purity: 88% (ELSD), 99% (l=215±
218 nm); 1H NMR (CDCl3, 400 MHz): d=7.44±7.38, 7.28±7.16 (m, 5H,
4îaryl, NCH=CH); 5.56 (t, 1H, 3J=9.6 Hz, H-2); 5.32 (d, 1H, 3J=
2.8 Hz, H-4); 5.23 (d, 1H, 3J=7.8 Hz, NCH=CH); 5.04 (dd, 1H, 3J=10.0,
3J=3.0 Hz, H-3); 4.80 (t, 1H, 3J=6.9 Hz, NCHAryl); 4.41 (d, 1H, 3J=
9.0 Hz, H-1); 3.90 (dd, 1H, 3J=5.3, 2J=10.2 Hz, H-6a); 3.79±3.71 (m,
2H, H-5, H-6b); 3.60 (t, 2H, 3J=6.4 Hz, CH2OH); 2.83 (dd, 1H, 3J=6.1,
2J=16.6 Hz, CH2C=O); 2.64 (dd, 1H, 3J=7.8, 2J=16.8 Hz, CH2C=O);
1.74±1.20 (m, 10H, 5îCH2); 1.24, 1.16, 1.09 (3 s, 27H, Piv tBu); 1.10 (s,
6H, 2îMe) ppm; MS (ES+): C42H62BrNO11 (836.85): m/z : 858.3
[M(79Br)+Na]+ ; 860.3 [M(81Br)+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(4-chlorophenyl)-5,6-didehydro-piperidin-4-one
(18 f): Cleavage A : Yield: 60.9 mg (77%); colorless oil; Rf=0.48 (petrole-
um ether/ethyl acetate (1:1)); [a]25D =10.15 (c=1, CHCl3); HPLC (Luna
C-18, MeCN (80%!100%), 20 min): tR=11.7 (minor); 12.6 (major) min;
d.r. 3:97 (l=215 nm); 1H NMR (CDCl3, 200 MHz): d=7.33±7.21 (m, 5H,
4îaryl, NCH=CH); 5.55 (t, 1H, 3J=9.5 Hz, H-2); 5.31 (d, 1H, 3J=
2.9 Hz, H-4); 5.20 (d, 1H, 3J=7.8 Hz, NCH=CH); 5.01 (dd, 1H, 3J=10.0,
3J=3.2 Hz, H-3); 4.80 (dd, 1H, 3J=6.1, 3J=8.6 Hz, NCHAryl); 4.36 (d,
1H, 3J=9.3 Hz, H-1); 3.94 (dd, 1H, 3J=9.1, 2J=12.7 Hz, H-6a); 3.78±
3.69 (m, 2H, H-5, H-6b); 3.60 (t, 2H, 3J=6.3 Hz, CH2OH); 2.78 (dd, 1H,
3J=5.9, 2J=16.1 Hz, CH2C=O); 2.62 (dd, 1H, 3J=8.6, 2J=16.4 Hz,
CH2C=O); 1.87±1.21 (m, 10H, 5îCH2); 1.23, 1.15, 1.08 (3 s, 27H, Piv
tBu); 1.10 (s, 6H, 2îMe) ppm; 13C NMR (CDCl3, 50.3 MHz): d=191.3
(keto C=O); 177.3, 177.2, 177.1, 176.5 (Piv C=O); 149.8 (NCH=CH);
137.2, 134.4 (ipso-aryl); 129.1, 128.5 (aryl); 103.3 (NCH=CH); 88.7 (C-1);
72.7, 71.4, 66.7, 65.2 (C-2, C-3, C-4, C-5); 62.8, 61.0 (C-6, CH2OH); 59.1
(NCHAryl); 43.6 (CH2C=O); 42.3 (CMe2�COOR); 40.5 (CH2); 39.1,
38.9, 38.8 (Piv CMe3); 32.7, 29.8 (2îCH2); 27.2, 27.1 (Piv Me); 25.6, 24.9
(2îCH2); 25.0 (2îMe) ppm; MS (ES+): C42H62ClNO11 (792.39): m/z :
814.7 [M(35Cl)+Na]+ ; 816.7 [M(37Cl)+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(2-chloro-6-fluorophenyl)-5,6-didehydro-piperidin-4-
one (18g): Cleavage A : Yield: 11.9 mg (49%); colorless oil; Rf=0.48 (pe-
troleum ether/ethyl acetate (1:1)); LC-MS: tR=4.90 (minor); 6.23 (ma-
jor) min; d.r. 3:97 (ELSD), purity: 89% (ELSD); MS (ES+):
C42H61ClFNO11 (810.38): m/z : 832.4 [M(35Cl)+Na]+ ; 834.4 [M(37Cl)+Na]+.


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(4-cyanophenyl)-5,6-didehydro-piperidin-4-one
(18h): Cleavage A : Yield: 59 mg (76%); colorless oil; Rf=0.38 (petrole-
um ether/ethyl acetate (1:1)); LC-MS: tR=3.22 min; d.r. >99:1 (ELSD),
purity: 93% (ELSD); MS (ES+): C43H62N2O11 (782.96): m/z=805.7
[M+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(4-trifluoromethylphenyl)-5,6-didehydro-piperidin-4-
one (18 i): Cleavage A : Yield: 67 mg (81%); colorless oil; Rf=0.59 (pe-
troleum ether/ethyl acetate (1:1)); HPLC (Luna C-18, MeCN (80%!


100%), 20 min): tR=12.3 (minor); 13.6 (major) min; d.r. 7:93, purity:
97% (ELSD); MS (ES+): C43H62F3NO11 (825.95): m/z : 848.6 [M+Na]+ .


(2S)-N-[6-O-(8-hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(4-nitrophenyl)-5,6-didehydro-piperidin-4-one (18 j):
Cleavage A : Yield: 10.1 mg (42%); yellowish oil; Rf=0.43 (petroleum
ether/ethyl acetate (1:1)); LC-MS: tR=3.45 (minor); 3.65 (major) min;
d.r. 7:93 (ELSD), purity: 80% (ELSD); 1H NMR (CDCl3, 200 MHz): d=
8.15 (d, H, 3J=8.8 Hz, 2îaryl); 7.46 (d, 2H, 3J=8.8 Hz, 2îaryl); 7.24 (d,
1H, 3J=7.4 Hz, NCH=CH); 5.56 (t, 1H, 3J=9.5 Hz, H-2); 5.32 (d, 1H,
3J=2.9 Hz, H-4); 5.15 (d, 1H, 3J=7.8 Hz, NCH=CH); 5.11 (dd, 1H, 3J=
9.8, 3J=2.7 Hz, H-3); 5.00 (dd, 1H, 3J=6.1, 3J=8.6 Hz, NCHAryl); 4.36
(d, 1H, 3J=9.3 Hz, H-1); 3.94 (dd, 1H, 3J=9.1, 2J=12.7 Hz, H-6a); 3.78±
3.69 (m, 2H, H-5, H-6b); 3.60 (t, 2H, 3J=6.3 Hz, CH2OH); 2.78 (dd, 1H,
3J=5.9, 2J=16.1 Hz, CH2C=O); 2.62 (dd, 1H, 3J=8.6, 2J=16.4 Hz,
CH2C=O); 1.87±1.21 (m, 10H, 5îCH2); 1.23, 1.15, 1.08 (3 s, 27H, Piv
tBu); 1.10 (s, 6H, 2îMe) ppm; MS (ES+): C42H62N2O13 (802.95): m/z :
825.7 [M+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(4-methylphenyl)-5,6-didehydro-piperidin-4-one
(18k): Cleavage A : Yield: n.d.; colorless oil; Rf=0.13 (petroleum ether/
ethyl acetate (2:1)); LC-MS: tR=4.23 (minor); 4.76 (major); 8.45 (imine,
30%, m/z : 726.4 [Mimine+Na]+) min; d.r. 9:91 (ELSD), purity: 66%
(ELSD); MS (ES+): C43H65NO11 (771.98): m/z : 585.4 [Msugar]


+ ; 772.4
[M+H]+ ; 794.4 [M+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(4-methoxyphenyl)-5,6-didehydro-piperidin-4-one
(18 l): Cleavage A : Yield: 20.9 mg (84%); colorless oil; Rf=0.27 (petrole-
um ether/ethyl acetate (1:1)); LC-MS: tR=3.65 (minor); 3.98 (major)
min; d.r. 2:98 (ELSD), purity: 98% (ELSD); 1H NMR (CDCl3,
200 MHz): d=7.29 (d, 1H, 3J=8.3 Hz, NCH=CH); 7.22 (d, 2H, 3J=
8.1 Hz, 2îaryl); 6.89 (d, 2H, 3J=8.8 Hz, 2îaryl); 5.54 (t, 1H, 3J=9.8 Hz,
H-2); 5.28 (d, 1H, 3J=2.9 Hz, H-4); 5.27 (d, 1H, 3J=8.3 Hz, NCH=CH);
4.92 (dd, 1H, 3J=9.8, 3J=2.9 Hz, H-3); 4.73 (dd, 1H, 3J=5.4, 3J=
12.2 Hz, NCHAryl); 4.20 (d, 1H, 3J=9.8 Hz, H-1); 4.03 (dd, 1H, 3J=7.3,
2J=11.2 Hz, H-6a); 3.85±3.76 (m, 4H, OMe, H-6b); 3.66 (m, 3H,
CH2OH, H-5); 2.76 (dd, 1H, 3J=11.7, 2J=16.6 Hz, CH2C=O); 2.61 (dd,
1H, 3J=5.4, 2J=16.6 Hz, CH2C=O); 1.56±1.22 (m, 10H, 5îCH2); 1.25,
1.15, 1.07 (3 s, 27H, Piv tBu); 1.13 (s, 6H, 2îMe) ppm; 13C NMR
(CDCl3, 50.3 MHz): d=192.5 (keto C=O); 177.3, 176.9, 176.6 (Piv C=O);
160.0 (MeOC); 149.8 (NCH=CH); 129.5 (ipso-aryl); 128.9, 114.5 (aryl);
104.0 (NCH=CH); 86.8 (C-1); 72.6, 71.7, 66.9, 65.9 (C-2, C-3, C-4, C-5);
62.8, 61.3, 60.9 (NCHAryl, C-6, CH2OH); 55.3 (OMe); 43.9 (CH2C=O);
42.3 (CMe2�COOR); 40.6 (CH2); 39.1, 38.9, 38.8 (Piv CMe3); 32.8, 29.8,
29.7 (3îCH2); 27.2, 27.1 (Piv Me); 25.6 (CH2); 25.1, 24.9 (2îMe) ppm;
MS (ES+): C43H65NO12 (787.98): m/z : 810.7 [M+Na]+ .


(2R)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(2-phenylethyl)-5,6-didehydro-piperidin-4-one
(18n): Cleavage A : Yield: 11.9 mg (50%); colorless oil; Rf=0.13 (petro-
leum ether/ethyl acetate (2:1)); LC-MS: tR=4.55 (minor); 4.93 (major)
min; d.r. 10:90 (ELSD), purity: 83% (ELSD); MS (ES+): C44H67NO11


(786.00): m/z : 786.4 [M+H]+ ; 808.4 [M+Na]+ .


(2R)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-methyl-5,6-didehydro-piperidin-4-one (18o): Cleav-
age A : Yield: 15.3 mg (73%); colorless oil; Rf=0.37 (petroleum ether/
ethyl acetate (2:1)); HPLC (Luna C-18, MeCN (80%!100%), 20 min):
tR=8.63 (minor); 9.07 (major) min; d.r. 22:78 (l=320 nm); purity: 90%
(ELSD); MS (ES+): C37H61NO11 (695.88): m/z : 696.5 [M+H]+ ; 718.5
[M+Na]+ .


(2R)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-ethyl-5,6-didehydro-piperidin-4-one (18p): Cleav-
age B: Yield from tandem condensation at �10 8C: 11.1 mg (78%); color-
less oil; Rf=0.37 (petroleum ether/ethyl acetate (2:1)); HPLC (Luna C-
18, MeCN (80%!100%), 20 min): tR=9.63 (major); 10.58 (minor) min;
d.r. 85:15 (l=320 nm), purity: 87% (ELSD); 1H NMR (major diaster-
eomer, CDCl3, 400 MHz): d=7.00 (d, 1H, 3J=7.4 Hz, NCH=CH); 5.63
(t, 1H, 3J=9.8 Hz, H-2); 5.50 (d, 1H, 3J=2.7 Hz, H-4); 5.25 (dd, 1H, 3J=
9.8, 3J=2.9 Hz, H-3); 5.06 (d, 1H, 3J=7.8 Hz, NCH=CH); 4.63 (d, 1H,
3J=9.4 Hz, H-1); 4.29 (dd, 1H, 3J=6.6, 2J=11.0 Hz, H-6a); 4.10 (t, 1H,
3J=6.6 Hz, H-5); 3.99 (dd, 1H, 3J=6.6, 2J=11.0 Hz, H-6b); 3.72±3.69 (m,
3H, H-2, CH2OH); 2.69 (dd, 1H, 3J=7.3, 2J=16.4 Hz, CH2C=O); 2.48
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(brd, 1H, 2J=15.6 Hz, CH2C=O); 1.93±1.27 (m, 12H, 6îCH2); 1.36, 1.21
(2 s, 27H, Piv tBu); 1.23 (s, 6H, 2îMe); 0.96 (t, 3H, 3J=7.6 Hz,
Me) ppm; MS (ES+): C38H63NO11 (709.91): m/z : 585.5 [Msugar]


+ ; 710.5
[M+H]+ ; 732.4 [M+Na]+ .


N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-galac-
to-pyranosyl]-2-n-propyl-5,6-didehydro-piperidin-4-one (18q): Cleav-
age B : Yield from tandem condensation at �10 8C: 13.0 mg (90%); color-
less oil; Rf=0.39 (petroleum ether/ethyl acetate (2:1)); HPLC (Luna C-
18, MeCN (80%!100%), 20 min): tR=10.80 (minor); 12.02 (major) min;
d.r. 19:81 (l=320 nm). Separation of diastereomers by semi-preparative
HPLC (Luna C-18, MeCN (80%!90%), 30 min): tR=15.9 (minor); 17.2
(major) min. Major diastereomer: 8 mg; 1H NMR (CDCl3, 400 MHz): d=
6.89 (d, 1H, 3J=7.8 Hz, NCH=CH); 5.52 (t, 1H, 3J=9.6 Hz, H-2); 5.41
(d, 1H, 3J=2.7 Hz, H-4); 5.16 (dd, 1H, 3J=9.8, 3J=3.1 Hz, H-3); 4.95 (d,
1H, 3J=7.8 Hz, NCH=CH); 4.55 (d, 1H, 3J=9.4 Hz, H-1); 4.22 (dd, 1H,
3J=6.7, 2J=11.0 Hz, H-6a); 4.01 (t, 1H, 3J=6.9 Hz, H-5); 3.90 (dd, 1H,
3J=6.6, 2J=11.0 Hz, H-6b); 3.76±3.70 (m, 1H, NCHPr); 3.61 (t, 2H, 3J=
6.5 Hz, CH2OH); 2.60 (dd, 1H, 3J=6.6, 2J=16.8 Hz, CH2C=O); 2.34
(brd, 1H, 2J=16.4 Hz, CH2C=O); 1.92±1.83 (m, 1H, CH2); 1.64±1.13 (m,
13H, 6.5îCH2); 1.27, 1.10 (2 s, 27H, Piv tBu); 1.11 (s, 6H, 2îMe); 0.88
(t, 3H, 3J=7.2 Hz, Me) ppm; 13C NMR (CDCl3, 100.6 MHz): d=192.2
(keto C=O); 177.3, 177.0, 176.5 (Piv C=O); 149.8 (NCH=CH); 99.9
(NCH=CH); 91.5 (C-1); 72.9, 71.3, 66.6, 65.7 (C-2, C-3, C-4, C-5); 62.8
(CH2OH); 60.8 (C-6); 53.3 (NCHPr); 42.3 (CMe2�COOR); 40.3 (CH2);
39.1, 38.9, 38.8 (CH2C=O, Piv CMe3); 32.7, 29.7 (2îCH2); 27.2, 27.1, 27.0
(CH2, Piv Me); 25.5 (CH2); 25.0, 24.8 (2îMe, CH2); 18.9 (CH2CH3); 13.8
(CH2CH3) ppm; MS (ES+): C39H65NO11 (723.93): m/z : 585.5 [Msugar]


+ ;
724.4 [M+H]+ ; 746.6 [M+Na]+ . Minor diastereomer: 3 mg; 1H NMR
(CDCl3, 400 MHz): d=7.11 (d, 1H, 3J=9.0 Hz, NCH=CH); 5.42 (d, 1H,
3J=2.8 Hz, H-4); 5.36 (t, 1H, 3J=9.6 Hz, H-2); 5.15 (dd, 1H, 3J=10.2,
3J=3.1 Hz, H-3); 5.12 (d, 1H, 3J=8.2 Hz, NCH=CH); 4.42 (d, 1H, 3J=
9.0 Hz, H-1); 4.12 (dd, 1H, 3J=6.6, 2J=10.6 Hz, H-6a); 4.03 (t, 1H, 3J=
6.3 Hz, H-5); 3.96 (dd, 1H, 3J=5.9, 2J=10.6 Hz, H-6b); 3.61 (t, 2H, 3J=
6.4 Hz, CH2OH); 3.55±3.49 (m, 1H, NCHPr); 2.64 (dd, 1H, 3J=6.6, 2J=
16.0 Hz, CH2C=O); 2.39 (brd, 1H, 2J=16.0 Hz, CH2C=O); 1.87±1.77 (m,
1H, CH2); 1.53±1.18 (m, 13H, 6.5îCH2); 1.28, 1.14, 1.11 (3 s, 27H, Piv
tBu); 1.12 (s, 6H, 2îMe); 0.89 (t, 3H, 3J=7.2 Hz, Me) ppm; MS (ES+):
m/z : 585.5 [Msugar]


+ ; 724.4 [M+H]+ ; 746.6 [M+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-isopropyl-5,6-didehydro-piperidin-4-one (18r): Cleav-
age A : Yield: 16.2 mg (73%); colorless oil; Rf=0.24 (petroleum ether/
ethyl acetate (1:1)); LC-MS: tR=3.57 (minor); 4.12 (major) min; d.r. 2:98
(ELSD); purity: 92% (ELSD); 1H NMR (CDCl3, 200 MHz): d=7.01 (d,
1H, 3J=7.8 Hz, NCH=CH); 5.55 (t, 1H, 3J=9.5 Hz, H-2); 5.41 (d, 1H,
3J=2.9 Hz, H-4); 5.15 (dd, 1H, 3J=10.3, 3J=3.2 Hz, H-3); 4.96 (d, 1H,
3J=7.8 Hz, NCH=CH); 4.61 (d, 1H, 3J=9.3 Hz, H-1); 4.19 (dd, 1H, 3J=
5.9, 2J=9.8 Hz, H-6a); 4.04±3.87 (m, 3H, H-5, H-6b, NCH-iPr); 3.61 (t,
2H, 3J=6.3 Hz, CH2OH); 2.60 (dd, 1H, 3J=7.3, 2J=17.1 Hz, CH2C=O);
2.41 (dd, 1H, 3J=2.9, 2J=17.1 Hz, CH2C=O); 2.30±2.18 (m, 1H,
CHMe2); 1.51±1.22 (m, 10H, 5îCH2); 1.26, 1.11, 1.10 (3 s, 33H, Piv tBu,
2îMe); 0.91 (2 d, 6H, 3J=7.2 Hz, 2îMe) ppm; MS (ES+): C39H65NO11


(723.93): m/z : 746.6 [M+Na]+ .


(2R)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-isobutyl-5,6-didehydro-piperidin-4-one (18 s): Cleav-
age A : Yield: 13.4 mg (61%); colorless oil; Rf=0.37 (petroleum ether/
ethyl acetate (2:1)); LC-MS: tR=4.42 (minor); 4.93 (major) min; d.r.
18:82 (ELSD); purity: 88% (ELSD); MS (ES+): C40H67NO11 (737.96):
m/z : 760.3 [M+Na]+ .


(2R)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-n-pentyl-5,6-didehydro-piperidin-4-one (18u): Cleav-
age B: Yield from tandem condensation at �10 8C: 13.1 mg (87%); color-
less oil; Rf=0.40 (petroleum ether/ethyl acetate (2:1)); LC-MS: tR=5.25
(minor); 6.02 (major) min; d.r. 16:84 (ELSD); purity: 95% (ELSD); MS
(ES+): C41H69NO11 (751.99): m/z : 585.5 [Msugar]


+ ; 752.4 [M+H]+ ; 774.4
[M+Na]+ .


(2R)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-n-heptyl-5,6-didehydro-piperidin-4-one (18v): Cleav-
age A : Yield: 13.3 mg (57%); colorless oil; Rf=0.42 (petroleum ether/
ethyl acetate (2:1)); LC-MS: tR=7.07 (minor); 8.07 (major) min; d.r.


11:89 (ELSD); purity: 74% (ELSD); MS (ES+): C43H73NO11 (780.04):
m/z : 780.4 [M+H]+ ; 802.5 [M+Na]+ .


General procedure for conjugate hydride addition on solid phase (50 mg
resin scale): a) Preparation of methyl aluminum-bis(2,6-di-tert-butyl-4-
methylphenoxide) (MAD):[36a] At room temperature, AlMe3 (2m in tolu-
ene, 0.2 mL, 0.40 mmol) was added dropwise to a solution of 2,6-di-tert-
butyl-4-methyl-phenol (176 mg, 0.80 mmol) in dry toluene (2 mL). When
methane evolution ceased (after approximately 30 min), the clear solu-
tion of the methyl alumoxane was ready for use. b) Conjugate hydride
addition: A suspension of polymer-bound enone 17 (50 mg, approximate-
ly 0.02 mmol) in dry THF (4 mL) was cooled to �20 8C and treated with
MAD (approximately 2.2 mL, 0.40 mmol) prepared according to the pro-
cedure described above. After 15 min, L-selectride (1m in THF, 0.2 mL,
0.2 mmol) was added at this temperature and the mixture was shaken for
the given time period before being quenched with acetic acid (10% in
THF, 1 mL). The suspension was warmed to room temperature, then the
resin was filtered and thoroughly washed with CH2Cl2 and MeOH
(6 cycles). The following N-galactosylpiperidin-4-ones 20 were obtained
after treatment with TBAF (yields given are based on loading of galacto-
syl azide 11a).


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(3-fluorophenyl)-piperidin-4-one (20c): Reaction
time: 3.5 h; Yield: 8.3 mg (53%); colorless oil; Rf=0.63 (petroleum
ether/ethyl acetate (2:1)); LC-MS: tR=6.73 min; purity: 99% (ELSD);
1H NMR (CDCl3, 400 MHz): d=7.33 (td, 1H, 3J=8.0, 4J(H,F)=5.5 Hz,
aryl-H-5); 7.07±6.99 (m, 3H, aryl); 5.45 (t, 1H, 3J=9.8 Hz, H-2); 5.25 (d,
1H, 3J=2.7 Hz, H-4); 4.89 (dd, 1H, 3J=10.2, 3J=3.1 Hz, H-3); 4.10 (dd,
1H, 3J=10.6, 3J=4.3 Hz, NCHAryl); 4.05 (dd, 1H, 3J=7.0, 2J=11.3 Hz,
H-6a); 3.90 (d, 1H, 3J=9.4 Hz, H-1); 3.85 (dd, 1H, 3J=6.3, 2J=11.4 Hz,
H-6b); 3.62±3.58 (m, 3H, NCH2, CH2OH); 3.50 (t, 1H, 3J=6.5 Hz, H-5);
2.98±2.91 (m, 1H, NCH2); 2.61±2.45 (m, 4H, CH2C=O); 1.58±1.22 (m,
10H, 5îCH2); 1.23, 1.21, 1.07 (3 s, 27H, Piv tBu); 1.14 (s, 6H, 2î
Me) ppm; MS (ES+): C42H64FNO11 (777.96): m/z : 698.6
[M�PivOH+Na]+ ; 800.6 [M�Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(4-bromophenyl)-piperidin-4-one (20d): Reaction
time: 7 h; Yield: 15.9 mg (34%); colorless oil; Rf=0.32 (petroleum ether/
ethyl acetate (2:1)); HPLC (Luna C-18, MeCN (80%!100%), 20 min):
tR=21.50 min; purity: 82% (l=215 nm). Isolation by preparative HPLC
(Luna C-18, MeCN (80%!100%), 60 min): tR=72.2 min; Yield: 7.9 mg;
1H NMR (CDCl3, 400 MHz): d=7.50 (d, 2H, 3J=8.6 Hz, 2îaryl); 7.16
(d, 2H, 3J=8.2 Hz, 2îaryl); 5.44 (t, 1H, 3J=9.8 Hz, H-2); 5.25 (d, 1H,
3J=2.7 Hz, H-4); 4.89 (dd, 1H, 3J=9.8, 3J=3.1 Hz, H-3); 4.08±4.03 (m,
2H, H-6a, NCHAryl); 3.86 (d, 1H, 3J=9.4 Hz, H-1); 3.84 (dd, 1H, 3J=
6.3, 2J=11.3 Hz, H-6b); 3.63±3.57 (m, 3H, NCH2, CH2OH); 3.48 (t, 1H,
3J=6.6 Hz, H-5); 2.93 (td, 1H, 3J=7.7, 2J=11.8 Hz, NCH2); 2.60±2.44
(m, 4H, CH2C=O); 1.53±1.16 (m, 10H, 5îCH2); 1.23, 1.21, 1.07 (3 s,
27H, Piv tBu); 1.14 (s, 6H, 2îMe) ppm; 13C NMR (CDCl3, 100.6 MHz):
d=207.6 (keto C=O); 177.4, 177.2 (Piv C=O); 138.8, 132.2, 129.5, 122.4
(aryl); 87.9 (C-1); 71.9, 71.7, 67.2, 65.0, 63.4, 62.8, 61.7 (C-2, C-3, C-4, C-
5, C-6, NCHAryl, CH2OH); 48.9, 43.6, 41.6 (NCH2, CH2C=O); 42.2
(CMe2�COOR); 40.5 (CH2); 39.0, 38.8, 38.7 (Piv CMe3); 32.7, 29.8 (2î
CH2); 27.4, 27.2, 27.0 (Piv Me); 25.6 (CH2); 25.1, 25.0, 24.9 (2îMe,
CH2) ppm; MS (ES+): C42H64BrNO11 (838.86): m/z : 758.2
[M(79Br)�PivOH+Na]+ ; 760.2 [M(81Br)�PivOH+Na]+ ; 860.4
[M(79Br)+Na]+ ; 862.4 [M(81Br)+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(3-bromophenyl)-piperidin-4-one (20e): Reaction
time: 3.5 h; Yield: n.d.; colorless oil; Rf=0.35 (petroleum ether/ethyl ace-
tate (2:1)); LC-MS: tR=4.97 (37%, 18e); 8.12 (51%, 20e) min; MS (ES+):
C42H64BrNO11 (838.86): m/z : 758.3 [M(79Br)�PivOH+Na]+ ; 760.3
[M(81Br)�PivOH+Na]+ ; 860.5 [M(79Br)+Na]+ ; 862.5 [M(81Br)+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(4-chlorophenyl)-piperidin-4-one (20 f): Reaction
time: 7 h; Yield: 8.3 mg (50%); colorless oil; Rf=0.35 (petroleum ether/
ethyl acetate (2:1)); HPLC (Luna C-18, MeCN (80%!100%), 20 min):
tR=28.67 min; purity: 65% (l=215 nm). Isolation by preparative HPLC
(Luna C-18, MeCN (80%!100%), 60 min): tR=72.3 min; yield: 6.2 mg;
1H NMR (CDCl3, 400 MHz): d=7.35 (d, 2H, 3J=8.6 Hz, 2îaryl); 7.22
(d, 2H, 3J=8.6 Hz, 2îaryl); 5.44 (t, 1H, 3J=9.6 Hz, H-2); 5.25 (d, 1H,


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4136 ± 41494146


FULL PAPER H. Kunz and G. Zech



www.chemeurj.org





3J=3.1 Hz, H-4); 4.89 (dd, 1H, 3J=9.8, 3J=3.1 Hz, H-3); 4.09±4.04 (m,
2H, H-6a, NCHAryl); 3.87±3.81 (m, 2H, H-1, H-6b); 3.63±3.59 (m, 3H,
NCH2, CH2OH); 3.48 (t, 1H, 3J=6.5 Hz, H-5); 2.93 (td, 1H, 3J=7.8, 2J=
12.1 Hz, NCH2); 2.60±2.42 (m, 4H, CH2C=O); 1.53±1.16 (m, 10H, 5î
CH2); 1.23, 1.20, 1.07 (3 s, 27H, Piv tBu); 1.14 (s, 6H, 2îMe) ppm; MS
(ES+): C42H64ClNO11 (794.41): m/z : 816.6 [M(35Cl)+Na]+ ; 818.6
[M(37Cl)+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(2-chloro-6-fluorophenyl)-piperidin-4-one (20g): Re-
action time: 3.5 h; Yield: n.d.; colorless oil; LC-MS: tR=4.92 (32%,
18g); 7.37 (47%, 20g) min; MS (ES+): C42H63ClFNO11 (812.40): m/z :
732.4 [M(35Cl)�PivOH+Na]+ ; 734.4 [M(37Cl)�PivOH+Na]+; 834.6
[M(35Cl)+Na]+ ; 836.6 [M(37Cl)+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(4-trifluoromethylphenyl)-piperidin-4-one (20 i): Re-
action time: 4 h (40 equivalents of MAD and 15 equivalents of L-selec-
tride were used); yield: n.d.; colorless oil; LC-MS: tR=7.63 (83%,
20 i) min; MS (ES+): C43H64F3NO11 (827.96): m/z : 748.5 [M�PivOH+


Na]+ ; 850.7 [M+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-(4-methoxyphenyl)-piperidin-4-one (20 l): Reaction
time: 4 h at �40 8C (40 equivalents of MAD and 15 equivalents of L-se-
lectride were used); yield: n.d.; colorless oil; Rf=0.42 (petroleum ether/
ethyl acetate (2:1)); LC-MS: Rt=3.93 (64%, 18 l); 6.70 (21%, 20 l) min;
MS (ES+): C43H67NO12 (789.99): m/z : 710.4 [M�PivOH+Na]+ ; 812.5
[M+Na]+ .


(2S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-d-
galacto-pyranosyl]-2-isopropyl-piperidin-4-one (20 r): Reaction time: 7 h;
yield: 4.1 mg (28%); colorless oil; Rf=0.49 (petroleum ether/ethyl ace-
tate (2:1)); LC-MS: tR=7.07 (74%, 20r). Isolation by semi-preparative
HPLC (Luna C-18, MeCN (80%!100%), 30 min): tR=22.3 min;
1H NMR (CDCl3, 600 MHz): d=5.50 (t, 1H, 3J=9.7 Hz, H-2); 5.36 (d,
1H, 3J=2.9 Hz, H-4); 5.15 (dd, 1H, 3J=10.0, 3J=2.9 Hz, H-3); 4.41 (d,
1H, 3J=9.1 Hz, H-1); 4.05 (dd, 1H, 3J=7.0, 2J=11.2 Hz, H-6a); 3.93 (dd,
1H, 3J=6.2, 2J=10.9 Hz, H-6b); 3.87 (t, 1H, 3J=6.5 Hz, H-5); 3.61 (t,
2H, 3J=5.6 Hz, CH2OH); 3.29 (td, 1H, 2J=14.1, 3J=5.6 Hz, NCH2); 3.14
(ddd, 1H, 2J=13.8, 3J=8.5, 3J=5.1 Hz, NCH2); 2.87 (pq, 1H, 3J=6.2 Hz,
NCH-iPr); 2.65 (dd, 1H, 2J=13.7, 3J=5.2 Hz, CHiPrCH2); 2.54 (ddd,
1H, 2J=14.3, 3J=6.8, 3J=7.6 Hz, NCH2CH2); 2.36 (dd, 1H, 2J=14.1, 3J=
5.6 Hz, CHiPrCH2); 2.21 (td, 1H, 2J=14.3, 3J=5.3 Hz, NCH2CH2); 1.78±
1.73 (m, 1H, CH(Me)2); 1.53±1.16 (m, 10H, 5îCH2); 1.25, 1.13, 1.11 (3 s,
27H, Piv tBu); 1.14 (s, 6H, 2îMe); 0.87 (d, 3H, 3J=6.7 Hz, Me); 0.86
(d, 3H, 3J=6.6 Hz, Me) ppm; MS (ES+): C39H67NO11 (725.95): m/z : 585.3
[Msugar]


+ ; 646.3 [M�PivOH+Na]+ ; 726.3 [M+H]+ ; 748.2 [M+Na]+ .


General procedure for conjugate cuprate addition to polymer-bound en-
aminones (17): a) Cuprate preparation: At �78 8C a suspension of cop-
per(i) cyanide in dry THF (approximately 1 mL per 50 mg) was treated
with organolithium reagent (2 equiv). The suspension was slowly warmed
up until cuprate formation was complete and the solution had become
clear. Before addition to the enone, the cuprate solution was recooled to
�78 8C. b) Conjugate addition: BF3¥OEt2 (for amounts, see below) and
the cooled cuprate solution (for reaction times and temperatures, see
below) were added successively to a suspension of resin 17 in THF (1 mL
per 50 mg) at �78 8C. After the given reaction time the suspension was
treated with ammonium pyrrolidine dithiocarbamate solution (0.1% in
CH2Cl2/MeOH (5:1)), warmed to room temperature, filtered, and vigo-
rously washed with the carbamate solution several times until the resin
had reached its initial amber colour. The resin was further washed with
CH2Cl2, THF, und MeOH (6 cycles) and dried under high vacuum. Cleav-
age from support was performed by using TBAF.


(2S,6S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-
d-galacto-pyranosyl]-2-(3-fluorophenyl)-6-n-butyl-piperidin-4-one (22ca):
(nBu)2Cu(CN)Li2 (30 equiv, cuprate formation: �60 8C), BF3¥OEt2
(30 equiv); reaction time: 2 h at �60 8C, then warm to �55 8C for 12 h;
Yield of crude product: 7.9 mg (47%); yellowish oil; LC-MS: tR=9.50
(90%, major); 10.07 (10%, minor) min; purification by semi-preparative
HPLC (Luna C-18, MeCN (80%!100%), 60 min): tR=48.17 min;
1H NMR (CDCl3, 400 MHz): d=7.35 (td, 1H, 3J=7.8, 4JH,F=5.9 Hz, aryl
H-5); 7.09±6.98 (m, 3H, aryl); 5.50 (t, 1H, 3J=9.6 Hz, H-2); 5.23 (d, 1H,
3J=2.3 Hz, H-4); 4.83 (dd, 1H, 3J=9.8, 3J=3.1 Hz, H-3); 4.48 (dd, 1H,


3J=5.1, 3J=9.0 Hz, NCHAryl); 4.07 (dd, 1H, 3J=7.0, 2J=11.3 Hz, H-6a);
3.93 (d, 1H, 3J=9.4 Hz, H-1); 3.82±3.78 (m, 2H, H-6b, NCHBu); 3.60 (t,
2H, 3J=6.5 Hz, CH2OH); 3.30 (t, 1H, 3J=6.8 Hz, H-5); 2.51±2.46 (m,
4H, CH2C=O); 1.52±1.42, 1.38±1.20 (m, 16H, 8îCH2); 1.23, 1.22, 1.07
(3 s, 27H, Piv tBu); 1.13 (s, 6H, 2îMe); 0.88 (t, 3H, 3J=6.8 Hz,
CH2CH3) ppm; MS (ES+): C46H72FNO11 (834.06): m/z : 732.5
[M�PivOH+H]+; 754.5 [M�PivOH+Na]+ ; 856.6 [M+Na]+ .


(2S,6S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-
d-galacto-pyranosyl]-2-(3-bromophenyl)-6-n-butyl-piperidin-4-one
(22ea): (nBu)2Cu(CN)Li2 (30 equiv, cuprate formation: �60 8C);
BF3¥OEt2 (30 equiv); reaction time: 2 h at � 40 8C, then warm to �12 8C
for 14 h; Yield of crude product: 7.9 mg (44%); yellowish oil; LC-MS:
tR=4.93 (2%, 18e); 10.60 (71%, major); 11.30 (15%, minor) min. Purifi-
cation by preparative HPLC (Luna C-18, MeCN (80%!100%), 60 min):
tR=60.47 (74%, major); 64.50 (26%, minor) min. Major diastereomer:
1H NMR (CDCl3, 400 MHz): d=7.52±7.45 (m, 2H, 2îaryl); 7.28±7.20
(m, 2H, 2îaryl); 5.50 (t, 1H, 3J=9.4 Hz, H-2); 5.24 (d, 1H, 3J=2.7 Hz,
H-4); 4.84 (dd, 1H, 3J=9.8, 3J=3.1 Hz, H-3); 4.45 (dd, 1H, 3J=4.7, 3J=
9.8 Hz, NCHAryl); 4.09 (dd, 1H, 3J=6.7, 2J=11.0 Hz, H-6a); 3.90 (d,
1H, 3J=9.8 Hz, H-1); 3.82±3.77 (m, 2H, H-6b, NCHBu); 3.60 (t, 2H, 3J=
6.6 Hz, CH2OH); 3.32 (t, 1H, 3J=6.6 Hz, H-5); 2.52±2.46 (m, 4H,
CH2C=O); 1.57±1.16 (m, 16H, 8îCH2); 1.23, 1.22, 1.07 (3 s, 27H, Piv
tBu); 1.13 (s, 6H, 2îMe); 0.88 (t, 3H, 3J=6.8 Hz, CH2CH3) ppm. Minor
diastereomer: 1H NMR (CDCl3, 400 MHz): d=7.49±7.42 (m, 2H, 2î
aryl); 7.25±7.18 (m, 2H, 2îaryl); 5.49 (t, 1H, 3J=9.8 Hz, H-2); 5.29 (d,
1H, 3J=2.7 Hz, H-4); 4.85 (dd, 1H, 3J=9.8, 3J=2.8 Hz, H-3); 4.55 (dd,
1H, 3J=3.5, 3J=12.5 Hz, NCHAryl); 4.17 (dd, 1H, 3J=7.0, 2J=11.0 Hz,
H-6a); 4.15 (d, 1H, 3J=9.8 Hz, H-1); 3.89 (dd, 1H, 3J=6.4, 2J=11.4 Hz,
H-6b); 3.78 (t, 1H, 3J=6.6 Hz, H-5); 3.62±3.57 (m, 3H, CH2OH,
NCHBu); 2.87 (dd, 1H, 3J=5.5, 2J=16.4 Hz), 2.63±2.44 (m, 3H, CH2C=
O); 1.56±1.46, 1.35±1.23 (m, 16H, 8îCH2); 1.27, 1.18, 1.08 (3 s, 27H, Piv
tBu); 1.14 (s, 6H, 2îMe); 0.87 (t, 3H, 3J=7.0 Hz, CH2CH3) ppm; MS
(ES+): C46H72BrNO11 (894.97): m/z : 814.4 [M(79Br)�PivOH+Na]+ ; 816.4
[M(81Br)�PivOH+Na]+ ; 916.6 [M(79Br)+Na]+ ; 918.6 [M(81Br)+Na]+.


(2S,6S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-
d-galacto-pyranosyl]-2-(2-chloro-6-fluorophenyl)-6-methyl-piperidin-4-
one (22gb): Me2Cu(CN)Li2 (30 equiv, cuprate formation: �30 8C);
BF3¥OEt2 (30 equiv); reaction time: 16 h at �20 8C; Yield of crude prod-
uct: 11 mg (67%); yellowish oil; Rf=0.31 (petroleum ether/ethyl acetate
(2:1)); LC-MS: tR=5.10 (12%, 18g); 7.95 (3%, minor); 8.32 (78%, ma-
jor) min. Purification by preparative HPLC (Luna C-18, MeCN (80%!
100%), 60 min): tR=59.15 min; 1H NMR (CDCl3, 400 MHz): d=7.65 (d,
2H, 3J=8.2 Hz, 2îaryl); 7.03 (t, 1H, 3J=8.6 Hz, aryl); 5.52 (t, 1H, 3J=
9.6 Hz, H-2); 5.26±5.23 (m, 2H, H-4, NCHAryl); 4.89 (dd, 1H, 3J=9.8,
3J=3.1 Hz, H-3); 4.17±4.05 (m, 2H, H-6a, H-6b); 3.96 (d, 1H, 3J=9.4 Hz,
H-1); 3.80 (t, 1H, 3J=10.2 Hz, H-5); 3.60 (t, 2H, 3J=6.4 Hz, CH2OH);
3.35 (br s, 1H), 2.92 (br s, 1H), 2.66 (dd, 1H, 3J=5.5, 2J=14.1 Hz), 2.52±
2.47 (m, 1H), 2.23 (brd, 1H, 2J=14.5 Hz, NCHMe, CH2C=O); 1.54±1.24
(m, 10H, 5îCH2); 1.23, 1.16, 1.08 (3 s, 27H, Piv tBu); 1.08 (s, 6H, 2î
Me); 1.32 (d, 3H, 3J=6.7 Hz, Me) ppm; MS (ES+): C43H65ClFNO11


(826.43): m/z : 724.4 [M�PivOH+H]+ ; 746.3 [M�PivOH+Na]+; 848.5
[M+Na]+ .


(2S,6R)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-
d-galacto-pyranosyl]-2-(2-chloro-6-fluorophenyl)-6-phenyl-piperidin-4-
one (22gc): Ph2Cu(CN)Li2 (30 equiv, cuprate formation: �30 8C);
BF3¥OEt2 (30 equiv); reaction time: 16 h at �20 8C; Yield of crude prod-
uct: 11 mg (48%); yellowish oil, Rf=0.28 (petroleum ether/ethyl acetate
(2:1)); LC-MS: tR=4.92 (27%, 18g); 7.75 (53%, major); 8.92 (15%, mi-
nor) min. Purification by preparative HPLC (Luna C-18, MeCN (80%!
100%), 60 min): tR=52.40 min; 1H NMR (CDCl3, 400 MHz): d=7.43 (d,
2H, 3J=7.8 Hz, 2îaryl); 7.32±7.26 (m, 4H, 4îaryl); 7.18 (t, 1H, 3J=
7.2 Hz, 1îaryl); 7.03±6.98 (m, 1H, 1îaryl); 5.50 (brd, 1H, 3J=13.3 Hz,
CHN); 5.29 (d, 1H, 3J=2.4 Hz, H-4); 5.18 (t, 1H, 3J=9.4 Hz, H-2); 5.04
(brd, 1H, 3J=4.3 Hz, CHN); 4.87 (dd, 1H, 3J=9.8, 3J=2.7 Hz, H-3);
4.26 (d, 1H, 3J=9.4 Hz, H-1); 4.24 (dd, 1H, 3J=5.9, 2J=10.6 Hz, H-6a);
3.98 (t, 1H, 3J=6.3 Hz, H-5); 3.93 (dd, 1H, 3J=6.6, 2J=10.2 Hz, H-6b);
3.61 (t, 2H, 3J=6.5 Hz, CH2OH); 3.39 (dd, 1H, 3J=6.2, 2J=16.4 Hz),
3.27 (dd, 1H, 3J=14.9, 2J=18.0 Hz), 2.94 (dd, 1H, 3J=2.0, 2J=16.8 Hz),
2.42 (dd, 1H, 3J=2.7, 2J=18.0 Hz, CH2C=O); 1.55±1.48, 1.35±1.23 (m,
10H, 5îCH2); 1.24, 0.99, 0.98 (3 s, 27H, Piv tBu); 1.15 (s, 6H, 2î
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Me) ppm; MS (ES+): C48H67ClFNO11 (888.50): m/z : 786.5
[M�PivOH+H]+; 808.5 [M�PivOH+Na]+ ; 910.5 [M+Na]+ .


(2S,6S)-N-[6-O-(8-Hydroxy-2,2-dimethyloctanoyl)-2,3,4-tri-O-pivaloyl-b-
d-galacto-pyranosyl]-2-(4-trifluoromethylphenyl)-6-n-butyl-piperidin-4-
one (22 ia): (nBu)2Cu(CN)Li2 (30 equiv, cuprate formation: �60 8C);
BF3¥OEt2 (30 equiv); reaction time: 2 h at �60 8C, then warm to �55 8C
for 12 h; Yield of crude product: 8.3 mg (47%); yellowish oil; LC-MS:
tR=4.82 (15%, 18 i); 10.22 (61%, major); 10.87 (24%, minor) min. Puri-
fication by semi-preparative HPLC (Luna C-18, MeCN (90%!100%),
60 min): tR=approximately 23.3 (diastereomeric mixture) min. Major dia-
stereomer: 1H NMR (CDCl3, 400 MHz): d=7.65 (d, 2H, 3J=8.2 Hz, 2î
aryl); 7.44 (d, 2H, 3J=7.8 Hz, 2îaryl); 5.52 (t, 1H, 3J=9.8 Hz, H-2);
5.23 (d, 1H, 3J=3.1 Hz, H-4); 4.84 (dd, 1H, 3J=9.6, 3J=2.9 Hz, H-3);
4.56 (dd, 1H, 3J=4.7, 3J=9.4 Hz, NCHAryl); 4.08 (dd, 1H, 3J=6.6, 2J=
11.3 Hz, H-6a); 3.90 (d, 1H, 3J=9.4 Hz, H-1); 3.81±3.77 (m, 2H, H-6b,
NCHBu); 3.60 (t, 2H, 3J=6.2 Hz, CH2OH); 3.27 (t, 1H, 3J=6.6 Hz, H-
5); 2.55±2.48, 2.14±2.04 (m, 5H, CH2C=O, NCH�CH2�Pr); 1.57±1.17 (m,
15H, 7.5îCH2); 1.24, 1.22, 1.07 (3 s, 27H, Piv tBu); 1.13 (s, 6H, 2îMe);
0.89 (t, 3H, 3J=6.8 Hz, CH2CH3) ppm; MS (ES+): C47H72F3NO11


(884.07): m/z : 804.6 [M�PivOH+Na]+ ; 906.6 [M+Na]+ .
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Introduction


Glycoproteins which are major constituents on epithelial
cell surfaces are decisively involved in various important
physiological processes such as cell adhesion or signal trans-
duction.[1] In a number of cases, the carbohydrate portions
of membrane glycoproteins are key elements in biological
selectivity: carbohydrates in the blood group substances, for
instance.[2] During glycoprotein biosynthesis, the post-trans-
lational O-glycosylation of the protein backbone proceeds
in different compartments of the Golgi apparatus. It is initi-
ated by the enzymatic coupling of N-acetyl-galactosamine to
serine or threonine residues (see Scheme 1). As the glyco-
protein passes through the Golgi, stepwise saccharide chain
extension leads to the formation of complex, branched
glycan structures. Galactosylation of the central N-acetyl-
galactosamine moiety furnishes the core 1 saccharide struc-
ture bGal-(1!3)-aGalNAc-O-Ser/Thr (also called T-anti-
gen), which acts as a substrate for b1,6-GlcNAc transferases.
The addition of b1,6-N-acetyl-glucosamine yields the core 2


trisaccharide (bGal-(1!3)-[bGlcNAc-(1!6)-]aGalNAc),
which can be further extended by the addition of polylactos-
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Institut f¸r Organische Chemie der Universit‰t Mainz
Duesbergweg 10±14, 55128 Mainz (Germany)
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Abstract: Glycoproteins on epithelial
tumor cells often exhibit aberrant gly-
cosylation profiles. The incomplete for-
mation of the glycan side chains result-
ing from a down-regulated glucosamine
transfer and a premature sialylation re-
sults in additional peptide epitopes,
which become accessible to the
immune system in mucin-type glyco-
proteins. These cancer-specific struc-
ture alterations are considered to be a
promising basis for selective immuno-


logical attack on tumor cells. Among
the tumor-associated saccharide anti-
gens, the (2,3)-sialyl-T antigen has been
identified as the most abundant glycan,
found in several different carcinoma
cell lines. According to a linear biomi-
metic strategy, the (2,3)-sialyl-T antigen


was synthesized by a stepwise glycan
chain extension of a protected galactos-
amine-threonine precursor. For the
construction of immunostimulating an-
tigens combining both peptide and sac-
charide motifs, this antigen was incor-
porated into glycopeptide partial struc-
tures from the mucins MUC1 and
MUC4 by sequential solid-phase syn-
thesis.


Keywords: antigens ¥ glycopeptides ¥
MUC1 ¥ MUC4 ¥ solid-phase
synthesis


Scheme 1. Glycopeptide biosynthesis in cancer cells. GalNAcT: UDP-N-
acetyl-a-d-galactosamine:polypeptide N-acetylgalactosaminyl transferase.
b1,3GalT: Core 1 b1,3-galactosyl transferase. C2GnT-I: Core 2 b1,6-N-
acetylglucosaminyl transferase-I. ST6GalNAc-I: CMP-Neu5Ac:GalNAc-
R a2,6-sialyl transferase-I. ST6GalNAc-II: CMP-Neu5Ac:GalNAc-R
a2,6-sialyl transferase-II. ST3Gal-I: CMP-Neu5Ac:Galb1,3GalNAc-R
a2,3-sialyl transferase-I.
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amine chains. Chain growth is usually terminated by the at-
tachment of sialic acid or fucose or by sulfation.[3] Unlike in
healthy cells, the activity of certain glycosyltransferases, in
particular b1,6-GlcNAc transferase, is drastically down-regu-
lated in epithelial tumor cells, whereas the activity of sialyl-
transferases is strongly increased, often resulting in a prema-
ture sialylation.[4] Consequently, glycoproteins in cancer cells
carry cryptic, incomplete glycan side chains.[5] This results in
the exposure of additional peptide epitopes, masked in
normal cells, which hence become accessible to the immune
system. The TN, T, sialyl-TN and (2,3)-sialyl-T structures con-
stitute important examples of such tumor-associated saccha-
ride antigens (Scheme 1). Among these, the (2,3)-sialyl-T an-
tigen has been identified as the most abundant glycan found
in different tumor cell lines such as the breast cancer cell
line T47D[6] and the gastric carcinoma cell lines HT-29 and
K562.[7]


Cancer immunotherapy selectively targeting the tumor-as-
sociated glycoprotein structure alterations–deficient glyco-
sylation and, thus, exposure of additional peptide epitopes–
would certainly be attractive. In this context, glycopeptides
containing partial structures of cancer-associated cell-surface
glycoproteins combining both tumor-associated saccharide
and peptide structural information are considered to be
promising candidates for the construction of tumor-selective
immunostimulating antigens. Mucin-type glycoproteins con-
stitute suitable target molecules for the induction of tumor-
selective immune responses.


Mucins are heavily O-glycosylated glycoproteins ex-
pressed on the surfaces of many types of epithelial cells.[8,9]


Their main function is to provide lubrication, as well as pro-
tection from proteolytic degradation and invasion of micro-
organisms. Of particular interest are the mucins MUC1 and
MUC4, which both exist in membrane-bound forms. The
mucin MUC1,[10±14] which was the first mucin-type glycopro-
tein to be defined by murine monoclonal antibodies, is a
ubiquitously distributed integral membrane glycoprotein
found on epithelial cells in a variety of tissues. The extracel-
lular domain consists of tandem repeats comprising 20
amino acids of the sequence HGVTSAPDTRPAPGSTAP-
PA (1), including five potential O-glycosylation sites. First
isolated from tracheobronchial tissue in 1991,[15] the human
mucin MUC4 contains the largest apoprotein of all known
mucins.[16] Its heterodimeric structure consists of a mucin-
characteristic a-chain and a membrane-associated b-chain,
which are connected through the proteolytic cleavage region
GDPH.[17] The extracellular a-chain, which contains a
region rich in proline, threonine, and serine, is composed of
a repetitive sequence of 16 amino acids (TSSAST-
GHATPLPVTD, 2). Both MUC1 and MUC4 adopt extend-
ed structures, and so are major components of the glycoca-
lyx.


Abnormal expression of the mucins MUC1 and MUC4
has been observed in tumor cells of various tissues, including
lung,[18] colon,[19] pancreatic,[20, 21] ovarian, and breast can-
cers.[22,23] In addition, MUC4 is the only tumor-associated
mucin exclusively occurring on pancreatic adenocarcinoma
cells. Tumor-associated glycopeptide partial structures from


the mucins MUC1 and MUC4[24] are therefore promising
candidates for the development of tumor-selective vaccines.


Results and Discussion


The tumor-associated (2,3)-sialyl-T antigen was synthesized
by an efficient linear strategy, which mimicks the enzymatic
glycan chain extension taking place in the Golgi apparatus
in cancer cells,[4] and was subsequently incorporated into
glycopeptide structures from the tandem repeat regions of
the mucins MUC1 and MUC4. For this purpose, a suitably
protected threonine derivative was first coupled with N-
acetyl galactosamine. From this TN antigen-threonine conju-
gate, the (2,3)-sialyl-T building block was assembled by step-
wise saccharide chain extension and utilized in solid-phase
glycopeptide syntheses.[25±27] In contrast to other strategies
reported earlier,[28±30] the complex sialic acid was introduced,
as in nature, at a late stage of the synthesis.


Synthesis of the (2,3)-sialyl-T threonine building block : Ac-
cording to this biomimetic strategy, the (2,3)-sialyl-T threo-
nine building block for solid-phase glycopeptide synthesis
was prepared by starting from the preformed N-acetylgalac-
tosamine threonine conjugate 3 (Scheme 2).[31, 32] To provide
a glycosyl acceptor suitable for galactosylation at the 3-OH
position, 3 was converted into the corresponding benzyli-
dene derivative 4 by de-O-acetylation and subsequent for-
mation of the 4,6-benzylidene acetal. The de-O-acetylation
was carefully carried out under Zemplÿn conditions[33] at
pH 8.5,[31] followed by protection of the 4-OH and 6-OH
groups with a,a-dimethoxytoluene and a catalytic amount of
p-toluenesulfonic acid as reagents. The benzylidene deriva-
tive 4 was isolated in 44 % yield (over two steps) when N,N-
dimethyl formamide was used as the solvent in the second
step and methanol was removed continuously from the reac-
tion mixture at 50 8C and reduced pressure (15 mbar). For
the same reaction, the yield was increased to 75 % (two
steps) in acetonitrile as the solvent and at ambient tempera-
ture.[34]


The galactosylation of TN-threonine conjugate 4 was one
of the key steps in the synthesis of the sialyl-T threonine an-
tigen. The reaction was optimized by comparing different
glycosyl donors derived from 1,2,3,4-tetra-O-acetyl-6-O-
benzyl galactopyranose 5[35] (Table 1). First, 5 was converted
into the anomeric trichloroacetimidate a-6,[36±38] which was
subjected to glycosylation by Schmidt×s procedure.[39,40] The
galactosylation of 4 with trichloroacetimidate a-6 was car-
ried out at �15 8C by the use of catalytic amounts of trime-
thylsilyl triflate in 1,2-dichloroethane as the promoter. After
purification by flash chromatography, a mixture of the de-
sired product 7 and the corresponding orthoester 8 was iso-
lated in a ratio of 1:2.7. Separation of the two components
was achieved by semi-preparative RP-HPLC and gave the
b-glycosylation product 7 in a yield of 21 %, together with
58 % of the orthoester 8.


Second, treatment of galactose derivative 5 with a mixture
of ethanethiol and boron trifluoride etherate in dichlorome-
thane afforded ethylthio glycoside 9 in 63 % yield (a/b ratio
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1.2:1). The glycosylation of TN-
threonine conjugate 4 with b-
thio glycoside b-9 was promot-
ed with N-iodosuccinimide and
catalytic amounts of trifluoro-
methanesulfonic acid in di-
chloromethane at 0 8C and re-
sulted in the formation of 52 %
of the b-glycosylation product 7
(Scheme 2).


Finally, different activation
procedures for the glycosylation
of TN-threonine conjugate 4
were explored with galactosyl
bromide a-10 as donor, this
compound also being obtained
from galactose derivative 5.[41]


According to the classical pro-
cedure developed by Koenigs
and Knorr,[42] the 3-b-galactosy-


lation of 4 with a-10 was carried out with two equivalents of
silver triflate as the promoter at �40 8C in dichloromethane
and gave the product 7 of the b-glycosylation reaction in
66 % yield.


Alternatively, the same glycosylation reaction was per-
formed by Helferich×s procedure[43] with mercury(ii) cyanide
for activation at ambient temperature and a mixture of ni-
tromethane and dichloromethane as solvents. Under these


Scheme 2. Reagents and conditions: a) i) MeOH, NaOMe, pH 8.5, 3 h; ii) DMF, a,a-dimethoxytoluene, PTSA, 15 mbar, 50 8C, 2 h, 44%. b) i) MeOH,
NaOMe, pH 8.5, 3 h; ii) MeCN, a,a-dimethoxytoluene, PTSA, room temperature, 15 h, 75 %. c) MeOH, NaOMe, pH 8.5, 12 h, 62%. d) AcOH (80 %),
80 8C, 1 h, 82 %. e) pyridine/Ac2O (2.3:1), DMAP, 6 h, 87 %. f) TFA, anisole, quant. DMAP = N,N-dimethylaminopyridine; DMF = dimethylforma-
mide; DTBP = di-tert-butylpyridine; PTSA = p-toluenesulfonic acid; TFA = trifluoroacetic acid.


Table 1. Synthesis of glycosyl donors 6, 9, and 10 and subsequent galactosylation of TN-threonine conjugate 4.


Compound R Conditions A Conditions B Yield of 7 [%]


a-6 1. H2NNH2¥AcOH, DMF, 83 % cat. TMSOTf, MS 21[a]


MS 4 ä, ClCH2CH2Cl
2. Cl3CCN, DBU,
CH2Cl2, 53 %


a,b-9 SEt EtSH, BF3¥Et2O, cat. TfOH, NIS, 52
CH2Cl2, 63 % MS 4 ä, CH2Cl2,
(a/b=1.2:1) 0 8C to 20 8C


a-10 Br 33% HBr in glacial acid, AgOTf, MS 4 ä, 66
CH2Cl2, 0 8C, 49 % CH2Cl2, �40 8C to +20 8C


a-10 Br 33% HBr in glacial acid, Hg(CN)2, MS 4 ä, 93
CH2Cl2, 0 8C, 49 % CH3NO2/CH2Cl2, 0 8C to 20 8C


[a] In addition, 58% of the corresponding orthoester 8 were formed.
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conditions, the desired b-product 7 was formed selectively in
93 % yield, due to the neighboring group effect of the 2-ace-
toxy function of the galactosyl donor.


The de-O-acetylation of the disaccharide derivative 7,
without the Fmoc group being affected or b-elimination of
the saccharide promoted, was achieved by careful, pro-
longed treatment with sodium methoxide in methanol at
pH 8.5 and resulted in the formation of a 62 % yield of the
disaccharide acceptor 11. The regio- and stereoselective gly-
cosylation at the 3’-OH position of the galactose moiety of
this compound with a sialic acid donor comprises another
pivotal step in the synthesis of the sialyl-T threonine build-
ing block. For this type of sialylation, sialic acid thio donors
have usually been employed in the Lewis antigen series.[44]


Therefore, N-acetylneuraminic acid benzyl ester 12 was first
converted into the corresponding ethylthio sialoside 13 in
85 % yield. The regioselective 3’-sialylation of the disaccha-
ride 11 with ethylthio donor 13 was carried out in acetoni-
trile at �37 8C in the presence of N-iodosuccinimide and cat-
alytic amounts of trifluoromethanesulfonic acid, furnishing
the trisaccharide derivative 14 as an anomeric mixture. Sep-
aration of the anomers by flash chromatography gave a
38 % yield of the desired a product and a 24 % yield of the
corresponding b anomer (Table 2).


Besides thio sialosides, sialosyl xanthates[45] have also
proven to be efficient glycosyl donors for sialylation reac-
tions. Xanthate 15[45,46] of the N-acetylneuraminic acid
benzyl ester was prepared in a yield of 49 % from 12 by in-
termediate formation of the anomeric chloride. The glycosy-
lation of disaccharide conjugate 11 with sialosyl xanthate 15
was performed at low temperature (�68 8C) in a mixture of
acetonitrile/dichloromethane (2:1) in order to favor the ki-
netically controlled stereoselective formation of the a-sialo-
side 14. Activation of the xanthate with phenylsulfenyl tri-
flate, which was generated in situ from phenylsulfenyl chlo-
ride and silver triflate,[47] and the use of di-tert-butylpyridine
as a proton scavenger gave a 49 % yield of the desired a2,3-
sialyl-T threonine conjugate 14.[48] Only a 2 % yield of the
corresponding b anomer was produced. Completely stereo-


selective a-sialylation was achieved in a yield of 58 % when
methylsulfenyl triflate, produced in situ from methylsulfenyl
bromide and silver triflate,[49] was used as reagent for activa-
tion of xanthate 15.[50]


For the conversion of trisaccharide 14 into a (2,3)-sialyl-T
threonine conjugate suitable as a building block for sequen-
tial solid-phase glycopeptide synthesis, a number of protect-
ing group manipulations were required. Acidolytic cleavage
of the benzylidene acetal of 14 with 80 % aqueous acetic
acid proceeded at 80 8C in a yield of 82 % without affecting
the acid-labile tert-butyl ester to give 16. The ensuing O-ace-
tylation of the remaining hydroxy groups, including the ste-
rically hindered 4’-OH, was performed with a mixture of
pyridine and acetic acid catalyzed by N,N-(dimethylamino)-
pyridine in a yield of 87 %. Subsequent acidolysis of the tert-
butyl ester of 17 with trifluoroacetic acid in dichlorome-
thane and anisole as a cation scavenger quantitatively pro-
vided the Fmoc-(2,3)-sialyl-T threonine building block 18.


Solid-phase synthesis of a MUC1 glycopeptide containing
the tumor-associated (2,3)-sialyl-T antigen : The Fmoc-(2,3)-
sialyl-T threonine building block 18 was incorporated in the
sequential solid-phase synthesis of a glycododecapeptide de-
rived from the tandem repeat sequence 1 of the epithelial


mucin MUC1. The glycopeptide
was assembled in an automated
synthesizer by the Fmoc strat-
egy, with side chain O-tert-
butyl-protected threonine/
serine and N-Pmc arginine
building blocks. NovaSyn Ten-
tagel coupled with the novel
fluoride-labile PTMSEL
linker[51,52] loaded with the start
amino acid Fmoc-proline 19
(Scheme 3) was employed as
the resin. The PTMSEL anchor
can be cleaved by tetrabutylam-
monium fluoride trihydrate in
dichloromethane under almost
neutral conditions, thereby
avoiding side reactions such as
aspartimide rearrangements.


The first eight amino acids of
the MUC1 sequence were coupled by the standard proce-
dure. Piperidine in N-methylpyrrolidone (NMP) was used
for the removal of the temporary Fmoc protecting group in
each coupling cycle, followed by coupling with an excess
(20 equiv) of the next Fmoc-amino acid activated by
HBTU[53]/HOBt[54] and diisopropylethylamine (DIPEA) in
N,N-dimethylformamide (DMF). Unreacted amino groups
were capped after each cycle with acetic anhydride in the
presence of DIPEA and catalytic amounts of HOBt in
NMP. Subsequent coupling of only 1.4 equivalents of the
valuable Fmoc-(2,3)-sialyl-T threonine building block 18
was carried out manually over a period of 4 h with use of
HATU/HOAt[55] and N-methylmorpholine (NMM) in NMP
for activation. The final two Fmoc-amino acids were again
attached by the standard procedure, and the N-terminal


Table 2. Glycosylation of 11 with sialosyl donors 13 and 15.


Compound R’ Conditions A Conditions B Yield of 14 [%]


13 SEt 1) EtSH, BF3¥Et2O, cat. TfOH, NIS, MS 3 ä, 38[a]


CH2Cl2, 85% CH3CN, �37 8C to �23 8C


15 1) CH3COCl PhSCl, AgOTf, DTBP, 49[b]


2) KS(CS)OEt, EtOH, 49% MS 3 ä, CH3CN/CH2Cl2, �68 8C


15 1) CH3COCl MeSBr, AgOTf, MS 3 ä, 58
2) KS(CS)OEt, EtOH, 49% CH3CN/CH2Cl2, �68 8C


[a] Plus 24 % of the corresponding b anomer. [b] Plus 2 % of the corresponding b anomer.


Chem. Eur. J. 2004, 10, 4150 ± 4162 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4153


Tumor-Associated (2,3)-Sialyl-T Antigen 4150 ± 4162



www.chemeurj.org





Fmoc group was exchanged for an acetyl group. Treatment
with tetrabutylammonium fluoride in dichloromethane re-
leased the glycopeptide 20 from the resin without affecting
the permanent protecting groups of the amino acid side
chains and the glycan portion. After purification by semi-
preparative RP-HPLC, the protected glycododecapeptide 20
was isolated in a yield of 39 % (based on the loaded resin
19).


Cleavage of the acid-labile protecting groups of the amino
acid side chain functionalities with a mixture of trifluoroace-
tic acid, triisopropylsilane, and water furnished the partially
deblocked glycopeptide 21. For the simultaneous removal of
the sialic acid benzyl ester and the galactose benzyl ether,
21 was dissolved in methanol and subjected to hydrogenoly-
sis, with 10 % palladium on activated charcoal as the cata-
lyst. The final de-O-acetylation of the saccharide moiety was
accomplished by prolonged treatment with 5 mm aqueous
sodium hydroxide solution and carefully monitored by ana-
lytical RP-HPLC. Under these basic conditions (pH 11.5),
neither b-elimination of the glycan nor epimerization of the
amino acids were observed. The completely deblocked
MUC1 glycododecapeptide 22 was obtained after purifica-
tion by semi-preparative RP-HPLC in a yield of 56 % (over
three steps).


Solid-phase synthesis of a (2,3)-sialyl-T glycopeptide derived
from the tandem repeat sequence of the epithelial mucin
MUC4 : The automated solid-phase synthesis of the MUC4
glycohexadecapeptide containing the (2,3)-sialyl-T antigen
was performed starting from commercially available Tenta-
gel S resin[56] coupled with the acid-labile Wang linker[57]


loaded with Fmoc-aspartic acid b-tert-butyl ester 23
(Scheme 4). All Fmoc-amino acids were coupled in excess
(20 equiv) by the standard Fmoc strategy procedure descri-
bed above. N-Tritylimidazole was used for protection of the
histidine side chain. The manual coupling of 1.3 equivalents
of the Fmoc-(2,3)-sialyl-T threonine building block 18, dis-
solved in NMP, was again activated by HATU/HOAt and
NMM. After completion of the 16-amino acid MUC4
tandem repeat sequence 2, the N-terminus of the glycopep-
tide was acetylated. Simultaneous detachment of the glyco-
hexadecapeptide from the resin and cleavage of the acid-
labile protecting groups on the aspartic acid, serine, threo-
nine, and histidine side chains was achieved by treatment of
the resin with a mixture of trifluoroacetic acid, triisopropyl-
silane, and water to give a 46 % yield of the partially depro-
tected MUC4 glycopeptide 24 (yield based on loaded resin
23, after semipreparative RP-HPLC).


Scheme 3. Reagents and conditions: a) i) solid-phase glycopeptide synthesis (SPGS): Fmoc-removal (piperidine/NMP (20 %)), coupling (1st±8th, 10th±
11th: Fmoc-AA-OH (20 equiv), HBTU/HOBt/DIPEA, DMF, 9th: 18 (1.4 equiv), HATU/HOAt/NMM, DMF, 4 h), capping: Ac2O, DIPEA, HOBt
(4:1:0.12). ii) TBAF¥3 H2O (2 î 2.5 equiv), CH2Cl2, 45 min (each time), 39% (with respect to 19). b) TFA/TIS/H2O (15:0.9:0.9), 2 h. c) H2, Pd/C (10 %),
MeOH, 23 h. d) NaOHaq (5 mm), 59 h (56 % over three steps). HATU = O-(7-aza-benzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophos-
phate, HBTU = O-(1H-benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate, HOAt = N-hydroxy-7-azabenzotriazole, HOBt = N-hy-
droxybenzotriazole; NMM = N-methylmorpholine; TBAF = tetrabutylammonium fluoride; TIS = triisopropylsilane; Pmc = 2,2,5,7,8-pentamethyl-
chroman-6-sulfonyl-; PTMSEL = (2-phenyl-2-trimethylsilyl)ethyl-linker.
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Complete deprotection of the MUC4 glycopeptide 24 was
accomplished by concomitant hydrogenolysis of the sialic
acid benzyl ester and the galactose benzyl ether, followed
by de-O-acetylation of the glycan moiety. The deacetylation
was first carried out under Zemplÿn conditions[33] at pH 10.
In this case, one O-acetyl group, presumably at the hindered
4’-position of the galactose portion, remained resistant to
saponification, so additional treatment with aqueous sodium
hydroxide at pH 11.5 as described above was necessary.
After purification by semi-preparative RP-HPLC, the
MUC4 glycohexadecapeptide 25 was isolated in a yield of
64 % (over three steps).


Conclusion


The sequential solid-phase synthesis of two different mucin-
type glycopeptides has been accomplished with the use of a
preformed Fmoc-(2,3)-sialyl-T threonine conjugate as a
building block. For the preparation of the crucial glycosyl
amino acid conjugate 18, a novel, linear synthetic strategy
based on the biosynthesis of the (2,3)-sialyl-T antigen has
been established. In addition to an efficient selective pro-
tecting group strategy compatible with the sensitive struc-
ture of the O-glycosyl amino acid derivative, the key steps
included the stereoselective b-galactosylation of a TN threo-


nine derivative in a yield of 93 % and the regio- and stereo-
selective a-sialylation of a disaccharide threonine precursor,
which proceeded in yields of up to 58 %. The obtained
Fmoc-(2,3)-sialyl-T threonine building block 18 proved to
be stable under the conditions applied during the standard
Fmoc procedure for glycopeptide assembly, therefore consti-
tuting a versatile synthetic conjugate for the solid-phase syn-
thesis of (2,3)-sialyl-T glycopeptides. By the use of different
anchoring systems in automated solid-phase syntheses, the
glycopeptides were assembled either in their completely
protected or in partially deblocked forms, as is demonstrat-
ed for glycopeptides of the tandem repeat regions of MUC1
and MUC4.


Investigations on the immunological activity of the tumor-
associated (2,3)-sialyl-T MUC1 and MUC4 glycopeptides 22
and 25 concerning their influence on the proliferation of pe-
ripheric blood lymphocytes are currently underway.[46] In ad-
dition, detailed conformational studies by NMR spectrosco-
py in aqueous solution are being undertaken.


Experimental Section


General : Solvents for moisture-sensitive reactions (acetonitrile, nitrome-
thane, methanol, dichloromethane) were distilled and dried by standard
procedures. DMF (amine-free, for peptide synthesis) was purchased from


Scheme 4. Reagents and conditions: a) i) solid-phase glycopeptide synthesis (SPGS): Fmoc-removal (piperidine/NMP (20 %)), coupling (1st±5th, 7th±
15th.: Fmoc-AA-OH (20 equiv), HBTU/HOBt/DIPEA, DMF; 6th 18 (1.3 equiv), HATU/HOAt/NMM, DMF, 4 h), capping: Ac2O, DIPEA, HOBt
(4:1:0.12). ii) TFA/TIS/H2O (15:0.9:0.9), 2 h, 46 % (with respect to 23). b) H2, Pd/C (10 %), MeOH, 23 h. c) i) MeOH, NaOMe, pH 10, 48 h. ii) NaOHaq


(5 mm), 36 h (64 % over three steps).
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Roth, acetic anhydride and pyridine in p.a. quality from ACROS. Re-
agents were purchased at the highest available commercial quality and
were used without further purification unless outlined otherwise. Fmoc-
protected amino acids were purchased from Novabiochem. As resins for
solid-phase synthesis, aminomethylated TentaGel (NovaSyn Tg amino
resin, Novabiochem) and Rapp TentaGel were used. Reactions were
monitored by thin-layer chromatography with pre-coated silica gel 60 F254


aluminium plates (Merck KGaA, Darmstadt). Flash column chromatog-
raphy was performed with silica gel (40±63 mm) purchased from
Merck KGaA, Darmstadt. Optical rotations [a]D were measured with a
Perkin-Elmer 241 polarimeter. RP-HPLC analyses were carried out on a
Knauer HPLC system with Phenomenex Luna C18(2) (250 î 4.6 mm, 5 m)
and Phenomenex Jupiter C18 columns (250 î 4.6 mm, 5 m) at a pump rate
of 1 mL min�1. Preparative HPLC separations were performed on a
Knauer HPLC system with a Phenomenex Luna C18(2) column (250 î
50 mm, 10 mm) and a pump rate of 20 mL min�1. Semi-preparative HPLC
separations were carried out on a Knauer HPLC system with Phenomen-
ex Luna C18(2) (250 î 21.20 mm, 10 m) and Phenomenex Jupiter (250 î
21.20 mm, 5 m) columns at a flow rate of 10 mL min�1. Water and CH3CN
were used as solvents. 1H, 13C, and 2D NMR spectra were recorded on
Bruker AC 200, AM 400, ARX 400, or DRX 600 spectrometers. Proton
chemical shifts are reported in ppm relative to residual CHCl3 (d =


7.24), DMSO (d = 2.49), methanol (d = 3.31), or water (d = 4.76).
Multiplicities are given as: s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet). 13C chemical shifts are reported relative to CDCl3 (d =


77.0), DMSO (d = 39.5), or methanol (d = 49.00). Assignment of
proton and carbon signals was achieved by COSY, TOCSY, HMQC, and
HMBC experiments when noted. For 1H and 13C signals of the saccharide
portions the following denominations were used: N-acetyl-d-galactosa-
mine (no prime), d-galactose (’), and N-acetyl-neuraminic acid (’’).
MALDI-TOF mass spectra were acquired on a Micromass Tofspec E
spectrometer while ESI-mass spectra were obtained on a ThemoQuest-
Navigator spectrometer. HR-ESI mass spectra were recorded on a Mi-
cromass Q-TOF Ultima spectrometer.


N-Fluorenylmethoxycarbonyl-O-(2-acetamido-4,6-O-benzylidene-2-
deoxy-a-d-galactopyranosyl)-l-threonine tert-butyl ester (Fmoc-Thr(a-
4,6-O-Bzn-GalNAc)-OtBu) (4): Procedure A : A solution of sodium
methoxide in methanol (5 %) was added dropwise to Fmoc-Thr(a-Ac3-


GalNAc)-OtBu 3[31, 32] (186 mg, 0.256 mmol) dissolved in dry methanol
(6 mL) until pH 8.5 was reached. The reaction mixture was stirred for 3 h
and was subsequently neutralized by addition of acidic ion-exchange
resin (Amberlyst 15). After filtration, the solvent was removed in vacuo.
The resulting solid was dissolved in N,N-dimethylformamide (10 mL),
and a,a-dimethoxytoluene (77 mL) was added. The pH was adjusted to
3.5 with a catalytic amount of p-toluenesulfonic acid (10 mg). The reac-
tion was carried out under reduced pressure (15 mbar) at 50 8C in a
rotary evaporator. After 2 h the mixture was neutralized with ethyldiiso-
propylamine (4 drops), and the solvent was removed in vacuo. The result-
ing residue was co-evaporated with toluene (3 î 20 mL) and purified by
flash chromatography (silica gel, petroleum ether/ethyl acetate 1:2) to
afford compound 4 (78 mg, 44%) as a colorless, amorphous solid.


Procedure B : A solution of sodium methoxide in methanol (5 %) was
added dropwise to a solution of Fmoc-Thr(a-Ac3GalNAc)-OtBu 3
(1.65 g, 2.27 mmol) in dry methanol (50 mL) until pH 8.5 was reached.
The reaction mixture was stirred for 3 h and was subsequently neutral-
ized by addition of acidic ion-exchange resin (Amberlyst 15). After filtra-
tion, the solvent was removed in vacuo. The resulting solid was dissolved
in dry acetonitrile (300 mL), and a,a-dimethoxytoluene (684 mL) was
added. The pH was adjusted to 4 with a catalytic amount of p-toluenesul-
fonic acid. The reaction mixture was stirred for 15 h at room temperature
and was neutralized with triethylamine (4±5 drops). After removal of the
solvent in vacuo, purification of the resulting residue by flash chromatog-
raphy (silica gel, petroleum ether/ethyl acetate 1:2) gave compound 4
(1.18 g, 75 %) as a colorless amorphous solid. Rf = 0.60 (toluene/ethanol
4:1); [a]23


D = 64.4 (c = 1, CHCl3); 1H NMR (400 MHz, CDCl3): d = 7.76
(d, JH3,H4 = JH5,H6 = 7.4 Hz, 2H; H4-, H5-Fmoc), 7.61 (d, JH1,H2 = JH7,H8 =


7.4 Hz, 2 H; H1-, H8-Fmoc), 7.51±7.49 (m, 2 H; H3-, H6-Fmoc), 7.42±
7.30 (m, 7H; H2-, H7-Fmoc, Harom-Bzn), 6.49 (d, JNH,H2 = 8.6 Hz, 1H;
NH (GalNAcNH)), 5.56 (s, 1H; CH-Bzn), 5.49 (d, JNH,Ta = 9.4 Hz, 1H;
NH-T), 4.93 (d, JH1,H2 = 3.1 Hz, 1H; H1), 4.50±4.44 (m, 3H; H2, CH2-
Fmoc), 4.25±4.04 (m, 6 H; H5, H6 a, H6 b, H9- Fmoc, Ta, Tb), 3.86±3.82


(m, 1H; H3), 3.70 (s, 1 H; H4), 2.44 (d, 1H; OH, JOH,H3 = 9.4 Hz), 2.07
(s, 3H; CH3-Ac), 1.45 (s, 9H; CH3�tBu), 1.27 (d, 3 H; Tg, JTb,Tg =


6.3 Hz) ppm; 13C NMR (100.6 MHz, BB, DEPT, CDCl3): d = 172.5,
170.7 (C=O), 156.5 (C=O-urethane), 143.7 (C1 a-, C8 a-Fmoc), 141.3
(C4 a-, C5 a-Fmoc), 137.5 (Cq-Bzn), 129.1, 128.2, 126.3 (Carom-Bzn), 127.8
(C3-, C6-Fmoc), 127.1 (C-2, C7-Fmoc), 125.0 (C1-, C8-Fmoc), 120.0 (C4-,
C-5-Fmoc), 101.2 (CH-Bzn), 100.0 (C1), 83.4 (Cq-tBu), 76.7 (Tb), 75.5
(C3), 69.6 (C4), 69.2 (CH2-Fmoc), 67.2 (C6), 63.7 (C5), 58.9 (Ta), 50.4
(C2), 47.2 (C9-Fmoc), 28.1 (CH3-tBu), 23.1 (CH3-Ac), 19.1 (Tg) ppm;
ESI-MS: m/z : found: 711.3 [M+Na]+ ; C38H44N2O10Na calcd 711.3; ele-
mental analysis calcd (%): C 66.26, H 6.44, N 4.07; found: C 66.32, H
6.35, N 3.90.


Ethyl 2,3,4-tri-O-acetyl-6-O-benzyl-a,b-d-thiogalactopyranoside (6-O-Bn-
Ac3Gal-Set) (9): Ethanethiol (169 mL, 2.29 mmol) was added under argon
to a solution of 1,2,3,4-tetra-O-acetyl-6-O-benzyl-a,b-d-galactopyranose
5[35] (911 mg, 2.08 mmol) in dry dichloromethane (40 mL). The mixture
was treated with boron trifluoride etherate (48 %, 650 mL, 5.20 mmol) at
0 8C and stirred for 2 days at ambient temperature. The reaction mixture
was then diluted with dichloromethane (100 mL), washed with saturated
aqueous NaHCO3 (3 î 70 mL), dried over MgSO4, and filtered, and the
solvent was removed at reduced pressure. The residue was purified by
flash chromatography (silica gel, petroleum ether/ethyl acetate 6:1) to
give the anomeric products a-9 and b-9 as colorless oils in a ratio of a/b
= 1.2:1 (overall yield: 573 mg, 63 %).


a Anomer : Rf = 0.63 (petroleum ether/ethyl acetate 3:1); [a]23
D = 148.2


(c = 1, CH2Cl2); 1H NMR (400 MHz, CDCl3): d = 7.31±7.23 (m, 5 H;
Har-Bn), 5.71 (d, JH1,H2 = 5.5 Hz, 1H; H1), 5.47 (d, JH3,H4 = 2.0 Hz, 1H;
H4), 5.26±5.17 (m, 2H; H2, H3), 4.56±4.50 (m, 2 H; H5, CH2 a-Bn), 4.39
(d, 1 H; CH2 b-Bn), Ja,b = 12.1 Hz), 3.48±3.45 (m, 2 H; H6 a,b), 2.58±2.46
(m, 2H; CH2-Et), 2.03 (s, 3H; CH3-Ac), 2.02 (s, 3H; CH3-Ac), 1.95 (s,
3H; CH3-Ac), 1.21 (t, JCH2,CH3 = 7.4 Hz, 3H; CH3-Et) ppm; 13C NMR
(100.6 MHz, BB, CDCl3): d = 170.1, 169.7 (C=O), 137.6 (Cq-Bn), 128.3,
127.7, 127.6 (Car-Bn), 81.6 (C1), 73.3 (CH2-Bn), 68.4, 68.3, 68.1, 67.4 (C2,
C3, C4, C5), 67.8 (C6), 23.8 (CH2-Et), 20.8, 20.6, 20.5 (CH3-Ac), 14.5
(CH3-Et) ppm; MS (ESI): m/z : found: 463.3 [M+Na]+ ; C21H28NaO8S
calcd 463.1.


b Anomer : Rf = 0.53 (petroleum ether/ethyl acetate 3/1); [a]23
D = �20.3


(c = 1, CH2Cl2); 1H NMR (400 MHz, CDCl3): d = 7.31±7.22 (m, 5 H;
Har-Bn), 5.46 (d, JH3,H4 = 3.1 Hz, 1H; H4), 5.17 (t, JH1,H2 = 9.8 Hz, JH2,H3


= 10.1 Hz, 1 H; H2), 5.00 (dd, JH2,H3 = 10.1 Hz, JH3,H4 = 3.1 Hz, 1 H;
H3), 4.50 (d, Ja,b = 12.1 Hz, 1 H; CH2 a-Bn), 4.45 (d, JH1,H2 = 9.8 Hz, 1H;
H1), 4.36 (d, Ja,b = 11.7 Hz, 1H; CH2 b-Bn), 3.83 (t, JH5,H6 a = 6.3 Hz,
JH5,H6 b = 6.7 Hz, 1H; H5), 3.52 (dd, JH5,H6 a = 6.3 Hz, JH6 a,b = 9.4 Hz,
1H; H6 a), 3.52 (dd, JH5,H6 b = 7.1 Hz, JH6 a,b = 9.4 Hz, 1 H; H6 b), 2.73±
2.62 (m, 2H; CH2-Et), 2.01 (s, 3 H; CH3-Ac), 2.00 (s, 3H; CH3-Ac), 1.93
(s, 3H; CH3-Ac), 1.23 (t, JCH2,CH3 = 7.4 Hz, 3 H; CH3-Et) ppm; 13C NMR
(100.6 MHz, BB, CDCl3): d = 170.1, 170.0, 169.6 (C=O), 137.5 (Cq-Bn),
128.4, 127.9, 127.8 (Car-Bn), 83.9 (C1), 75.8 (C2), 73.5 (CH2-Bn), 72.1
(C3), 67.7 (C4), 67.4 (C5, C6), 24.3 (CH2-Et), 20.8, 20.6 (CH3-Ac (3 î )),
14.8 (CH3-Et) ppm; MS (ESI): m/z : found: 463.1 [M+Na]+ ;
C21H28NaO8S calcd 463.1.


N-Fluorenylmethoxycarbonyl-O-(2-acetamido-4,6-O-benzylidene-2-
desoxy-3-O-[2,3,4-tri-O-acetyl-6-O-benzyl-b-d-galactopyranosyl]-a-d-gal-
actopyranosyl)-l-threonine tert-butyl ester (Fmoc-Thr(b-6-O-Bn-Ac3Gal-
(1±3)-a-4,6-O-Bzn-GalNAc)-OtBu) (7): Procedure A : Fmoc-Thr(a-4,6-
O-Bzn-GalNAc)-OtBu 4 (1.00 g, 1.45 mmol) and 6-O-Bn-Ac3Gal-TCI a-
6[36±38] (979 mg, 1.81 mmol) were each separately co-evaporated with tolu-
ene (3 î 50 mL) and dried under high vacuum. The glycosyl acceptor 4
and the glycosyl donor a-6 were dissolved in dry dichloromethane
(25 mL), and activated molecular sieves (1 g, 4 ä) were added. The sus-
pension was stirred for 1 h at ambient temperature under argon. After
the system had been cooled to �15 8C, a solution of trimethylsilyl triflate
(29 mL) in dry dichloromethane (2.5 mL) was added. The reaction mix-
ture was allowed to warm up to room temperature over 1 h, diluted with
dichloromethane (50 mL), and neutralized with triethylamine. The mix-
ture was filtered through Hyflo Super Cel¾, and the solvent was removed
from the filtrate in vacuo. Purification of the residue by flash chromatog-
raphy (silica gel, ethyl acetate/petroleum ether 2:1) resulted in a mixture
of the desired b-glycosylation product 7 and the orthoester 8. The two
components were separated by preparative RP-HPLC (column: Phenom-
enex Luna, isocratic: CH3CN/H2O 70:30) to give the product 7 (Rt =
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96 min) and the orthoester 8 (Rt = 108 min) as colorless, amorphous
solids in a ratio of 7/8 = 1:2.7 (overall yield: 1.22 g, 79%).


Procedure B : Fmoc-Thr(a-4,6-O-Bzn-GalNAc)-OtBu 4 (100 mg,
0.145 mmol) and 6-O-Bn-Ac3Gal-SEt b-9 (80 mg, 0.182 mmol) were each
co-evaporated with toluene (3 î 10 mL), and dried under high vacuum.
The glycosyl acceptor 4 and the glycosyl donor b-9 were dissolved in dry
dichloromethane (3 mL). Flame-dried molecular sieves (300 mg, 4 ä)
were added to this solution, and the mixture was stirred for 20 min at am-
bient temperature under argon. The suspension was cooled to 0 8C, N-io-
dosuccinimide (82 mg, 0.363 mmol) was added, and the mixture was stir-
red for an additional 20 min. Subsequently, trifluoromethanesulfonic acid
(6.3 mL) was added dropwise, and the reaction mixture was stirred for
20 h at ambient temperature. It was diluted with dichloromethane
(25 mL) and filtered through Hyflo Super Cel. The filtrate was washed
with saturated aqueous NaHCO3 (3 î 15 mL) and saturated aqueous
Na2S2O3 (2 î 15 mL), dried over MgSO4, and filtered, and the solvent was
removed in vacuo. The crude product was purified by flash chromatogra-
phy (silica gel, petroleum ether/ethyl acetate 2:3) to give 7 as a colorless,
amorphous solid (81 mg, 52 %).


Procedure C : Fmoc-Thr(a-4,6-O-Bzn-GalNAc)-OtBu 4 (100 mg,
0.145 mmol) and 6-O-Bn-Ac3Gal-Br a-10[41] (100 mg, 0.218 mmol) were
separately co-evaporated with toluene (3 î 10 mL) and dried under high
vacuum. Molecular sieves (200 mg, 4 ä) and silver triflate (75 mg,
0.290 mmol) were added to a solution of glycosyl acceptor 4 in dry di-
chloromethane (2 mL). After the suspension had been stirred for 30 min
at ambient temperature under an argon atmosphere with exclusion of
light, the glycosyl donor a-10, dissolved in dry dichloromethane (2 mL),
was added at �40 8C. The reaction mixture was allowed to warm up to
room temperature over 20 h. Since the reaction was not complete at this
stage (monitoring by TLC), 6-O-Bn-Ac3Gal-Br a-10 (100 mg,
0.218 mmol) was again added to the reaction mixture, which was stirred
for an additional two days at ambient temperature with protection from
light. The mixture was diluted with dichloromethane (100 mL) and fil-
tered through Hyflo Super Cel. The filtrate was washed with saturated
aqueous NaHCO3 (3 î 50 mL), dried over MgSO4, and filtered, and the
solvent was removed in vacuo. Purification of the residue by flash chro-
matography (silica gel, petroleum ether/ethyl acetate 2:3) afforded the b-
glycosylation product 7 as a colorless, amorphous solid (102 mg, 66 %).


Procedure D : Fmoc-Thr(a-4,6-O-Bzn-GalNAc)-OtBu 4 (890 mg,
1.29 mmol) and 6-O-Bn-Ac3Gal-Br a-10 (1.187 g, 2.58 mmol) were each
separately co-evaporated with toluene (3 î 50 mL) and dried under high
vacuum. The glycosyl acceptor 4 was dissolved in a mixture of dry nitro-
methane (25 mL) and dry dichloromethane (5 mL), was treated with mo-
lecular sieves (3 g, 3 ä) and Hg(CN)2 (652 mg, 2.58 mmol), and was stir-
red for 30 min at ambient temperature under argon. The glycosyl donor
a-10, dissolved in dry dichloromethane (10 mL), was subsequently added
at 0 8C. The reaction mixture was stirred for four days at room tempera-
ture, was diluted with dichloromethane (150 mL), and was filtered
through Hyflo Super Cel. The filtrate was washed with saturated aqueous
NaHCO3 (3 î 100 mL) and saturated aqueous NaI (2 î 100 mL), dried
over MgSO4, and filtered, and the solvents were removed under reduced
pressure. After purification of the crude product by flash chromatogra-
phy (silica gel, petroleum ether/ethyl acetate 2:3), the b-glycosylation
product 7 was isolated as a colorless, amorphous solid (1.288 g, 93 %).


Rf = 0.63 (ethyl acetate/petroleum ether 3:1); [a]23
D = 74.4 (c = 1,


CH2Cl2); 1H NMR (400 MHz, COSY, HMQC, CDCl3): d = 7.76 (d,
JH3,H4 = JH5,H6 = 7.4 Hz, 2H; H4-, H5-Fmoc), 7.61 (d, JH1,H2 = JH7,H8 =


7.8 Hz, 2 H; H1-, H8-Fmoc), 7.52 (d, Ja,b = 6.3 Hz, 2H; Har-Bzn), 7.43±
7.20 (m, 12H; H2-, H3-, H6-, H7-Fmoc, Har-Bzn (3 H), Har-Bn (5 H)),
5.81 (d, JNH,H2 = 9.0 Hz, 1 H; NH-GalNAc), 5.50 (s, 1H; CH-Bzn), 5.46
(d, JNH,Ta = 9.4 Hz, 1 H; NH-T), 5.41 (d, JH3’,H4’ = 3.1 Hz, 1 H; H4’), 5.19
(dd, JH1’,H2’ = 7.8 Hz, JH2’,H3’ = 10.2 Hz, 1 H; H2’), 5.00±4.90 (m, 2 H; H3’
{4.97, dd, JH2’,H3’ = 10.2 Hz, JH3’,H4’ = 3.5 Hz}, H1 {4.93}), 4.68 (d, JH1’,H2’ =


8.2 Hz, 1H; H1’), 4.66±4.59 (m, 1H; H2), 4.52±4.37 (m, 4 H; CH2-Fmoc
{4.47}, CH2-Bn {4.39}), 4.30±4.10 (m, 5H; H4 {4.26}, H9-Fmoc {4.22},
Ta {4.18}, Tb {4.16}, H6 a {4.12}), 3.93±3.79 (m, 3 H; H6 b {3.88}, H5’
{3.85}, H3 {3.81}), 3.60 (s, 1 H; H5), 3.55 (t, JH5’,H6’a = 6.7 Hz, 1H; H6 a’),
3.51±3.45 (m, 1H; H6 b’), 2.05 (s, 3 H; CH3-Ac), 2.04 (s, 3H; CH3-Ac),
1.98 (s, 3H; CH3-Ac), 1.95 (s, 3H; CH3-Ac), 1.43 (s, 9 H; CH3-tBu), 1.24
(sb, 3 H; Tg) ppm; 13C NMR (100.6 MHz, BB, HMQC, CDCl3): d =


170.3, 170.2, 169.8, 169.7, 169.4 (C=O), 156.4 (C=O-urethane), 143.6


(C1 a-, C8 a-Fmoc), 141.3 (C4 a-, C5 a-Fmoc), 137.6, 137.4 (Cq-Bn, Cq-
Bzn), 128.7, 128.1, 126.2 (Car-Bzn), 128.4, 127.9 (Car-Bn), 127.8 (C3-, C6-
Fmoc), 127.1 (C2-, C7-Fmoc), 124.9 (C1-, C8-Fmoc), 120.1 (C4-, C5-
Fmoc), 101.7 (C1’), 100.5 (CH-Bzn), 100.3 (C1), 83.1 (Cq-tBu), 76.1 (Tb),
75.5 (C4), 74.9 (C3), 73.5 (CH2-Bn), 72.2 (C5’), 71.2 (C3’), 67.0 (C6), 68.9
(C2’), 67.9 (C6’), 67.6 (C4’), 66.9 (CH2-Fmoc), 63.6 (C-5), 59.0 (Ta), 47.9
(C2), 47.2 (C9-Fmoc), 28.0 (CH3�tBu), 23.4 (CH3-NHAc), 20.7, 20.6
(CH3-OAc (3 î )), 18.9 (Tg) ppm; HR-MS (ESI-TOF): m/z : found:
1089.4196 [M+Na]+ ; C57H66N2O18Na calcd 1089.4208.


N-Fluorenylmethoxycarbonyl-O-(2-acetamido-2-deoxy-4,6-O-benzyli-
dene-3-O-[6-O-benzyl-b-d-galactopyranosyl]-a-d-galactopyranosyl)-l-
threonine tert-butyl ester (11): A solution of sodium methoxide in metha-
nol (0.1m) was added dropwise to a solution of Fmoc-Thr(b-6-O-Bn-
Ac3Gal-(1±3)-a-4,6-O-Bzn-GalNAc)-OtBu 7 (1.03 g, 0.965 mmol) in
methanol (25 mL) until pH 8.5 was reached. The reaction mixture was
stirred for 12 h, during which the pH was carefully monitored and read-
justed when necessary. Neutralization with acetic acid (0.05 mL), removal
of the solvent in vacuo, and purification by flash chromatography (silica
gel, ethyl acetate/ethanol 50:1!25:1) afforded compound 11 (560 mg,
62%) as a colorless, amorphous solid. Rf = 0.35 (toluene/ethanol 4:1);
[a]24


D = 62.4 (c = 1, CHCl3); 1H NMR (400 MHz, CDCl3): d = 7.76 (d,
JH4,H3 = JH5,H6 = 7.8 Hz, 2H; H4-, H5-Fmoc), 7.60 (dd, JH1,H2 = JH8,H7 =


7.0 Hz, 2H; H1-, H8-Fmoc), 7.49 (d, JHa,Hb = 7.4 Hz, 2 H; Har-Bzn), 7.41±
7.35 (m, 2 H; H3-, H6-Fmoc), 7.35±7.25 (m, 10H; H2-, H7-Fmoc, Har-Bzn
(3 H), Har-Bn (5 H), 6.31 (d, JNH,H2 = 9.1 Hz, 1H; NH-GalNAc), 5.58 (d,
JNH,Ta = 9.4 Hz, 1 H; NH-T), 5.45 (s, 1H; CH-Bzn), 4.92 (d, JH1,H2 =


3.1 Hz, 1 H; H1), 4.65±4.43 (m, 5 H; H2, CH2-Bn, CH2-Fmoc), 4.31±4.08
(m, 6 H; H4, Ta, Tb, H9-Fmoc, H1’, H6 a), 3.90±3.86 (m, 2 H; H3, H6 b),
3.73±3.68 (m, 3H; H3’, H4’, H5’), 3.62±3.55 (m, 3H; H6 a’, H6 b’, H5),
3.42±3.37 (m, 1H; H2’), 2,99 (sb, 1H; OH), 2.02 (s, 3H; CH3-NHAc), 1.42
(s, 9H; CH3-tBu), 1.26 (d, 3H; Tg, JTg,Tb = 5.9 Hz) ppm; 13C NMR
(100.6 MHz, CDCl3, BB, HMQC): d = 172.2 (2 î C=O), 156.4 (C=O-ure-
thane), 143.7 (C1 a-, C8 a-Fmoc), 141.3 (C4 a-, C5 a-Fmoc), 138.1, 137.5
(Cq-Bn, Cq-Bzn), 128.9, 128.1, 126.1 (Car-Bzn), 128.4, 127.8 (Car-Bzn),
127.6 (C3-, C6-Fmoc), 127.1 (C2-, C7-Fmoc), 125.0 (C1-, C8-Fmoc), 120.1
(C4-, C5-Fmoc), 105.5 (CH-Bzn), 101.1 (C1’), 100.6 (C1), 83.4 (Cq-tBu),
77.2 (Tb) 76.7 (C4), 75.8 (C3), 73.7 (C5’), 73.6 (CH2-Bn), 73.4 (C3’), 70.9
(C2’), 69.8 (C6), 68.9 (C6’), 68.7 (C4), 67.1 (CH2-Fmoc), 63.7 (C5), 59.0
(Ta), 48.3 (C2), 47.2 (C9-Fmoc), 28.1 (CH3�tBu), 23.5 (CH3-NHAc), 18.9
(Tg) ppm; HR-MS (ESI-TOF): m/z : found: 963.3879 [M+Na]+ ;
C51H60N2O15Na calcd 963.3891.


N-Fluorenylmethoxycarbonyl-O-(2-acetamido-2-deoxy-4,6-O-benzyli-
dene-3-O-[6-O-benzyl-3-O-{benzyl-(5-acetamido-4,7,8,9-tetra-O-acetyl-
3,5-dideoxy-a-d-galacto-2-nonulopyranosyl)onat}-b-d-galactopyranosyl]-
a-d-galactopyranosyl)-l-threonine tert-butyl ester (Fmoc-Thr(a-Ac4Neu-
NAcCOOBn-(2±3)-b-6-O-Bn-Gal-(1±3)-a-4,6-O-Bzn-GalNAc)-OtBu)
(14) Procedure A : Fmoc-Thr(b-6-O-Bn-Gal-(1±3)-a-4,6-O-Bzn-GalNAc)-
OtBu 11 (110 mg, 0.177 mmol) and Ac4NeuNAcCOOBn-SEt 13 (147 mg,
0.240 mmol) were separately co-evaporated with toluene (3 î 20 mL) and
dried under high vacuum. The glycosyl acceptor 11 and the glycosyl
donor 13 were dissolved in anhydrous acetonitrile (10 mL), treated with
molecular sieves (350 mg, 3 ä), and stirred for 30 min at ambient temper-
ature under argon. The suspension was cooled to �37 8C, and N-iodosuc-
cinimide (108 mg, 0.480 mmol), dissolved in dry acetonitrile (1 mL), and
trifluoromethanesulfonic acid (125 mL of a 0.4m solution in dry acetoni-
trile) were added slowly. The reaction mixture was stirred for an addi-
tional 30 min at �37 8C and then for 20 h at �23 8C. It was neutralized
with pulverized NaHCO3 and allowed to warm to ambient temperature.
The suspension was diluted with dichloromethane (100 mL) and filtered
through Hyflo Super Cel. The filtrate was washed with saturated aqueous
NaHCO3 (2 î 50 mL) and saturated aqueous Na2S2O3 (1 î 50 mL), and the
combined aqueous layers were re-extracted with dichloromethane. The
combined organic phases were dried over MgSO4, and filtered, and the
solvents were removed at reduced pressure. Flash chromatography of the
residue (silica gel, ethyl acetate/ethanol 10:1) gave one fraction of the
pure a-glycosylation product a-14 as a colorless, amorphous solid (66 mg,
38%), together with a second fraction containing the b-glycosylation
product b-14 and the sialic acid glycal. Separation of the b-product and
the glycal was achieved by further flash chromatography on silica gel
(ethyl acetate/cyclohexane 10:1) and afforded b-14 (42 mg, 24 %) as a
colorless, amorphous solid. The sialic acid glycal (62 mg, 47 % yield
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based on the sialic acid donor 13) was formed as a by-product, and a
small amount of the glycosyl acceptor 11 (17 mg, 15 %) was re-isolated.


Procedure B : Fmoc-Thr(b-6-O-Bn-Gal(1±3)-a-4,6-O-Bzn-GalNAc)-OtBu
11 (338 mg, 0.359 mmol) and a-Ac4NeuNAcCOOBnXan 15 (482 mg,
0.718 mmol, 2 equiv) were dissolved in a mixture of acetonitrile and di-
chloromethane (55 mL, 2:1). The solution was stirred for 1 h in a Schlenk
flask (brown glass) in the presence of flame-dried molecular sieves (2.1 g,
powder, 3 ä) under an argon atmosphere and with exclusion of moisture.
After the reaction mixture had been cooled to �68 8C, silver triflate
(200 mg, 0.78 mmol) and di-tert-butylpyridine (186 mL, 213.8 mg,
1.12 mmol) were added. A pre-cooled (�15 8C) solution of phenylsulfenyl
chloride[47] (90 mL, 0.78 mmol) in dry dichloromethane (0.5 mL) was
added dropwise, and stirring was continued at �68 8C for 3.5 h. The reac-
tion mixture was diluted with a suspension of silica gel (0.7 g) in ethyl
acetate (10 mL), filtered through Hyflo Super Cel, and washed with satu-
rated aqueous NaHCO3 (2 î 75 mL) and brine (75 mL). The organic layer
was dried over MgSO4 and concentrated in vacuo. Purification of the
crude product by flash chromatography (silica gel, ethyl acetate!ethyl
acetate/ethanol 65:1) yielded 14 (262 mg, 50%) as a colorless, amorphous
solid (a/b, 97:3).


Procedure C : Fmoc-Thr(b-6-O-Bn-Gal-(1±3)-a-4,6-O-Bzn-GalNAc)-
OtBu 11 (210 mg, 0.223 mmol) and Ac4NeuNAcCOOBn-Xan 15 (375 mg,
0.558 mmol) were each separately co-evaporated with toluene (3 î
10 mL) and dried under high vacuum. The glycosyl acceptor 11 and the
glycosyl donor 15 were dissolved in a mixture of dry dichloromethane
(3 mL) and dry acetonitrile (7 mL), powdered molecular sieves (600 mg,
3 ä) were added, and the reaction mixture was stirred for 1 h at ambient
temperature under argon. The suspension was cooled to �68 8C, and
silver triflate (143 mg, 0.558 mmol) and a solution of methylsulfenyl bro-
mide in dry 1,2-dichloroethane (0.35 mL of a 1.6m solution; the methyl-
sulfenyl bromide solution in 1,2-dichloroethane was prepared by addition
of bromine (410 mL, 7.99 mmol) to a solution of dimethyl disulfide
(709 mL, 7.99 mmol) in dry 1,2-dichloroethane (10 mL) and stirring at
ambient temperature with exclusion of light for 15 h) were added slowly.
The reaction mixture was stirred for 4 h at �68 8C under an argon atmos-
phere with exclusion of light. It was then neutralized with Huenig×s base
(115 mL, 3 equiv) and allowed to warmed to room temperature. The sus-
pension was diluted with dichloromethane (100 mL) and filtered through
Hyflo Super Cel, and the solvents were removed from the filtrate in
vacuo. The residue was purified by flash chromatography (silica gel;
100 % ethyl acetate) to afford the desired a-glycosylation product a-14
(194 mg, 58%) as a colorless, amorphous solid. In addition, a small
amount of the unreacted glycosyl acceptor 11 (17 mg, 8 %) and the sialic
acid glycal (235 mg, 77% yield based on the sialic acid donor 15) formed
as a by-product were isolated.


a Anomer : Rf = 0.28 (ethyl acetate/ethanol 10:1); Rt = 30.1 min (Phe-
nomenex Luna C18(2), grad.: CH3CN/H2O (60:40)!(90:10), 40 min);
[a]27


D = 32.0 (c = 1, CHCl3); 1H NMR (400 MHz, CDCl3, COSY,
HMQC): d = 7.74 (d, JH4,H3 = JH5,H6 = 7.8 Hz, 2 H; H4-, H5-Fmoc), 7.58
(dd, JH1,H2 = JH8,H7 = 7.8 Hz, 2H; H1-, H8-Fmoc), 7.49 (d, JHa,Hb =


5.8 Hz, 2 H; Har-Bzn), 7.42±7.35 (m, 2 H; H3-, H6-Fmoc), 7.35±7.24 (m,
15H; H2-, H7-Fmoc, Har-Bzn (3 H), Har-Bn (10 H)), 6.59 (d, JNH,H2 =


9.4 Hz, 1 H; NH-GalNAc), 6.12 (d, JNH,Ta = 9.7 Hz, 1 H; NH-T), 5.45 (s,
1H; CH-Bzn), 5.40 (t, JH8’’,H9’’ = 6.6 Hz, 1 H; H8’’), 5.28±5.13 (m, 2 H;
H7’’, NH-NeuNAc), 5.16 (s, 2H; CH2-Bn), 4.98 (d, JH1,H2 = 3.5 Hz, 1 H;
H1), 4.92±4.81 (m, 1 H; H4’’), 4.74±4.63 (m, 1H; H2), 4.55 (s, 2H; CH2-
Bn), 4.52±4.03 (m, 10 H; H9 a’’{4.46}, CH2-Fmoc {4.39, 4.34}, Tb {4.33}, H4
{4.26}, Ta {4.25}, H9-Fmoc {4.19}, H1’ {4.15}, H6 a {4.13}, H5’’ {4.06}),
3.99±3.84 (m, 4 H; H6’’ {3.93}, H9 b’’ {3.92}, H3’ {3.90}, H6 b {3.87}), 3.72±
3.55 (m, 4H; H3 {3.67}, H2’ {3.61}, H6 a’ {3.59}, H5 {3.57}), 3.54±3.39 (m,
2H; H6b’{3.87}, H5’{3.41}), 3.24 (s, 1 H; H4’), 2,78 (sb, 1H; OH), 2.71
(dd, JH3eq’’,H3ax’’ = 12.7 Hz, JH3eq’’,H2’’ = 4.3 Hz, 1 H; H3eq’’), 2.36 (s, 1 H;
OH), 2.03±2.00 (m, 1H; H3ax’’), 2.09, 2.07, 2.02, 2.00, 1.92, 1.82 (6 î s,
18H; 6î CH3-Ac), 1.42 (s, 9 H; CH3-tBu), 1.26 (d, JTg,Tb = 5.9 Hz, 3H;
Tg) ppm; 13C NMR (100.6 MHz, CDCl3, BB, HMQC): d = 171.53,
170.91, 170.82, 170.24, 170.09, 169.76, 167.77 (C=O), 156.83 (C=O-ure-
thane), 143.71 (C1 a-, C8 a-Fmoc), 141.29, 141.15 (C4 a-, C5 a-Fmoc),
138.07, 137.51 (Cq-Bn), 134.21 (Cq-Bn), 128.97, 128.84, 128.78, 128.43,
127.51 (Car-Bn), 128.78, 128.04, 126.44 (Car-Bzn), 127.79 (C3-, C6-Fmoc),
127.09, 126.97 (C2-, C7-Fmoc), 125.17, 124.94 (C1-, C8-Fmoc), 120.03
(C4-, C5-Fmoc), 106.55 (C1’), 100.96 (CH-Bzn), 100.45 (C1), 97.47 (C2’’),


83.13 (Cq-tBu), 78.15 (C3), 75.94, 75.15 (Tb, C4, C3’), 73.60 (CH2-Bn),
73.43, 72.92 (C6’’,C5’), 69.72 (C8’’, C6’), 69.07 (C6), 68.61 (C4’’), 68.22,
68.11 (CH2-Bn, C2’,C4’,C7’’), 67.25 (CH2-Fmoc), 63.64 (C9’’), 63.52 (C5),
59.24 (Ta), 49.08 (C5’’), 47.79 (C2), 47.09 (C9-Fmoc), 37.42 (C3’’), 28.06
(CH3-tBu), 23.16, 23.07 (CH3-NHAc), 21.33, 21.21, 21.01, 20.78, 20.64
(CH3-OAc), 19.47 (Tg) ppm; MS (HR-ESI-TOF): m/z : found: 1512.5729
[M+Na]+ ; C77H91N3O27Na calcd 1512.5737.


b Anomer : Rf = 0.43 (ethyl acetate/ethanol 10/1); [a]23
D = 30.9 (c = 1,


CH2Cl2); 1H NMR (400 MHz, COSY, HMQC, CDCl3): d = 7.75 (d,
JH3,H4 = JH5,H6 = 6.3 Hz, 2H; H4-, H5-Fmoc), 7.61 (dd, JH1,H2 = JH7,H8 =


7.1 Hz, 2 H; H1-, H8-Fmoc), 7.52±7.48 (m, 2 H; Har-Bzn), 7.41±7.24 (m,
17H; H2-, H3-, H6-, H7-Fmoc, Har-Bzn (3 H), Har-Bn (2 î , 10H)), 6.40
(d, JNH,2H = 9.0 Hz, 1 H; NH-GalNAc), 5.86 (d, JNH,H5’’ = 9.8 Hz, 1 H;
NH-NeuNAc), 5.63 (d, JNH,Ta = 9.4 Hz, 1 H; NH-T), 5.49 (s, 1 H; CH-
Bzn), 5.43 (dt, JH3’’ax,H4’’ = JH4’’,H5’’ = 10.6 Hz, JH3’’eq,H4’’ = 4.7 Hz, 1 H;
H4’’), 5.34 (dd, JH6’’,H7’’ = 2.0 Hz, JH7’’,H8’’ = 6.3 Hz, 1H; H7’’), 5.26±5.22
(m, 1 H; H8’’), 5.21 (d, Ja,b = 12.1 Hz, 1 H; CH2 a-Bn), 5.12 (d, Ja,b =


11.7 Hz, 1 H; CH2 a’-Bn), 4.94 (d, JH1,H2 = 3.1 Hz, 1H; H1), 4.66±3.86 (m,
16H; H2 {4.62}, H9 a,b’’ {4.59, 3.95}, CH2-Bn {4.55}, CH2-Fmoc {4.45},
H6’’ {4.37, dd, JH5’’,H6’’ = 10.6 Hz, JH6’’,H7’’ = 2.0 Hz}, H1’ {4.31, d, JH1’,H2’ =


7.4 Hz}, Ta {4.27}, H4 {4.26}, H9-Fmoc {4.26}, Tb {4.18}, H6 a,b {4.15,
3.94}, H5’’ {4.14}), 3.82±3.58 (m, 8H; H3 {3.78}, H3’ {3.78}, H2’ {3.70}, H4’
{3.66}, H6’a,b {3.66}, H5’ {3.65}, H5 {3.61}), 2.55 (dd, JH3’’ax,eq’’ = 13.7 Hz,
JH3’’eq,H4’’ = 4.3 Hz, 1 H; H3’’eq), 2.10 (s, 3H; CH3-Ac), 2.01 (s, 3H; CH3-
Ac), 2.06±2.03 (m, 1H; H3’’ax), 1.99 (s, 3H; CH3-Ac), 1.96 (s, 3 H; CH3-
Ac), 1.95 (s, 3 H; CH3-Ac)), 1.86 (s, 3H; CH3-Ac), 1.44 (s, 9H; CH3�
tBu), 1.28 (d, JTb,g = 6.3 Hz, 3H; Tg) ppm; 13C NMR (100.6 MHz, BB,
HMQC, CDCl3): d = 172.6, 170.9, 170.7, 170.4, 170.2, 170.1, 167.7 (C=
O), 156.5 (C=O-urethane), 143.7 (C1 a-, C8 a-Fmoc), 141.3 (C4 a-, C5 a-
Fmoc), 138.1, 137.6 (Cq-Bn, Cq-Bzn), 134.7 (Cq-Bn), 128.9, 128.5, 128.4,
127.6 (Car-Bn (2 î )), 128.6, 128.1, 126.4 (Car-Bzn), 127.8 (C3-, C6-Fmoc),
127.1 (C2-, C7-Fmoc), 125.0 (C1-, C8-Fmoc), 120.0 (C4-, C5-Fmoc), 105.3
(C1’), 100.9 (CH-Bzn), 100.5 (C1), 98.9 (C2’’), 83.4 (Cq-tBu), 76.8 (C3,
C3’), 75.7 (C4, Tb), 73.5 (CH2-Bn), 73.4 (C5’), 71.2 (C6’’), 70.0 (C8’’), 69.5
(C6’), 69.1 (C4’’), 68.9 (C6), 68.0 (CH2-Bn), 67.8 (C2’, C4’, C7’’), 67.3
(CH2-Fmoc), 63.7 (C5), 62.4 (C9’’), 59.0 (Ta), 48.5 (C2, C5’’), 47.2 (C9-
Fmoc), 34.2 (C3’’), 28.1 (CH3�tBu), 23.3, 23.1 (CH3-NHAc), 21.0, 20.9,
20.8 (CH3-OAc (4 î )), 19.4 (Tg) ppm; MS (MALDI-TOF, dhb, positive
ion mode): m/z: found: 1513.3 [M+Na]+ ; C77H91N3NaO27 calcd 1513.5;
found: 1529.4 [M+K]+ ; C77H91KN3O27 calcd: 1529.5; MS (HR-ESI-TOF):
m/z : found: 1512.5740 [M+Na]+ ; C77H91N3O27Na calcd 1512.5737.


N-Fluorenylmethoxycarbonyl-O-(2-acetamido-2-deoxy-3-O-[6-O-benzyl-
3-O-{benzyl-(5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-a-d-galacto-
2-nonulopyranosyl)onat}-b-d-galactopyranosyl]-a-d-galactopyranosyl)-l-
threonine tert-butyl ester (16): A solution of trisaccharide 14 (359 mg,
0.241 mmol) in aqueous acetic acid (80 %, 15 mL) was stirred at 80 8C for
1 h. Toluene (15 mL) was added, and the reaction mixture was concen-
trated in vacuo and subsequently co-evaporated with toluene (3 î 15 mL).
The resulting crude product was purified by flash chromatography (silica
gel, ethyl acetate/ethanol 15:1) to give the title compound as a colorless,
amorphous solid (308 mg, 82 %). Rf = 0.12 (ethyl acetate/ethanol 10:1);
[a]28


D = 12.0 (c = 1, CHCl3); 1H NMR (400 MHz, CDCl3, COSY,
HMQC): d = 7.73 (d, JH4,H3 = JH5,H6 = 7.4 Hz, 2 H; H4-, H5-Fmoc), 7.56
(d, JH1,H2 = JH8,H7 = 7.8 Hz, 2 H; H1-, H8-Fmoc), 7.42±7.23 (m, 14 H;
H2-, H3-, H6-, H7-Fmoc, Har-Bn (10 H)), 6.61 (d, JNH,H2 = 9.4 Hz, 1 H;
NH�GalNAc), 5.99 (d, JNH,Ta = 9.8 Hz, 1 H; NH-T), 5.49±5.41 (m, 1H;
H8), 5.23±5.07 (m, 4 H; CH2-Bn1 {5.16, 5.14} H7’’ {5.10}, NH-NeuNAc),
4.94±4.88 (d, JH1,H2 = 1.6 Hz, 1 H; H1), 4.87±4.77 (m, 1 H; H4’’), 4.59±4.44
(m, 4H; H9 a’’ {4.52}, H2 {4.52}, CH2-Bn {4.50}), 4.43±4.35 (m, 2H; CH2-
Fmoc), 4.34±4.26 (m, 1 H; Tb), 4.26±4.12 (m, 4H; Ta {4.23}, H1’ {4.19},
H9-Fmoc {4.18}, H4 {4.16}), 4.11±4.01 (m, 1 H; H5’’), 3.95 (dd, JH6’’,H5’’ =


10.8 Hz, JH6’’,H7’’ = 1.6 Hz, 1H; H6’’), 3.91±3.83 (m, 2 H; H6 a {3.87}, H3’
{3.86}), 3.82±3.63 (m, 4 H; H5 {3.78}, H9 b’’ {3.74}, H6 b {3.73}, H2’ {3.67}),
3.61±3.51 (m, 2 H; H3 {3.57}, H6 a’ {3.54}), 3.49±3.35 (m, 2 H; H6 b’ {3.44},
H5’ {3.39}), 3.26±3.20 (m, 1H; H4’), 2.72 (dd, JH3eq’’,H3ax’’ = 13.1 Hz,
JH3eq’’,H4’’ = 4.7 Hz, 1 H; H3eq’’), 2.15±1.90 (m, 16 H; 4 î CH3OAc, 1î
CH3NAc, H3ax’’ {2.02}), 1.83 (s, 3 H; CH3NAc), 1.42 (s, 9 H; CH3-tBu),
1.26 (d, JTg,Tb = 6.26 Hz, 3 H; Tg) ppm; 13C NMR (100.6 MHz, CDCl3,
BB, HMQC): d = 171.77, 171.38, 170.86, 170.57, 170.06, 169.62 (C=O),
167.59 (C1’’), 156.73 (C=O-urethane), 144.64, 143.66 (C1 a-, C8 a-Fmoc),
141.24 (C4 a-, C5 a-Fmoc), 137.89, 134.16 (Cq (2 î Bn)), 128.94, 128.82,
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128.73, 128.73, 128.39, 128.12, 127.76, 127.69, 127.54 (Carom (2 î Bn), C3-,
C6-Fmoc), 127.03, 126.92 (C2-, C7-Fmoc), 125.20, 125.09 (C1-, C8-Fmoc),
124.86 (C4-, C5-Fmoc), 105.90 (C1’), 100.07 (C1), 97.44 (C2’’), 80.68 (C3),
76.13 (C3’), 75.87 (Tb), 73.48 (CH2-Bn), 73.40 (C5’), 73.10 (C6’’), 69.69
(C6’), 69.60 (C4), 69.51 (C5), 68.79 (C8’’), 68.49 (C4’’), 68.40 (C4’), 68.27
(C2’), 68.17 (CH2-Bn), 67.89 (C7), 67.11 (CH2-Fmoc), 63.52 (C9’’), 62.94
(C6), 59.15 (Ta), 49.01 (C5’’), 47.43 (C2), 47.06 (C9-Fmoc), 37.41 (C3’’),
23.16, 23.01 (CH3-NHAc), 21.08, 21.02, 20.72, 20.57, (CH3 (4 î OAc)),
19.22 (Tg) ppm; MS (HR-ESI-TOF): m/z : found: 1402.5597; C70H87N3O27


calcd 1402.5606.


N-Fluorenylmethoxycarbonyl-O-(2-acetamido-4,6-di-O-acetyl-2-deoxy-3-
O-[2,4-di-O-acetyl-6-O-benzyl-3-O-{benzyl-(5-acetamido-4,7,8,9-tetra-O-
acetyl-3,5-dideoxy-a-d-galacto-2-nonulopyranosyl)onat}-b-d-galactopyra-
nosyl]-a-d-galactopyranosyl)-l-threonine tert-butyl ester (17): Conjugate
16 (286 mg, 0.204 mmol) was dissolved in pyridine (5 mL) and cooled to
0 8C. After the addition of catalytic N,N-dimethylaminopyridine, acetic
anhydride (2.2 mL) was added dropwise. The solution was stirred at am-
bient temperature for 6 h, diluted with toluene (10 mL), and concentrat-
ed in vacuo. Purification of the residue by flash chromatography on silica
gel (ethyl acetate/ethanol 20:1) afforded the protected compound 17 as a
colorless, amorphous solid (279 mg, 87%). Rf = 0.13 (ethyl acetate);
[a]28


D = 36.0 (c = 1, CHCl3); 1H NMR (400 MHz, CDCl3, COSY,
HMQC): d = 7.74 (d, JH4,H3 = JH5,H6 = 7.4 Hz, 2 H; H4-, H5-Fmoc), 7.57
(t, JH1,H2 = JH8,H7 = 7.8 Hz, 2 H; H1-, H8-Fmoc), 7.43±7.19 (m, 14H; H2-
, H3-, H6-, H7-Fmoc, Har-Bn (10 H)), 6.36 (d, JNH,H2 = 9.4 Hz, 1 H; NH�
GalNAc), 5.85 (d, JNH,Ta = 9.8 Hz, 1H; NH-T), 5.50±5.43 (m, 1H; H8’’),
5.41 (s, 1 H; CH2 a-Bn), 5.40±5.33 (m, 1H; H4); 5.22 (dd, JH6’’,H7’’ =


2.3 Hz, JH7’’,H8’’ = 7.6 Hz, 1 H; H7’’), 5.08 (d, JH4’,H3’ = 3.12 Hz, 1 H; H4’),
5.04 (s, 1H; CH2 b-Bn), 4.99±4.90 (m, 2 H; H2’ {4.94}, NH�NeuNAc),
4.89±4.74 (m, 2 H; H1 {4.86}, H4’’ {4.81}), 4.58±4.30 (m, 8H; H2 {4.52},
CH2 a-Bn {4.51}, H1 {4.50}, CH2 b-Bn {4.44}, H3’ {4.41}, CH2-Fmoc {4.36},
H9 a’’ {4.35}), 4.28±4.06 (m, 5 H; Tb {4.25}, Ta {4.22}, H9-Fmoc {4.20}, H6 a
{4.11}, H5 {4.08}), 4.01 (d, JH4’’,H5’’ = JH5’’,H6’’ = 10.6 Hz, 1 H; H5’’), 3.94
(dd, JH5,H6 b = 7.4 Hz, JH6a,H6b = 11.3 Hz, 1H; H6 b), 3.90±3.76 (m, 2H;
H9 b’’ {3.89}, H3 {3.81}) 3.75±3.68 (m, 1H; H5’), 3.53 (dd, JH5’,H6 a’ =


6.24 Hz, JH6 a’,H6 b’ = 9.40 Hz, 1 H; H6 a’), 3.47 (dd, JH5’’,H6’’ = 10.9 Hz,
JH6’’,H7’’ = 2.4 Hz, 1H; H6’’), 3.40 (dd, JH5’,H6 b’ = 6.7 Hz, JH6a’,H6 b’ =


9.6 Hz, 1H; H6 b’), 2.59 (dd, JH3eq’’,H3ax’’ = 12.7 Hz, JH3eq’’,H4’’ = 4.3 Hz,
1H; H3eq’’), 2.24 (s, 3 H; CH3-Ac), 2.03±2.00 (m, 1 H; H3ax’’), 2.09, 2.07,
2.03, 2.02, 2.00, 1.92, 1.82 (7 î s, 27H; 9 î CH3-Ac), 1.42 (s, 9 H; CH3-tBu),
1.26 (d, JTg,Tb = 5.92 Hz, 3 H; Tg) ppm; 13C NMR (100.6 MHz, CDCl3,
BB, HMQC): d = 171.6, 171.0, 170.6, 170.3, 170.2, 169.9, 169.7, 167.2 (C=
O), 156.7 (C=O (urethane)), 143.7, 143.6 (C1 a-, C8 a-Fmoc), 141.2, 141.3
(C4 a-, C5 a-Fmoc), 137.9, 134.7 (Cq-Bn), 128.9, 128.6, 128.3, 127.6, 127.5
(Carom (2 î Bn), 127.8 (C3-, C6-Fmoc), 127.0 (C2-, C7-Fmoc), 125.1, 125.0
(C1-, C8-Fmoc), 120.0 (C4-, C5-Fmoc), 101.6 (C1’), 99.8 (C1), 96.8 (C2’’),
83.0 (Cq-tBu), 76.2 (Tb), 74.1 (C3), 73.4 (CH2-Bn), 72.5 (C6’’), 72.2 (C5’),
71.6 (C3’), 69.5 (C4), 69.2 (C2’), 69.1 (C4’’), 68.5 (C8’’, CH2-Bn), 68.1
(C5), 68.0 (C6’), 67.8 (C4’), 67.7 (C7’’), 67.4 (CH2-Fmoc), 63.3 (C6), 63.1
(C9’’), 59.2 (Ta), 48.9 (C5’’), 48.5 (C2), 47.0 (C9-Fmoc), 37.4 (C3’’), 28.1
(CH3-tBu)), 23.3, 23.1 (CH3-NHAc), 21.2, 21.1, 21.0, 20.8, 20.7, 20.6 (CH3


(8 î OAc), 19.0 (Tg) ppm; HR-MS (ESI-TOF): m/z : found: 1592.5853
[M+Na]+ ; C78H95N3O31Na calcd 1592.5847.


N-Fluorenylmethoxycarbonyl-O-(2-acetamido-4,6-di-O-acetyl-2-deoxy-3-
O-[2,4-di-O-acetyl-6-O-benzyl-3-O-{benzyl-(5-acetamido-4,7,8,9-tetra-O-
acetyl-3,5-dideoxy-a-d-galacto-2-nonulopyranosyl)onat}-b-d-galactopyra-
nosyl]-a-d-galactopyranosyl)-l-threonine (18): A solution of protected
trisaccharide 17 (250 mg, 0.159 mmol) in a mixture of TFA (5 mL) and
anisole (0.5 mL) was stirred at room temperature for 2 h. The reaction
mixture was diluted with toluene (25 mL) and the solvent was removed
in vacuo. The resulting residue was co-evaporated with toluene (4 î
25 mL) and purified by flash chromatography (silica gel, ethyl acetate/
methanol 2:1) to yield compound 18 (242 mg, quant.) as a colorless,
amorphous solid. Rf = 0.27 (ethyl acetate/ethanol 1:1); [a]28


D = 24.8 (c =


1, CHCl3); 1H NMR (400 MHz, CD3OD, COSY, HMQC): d = 7.82 (d,
JH3,H4 = JH5,H6 = 7.4 Hz, 2H; H4-, H5-Fmoc), 7.72±7.68 (m, 2 H; H1-,
H8-Fmoc), [7.52±7.48 (m, 2 H), 7.44±7.27 (m, 12 H)] (H2-, H3-, H6-, H7-
Fmoc, Harom (2 î Bn, 10H)), 5.60±5.54 (m, 1H; H8’’), 5.46±5.39 (m, 3 H;
H4 {5.44}, H7’’ {5.41}, CH2 a-Bn {d, Ja,b = 12.1 Hz}), 5.20 (d, JH3’,H4’ =


3.1 Hz, 1H; H4’), 5.15 (d, Ja,b = 12.1 Hz, 1H; CH2 b-Bn), 5.02±4.95 (m,
2H; H1 {5.00}, H4’’ {4.96}), 4.87 (d, JH2’,H3’ = 10.2 Hz, 2 H; H2’), 4.76 (d,


JH1’,H2’ = 7.8 Hz, 1H; H1’), 4.66±4.40 (m, 6H; H3’ {4.64}, CH2-Bn {4.61,
4.54}, CH2-Fmoc {4.60, 4.48}, Tb {4.44}), 4.38±4.29 (m, 2 H; H2 {4.33},
H9 a’’ {4.31}), 4.28±4.21 (m, 2H; H9-Fmoc {4.26}, H5 {4.23}), 4.16±4.11
(m, 2 H; Ta {4.14}, H6 a {4.12}), 4.08±3.94 (m, 4 H; H3 {4.05}, H9 b’’ {4.01},
H6 b {4.00}, H5’’ {3.96}), 3.92±3.86 (m, 1H; H5’), 3.82±3.77 (m, 1H; H6’’),
3.63 (dd, JH5’,H6’a = 6.3 Hz, JH6’a,b = 9.4 Hz, 1H; H6 a’), 3.49 (dd, JH5’,H6’b


= 6.3 Hz, J6’a,6’b = 9.4 Hz, 1H; H6 b’), 2.65 (dd, JH3’’ax,eq = 12.5 Hz,
JH3’’eq,H4’’ = 4.7 Hz, 1 H; H3eq’’), 2.29 (s, 3H; CH3-Ac), 2.19 (s, 3H; CH3-
Ac), 2.13 (s, 3H; CH3-Ac), 2.10 (s, 3H; CH3-Ac), 2.08 (s, 3 H; CH3-Ac),
2.05 (s, 6H; CH3 (2 î Ac)), 2.03 (s, 3 H; CH3-Ac), 1.99 (s, 3 H; CH3-Ac),
1.84 (s, 3 H; CH3-Ac), 1.55 (dd, JH3’’ax,H3’’eq = 12.5 Hz, JH3’’ax,H4’’ = 12.1 Hz,
1H; H3ax’’), 1.25 (d, JTb,g = 5.5 Hz, 3H; Tg) ppm; 13C NMR (100.6 MHz,
CD3OD, BB, HMQC): d = 173.5, 172.7, 172.5, 172.2, 172.1, 171.8, 171.5,
171.0, 168.7 (C=O), 159.0 (C=O-urethane), 145.4, 145.2 (C1 a-, C8 a-
Fmoc), 142.7 (C4 a-, C5 a-Fmoc), 139.4, 136.1 (Cq (2 î Bn)), 129.8, 129.7,
129.6, 129.5, 128.9, 128.8, 128.2 (Carom (2 î Bn)), C2-, C3-, C6-, C7-Fmoc),
126.1, 126.0 (C1-, C8-Fmoc), 121.0 (C4-, C5-Fmoc), 102.7 (C1’), 100.3
(C1), 98.1 (C2’’), 77.5 (Tb), 74.9 (C3), 74.5 (CH2-Bn), 73.2 (C5’), 73.0
(C6’’), 72.8 (C3’), 71.4 (C4, C2’), 70.9 (C4’’), 69.8 (CH2-Bn), 69.4 (C4’),
69.3 (C6’), 69.0 (C8’’), 68.8 (C5), 68.5 (C7’’), 67.5 (CH2-Fmoc), 64.3 (C6),
63.5 (C9’’), 61.2 (Ta), 50.5 (C2), 50.0 (C5’’), 48.7 (C9-Fmoc), 38.7 (C3’’),
23.6, 22.7 (CH3-NHAc), 21.7, 21.0, 20.8, 20.7, 20.6, 20.5 (CH3 (8 î OAc)),
19.5 (Tg) ppm; MS (HR-ESI-TOF): m/z : found: 1558.5040 [M+2Na�H]+


; C74H86N3NaO31 calcd 1558.5041.


General procedure for the automated solid-phase glycopeptide synthesis :
Peptide syntheses were carried out in a Perkin±Elmer ABI 433A peptide
synthesizer by use of Fmoc-Pro-PTMSEL[52] and Fmoc-Asp(OtBu)-PHB
preloaded Tentagel resins.[56] In iterative coupling cycles, the subsequent
amino acids were attached sequentially. In every coupling step, the N-ter-
minal Fmoc group was removed by three 2.5 min treatments with 20 %
piperidine in NMP. Amino acid couplings were performed with Fmoc-
protected amino acids (1 mmol) activated by HBTU/HOBt[53] (1 mmol
each) and DIPEA (2 mmol) in DMF (20±30 min vortex). After every
coupling step, unreacted amino groups were capped by treatment with a
mixture of Ac2O (0.5m), DIPEA (0.125m), and HOBt (0.015m) in NMP
(10 min vortex). Attachment of the glycosylated amino acids was per-
formed manually as described in the procedures for the corresponding
glycopeptides.


Ac-Gly-Val-Thr(a-Ac4NeuNAcCOOBn-(2±3)-b-6-O-Bn-Ac2Gal-(1±3)-a-
Ac2GalNAc)-Ser(tBu)-Ala-Pro-Asp(OtBu)-Thr(tBu)-Arg(Pmc)-Pro-
Ala-Pro-OH (20): Starting from Fmoc-Pro-PTMSEL-preloaded Nova-
Syn Tg resin 19[52] (182 mg, 0.05 mmol, loading: 0.275 mmol g�1), the cou-
pling of the first eight amino acids was performed by the automated stan-
dard procedure. The glycosylated amino acid 18 (110 mg, 0.073 mmol,
1.45 equiv) was coupled manually with the aid of HATU (31.5 mg,
0.082 mmol, 1.64 equiv), HOAt (11.2 mg, 0.082 mmol, 1.64 equiv), and
NMM (18.2 mL, 16.7 mg, 0.165 mmol, 3.32 equiv) for activation (coupling
time 6 h). Then, in a resumption of the standard procedure, the final two
amino acids were attached to the polymer-bound glycopeptide, and the
N-terminal Fmoc-group was exchanged for an acetyl group. For the
cleavage procedure the resin was placed in a Merrifield glass reactor,
washed with dichloromethane (3 î 20 mL), treated with a solution of tet-
rabutylammonium fluoride trihydrate (38 mg, 0.12 mmol, 2.4 equiv) in
dry dichloromethane (8 mL), and shaken for 35 min at room tempera-
ture. The mixture was filtered, and the resin was washed with CH2Cl2


(4 î 10 mL). The cleavage process was repeated with a solution of
TBAF¥3 H2O (35 mg, 0.11 mmol) in dichloromethane (8 mL). Filtrates
and washing solutions of both cleavage procedures were combined,
washed with water (3 î 20 mL), dried over anhydrous MgSO4, and liberat-
ed from the solvents in vacuo to yield 100 mg of a colorless solid. After
purification by preparative RP-HPLC (Rt = 55.7 min, column: Phenom-
enex Jupiter, grad: CH3CN/H2O+0.1% TFA (10:90)!(100:0), 80 min, Rt


= 56.3 min) and lyophilization, the protected glycopeptide 20 was ob-
tained as a colorless solid (55.0 mg, 39%). Rt = 29.0 min (Phenomenex
Luna C18(2), grad.: CH3CN/H2O + 0.1 % TFA (10:90)!(0:90), 40 min);
[a]22


D = 4.58 (c = 1, CHCl3); 1H NMR (400 MHz, CDCl3, COSY,
HMQC): d = 7.66±7.44 (m, 2 H; DNH {7.65}, VNH {7.45}) 7.41±7.25 (m,
12H; ANH


1=2
{7.37}, 2î 5 Har-Bn), 6.96±6.88 (m, 1 H; GNH), 6.76±6.68 (m,


1H; NH-GalNAc), 5.49±5.41 (m, 1H; H8’’), 5.40±5.30 (m, 3H; CH2 a-Bn1


{5.37}, H4 {5.33}, H7’’ {5.28}), 5.29±5.26 (m, 1H; H7’’), 5.12±4.94 (m, 4 H;
NH�NeuAc {5.08}, H4’ (5.06), CH2 b-Bn1 {5.02}, H1 {4.99}), 4.93±4.78 (m,


Chem. Eur. J. 2004, 10, 4150 ± 4162 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4159


Tumor-Associated (2,3)-Sialyl-T Antigen 4150 ± 4162



www.chemeurj.org





2H; H4’’ {4.84}, H2’ {4.90}), 4.72±4.19 (m, 18 H; Da {4.62}, H1’ {4.61}, Aa
1=2


{4.60}, CH2 a-Bn2 {4.52}, Ra {4.49}, H3’ {4.44}, CH2 b-Bn2 {4.43}, 3î Pa


{4.43}, H9 a’’ {4.40}, Sa {4.40}, Va {4.32}, Ta
1 {4.31}, Tb


ST {4.29}, H2 {4.29},
Tb


ST), 4.15±3.88 (m, 9H; H5 {4.10}, Tb
1 {4.05}, Sb {4.08}, H3 {3.99}, H5’’


{3.99}, Ga {3.97}, H9 b {3.94}), 3.76±3.68 (2 H; H5’ {3.72}, H6 a {3.72}),
3.66±3.42 (m, 11 H; 3î Pd {3.59, 3.50}, H6 a’ {3.53}, H6’’ {3.47}, H6 {3.47},
Rd), 3.37 (dd, JH6 a’,H6b’ = 6.8 Hz, JH6 b’,H5’ = 9.2 Hz, 1H; H6 b’), 3.17 (sb,
1H; OH), 2.88±2.71 (m, 1H; Db {2.84, 2.75}), 2.64±2.45 (m, 9H; CH4


2-
Pmc {2.60}, CH2


3
�Pmc, CH8


3-Pmc {2.52, 2.51}}, H3eq’’ {2.56}), 2.21 (s, 3H;
CH3-Ac), 2.13±1.86 (m, 18 H; 3 î Pb {2.12, 2.02}, Vb {2.08}, 3î Pg {2.04,
1.93}, CH7


3-Pmc {2.08}, Rb), 2.12, 2.08, 2.05, 2.04, 2.00, 1.95 (6 s, 27 H; 7î
CH3-Ac, 2 î CH3�NAc {2.00, 1.94}), 1.82±1.75 (m, 6H; CH3�NAc {s,
1.79}, CH3


2
�Pmc {1.78}), 1.68±1.56 (m, 3H; Rg {1.67}, H3ax’’ {t, 1.65,


JH3’’ax,eq = 12.5 Hz, JH3’’ax,H4’’ = 12.2 Hz}), 1.39 (s, 9 H; tBuD), 1.32±1.25 (m,
12H; 2î Ab, 2 î CH5


3-Pmc {s, 1.28}), 1.24±1.15 (m, 12H; Tg
ST {1.19}, tBuS {s,


1.18}), 1.15±0.99 (m, 12 H; tBuT {s, 1.07}, Tg
1 {1.03}), 0.88 (dd, JVag,Vbg =


17.2 Hz, JVg,Vb = 6.2 Hz, 6 H; Vg) ppm; 13C NMR (CDCl3, d obtained
from HMQC): d = 129.0, 128.7, 128.4, 127.9, 126.0 (Car-Bn), 100.9 (C1’),
100.3 (C1), 78.4 (Tb


ST), 73.7 (C3), 73.6 (CH2-Bn2), 72.1 (C6’’), 71.8 (C5’),
71.6 (C3’), 69.8 (C2’), 69.4 (C4, C4’’), 68.6 (CH2-Bn1), 68.4 (C8’’), 68.0
(C5), 67.9 (C6’), 67.7 (C4’), 67.3 (C7’’), 66.2 (Tb


1), 63.1 (Sb), 62.6 (C9’’),
61.6 (C6), 60.9 (Pa), 59.4 (Sa), 58.4 (Va), 58.2 (Ta


1), 50.3 (Da), 50.0 (Aa),
48.8 (C2), 48.7 (C5’’), 47.4 (Pd), 43.1 (Ga), 37.4 (Db), 37.2 (C3’’), 32.8
(CH3


2
�Pmc), 32.7 (Rb), 28.9, 28.6 (Pb), 28.4 (tBuS) 28.2 (Rg), 28.0 (tBuD),


27.4 (tBuT), 26.8 (2 î CH5
3-Pmc), 25.1 (Pg), 23.2, 22.9, 22.8 (3 î NHAc),


21.4 (CH4
2-Pmc), 21.6, 21.0, 20.9 (8 î OAc), 20.9 (Vb), 19.5, 18.2 (Vg), 18.4


(Tg
1), 18.8 (Tg


ST), 18.5 (CH8
3-Pmc), 17.7 (Ab), 17.5 (CH2


3-Pmc), 12.2 (CH7
3-


Pmc); MALDI-TOF-MS (dhb, positive-ion mode): found: 2818.4
[M+H]+ ; C132H194N17O48S calcd 2817.3; found: 2840.0 [M+Na]+ ; calcd
2839.3; found: 2856.1 [M+K]+; calcd 2855.4; found: 2879.0
[M�H+Na+K]+ calcd 2877.4.


Ac-Gly-Val-Thr(a-Ac4NeuNAcCOOBn-(2±3)-b-6-O-Bn-Ac2Gal-(1±3)-a-
Ac2GalNAc)-Ser-Ala-Pro-Asp-Thr-Arg-Pro-Ala-Pro-OH (21): A solu-
tion of 20 (48.5 mg, 0.017 mmol) in a mixture of TFA (15 mL), triisopro-
pylsilane (0.9 mL), and water (0.9 mL) was stirred at room temperature
for 2.5 h. The reaction mixture was then concentrated in vacuo and co-
evaporated with toluene (4 î 20 mL). The product 21 was precipitated
into cold (0 8C) diethyl ether (20 mL) to furnish a colorless solid, which
was washed with diethyl ether (3 î 20 mL). The obtained glycopeptide 21
(41 mg) was sufficiently pure to be characterized and subsequently de-
protected without further purification. Rt = 20.2 min (Phenomenex Jupi-
ter C18, grad.: CH3CN/H2O + 0.1 % TFA (10:90)!(60:40), 40 min); 1H
NMR (400 MHz, CD3OD, COSY, HMQC): d = 7.53±7.45 (m, 10H; Har-
Bn), 5.61±5.52 (m, 1H; H8’’), 5.50±5.35 (m, 3 H; H7’’ {5.44}, H4 {5.45},
CH2 a-Bn1 {5.39}), 5.23 (d, JH3,H4 = JH4,H5 = 3.5 Hz, 1H; H4’), 5.19±5.11
(m, 1 H; CH2 b-Bn1), 5.07±4.97 (m, 2 H; H1 {5.02}, H4’’ {4.98}), 4.83±4.56
(m, 9 H; H1’ {4.80}, H2’ {4.79}, Ra {4.72}, Ta


ST {4.68}, Da {4.66}, H3’ {4.65},
CH2 a-Bn2 {4.62}, 2î Aa {4.60}), 4.55±4.44 (m, 5 H; CH2 b-Bn2 {4.52}, Sa


{4.48}, 3î Pa {4.45}), 4.43±4.24 (m, 7H; Ta
1 {4.37}, H2 {4.34}, Tb


ST {4.33},
H9 a’’ {4.32}, Va {4.31}, H5 {4.29}, Tb


1 {4.29}), 4.19±3.59 (m, 18H; H6 a
{4.13}, H3 {4.12}, H9 b’’ {4.08}, H6 b {4.04}, H5’’ {3.97}, Ga


a {3.95}, Ga
b


{3.91}, H5’ {3.88}, Sb {3.82}, 3î Pad {3.81}, H6’’ {3.77}, 3 î Pd
b {3.68}, H6 a’


{3.62}), 3.45 (dd, JH6b’,H6 a’ = 7.44 Hz, JH6 b’,H5’ = 9.6 Hz, 1 H; H6 b’), 3.30±
3.16 (m, 2H; Rd), 3.00±3.16 (d, JDb,Da = 5.9 Hz, 2H; Db), 2.64 (dd, JH3eq’’,H3ax’’


= 12.3 Hz, JH3eq’’,H4’’ = 4.7 Hz, 1 H; H3eq’’), 2.39±1.97 (m, 13H; 3 î Pab


{2.29}, 3î Pg {2.07}, Vb {2.12}, 3î Pb
b {2.04}), 2.31 (s, 3 H; CH3-NHAc),


2.18, 2.14, 2.09 (3 î s, 9 H; 3 î CH3-OAc), 2.08 (s, 3 H; CH3-NHAc), 2.07,
2.05, 1.99 (3 î s, 15H; 5î CH3-OAc), 1.95±1.86 (m, 1 H; Rb


a), 1,84 (s, 3H;
CH3-NHAc), 1,82±1,69 (m, 2 H; Rb


b {1.78}, Rg {1.73}), 1.55 (t, JH3eq’’,H3ax’’ =


JH3ax’’,H4’’ = 12.5 Hz, 1 H; H3ax’’), 1.49±1.39 (m, 6 H; 2î Ab), 1.33±1.27 (d,
JTg,Tb = 6.3 Hz, 3H; Tg


ST), 1.26±1.18 (m, 3H; Tg
1), 1.02 (t, JVag,Vbg = JVg,Vb =


7.4 Hz, 6H; Vg) ppm; 13C NMR (100.6 MHz, CDCl3, BB, HMQC): d =


175.30, 174.47, 174.30, 174.03, 173.87, 173.80, 173.57, 173.18, 173.06,
172.83, 172.52, 172.34, 172.08, 171.93, 171.72, 171.51, 170.95, 168.72 (C=
O), 139.40, 136.14 (Cq-Bn), 129.80, 129.64, 129.41, 128.94, 128.80 (Car-Bn),
102.54 (C1’), 101.11 (C1), 98.15 (C2’’), 79.03 (Tb


ST), 75.50 (C3), 74.40
(CH2-Bn2), 72.91 (C6’’, C3’, C5’), 71.64 (C2’, C4), 70.90 (C4’’), 69.76
(CH2-Bn1), 69.19 (C4’), 69.03 (C8’’, Tb


1, 68.79 (C6’, C5), 68.55 (C7’’), 64.35
(C6), 63.23 (C9’’, Sb), 60.28 (Ta


1, Pa, Va), 57.95 (Ta
ST), 56.54 (Sa), 51.99


(Ra), 51.82 (Da), 50.09 (C5’’), 49.99 (C2), 48.90 (Aa), 48.11 (Pd), 43.60
(Ga), 42.13 (Rd), 38.76 (C3’’), 35.80 (Db), 31.82 (Vb), 30.41 (Pb), 29.40


(Rb),26.16 (Pg), 25.90 (Rg), 23.76, 22.69, 22.55 (3 î NHAc), 22.06 21.79,
21.04, 20.96, 20.88, 20.74, 20.62 (8 î OAc), 20.54 (Tg


1), 19.94 (Vga), 19.41
(Tg


ST), 19.23 (Vgb), 16.67 (Ab); MALDI-TOF-MS (dhb, positive-ion
mode): found: 2383.7 [M+H]+ ; C106H152N17O45 calcd 2383.0; found:
2405.7 [M+Na]+ ; calcd 2405.0; found: 2421.8 [M+K]+ ; calcd 2421.1;
found: 2443.8 [M�H+Na+K]+ ; calcd 2443.1.


Ac-Gly-Val-Thr(a-NeuNAcCOOH-(2±3)-b-6-O-Bn-Gal-(1±3)-a-
GalNAc)-Ser-Ala-Pro-Asp-Thr-Arg-Pro-Ala-Pro-OH (22): Catalytic pal-
ladium on activated charcoal (10 %; 0.1 mg) was added under argon to a
solution of 21 (41.0 mg, max. 0.017 mmol) in methanol (35 mL). The re-
action flask was purged with hydrogen, and the solution was stirred
under a hydrogen atmosphere for two days. The mixture was filtered
through Hyflo Super Cel, which was afterwards washed with methanol
(3 î 25 mL). The filtrate and washing solutions were combined. After re-
moval of the solvent in vacuo, the resulting crude product (33.6 mg) was
of sufficient purity to be employed for the final deprotection without ad-
ditional purification. Rt = 16.0 min (Phenomenex Jupiter C18, grad.:
CH3CN/H2O + 0.1 % TFA (10:90)!(60:40), 40 min); MALDI-TOF-MS
(dhb, positive-ion mode): m/z : found: 2204.0 [M+H]+ ; C92H140N17O45


calcd. 2204.2; found: 2226.0 [M+Na]+ ; calcd 2226.2.


For the concluding deacetylation, one part of the crude glycopeptide
(16.0 mg, max. 0.0072 mmol) was dissolved in a 5 mm aqueous solution of
sodium hydroxide (5 mL, pH 11.5). The mixture was stirred for 59 h,
during which the course of the reaction was continuously monitored by
analytical RP-HPLC. After 89 % conversion, the solution was neutralized
by the addition of acetic acid and lyophilized, and the resulting crude
product was purified by semi-preparative RP-HPLC (Phenomenex Jupi-
ter, grad: CH3CN/H2O + 0.1 % TFA (5:95)!(30:70), 80 min, Rt =


27.3 min) to yield the title compound as a colorless, amorphous solid
(8.6 mg, 56 % over three steps). [a]26


D = �40.7 (c = 0.86, H2O), Rt =


14.5 min (Phenomenex Jupiter C18, grad.: CH3CN/H2O + 0.1% TFA
(5:95)!(30:70), 40 min); 1H NMR (400 MHz, D2O, COSY, HMQC): d =


4.92 (d, JH1,H2 = 3.7 Hz, 1H; H1), 4.69 (t, JDa,Db = 6.4 Hz, 1 H; Da), 4.65±
4.58 (m, 2H; Ta


ST {4.63}, Ra {4.62}), 4.57±4.49 (m, 1H; A1
a), 4.49±4.41 (m,


3H; H1’ {4.47}, Sa {4.45}, Aa
2 {4.44}), 4.40±4.34 (m, 3H; 3 î Pa), 4.33±4.26


(m, 3H; Tb
ST {4.31}, Va {4.29}, Ta


1 {4.28}), 4.22±4.14 (m, 3H; H4 {4.21}, H2
{4.19}, Tb


1 {4.18}), 4.08±3.95 (m, 3H; H3’ {4.04}, H7’’ {4.03}, H3 {4.00}),
3.94±3.87 (m, 3H; Ga {3.91}, H4’ {3.90}), 3.86±3.52 (m, 20H; H5’, H8’’
{3.83}, H6 a {3.80}, Sb {3.76}, 3î Pad {3.73}, H5’’ {3.71}, H9 a’’, H9 b’’, H4’’
{3.67}, 3 î Paa {3.63}, H6 b {3.62}, H6’’, H5, H6 a’, H6 b’), 3.48 (dd, JH1’,H2’


= 7.9 Hz, JH2’,H3’ = 1.6 Hz, 1H; H2’), 3.21±3.14 (m, 2H; Rd), 2.99±2.83
(m, 2H; Db), 2.71 (dd, JH3eq’’,H3ax’’ = 12.2 Hz, JH3eq’’,H4’’ = 4.4 Hz, 1H;
H3eq’’), 2.35±2.19 (m, 3H; 3î Pab), 2.10±1.94 (m, 8 H; Vb {2.03}, 3î Pg


{2.01}, Rb
a), 2.02, 1.99, 1.97 (3 î s, 9 H; 3 î CH3-NHAc), 1.93±1.77 (m, 4 H;


3î Pb
b {1.88}, H3ax’’ {1.80}), 1.77±1.59 (m, 3 H; Rb


b{1.70}, Rg {1.63}), 1.38±
1.31 (m, 6 H; 2î Ab), 1.24 (d, JTg,Tb = 6.1 Hz, 3 H; Tg


ST), 1.15 (d, JTg,Tb =


6.4 Hz, 3H; Tg
1), 0.94 (dd, J = 6.6 Hz, J = 2.0 Hz, 6H; Vg); MALDI-


TOF-MS (dhb, positive ion mode): found: 1868.8 [M+H]+ ; C76H124N17O37


calcd 1867.9; found: 1890.9 [M+Na]+ ; calcd 1889.9; found: 1907.1
[M+K]+ ; calcd 1905.9; found: 1912.8 [M�H+2î Na]+ ; calcd 1911.9; ESI-
MS (positive-ion mode): found: 977.87 [M�2H+4Na]2+ ;
[C76H121N17O37Na4]


2+ calcd 977.88,


Ac-Thr-Ser-Ser-Ala-Ser-Thr-Gly-His-Ala-Thr(a-Ac4NeuNAcCOOBn-(2±
3)-b-Ac2BnGal-(1±3)-a-Ac2GalNAc)-Pro-Leu-Pro-Val-Thr-Asp-OH (24):
The automated solid-phase synthesis of the MUC4 glycopeptide 24 was
performed starting from the preloaded Fmoc-Asp(OtBu)-PHB Tentagel S
resin[56] 23 (238 mg, 0.05 mmol, loading: 0.21 mmol g�1). The first five
Fmoc-amino acids were coupled with excesses of 20 equivalents
(1.00 mmol), by the standard procedure. For the coupling of the glycosy-
lated threonine 18, which was incorporated in the MUC4 sequence at the
threonine-10 position, only 1.3 equivalents (100 mg, 0.066 mmol) were
used. The coupling of the a-(2,3)-sialyl-T-threonine building block 18 was
activated with a mixture of HATU (35 mg, 0.092 mmol), HOAt (13 mg,
0.092 mmol), and N-methylmorpholine (20 mL, 0.185 mmol) in N-methyl-
pyrrolidone (2 mL) and carried out over 3 h. The nine subsequent Fmoc-
amino acids were coupled to the glycopeptide by the standard procedure.
After completion of the 16-amino acid MUC4 sequence, the terminal
Fmoc group was removed with piperidine (20 %) in N-methylpyrrolidone,
and the N-terminus of the glycopeptide was acetylated with capping re-
agent on the resin. In order to detach the glycopeptide from the polymer
and simultaneously to cleave the amino acid side chain protection
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groups, the resin was transferred into a Merrifield glass reactor and treat-
ed with a mixture of trifluoroacetic acid (7.50 mL), dist. water (0.45 mL),
and triisopropylsilane (0.45 mL) for 2 h. After filtration, the resin was
washed with trifluoroacetic acid (4 î 5 mL), and the combined filtrates
were concentrated in vacuo to a volume of 5 mL and added dropwise to
dry diethyl ether (20 mL) at 0 8C. The formed precipitate was separated
from the mother liquor by centrifugation and washed with diethyl ether
(10 mL). The residue was dissolved in dist. water and lyophilized. The
crude product was purified by semipreparative RP-HPLC (column: Phe-
nomenex Luna, gradient: CH3CN/H2O (+ 0.1% TFA) 5:95!CH3CN/
H2O (+ 0.1 % TFA) 50:50 in 60 min, Rt = 55.2 min), and the MUC4 gly-
copeptide 24 (64 mg, 46 % yield over 33 steps, 98% yield per coupled
amino acid) was obtained as a colorless lyophilizate.


Rt = 27.1 min (analytical RP-HPLC, column: Phenomenex Luna, gradi-
ent: CH3CN/H2O (+ 0.1% TFA) 5:95!CH3CN/H2O (+ 0.1% TFA)
100:0 in 60 min); [a]23


D = �47.31 (c = 1, H2O); 1H NMR (400 MHz,
COSY, HMQC, D2O): d = 8.61 (d, JHe,NH = 1.6 Hz, 1H; He), 7.46±7.30
(m, 10H; Har-Bn (2 î )), 7.26 (s, 1 H; Hd), 5.44±5.38 (m, 4H; H4 {5.41},
H7’’ {5.41}, H8’’ {5.40}, CH2 a-Bn {5.40}), 5.12±5.05 (m, 2 H; H1 {5.09},
CH2 b-Bn {5.09}), 5.00±4.47 (m, 1H; H4’), 4.92±4.73 (m, 5H; H4’’ {4.87},
H1’ {4.79}, H2’ {4.79}, Da {4.78}, Ta* {4.74}), 4.70 (dd, JHa,Hb = 5.5 Hz,
JHa,Hb’ = 8.6 Hz, 1 H; Ha), 4.60 (d, Ja,b = 11.7 Hz, 1H; CH2 a-Bn), 4.54±
4.40 (m, 9 H; Sa {4.52, 4.45 (3 î )}, Pa {4.50, 4.42}, CH2 b-Bn {4.49}, H3’
{4.49}, Aa {4.48}, La {4.45}), 4.38±4.28 (m, 9 H; Ta {4.36, 4.33 (3 î )}, H5’
{4.35}, Aa {4.34}, H9 a’’ {4.33}, 2-H {4.31}, H3 {4.31}, Tb* {4.29}), 4.26±4.14
(m, 5H; Tb {4.22 (3 î )}, H6 a’ {4.16}, Va {4.16}), 4.12±4.02 (m, 2 H; H9 b’’
{4.09}, H6 b’ {4.05}), 3.97±3.81 (m, 10H; Pd {3.95}, Sb {3.87 (3 î )}, H5’’
{3.86}, Ga {3.85}), 3.79±3.54 (m, 6 H; H5 {3.75}, H6’’ {3.75}, Pd {3.73, 3.67,
3.61}, H6 a {3.56}), 3.46±3.39 (m, 1 H; H6 b), 3.26 (dd, JHa,Hb = 5.1 Hz,
JHb,Hb’ = 15.7 Hz, 1 H; Hb), 3.10 (dd, JHa,Hb’ = 8.6 Hz, JHb,Hb’ = 15.7 Hz,
1H; Hb’), 2.96 (d, JDa,b = 5.9 Hz, 2H; Db), 2.64±2.58 (m, 1 H; H3eq’’),
2.30±2.23 (m, 2H; Pb), 2.29 (s, 3H; CH3-Ac), 2.19 (s, 3 H; CH3-Ac), 2.15
(s, 3H; CH3-Ac), 2.10±2.08 (m, 1H; Vb), 2.09 (s, 3H; CH3-Ac), 2.08 (s,
3H; CH3-Ac), 2.07 (s, 3H; CH3-Ac), 2.06 (s, 3 H; CH3-Ac), 2.05±1.96 (m,
4H; Pg {2.03, 1.98}), 2.02 (s, 3 H; CH3-Ac), 1.98 (s, 3 H; CH3-Ac), 1.92±
1.86 (m, 2H; Pb), 1.85 (s, 3H; CH3-Ac), 1.72±1.48 (m, 4 H; Lg {1.68}, Lb


{1.58, 1.53}, H3ax’’ {1.56}), 1.39 (d, JAa,b = 7.1 Hz, 6H; Ab (2 î )), 1.33 (d,
JTb*,g = 6.3 Hz, 3 H; Tg*), 1.23±1.17 (m, 9 H; Tg (3 î )), 1.00±0.93 (m, 12H;
Ld {0.99, 0.96}, Vg {0.96, 0.94}) ppm; 13C NMR (100.6 MHz, BB, HMQC,
D2O): d 175.0, 174.9, 174.6, 174.0, 173.9, 173.5, 173.4, 173.3, 173.1, 172.7,
172.6, 172.3, 172.2, 172.1, 171.9, 171.7, 171.5, 171.1, 170.6, 169.5, 167.1
(C=O), 137.0, 134.1 (Cq-Bn (2 î )), 133.3 (He), 129.0, 128.7, 128.6, 127.9
(Car-Bn (2 î )), 128.2 (Hg), 117.2 (Hd), 100.5 (C1’), 99.1 (C1), 97.0 (C2’’),
75.5 (Tb*), 72.9 (C3, CH2-Bn), 71.6 (C5, C3’, C6’’), 70.5 (C8’’), 70.1 (C2’),
69.4 (C4’’), 68.8 (CH2-Bn), 68.3 (C4’), 67.5 (C4, C6, C5’, C7’’), 66.9, 66.7
(Tb (3 î )), 63.1 (C6’), 61.9 (C9’’), 60.9, 60.8 (Sb (3 î )), 60.2, 59.6 (Pa), 59.4
(Va), 59.1, 58.6 (Ta (3 î )), 55.6, 55.3 (Sa (3 î )), 55.3 (Ta*), 51.8 (Ha), 50.3
(La), 49.9, 49.3 (Aa), 48.9 (Da), 48.5 (C5’’, C2), 48.1, 47.7 (Pd), 42.3 (Ga),
39.7 (Lb), 36.7 (C3’’), 35.3 (Db), 30.0 (Vb), 29.3, 29.2 (Pb), 26.5 (Hb), 24.6,
24.3 (Pg), 24.2 (Lg), 22.4 (Ld), 22.3, 21.7 (CH3-NHAc (3 î )), 21.6 (Ld),
20.8, 20.7, 20.2, 20.0, 19.9, 19.7 (CH3-OAc (8 î )), 18.6 (Tg (3 î ), Tg*), 18.3,
17.5 (Vg), 16.6, 16.2 (Ab) ppm; MS (MALDI-TOF, dhb, positive-ion
mode): m/z: found: 2755.7 [M+H]+ ; C121H175N20O53 calcd 2756.2; found:
2777.6 [M+Na]+ ; C121H174N20NaO53 calcd 2778.1; found: 2793.1 [M+K]+ ;
C121H174KN20O53 calcd 2794.1; found: 2799.6 [M+2Na�H]+ ;
C121H173N20Na2O53 calcd 2800.1.


Ac-Thr-Ser-Ser-Ala-Ser-Thr-Gly-His-Ala-Thr(a-NeuNAc-(2±3)-b-Gal-(1±
3)-a-GalNAc)-Pro-Leu-Pro-Val-Thr-Asp-OH (25): A catalytic amount of
palladium (10 %) on activated charcoal was added under argon atmos-
phere to a solution of Ac-Thr-Ser-Ser-Ala-Ser-Thr-Gly-His-Ala-Thr(a-
Ac4NeuNAcCOOBn-(2±3)-b-Ac2BnGal-(1±3)-a-Ac2GalNAc)-Pro-Leu-
Pro-Val-Thr-Asp-OH 24 (36 mg, 0.013 mmol) in dry methanol (15 mL).
The reaction flask was then flooded with hydrogen, and the suspension
was stirred for 48 h under hydrogen atmosphere. After completion of the
reaction (monitoring by analytical RP-HPLC), the mixture was filtered
through Hyflo Super Cel and washed with methanol, and the solvent was
removed from the filtrate at reduced pressure. The residue was dissolved
in dist. water (20 mL) and lyophilized. The crude product of the debenzy-
lation reaction was obtained as a colorless lyophilizate (31 mg, 92%) and
subjected to the subsequent deacetylation procedure without further pu-
rification.


Rt = 16.6 min (analytical RP-HPLC, column: Phenomenex Luna, gradi-
ent: CH3CN/H2O (+ 0.1% TFA) 5:95!CH3CN/H2O (+ 0.1% TFA)
100:0 in 60 min); MS (MALDI-TOF, dhb, positive-ion mode): m/z :
found: 2576.1 [M+H]+ ; C107H163N20O53 calcd 2576.1; found: 2597.8
[M+Na]+ ; C107H162N20NaO53 calcd 2598.1; found: 2613.5 [M+K]+ ;
C107H162KN20O53 calcd 2614.0; found: 2619.7 [M+2Na�H]+ ;
C107H161N20Na2O53 calcd 2620.0.


The debenzylated MUC4 glycopeptide (29 mg, 0.011 mmol) was dis-
solved in anhydrous methanol (15 mL) and treated with a solution of
NaOMe (5 %) in methanol. The reaction mixture was adjusted to pH 10
and stirred for 48 h at ambient temperature. The solution was neutralized
by addition of acetic acid, and the solvent was evaporated in vacuo. Ana-
lytical RP-HPLC analyses and mass spectra confirmed that the residue
contained the monoacetylated MUC4 glycopeptide as the main product.
The residue was therefore again dissolved in an aqueous solution of
NaOH (5 mm, 10 mL) and stirred at pH 11.5. The final deacetylation was
monitored carefully by analytical RP-HPLC. The reaction mixture was
neutralized with acetic acid after 36 h, and the water was removed by lyo-
philization. The residue was purified by semipreparative RP-HPLC
(column: Phenomenex Luna, gradient: CH3CN/H2O (+ 0.1 % TFA)
5:95!CH3CN/H2O (+ 0.1% TFA) 25:75 in 60 min, Rt = 40.0 min) to
give the (2,3)-sialyl-T-MUC4-glycopeptide 25 (15 mg, 64%) as a color-
less, amorphous solid. In addition, the corresponding monoacetylated
MUC4-glycopeptide was isolated as a by-product (3 mg, 12%).


Rt = 15.6 min (analytical RP-HPLC, column: Phenomenex Luna, gradi-
ent: CH3CN/H2O (+ 0.1% TFA) 5:95!CH3CN/H2O (+ 0.1% TFA)
50:50 in 60 min); [a]23


D = �28.73 (c = 1, H2O); 1H NMR (600 MHz,
DQF-COSY, HMQC, D2O): d = 8.62 (s, 1H; He), 7.28 (d, JHd,NH =


3.1 Hz, 1H; Hd), 5.06 (d, JH1,H2 = 3.5 Hz, 1 H; H1), 4.78±4.65 (m, 3H; Da


{4.73}, Ha {4.73}, Ta* {4.69}), 4.55±4.14 (m, 19H; Aa {4.50, 4.35}, H1’
{4.49}, Sa {4.49, 4.43 (3 î )}, Pa {4.46, 4.42}, La {4.41}, Ta {4.35, 4.34 (3 î )},
Tb* {4.29}, Tb {4.26, 4.20 (3 î )}, H2 {4.23}, H8’’ {4.19}, Va {4.15}), 4.10±4.01
(m, 3H; H7’’ {4.07}, H3’ {4.04}, H3 {4.03}), 3.94±3.55 (m, 26H; Ga {3.91},
H4 {3.90}, Pd {3.89, 3.74, 3.68, 3.60}, Sb {3.88 (3 î )}, H4’ {3.86}, H6 a, H6 b
{3.82, 3.62}, H5’’ {3.82}, H9 a’’, H9 b’’{3.81, 3.60}, 6Ha’, 6Hb’ {3.73}, H6’’
{4.73}, H4’’ {3.67}, H5’ {3.61}, H5 {3.57}), 3.51 (dd, JH1’,H2’ = 7.8 Hz JH2’,H3’


= 9.4 Hz, 1 H; H2’), 3.29 (dd, JHa,b = 5.1 Hz, JHb,Hb’ = 15.3 Hz, 1H; Hb),
3.17±3.10 (m, 1H; Hb’), 2.96 (d, JDa,b = 5.9 Hz, 2H; Db), 2.74 (dd, J3’’ax,eq


= 12.5 Hz, JH3’’eq,H4’’ = 4.3 Hz, 1H; H3eq’’), 2.32±2.22 (m, 2 H; Pb), 2.10±
1.96 (m, 14H; CH3-Ac {2.09, 2.02, 1.97}, Vb {2.08}, Pg {2.02, 1.99}), 1.93±
1.84 (m, 2 H; Pb), 1.80 (t, JH3’’ax,H3’’eq = JH3’’ax,H4 = 12.1 Hz, 1 H; H3ax’’),
1.74±1.66 (m, 1H; Lg), 1.63±1.51 (m, 2H; Lb), 1.40 (d, JAa,b = 7.4 Hz,
6H; Ab (2 î )), 1.33 (d, JTb*,g* = 6.3 Hz, 3 H; Tg*), 1.26±1.17 (m, 9 H; Tg


(3 î )), 1.00±0.92 (m, 12H; Ld {0.96, 0.94}, Vg {0.95, 0.94}) ppm; 13C NMR
(150.9 MHz, BB, HMQC, D2O): d = 175.0, 174.8, 174.6, 174.3, 173.9,
173.6, 173.5, 173.4, 173.3, 172.8, 172.3, 171.5, 171.0, 170.9, 169.5 (C=O),
133.3 (He), 128.2 (Hg), 117.2 (Hd), 104.4 (C-1’), 99.4 (C2’’), 98.6 (C1), 77.9
(C3), 75.5 (C3’), 74.6 (Tb*), 72.6 (C5’), 71.6 (C4’), 70.9 (C7’’), 70.2 (C6’’),
70.0 (C2’), 68.9 (C8’’), 68.2 (C4’’), 67.9 (C5), 67.2 (C4), 66.9, 66.8 (Tb (3 î
)), 63.1 (C9’’), 62.4 (C6), 61.2 (C6’), 60.9, 60.7 (Sb (3 î )), 60.1, 59.6 (Pa),
59.3 (Va), 59.1, 59.0, 58.6 (Ta), 55.6 (Ta*), 55.5, 55.4 (Sa (3 î )), 51.9 (Ha),
51.5 (C5’’), 50.3 (La), 49.9, 49.4 (Aa), 49.2 (Da), 48.2 (C-2), 48.0, 47.8 (Pd),
42.4 (Ga), 39.3 (C3’’), 38.9 (Lb), 35.5 (Db), 30.0 (Vb), 29.3, 29.2 (Pb), 26.4
(Hb), 24.6, 24.2 (Pg), 24.3 (Lg), 22.3 (Ld), 22.2, 21.9, 21.6 (CH3-Ac), 21.4
(Ld), 18.6 (Tg (3 î ), Tg*), 18.3, 17.6 (Vg), 16.6, 16.3 (Ab) ppm; MS
(MALDI-TOF, dhb, positive-ion mode): m/z : found: 2242.1 [M+H]+ ;
C91H147N20O45 calcd 2241.3; found: 2263.9 [M+Na]+ ; C91H146N20NaO45


calcd 2263.2; found: 2280.1 [M+K}+ ; C91H146KN20O45 calcd 2279.2.


Acknowledgments


This work was supported by the Deutsche Forschungsgemeinschaft and
by the Stiftung Rheinland-Pfalz f¸r Innovation. S. D. is grateful for a doc-
toral scholarship provided by the Fonds der Chemischen Industrie and
the Bundesministerium f¸r Bildung und Forschung (BMBF).


[1] R. A. Dwek, Chem. Rev. 1996, 96, 683.
[2] K. Landsteiner, Wien. Klin. Wochenschr. 1901, 14, 1132.


Chem. Eur. J. 2004, 10, 4150 ± 4162 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4161


Tumor-Associated (2,3)-Sialyl-T Antigen 4150 ± 4162



www.chemeurj.org





[3] I. Brockhausen, Biochem. Soc. Trans. 2003, 31, 318.
[4] I. Brockhausen, Biochim. Biophys. Acta 1999, 67.
[5] G. F. Springer, Science 1984, 224, 1198.
[6] S. M¸ller, F.-G. Hanisch, J. Biol. Chem. 2002, 277, 26 103.
[7] N. Marcos, T. , A. Cruz, F. Silva, R. Almeida, L. David, U. Mandel,


H. Clausen, S. v. Mensdorff-Pouilly, C. A. Reis, J. Histochem. Cyto-
chem. 2003, 51, 761.


[8] J. R. Gum Jr. , Biochem. Soc. Trans. 1995, 23, 795.
[9] I. Carlstedt, J. R. Davies, Biochem. Soc. Trans. 1997, 25, 214.


[10] S. Patton, S. J. Gendler, A. P. Spicer, Biochim. Biophys. Acta 1995,
407.


[11] J. Taylor-Papadimitriou, J. M. Burchell, D. W. Miles, M. Dalziel, Bio-
chim. Biophys. Acta 1999, 301.


[12] F.-G. Hanisch, S. M¸ller, Glycobiology 2000, 10, 439.
[13] S. von Mensdorff-Pouilly, F. G. M. Snijdewint, A. A. Verstraeten,


R. H. M. Verheijen, P. Kenemans, Int. J. Biol. Markers 2000, 15, 343.
[14] J. Taylor-Papadimitriou, J. M. Burchell, T. Plunkett, R. Graham, I.


Correra, D. Miles, M. Smith, J. Mammary Gland Biol. Neoplesia
2002, 7, 209.


[15] N. Porchet, N. Van Gong, J. Dufosse, J. P. Audie, V. Guyonnet-Du-
perat, M. S. Gross, C. Denis, P. Degand, A. Bernheim, J.-P. Aubert,
Biochem. Biophys. Res. Commun. 1991, 175, 414.


[16] J. Dekker, J. W. A. Rossen, H. A. B¸ller, A. W. C. Einerhand,
Trends Biochem. Sci. 2002, 27, 126.


[17] N. Moniaux, F. Escande, S. K. Batra, N. Porchet, A. Laine, J.-P.
Aubert, Eur. J. Biochem. 2000, 267, 4536.


[18] P. L. Nguyen, G. A. Niehans, D. L. Cherwitz, Y. S. Kim, S. B. Ho,
Tumor Biol. 1992, 17, 176.


[19] S. Ogata, H. Uehara, A. Chen, S. H. Itzkowitz, Cancer Res. 1992, 52,
5971.


[20] M. A. Hollingsworth, J. M. Strawhecker, T. C. Caffrey, D. R. Mack,
Int. J. Cancer 1994, 57, 198.


[21] C. Balaguÿ, J.-P. Audiÿ, N. Porchet, F. X. Real, Gastroenterology
1995, 109, 953.


[22] A. Girling, J. Bartkova, J. M. Burchell, S. J. Gendler, C. Gillett, J.
Taylor-Papadimitriou, Int. J. Cancer 1989, 43, 1072.


[23] M. D. Walsh, M. A. McGuckin, P. L. Devine, B. G. Hohn, R. G.
Wright, J. Clin. Pathol. 1993, 46, 922.


[24] C. Brocke, H. Kunz, Synthesis 2004, 4, 525.
[25] S. Dziadek, C. G. EspÌnola, H. Kunz, Aust. J. Chem. 2003, 56, 519.
[26] C. Brocke, H. Kunz, Bioorg. Med. Chem. 2002, 10, 3085.
[27] H. Herzner, T. Reipen, M. Schultz, H. Kunz, Chem. Rev. 2000, 100,


4495.
[28] Y. Nakahara, Y. Nakahara, Y. Ito, T. Ogawa, Tetrahedron Lett. 1997,


38, 7211.
[29] S. Komba, M. Meldal, O. Werdelin, T. Jensen, K. Bock, J. Chem.


Soc. Perkin Trans. 1 1999, 415.


[30] J. B. Schwarz, S. D. Kuduk, X.-T. Chen, D. Sames, P. W. Glunz, S. J.
Danishefsky, J. Am. Chem. Soc. 1999, 121, 2662.


[31] B. Liebe, H. Kunz, Angew. Chem. 1997, 109, 629; Angew. Chem. Int.
Ed. Engl. 1997, 36, 618.


[32] B. Liebe, H. Kunz, Helv. Chim. Acta 1997, 80, 1473.
[33] G. Zemplÿn, A. Kunz, Chem. Ber. 1923, 56, 1705.
[34] S. K. George, B. Holm, C. A. Reis, T. Schwientek, H. Clausen, J.


Kihlberg, J. Chem. Soc. Perkin Trans. 1 2001, 880.
[35] X. Pannecoucke, G. Schmitt, B. Luu, Tetrahedron 1994, 50, 6569.
[36] W. Stahl, U. Sprengard, G. Kretzschmar, D. W. Schmidt, H. Kunz, J.


Prakt. Chem. 1995, 337, 441.
[37] U. Sprengard, G. Kretzschmar, E. Bartnik, C. H¸ls, H. Kunz,


Angew. Chem. 1995, 107, 1104; Angew. Chem. Int. Ed. Engl. 1995,
34, 990.


[38] E. Eichler, H. J. Jennings, M. Gilbert, D. M. Whitfield, Carbohydr.
Res. 1999, 319, 1.


[39] R. R. Schmidt, J. Michel, Angew. Chem. 1980, 92, 763; Angew.
Chem. Int. Ed. Engl. 1980, 19, 731.


[40] R. R. Schmidt, Angew. Chem. 1986, 98, 213;, Angew. Chem. Int. Ed.
Engl. 1986, 25, 212.


[41] M. Lergenm¸ller, Y. Ito, T. Ogawa, Tetrahedron 1998, 54, 1381.
[42] W. Koenigs, E. Knorr, Chem. Ber. 1901, 957.
[43] B. Helferich, F. Wedemeyer, Liebigs Ann. Chem. 1949, 563, 139.
[44] G.-J. Boons, A. V. Demchenko, Chem. Rev. 2000, 100, 4539.
[45] A. Marra, P. Sinay», Carbohydr. Res. 1989, 187, 35.
[46] S. Keil, C. Claus, W. Dippold, H. Kunz, Angew. Chem. 2001, 113,


379; Angew. Chem. Int. Ed. 2001, 40, 366.
[47] V. Martichonok, G. M. Whitesides, J. Org. Chem. 1996, 61, 1702.
[48] S. Dziadek, H. Kunz, Synlett 2003, 1623.
[49] F. Dasgupta, P. J. Garegg, Carbohydr. Res. 1988, 177, c13.
[50] C. Brocke, H. Kunz, Synlett 2003, 2052.
[51] M. Wagner, H. Kunz, Angew. Chem. 2002, 114, 315; Angew. Chem.


Int. Ed. 2002, 41, 317.
[52] M. Wagner, S. Dziadek, H. Kunz, Chem. Eur. J. 2003, 9, 6018.
[53] L. A. Carpino, H. Imazumi, A. El-Faham, F. J. Ferrer, C. Zhang, Y.


Lee, B. M. Foxmann, P. Henklein, C. Hanay, C. M¸gge, H. Wen-
schuh, J. Klose, M. Beyermann, M. Bienert, Angew. Chem. 2002,
114, 457; Angew. Chem. Int. Ed. 2002, 41, 441.


[54] W. Kˆnig, R. Geiger, Chem. Ber. 1970, 103, 788.
[55] L. A. Carpino, J. Am. Chem. Soc. 1993, 115, 4397.
[56] E. Bayer, W. Rapp, Chem. Pept. Proteins 1986, 3, 3.
[57] S. S. Wang, J. Am. Chem. Soc. 1973, 95, 1328.


Received: March 10, 2004
Published online: July 9, 2004


¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4150 ± 41624162


FULL PAPER H. Kunz et al.



www.chemeurj.org






De novo Metallonucleases Based on Helix±Loop±Helix Motifs


Paola Rossi,[a] Paolo Tecilla,[c] Lars Baltzer,*[b] and Paolo Scrimin*[a]


Introduction


The design of synthetic catalysts or molecular devices based
on peptide[1] foldamers[2] is an appealing goal for many rea-
sons, for example, the flexibility in the selection of the build-
ing blocks, the chirality of the structure, and the possibility
to mimic natural systems. If one focuses on hydrolysis cata-
lysts, the most challenging substrates are phosphate esters.
Indeed their hydrolysis is so slow under physiological condi-
tions that the most recent estimates place the half-life for
the cleavage of dimethyl phosphate in 1010 years.[3] Not far


from this sluggish reactivity should be that required for hy-
drolytically cleaving the P�O bond of DNA. RNA is more
labile, because the nucleophilic attack on the phosphorus
atom is performed intramolecularly by the -O(H) group in
the 2’-position of the ribose. Thus, the half-life is, in this
case, of only 104 years. Nevertheless nature has developed
very efficient enzymes that contain and require a multinu-
clear metal-ion site for activity.[4] These include enzymes
able to cleave RNA and DNA.[5] Suitably designed, simple
multinuclear metal complexes quite effective in the cleavage
of model esters have previously been reported.[6] In some
cases these complexes promoted effective cleavage of
RNA[7] and, to a lesser extent, of DNA.[8] . These biopoly-
mers are appealing targets, because their selective hydrolysis
could have implications for applications such as cancer ther-
apy and gene manipulation.
We have recently reported[9] that the peptide 310-helix


conformation can be used as a robust scaffold[10] to develop
effective artificial metallonu-
cleases. This has been achieved
by inserting two copies of an
amino acid (ATANP[11]) bearing
a metal-ion binding site,[9a±c]


into proper positions in a short
peptide sequence, or by con-
necting several copies of a short
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Abstract: Three new 42-mer peptides
(PRI±III) designed to fold into a hair-
pin helix±loop±helix motif have been
prepared. In the peptide sequence two
(PRII±III) or four (PRI) copies of an
unnatural amino acid bearing a triaza-
cyclononane metal-ion binding site
(ATANP) have been inserted in appro-
priate positions to allow the ligand sub-
units to face each other either within
the same helix or between the two heli-
ces of the hairpin motif. Circular di-
chroism (CD) studies in solution have
shown that the apopeptides adopt a
well-defined helix±loop±helix tertiary
structure that dimerizes in solution at


concentrations above 200mm to form a
four-helix bundle. However, the helical
content is strongly dependent on pH
and metal-ion binding. Both protona-
tion of the amines of the triazacyclono-
nane units present in the ATANP later-
al arm and complexation with ZnII ions
cause a significant decrease of the heli-
cal content of the sequences. The ZnII


complexes of the three peptides cata-
lyze the transesterification of the RNA


model substrate 2-hydroxypropyl-p-ni-
trophenyl phosphate (HPNP) with dif-
ferent efficiency. The best catalyst ap-
pears to be PRI±4ZnII, that is, the pep-
tide incorporating four ATANP units.
Michaelis±Menten saturation kinetics
allowed us to estimate that substrate
fully bound to the catalyst reacts
380 times faster than in its absence.
The kinetic evidence suggests coopera-
tivity between (at least two) metal
ions: one activating the nucleophilic
species (directly or indirectly) and the
other facilitating nucleophilic attack by
coordination of the phosphate.


Keywords: enzyme models ¥
kinetics ¥ peptides ¥ phosphate
cleavage ¥ zinc
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sequence also functionalized with such an amino acid to a
proper templating unit.[9d]


As an alternative approach to robust, catalytically active
foldamers, researchers have focused on longer peptides,[12]


of less than 100 residues, with significant results obtained by
using the four-helix bundle,[13, 14,15] coiled coil,[16] and bba[17]


motifs. Recent studies by one of the laboratories[18] contribu-
ting to this paper have clearly shown that the helix±loop±he-
lix motif can be used as a scaffold for the design of new es-
terolytic catalysts based on HisH+±His cooperative sites.[19]


The above catalysts were based on sequences composed of
natural amino acids.
We now report our results on the design, synthesis, con-


formational and kinetic studies of new sequences comprising
two or more copies of the unnatural amino acid ATANP re-
sulting in helix±loop±helix forming foldamers. These systems
were tested, as their ZnII complexes, as catalysts of the intra-
molecular transphosphorylation of 2-hydroxypropyl-p-nitro-
phenyl phosphate (HPNP), a model for an RNA phosphate.


Results and Discussion


Peptide design and synthesis : The design of the three pep-
tides PRI±III was based on the sequence of peptides SA-
42[19a] and KO-42,[18] which are known to fold into a hairpin
helix±loop±helix motif that dimerizes in an antiparallel
mode to form a four-helix bundle.[20] In order to maintain
the same conformation for the three new peptides, the
amino acid sequences of PRI±III were identical to that of
KO-42, but for the six His amino acids in positions 11, 15,
19, 26, 30, and 34.


The artificial amino acid ATANP was inserted in positions
11, 15, 30, and 34 in PRI, 30 and 34 in PRII, and 15 and 30
in PRIII. Assuming an a-helix conformation, the insertion
of ATANP in positions i, (i+4) allows the lateral arms,
bearing the ligand subunit, to face each other in the same
helix. In contrast, when they are on two different helices the
close interaction is guaranteed by the hairpin conformation
adopted by these peptides (see below). In all three systems
the His residues were replaced by Lys and Glu residues in
positions 19 and 26, respectively. This substitution is known,
from previous studies on the parent peptide SA-42,[19a] to
preserve the helical conformation. The choice of the amino


acids replacing the other two His residues in PRII and
PRIII was based on their propensity for helical structure
formation. Because of this, when fully folded the three pep-
tides should assume a helix±loop±helix conformations; that
for PRI is shown in Figure 1. The conformational aspects
will be discussed in more detail in the section below.


The syntheses were performed by means of standard
solid-phase procedures on an automated peptide synthesizer
following an Fmoc protocol. The introduction of the artifi-
cial amino acid ATANP into the sequence did not present
any problem in spite of the bulkiness of the Boc-protected
azacrown present in its lateral arm. Accordingly, the three
peptides were obtained in good yields and could be purified
easily by reverse-phase HPLC. Synthetic details and identifi-
cation of the peptides are reported in the Experimental Sec-
tion.


Solution structure : As mentioned above the sequences of
PRI±III were chosen based on those of two parent peptides,
SA-42 and KO-42, whose helix±loop±helix conformations
were unambiguously assigned by NMR and CD spectrosco-
py and by equilibrium sedimentation ultracentrifuga-
tion.[18,19a] The reported mean residue ellipticities at 222 nm
are �25000�1000 degcm2dmol�1 and �24000�1000 degcm2


dmol�1 for SA-42 and KO-42, respectively, and correspond
to a helical content of approximately 60±70%.[21,22] The CD
spectra of PRI±III are typical of helical polypeptides
(Figure 2) with minima at 208 and 222 nm. The mean resi-
due ellipticities at 222 nm are �25000�1000 degcm2dmol�1


for PRII and PRIII, respectively, and �18000�
1000 degcm2dmol�1 for PRI at 298 K in pH 7 aqueous solu-
tion. The measured ellipticities allow one to estimate a heli-
cal content of 70% for PRII and PRIII, and of 50% for
PRI.[21,22] The CD spectra are strongly dependent on pH, as
shown in the pH profiles of Figure 3. All three peptides
showed a significant increase in the absolute value of the


Figure 1. Helix±loop±helix conformation likely adopted by peptide PRI
in its folded state.
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molar ellipticity upon increasing the pH from 2 to 7. Above
this pH they leveled off to their maximum value. The pro-
files of Figure 3 suggest that the progressive increase of the
helical content of each peptide is associated with the depro-
tonation of the amine groups of the azacrown present in the
side chain of the ATANP residues (the reported pKa


for 1,4,7-triazacyclononane are respectively:[23] pK1 2±3,
pK2 6.84, pK3 10.44). Thus the electrostatic repulsion be-
tween the protonated amines causes a significant disruption
of the helical conformation regardless of whether the aza-
crown moieties are on the same or on different helices. Fur-
thermore, since the ellipticity reaches a plateau region at
pH higher than 7 for all peptides, and this value is very simi-
lar to that of their parent compounds, it suggests that the
presence of a single positive charge per azacrown is not det-
rimental to the helical conformation. However, with PRI
the presence of four ATANP residues in the sequence ap-
pears to present a hindrance to the attainment of a fully
folded conformation. We speculate that this may be due to
the increase of the hydrophilicity of the two helices. Indeed,
their close, hydrophobically driven interaction plays a major
role in the folding of these sequences.[24] This is also high-
lighted by the plot in Figure 4 in which the ellipticity versus
concentration profiles for the three systems at pH 7 and
298 K are reported.


The helical content increases up to a concentration
~200mm for all peptides. In analogy with what is observed
with the parent compounds SA-42 and KO-42, this is likely
to be associated with their dimerization. In a monomer±
dimer equilibrium the absolute value of [q]222 should in-
crease as a function of the concentration of peptide up to a
maximum value, at which the dimer is the predominant spe-
cies. Thus at concentrations higher than 200mm, the dimer is
likely to be the predominant species with a mean residue el-
lipticity of �25000�1000 degcm2dmol�1 for PRII and
PRIII, and �18000�1000 degcm2dmol�1 for PRI.
The temperature-dependent denaturation process of the


peptides was also followed by CD as may be seen for PRIII
in Figure 5. At 293 K and at the concentration used for the


Figure 2. CD spectra of peptides PRI±III at pH 7, 298 K, [peptide]=2î
10�4m.


Figure 3. Mean residue ellipticity [q]r at 222 nm versus pH for peptide
PRI (*), PRII (&), and PRIII (*). Conditions: 298 K, [PRI±III]=
0.2mm.


Figure 4. Mean residue ellipticity [q]r at 222 nm as a function of the pep-
tide concentration at 298 K and pH 7 PRI (*), PRII (&), and PRIII (*).


Figure 5. a) CD spectra of PRIII (0.2mm) as a function of increasing tem-
perature. b) Temperature dependence of the mean residue ellipticity [q]r
at 222 nm in the case of PRI (*), PRII (&), and PRIII (*). Conditions:
[peptide]=0.2mm, pH 7.
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experiments (200mm, that is, in the presence of the dimer)
the molar ellipticity was �24500 degcm2dmol�1 and at
353 K, the maximum temperature explored, it was half this
value. Analogous behavior was observed with PRI and
PRII (data not shown). The loss of helicity becomes rele-
vant above 313 K. An isodichroic point can be observed at
203 nm (Figure 5a) suggesting a two-state equilibrium be-
tween the unfolded (random coil) and folded states.[25] How-
ever, the shift from the helical to the random coil conforma-
tion does not appear to be highly cooperative (no sharp
melting temperature was observed) in line with the molten
globule nature[26] of these peptides (and also parents SA-42
and KO-42). Because the CD investigation carried out for
PRI±III provides results very similar to those of the parent
peptides SA-42 and KO-42, we assume with confidence that
they adopt similar conformations (a helix±loop±helix system
dimerizing to a four-helix bundle). It is important to point
out that at 313 K, which is the temperature used in the fol-
lowing kinetic studies, there is only a loss in helical content
of about 10%.


Metal-ion binding : A relevant aspect of our investigation
was the study of the ability of our peptides to bind transi-
tion-metal ions and the effect of the complex formation on
their conformation. Our aim was the synthesis of metal-ion-
based catalysts as artificial metallonucleases. ZnII (and MgII)
are the most frequently encountered metal ions in natural
nucleases.[4] For this reason in our kinetic experiments we
tested our putative catalysts as ZnII complexes. However,
for the purpose of addressing the stoichiometry of the bind-
ing of transition-metal ions to peptides PRI±III, it was more
convenient to follow the complexation of CuII, since this can
be done by UV-visible spectroscopy. The complexes of 1,4,7-
triazacyclononane with CuII show an absorption band with
maximum at about 600 nm. Figure 6 reports the titration
curves obtained for the three peptides with Cu(NO3)2 at
pH 7 in water ([PRI±III]=0.2mm). PRII and PRIII can
bind up to two equivalents of CuII ions, and the coordination
of the first does not seem to interfere with the coordination
of the second. This statement is supported by the monotonic
increase of absorbance at 600 nm when up to two equiva-
lents of metal ion are added, that is, the complete saturation
with the metal of the two macrocycles. A smaller binding
constant for the introduction of the second metal ion, or a


change in the coordination sphere with a change of the max-
imum of absorbance, would have resulted in a change in
slope after the addition of the first equivalent. This is
indeed the case for PRI; after the addition of three equiva-
lents of CuII a change in slope can be clearly appreciated, in-
dicating that the complexation of the fourth ion is harder to
achieve. Accordingly, complete saturation of the four bind-
ing sites in this polypeptide is only observed when at least
five equivalents of CuII are added. The order of binding of
the different ATANP in the sequence cannot be determined
from the spectroscopic data. In particular we do not know if
there is a specific binding site that is particularly reluctant
to take up the last metal ion. We may only speculate that
ATANP CuII binding sites in positions 15 or 34 in the
sequence, which face two bound CuII ions on the oppo-
site helix, are those more affected in terms of binding
strength.
Complexes of ZnII do not show a similar absorption band


in the UV-visible spectrum amenable to a similar binding in-
vestigation. We assume that the stoichiometry of binding of
this metal ion is not much different from that of CuII. Its
binding strength is, however, 2±4 orders of magnitude
lower.[23] Accordingly, the complete saturation of the ligand
subunits of PRI should be even more difficult with ZnII. An
indirect appreciation of the binding of ZnII to these peptides
could be obtained from the effect of the addition of the
metal ion on the CD spectra carried out with the aim of
evaluating the influence of the metal on the secondary struc-
ture. Upon addition of increasing amounts of ZnII to solu-
tions of the three peptides, the absolute value of the mean
residue ellipticity at 222 nm tends to decrease up to a com-
plete saturation of the binding sites (Figure 7).[27] This indi-
cates that the complexation of the metal ions has a destabi-
lizing effect on the secondary structure. Lau et al.[28] have re-
ported, for coiled-coil structures, that metal-ion binding in-
duces a shift from the dimer to the monomer thus decreas-
ing the helical content of the polypeptides (see also Figure 4
and previous discussion). It might be that this is the case for
our peptides too. Whatever the reason, it is clear that the
ZnII-bound peptides are less structured than the correspond-
ing apo systems.


Figure 6. UV-visible titration at 600 nm of PRI (*), PRII (&), and PRIII
(*) with CuII. Conditions: [PRI±III]=0.2mm, HEPES 50mm, pH 7.


Figure 7. Dependence of the mean residue ellipticity [q]r at 222 nm as a
function of the [ZnII]/[peptide] ratio for PRI (*), PRII (&), and PRIII
(*). Conditions: 298 K, pH 7, [PRI-III]=2î10�4m.
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Cleavage studies : The catalytic activities of peptides PRI±
III were tested, as ZnII complexes prepared in situ, toward
the transesterification reaction of the RNA model substrate
HPNP (see Scheme 1). The reactions were carried out with


a tenfold excess of substrate over catalyst, that is, under
turnover conditions, at pH 7.4 and 313 K. This temperature
causes only a minimum decrease of the helical content of
the peptides (see Figure 5b). However, upon formation of
the complexes with ZnII, the loss of helical content was sig-
nificant, particularly for PRI (see Figure 7).
The kinetic plots showed a well-behaved first-order pro-


file, indicating that our systems are real catalysts and no in-
termediates accumulate during the cleavage process. Table 1


lists the apparent second-order rate constants (k2, m
�1 s�1)


obtained for the different ZnII±peptide complexes.[29] In
spite of the fact that under the conditions used for the kinet-
ic experiments (in the presence of four equivalents of ZnII)
PRI was not fully saturated with the metal ions (see discus-
sion in the previous section), it was the best catalyst among
the different peptides. Hence a more thorough investigation
was carried out with this system.
We examined the catalytic efficiency of PRI by progres-


sively adding ZnII ions to a 2î10�5m solution of the peptide
to determine the most catalytically active complex. The ini-
tial rates of the HPNP cleavage reaction (vi, m s


�1) are re-
ported in Figure 8. By analyzing the profile of this curve we
learn the following:


1) The apopeptide is modestly active (less than three times
faster than the uncatalyzed process).[30] This is in line
with results reported by others on the activity in the
cleavage of HPNP and RNA by amines/ammonium ions,
including triazacyclononane.[31]


2) The most active system is the one fully loaded with ZnII


ions. For the saturation of all four ligand subunits an


excess of ZnII was required in accord with the CuII com-
plexation results reported in a previous section.


3) There is cooperativity between the metal centers. Indeed
the profile of the curve is sigmoidal indicating a non-
linear increase of activity upon progressive complexation
of ZnII ions.


One may argue that, since metal ion complexation causes
a substantial loss of helicity of the peptide, probably related
to the decrease of the amount of dimeric peptide present,
the increase of activity could be due to the higher activity of
the random coil (monomeric) conformation with respect to
the helical one. We cannot rule out that this is the case.
However it appears unlikely that a random aggregate of
metal centers is more active than an ordered system with
the four metal complexes residing on the same side of the
helix±loop±helix motif and in close proximity to one anoth-
er. If, as we consider more likely, the folded peptide is the
active species, we underestimate its activity because of the
coexistence of the less active, random coil conformation
under the conditions of our experiments. It is also conceiv-
able that the catalytic site in the dimeric system is less ac-
cessible to the substrate than in the monomeric one.
One important point pertaining to the mechanism of the


cleavage process is the binding of the substrate to the cata-
lyst. In the natural enzymes a precise binding of the sub-
strate is necessary to perform the catalytic process. For this
reason we performed kinetic measurements at increasing
concentration of HPNP and found a Michaelis±Menten be-
havior indicating that this substrate binds to PRI-4ZnII


(Figure 9). Analysis of the curve indicates a 380-fold rate ac-
celeration over the uncatalyzed cleavage process.[30]


Support to cooperativity between the metal ions was also
obtained from the rate vs. pH profile (Figure 10). In this
figure we observe that the initial rate value increases with
pH up to pH 8, then decreases to reach a minimum at
pH 8.5 and increases again. We previously reported[9a,c] that,
in the cleavage of HPNP, the kinetically relevant nucleo-
phile bound to a ZnII±triazacyclononane complex has a pKa


in the range 7.7±7.9, very close to the pH at which is ob-
served the maximum in the graph of Figure 9. There are at
least two possible explanations for such a behavior. The first


Scheme 1. Transesterification reaction of HPNP.


Table 1. Observed second-order rate constants (k2) for the cleavage of
HPNP by ZnII complexes of peptides PRI±III at pH 7.4 (50mm HEPES,
313 K).


Entry Catalyst k2 [m
�1 s�1]


1 PRI±4Zn 0.16
2 PRII±2Zn 0.094
3 PRIII±2Zn 0.084
4 TACN±Zn 0.024
5 310±2Zn


[a] 0.05


[a] Dinuclear ZnII complex of 310-helical peptide described in refer-
ence [9b].


Figure 8. Initial rate of cleavage of HPNP (vi, m s
�1) as a function of the


[ZnII]/[PRI] ratio. Conditions: [PRI]=2î10�5m, [HPNP]=2î10�4m,
313 K, pH 7.4, HEPES buffer 50mm.
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is that catalysis is due to deprotonation of the substrate hy-
droxyl, or through direct coordination to a ZnII ion (Figure
11b,d), or indirectly by means of a ZnII-bound water mole-
cule that acts as a general base (Figure 11a,c). A second
metal-bound water molecule would act as a general acid to
favor the departure of the leaving group (Figure 11a).[32] Al-


ternatively, the second ZnII ion could bind to the P(=O)O-
group of the substrate thus activating the attack by the nu-
cleophilic species (Figure 11c). In this last case the decrease
in rate would be the result of a decreased binding of the
substrate due to the difficulty in displacing a ZnII-bound hy-
droxyl instead of a water molecule.[33] Our data do not allow
us to differentiate between these two mechanisms. Never-
theless both point to a cooperative role of (at least) two
metal ions.


Conclusion


Several copies of the artificial amino acid ATANP have
been efficiently inserted in proper positions in de novo de-
signed polypeptides by using automated solid-phase synthe-
sis. The new peptides (PRI±III) have been shown to adopt a
well-defined tertiary structure characterized by a helix±
loop±helix motif, which dimerizes in solution at concentra-
tions above 200mm to form a four-helix bundle. The above
studies have also revealed that although the apopetides
adopt the above conformation quite similarly to the parent
systems used as reference in their design, the helical content
is strongly dependent on pH and metal-ion binding. Both
protonation of the amines of the triazacyclononane units
present in the ATANP lateral arm and complexation with
ZnII ions cause a significant decrease of the helical content
of the sequences. This appears to be at variance with what
we have observed with oligopeptides incorporating Ca-tetra-
substituted amino acids as helix inducers that are extremely
robust foldamers.[9b,d] It is likely that the conformational
constraints introduced by a,a-disubstituted amino acids are
such to support the charge repulsions and steric hindrance
connected to the presence of the ATANP amino acid in a
sequence.
Nevertheless the ZnII complexes of the three peptides cat-


alyze the transesterification of the RNA model substrate
HPNP with different efficiency. The best catalyst appears to
be PRI-4ZnII, that is, the peptide incorporating four
ATANP units. Michaelis±Menten saturation kinetics have
allowed us to estimate that the substrate fully bound to the
catalyst reacts 380 times faster than in its absence. The ki-
netic evidence suggests cooperativity between (at least two)
metal ions with a mechanism requiring the activation of the
nucleophilic species and its facilitated attack to the phos-
phate through its coordination to a ZnII ion. Alternatively a
ZnII-bound water molecule may act as a general base. This
latter possibility, however, seems less likely because of the
pKa of p-nitrophenol, the leaving group, which is lower than
that of the ZnII-bound H2O.
The present systems constitute one of the few examples


so far reported of synthetic peptides that act as efficient
models of a multinuclear metallonuclease operating with a
cooperative mechanism.[34]


Figure 9. Initial rate of cleavage of HPNP as a function of HPNP concen-
tration in the presence of 2x10�5m PRI±4ZnII at pH 7.4 (HEPES 50mm)
and 313 K. The curve is the fitting with the Michaelis±Menten equation.


Figure 10. Initial rate versus pH profile for the cleavage of 2î10�4m
HPNP by 2î10�5m PRI±4Zn at 313 K. Buffers (50mm): pH 6.0 and 6.5,
MES; pH 7.0±7.5, HEPES; pH 8.0±9.25, CHES.


Figure 11. Proposed mechanisms for HPNP transesterification promoted
by the ZnII complexes of the peptides.
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Experimental Section


General : Solvents were purified by standard methods. All commercially
available reagents and substrates were used as received. TLC analyses
were performed using Merck 60 F254 precoated silica gel glass plates.
Melting points were determined with a B¸chi SMP-20 apparatus and are
uncorrected. NMR spectra were recorded using a Bruker AM-250
(250 MHz) spectrometer. Chemical shifts are reported relative to internal
Me4Si (TMS). Multiplicity is given as usual. Optical rotations were deter-
mined on a Perkin±Elmer Model 241 polarimeter at 25 8C. ESI-MS spec-
tra were obtained on a PE-API spectrometer at 5600 V by infusion of an
MeOH/H2O/acetic acid (10/90/1) mixture. Cu(NO3)2, Zn(NO3)2, and
ZnCl2 were analytical grade products. Metal-ion stock solutions were ti-
trated against EDTA following standard procedures. The buffer compo-
nents were used as supplied by the manufacturers: 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Sigma), 2-(N-morpholino)eth-
anesulfonic acid (MES, Sigma) and 2-(N-cyclohexylamino)ethanesulfonic
acid (CHES, Sigma).


(N-9-Fluorenylmethoxycarbonyl)-2-amino-3-{1-[1,4,7-(N-4-N-7-di-tert-
butoxycarbonyl)triazacyclononane]}propanoic acid (Fmoc-ATANP-OH):
Fmoc-ATANP-OH was obtained starting from (N-benzyloxycarbonyl)-2-
amino-3-{1-[1,4,7-(N-4-N-7-di-tert-butoxycarbonyl)triazacyclononane]}-
propanoic acid (Z-ATANP-OH).[11] Z-ATANP-OH (1.4 g, 2.54 mmol)
was dissolved in methanol (10 mL) and the Z-protecting group was re-
moved by hydrogenolysis with H2 on Pd/C (5%). After filtration and
evaporation of the solvent the deprotected amino acid H-ATANP-OH
was obtained in quantitative yield. The amino acid was dissolved in water
(20 mL) and N,N,N-triethylamine (TEA, 1.5 equivalents, 3.81 mmol) was
added. A solution of 9-fluorenylmethyl-N-succinimidylcarbonate (Fmoc-
OSu, 0.860 g, 2.56 mmol) in acetonitrile (5 mL) was added dropwise over
a period of 10 minutes at room temperature. The reaction was followed,
adjusting the pH to about 8 with TEA, and stirred overnight at room
temperature. The solvent was evaporated under reduced pressure and
the aqueous solution extracted once with diethyl ether (20 mL). The
aqueous phase was acidified to pH 2±3 with KHSO4 (10%) and extracted
with ethyl acetate (3î50 mL). The organic phase was washed several
times with water in order to eliminate N-hydroxysuccinimide (H-OSu)
and dried over anhydrous Na2SO4; the solvent was evaporated. Pure
Fmoc-ATANP-OH was obtained by precipitation from ethyl acetate/pe-
troleum ether (1.22 g, 80% yield). Rf.=0.6 (CHCl3/MeOH, 9/1); m.p.=
99±101 8C; [a]25D=++29.6 (c=1 in chloroform); 1H NMR (250 MHz,
CDCl3, 25 8C, TMS): d=1.48 (s, 18H; -(CH3)3), 3.49±3.08 (m, 14H; b-
CH2, -CH2-CH2-N), 4.22 (t,


3J(H,H)=6 Hz, 1H; CH Fmoc), 4.34 (m, 3H;
-CH2,OCO, -aCH), 6.01 (br s, 1H; NH), 7.36 (m, 4H; H2,2’, H3,3’ Fmoc),
7.59 (d, 3J(H,H)=7 Hz , 2H; H1,1’ Fmoc), 7.75 ppm (d, 3J(H,H)=7 Hz,
2H; H4,4’ Fmoc); 13C NMR (63 MHz, CDCl3, 25 8C, TMS): d=28.4 (q),
47.1 (t), 48.6 (t), 50.3 (t), 54.3 (d), 55.4 (t), 59.0 (d) ,67.2 (t), 80.9 (s),
119.9 (d), 125.2 (d), 127.1 (d), 127.7 (d),141.2 (s), 143.8 (s),155.1 (s),155.6
(s), 156.3 (s), 172.7 (s).


PRI±III peptide syntheses : The peptides were synthesized by using a
PerSeptive Biosystems Pioneer automated peptide synthesizer with a
standard Fmoc chemistry protocol. The carboxy terminals were amidated
upon cleavage from the resin using a Fmoc-PAL-PEG-PS polymer (Per-
Septive Biosystems). The amino terminals were capped by acetic anhy-
dride (0.3mm in DMF). The peptides were cleaved from the polymer and
deprotected with a mixture of trifluoroacetic acid (TFA, 13.5 mL), thio-
anisol (750 mL), 1,2-ethanedithiol (450 mL), and anisole (300 mL) at
room temperature for 3 h. The crude peptides were precipitated by cold
diethyl ether and collected by centrifugation. The peptides were purified
by isochratic reversed phase HPLC on a C-8 semipreparative Kromasil
(250 mmî2.5 mm), 7 mm column using different mixtures of isopropyl al-
cohol/water, 0.1% TFA, with a flow rate of 10 mLmin�1 (PRI: 31% iso-
propyl alcohol; PRII±III: 35%). The peptides were eluted as single
peaks and their purity was checked under identical conditions by re-
versed phase analytical HPLC. The peptides were identified by electro-
spray MS (PRI calculated 4660.515, found 4660.990; PRII calculated
4491.224, found 4490.850; PRIII calculated 4491.224, found 4491.345)
and the mass spectra obtained provided a further check of the purity of
the peptides, since no other peaks were observed.


CD studies : CD spectra were recorded on a Jasco J-715 spectropolarime-
ter, routinely calibrated with (+)-camphor-10-sulphonic acid, in the wave-
length interval 260±200 nm. Samples were prepared by diluting aqueous
stock solutions, previously titrated by UV-visible spectroscopy with a
standard solution of Cu(NO3)2 measuring the absorbance of the copper
complex at 600 nm in 50mm HEPES buffer at pH 7. The experiments
were carried out in 0.1, 0.2, and 1 mm cells. The pH dependence was de-
termined using proper buffers from pH 5±11 (pH 5±6, MES; 7±8,
HEPES; 9±11, CHES) and the temperature-dependence experiments
were peforemd with a water-jacked cell (0.1 mm) together with a circulat-
ing HAAKE constant temperature bath.


Kinetic measurements : Kinetic traces were recorded with a Unicam
Helios b spectrophotometer equipped with a HAAKE temperature con-
troller at 40 8C in 50 mm buffer (MES, HEPES, CHES). Fresh stock solu-
tions of PRI±III and TACN were prepared in water (mQ) and the con-
centrations determined by UV-visible titration as described above. The
PRI±4ZnII, PRII±2ZnII, PRIII±2ZnII, and TACN±ZnII complexes were
prepared just before each experiment by dilution of the stock solutions
through addition of proper aliquots of the buffer, water (mQ), and
Zn(NO3)2 solutions up to a 0.8 mL final volume. The pH was checked
before starting the measurement and the cuvettes were kept at 40 8C for
30 minutes before adding the substrate (HPNP). The reactions were car-
ried out under turnover conditions using a tenfold excess of substrate
over catalyst ; the typical concentrations used were: [HPNP]=2î10�4m,
[peptide]=2î10�5m.


The kinetics were followed at 400 nm (or 320 nm at a pH below 7), moni-
toring the release of 4-nitrophenolate (-phenol) up to a substrate conver-
sion of 20%. The rate constants were obtained by using the method of
initial rates. The absorbance versus time data of the first linear part of
the reaction were converted into concentration versus time data by using
the extinction coefficient for 4-nitrophenolate (e=18700m�1 cm�1). Con-
centrations were corrected for the degree of ionization of the 4-nitrophe-
nol at the operative pH. The slope of this initial linear part of the kinetic
trace gives the initial rate (vi, m s


�1) of the reaction. The second-order
rate constants were obtained by dividing the initial rate by the analytical
concentration of HPNP and peptide. In some experiments the reaction
was followed to the total conversion of substrate. The kinetic traces regis-
tered followed a first-order process and the fitting of the data gave rate
constants in good agreement with those obtained with the initial rate
method.
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Stereoselective Synthesis of (+)-Nephrosteranic Acid, (+)-trans-Cognac
Lactone, and (+)-trans-Whisky Lactone using a Chiral Cyclohexadienyl Ti
Compound


Florian Schleth,[a, b] Thomas Vogler,[a] Klaus Harms,[a] and Armido Studer*[a, b]


Introduction


Nucleophilic addition of allyl metals to carbonyl compounds
has been widely used for the introduction of the synthetical-
ly useful allyl moiety. Secondary and tertiary homoallyl alco-
hols have been prepared by this method. Many applications
in complex natural product synthesis have been reported. In
the last fifteen years, many papers on stereoselective allyla-
tion have appeared.[1] Various ™metals∫ have been used in
these processes: Allylation of aldehydes with allyl silanes in
the presence of chiral Lewis acids has been described.[2]


More recently, stereoselective allylation with allyl silanes in
the presence of chiral Lewis bases has been achieved.[3]


Chiral allyl silanes can also be used in stereoselective allyla-
tions.[4] Allyl stannanes in the presence of Lewis acids[5] and
chiral allylboron compounds[6] have been used successfully
for stereoselective allylations. Recently, Lewis-acid-mediat-
ed low-temperature allylations involving allylboron com-


pounds have been reported.[7] Li,[8] Ti-derived compounds,[9]


and other allyl ™metal∫ compounds have also been applied
in asymmetric allylations.
We recently published our first results from studies on the


desymmetrization of chiral cyclohexadiene Ti compound
1.[10] Treatment of this compound with various aldehydes
provided the corresponding 1,3-cyclohexadienes 2 in good
yields with excellent diastereo- and enantioselectivities
[Eq. (1)]. These dienes are very interesting chiral building


blocks, as has been shown by their use in the synthesis of
nephrosteranic acid. Herein we report the desymmetrization
of metalated cyclohexadienes in full detail. In addition, we
describe the synthesis of (+)-nephrosteranic acid, (+)-trans-
cognac lactone, and (+)-trans-whisky lactone by our new
method.


[a] Dipl. Chem. F. Schleth, T. Vogler, Dr. K. Harms, Prof. Dr. A. Studer
Fachbereich Chemie der Universit‰t Marburg
Hans-Meerwein-Strasse, 35032 Marburg (Germany)
E-mail : studer@uni-muenster.de


[b] Dipl. Chem. F. Schleth, Prof. Dr. A. Studer
New address:
Organisch Chemisches-Institut
Westf‰lische Wilhelms Universit‰t
Corrensstrasse 40, 48149 M¸nster (Germany)
Fax: (+49)251-8336523


Abstract: We present the stereoselec-
tive transfer of cyclohexadienyl from 3-
metalated 1,4-cyclohexadienes to vari-
ous aldehydes. Lewis-acid-mediated
™allylation∫ of aldehydes by treatment
with 3-silylated and 3-stannylated 1,4-
cyclohexadienes could not be achieved
with high diastereoselectivity. In con-
trast, cyclohexadienyl titanium com-
pounds reacted with both aliphatic and
aromatic aldehydes with good-to-excel-
lent diastereoselectivities. Reaction of


a chiral TADDOL-derived (TADDOL,
2,2-dimethyl-a,a,a’,a’-tetraphenyl-1,3-
dioxolandimethanol) cyclohexadienyl
Ti derivative with various aldehydes
led to the corresponding homoallylic
alcohols with excellent diastereo- and


enantioselectivities. Lower selectivities
were obtained with chiral B-cyclohexa-
dienyldiisopinocampheylborane. The
1,3-cyclohexadienes are very useful
building blocks for the preparation of
biologically important g-butyrolac-
tones. Short efficient syntheses of (+)-
nephrosteranic acid, (+)-trans-whisky
lactone, and (+)-trans-cognac lactone
by desymmetrization of 1,4-cyclohexa-
diene are described.


Keywords: asymmetric synthesis ¥
cyclohexadienes ¥ lactones ¥ natural
products ¥ synthetic methods ¥
titanates
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Results and Discussion


Several issues have to be considered to achieve highly ster-
eoselective allylation of aldehydes by using 3-metalated 1,4-
cyclohexadienes. The first problem to be solved is how the
diastereoselectivity of the reaction can be controlled. This
can be achieved by controlling the face selectivity of the
electrophilic attack. By analogy with the parent allylations
involving allyl metal derivatives, it is likely that the face se-
lectivity can be controlled by the choice of metal (open
versus closed transition state). In addition, the effect of pos-
sible metallotropic 1,3 shifts must be considered.[1] A big
challenge for an allylation method that uses 3-metalated 1,4-
cyclohexadienes is the desymmetrization of the 1,4-cyclo-
hexadiene moiety (differentiation of the two enantiotopic
double bonds).[11]


Our first experiments were conducted with silylated cyclo-
hexadienes.[12,13] Diene 3 was treated with propanal in
CH2Cl2 in the presence of various achiral Lewis acids (LAs,
�78±258C, Scheme 1) with the aim of producing 2a. When
BF3¥OEt2, SnCl4, or trimethylsilyl triflate (TMS-OTf) was
used as the Lewis acid, the desired product was not ob-
tained. A moderate yield and low syn selectivity were ach-
ieved by using TiCl4 (Table 1, entry 1). Reaction of the
diene with iPrCHO (!2b), tBuCHO (!2c), and PhCHO
(!2d)[14] provided similar results (entries 2±4). We next fo-
cused on the LA-mediated allylation of propanal with stan-
nylated diene 4. It is well known that allyl stannanes are
more reactive nucleophiles than
the corresponding silanes.[15] A
satisfactory yield (75%) was ob-
tained with BF3¥OEt2 as the
LA, but syn selectivity re-
mained low (entry 5). The re-
gioisomer 5a, derived from an
LA-mediated 1,3-stannyl shift[3]


and subsequent allylation, was
formed as a byproduct in 13%
yield. A lower yield of the de-
sired product was obtained
when AlCl3 was used as the LA
(entry 6), and 2a was not
formed at all in the presence of
Ti(O-iPr)4, SnCl4, or TMS-OTf.
The BF3¥OEt2-mediated reac-
tion was also conducted with
iPrCHO and PhCHO to afford
2b and 2d in moderate-to-good
yields but with low selectivities
(entries 7 and 8). Regioisomers
5b and 5d were formed in 20
and 33% yield, respectively.
LA-catalyzed allylation of al-


dehydes with allyl stannanes
and allyl silanes proceeds
through an open transition
state.[1] We decided to use cyclo-
hexadienyl titanium compounds,
which are known to form rigid


cyclic transition states, to try to increase the diastereoselec-
tivity of the reactions. The Ti compounds were readily pre-
pared from 1,4-cyclohexadiene by lithiation (sBuLi, tetrame-
thylethylenediamine (TMEDA), THF, �788) and transmeta-
lation by treatment with Ti(O-iPr)4 or Cp2TiCl2. Addition of
6 to propanal at �78 8C occurred in excellent yield and with
high selectivity (91%, syn :anti=11:1, entry 9). Use of re-
agent 7, derived from Cp2TiCl2, provided worse results
(entry 10) so all further experiments were conducted with 6
(!2e±t).
Linear aliphatic aldehydes provide better selectivities (up


to 13:1) than secondary aliphatic aldehydes (d.r.�3:1, en-
tries 11±13). Reaction of 6 with pivalaldehyde afforded 2c


Scheme 1. The various achiral cyclohexadienyl ™metal∫ compounds
tested.


Table 1. Reaction of 3, 4, 6, and 7 with various aldehydes.


M LA R Product Yield d.r.[a]


[%] (syn :anti)


1 SiMe3 TiCl4 Et 2a 36 1.4:1[b]


2 SiMe3 TiCl4 iPr 2b 35 1.6:1[b]


3 SiMe3 TiCl4 tBu 2c 11 n.d.[c]


4 SiMe3 TiCl4 Ph 2d 31 1.6:1[b]


5 SnBu3 BF3¥OEt2 Et 2a 75 1.7:1[b]


6 SnBu3 AlCl3 Et 2a 25 2.5:1[b]


7 SnBu3 BF3¥OEt2 iPr 2b 45 1.6:1[b]


8 SnBu3 BF3¥OEt2 Ph 2d 77 1:3[b]


9 Ti(O-iPr)3 ± Et 2a 91 11.0:1[b]


10 TiCp2Cl ± Et 2a 23 5.1:1[b]


11 Ti(O-iPr)3 ± C11H23 2e 96 13.3:1[d]


12 Ti(O-iPr)3 ± iPr 2b 91 2.9:1[b]


13 Ti(O-iPr)3 ± C6H11 2 f 59 2.7:1[d]


14 Ti(O-iPr)3 ± tBu 2c 87 6.5:1[b]


15 Ti(O-iPr)3 ± Ph 2d 99 9.0:1[d]


16 Ti(O-iPr)3 ± 4-Me�Ph 2g 98 14.4:1[d]


17 Ti(O-iPr)3 ± 4-MeO�Ph 2h 99 32:1[d]


18 Ti(O-iPr)3 ± 4-Br�Ph 2 i 96 2.5:1[d]


19 Ti(O-iPr)3 ± 4-NO2�Ph 2j 23 1.9:1[d]


20 Ti(O-iPr)3 ± 3-MeO�Ph 2k 98 11.9:1[e]


21 Ti(O-iPr)3 ± 2-MeO�Ph 2 l 96 39:1[d]


22 Ti(O-iPr)3 ± 2-Me�Ph 2m 98 21:1[d]


23 Ti(O-iPr)3 ± 2-Br�Ph 2n 98 2.8:1[d]


24 Ti(O-iPr)3 ± furyl 2o 94 13.2:1[d]


25 Ti(O-iPr)3 ± a-naphthyl 2p 99 2.0:1[e]


26 Ti(O-iPr)3 ± b-naphthyl 2q 99 9.4:1[e]


27 Ti(O-iPr)3 ± PhCH=CH 2r 89 2.7:1[e]


28 Ti(O-iPr)3 ± PhC�C 2 s 93 1.9:1[e]


29 Ti(O-iPr)3 ± C9H19C�C 2t 92 1.9:1[e]


[a] d.r., diastereomeric ratio. [b] Ratio determined by 1H NMR spectroscopy. [c] n.d., not determined.
[d] Ratio determined by GC analysis. [e] Ratio determined by HPLC analysis.
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in high yield with good stereo-
selectivity (d.r.=6.5:1, en-
try 14). A better result was
obtained by using benzaldehyde
(d.r.=9:1, entry 15). Treatment
of 4-MeO�PhCHO and 4-Me�
PhCHO with 6 afforded 2g and
2h, respectively, with excellent
selectivities (d.r.=32:1 for 4-
MeO�PhCHO, entries 16 and
17). Allylation of 4-Br�PhCHO
led to 2 i with only moderate
stereocontrol (d.r.=2.5:1, en-
try 18). A change in the
mechanism from an ionic to a
single-electron-transfer (SET)
process probably occurred for
this aldehyde.[16] Indeed, reac-
tion of 6 with SET substrate 4-
NO2�PhCHO gave 2 j with low
selectivity (d.r.=1.9:1, en-
try 19). Excellent stereocon-
trol was achieved with ortho-
substituted benzaldehyde deriv-
atives (entries 21 and 22). Use
of the Br congener again result-
ed in only moderate selectivity
(entry 23). Furfural and b-naph-
thaldehyde afforded good selec-
tivities, whereas a-naphthalde-
hyde and cinnamaldehyde pro-
vided moderate selectivities (entries 24±27). Alkynals react-
ed with low selectivity (entries 28 and 29). These syn selec-
tivities can be explained by the occurrence of a six-
membered chair transition state 8 in which the R group of
the aldehyde is located in a pseudoequatorial position.[1]


With a protocol for the diastereoselective addition of 1,4-
cyclohexadienes to aldehydes in hand, we attempted the
challenging task of differentiating between the enantiotopic
double bonds in the cyclohexadienyl Ti compounds. Duthal-
er has successfully used 2,2-dimethyl-a,a,a’,a’-tetraphenyl-
1,3-dioxolandimethanol (TADDOL)-derived[17] allyl Ti de-
rivatives in highly enantioselective allylations.[18] We pre-
pared the analogous chiral Ti cyclohexadienyl compound 1
and found that the reaction of 1 with benzaldehyde (THF,
�78 8C) occurs with excellent diastereoselectivity (syn :anti>
99:1). A promising enantioselectivity was also measured
(enantiomeric ratio, e.r.=91:9, chiral GC) but syn-2d was
formed in low yield (19%). Some decomposition of 1 proba-
bly occurred at �78 8C; when the same reaction was carried
out at a lower temperature (�100 to �110 8C, THF/Et2O)
syn-2d was produced in 83% yield (syn :anti>99:1) with
high enantioselectivity (e.r.=98:2, Table 2, entry 1).
We also tested the isopropoxy Ti derivative 9 (Scheme 2)


in the desymmetrization reaction.[19] Compound 9 provided
lower selectivities than 1 upon reaction with benzaldehyde
(83% yield, syn :anti=8:1, e.r.(syn)=90.5:9.5, entry 2).
Chiral B-cyclohexadienyldiisopinocampheylborane (10) af-
forded a moderate yield with good diastereoselectivity upon


treatment with benzaldehyde under analogous conditions
(40% yield, syn :anti=24:1, entry 3).[20] However, only mod-
erate enantioselectivity was obtained (e.r.(syn)=89.5:10.5).
All further experiments were conducted with Ti derivative
1.
Compound 1 reacted with para, meta, and ortho-substitut-


ed benzaldehyde derivatives with excellent diastereoselectiv-
ity and high enantioselectivity (Table 2, entries 4±10). In
contrast to 6, chiral Ti reagent 1 reacted with Br-substituted
aromatic aldehydes with excellent stereoselectivity (entries 6
and 10). The SET pathway is clearly not a problem in reac-
tions with 1. a-Naphthaldehyde and phenylpropargyl alde-
hyde reacted with 1 with ™perfect∫ stereoselectivity, whilst
furfural and b-naphthaldehyde provided lower, although
good, enantioselectivities and excellent diastereoselectivities
(entries 11±14). Reaction of 1 with alkynals provided the
corresponding dienes in good yields with high stereoselectiv-


Table 2. Reaction of 1, 9, and 10 with various aldehydes.


R Reagent Product Yield d.r. e.r.
[%] (syn :anti)


1 Ph 1 2d 83 >99:1[a] 98:2[a]


2 Ph 9 2d 83 8:1[a] 90.5:9.5[a]


3 Ph 10 2d 40 24:1[a] 89.5:10.5[a]


4 4-Me�Ph 1 2g 82 >99:1[a] 95:5[a]


5 4-MeO�Ph 1 2h 63 >99:1[b] 95:5[b]


6 4-Br�Ph 1 2 i 94 >99:1[a] 97:3[a]


7 3-MeO�Ph 1 2k 58 >99:1[a] 97:3[b]


8 2-MeO�Ph 1 2 l 61 >99:1[a] >99:1[a]


9 2-Me�Ph 1 2m 56 >99:1[a] 96:4[a]


10 2-Br�Ph 1 2n 92 >99:1[c] >99:1[c]


11 furyl 1 2o 72 98:2[a] 93:7[b]


12 a-naphthyl 1 2p 96 >99:1[b] >99:1[b]


13 b-naphthyl 1 2q 81 >99:1[b] 90:10[b]


14 PhCH=CH 1 2r 93 >99:1[b] 90:10[b]


15 PhC�C 1 2 s 86 >99:1[b] 99:1[b]


16 C9H19C�C 1 2 t 83 >99:1[b] 98.5:1.5[b]


17 Et 1 2a 40[d] >99:1[a] 91:9[e]


18 C5H11 1 2u 49[f] >99:1[a] 92:8[a]


[a] Ratio determined by GC analysis. [b] Ratio determined by HPLC analysis. [c] Determined by GC analysis
after transformation into 2d (tBuLi, THF, �78 8C; H2O). [d] The 1,4-diene 5a was formed as a side product
and could not be separated from the product. 2a :5a=89:11. [e] Determined by GC analysis after oxidation to
(R)-1-phenylethanol. [f] The 1,4-diene 5u was formed as a side product and could not be separated from the
product. 2u :5u=88:12.


Scheme 2. Chiral cyclohexadienes 1, 9, and 10, tested in the desymmetri-
zation of 1,4-cyclohexadiene.
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ities (entries 15 and 16). Linear aliphatic aldehydes such as
propanal and hexanal gave slightly lower yields but excel-
lent diastereoselectivities and good enantioselectivities (en-
tries 17 and 18). The 1,4-dienes 5a and 5u were formed as
side products of these reactions.
The absolute configuration for all the major isomers of


the new compounds was assigned by considering the rearo-
matization of 2a (Pd(OAc)2/Cu(OAc)2, MeOH), which led
to (R)-1-phenyl-ethanol (e.r.=91:9). This reaction shows
that, in analogy to the Duthaler allylation, addition of 1
occurs on the Si face of the aldehyde.
The stable Ti complex 11 was formed during workup.[21]


Complex 11 is apolar and can readily be isolated by chroma-
tography (60±80%). The complex can also be prepared
from the corresponding chloride 12a by treatment of the
chloride with saturated aqueous NaHCO3. We envisioned
that this complex could be used as a bench-stable precursor
for the chiral cyclohexadienyl Ti complex 1. Since stoichio-
metric amounts of the chiral Ti compound are needed in
each experiment, recovery of this compound is a very impor-
tant issue.
Compound 11 does not react with lithiated cyclohexa-


diene and was therefore transformed in situ into a more re-
active species. The electrophiles TMSCl, TMSI, MeOTf, and
TMSOTf were used to generate the corresponding Ti com-
plexes 12±14. To this end, 11 (in THF/Et2O) was treated
with 2 equiv alkylating reagent (1±3 h) at room temperature.
Transmetalation and desymmetrization were performed by a
method analogous to that described above (Scheme 3), with
benzaldehyde as the aldehyde. In these reactions benzalde-
hyde was used as electrophile.


Regeneration of the active complex with TMSCl (room
temperature for 3 h) and subsequent transmetalation and re-
action with PhCHO afforded the desired diene 2d in 68%
yield. Diastereoselectivity remained high (syn :anti>99:1)
but enantioselectivity dropped (e.r.=93:7) compared to that
achieved with our original protocol (e.r.=98:2, see Table 2,
entry 1). The desired diene was not formed when MeOTf
was used as the activating species; unidentified products


were obtained. Reaction with TMSI and subsequent treat-
ment with PhCHO provided the diene 2d in 70% yield.
TMSCl activation resulted in excellent diastereoselectivity
(syn :anti>99:1) but enantioselectivity dropped slightly
(e.r.=94:6) compared to that achieved with our original
protocol. The best results were obtained with TMSOTf. The
diene 2d was isolated in 71% yield with ™perfect∫ diastereo-
selectivity (syn :anti>99:1) and an enantiomeric ratio of
97:3.
We studied the reactivation of dimer 11 in detail by using


1H NMR spectroscopy. As can be seen in Figure 1a, reaction
of 11 with TMSCl at room temperature produced the corre-
sponding chloride 12a (typical signals: singlet at d=


6.40 ppm and doublets at d=5.10 and 4.93 ppm, respective-
ly). The reaction was stopped after 240 minutes. Along with
the signals corresponding to the desired chloride, a singlet
was observed at d=6.32 ppm, caused by the presence of an
unidentified Ti complex. Doublets occurred at d=5.00 and
4.89 ppm, which indicates that reactivation with TMSCl is
not complete after 4 h. The side product was tentatively as-
signed as silyloxy TADDOLate 12b, which we propose as
an intermediate formed on the way to 12a. A repeat NMR
experiment clearly showed that a reaction time of 13 h is
necessary to complete the transformation of 12b into chlo-
ride 12a (Figure 1b). This long reaction time for the genera-
tion of 12a was taken into account and the original TMSCl
experiment was repeated (TMCSCl and 11 were stirred for
18 h before addition of the lithiated cyclohexadiene). Enan-
tioselectivity increased to 98:2 with this increase in reaction
time.
In contrast to TMSCl reactivation, treatment of 11 with


TMSOTf (!14) leads to complete reactivation after five mi-
nutes (Figure 1c). Reaction of 11 with TMSI to generate 13
is a clean process and is also complete after five minutes
(1H NMR spectra not shown). The allylation reaction with
13 occurs with a lower enantioselectivity than that with 12 ;
we do not yet understand why.
We initially applied our new method to the synthesis of


nephrosteranic acid.[22] We presented the synthesis of scale-
mic nephrosteranic acid (ee=83.5%) in a previous commu-
nication.[10] Our studies have revealed that alkynals provide
far better stereoselectivities in the key desymmetrization re-
action than aliphatic aldehydes (see Table 2). We therefore
decided to use aldehyde 15[23] in the reaction with 1. Reduc-
tion of the triple bond at a later stage in the synthesis leads
to the desired linear unsaturated alkyl chain of nephroster-
anic acid.
Treatment of 1 with aldehyde 15 provided 2 t (83%, syn :


anti>99:1, e.r.=98.5:1.5, see Table 2, entry 16). The Os-
mediated dihydroxylation/diol cleavage protocol reported in
our previous communication could be replaced by a more
convenient ozonolysis to convert 2 t into the corresponding
lactol (Scheme 4). The triple bond in the side chain of the
crude lactol was hydrogenated (H2, Pd/C) to form 16. Crude
16 was oxidized to g-butyrolactone 17 under Jones condi-
tions (21% overall, steps b±d). Methylation by a literature
procedure[22c] afforded (+)-nephrosteranic acid (89% after
recrystallization, 15.5% overall yield, [a]D25=++27.38, c=0.97
in CHCl3); ref. [22a]: [a]


D
25=++27.28, c=1.45 in CHCl3). We


Scheme 3. Reuse of dimer 11. a) TMSCl, TMSI, or TMSOTf in THF/
Et2O.
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obtained crystals suitable for x-ray analysis. The structure of
nephrosteranic acid is shown in Figure 2.[24]


We next applied our method to other g-butyrolactones.
We targeted the compounds trans-whisky and trans-cognac
lactone.[25] The syntheses of these compounds are depicted
in Scheme 5. The first four steps were conducted as de-
scribed for the synthesis of nephrosteranic acid.


Compound 1 was trapped with aldehyde 18a to give diene
19a in 66% yield (syn :anti>99:1; e.r. not determined). Ozo-
nolysis and subsequent hydrogenation gave lactole 20a.
Jones oxidation led to the corresponding acid, which was im-
mediately reduced by addition of BH3¥SMe2 to afford alco-
hol 21a (13% for steps b±e). The Appel reaction (!22a,
79%) and radical debromination with our recently intro-


Figure 1. Reactivation of dimer 11 with TMSCl (a and b) and TMSOTf (c) was monitored by 1H NMR spectroscopy. All experiments were carried out in
[D8]THF.
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duced tin hydride substitute 23[13] gave (+)-trans-whisky lac-
tone (74%; e.r.=97:3, as determined by chiral GC).
The homologous trans-cognac lactone was prepared by


using the same reaction sequence. Reaction of 1 with alde-
hyde 18b gave diene 19b (57%, syn :anti>99:1; e.r. not de-
termined). Ozonolysis, hydrogenation, Jones oxidation, and
reduction by treatment with BH3¥SMe2 afforded alcohol 21b
in 21.5% overall yield (steps b±e). The Appel reaction (!
22b, 67%) and dehalogenation (95%) led to trans-cognac
lactone (e.r.=97.5:2.5, chiral GC).


Conclusion


We have reported the first examples of stereoselective cyclo-
hexadienyl transfer to aldehydes from 3-metalated 1,4-cyclo-
hexadienes. Cyclohexadienyl transfer from 3-siylated and 3-
stannylated 1,4-cyclohexadienes to aldehydes in the pres-
ence of Lewis acids could not be performed with high selec-
tivity. Cyclohexadienyl Ti coumpounds underwent the same
reaction with excellent diastereoselectivity. Moreover, the
use of chiral cyclohexadienyl Ti TADDOLate 1 allows dif-
ferentiation between the two enantiotopic double bonds of
the corresponding cyclohexadiene. Excellent diastereo- and
enantioselectivities were obtained upon reaction of 1 with
aromatic aldehydes. Lower but still satisfactory selectivities
were obtained with aliphatic aldehydes. Compound 1 react-
ed with alkynals with good enantioselectivities. Alkynals can
be used as surrogates for aliphatic aldehydes.
We have shown that bench-stable dimer 11, which is read-


ily obtained after workup of the cyclohexadienyl transfer,
can be reused. This is an important result since stoichiomet-
ric amounts of Ti complex are needed for the desymmetriza-
tion reactions. The reactivation of 11 can be monitored by
1H NMR spectroscopy. We believe that this protocol can
also be used for the parent Duthaler allylation.
Functionalized 1,3-cyclohexadienes are very useful build-


ing blocks for the preparation of biologically important g-
butyrolactones. (+)-Nephrosteranic acid, (+)-trans-whisky
lactone, and (+)-trans-cognac lactone were successfully pre-
pared by our new method. These functionalized 1,3-cyclo-
hexadienes can be used as substrates in Diels±Alder reac-
tions for the preparation of complex rigid compounds. Such
reactions are currently being studied in our laboratory.


Experimental Section


General : All reactions involving air- or moisture-sensitive reagents or in-
termediates were carried out in heat-gun-dried glassware under an argon
atmosphere. THF was freshly distilled from potassium under argon. Di-
ethylether (Et2O) was freshly distilled from K/Na under argon. Dichloro-
methane (CH2Cl2) was freshly distilled from phosphorus(v)oxide (P2O5).
Triethylamine (Et3N) was distilled from CaH2 and stored under argon.
TMEDA was distilled from Na and stored under argon over activated
4-ä molecular sieves. All other solvents and reagents were purified ac-
cording to standard procedures or were used as received from Aldrich or
Fluka. 1H and 13C NMR spectroscopy: Bruker AMX 500, AMX 400, AC
300, or ARX 200 spectrometer; chemical shifts, d, were measured in ppm
relative to CHCl3 (7.26 ppm), which was used as an external standard.
Polarimetry: optical rotations were measured on a Perkin Elmer 241 po-


Scheme 4. Synthesis of nephrosteranic acid: a) THF/Et2O, �100 to
�110 8C; b) O3, Me2S, CH2Cl2, �78 8C; c) H2, Pd/C, EtOH; d) CrO3/
H2SO4, acetone; e) NaHMDS, MeI, THF. HMDS=1,1,1,3,3,3-hexame-
thyldisilazane.


Scheme 5. Synthesis of trans-whisky lactone and trans-cognac lactone:
a) THF/Et2O, �100 to �110 8C; b) O3, Me2S, CH2Cl2, �78 8C; c) H2, Pd/
C, EtOH; d) CrO3/H2SO4, acetone, room temperature; e) BH3¥SMe2,
THF, 0 8C; f) CBr4, PPh3, CH2Cl2, room temperature; g) 23, AIBN,
hexane, 80 8C. AIBN=azobisisobutyronitrile.


Figure 2. X-ray structure of nephrosteranic acid.
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larimeter. TLC: Merck silica gel 60 F254 plates; detection with UV light
or by dipping into a solution of KMnO4 (1.5 g in 400 mL H2O, 5 g
NaHCO3) or a solution of Ce(SO4)2¥H2O (10 g), phosphormolybdic acid
hydrate (25 g), and conc. H2SO4 (60 mL) in H2O (940 mL), followed by
heating. Flash column chromatography (FC): Merck or Fluka silica gel
60 (40±63 mm) at approximately 0.4 bar. GC: Hewlett Packard 5890 chro-
matograph with a Supelco b-DEX 120 (whisky and cognac lactone) or
Supelco g-DEX 120 column (all other compounds). Temperature pro-
gramme (unless otherwise stated) for g-DEX: 5 min at 125 8C (T0), then
a temperature gradient: rate, 1.3 8Cmin�1; final temperature, 200 8C (TE).
Temperature programme for b-DEX: 130 8C (T0), no temperature gradi-
ent. HPLC: Gynkotek UVD160S instrument, High Precision Pump
Model 480, Chiracel OD column, eluent: 2% iPrOH in nhexanes
(1 mLmin�1). Retention times recorded when HPLC or GC analysis was
used for the determination of enantiomer ratios are given below with the
details of the relevant experiment. Gynkotek Software (Version 5.50)
was used for data analysis. Melting points: B¸chi 510 apparatus, uncor-
rected. IR spectroscopy: Perkin Elmer 782 or Bruker IFS-200 spectro-
photometer. MS: VG Tribid, Varian CH7 instruments (EI); IonSpec
Ultima, Finnigan MAT TSQ 700, or Finnigan MAT 95S spectrometer
(ESI); m/z (percentage of basis peak) recorded.


General procedure 1 (GP 1): Preparation of cyclohexadienyllithium :
sBuLi (1.08 equiv, 1.3±1.46m in hexanes) and TMEDA (1.08 equiv) were
added to a solution of 1,4-cyclohexadiene (1.0 equiv) in THF (ca. 0.2m)
cooled to �78 8C. The resulting yellow solution was stirred for 60±90 min
at this temperature and was then used for transmetalation reactions.


General procedure 2 (GP 2): Allylation with titanate 1: A suspension of
CpTiCl3 (2.1 equiv) in dry diethylether (0.1m) was treated with
TADDOL (2.1 equiv) at room temperature under argon, with all mois-
ture excluded. The reaction mixture was stirred for 1 min. A solution of
NEt3 (4.6 equiv) in diethylether (0.5m) was added over a period of
15 min at room temperature and the formation of a white solid was ob-
served. The resulting suspension was stirred at room temperature over-
night. Moisture and oxygen were excluded whilst the precipitate was sep-
arated from the liquid phase and the solid was then washed twice with
dry ether. Solvent was removed in vacuo until a concentration of approx-
imately 0.2m was reached. The resulting solution was cooled to between
�100 and �110 8C. A solution of cyclohexadienyllithium (2.0 equiv) pre-
pared according to GP 1 was added slowly enough to keep the tempera-
ture below �100 8C. Once all the cyclohexadienyllithium solution had
been added, the brown reaction mixture containing 1 was stirred for
15 min at �100 to �110 8C. An aldehyde (1.0 equiv) was slowly added
and the temperature was maintained at �100 to �110 8C. After 3 h at
this temperature the reaction mixture was treated with water (10 mL).
Methyl tbutyl ether (MTBE; 20 mL) was added and the reaction mixture
was allowed to warm to room temperature. The phases were separated
and the aqueous layer was extracted twice with MTBE. The combined
organic layers were washed with brine and dried (MgSO4). The solvents
were removed in vacuo and the alcohols 2 were purified by FC.


General procedure 3 (GP 3): Allylation with silane 3 : Silane 3 (1.0±
1.3 equiv) was added to a solution of an aldehyde (0.1±0.2m) in CH2Cl2
at �78 8C. The resulting solution was stirred for 5 min and a Lewis acid
was added. After a given reaction time, the reaction was terminated by
the addition of KF (10% aq. soln.) or NH4Cl (sat. aq.) solution. CH2Cl2
was added and the phases were separated. The aqueous layer was ex-
tracted twice with MTBE. The combined organic layers were washed
with NH4Cl (aq. sat.) and NaCl (aq. sat.) solutions. The resulting mixture
was dried (MgSO4) and the solvents were removed in vacuo. The alco-
hols 2 were purified by FC.


General procedure 4 (GP 4): Allylation with stannane 4 : Stannane 4
(1.0±1.3 equiv) was added to a solution of an aldehyde (0.1±0.2m) in
CH2Cl2 at �78 8C. The resulting solution was stirred for 5 min and
BF3¥OEt2 (1.0±1.3 equiv) was added. After 1 h at �78 8C, KF (10% aq.
soln.) was added. A white precipitate was removed by filtration 5 min
later and CH2Cl2 was added. The phases were separated and the aqueous
layer was extracted twice with MTBE. The combined organic layers were
washed with NH4Cl (aq. sat.) and NaCl (aq. sat.) solutions. The resulting
mixture was dried (MgSO4) and the solvents were removed in vacuo. The
alcohols 2 were purified by FC.


General procedure 5 (GP 5): Allylation with titanate 6 : Titanium(iv) iso-
propoxide (Ti(O-iPr)4; 1.3 equiv) was added to a solution of cyclohexa-
dienyllithium (1.2 equiv, 0.2m in THF, prepared according to GP 1) at
�78 8C. The resulting brown mixture was stirred for 10 min at this tem-
perature. An aldehyde (1.0 equiv) was then added. The brown reaction
mixture was stirred for 1 h at �78 8C and turned yellow. Water and
MTBE were added and a white precipitate formed. The mixture was stir-
red for 15 min at room temperature before the phases were separated.
The aqueous layer was extracted twice with MTBE, washed (NaCl, aq.
sat.), and dried (MgSO4). The solvents were removed in vacuo. The alco-
hols 2 were purified by FC.


General procedure 6 (GP 6): Reaction of dimer 11 with various electro-
philes : The electrophile (2.0 mmol) was added to a solution of dimer 11
(1170 mg, 1.0 mmol) in Et2O (10 mL) and THF (2 mL) under argon at
room temperature. The reaction mixture was stirred for 1±18 h then
cooled to �110 8C. A solution of cyclohexadienyllithium (1.90 mmol, pre-
pared according to GP 1) was slowly added and the temperature was
kept below �100 8C. The resulting brown solution was stirred for 20±
60 min at �110 8C. Benzaldehyde (101 mg, 0.95 mmol) was added. After
3 h at �100 to �110 8C the reaction mixture was treated with water
(10 mL). MTBE (20 mL) was added and the reaction mixture was al-
lowed to warm to room temperature. The phases were separated and the
aqueous layer was extracted twice with MTBE. The combined organic
layers were washed with brine and dried (MgSO4). The solvents were re-
moved in vacuo. Alcohol 2d was purified by FC.


2,5-Cyclohexadienyl(trimethyl)silane (3): Trimethylchlorosilane (9.09 mL,
47 mmol) was added to a solution of cyclohexadienyllithium (43 mmol,
prepared according to GP 1). The yellow reaction mixture decolorized.
The mixture was allowed to warm to room temperature and was then
stirred for 1 h. Water (15 mL) and Et2O (50 mL) were added and the
phases were separated. The aqueous layer was extracted twice with Et2O
(2î20 mL). The combined organic phases were washed with saturated
NH4Cl and NaCl solutions (25 mL each) and dried (MgSO4). The sol-
vents were removed in vacuo. Distillation (69 8C, 34 mbar) of the residue
yielded silane 3 (5.62 g, 88%) as a clear, colorless liquid. 1H NMR
(200 MHz, CDCl3): d=5.73±5.64 (m, 2H; CH2CH), 5.58±5.50 (m, 2H;
SiCHCH), 2.74±2.64 (m, 2H; CH2CH), 2.28±2.16 (m, 1H; CHSi),
0.03 ppm (s, 6H; Si(CH3)2). The spectral data are in accordance with the
literature values.[26]


2,5-Cyclohexadienyl(tributyl)stannane (4): Tributyltin chloride (4.47 mL,
16.5 mmol) was added to a solution of cyclohexadienyllithium (15 mmol,
prepared according to GP 1) and the yellow reaction mixture decolor-
ized. The mixture was allowed to warm to room temperature and was
stirred for 1 h. Water (15 mL) and Et2O (50 mL) were added and the
phases were separated. The aqueous layer was extracted twice with Et2O
(î20 mL) then the combined organic phases were washed with saturated
NH4Cl and NaCl solutions (25 mL each) and dried (MgSO4). The sol-
vents were removed in vacuo. FC (P/MTBE 50:1) yielded 4 (5.46 g,
99%) as a colorless clear liquid. 1H NMR (200 MHz, CDCl3): d=5.82±
5.64 (m, 2H; CH2CH), 5.40±5.28 (m, 2H; SnCHCH), 3.05±2.48 (m, 3H;
CHSn), 1.59±1.19 (m, 18H; Sn((CH2)3CH3)3), 0.96±0.76 ppm (m, 9H;
CH3).


13C NMR (50 MHz, CDCl3): d=128.7, 119.0, 29.2, 27.5, 26.4, 13.7,
10.1, 9.5 ppm. ESI-MS: 369 (12, [M]+), 323 (100), 291 (40), 267 (58), 235
(8), 211 (25), 179 (6), 102 (16).


rac-1-Cyclohexa-2,4-dien-1-yl-propan-1-ol (2a): Homoallylic alcohol 2a
was obtained from silane 3 (0.76 g, 5.0 mmol), TiCl4 (0.95 g, 5.0 mmol),
and propanal (0.36 mL, 5.0 mmol) by applying GP 3. FC (P/MTBE 2.5:1)
yielded 2a (247 mg, 36%) as a colorless oil. d.r. (syn :anti)=1.6:1, deter-
mined by GC analysis (T0=100 8C, rate: 0.3 8Cmin


�1); retention times:
major diastereoisomer: 23.53 min (both enantiomers), minor diaster-
eoisomer: enantiomer 1: 24.11 min, enantiomer 2: 24.53 min. IR (neat):
ñ=3375(s), 3037(s), 2962(s), 2934(s), 2876(s), 1462(m), 1429(w), 1410(w),
1376(w), 1109(m), 1065(m), 1037(m), 968(s), 919(m), 686(s) cm�1.
1H NMR (300 MHz, CDCl3): d=6.04±5.95 (m, 1H; vinyl H), 5.91±5.74
(m, 2H; vinyl H), 5.69±5.63 (m, 1H; vinyl H), 3.60±3.53 (m, 1H; CHOH,
syn isomer), 3.53±3.45 (m, 1H; CHOH, anti isomer), 2.43±2.17 (m, 2H;
CHCH2), 1.64±1.39 (m, 3H; OH, CH2CH3), 0.96 ppm (t, J=7.5 Hz, 3H;
CH3).


13C NMR (75 Hz, CDCl3, syn isomer): d=127.5 (CH), 126.1 (CH),
125.3 (CH), 123.6 (CH), 74.6 (CH), 38.4 (CH), 26.9 (CH2), 23.1 (CH2),
10.1 ppm (CH3).


13C NMR (75 MHz, CDCl3, anti isomer): d=126.3 (CH),
125.6 (CH), 125.4 (CH), 123.9 (CH), 76.4 (CH), 34.9 (CH), 27.0 (CH2),
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25.7 (CH2), 10.2 ppm (CH3). MS (EI): 138 (1, [M]
+), 107 (4), 91 (8), 80


(100), 79 (56), 59 (20), 41 (7); elemental analysis (%) calcd for C9H14O
(138.21): C 78.21, H 10.21; found: C 78.24, H 10.21.


Homoallylic alcohol 2a was obtained from stannane 4 (738 mg,
2.0 mmol), BF3¥OEt2 (0.25 mL, 2.0 mmol), and propanal (0.14 mL,
2.0 mmol) by applying GP 4. FC (P/MTBE 2.5:1) yielded 2a (207 mg,
75%) as a colorless oil. d.r. (syn :anti)=1.7:1, determined by 1H NMR
spectroscopy.


GP 4 was used to obtain homoallylic alcohol 2a from stannane 4
(738 mg, 2.0 mmol), AlCl3 (264 mg, 2.0 mmol), and propanal (0.14 mL,
2.0 mmol). FC (P/MTBE 2.5:1) yielded 2a (69 mg, 25%) as a colorless
oil. d.r. (syn :anti)=2.5:1, determined by 1H NMR spectroscopy.


GP 5 was used to obtain homoallylic alcohol 2a from cyclohexadienyl-
lithium (2.4 mmol, prepared according to GP 1), titanium(iv) isopropox-
ide (738 mg, 2.6 mmol), and propanal (116 mg, 2.0 mmol). FC (P/MTBE
2.5:1) yielded 2a (251 mg, 91%) as a colorless oil. d.r. (syn :anti)=11.0:1,
determined by 1H NMR spectroscopy.


(1R)-1-[(1R)-Cyclohexa-2,4-dien-1-yl]propan-1-ol (2a): GP 2 was used
to obtain homoallylic alcohol 2a from CpTiCl3 (976 mg, 4.45 mmol),
TADDOL (2.08 g, 4.45 mmol), NEt3 (990 mg, 1.30 mL, 9.79 mmol), cyclo-
hexadienyllithium (4.20 mmol, prepared according to GP 1), and propa-
nal (122 mg, 2.1 mmol). FC (P/MTBE 10:1) yielded 2a (116 mg, 40%) as
a colorless oil. d.r. (syn :anti)>99:1, determined by GC analysis; retention
times: only diastereoisomer: 27.43 min. GC and NMR analysis showed
that 11% of the product consisted of isomeric cyclohexa-2,5-dienyl-
propan-1-ol (5a ; retention time: 28.36 min).


The enantiomeric ratio was determined after oxidation of 2a to 1-phenyl-
1-propanol: 2a (33 mg, 0.21 mmol) was dissolved in dry methanol
(1 mL). Cu(OAc)2 (13 mg, 0.072 mmol) and Pd(OAc)2 (13 mg,
0.058 mmol) were added to the solution at room temperature. Moisture
was excluded and the reaction mixture was stirred overnight under at-
mospheric conditions. The solvent was removed in vacuo and CH2Cl2
(5 mL) was added. The suspension was filtered through a short silica pad
and the solvent was again removed in vacuo. FC (P/MTBE 10:1) yielded
an analytically pure sample for GC analysis. Enantiomeric ratio=93:7
(GC analysis: T0=100 8C, rate: 0.3 8Cmin


�1; retention times: enantiomer
1: 35.66 min, enantiomer 2: 36.34 min). The R enantiomer eluted first
and was the major enantiomer. The retention times were confirmed after
comparison with an authentic sample (Aldrich) of the R enantiomer.


rac-1-Cyclohexa-2,4-dien-1-yl-2-methylpropan-1-ol (2b): GP 3 was used
to obtain homoallylic alcohol 2b from silane 3 (304 mg, 2.0 mmol), TiCl4
(0.22 mL, 2.0 mmol), and isobutyraldehyde (0.18 mL, 2.0 mmol). FC (P/
MTBE 2.5:1) yielded 2b (106 mg, 35%) as a colorless oil. d.r. (syn :
anti)=1.6:1, determined by 1H NMR spectroscopy; IR (neat): ñ=3436(m),
3037(m), 2960(m), 2872(m), 1468(m), 1386(w), 1131(w), 1007(m),
685(m) cm�1. 1H NMR (300 MHz, CDCl3): d=6.04±5.93 (m, 1H; vinyl
H), 5.91±5.75 (m, 2H; vinyl H), 5.67±5.53 (m, 1H; vinyl H), 3.38 (t, J=
5.7 Hz, 1H; CHOH, syn isomer), 3.22 (t, J=5.7 Hz, 1H; CHOH, anti
isomer), 2.59±2.08 (m, 2H; CHCH2), 1.86±1.69 (m, 1H; CH(CH3)2), 1.54
(br s, 1H; ROH), 1.03±0.79 ppm (m, 6H; CH(CH3)2).


13C NMR (75 MHz,
CDCl3, syn isomer): d=127.7 (CH), 126.1 (CH), 125.5 (CH), 123.6 (CH),
77.7 (CH), 36.0 (CH), 29.9 (CH), 22.8 (CH2), 16.8 ppm (CH3).


13C NMR
(75 MHz, CDCl3, anti isomer): d=126.4 (CH), 126.3 (CH), 125.6 (CH),
123.9 (CH), 78.0 (CH), 35.9 (CH), 30.2 (CH), 26.4 (CH2), 16.8 ppm
(CH3). MS (EI): 152 (7, [M]


+), 150 (5, [M�H2]
+), 107 (59), 80 (100), 79


(80), 78 (27), 73 (26), 55 (13), 43 (21). HRMS ([M]+): calcd for C10H16O:
152.1201; found: 152.1197.


GP 4 was used to obtain homoallylic alcohol 2b from stannane 4
(738 mg, 2.0 mmol), BF3¥OEt2 (0.25 mL, 2.0 mmol), and isobutyraldehyde
(0.18 mL, 2.0 mmol). FC (P/MTBE 10:1) yielded 2b (138 mg, 45%) as a
colorless oil. d.r. (syn :anti)=1.6:1, determined by 1H NMR spectroscopy.


GP 5 was used to obtain homoallylic alcohol 2b from cyclohexadienyl-
lithium (2.4 mmol, prepared according to GP 1), titanium(iv) isopropox-
ide (738 mg, 2.6 mmol), and isobutyraldehyde (144 mg, 2.0 mmol). FC (P/
MTBE 10:1) yielded 2b (276 mg, 91%) as a colorless oil. d.r. (syn :anti)=
2.9:1, determined by 1H NMR spectroscopy.


rac-1-Cyclohexa-2,4-dien-1-yl-2,2-dimethylpropan-1-ol (2c): GP 3 was
used to obtain homoallylic alcohol 2c from silane 3 (304 mg, 2.0 mmol),
TiCl4 (0.22 mL, 2.0 mmol), and pivalaldehyde (0.22 mL, 2.0 mmol). FC
(P/MTBE 10:1) yielded 2c (19 mg, 11%) as a colorless oil. IR (neat): ñ=


3462(m), 3038(m), 2954(s), 2869(s), 1480(m), 1396(m), 1364(m), 1097(m),
1011(m), 923(w), 704(m), 648(w) cm�1. 1H NMR (300 MHz, CDCl3): d=
6.04±5.91 (m, 1H; vinyl H), 5.91±5.73 (m, 2H; vinyl H), 5.64±5.53 (m,
1H; vinyl H), 3.40 (br s, 1H; CHOH, anti isomer), 3.19±3.12 (m, 1H;
CHOH, syn isomer), 2.75±2.60 (m, 1H; CH2CH), 2.51±2.20 (m, 2H;
CH2CH), 1.75 (brd, J=4.2 Hz, 1H; OH), 0.94 ppm (s, 9H; C(CH3)3).
13C NMR (75 MHz, CDCl3): d=127.0 (CH), 126.3 (CH), 126.1 (CH),
123.9 (CH), 83.5 (CH), 35.9 (C), 34.4 (CH), 30.1 (CH2), 26.6 ppm (CH3).
MS (EI): 164 (5, [M�H2]


+), 138 (7), 125 (13), 107 (46), 95 (49), 91 (23),
87 (51), 80 (87) 79 (98), 57 (100), 43 (28), 41 (48). HRMS ([M�H2]


+):
calcd for C11H16O: 164.1202; found: 164.1195.


GP 5 was used to obtain homoallylic alcohol 2c from cyclohexadienyl
lilthium (2.4 mmol, prepared according to GP 1), titanium(iv) isopropox-
ide (738 mg, 2.6 mmol), and pivalaldehyde (168 mg, 2.0 mmol). FC (P/
MTBE 10:1) yielded 2c (285 mg, 87%) as a colorless oil. d.r. (syn :anti)=
6.5:1, determined by 1H NMR spectroscopy.


rac-1-Cyclohexa-2,4-dien-1-yl-(phenyl)methanol (2d): GP 3 was used to
obtain homoallylic alcohol 2d from silane 3 (304 mg, 2.0 mmol), TiCl4
(0.22 mL, 2.0 mmol), and benzaldehyde (0.20 mL, 2.0 mmol). The reac-
tion was stopped after 5 min by addition of NH4Cl (sat. aq.). FC (P/
MTBE 10:1) yielded 2d (115 mg, 31%) as a colorless solid. d.r. (syn :an-
ti)=1.6:1, determined by 1H NMR spectroscopy. M.p.: 26±28 8C. IR
(nujol): ñ=3385(w), 2925(s), 1456(s), 1377(m), 1151(w), 1016(m), 970(m),
758(m), 701(m), 680(m) cm�1. 1H NMR (300 MHz, CDCl3): d=7.43±7.25
(m, 5H; Ph-H), 5.99±5.87 (m, 2H; vinyl H), 5.84±5.75 (m, 1H; vinyl H),
5.43±5.33 (m, 1H; vinyl H), 4.66 (d, J=7.6 Hz, 1H; CHOH), 2.71±2.68
(m, 1H; CHCH2), 2.60±2.22 (m, 2H; CHCH2), 2.12±1.92 ppm (m, 1H;
OH). 13C NMR (75 MHz, CDCl3): d=142.9 (C), 128.4 (CH), 128.3 (CH),
127.6 (CH), 127.0 (CH), 126.7 (CH), 126.4 (CH), 126.0 (CH), 125.6
(CH), 123.8 (CH), 75.6 (CH), 40.3 (CH), 24.1 ppm (CH2). MS (EI): 184
(5, [M�H2]


+), 108 (85), 107 (100), 80 (87), 79 (97), 78 (19), 77 (37).
HRMS ([M�H2]


+): calcd for C13H12O: 184.0888; found: 184.0886; ele-
mental analysis (%) calcd for C13H14O (186.25): C 83.83, H 7.58; found:
C 83.53, H 7.71.


GP 4 was used to obtain homoallylic alcohol 2d from stannane 4
(738 mg, 2.0 mmol), BF3¥OEt2 (0.25 mL, 2.0 mmol), and benzaldehyde
(0.20 mL, 2.0 mmol). FC (P/MTBE 10:1) yielded 2d (430 mg, 77%) as a
colorless solid. d.r. (syn :anti)=1:3, determined by 1H NMR spectroscopy.


GP 5 was used to obtain homoallylic alcohol 2d from cyclohexadienyl-
lithium (12 mmol, prepared according to GP 1), titanium(iv) isopropox-
ide (3.69 g, 13 mmol), and benzaldehyde (1.06 g, 10.0 mmol). FC (P/
MTBE 10:1) yielded 2d (1.85 g, 99%) as a colorless solid. d.r. (syn :an-
ti)=9.0:1, determined by GC analysis; retention times: major diaster-
eoisomer: enantiomer 1: 51.00 min, enantiomer 2: 51.28 min; minor dia-
stereoisomer: enantiomer 1: 52.13 min, enantiomer 2: 52.34 min.


(S)-(1R)-Cyclohexa-2,4-dien-1-yl-(phenyl)methanol (2d): GP 2 was used
to obtain homoallylic alcohol 2d from CpTiCl3 (584 mg, 2.67 mmol),
TADDOL (1.25 g, 2.67 mmol), NEt3 (594 mg, 0.78 mL, 5.87 mmol), cyclo-
hexadienyllithium (2.52 mmol, prepared according to GP 1), and benzal-
dehyde (134 mg, 1.26 mmol). FC (P/MTBE 10:1) yielded 2d (206 mg,
83%) as a colorless solid. [a]D25=++160.98 (c=1.01 in CHCl3). d.r. (syn :an-
ti)>99:1; e.r.=98:2, determined by GC analysis.


Reactions involving dimer 11: Homoallylic alcohol 2d was obtained by
using GP 6 with TMSCl (317 mg, 2.0 mmol). The reaction mixture was
stirred for 18 h before the transmetalation step and 20 min before the al-
dehyde was added. FC (P/MTBE 10:1) yielded 2d (60 mg, 32%) as a col-
orless solid. d.r. (syn :anti)>99:1; e.r.=98:2, determined by GC analysis.


Homoallylic alcohol 2d was obtained by using GP 6 with TMSI (400 mg,
2.0 mmol). The reaction mixture was stirred for 1 h before the transmeta-
lation step and 1 h before the aldehyde was added. FC (P/MTBE 10:1)
yielded 2d (123 mg, 70%) as a colorless solid. d.r. (syn :anti)>99:1; e.r.=
94:6, determined by GC analysis.


Homoallylic alcohol 2d was obtained by using GP 6 with TMSOTf
(444 mg, 2.0 mmol). The reaction mixture was stirred for 1 h before the
transmetalation step and 1 h before the aldehyde was added. FC (P/
MTBE 10:1) yielded 2d (125 mg, 71%) as a colorless solid. d.r. (syn :an-
ti)>99:1; e.r.=97:3, determined by GC analysis.


rac-1-Cyclohexa-2,4-dien-1-yl-dodecan-1-ol (2e): GP 5 was used to
obtain homoallylic alcohol 2e from cyclohexadienyllithium (6.0 mmol,
prepared according to GP 1), titanium(iv) isopropoxide (1.85 g,
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6.5 mmol), and dodecanal (920 mg, 5 mmol). FC (P/MTBE 10:1) yielded
2e (1.27 g, 96%) as a colorless oil. d.r. (syn :anti)=13.3:1, determined by
GC analysis; retention times: major diastereoisomer: 88.68 min; minor
diastereoisomer: 88.90 min. IR (nujol): ñ=3355(w), 2959(s), 1463(s),
1376(m), 1303(w), 1065(w), 970(w), 721(m), 686(w) cm�1. 1H NMR
(300 MHz, CDCl3): d=5.98±5.93 (m, 1H; vinyl H), 5.89±5.72 (m, 2H;
vinyl H), 5.66±5.60 (m, 1H; vinyl H), 3.67±3.51 (m; CHOH), 2.42±2.15
(m, 3H), 1.61±1.10 (m, 20H), 0.87 ppm (t, J=6.6 Hz, 3H; CH3).
13C NMR (75 MHz, CDCl3): d=127.6 (CH), 126.2 (CH), 125.5 (CH),
123.7 (CH), 73.5 (CH), 38.9 (CH), 34.2 (CH2), 31.9 (CH2), 29.7±29.6 (5î
CH2), 29.3 (CH2), 26.0 (CH2), 23.1 (CH2), 22.7 (CH2), 14.1 ppm (CH3).
MS (EI): 262 (2, [M�H2]


+), 108 (85), 111 (15), 97 (29), 83 (33), 80 (100),
69 (12), 57 (22), 43 (14). HRMS ([M�H2]


+): calcd for C18H30O: 262.2297;
found: 262.2292; elemental analysis (%) calcd for C18H32O (264.45): C
81.75, H 12.20; found: C 81.80, H 12.07.


(1R)-1-[(1R)-Cyclohexa-2,4-dien-1-yl]dodecan-1-ol (2e): GP 2 was used
to obtain homoallylic alcohol 2e from CpTiCl3 (2.53 g, 11.55 mmol),
TADDOL (5.40 g, 11.55 mmol), NEt3 (3.37 mL, 25.41 mmol), cyclohexa-
dienyllithium (11.0 mmol, prepared according to GP 1), and dodecanal
(1.01 g, 5.5 mmol). FC (P/MTBE 10:1) yielded 2e (1.14 g, 79%) as a col-
orless oil. d.r. (syn :anti)>99:1, determined by GC analysis; retention
times: only diastereoisomer: 88.63 min. GC and NMR analysis showed
12% of the product to consist of isomeric 1-cyclohexa-2,5-dien-1-yl-do-
decan-1-ol (5e).


rac-Cyclohexa-2,4-dien-1-yl(cyclohexyl)methanol (2 f): GP 5 was used to
obtain homoallylic alcohol 2 f from cyclohexadienyllithium (6.0 mmol,
prepared according to GP 1), titanium(iv) isopropoxide (1.85 g,
6.5 mmol), and dodecanal (920 mg, 5 mmol). FC (P/MTBE 10:1) yielded
2 f (226 mg, 59%) as a colorless oil. d.r. (syn :anti)=2.7:1, determined by
GC analysis; retention times: major diastereoisomer: enantiomer 1:
42.58 min, enantiomer 2: 42.80 min; minor diastereoisomer: 43.22 min
(both enantiomers). IR (nujol): ñ=3380(brm), 3035(m), 2924(s), 2852(s),
1449(m), 1300(w), 1107(w), 1086(w), 972(w), 704(m), 688(s),
640(m) cm�1. 1H NMR (200 MHz, CDCl3): d=6.04±5.56 (m, 4H; vinyl
H), 3.50±3.30 (m, 1H; CHOH, syn isomer), 3.27±3.18 (m, 1H; CHOH,
anti isomer), 2.70±2.07 (m, 3H), 1.92±0.82 ppm (m, 12H). 13C NMR
(50 MHz, CDCl3, syn isomer): d=127.4 (CH), 125.7 (CH), 125.1 (CH),
123.3 (CH), 75.8 (CH), 39.1 (CH), 34.8 (CH), 29.2 (CH2), 27.1 (CH2),
25.9 (CH2), 25.7 (CH2), 21.9 ppm (CH2).


13C NMR (50 MHz, CDCl3, anti
isomer): d=127.4 (CH), 125.6 (CH), 125.0 (CH), 122.9 (CH), 75.8 (CH),
39.1 (CH), 34.7 (CH), 29.1 (CH2), 26.9 (CH2), 25.8 (CH2), 25.4 (CH2),
21.9 ppm (CH2). MS (EI): 192 (<1, [M]


+), 190 (<1, [M�H2]
+), 107 (19),


95 (80), 80 (100). HRMS ([M]+): calcd for C13H20O: 192.1514; found:
192.1519.


rac-Cyclohexa-2,4-dien-1-yl-(4-methylphenyl)-methanol (2g): GP 5 was
used to obtain homoallylic alcohol 2 g from cyclohexadienyllithium
(2.4 mmol, prepared according to GP 1), titanium(iv) isopropoxide
(738 mg, 2.6 mmol), and 4-methylbenzaldehyde (240 mg, 2.0 mmol). FC
(P/MTBE 10:1) yielded 2 g (394 mg, 98%) as a colorless oil. d.r. (syn :an-
ti)=14.4:1, determined by GC analysis; retention times: major diaster-
eoisomer: enantiomer 1: 54.04 min, enantiomer 2: 54.29 min; minor dia-
stereoisomer: enantiomer 1: 55.02 min, enantiomer 2: 55.27 min. IR
(neat): ñ=3388(br s), 3036(s), 2920(m), 2864(m), 1514(m), 1427(m),
1409(m), 1373(m), 1048(m), 1016(m), 821(m), 761(m), 722(m), 681(s),
565(m) cm�1. 1H NMR (300 MHz, CDCl3): d=7.23±7.15 (m, 4H; Ar�H),
5.93±5.87 (m, 2H; vinyl H), 5.83±5.78 (m, 1H; vinyl H), 5.39±5.34 (m,
1H; vinyl H), 4.62±4.60 (m; CHOH), 2.69±2.58 (m, 1H; CH2CH), 2.49±
2.26 (m, 2H; CH2), 2.35 (s, 3H; CH3); 1.92 ppm (s, 1H; OH). 13C NMR
(75 MHz, CDCl3): d=140.0 (C), 137.2 (C), 129.0 (2îCH), 127.1 (CH),
126.6 (2îCH), 126.0 (CH), 125.4 (CH), 123.8 (CH), 75.4 (CH), 40.3
(CH), 24.2 (CH2), 21.1 ppm (CH3). MS (EI): 198 (<1, [M�H2]


+), 182
(<1), 167 (2), 121 (100), 93 (58), 91 (21), 80 (26), 77 (30). HRMS
([M�H2]


+): calcd for C14H14O: 198.1045; found: 198.1049; elemental
analysis (%) calcd for C14H16O (200.28): C 83.96, H 8.05; found: C 83.57,
H 8.20.


(S)-(1R)-Cyclohexa-2,4-dien-1-yl-(4-methylphenyl)methanol (2 g): GP 2
was used to obtain homoallylic alcohol 2 g from CpTiCl3 (508 mg,
2.32 mmol), TADDOL (1.08 g, 2.32 mmol), NEt3 (0.68 mL, 5.87 mmol),
cyclohexadienyllithium (2.21 mmol, prepared according to GP 1), and 4-
methylbenzaldehyde (133 mg, 1.11 mmol). FC (P/MTBE 10:1) yielded
2 g (182 mg, 82%) as a colorless oil. d.r. (syn :anti)>99:1; e.r.=95:5, de-


termined by GC analysis: retention times: major diastereoisomer: enan-
tiomer 1: 54.04 min, enantiomer 2: 54.29 min; minor diastereoisomer:
enantiomer 1: 55.02 min, enantiomer 2: 55.27 min). [a]D25=++137.28 (c=
1.42 in CHCl3).


rac-Cyclohexa-2,4-dien-1-yl-(4-methoxyphenyl)-methanol (2h): GP 5 was
used to obtain homoallylic alcohol 2h from cyclohexadienyllithium
(2.4 mmol, prepared according to GP 1), titanium(iv) isopropoxide
(738 mg, 2.6 mmol), and 4-methoxybenzaldehyde (272 mg, 2.0 mmol). FC
(P/MTBE 10:1) yielded 2h (428 mg, 99%) as a colorless solid. d.r. (syn :-
anti)=32:1, determined by GC analysis; retention times: major diaster-
eoisomer: enantiomer 1: 70.54 min, enantiomer 2: 70.84 min; minor dia-
stereoisomer: enantiomer 1: 71.56 min, enantiomer 2: 71.80 min. M.p.:
48 8C. IR (neat): ñ=3360(w), 2924(s), 1611(m), 1584(m), 1515(m),
1463(s), 1376(m), 1254(m), 1176(w), 1112(w), 1033(m), 970(w), 831(m),
682(m), 568(m) cm�1. 1H NMR (200 MHz, CDCl3): d=7.28±7.23 (m, 1H;
Ar�H), 7.26±7.23 (m, 2H; Ar�H), 6.90±6.86 (m, 2H; Ar�H), 5.97±5.75
(m, 3H; vinyl H), 5.39±5.31 (m, 1H; vinyl H), 4.60 (dd, 1H; J1=7.5, J2=
2.8 Hz; CHOH), 4.57 (s, 3H; CH3), 2.70±2.24 (m, 3H), 1.81 ppm (d, 1H,
J=3.0 Hz; OH). 13C NMR (75 MHz, CDCl3): d=135.2 (C), 127.9 (CH),
127.1 (2îCH), 125.9 (CH), 125.4 (CH), 124.4 (C), 123.9 (CH), 113.7 (2î
CH), 75.2 (CH), 55.3 (CH3), 40.4 (CH), 24.4 ppm (CH2). MS (EI): 198 (4,
[M�H2O]


+), 137 (100), 132 (27), 109 (19), 79 (5). HRMS ([M�H2O]
+):


calcd for C14H14O: 198.1045; found: 198.1043.


(S)-(1R)-Cyclohexa-2,4-dien-1-yl-(4-methoxyphenyl)methanol (2h): GP
2 was used to obtain homoallylic alcohol 2h from CpTiCl3 (570 mg,
2.60 mmol), TADDOL (1.22 g, 2.60 mmol), NEt3 (578 mg, 0.76 mL,
5.72 mmol), cyclohexadienyllithium (2.48 mmol, prepared according to
GP 1), and 4-methoxybenzaldehyde (1.24 mg, 1.24 mmol). FC (P/MTBE
10:1) yielded 2h (168 mg, 0.78 mmol, 63%) as a colorless solid. d.r. (syn :-
anti)>99:1, determined by GC analysis; retention times: only diaster-
eoisomer: 72.01 min; e.r.=95:5, determined by HPLC analysis; retention
times: enantiomer 1: 25.93 min, enantiomer 2: 27.10 min. [a]D25=++102.58
(c=1.00 in CHCl3).


rac-(4-Bromophenyl)-[cyclohexa-2,4-dien-1-yl]methanol (2 i): GP 5 was
used to obtain homoallylic alcohol 2 i from cyclohexadienyllithium
(2.4 mmol, prepared according to GP 1), titanium(iv) isopropoxide
(738 mg, 2.6 mmol), and 4-bromobenzaldehyde (370 mg, 2.0 mmol). FC
(P/MTBE 10:1) yielded 2 i (509 mg, 96%) as a colorless oil. d.r. (syn :an-
ti)=2.5:1, determined by GC analysis; retention times: major diaster-
eoisomer: enantiomer 1: 80.15 min, enantiomer 2: 80.58 min; minor dia-
stereoisomer: enantiomer 1: 81.04 min, enantiomer 2: 82.29 min. IR
(neat): ñ=3391(br s), 3037(m), 1591(m), 1486(s), 1407(m), 1199(m),
1071(s), 1009(s), 821(s), 720(m), 638(s) cm�1. 1H NMR (200 MHz,
CDCl3): d=7.49±7.45 (m, 2H; Ar�H), 7.23±7.19 (m, 2H; Ar�H), 6.01±
5.75 (m, 3H; vinyl H), 5.40±5.33 (m, 1H; vinyl H), 4.62 (dd, 1H, J1=7.0,
J2=3.0 Hz; CHOH), 2.66±2.18 (m, 3H), 1.92 ppm (d, 1H, J=3.0 Hz;
OH). 13C NMR (75 MHz, CDCl3): d=141.9 (C), 131.3 (2îCH), 128.4
(2îCH), 128.1 (CH), 126.5 (CH), 125.8 (CH), 123.8 (CH), 121.3 (C),
74.8 (CH), 40.2 (CH), 23.9 ppm (CH2). MS (ESI): 529 ([2M+H]+) (20),
295 (20), 270 (60), 169 (43), 163 (80), 131 (100), 99 (57), 71 (30).


(S)-(4-Bromophenyl)-[(1R)-cyclohexa-2,4-dien-1-yl]methanol (2 i): GP 2
was used to obtain homoallylic alcohol 2 i from CpTiCl3 (495 mg,
2.26 mmol), TADDOL (1.05 g, 2.26 mmol), NEt3 (0.66 mL, 4.96 mmol),
cyclohexadienyllithium (2.13 mmol, prepared according to GP 1), and 4-
bromobenzaldehyde (197 mg, 1.07 mmol). FC (P/MTBE 10:1) yielded 2 i
(265 mg, 1.00 mmol, 94%) as a colorless oil. d.r. (syn :anti)>99:1; e.r.=
97:3, determined by GC analysis; retention times: major diastereoisomer:
enantiomer 1: 80.15 min, enantiomer 2: 80.58 min; minor diastereoisom-
er: enantiomer 1: 81.04 min, enantiomer 2: 82.29 min). [a]D25=++126.08
(c=1.24 in CHCl3).


rac-Cyclohexa-2,4-dien-1-yl-(3-methoxyphenyl)methanol (2k): GP 5 was
used to obtain homoallylic alcohol 2k from cyclohexadienyllithium
(2.4 mmol, prepared according to GP 1), titanium(iv) isopropoxide
(738 mg, 2.6 mmol), and 3-methoxybenzaldehyde (272 mg, 2.0 mmol). FC
(P/MTBE 10:1) yielded 2k (426 mg, 98%) as a colorless solid. d.r. (syn :
anti)=11.9:1, determined by HPLC analysis; retention times: major dia-
stereoisomer: enantiomer 1: 26.71 min, enantiomer 2: 36.94 min; minor
diastereoisomer: enantiomer 1: 26.71 min, enantiomer 2: 40.79 min. M.p.:
64 8C. IR (neat): ñ=3422(brs), 3037(s), 2834(m), 1601(s), 1487(s),
1455(m), 1435(m), 1260(s), 1151(m), 1047(s), 875(w), 781(m), 704(m),
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684(m) cm�1. 1H NMR (300 MHz, CDCl3): d=7.28±7.23 (m, 1H; Ar�H),
6.91±6.80 (m, 3H; Ar�H), 6.05±5.70 (m, 3H; vinyl H), 5.41±5.37 (m, 1H;
vinyl H), 4.62±4.59 (m, 1H; CHOH), 3.80 (s, 3H; CH3), 2.67±2.57 (m,
1H; CHCH2), 2.48±2.24 (m, 2H; CH2), 2.10±2.01 ppm (m, 1H; OH).
13C NMR (75 MHz, CDCl3): d=159.6 (C), 144.6 (C), 129.3 (CH), 127.0
(CH), 126.0 (CH), 125.5 (CH), 123.8 (CH), 119.0 (CH), 113.0 (CH),
112.2 (CH), 75.5 (CH), 55.2 (CH3), 40.3 (CH), 24.1 ppm (CH2). MS (EI):
216 (<1, [M]+), 198 (<1, [M�H2O]


+), 137 (100), 109 (95), 94 (23), 80
(56), 77 (28). HRMS ([M]+): calcd for C14H16O2: 216.1150; found:
216.1143.


rac-Cyclohexa-2,4-dien-1-yl(4-nitrophenyl)methanol (2 j): GP 5 was used
to obtain homoallylic alcohol 2 j from cyclohexadienyllithium (2.4 mmol,
prepared according to GP 1), titanium(iv) isopropoxide (738 mg,
2.6 mmol), and 4-nitrobenzaldehyde (302 mg, 2.0 mmol). FC (P/MTBE
10:1) yielded 2 j (106 mg, 23%) as a yellow oil. d.r. (syn :anti)=1.9:1, de-
termined by GC analysis, rate=5 8Cmin�1; retention times: major diaster-
eoisomer: enantiomer 1: 105.60 min, enantiomer 2: 106.63 min; minor di-
astereoisomer: enantiomer 1: 101.49 min, enantiomer 2: 102.47 min. IR
(neat): ñ=3410(brs), 3039(m), 2869(m), 1704(m), 1604(w), 1520(m),
1348(m), 1198(m), 1108(m), 1073(m), 1031(m), 1013(m), 857(s), 823(m),
752(m), 701(s) cm�1. 1H NMR (300 MHz, CDCl3): d=8.24±8.19 (m, 2H;
Ar�H), 7.53±7.50 (m, 2H; Ar�H), 6.10±5.71 (m, 4H; vinyl H), 4.83±4.76
(m, 1H; CHOH), 2.73±2.12 ppm (m, 4H). 13C NMR (75 MHz, CDCl3):
d=150.3 (C), 147.3 (C), 127.1 (CH), 126.4 (2îCH), 125.7 (CH), 125.0
(CH), 124.1 (CH), 123.7 (2îCH), 74.3 (CH), 40.2 (CH), 23.4 ppm (CH2).
MS (EI): 151 (44), 136 (5), 106 (10), 91 (12), 77 (25), 73 (100), 57 (20), 43
(15).


(S)-(1R)-Cyclohexa-2,4-dien-1-yl-(3-methoxyphenyl)methanol (2k): GP
2 was used to obtain homoallylic alcohol 2k from CpTiCl3 (578 mg,
2.63 mmol), TADDOL (1.23 g, 2.63 mmol), NEt3 (0.77 mL, 5.90 mmol),
cyclohexadienyllithium (2.50 mmol, prepared according to GP 1), and 3-
methoxybenzaldehyde (170 mg, 1.25 mmol). FC (P/MTBE 10:1) yielded
2k (156 mg, 0.73 mmol, 58%) as a colorless solid. d.r. (syn :anti)>99:1;
e.r.=97:3, determined by HPLC analysis; retention times: major diaster-
eoisomer: enantiomer 1: 26.71 min, enantiomer 2: 36.94 min; minor dia-
stereoisomer: enantiomer 1: 26.71 min, enantiomer 2: 40.79 min. [a]D25=
+134.48 (c=1.08 in CHCl3).


rac-Cyclohexa-2,4-dien-1-yl-(2-methoxyphenyl)methanol (2 l): GP 5 was
used to obtain homoallylic alcohol 2 l from cyclohexadienyllithium
(2.4 mmol, prepared according to GP 1), titanium(iv) isopropoxide
(738 mg, 2.6 mmol), and 2-methoxybenzaldehyde (272 mg, 2.0 mmol). FC
(P/MTBE 10:1) yielded 2 l (415 mg, 96%). d.r. (syn :anti)=39:1, deter-
mined by GC analysis; retention times: major diastereoisomer: enan-
tiomer 1: 61.77 min, enantiomer 2: 61.97 min; minor diastereoisomer:
enantiomer 1: 63.04 min, enantiomer 2: 63.26 min). IR (neat): ñ=2923(s),
2853(m), 1601(w), 1459(m), 1377(m), 1300(w), 1238(w), 1119(w),
1020(w), 750(w), 724(w) cm�1. 1H NMR (300 MHz, CDCl3): d=7.31±7.25
(m, 2H; Ar�H), 7.01±6.90 (m, 2H; Ar�H), 5.97±5.82 (m, 3H; vinyl H),
5.43±5.39 (m, 1H; vinyl H), 4.82±4.72 (m, 1H; CHOH), 3.88 (s, 3H;
CH3), 2.89±2.70 (m, 2H), 2.56±2.44 (m, 1H), 2.39±2.28 ppm (m, 1H).
13C NMR (75 MHz, CDCl3): d=156.7 (C), 130.3 (C), 128.7 (CH), 128.4
(CH), 127.7 (CH), 126.2 (CH), 125.0 (CH), 123.8 (CH), 120.5 (CH),
110.5 (CH), 73.3 (CH), 55.2 (CH3), 38.5 (CH), 24.2 ppm (CH2). MS (EI):
216 (<1, [M]+), 198 (2, [M�H2O]


+), 137 (100), 107 (44), 91 (12). HRMS
([M]+): calcd for C14H16O2: 216.1150; found: 216.1150.


(S)-(1R)-Cyclohexa-2,4-dien-1-yl-(2-methoxyphenyl)methanol (2 l): GP 2
was used to obtain homoallylic alcohol 2 l from CpTiCl3 (670 mg,
3.05 mmol), TADDOL (1.42 g, 3.05 mmol), NEt3 (0.89 mL, 6.71 mmol),
cyclohexadienyllithium (2.90 mmol, prepared according to GP 1), and 2-
methoxybenzaldehyde (165 mg, 1.21 mmol). FC (P/MTBE 10:1) yielded
2 l (159 mg, 61%) as a colorless oil. d.r. (syn :anti)>99:1; e.r.>99:1, deter-
mined by GC analysis; retention times: major diastereoisomer: enan-
tiomer 1: 61.77 min, enantiomer 2: 61.97 min; minor diastereoisomer:
enantiomer 1: 63.04 min, enantiomer 2: 63.26 min. [a]D25=++124.08 (c=
1.09 in CHCl3).


rac-Cyclohexa-2,4-dien-1-yl-(2-methylphenyl)methanol (2m): GP 5 was
used to obtain homoallylic alcohol 2m from cyclohexadienyllithium
(2.4 mmol, prepared according to GP 1), titanium(iv) isopropoxide
(738 mg, 2.6 mmol), and 2-methylbenzaldehyde (240 mg, 2.0 mmol). FC
(P/MTBE 10:1) yielded 2m (392 mg, 98%) as a colorless solid. d.r. (syn :


anti)=21:1, determined by GC analysis; retention times: major diaster-
eoisomer: enantiomer 1: 55.02 min, enantiomer 2: 55.20 min; minor dia-
stereoisomer: 56.70 min (both enantiomers). M.p.: 48±50 8C. IR (nujol):
ñ=3267(br s), 3926(s), 1462(s), 1377(m), 1239(m), 1185(w), 1053(w),
1009(w), 758(w), 726(w), 638(w) cm�1. 1H NMR (300 MHz, CDCl3): d=
7.50±7.45 (m, 1H; Ar�H), 7.27±7.12 (m, 3H; Ar�H), 5.94±5.81 (m, 3H;
vinyl H), 5.35±5.30 (m, 1H; vinyl H), 4.98±4.94 (m, 1H; CHOH), 2.69±
2.47 (m, 1H), 2.39±2.28 (m, 2H), 2.31 (s, 3H; CH3), 1.98±1.78 ppm (m,
1H; OH). 13C NMR (75 MHz, CDCl3): d=141.1 (C), 135.2 (C), 130.3
(CH), 127.3 (CH), 126.8 (CH), 126.2 (CH), 126.1 (CH), 126.0 (CH),
125.7 (CH), 123.8 (CH), 71.0 (CH), 39.5 (CH3), 24.3 (CH2), 19.4 ppm
(CH3). MS (EI): 182 (<1, [M�H2O]


+), 121 (100), 93 (44), 80 ppm (38).
HRMS ([M�H2O]


+): calcd for C14H14: 182.1096; found: 182.1092; ele-
mental analysis (%) calcd for C14H16O (200.28): C 83.96, H 8.05; found:
C 83.59, H 8.25.


(S)-(1R)-Cyclohexa-2,4-dien-1-yl-(2-methylphenyl)methanol (2m): GP 2
was used to obtain homoallylic alcohol 2 m from CpTiCl3 (554 mg,
2.53 mmol), TADDOL (1.18 g, 2.53 mmol), NEt3 (0.74 mL, 5.55 mmol),
cyclohexadienyllithium (2.39 mmol, prepared according to GP 1), and 2-
methylbenzaldehyde (143 mg, 1.20 mmol). FC (P/MTBE 10:1) yielded
2 m (135 mg, 56%) as a colorless solid. d.r. (syn :anti)>99:1; e.r.=96:4,
determined by GC analysis; retention times: major diastereoisomer:
enantiomer 1: 55.02 min, enantiomer 2: 55.20 min; minor diastereoisom-
er: 56.70 min (both enantiomers). [a]D25=++152.58 (c=1.01 in CHCl3).


rac-(2-Bromophenyl)-[cyclohexa-2,4-dien-1-yl]methanol (2n): GP 5 was
used to obtain homoallylic alcohol 2n from cyclohexadienyllithium
(2.4 mmol, prepared according to GP 1), titanium(iv) isopropoxide
(738 mg, 2.6 mmol), and 2-bromobenzaldehyde (370 mg, 2.0 mmol). FC
(P/MTBE 10:1) yielded 2n (519 mg, 98%) as a colorless oil. d.r. (syn :an-
ti)=2.8:1, determined by GC analysis; retention times: major diaster-
eoisomer: 67.86 min (both enantiomers); minor diastereoisomer:
68.98 min (both enantiomers). IR (neat): ñ=3397(brs), 3037(s), 2934(w),
1567(s), 1468(s), 1409(w), 1195(m), 1122(w), 1094(m), 1017(s), 753(s),
725(m), 684(s) cm�1. 1H NMR (300 MHz, CDCl3): d=7.54±7.51 (m, 2H;
Ar�H), 7.36±7.31 (m, 1H; Ar�H), 7.16±7.11 (m, 1H; Ar�H), 6.08±5.75
(m, 3H; vinyl H), 5.54±5.49 (m, 1H; vinyl H), 5.15±5.01 (m, 1H;
CHOH), 2.89±2.75 (m, 2H), 2.46±2.12 ppm (m, 3H). 13C NMR (75 MHz,
CDCl3): d=141.2 (C), 132.7 (CH), 128.9 (CH), 128.5 (CH), 127.4 (CH),
126.6 (CH), 126.3 (CH), 125.2 (CH), 123.7 (CH), 122.6 (C), 74.3 (CH),
38.5 (CH), 23.1 ppm (CH2). MS (ESI): 303 ([M+K]+) (5), 289 (12), 270
(20), 242 (50), 231 (17), 195 (18), 186 (25), 169 (35), 163 (73), 142 (60),
131 (100), 99 (62), 71 (42). HRMS: ([M+K]+) calcd for C13H13BrKO:
302.9787; found: 302.9795.


(S)-(2-Bromophenyl)-[(1R)-cyclohexa-2,4-dien-1-yl]methanol (2n): GP 2
was used to obtain homoallylic alcohol 2n from CpTiCl3 (495 mg,
2.26 mmol), TADDOL (1.05 g, 2.26 mmol), NEt3 (0.66 mL, 4.96 mmol),
cyclohexadienyllithium (2.13 mmol, prepared according to GP 1), and 2-
bromobenzaldehyde (197 mg, 1.07 mmol). FC (P/MTBE 10:1) yielded 2n
(261 mg, 92%) as a colorless oil. [a]D25=++74.88 (c=0.81 in CHCl3).


To determine the enantiomeric ratio, 2n (100 mg, 0.38 mmol) was dis-
solved in THF (10 mL) and cooled to �78 8C. tBuLi (0.64 mL, 1.78m in
hexane, 1.14 mmol, 3 equiv) was added slowly and the reaction mixture
was stirred for two hours at �78 8C. Water (3 mL) was added carefully
and the reaction mixture was allowed to warm to room temperature.
MTBE (10 mL) was added and the phases were separated. The aqueous
phase was extracted with MTBE (3î10 mL) and the combined organic
phases were washed with brine and dried over MgSO4. The solvents were
removed by evaporation in vacuo. FC (P/MTBE 10:1) gave 2d (36 mg,
50%). GC analysis of this sample indicated the presence of one single
enantiomer (see above for GC retention times of 2d).


rac-Cyclohexa-2,4-dien-1-yl-(2-furyl)methanol (2o): GP 5 was used to
obtain homoallylic alcohol 2o from cyclohexadienyllithium (2.4 mmol,
prepared according to GP 1), titanium(iv) isopropoxide (738 mg,
2.6 mmol), and furfural (192 mg, 2.0 mmol). FC (P/MTBE 10:1) yielded
2o (323 mg, 94%) as a yellow oil. d.r. (syn :anti)=13.2:1, determined by
GC analysis; retention times: major diastereoisomer: 31.59 min (both
enantiomers); minor diastereoisomer: 31.96 min (both enantiomers). IR
(neat): ñ=3403(brs), 3037(s), 2923(w), 1671(w), 1503(m), 1393(w),
1309(w), 1227(w), 1148(m), 1010(s), 739(m), 678(m) cm�1. 1H NMR
(300 MHz, CDCl3): d=7.38 (s, 1H; Ar�H), 6.34±6.33 (m, 1H; Ar�H),


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4171 ± 41854180


FULL PAPER A. Studer et al.



www.chemeurj.org





6.26±6.24 (m, 1H; Ar�H), 6.05±5.71 (m, 3H; vinyl H), 5.48±5.43 (m, 1H;
vinyl H), 4.63±4.61 (m, 1H; CHOH), 2.85±2.73 (m, 1H), 2.47±2.30 (m,
2H), 2.14±1.96 ppm (m, 1H). 13C NMR (75 MHz, CDCl3): d=155.4 (C),
142.9 (CH), 126.2 (CH), 125.7 (CH), 125.5 (CH), 123.9 (CH), 110.2
(CH), 107.3 (CH), 69.0 (CH), 38.0 (CH), 24.2 ppm (CH2). MS (EI): 174
([M�H2]


+) (<1), 97 (100), 80 (17), 41 (12). HRMS ([M�H2]
+): calcd for


C11H10O2: 174.0681; found: 174.0676.


(S)-(1R)-Cyclohexa-2,4-dien-1-yl-(2-furyl)methanol (2o): GP 2 was used
to obtain homoallylic alcohol 2o from CpTiCl3 (558 mg, 2.54 mmol),
TADDOL (1.19 g, 2.54 mmol), NEt3 (0.74 mL, 5.59 mmol), cyclohexadie-
nyllithium (2.42 mmol, prepared according to GP 1), and furfural
(116 mg, 1.21 mmol). FC (P/MTBE 10:1) yielded 2o (153 mg, 72%) as a
pale yellow oil. d.r. (syn :anti)=98:2, determined by GC analysis; reten-
tion times: major diastereoisomer: 32.27 min; minor diastereoisomer:
33.18 min; e.r.=93:7, determined by HPLC analysis; retention times:
major diastereoisomer: enantiomer 1: 14.30 min, enantiomer 2:
16.66 min. [a]D25=++190.68 (c=1.04 in CHCl3).


rac-Cyclohexa-2,4-dien-1-yl-(1-naphthyl)methanol (2p): GP 5 was used
to obtain homoallylic alcohol 2p from cyclohexadienyllithium (2.4 mmol,
prepared according to GP 1), titanium(iv) isopropoxide (738 mg,
2.6 mmol), and 1-naphthaldehyde (312 mg, 2.0 mmol). FC (P/MTBE
10:1) yielded 2p (428 mg, 99%) as a colorless oil. d.r. (syn :anti)=2.0:1,
determined by HPLC analysis; retention times: major diastereoisomer:
enantiomer 1: 24.02 min, enantiomer 2: 70.58 min; minor diastereoisom-
er: enantiomer 1: 25.23 min, enantiomer 2: 83.94 min. IR (neat): ñ=


3409(brs), 3038(s), 2974(w), 2938(m), 1690(m), 1597(m), 1511(m),
1367(s), 1200(m), 1167(m), 1075(m), 996(m), 848(m), 780(m),
683(s) cm�1. 1H NMR (300 MHz, CDCl3): d=8.11±8.06 (m, 1H; Ar�H),
7.91±7.87 (m, 2H; Ar�H), 7.66±7.61 (m, 1H; Ar�H), 7.52±7.46 (m, 3H;
Ar�H), 6.09±5.71 (m, 3H; vinyl H), 5.48±5.43 (m, 2H; vinyl H, CHOH),
3.01±2.87 (m, 1H), 2.59±2.43 (m, 1H), 2.32±2.10 ppm (m, 2H). 13C NMR
(75 MHz, CDCl3): d=138.3 (C), 133.8 (C), 130.7 (C), 128.9 (CH), 128.1
(CH), 127.3 (CH), 126.6 (CH), 125.8 (CH), 125.6 (CH), 125.4 (CH),
125.2 (CH), 124.1 (CH), 123.7 (CH), 123.3 (CH), 72.1 (CH), 39.6 (CH),
23.9 ppm (CH2). MS (EI): 236 ([M]


+) (<1), 218 (2), 158 (50), 133 (16),
129 (100), 78 (13), 75 (45). HRMS: ([M]+) calcd for C17H16O: 236.1201;
found: 236.1199.


(S)-(1R)-Cyclohexa-2,4-dien-1-yl-(1-naphthyl)methanol (2p): GP 2 was
used to obtain homoallylic alcohol 2p from CpTiCl3 (567 mg, 2.59 mmol),
TADDOL (1.21 g, 2.59 mmol), NEt3 (0.76 mL, 5.70 mmol), cyclohexadi-
enyllithium (2.47 mmol, prepared according to GP 1), and 1-naphtalde-
hyde (204 mg, 1.24 mmol). FC (P/MTBE 10:1) yielded 2p (281 mg, 96%)
as a colorless oil. d.r. (syn :anti)>99:1; e.r.>99:1, determined by HPLC
analysis; retention times: major diastereoisomer: enantiomer 1:
24.02 min, enantiomer 2: 70.58 min; minor diastereoisomer: enantiomer
1: 25.23 min, enantiomer 2: 83.94 min. [a]D25=++91.38 (c=1.00 in CHCl3).


rac-Cyclohexa-2,4-dien-1-yl-(2-naphthyl)methanol (2q): GP 5 was used
to obtain homoallylic alcohol 2q from cyclohexadienyllithium (2.4 mmol,
prepared according to GP 1), titanium(iv) isopropoxide (738 mg,
2.6 mmol), and 2-naphthaldehyde (312 mg, 2.0 mmol). FC (P/MTBE
10:1) yielded 2q (428 mgm 99%) as a colorless solid. d.r. (syn :anti)=
9.4:1, determined by HPLC analysis; retention times: major diaster-
eoisomer: enantiomer 1: 37.38 min, enantiomer 2: 48.24 min; minor dia-
stereoisomer: enantiomer 1: 40.89 min, enantiomer 2: 53.75 min. M.p.:
95±97 8C. IR (nujol): ñ=3325(brs), 3033(w), 2926(s), 2859(s), 1464(m),
1376(m), 1341(m), 1150(m), 1028(m), 972(m), 948(m), 857(m), 824(m),
787(m), 741(m), 682(s), 598(w), 479(m) cm�1. 1H NMR (300 MHz,
CDCl3): d=7.81±7.77 (m, 4H; Ar�H), 7.50±7.44 (m, 3H; Ar�H), 6.08±
5.70 (m, 3H; vinyl H), 5.42±5. 37 (m, 1H; vinyl H), 4.82±4.76 (m, 1H;
CHOH), 2.80±2.70 (m, 1H), 2.55±2.44 (m, 1H), 2.38±2.26 (m, 2H), 2.08±
2.03 ppm (m, 1H). 13C NMR (75 MHz, CDCl3): d=140.3 (C), 133.1 (C),
133.0 (C), 128.1 (CH), 127.9 (CH), 127.6 (CH), 126.9 (CH), 126.0 (CH),
125.8 (CH), 125.6 (CH), 125.5 (CH), 125.4 (CH), 124.5 (CH), 123.8
(CH), 75.6 (CH), 40.2 (CH), 24.1 ppm (CH2). MS (EI): 236 ([M]


+) (<1),
218 (3), 157 (100), 129 (93), 106 (7), 80 (17). HRMS: ([M]+) calcd for
C17H16O: 236.1201; found: 236.1203; elemental analysis (%) calcd for
C17H16O (236.31): C 86.40, H 6.82; found: C 86.47, H 6.75.


(S)-(1R)-Cyclohexa-2,4-dien-1-yl-(2-naphthyl)methanol (2q): GP 2 was
used to obtain homoallylic alcohol 2q from CpTiCl3 (544 mg, 2.48 mmol),
TADDOL (1.16 g, 2.48 mmol), NEt3 (0.72 mL, 5.45 mmol), cyclohexadi-


enyllithium (2.36 mmol, prepared according to GP 1), and 2-naphtalde-
hyde (188 mg, 1.18 mmol). FC (P/MTBE 10:1) yielded 4j (226 mg,
1.19 mmol, 81%) as a colorless solid. d.r. (syn :anti)>99:1; e.r.=90:10,
determined by HPLC analysis; retention times: major diastereoisomer:
enantiomer 1: 37.38 min, enantiomer 2: 48.24 min; minor diastereoiso-
mer: enantiomer 1: 40.89 min, enantiomer 2: 53.75 min. [a]D25=++162.88
(c=1.18 in CHCl3).


rac-(2E)-1-[Cyclohexa-2,4-dien-1-yl]-3-phenylprop-2-en-1-ol (2 r): GP 5
was used to obtain homoallylic alcohol 2r from cyclohexadienyllithium
(2.4 mmol, prepared according to GP 1), titanium(iv) isopropoxide
(738 mg, 2.6 mmol), and cinnamaldehyde (264 mg, 2.0 mmol). FC (P/
MTBE 10:1) yielded 2r (377 mg, 89%) as a colorless solid. d.r. (syn :an-
ti)=2.7:1, determined by HPLC analysis; retention times: major diaster-
eoisomer: enantiomer 1: 34.20 min, enantiomer 2: 53.59 min; minor dia-
stereoisomer: enantiomer 1: 34.20 min, enantiomer 2: 60.15 min. M.p.:
47 8C. IR (nujol): ñ=3396(brm), 3036(w), 2925(s), 2857(s), 1493(m),
1450(s), 1375(m), 1329(m), 1149(m), 1078(w), 1008(w), 968(m), 748(m),
683(s) cm�1. 1H NMR (300 MHz, CDCl3): d=7.41±7.22 (m, 5H; Ar�H),
6.61 (d, 1H, J=15.9 Hz; PhCH=CH), 6.24 (dd, 1H, J1=15.9, J2=6.8 Hz;
PhCH=CH), 6.06±5.69 (m, 4H; vinyl H), 4.31±4.27 (m, 1H; CHOH),
2.61±2.50 (m, 1H), 2.38±2.17 (m, 2H), 1.69 ppm (m, 1H, OH). 13C NMR
(75 MHz, CDCl3): d=136.7 (C), 131.7 (CH), 130.6 (CH), 128.6 (CH),
127.7 (CH), 126.5 (CH), 126.1 (CH), 125.6 (CH), 123.8 (CH), 75.6 (CH),
39.3 (CH), 25.3 ppm (CH2). MS (ESI): 315 (100), 289 (36), 250
([M�H+K]+) (30), 240 (10), 227 (10), 195 (13), 186 (52), 132 (10), 116
(100). HRMS: ([M+Na]+) calcd for C15H16ONa: 235.1099; found:
235.1094.


(1R,2E)-1-[(1R)-Cyclohexa-2,4-dien-1-yl]-3-phenylprop-2-en-1-ol (2 r):
GP 2 was used to obtain homoallylic alcohol 2r from CpTiCl3 (544 mg,
2.48 mmol), TADDOL (1.16 g, 2.48 mmol), NEt3 (0.72 mL, 5.45 mmol),
cyclohexadienyllithium (189 mg, 2.36 mmol, prepared according to GP
1), and cinnamaldehyde (156 mg, 1.18 mmol). FC (P/MTBE 10:1) yielded
2r (232 mg, 93%) as a colorless solid. d.r. (syn :anti)>99:1; e.r.=90:10,
determined by HPLC analysis; retention times: major diastereoisomer:
enantiomer 1: 34.20 min, enantiomer 2: 53.59 min; minor diastereoiso-
mer: enantiomer 1: 34.20 min, enantiomer 2: 60.15 min. [a]D25=++229.98
(c=1.08 in CHCl3).


rac-1-[Cyclohexa-2,4-dien-1-yl]-3-phenylprop-2-yn-1-ol (2 s): GP 5 was
used to obtian homoallylic alcohol 2s from cyclohexadienyllithium
(2.4 mmol, prepared according to GP 1), titanium(iv) isopropoxide
(738 mg, 2.6 mmol), and phenylpropargyl aldehyde (260 mg, 2.0 mmol).
FC (P/MTBE 10:1) yielded 2s (391 mg, 93%) as a yellow oil. d.r. (syn :
anti)=1.9:1, determined by HPLC analysis; retention times: major dia-
stereoisomer: enantiomer 1: 25.26 min, enantiomer 2: 69.03 min; minor
diastereoisomer: enantiomer 1: 27.68 min, enantiomer 2: 53.06 min. IR
(neat): ñ=3363(brs), 3038(s), 2867(m), 2231(w), 1597(m), 1490(s),
1442(w), 1429(w), 1409(w), 1371(w), 1328(w), 1070(m), 1036(s), 999(w),
972(m), 757(s), 690(s), 573(w), 525(w), 504(w) cm�1. 1H NMR (300 MHz,
CDCl3): d=7.43±7.31 (m, 5H; Ar�H), 6.03±5.85 (m, 4H; vinyl H), 4.62±
4.52 (m, 1H; CHOH), 2.79±2.61 (m, 1H), 2.53±2.31 (m, 2H), 2.11 ppm
(br s, 1H; OH). 13C NMR (75 MHz, CDCl3): d=131.7 (CH), 128.4 (CH),
128.3 (CH), 125.9 (CH), 125.6 (CH), 126.5 (CH), 123.8 (CH), 122.5 (C),
88.9 (C), 86.3 (C), 65.9 (CH), 40.1 (CH), 25.2 ppm (CH2). MS (EI): 210
([M]+ ; 2), 208 ([M�H2]


+ ; 2), 131 (100), 114 (10), 103 (17), 79 (40).
HRMS: ([M]+) calcd for C15H14O: 210.1045; found: 210.1041.


(1S)-1-[(1R)-Cyclohexa-2,4-dien-1-yl]-3-phenylprop-2-yn-1-ol (2 s): GP 2
was used to obtain homoallylic alcohol 2s from CpTiCl3 (504 mg,
2.30 mmol), TADDOL (1.08 g, 2.30 mmol), NEt3 (0.67 mL, 5.05 mmol),
cyclohexadienyllithium (2.19 mmol, prepared according to GP 1), and
phenylpropargyl aldehyde (143 mg, 1.10 mmol). FC (P/MTBE 10:1)
yielded 2s (198 mg, 86%) as a yellow oil. d.r. (syn :anti)>99:1; e.r.=99:1,
determined by HPLC analysis; retention times: major diastereoisomer:
enantiomer 1: 25.26 min, enantiomer 2: 69.03 min; minor diastereoiso-
mer: enantiomer 1: 27.68 min, enantiomer 2: 53.06 min. [a]D25=++219.98
(c=1.12 in CHCl3).


rac-1-[Cyclohexa-2,4-dien-1-yl]dodec-2-yn-1-ol (2 t): GP 5 was used to
obtain homoallylic alcohol 2t from cyclohexadienyllithium (2.4 mmol,
prepared according to GP 1), titanium(iv) isopropoxide (738 mg,
2.6 mmol), and dodec-2-yn-1-al (15 ; 360 mg, 2.0 mmol). FC (P/MTBE
10:1) yielded 2 t (480 mg, 92%) as a colorless oil. d.r. (syn :anti)=1.9:1,
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determined by HPLC analysis; retention times: major diastereoisomer:
enantiomer 1: 28.73 min, enantiomer 2: 39.34 min; minor diastereoiso-
mer: enantiomer 1: 25.00 min, enantiomer 2: 34.52 min. IR (neat): ñ=
3379(w), 3038(m), 2855(m), 2229(w), 1674(w), 1465(s), 1377(m), 1140(w),
1016(m), 970(w), 683(w) cm�1. 1H NMR (300 MHz, CDCl3): d=6.02±5.96
(m, 1H; vinyl H), 5.91±5.74 (m, 3H; vinyl H), 4.36±4.24 (m, 1H;
CHOH), 2.61±2.46 (m, 1H), 2.43±2.28 (m, 2H), 2.20 (dt, J1=6.9, J2=
2.0 Hz, 2H; C�CCH2), 1.87 (br s, 1H; OH), 1.54±1.45 (m, 2H), 1.42±1.18
(m, 12H), 0.87 ppm (t, J=6.6 Hz, 3H; CH3).


13C NMR (75 MHz, CDCl3):
d=126.4 (CH), 125.7 (CH), 125.5 (CH), 123.9 (CH), 87.0 (C), 80.2 (C),
65.7 (CH), 40.4 (CH), 31.9 (CH2), 29.5 (CH2), 29.3 (CH2), 29.1 (CH2),
28.8 (CH2), 28.6 (CH2), 25.2 (CH2), 22.6 (CH2), 18.7 (CH2), 14.1 ppm
(CH3). MS (EI): 258 (1, [M�H2]


+), 105 (2), 95 (4), 83 (7), 80 (57), 79
(48), 78 (38), 70 (100), 55 (8). HRMS: ([M�H2]


+) calcd for C18H26O:
258.1984; found: 258.1980.


(1S)-1-[(1R)-Cyclohexa-2,4-dien-1-yl]dodec-2-yn-1-ol (2 t): GP 2 was
used to obtain homoallylic alcohol 2 t from CpTiCl3 (715 mg, 3.26 mmol),
TADDOL (1.53 g, 3.26 mmol), NEt3 (1.00 mL, 7.18 mmol), cyclohexadie-
nyllithium (3.10 mmol, prepared according to GP 1), and dodec-2-yn-1-al
(15 ; 279 mg, 1.55 mmol). FC (P/MTBE 10:1) yielded 2 t (334 mg, 83%)
as a colorless oil. d.r. (syn :anti)>99:1; e.r.=98.5:1.5, determined by
HPLC analysis; retention times: major diastereoisomer: enantiomer 1:
28.73 min, enantiomer 2: 39.34 min; minor diastereoisomer: enantiomer
1: 25.00 min, enantiomer 2: 34.52 min.


rac-1-[Cyclohexa-2,4-dien-1-yl]hexan-1-ol (2u): GP 5 was used to obtain
homoallylic alcohol 2u from cyclohexadienyllithium (24 mmol, prepared
according to GP 1), titanium(iv) isopropoxide (7.38 g, 26 mmol), and
hexanal (2.00 g, 20 mmol). FC (P/MTBE 7:1) yielded 2u (3.63 g, 96%) as
a colorless oil. d.r. (syn :anti)=28:1, determined by GC analysis; retention
times: major diastereoisomer: enantiomer 1: 44.64 min, enantiomer 2:
44.88 min; minor diastereoisomer: 45.28 min, both enantiomers. IR
(neat): ñ=3374(br s), 2930(s), 2859(m), 1677(w), 1456(m), 1379(w),
1057(m), 729(w), 700(w) cm�1. 1H NMR (300 MHz, CDCl3): d=5.99±5.95
(m, 1H; vinyl H), 5.87±5.80 (m, 2H; vinyl H), 5.67±5.62 (m, 1H; vinyl
H), 3.69±3.61 (m, 1H; CHOH), 2.37±2.24 (m, 3H), 1.50±1.30 (m, 8H;
CH2), 0.89 ppm (t, 3H, J=6.6 Hz; CH3).


13C NMR (75 MHz, CDCl3): d=
127.6 (CH), 126.1 (CH), 125.4 (CH), 123.7 (CH), 73.5 (CH), 38.9 (CH),
34.2 (CH2), 31.9 (CH2), 25.6 (CH2), 23.1 (CH2), 22.6 (CH2), 14.0 ppm
(CH3). MS (EI): 180 (4, [M]


+), 178 (1, [M�H2]
+), 107 (78), 94 (26), 93


(28), 81 (58), 78 (100), 77 (47), 68 (13), 61 (27), 56 (15). HRMS: ([M]+)
calcd for C12H20O: 180.1514; found: 180.1523.


(1R)-1-[(1R)-cyclohexa-2,4-dien-1-yl]hexan-1-ol (2u): GP 2 was used to
obtain homoallylic alcohol 2u from CpTiCl3 (812 mg, 3.70 mmol),
TADDOL (1.73 g, 3.70 mmol), NEt3 (1.08 mL, 8.10 mmol), cyclohexadi-
enyllithium (3.50 mmol, prepared according to GP 1), and hexanal
(176 mg, 1.76 mmol). FC (P/MTBE 10:1) yielded 2u (156 mg, 49%) as a
colorless oil. d.r. (syn :anti)>99:1; e.r.=92:8, determined by GC analysis;
retention times: major diastereoisomer: enantiomer 1: 44.64 min, enan-
tiomer 2: 44.88 min; minor diastereoisomer: 45.28 min, both enantiomers.
GC and NMR analysis showed that 12% of the product consisted of iso-
meric [cyclohexa-2,5-dien-1-yl]-hexan-1-ol (5u ; retention time:
45.90 min).


Synthesis of (2R,3S,4S)-(+)-2-undecyl-4-methyl-5-oxo-tetrahydrofuran-
3-carboxylic acid (nephrosteranic acid):


(2 R,3 S)-(+)-2-undecyl-5-oxo-tetrahydrofuran-3-carboxylic acid (17): A
solution of 2t (1.00 g, 3.85 mmol, 1.0 equiv) in dry CH2Cl2 (150 mL) was
cooled to �78 8C and ozone was bubbled through the solution until a
blue color appeared (ca. 30 min). Oxygen was then bubbled through the
solution until the blue color disappeared (ca. 10 min). Dimethylsulfide
(1.20 g, 19.25 mmol, 5.0 equiv) was added. The reaction mixture was stir-
red for 10 minutes at �78 8C and was then allowed to warm to 0 8C and
stirred overnight at this temperature. The solvents were removed in
vacuo. MTBE (50 mL) and water (30 mL) were added. The phases were
separated and the organic layer was washed with water (25 mL). The
combined aqueous phases were extracted with MTBE (2î100 mL). The
combined organic phases were dried (MgSO4) and the solvents were re-
moved in vacuo.


The collected material (1.18 g) was dissolved in EtOH (100 mL). A cata-
lytic amount (ca. 30 mg) of Pd/C was added to the solution. The suspen-
sion was stirred overnight under a hydrogen atmosphere at ambient pres-


sure. The suspension was passed over a short celite pad and the solvent
was removed in vacuo. The crude product 16 (1.48 g) was used without
further purification in the next step.


Crude lactol 16 (336 mg, 1.24 mmol) was dissolved in acetone (20 mL)
and cooled to 0 8C. Freshly prepared Jones reagent (2.49 g CrO3, 1.8 mL
H2SO4, 3.6 mL H2O; 20.0 equiv) was cooled to 0 8C and was added drop-
wise to the reaction mixture. The mixture was stirred for 3 h at 0 8C then
iPrOH was added carefully to the brownish solution to destroy excess re-
agent. CH2Cl2 (150 mL) and water (50 mL) were added to the dark green
reaction mixture and the phases were separated. The aqueous layer was
extracted four times with CH2Cl2 (4î70 mL). The combined organic
layers were washed four times with water and brine and then dried
(MgSO4). The solvents were removed by evaporation in vacuo. FC
(CH2Cl2/MeOH 10:1) and recrystallization (hexane/iPrOH 98:2) gave
lactone 17 as a white solid (75 mg, 21% over all steps). 1H NMR
(500 MHz, CDCl3): d=4.62 (dt, 1H, J1=7.5, J2=4.5 Hz), 3.11±3.06 (m,
1H), 2.94 (dd, 1H, J1=17.9, J2=8.5 Hz), 2.81 (dd, 1H, J1=17.9, J2=
9.6 Hz), 1.84±1.70 (m, 1H), 1.66±1.37 (m, 2H), 1.37±1.20 (m, 17H),
0.88 ppm (t, 3H, J=7.0 Hz). 13C NMR (125 MHz, CDCl3): d=176.3 (C),
174.3 (C), 81.8 (CH), 45.5 (CH), 35.4 (CH), 34.0 (CH), 31.9 (CH), 29.6
(CH2), 29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 29.2 (CH2), 29.0 (CH2), 25.2
(CH2), 22.7 (CH2), 14.1 ppm (CH3). MS (EI): 284 ([M]


+ , 9), 266 (100),
248 (24), 239 (33), 238 (70) 225 (52), 223 (11), 206 (15), 192 (11), 183
(12), 167 (23), 154 (25), 145 (23), 140 (41), 129 (38), 118 (73), 112 (22),
100 (41), 83 (31), 56 (20). HRMS: ([M]+) calcd for C16H28O4: 284.1988;
found: 284.1982.


(2 R,3 S,4S)-(+)-2-Undecyl-4-methyl-5-oxo-tetrahydrofuran-3-carboxylic
acid (nephrosteranic acid): NaHMDS (1.0m in THF, 0.154 mL,
0.154 mmol, 3.6 equiv) was added to a solution of 17 (20 mg, 0.07 mmol)
in THF (1.0 mL) at �78 8C over 15 min. After 1 h at �78 8C, MeI
(0.042 mL, 0.67 mmol) was added. The mixture was stirred at �78 8C for
2 h then the temperature was allowed to rise to �20 8C overnight. 2n
HCl (0.75 mL) was added and the mixture was allowed to warm to room
temperature and was then extracted with EtOAc (3î5 mL). The com-
bined organic phases were dried (MgSO4) and concentrated. FC (CHCl3/
MeOH 10:1) and recrystallization (hexane/iPrOH 98:2) gave nephroster-
anic acid (18.7 mg, 89%) as a white crystalline solid. Crystals suitable for
x-ray analysis were obtained from a solution of nephrosteranic acid in
CH2Cl2 laminated with hexane. M.p.: 97 8C. [a]


D
25=++27.38 (c=0.97 in


CHCl3), ref. [22a]: [a]
D
25=++27.28 (c=1.45 in CHCl3).


1H NMR (500 MHz,
CDCl3): d=4.48 (dt, 1H, J1=8.8, J2=3.8 Hz), 2.98 (dq, 1H, J1=11.4, J2=
6.9 Hz), 2.69 (dd, 1H, J1=9.7, J2=10.9 Hz), 1.86±1.79 (m, 1H; Ar�H),
1.74±1.67 (m, 1H), 1.56±1.48 (m, 1H), 1.43±1.22 (m, 17H), 1.36 (d, 3H,
J=6.9 Hz), 0.88 ppm (t, 3H, J=7.0 Hz). 13C NMR (125 MHz, CDCl3):
d=176.6 (C), 175.6 (C), 79.4 (CH), 53.9 (CH), 39.8 (CH), 34.9 (CH), 31.9
(CH), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 29.2 (CH2), 25.3
(CH2), 22.7 (CH2), 14.5 (CH3), 14.1 ppm (CH3).


Synthesis of (4S,5R)-5-butyl-4-methyldihydrofuran-2(3H)-one (trans-
whisky lactone):


(1 S)-1-[(1 R)-Cyclohexa-2,4-dien-1-yl]pent-2-yn-1-ol (19a): GP 2 was
used to obtain homoallylic alcohol 19a from CpTiCl3 (1098 mg,
5.00 mmol), TADDOL (2.34 g, 5.00 mmol), NEt3 (1.53 mL, 11.01 mmol),
cyclohexadienyllithium (4.75 mmol, prepared according to GP 1), and
pent-2-yn-1-al (18a ; 195 mg, 2.38 mmol). FC (first FC: P/MTBE 10:1,
second FC: P/acetone 8:1) yielded 19a (334 mg, 66%) as a colorless oil.
The diastereomeric and the enantiomeric ratios could not be determined.
IR (neat): ñ=3378(s), 3038(w), 2976(m), 2878(m), 2231(w), 1668(w),
1454(m), 1318(m), 1141(w), 1017(s), 686(m) cm�1. 1H NMR (300 MHz,
CDCl3): d=6.03±5.94 (m, 1H; vinyl H), 5.92±5.75 (m, 3H; vinyl H),
4.35±4.25 (m, 1H; CHOH), 2.60±2.43 (m, 1H), 2.42±2.18 (m, 4H), 1.87
(br s, 1H; OH), 1.18±1.11 ppm (m, 3H). 13C NMR (75 MHz, CDCl3): d=
126.3 (CH), 125.8 (CH), 125.5 (CH), 124.0 (CH), 88.2 (C), 79.5 (C), 64.4
(CH), 40.4 (CH), 25.2 (CH2), 13.8 (CH3), 12.8 ppm (CH2). MS (EI): 160
(4, [M�H2]


+), 83 (47), 80 (46), 79 (100), 77 (20), 55 (43). HRMS:
([M�H2]


+) calcd for C11H12O: 160.0888; found: 160.0892.


(4 R,5 R)-5-butyl-4-(hydroxymethyl)dihydrofuran-2(3 H)-one (21a): A so-
lution of 19a (843 mg, 5.20 mmol, 1.0 equiv) in dry CH2Cl2 (60 mL) was
cooled to �78 8C and ozone was bubbled through the solution until a
blue color could be observed (ca. 45 min). Oxygen was bubbled through
the solution until the blue color disappeared (ca. 15 min). Dimethylsul-
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fide (1.61 g, 26.02 mmol, 5.0 equiv) was added. The reaction mixture was
stirred for 10 minutes at �78 8C and was then allowed to warm to 0 8C,
and was stirred overnight at this temperature. The solvents were removed
in vacuo. Et2O (20 mL), acetone (20 mL), and water (10 mL) were
added. The phases were separated and the organic layer was washed with
water (10 mL). The combined aqueous phases were extracted with
MTBE (3î20 mL). The combined organic phases were dried (MgSO4)
and the solvents were removed in vacuo.


The collected material (864 mg) was dissolved in EtOH (60 mL). A cata-
lytic amount of Pd/C (ca. 20 mg) was added to the solution. The suspen-
sion was stirred overnight under a hydrogen atmosphere at ambient pres-
sure and temperature and was then passed over a short celite pad. The
solvent was removed in vacuo. The crude lactol 20a (804 mg) obtained
by this method was used without further purification in the next step.


Lactol 20a (1.19 g, 6.91 mmol) was dissolved in acetone (200 mL) and
cooled to 0 8C. Freshly prepared Jones reagent (6.90 g CrO3, 4.90 mL
H2SO4, 9.80 mL H2O; 10.0 equiv) was cooled to 0 8C and added dropwise
to the reaction mixture. The mixture was stirred for 2.25 h at 0 8C, and
then iPrOH was added carefully to the brownish solution to destroy
excess reagent. CH2Cl2 (100 mL) and water (50 mL) were added to the
reaction mixture and the phases were separated. The aqueous layer was
extracted four times with CH2Cl2 (4î50 mL). The combined organic
layers were dried (MgSO4). After evaporation of the solvents in vacuo,
the lactone acid (1.18 g) corresponding to lactol 20a was obtained as a
yellow oil. This crude product was used without further purification in
the next step.


A procedure described by Mori et al.[27] was applied. Crude lactone acid
(266 mg, 1.43 mmol, 1.0 equiv) was dissolved in THF (10 mL) and cooled
to 0 8C. BH3¥SMe2 (10.0m in THF, 0.18 mL, 1.79 mmol, 1.25 equiv) was
added and the mixture was stirred for 3.5 h at this temperature. The reac-
tion was stopped by the addition of MeOH (ca. 5 mL) and the solvents
were removed in vacuo. The residue was dissolved in MeOH (10 mL)
and the solution was evaporated in vacuo. This procedure was repeated.
The residue was purified by FC (PE/EtOAc 1:1) and the product 21a
was obtained as a colorless oil (38 mg, 0.22 mmol, 13% over all steps).
IR (neat): ñ=3443(brs), 2934(s), 2872(m), 1771(s), 1467(w), 1195(s),
1119(m), 1078(w), 982(m), 733(m) cm�1. 1H NMR (400 MHz, CDCl3): d=
4.36 (dt, 1H, J=7.4, 5.4 Hz; OCH), 3.69 (d, 2H, J=5.8 Hz; OCH2), 2.65
(dd, 1H, J1=17.5, J2=8.7 Hz; O=CCHa), 2.44 (dd, 1H, J1=17.6, J2=
7.0 Hz; O=CCHb), 2.40±2.34 (m, 1H; CH), 1.80±1.30 (m, 7H; CH2, OH),
0.91 ppm (t, 3H, J=7.2 Hz; CH3).


13C NMR (100 MHz, CDCl3): d=176.5
(C), 82.8 (CH), 63.0 (CH2), 42.5 (CH), 34.9 (CH2), 31.4 (CH2), 27.5
(CH2), 22.4 (CH2), 13.9 ppm (CH3). MS (ESI): 539 (100, [3M+Na]+), 367
(95, [3M+Na]+), 227 (55), 185 (55). HRMS (ESI): calcd for C27H48O9Na
([3M+Na]+): 539.3196; found: 539.3227; calcd for C18H32O6Na
([2M+Na]+): 367.2097; found: 367.2064.


(4 S,5 R)-4-(Bromomethyl)-5-butyldihydrofuran-2(3H)-one (22a): A pro-
cedure described by Montforts et al.[28] was used. Alcohol 21a (132 mg,
776 mmol, 1.0 equiv) and CBr4 (721 mg, 2.17 mmol, 2.8 equiv) were dis-
solved in CH2Cl2 (70 mL) and cooled to 0 8C. After 10 min, PPh3 (1.14 g,
4.35 mmol, 5.6 equiv) was added and the ice bath was removed. The reac-
tion mixture turned dark red and was stirred overnight. The mixture was
successively washed with water, HCl (1m in H2O), and a saturated aque-
ous NaHCO3 solution (10 mL each). The phases were separated and the
organic phase dried (MgSO4). The solvent was removed in vacuo. The
residue was purified by chromatography (P/MTBE 2:1) and 22a (144 mg,
615 mmol, 79%) was obtained as a colorless oil. IR (neat): ñ=2957(s),
2933(s), 2872(m), 1776(s), 1466(w), 1257(m), 1208(m), 1179(s), 1125(w),
995(m), 636(m) cm�1. 1H NMR (400 MHz, CDCl3): d=4.32 (dt, 1H, J1=
7.4, J2=5.4 Hz; OCH), 3.49 (dd, 1H, J1=10.6, J2=5.6 Hz; BrCHa), 3.42
(dd, 1H, J1=10.7, J2=6.1 Hz; BrCHb), 2.75 (dd, 1H, J1=17.2, J2=
8.2 Hz; O=CCHa), 2.61±2.53 (m, 1H; CH), 2.51 (dd, 1H, J1=17.1, J2=
7.0 Hz; O=CCHb), 1.75±1.63 (m, 2H; CH2), 1.54±1.31 (m, 4H; CH2),
0.92 ppm (t, 3H, J=6.9 Hz; CH3).


13C NMR (75 MHz, CDCl3): d=174.9
(C), 83.6 (CH), 42.4 (CH), 34.5 (CH2), 34.0 (CH), 33.6 (CH2), 27.4 (CH2),
22.3 (CH2), 13.8 ppm (CH3). MS (ESI): 491 (25, [2M+Na]+), 291 (100),
257 (45, [M+Na]+), 227 (100), 171 (30, [M�Br]+). HRMS (ESI): calcd
for C9H15O2BrNa ([M+Na]+): 257.0153; found: 257.0152.


(4 S,5 R)-5-Butyl-4-methyldihydrofuran-2(3 H)-one (trans-whisky lactone):
A procedure described by Studer et al.[13] was used. Bromide 22a (45 mg,


191 mmol, 1.0 equiv), AIBN (9.5 mg, 58 mmol, 0.33 equiv), and diene 23
(102.5 mg, 382 mmol, 2.0 equiv) were dissolved in hexane (1.0 mL) and
heated to 80 8C in a sealed tube. The reaction mixture was stirred over-
night at 80 8C. The solvent was removed in vacuo. trans-Whiskylactone
was isolated by FC (P/MTBE 4:1) as a colorless oil (22 mg, 141 mmol,
74%). d.r. (syn :anti)>99:1; e.r.=97:3, determined by GC analysis; reten-
tion times: major diastereoisomer: enantiomer 1: 25.27 min, enantiomer
2: 25.80 min; minor diastereoisomer: enantiomer 1: 32.89 min, enantiom-
er 2: 33.35 min. IR (neat): ñ=2959(m), 2934(m), 2873(w), 1781(s),
1667(m), 1460(w), 1212(m), 1172(m), 985(m) cm�1. 1H NMR (400 MHz,
CDCl3): d=4.01 (dt, 1H, J1=7.7, J2=4.0 Hz; OCH), 2.70±2.60 (m, 1H),
2.25±2.14 (m, 2H), 1.72±1.30 (m, 6H), 1.12 (d, 3H, J=6.4 Hz; CH3),
0.91 ppm (t, 3H, J=6.4 Hz; CH3).


13C NMR (100 MHz, CDCl3): d=176.5
(C), 87.4 (CH), 37.1 (CH2), 36.0 (CH), 33.7 (CH), 27.8 (CH2), 22.4 (CH2),
17.5 (CH3), 13.8 ppm (CH3). MS (ESI): 335 (35, [2M+Na]+), 211 (100),
179 (40, [M+Na]+), 157 (20, [M+H]+). HRMS (ESI): calcd for
C9H16O2Na ([M+Na]+): 179.1048; found: 179.1031.


All data are in accordance with the values reported in the literature.[22a]


Synthesis of (4S,5R)-4-methyl-5-pentyldihydrofuran-2(3H)-one (trans-
cognac lactone):


(1 S)-1-[(1 R)-Cyclohexa-2,4-dien-1-yl]hex-2-yn-1-ol (19b): GP 2 was used
to obtain homoallylic alcohol 19b from CpTiCl3 (2.19 g, 10.00 mmol),
TADDOL (4.68 g, 10.00 mmol), NEt3 (3.07 mL, 22.00 mmol), cyclohexa-
dienyllithium (9.50 mmol, prepared according to GP 1), and hex-2-yn-1-
al (18b ; 456 mg, 4.75 mmol). FC (P/MTBE 10:1) yielded 19b (480 mg,
57%) as a colorless oil. The diastereomeric and the enantiomeric ratios
were not determined. IR (neat): ñ=3386(br s), 3039(w), 2963(m),
2872(m), 2231(w), 1457(w), 1430(m), 1380(m), 1034(s), 1007(m),
684(s) cm�1. 1H NMR (300 MHz, CDCl3): d=6.03±5.95 (m, 1H; vinyl H),
5.91±5.74 (m, 3H; vinyl H), 4.33±4.28 (m, 1H; CHOH), 2.61±2.46 (m,
1H), 2.42±2.25 (m, 4H), 2.19 (dt, 2H, J1=7.0,


5J2=2.0 Hz; CCH2), 1.96
(br s, 1H; OH), 1.51 (sex, 2H, J=7.2 Hz; CH2CH3), 0.97 ppm (t, 3H, J=
7.5 Hz; CH2CH3).


13C NMR (75 MHz, CDCl3): d=126.4 (CH), 125.7
(CH), 125.4 (CH), 123.9 (CH), 86.7 (C), 80.4 (C), 64.4 (CH), 40.4 (CH),
25.2 (CH2), 22.0 (CH2), 20.7 (CH2), 13.4 ppm (CH3). MS (EI): 174 (3,
[M�H2]


+), 97 (20), 95 (18), 83 (11), 80 (44), 79 (100), 77 (20), 70 (52), 55
(15), 43 (15), 41 (26). HRMS: ([M�H2]


+) calcd for C12H14O: 174.1045;
found: 174.1038.


(4 R,5 R)-4-(Hydroxymethyl)-5-pentyldihydrofuran-2(3 H)-one (21b): A
solution of 19b (1.42 g, 8.07 mmol, 1.0 equiv) in dry CH2Cl2 (80 mL) was
cooled to �78 8C and ozone was bubbled through the solution until a
blue color could be observed (ca. 45 min). Oxygen was bubbled through
the solution until the blue color disappeared (ca. 15 min). Dimethylsul-
fide (2.72 g, 43.9 mmol, 5.0 equiv) was added. The reaction mixture was
stirred for 10 minutes at �78 8C and was then allowed to warm to 0 8C
and was stirred overnight at this temperature. The solvents were removed
in vacuo. Et2O (30 mL), acetone (40 mL), and water (20 mL) were added
and the phases separated. The organic layer was washed with water
(20 mL). The combined aqueous phases were extracted with MTBE (3î
40 mL). The combined organic phases were dried (MgSO4) and the sol-
vents were removed in vacuo.


A sample of the collected material (1.27 g of 1.52 g) was dissolved in
EtOH (100 mL). A catalytic amount (ca. 30 mg) of Pd/C was added to
the solution. The suspension was stirred vigorously for 60 h in an auto-
clave under hydrogen at a pressure of 20 bar and at ambient temperature.
The suspension was passed over a short celite pad and the solvent was re-
moved in vacuo. The crude lactol 20b (1.53 g) was used without further
purification in the next step.


Crude lactol 20b (744 mg, 4.00 mmol) was dissolved in acetone (60 mL)
and was cooled to 0 8C. Freshly prepared Jones reagent (4.00 g CrO3,
3.60 mL H2SO4, 7.20 mL H2O; 10.0 equiv) was cooled to 0 8C and added
dropwise to the reaction mixture. The mixture was stirred for 2.25 h at
0 8C, then iPrOH was added carefully to the brownish solution to destroy
excess reagent. CH2Cl2 (50 mL) and water (20 mL) were added to the re-
action mixture and the phases were separated. The aqueous layer was ex-
tracted four times with CH2Cl2 (4î50 mL). The combined organic layers
were dried (MgSO4) and the solvents were removed by evaporation in
vacuo to give a yellow oil. FC (CHCl3/MeOH/HOAc 70:10:1) yielded
(2R,3S)-5-oxo-2-pentyltetrahydrofuran-3-carboxylic acid (346 mg, 43%).
Analysis of the product provided data identical to those reported in the
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literature.[29] A procedure described by Mori et al.[27] was then applied.
The obtained carboxylic acid (30 mg, 150 mmol, 1.0 equiv) was dissolved
in THF (1 mL) and cooled to 0 8C. BH3¥SMe2 (10.0m in THF, 19 mL,
190 mmol, 1.25 equiv) was added and the mixture was stirred for 3 h at
this temperature. The reaction was terminated by the addition of MeOH
(1 mL) and the solvents were removed in vacuo. The residue was dis-
solved in MeOH (5 mL) and the solvent was evaporated in vacuo. This
procedure was repeated. The residue was purified by FC (PE/EtOAc 1:1)
and 21b was obtained as a colorless oil (14 mg, 75 mmol, 21.5% over all
steps). IR (neat): ñ=3441(brs), 2933(s), 2872(s), 1770(s), 1467(m),
1202(s), 1118(m), 1077(w), 994(m), 948(w) cm�1. 1H NMR (500 MHz,
CDCl3): d=4.36 (dt, 1H, J=7.6, J=5.5 Hz; OCH), 3.68 (d, 2H, J=
5.5 Hz; OCH2), 2.64 (dd, 1H, J1=17.6, J2=8.9 Hz; O=CCHa), 2.44 (dd,
1H, J1=17.7, J2=8.5 Hz; O=CCHb), 2.39±2.34 (m, 1H; CH), 2.00 (br s,
1H; OH), 1.71±1.61 (m, 2H; CH2), 1.55±1.26 (m, 6H; CH2), 0.89 ppm (t,
3H, J=6.9 Hz; CH3).


13C NMR (125 MHz, CDCl3): d=176.7 (C), 83.0
(CH), 62.9 (CH2), 42.5 (CH), 35.2 (CH2), 31.5 (CH2), 31.4 (CH2), 27.5
(CH2), 22.4 (CH2), 13.9 ppm (CH3). MS (ESI): 581 (80, [3M+Na]+), 395
(100,[2M+Na]+), 241 (75), 225 (55, [M+K]+), 209 (35, [M+Na]+), 187
(15, [M+H]+). HRMS (ESI): calcd for C20H36O6Na ([2M+Na]+);
395.2410 found: 395.2426.


(4 S,5 R)-4-(Bromomethyl)-5-pentyldihydrofuran-2(3H)-one (22b): A pro-
cedure described by Montforts et al.[28] was used. Alcohol 21b (76 mg,
409 mmol, 1.0 equiv) and CBr4 (379 mg, 1.14 mmol, 2.8 equiv) were dis-
solved in CH2Cl2 (30 mL) and cooled to 0 8C. After 10 min, PPh3
(600 mg, 2.29 mmol, 5.6 equiv) was added and the ice bath was removed.
The reaction mixture turned dark red and was stirred overnight. The mix-
ture was successively washed with water, HCl (1m in H2O), and a saturat-
ed aqueous solution of NaHCO3 (5 mL each). The phases were separated
and the organic phase was dried (MgSO4). The solvent was removed in
vacuo. The residue was adsorbed on silica gel and was purified by FC (P/
MTBE 2:1). 22b (68 mg, 273 mmol, 67%) was obtained as a colorless oil.
IR (neat): ñ=2931(m), 2860(m), 1777(s), 1465(w), 1258(m), 1177(s),
1108(m), 999(m), 617(m) cm�1. 1H NMR (500 MHz, CDCl3): d=4.31 (m,
1H; OCH), 3.47 (dd, 1H, J1=10.7, J2=5.8 Hz; BrCHa), 3.41 (dd, 1H,
J1=10.5, J2=6.2 Hz; BrCHb), 2.75 (dd, 1H, J1=17.4, J2=8.5 Hz; O=
CCHa), 2.61±2.53 (m, 1H; CH), 2.50 (dd, 1H; J1=17.4, J2=7.1 Hz; O=
CCHb), 1.73±1.62 (m, 2H; CH2), 1.54±1.27 (m, 6H; CH2), 0.93±0.88 ppm
(m, 3H; CH3).


13C NMR (125 MHz, CDCl3): d=174.9 (C), 83.7 (CH),
42.4 (CH), 34.9 (CH2), 34.0 (CH), 33.6 (CH2), 31.4 (CH2), 25.0 (CH2),
22.4 (CH2), 13.9 ppm (CH3). MS (ESI): 521 (100, [2M+Na]+), 303 (100),
289 (65, [M+K]+), 273 (25, [M+Na]+), 249 (55, [M+H]+), 223 (100), 201
(72). HRMS (ESI): calcd for C10H17O2BrNa ([M+Na]+): 271.0310;
found: 271.0307.


(4 S,5 R)-4-methyl-5-pentyldihydrofuran-2(3H)-one (trans-cognac lactone):
A procedure described by Studer et al.[13] was used. Bromide 22b (34 mg,
136 mmol, 1.0 equiv), AIBN (7.5 mg, 46 mmol, 0.33 equiv), and diene 23
(73 mg, 273 mmol, 2.0 equiv) were dissolved in hexane (1.5 mL) and
heated to 80 8C in a sealed tube. The reaction mixture was stirred over-
night at 80 8C. The solvent was removed in vacuo. FC (P/MTBE 4:1)
gave trans-cognaclactone as a colorless oil (22 mg, 130 mmol, 95%). d.r.
(syn :anti)>99:1; e.r.=97.5:2.5, determined by GC analysis; retention
times: minor diastereoisomer: enantiomer 1: 21.78 min, enantiomer 2:
22.40 min; major diastereoisomer: enantiomer 1: 35.52 min, enantiomer
2: 36.54 min). IR (neat): ñ=2958(m), 2933(m), 2861(w), 1779(s),
1669(m), 1458(w), 1210(m), 1169(m), 1107(s), 1003(w), 938(m) cm�1.
1H NMR (500 MHz, CDCl3): d=4.01 (dt, 1H, J1=7.7, J2=3.9 Hz; OCH),
2.73±2.63 (m, 1H; O=CCHa), 2.28±2.15 (m, 2H, CH; O=CCHb); 1.72±
1.27 (m, 8H; CH2), 1.14 (d, 3H, J=6.5 Hz; CH3), 0.89 ppm (t, 3H, J=
6.4 Hz; CH3).


13C NMR (125 MHz, CDCl3): d=176.9 (C), 87.5 (CH), 37.1
(CH2), 36.1 (CH), 34.0 (CH2), 31.6 (CH2), 25.4 (CH2), 22.5 (CH2), 17.5
(CH3), 13.6 ppm (CH3). MS (ESI): 376 (80, [2M+Na]+), 307 (35), 225
(90, [M+Na+MeOH]+), 193 (100, [M+Na]+), 171 (20, [M+H]+), 153
(30). HRMS (ESI): calcd for C11H22O3Na ([M+MeOH+Na]+): 225.1467;
found: 225.1460; calcd for C10H19O2 ([M+H]+): 171.1386; found:
171.1299; calcd for C10H18O2Na ([M+Na]+): 193.1205; found: 193.1187.


All data are in accordance with those given in the literature.[22a]
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Introduction


The effective atomic number rule (EAN, now known as the
18-electron rule)[1] was initially formulated as an extension
of the octet rule, which had proven very useful in traditional
main group chemistry.[2] Both rules are manifestations of the
concept of closed-shell electron configuration deriving from
the spherical s + p four-orbital manifold (8) or from the
spherical d + s + p nine-orbital manifold (18).[3] The EAN
rule found wide application in the realm of organometallic
chemistry, where it is obeyed by the vast majority of chemi-
cal species, with the exception of the 16-electron square-
planar d8 species. It was, in any case, a useful tool for under-
standing the structure of isolable products as well as of elu-
sive reaction intermediates.[4] Many chemical processes have
been designed and many new compounds have been pre-


pared with the helpful guidance of the EAN rule, and it is
precisely this great success that discouraged research activity
on organometallic species with open-shell electron configu-
ration until recently.[5] It is now, however, well established
that organo-transition-metal complexes can have a variety
of electron configurations, making them not so different
from classical coordination compounds. The disparity with
which organometallic and coordination transition-metal
compounds conform to the EAN rule has been attributed to
the different crystal-field effects of the ligands involved.[6]


Most organo-transition-metal derivatives contain p-stabiliz-
ing ligands located at the end of the spectroscopic series,
which hence exert a strong ligand-field effect. Organo-tran-
sition-metal derivatives containing only s-bound organic
groups are comparatively much less known and they are
also markedly less prone to obey the EAN rule. These s-or-
ganyl derivatives are of fundamental importance given that
they are expected to exhibit structural and reactivity proper-
ties that are qualitatively different from the more abundant
related species containing p-bound ligands.
We now report on a highly unusual couple of electron-


poor s-organotitanium(iii) and -titanium(iv) compounds
which, in a formal sense, are nine- and eight-electron spe-
cies, respectively. Our attempts to prepare analogous Zr and
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Abstract: By reaction of [TiCl3(thf)3]
with LiC6Cl5, the homoleptic organoti-
tanium(iii) derivative [Li(thf)4]-
[Tiiii(C6Cl5)4] (1) has been prepared as
a paramagnetic (d1, S = 1/2, gav =


1.959(2)), extremely air-sensitive com-
pound. Oxidation of 1 with [N(C6H4-
Br-4)3][SbCl6] gives the diamagnetic (d


0)
organotitanium(iv) species [Tiiv(C6Cl5)4]
(2). Compounds 1 and 2 are also elec-
trochemically related (E1/2 = 0.05 V).
The homoleptic, diamagnetic (d10)
compounds [N(PPh3)2][Tl(C6Cl5)4] (3)
and [Sn(C6Cl5)4] (4) have also been


prepared. Nearly tetrahedral environ-
ments have been found for the d0, d10,
and d1 metal centers in the molecular
structures of compounds 2±4 as well as
in that of [Li(thf)2(OEt2)2]-
[Tiiii(C6Cl5)4]¥CH2Cl2 (1’) (X-ray diffrac-
tion). The reaction of the heavier
Group 4 metal halides, MCl4 (M = Zr,


Hf) with LiC6Cl5 in the presence of
[NBu4]Br gives, in turn, the heterolep-
tic species [NBu4][M(C6Cl5)3Cl2] (M =


Zr (5), Hf (6)). Compounds 5 and 6 are
isomorphous and isostructural, with the
metal center in a trigonal-bipyramidal
(TBPY-5) environment defined by two
axial Cl ligands and three equatorial
C6Cl5 groups (X-ray diffraction). No
redox features are observed for com-
pounds 3±6 in CH2Cl2 solution between
�1.6 and +1.6 V.


Keywords: electron-deficient com-
pounds ¥ hafnium ¥ penta-
chlorophenyl compounds ¥ titanium ¥
zirconium
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Hf systems are also discussed and related main-group spe-
cies with closed-shell electron configurations are also given
for comparison. Some of the present results have already
been briefly communicated.[7]


Results and Discussion


The [Tiiv(C6Cl5)4]/[Tiiii(C6Cl5)4]
� system : The arylation of


[TiCl3(thf)3] with LiC6Cl5 in Et2O at �78 8C, followed by the
appropriate treatment, afforded [Li(thf)4][Ti


iii(C6Cl5)4] (1) as
a yellow solid in low yield (ca. 30%) [Eq. (1)].


Complex 1 is extremely air- and moisture-sensitive and
has a rather limited thermal stability, readily decomposing
above 0 8C both in solution and in the solid state. The IR
spectrum of 1 shows a strong absorption at 827 cm�1, as-
signed to the X-sensitive vibration mode of the C6Cl5
group.[8] Two strong absorptions associated with the thf
ligand (coordinated to the Li+ ion) are also observed at
1043 (C�O�Casym) and 887 cm�1 (C�O�Csym).


[9] The MS
(FAB) shows the peak corresponding to the [Ti(C6Cl5)4]


�


ion (m/z 1036) together with some fragmentation species.
All these peaks have the appropriate isotopomer distribu-
tion, which is particularly rich because of the high number
of Cl atoms (35Cl: 75.78(4)% and 37Cl: 24.22(4)% relative
natural abundance).[10] The EPR spectrum of the paramag-


netic d1 species 1 has been measured on powder samples at
room temperature. The signal observed can be satisfactorily
ascribed to an S = 1/2 system with the principal values of
the g-tensor being gx = 1.985(2), gy = 1.955(2), and gz =


1.936(2) (gav = 1.959(2)). These values compare well with
previously reported data for Tiiii species.[11] No hyperfine
structure stemming from the magnetically active Ti nuclei
(47Ti, I = 5/2, 7.44(2)% natural abundance; 49Ti, I = 7/2,
5.41(2)% natural abundance)[10] is observed.
The redox behavior of 1 has been studied by electrochem-


ical methods. The cyclic voltammogram (CV) of
[Tiiii(C6Cl5)4]


� , scanned at 100 mVs�1 from �1.6 to +1.6
and then back to �1.6 V shows a single oxidation wave
((Ep)ox = 93 mV), which is recovered in the returning scan
((Ep)red = 4 mV) corresponding to an electrochemically re-
versible semisystem (E1/2 = 48.5 mV, DEp = 89 mV, ipa/ipc =


1.00). It is reasonable to assign this redox process to oxida-
tion of the metal center from Tiiii to Tiiv. In addition, the re-
versibility of the process suggests that the electron exchange
takes place with little change in the geometry of the coordi-
nation species. Electron-exchange processes occurring at
low potentials for [Ti(1-norbornyl)4] (E1/2 = �1.90 V)[12] and
[Ti(1-camphenyl)4] (E1/2 = �1.32 V)[13] have been attributed
to [TiivR4]/[Ti


iiiR4]
� redox systems but, to the best of our


knowledge, the reduced species were not isolated nor char-
acterized in solution. The markedly different E1/2 values
with our 2/1 system can be explained in terms of the very
different electron-donor abilities of the organic ligands: 1-
norbornyl>1-camphenyl@C6Cl5, the latter really behaving
as an electron-withdrawing group.[14] This electron-withdraw-
ing ability accounts for the enhanced stabilization of the
anionic [Tiiii(C6Cl5)4]


� species relative to neutral
[Tiiv(C6Cl5)4], which we sought to prepare by chemical meth-
ods.
Controlled chemical oxidation of 1 was also achieved


[Eq. (2)]: the addition of solid 1 in small portions to a blue
suspension of the aminium salt [N(C6H4Br-4)3][SbCl6] in
CH2Cl2 at 0 8C in 2:1 molar ratio gave the homoleptic neu-
tral species [Tiiv(C6Cl5)4] (2), which was isolated as an air-
sensitive, orange solid in moderate yield.


The required molar ratio points to the cation [N(C6H4-
Br-4)3]


+ (1.16 V versus SCE in CH2Cl2)
[15] and the anion


[SbCl6]
� , both acting as oxidants.[16] The reduced antimony


product was not identified. Compound 1 could also be oxi-
dized to 2 with titrated solutions of Cl2 in CCl4. Compound
2 is thermally labile, decomposing rapidly at room tempera-
ture. Its scarce solubility in chlorinated hydrocarbons simpli-
fied its isolation (it precipitates in CH2Cl2) but precluded
the possibility of obtaining good 13C NMR spectroscopic
data in solution. Nevertheless, a weak peak corresponding
to the [Ti(C6Cl5)4]


� ion (m/z 1036) with the appropriate iso-
topomeric distribution was observed in the MS (FAB) of 2.
The most salient feature in its solid-state IR spectrum is a


Abstract in Spanish: La reacciÛn de [TiCl3(thf)3] con
LiC6Cl5, permite obtener el organoderivado homolÿptico de
titanio(iii) [Li(thf)4][Ti


iii(C6Cl5)4] (1), en forma de un sÛlido
paramagnÿtico (d1, S = 1/2, gav = 1.959(2)) extremadamente
sensible al aire. La oxidaciÛn de 1 con [N(C6H4Br-4)3]
[SbCl6] da lugar al organoderivado diamagnÿtico (d0) de tita-
nio(iv) [Tiiv(C6Cl5)4] (2). Los compuestos 1 y 2 estµn tam-
biÿn relacionados electroquÌmicamente (E1/2 = 0.05 V). Se
han preparado a su vez, los compuestos homolÿpticos y dia-
magnÿticos (d10) [N(PPh3)2][Tl(C6Cl5)4] (3) y [Sn(C6Cl5)4]
(4). Las estructuras moleculares mediante difracciÛn de rayos
X de los compuestos 2±4, asÌ como la correspondiente al de-
rivado [Li(thf)2(OEt2)2][Ti


iii(C6Cl5)4]¥CH2Cl2 (1’), evidencian
entornos aproximadamente tetraÿdricos para los centros
metµlicos de configuraciones electrÛnicas d0, d10 y d1. Por su
parte, la reacciÛn de MCl4 (M = Zr, Hf) con LiC6Cl5 en pre-
sencia de [NBu4]Br conduce a las especies heterolÿpticas
[NBu4][M(C6Cl5)3Cl2] (M = Zr (5), Hf (6)). Cada centro
metµlico en los compuestos isomorfos e isoestructurales 5 y 6
tiene una geometrÌa de bipirµmide trigonal (TBPY-5), cuyo
plano ecuatorial viene definido por los grupos C6Cl5 y las po-
siciones axiales por los µtomos de Cl. Los compuestos 3±6
no presentan comportamiento redox en CH2Cl2, al menos
entre �1.6 y +1.6 V.
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single absorption corresponding to the X-sensitive mode of
the C6Cl5 group,[8] which appears at a higher wavenumber
than that observed in the parent compound (842 cm�1 in 2
versus 827 cm�1 in 1). Similar shifts associated with an in-
crease in the oxidation state of the metal center have fre-
quently been observed in the perhalophenyl chemistry of
late transition metals.[8a] No absorption could be assigned to
n(M�C) vibration modes in the IR spectra of 1 or 2.
For decades, the chemistry of s-organotitanium species


has been virtually eclipsed by that of compounds containing
p-bonded ligands (typically Cp or ligands derived there-
of).[17] This occurred in spite of Ti being the first transition
metal, after Pt,[18] for which a compound containing a M�C
s-bond was isolated ([TiPh(OiPr)3]).


[19] Recently, however,
there has been an increasing interest in non-metallocene Ti
compounds because of their markedly different properties
and reactivity.[20] Homoleptic s-organotitanium derivatives,
[TiRn]


q� (q = 0, �1, �2,º), are not just a special class of
Cp-free compounds: they are archetypal chemical species,
whose molecular geometry is often used as a touchstone for
chemical bonding models.[21]


As far as we know, the only example to date of a [TiR5]
�


stoichiometry is the methyl complex [TiMe5]
� ,[22] which has


a trigonal-bipyramidal structure (TBPY-5) with strong
cation±anion interactions in the salt [Li(OEt2)2][TiMe5].


[23]


Additionally, a fair number of neutral [TiR4] compounds
have been isolated, in which R is most conveniently a bulky
ligand in which the mechanism of b-H elimination is hin-
dered (e.g. CH2Ph,


[24] CH2CMe3,
[25] CH2SiMe3,


[26] mesityl,[27]


1-norbornyl,[28]º). Some of these species have been used for
the chemical vapor deposition of titanium or titanium car-
bide films.[29] Claims[30] about the isolation of ™TiMe4∫
should be viewed with great caution given recent results evi-
dencing the ease with which Et2O molecules enter the coor-
dination sphere of the metal to give (TBPY-5)-[TiMe4-
(OEt2)].


[23] According to theoretical calculations, homolep-
tic, unsolvated ™TiMe4∫ should not exist in the presence of
Et2O, which is usually the solvent chosen to prepare it.[31] As
far as we know, the only structurally characterized [TiR4]
species is [Ti(CH2Ph)4];


[32] it is now generally accepted, how-
ever, that the benzyl group is not an innocent ligand, being
prone to involve the p-electron density of the phenyl ring to
give (h2-benzyl)±metal coordination. [Ti(CH2Ph)4] and its
heavier homologues [M(CH2Ph)4] (M = Zr, Hf) do, in fact,
provide nice examples of h2-benzyl coordination as a way of
alleviating electronic unsaturation of the metal center.[33] To
the best of our knowledge, individual well-established repre-
sentatives of [TiR4]


� and [TiR3] stoichiometries have been
reported to date, Li[Ti(C6H2Me3-2,4,6)4]¥4THF[27] and
[Ti{CH(SiMe3)2}3].


[34] Considering the lack of structural in-
formation currently available for homoleptic s-organotita-
nium(iii) and titanium(iv) compounds, it would be interest-
ing to obtain reliable data on the molecular geometry of this
important class of compounds.
Single crystals of 1 were obtained from THF/n-hexane


mixtures but they rendered only weak X-ray diffraction
data. The analysis of these poor-quality data only allowed us
to establish the connectivity of the atoms. Crystallization of
1 in CH2Cl2/Et2O mixtures gave, in turn, good-quality crys-


tals of [Li(thf)2(OEt2)2][Ti(C6Cl5)4]¥CH2Cl2 (1’) as the result
of partial thf replacement by Et2O molecules around the
Li+ cation. The crystal and molecular structures of 1’ and 2
were established by X-ray diffraction methods (Figures 1
and 2). Selected bond lengths and angles for 1’ and 2 are de-


tailed in Tables 1 and 2, respectively. Continuous symmetry
measures for the coordination environment of the Ti center
have been carried out for 1’ and 2.[35] The small values ob-
tained (S(Td) = 0.98 for 1’ and 0.27 for 2) indicate that the
two [Ti(C6Cl5)4]


q� species (q = 0, 1) are nearly tetrahe-
dral.[36] There is only one crystallographically independent
Tiiv�C distance in 2 (211.9(6) pm) and the two independent
Tiiii�C distances found in 1’ are identical (220.7(5) pm). The
latter compare well with other known precedents of hetero-
leptic (s-aryl)�Tiiii derivatives. The Tiiii�C(sp2) distance
seems to be quite insensitive to the coordination geometry
and to the presence or absence of anionic p-ligands, as can
be seen in the following examples: [TiCp2(C6H3Me2-2,6)]
(Ti�C 217.8(7) pm),[37] [{TiCp2(C6H4Me-4)}2(m-N2)] (Ti�C
221.6(7) pm),[38] [Li(tmen)2][TiPh2(NiPr2)2] (Ti�C 217.3(5)
and 221.0(5) pm)[39] and [Ti(acacen-k2O,k2N)(C6H2Me3-


Figure 1. Structure of the anion of 1’ (thermal ellipsoid diagram; 50%
probability).


Figure 2. Structure of 2¥2CH2Cl2 (thermal ellipsoid diagram; 50% proba-
bility).
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2,4,6)] (Ti�C22(2) pm; acacen = N,N’-ethylenebis(acetyl-
acetone iminato) dianion).[40] The Tiiv�C(sp2) distance in 2
compares well to those observed in the heteroleptic tetrahe-
dral species [TiPh2(OC6H3Ph2-2,6)2] (Ti�C 207.0(5) and
210.6(5) pm).[41] Higher electron density at the metal center
achieved through: 1) dp±pp interaction, 2) higher coordina-
tion numbers, or 3) presence of anionic p-ligands, result in
longer Tiiv�C(sp2) bond lengths, as for instance in
[Ti(C6F5)2(NPtBu3)2] (Ti�C 219.8(3) and 220.8(3) pm),[42]


[TiPh2(Me2ATI)2] (Ti�C 217.0(3) and 218.5(3) pm; Me2ATI
= N,N’-dimethylaminotroponiminato-k2N),[43] and [Ti(h5-
C5H4Me)2(C6F5)Cl] (Ti�C 225.9(2) pm).[44] The decrease in
the Ti�C distance (by ca. 9 pm) on going from 1’ to 2 can be
attributed to the increase in the oxidation state of the metal.
In spite of the regular Ti�C distances, the coordination


polyhedra are not regularly tetrahedral since two of the C�


Ti�C angles are smaller than expected for the ideal geome-
try (109.58), while the remaining four are larger (Table 3).
At first sight, this is in contrast to the VSEPR expectations,
since it has been stated that: ™Tetrahedral coordination is
common for elements of the first transition-metal series. For
d0, d5, and d10 subshells, no distortion of the tetrahedral ge-
ometry is expected∫.[45] If we turn from a description based
on the Ti center to a description based on the polyhedron
formed by the C6Cl5 ligands, the elongation of the tetrahe-
dron is even more easily seen through the different size of
its edges defined by the Cipso¥¥¥Cipso nonbonded distances
(Table 3), yielding a local D2d geometry. Distortions in ho-
moleptic ER4 molecules (R being a polyatomic, monoanion-
ic k1-ligand) have recently been rationalized in terms of the
ligand close-packing (LCP) model.[46] Following this model,
distortions appear because of the anisotropic character of
polyatomic ligands, which makes it necessary to consider
two different intramolecular contact radii for each R ligand.
It is evident that aromatic rings in general and the C6Cl5
group in particular have a very marked anisotropy; in fact
two sets of nonbonding Cipso¥¥¥Cipso distances are observed,
depending on the relative mutual orientation of the rings
(Table 3); they depart little from 330 pm between facing
rings and range from 350 to 376 pm in the remaining pairs.
In every case, the plane containing each of the C6Cl5 rings
approximately bisects one of the trigonal faces. As a result,
one of the ortho-Cl atoms of every C6Cl5 group points di-
rectly to the p aromatic system of a neighbor ring, possibly
incurring repulsive interactions. The minimization of this re-
pulsion might reasonably be responsible for the swing ob-
served in the C6Cl5 groups about the ipso-C atom, which
causes the Cipso¥¥¥Cpara vector to depart from the Ti�Cipso di-
rection, yielding two different Ti�Cipso�Cortho angles within
each ring (1’: 113.0(3)8 versus 133.8(3)8 and 114.8(3)8 versus
131.5(3)8 ; 2 : 115.1(4)8 versus 129.8(5)8). From a geometrical
point of view, the resulting geometry can be described as a
tetracapped tetrahedron. The C6Cl5 group is known to be
able to involve one of its ortho-Cl atoms in metal coordina-
tion, thus acting as a small-bite bidentate ligand. This coor-
dination mode (C6Cl5-kC,kCl2) has been documented in ho-
moleptic [M(C6Cl5)4]


q� (q = 0, 1) species of middle (Criii :
d3)[47] and late transition metals (Rhiii and Ptiv : d6 sys-
tems).[48,49] In all these cases, the metal coordination does
not fit a tetrahedral model, being more suitably described as
pseudo-octahedral. Considering that: 1) the metal coordina-
tion environments in [Ti(C6Cl5)4]


q� (q = 0, 1) only slightly
depart from an ideal tetrahedron, and 2) the shorter Ti¥¥¥Clortho


distances (1’: Ti¥¥¥Cl(2) 305.0 pm, Ti¥¥¥Cl(8) 312.6 pm; 2 :
Ti¥¥¥Cl(2) 306.7 pm) are still too long to suggest the existence
of a bond–not even a secondary bonding interaction–it
can be concluded that the C6Cl5 groups act as terminal s-
aryl ligands in 1’ and 2. This observation is especially re-
markable taking into account the high electronic unsatura-
tion of the metal center in 1’ and 2 which, formally speaking,
can be considered as nine- and eight-electron species, re-
spectively. The organovanadium species [Viii(C6Cl5)4]


� (d2)[50]


and [Viv(C6H2Me3-2,4,6)4] (d1),[51] containing s-bound aryl
groups, were found to exhibit similar overall geometries
(Table 3).


Table 1. Selected interatomic distances [pm] and angles [8] and their esti-
mated standard deviations for 1’.


Anion


Ti�C(1) 220.7(5) C(1)-Ti-C(1’) 98.5(2)
Ti�C(7) 220.7(4) C(1)-Ti-C(7) 116.8(2)
C(1)�C(2) 139.4(6) C(1)-Ti-C(7’) 114.0(2)
C(1)�C(6) 140.6(6) C(1’)-Ti-C(7) 114.0(2)
C(2)�Cl(2) 175.0(5) C(1’)-Ti-C(7’) 116.8(2)
C(6)�Cl(6) 174.9(5) C(7)-Ti-C(7’) 97.9(2)
Ti¥¥¥Cl(2) 305.0(4) Ti-C(1)-C(2) 113.0(3)
Ti¥¥¥Cl(6) 377.3(4) Ti-C(1)-C(6) 133.8(3)
C(7)�C(8) 140.0(7) C(2)-C(1)-C(6) 113.2(4)
C(7)�C(12) 139.4(7) C(1)-C(2)-Cl(2) 115.8(4)
C(8)�Cl(8) 175.1(5) C(1)-C(6)-Cl(6) 118.6(4)
C(12)�Cl(12) 174.6(5) Ti-C(7)-C(8) 114.8(3)
Ti¥¥¥Cl(8) 312.6(4) Ti-C(7)-C(12) 131.5(3)
Ti¥¥¥Cl(12) 370.4(4) C(8)-C(7)-C(12) 113.6(4)


C(7)-C(8)-Cl(8) 116.0(3)
C(7)-C(12)-Cl(12) 118.9(3)


Cation


Li�O(1) 194.2(8) O(1)-Li-O(1’) 116.8(7)
Li�O(2) 192.3(9) O(1)-Li-O(2) 112.1(2)
O(1)�C(13) 144.6(8) O(1)-Li-O(2’) 105.5(2)
O(1)�C(15) 141.8(8) O(1’)-Li-O(2) 105.5(2)
O(2)�C(17) 144.4(7) O(1’)-Li-O(2’) 112.1(2)
O(2)�C(20) 143.5(6) O(2)-Li-O(2’) 104.2(6)


Li-O(1)-C(13) 118.0(5)
Li-O(1)-C(15) 129.6(6)
Li-O(2)-C(17) 120.8(5)
Li-O(2)-C(20) 127.1(4)


Table 2. Selected interatomic distances [pm] and angles [8] and their esti-
mated standard deviations for 2¥2CH2Cl2.


Ti�C(1) 211.9(6) C(1)-Ti-C(1’) 112.54(16)
C(1)�C(2) 138.8(8) C(1)-Ti-C(1’’) 103.5(3)
C(1)�C(6) 139.6(8) C(1)-Ti-C(1’’’) 112.54(17)
C(2)�Cl(2) 174.0(6) C(1’)-Ti-C(1’’) 112.54(17)
C(6)�Cl(6) 171.5(6) C(1’)-Ti-C(1’’’) 103.5(3)
Ti¥¥¥Cl(2) 306.7(6) C(1’’)-Ti-C(1’’’) 112.54(16)
Ti¥¥¥Cl(6) 365.8(6) Ti-C(1)-C(2) 114.1(4)


Ti-C(1)-C(6) 129.8(5)
C(2)-C(1)-C(6) 116.1(5)
C(1)-C(2)-Cl(2) 117.0(4)
C(1)-C(6)-Cl(6) 121.6(5)
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The d10 species [N(PPh3)2][Tl(C6Cl5)4] (3) and [Sn(C6Cl5)4]
(4): All our attempts to obtain high-quality single crystals of
[NBu4][Tl(C6Cl5)4]


[52] failed, despite both the cation and the
anion being able to conform, in principle, to an S4 symmetry
site. We succeeded with the salt [N(PPh3)2][Tl(C6Cl5)4] (3),
prepared by a simple metathetical process. Gilman and Sim
reported having obtained the neutral species [M(C6Cl5)4]
(M = Si, Sn) in very low yields (ca. 3%) by reaction of the
corresponding halides MCl4 with Mg(C6Cl5)Cl in THF.[53]


The correct formulation of these species was later ques-
tioned based on the isolation of [M(C6Cl4-C6Cl4-
kC2,kC2’)(C6Cl5)2] (M = Si, Ge) under similar conditions.[54]


Formation of the octachlorobiphenyl-2,2’-diyl ligand was jus-
tified because of steric problems associated with the forma-
tion of the full arylated species [M(C6Cl5)4], ™the halides
R3MX are sterically hindered towards the introduction of a
fourth R group∫ (R = C6Cl5).


[54] We have now prepared
[Sn(C6Cl5)4] (4) in 91% yield by low temperature treatment
of [SnCl4(thf)2] with LiC6Cl5 in Et2O, followed by the appro-
priate work-up [Eq. (3)]. This compound decomposes at
365±370 8C, a temperature range which is sufficiently differ-
ent from that given by Gilman and Sim (decomp 446±
449 8C)[53a] to say that the compounds under study are differ-
ent.


Compounds 3 and 4 have been characterized by analyti-
cal, spectroscopic, and X-ray diffraction methods. The low-
temperature crystal structure of the anion [Tl(C6Cl5)4]


� and
that of the neutral species [Sn(C6Cl5)4] are shown in Fig-
ures 3 and 4, with selected bond lengths and angles detailed
in Tables 4 and 5, respectively. The molecular geometries of
these species can also be described as slightly elongated tet-
rahedra (D2d symmetry), the elongation being more pro-
nounced in 3 (S(Td) = 1.27)[35] and 4 (S(Td) = 0.97)[35] than
in their corresponding isoleptic species 1’ and 2 (vide supra).
Tetraaryl derivatives of Group 14 elements, [ER4] (R = aryl
group; E = C, Si, Ge, Sn, Pb), have been thoroughly stud-
ied from both the chemical and structural point of view.[55]


Amongst the many known [SnR4] representatives, the struc-
tural features of [SnPh4]


[56] and [Sn(C6F5)4]
[57] seemed partic-


ularly relevant to us because of their obvious relationship
with 4 (Table 3). The first coordination sphere of Sn in
[SnPh4] is a virtually perfect tetrahedron with a very narrow
range of C�M�C angles (108.6(1)8 and 111.2(2)8) and
almost identical edge lengths (Cipso¥¥¥Cipso 347.4 and


Table 3. Geometric parameters associated with the structurally characterized homoleptic aryl-metal derivatives [MR4]
q� of first-row transition-metals


with approximately tetrahedral structure (selected main-group derivatives are also included for comparison).


Compound Electron config. Space group M�C [pm] C-M-C [8] C¥¥¥C[a] [pm] Ref.


[Tiiv(C6Cl5)4] (2) d0 P4≈21c 211.9(6) [î4] 103.5(3) [î2] 332.8 [î2] this work
112.5(2) [î4] 352.5 [î4]


[Tiiii(C6Cl5)4]
� (1’) d1 C2/c 220.7(5) [î4] 97.9(2) 333.5 this work


98.5(2) 334.3
114.0(2) [î2] 370.3 [î2]
116.8(2) [î2] 375.9 [î2]


[Viv(C6H2Me3-2,4,6)4] d1 P21/c 207.1(8) 96.4(3) 309.3 TMESYV[51]


207.3(6) 97.7(3) 313.6
207.5(8) 114.4(3) 348.4
209.5(7) 115.7(3) 351.9


116.2(3) 353.0
117.8(3) 356.9


[Viii(C6Cl5)4]
� d2 Pbca 214.2(5) 98.1(2) 325.6 OCEWIC[50]


214.4(5) 101.2(2) 331.3
215.2(5) 112.1(2) 357.0
215.8(6) 112.6(2) 357.3


116.1(2) 365.0
117.6(2) 367.6


[Tl(C6Cl5)4]
� (3) d10 P21/c 223.0(14) 95.7(4) 333.9 this work


225.0(11) 97.8(5) 337.7
225.4(12) 114.1(5) 377.9
225.5(13) 115.0(5) 378.3


117.1(5) 382.6
118.6(4) 387.3


[Sn(C6H5)4] d10 P21c 213.9(4) [î4] 108.6(1) [î4] 347.4 [î4] TPHESN02[56]


111.2(2) [î2] 352.9 [î2]
[Sn(C6F5)4] d10 I41/a 212.6(8) [î4] 105.5(4) [î2] 338.1 [î2] TFUPSN[57]


111.5(2) [î4] 351.3 [î4]
[Sn(C6Cl5)4] (4) d10 C2/c 216(1) [î2] 97.6(3) 326.7 this work


99.2(4) 330.2
217.7(9) [î2] 114.5(4) 364.1


114.7(4) 365.0
115.5(4) 366.8
116.3(4) 369.8


[a] Nonbonded distances between C-donor atoms.
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352.9 pm). Little structural change is observed in the molec-
ular geometry of the perfluorinated species [Sn(C6F5)4], not
even in the Sn�C bond lengths (212.6(8) versus
213.9(4) pm), in spite of the different electron-withdrawing
ability attributed to the Ph and the C6F5 groups.


[58] [SnPh4]
and [Sn(C6F5)4] crystallize in tetragonal space groups (P4≈21c
and I41/a, respectively) with the Sn atoms located on S4 sym-
metry sites, as seems to be the tendency of [ER4] molecules
when there is no energy penalty associated.[55a] The fact that
1’ and 3 crystallize in nontetragonal space groups (C2/c and
P21/c, respectively) could be attributed to the inappropriate
symmetry of the cations [Li(thf)2(OEt2)2]


+ and [N(PPh3)2]
+ .


There is no obvious reason, however, why [Ti(C6Cl5)4] (2)
crystallizes in the tetragonal P4≈21c space group, while its iso-
leptic species [Sn(C6Cl5)4] (4) crystallises in the C2/c group.
The Sn�C distances in 4 (216(1) and 218(1) pm) are slightly
longer than in [SnPh4] and in [Sn(C6F5)4] (Table 3). The C-
Sn-C angles are between 97.6(3)8 and 116.3(4)8, defining an


elongated tetrahedron with edges ranging from 326.7 to
369.8 pm. A wider range for Cipso¥¥¥Cipso nonbonded distances
(between 333.9 and 387.3 pm) is observed in the anion
[Tl(C6Cl5)4]


� , in keeping with a wider range of C-M-C


Figure 3. Structure of the anion of 3¥0.75CH2Cl2¥0.5C6H14 (thermal ellip-
soid diagram; 50% probability).


Figure 4. Structure of 4¥0.25C2Cl4 (thermal ellipsoid diagram; 50% prob-
ability).


Table 4. Selected interatomic distances [pm] and angles [8] and their esti-
mated standard deviations for the anion of 3¥0.75CH2Cl2¥0.5C6H14.


Tl�C(1) 223.0(14) C(1)-Tl-C(7) 117.1(5)
Tl�C(7) 225.5(13) C(1)-Tl-C(13) 115.0(5)
Tl�C(13) 225.0(11) C(1)-Tl-C(19) 97.8(5)
Tl�C(19) 225.4(12) C(7)-Tl-C(13) 95.7(4)
C(1)�C(2) 138.7(17) C(7)-Tl-C(19) 114.1(5)
C(1)�C(6) 140.1(18) C(13)-Tl-C(19) 118.6(4)
C(2)�Cl(2) 172.1(13) Tl-C(1)-C(2) 125.3(10)
C(6)�Cl(6) 174.9(13) Tl-C(1)-C(6) 119.9(9)
Tl¥¥¥Cl(2) 354.6(3) C(2)-C(1)-C(6) 114.7(12)
Tl¥¥¥Cl(6) 337.8(3) C(1)-C(2)-Cl(2) 119.8(10)
C(7)�C(8) 141.0(16) C(1)-C(6)-Cl(6) 118.8(11)
C(7)�C(12) 137.1(18) Tl-C(7)-C(8) 124.6(10)
C(8)�Cl(8) 174.5(13) Tl-C(7)-C(12) 120.7(9)
C(12)�Cl(12) 174.2(11) C(8)-C(7)-C(12) 114.2(11)
Tl¥¥¥Cl(8) 355.3(3) C(7)-C(8)-Cl(8) 119.0(10)
Tl¥¥¥Cl(12) 337.2(4) C(7)-C(12)-Cl(12) 118.1(10)
C(13)�C(14) 138.8(16) Tl-C(13)-C(14) 118.2(8)
C(13)�C(18) 139.4(15) Tl-C(13)-C(18) 126.5(8)
C(14)�Cl(14) 173.6(12) C(14)-C(13)-C(18) 114.7(11)
C(18)�Cl(18) 175.4(11) C(13)-C(14)-Cl(14) 119.3(10)
Tl¥¥¥Cl(14) 334.2(3) C(13)-C(18)-Cl(18) 118.2(9)
Tl¥¥¥Cl(18) 357.0(3) Tl-C(19)-C(20) 118.5(9)
C(19)�C(20) 138.3(16) Tl-C(19)-C(24) 125.8(9)
C(19)�C(24) 140.8(16) C(20)-C(19)-C(24) 115.0(11)
C(20)�Cl(20) 174.6(12) C(19)-C(20)-Cl(20) 119.7(9)
C(24)�Cl(24) 174.5(13) C(19)-C(24)-Cl(24) 118.0(9)
Tl¥¥¥Cl(20) 336.1(3)
Tl¥¥¥Cl(24) 356.3(3)


Table 5. Selected interatomic distances [pm] and angles [8] and their esti-
mated standard deviations for 4¥0.25C2Cl4.


Sn�C(1) 217.7(9) C(1)-Sn-C(7) 99.2(4)
Sn�C(7) 216.0(10) C(1)-Sn-C(13) 116.3(4)
Sn�C(13) 217.7(9) C(1)-Sn-C(19) 114.5(4)
Sn�C(19) 216.3(10) C(7)-Sn-C(13) 115.5(4)
C(1)�C(2) 140.3(12) C(7)-Sn-C(19) 114.7(4)
C(1)�C(6) 137.8(13) C(13)-Sn-C(19) 97.6(3)
C(2)�Cl(2) 174.4(9) Sn-C(1)-C(2) 117.1(7)
C(6)�Cl(6) 172.5(10) Sn-C(1)-C(6) 125.7(7)
Sn¥¥¥Cl(2) 326.5(3) C(2)-C(1)-C(6) 116.9(9)
Sn¥¥¥Cl(6) 351.9(3) C(1)-C(2)-Cl(2) 118.9(8)
C(7)�C(8) 136.6(12) C(1)-C(6)-Cl(6) 119.9(8)
C(7)�C(12) 142.4(13) Sn-C(7)-C(8) 119.3(7)
C(8)�Cl(8) 171.4(10) Sn-C(7)-C(12) 124.6(7)
C(12)�Cl(12) 173.4(10) C(8)-C(7)-C(12) 115.9(9)
Sn¥¥¥Cl(8) 329.15(25) C(7)-C(8)-Cl(8) 119.5(8)
Sn¥¥¥Cl(12) 353.5(3) C(7)-C(12)-Cl(12) 120.2(8)
C(13)�C(14) 136.5(12) Sn-C(13)-C(14) 117.8(7)
C(13)�C(18) 141.2(12) Sn-C(13)-C(18) 124.4(7)
C(14)�Cl(14) 172.0(10) C(14)-C(13)-C(18) 117.6(9)
C(18)�Cl(18) 172.6(10) C(13)-C(14)-Cl(14) 120.1(7)
Sn¥¥¥Cl(14) 327.2(3) C(13)-C(18)-Cl(18) 120.5(7)
Sn¥¥¥Cl(18) 352.9(3) C(20)-C(19)-C(24) 116.0(9)
C(19)�C(20) 137.6(12) Sn-C(19)-C(20) 118.1(7)
C(19)�C(24) 139.7(13) Sn-C(19)-C(24) 125.7(8)
C(20)�Cl(20) 172.4(10) C(19)-C(20)-Cl(20) 119.5(8)
C(24)�Cl(24) 173.9(10) C(19)-C(24)-Cl(24) 119.9(8)
Sn¥¥¥Cl(20) 327.1(3)
Sn¥¥¥Cl(24) 353.6(3)
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angles (C-Tl-C 95.7(4)±118.6(4)8). The Tl�C distances in 3
(223.0(14) and 225.5(13) pm) are longer than those found in
other four-coordinate perhaloaryl thallium(iii) derivatives,
like in neutral [Tl(C6F5)3(OPPh3)] (Tl�C 218.0(4)±219.2(4)
pm)[59] or in the anionic species [Tl(C6F5)2Cl2]


� (Tl�C
216.7(7) and 217.7(7) pm).[59] Tl�C bond lengths ranging
from 216.9(9) to 222.4(9) pm were found in the homoleptic,
three-coordinate compound [Tl(C6H2Me3-2,4,6)3].


[60] Long
M¥¥¥Clortho distances are observed in 3 and 4 (Table 4 and
Table 5), suggesting that they are to be considered as non-
bonded distances. Less marked swings of the C6Cl5 rings are
observed in 3 and 4 than in their corresponding isoleptic ti-
tanium derivatives 1’ and 2.
The IR spectra of 3 and 4 show single absorptions at 826


and 846 cm�1 respectively, assignable to the only IR active
X-sensitive vibration mode[8] expected for tetrahedral
[E(C6Cl5)4]


q� species (q = 0, 1; Td, IR active GM�C funda-
mentals: F2).


The Zr and Hf compounds : The low-temperature treatment
of ZrBr4 or HfI4 with LiC6Cl5 in Et2O gave no reaction
since, in both cases, unaltered starting material was recov-
ered from the reaction medium in nearly quantitative yield.
The reaction of MCl4 (M = Zr, Hf) with LiC6Cl5 under sim-
ilar conditions afforded lithium-containing mixtures from
which no well-defined product could be isolated. Consider-
ing the possibility that anionic complex species could have
formed, [NBu4]Br was added after the arylation process
and, by so doing, the heteroleptic compounds [NBu4]-
[M(C6Cl5)3Cl2] (M = Zr (5), Hf (6)) could be isolated in
about 70% yield [Eq. (4)]. No halide replacement (Cl� by
Br�) was observed in the final product.


Interestingly, the reaction of ZrCl4 with LiC6F5 has recent-
ly been reported to also proceed with partial arylation; in
this case, salts of the more negatively charged anions [(OC-
6-12)-Zr(C6F5)4Cl2]


2� and [(PBPY-7-11)-Zr(C6F5)5F2]
3� were


obtained depending on the specific reaction conditions.[61]


Compounds 5 and 6 were identified by analytical, spectro-
scopic, and X-ray diffraction methods. They are isomor-
phous and virtually isostructural with very similar cell di-
mensions and volume (Table 8). The molecular structures of
the anions [M(C6Cl5)3Cl2]


� as found in crystals of
5¥0.75CH2Cl2 and 6¥0.5CH2Cl2 are jointly depicted in
Figure 5. Selected bond lengths and angles are to be found
in Tables 6 and 7. The metal atoms are in trigonal bipyrami-
dal (TBPY-5) environments, as evidenced by the near-to-
unit values of the angular structural parameter, t, of 0.905
for 5 and 0.913 for 6.[62] The axial positions are occupied by
the Cl atoms and the C6Cl5 groups in the trigonal equatorial
plane are tilted and hellicoidally arranged around the Cl�
M�Cl axes. This (TBPY-5-11) geometry is in keeping with
the appearance of single absorptions in the IR spectra of 5


Figure 5. Structure of the anions [M(C6Cl5)3Cl2]
� of 5¥0.75CH2Cl2 (M =


Zr) and 6¥0.5CH2Cl2 (M = Hf) (thermal ellipsoid diagram; 50% proba-
bility).


Table 6. Selected interatomic distances [pm] and angles [8] and their esti-
mated standard deviations for the anion of 5¥0.75CH2Cl2.


Zr�C(1) 229.6(6) Cl(19)-Zr-Cl(20) 177.49(7)
Zr�C(7) 233.8(7) C(1)-Zr-C(7) 121.2(2)
Zr�C(13) 232.8(7) C(1)-Zr-C(13) 123.2(2)
Zr�Cl(19) 241.55(18) C(7)-Zr-C(13) 115.6(2)
Zr�Cl(20) 241.65(18) Cl(19)-Zr-C(1) 92.17(17)
C(1)�C(2) 139.4(9) Cl(19)-Zr-C(7) 90.86(17)
C(1)�C(6) 139.0(10) Cl(19)-Zr-C(13) 87.66(16)
C(2)�Cl(2) 175.9(7) Cl(20)-Zr-C(1) 90.26(17)
C(6)�Cl(6) 174.8(8) Cl(20)-Zr-C(7) 88.38(17)
C(7)�C(8) 136.9(9) Cl(20)-Zr-C(13) 90.51(16)
C(7)�C(12) 138.9(9) Zr-C(1)-C(2) 122.6(5)
C(8)�Cl(8) 174.6(7) Zr-C(1)-C(6) 123.2(5)
C(12)�Cl(12) 174.4(7) C(2)-C(1)-C(6) 114.0(6)
C(13)�C(14) 141.0(9) Zr-C(7)-C(8) 120.6(5)
C(13)�C(18) 138.1(9) Zr-C(7)-C(12) 123.6(5)
C(14)�Cl(14) 173.8(7) C(8)-C(7)-C(12) 115.6(6)
C(18)�Cl(18) 174.9(7) Zr-C(13)-C(14) 123.1(5)


Zr-C(13)-C(18) 121.5(5)
C(14)-C(13)-C(18) 114.8(6)


Table 7. Selected interatomic distances [pm] and angles [8] and their esti-
mated standard deviations for the anion of 6¥0.5CH2Cl2.


Hf�C(1) 225.9(13) Cl(19)-Hf-Cl(20) 177.68(13)
Hf�C(7) 229.7(13) C(1)-Hf-C(7) 122.9(5)
Hf�C(13) 230.6(13) C(1)-Hf-C(13) 121.7(5)
Hf�Cl(19) 240.0(3) C(7)-Hf-C(13) 115.4(5)
Hf�Cl(20) 240.2(3) Cl(19)-Hf-C(1) 90.0(3)
C(1)�C(2) 144.0(19) Cl(19)-Hf-C(7) 90.5(3)
C(1)�C(6) 142(2) Cl(19)-Hf-C(13) 88.7(3)
C(2)�Cl(2) 174.5(16) Cl(20)-Hf-C(1) 92.2(3)
C(6)�Cl(6) 173.2(14) Cl(20)-Hf-C(7) 87.8(3)
C(7)�C(8) 137.3(19) Cl(20)-Hf-C(13) 90.7(3)
C(7)�C(12) 140.4(19) Hf-C(1)-C(2) 124.3(10)
C(8)�Cl(8) 174.9(15) Hf-C(1)-C(6) 123.2(10)
C(12)�Cl(12) 174.6(15) C(2)-C(1)-C(6) 112.3(12)
C(13)�C(14) 139.0(19) Hf-C(7)-C(8) 121.6(10)
C(13)�C(18) 140.4(18) Hf-C(7)-C(12) 123.7(9)
C(14)�Cl(14) 173.4(13) C(8)-C(7)-C(12) 114.2(12)
C(18)�Cl(18) 173.0(14) Hf-C(13)-C(14) 124.9(10)


Hf-C(13)-C(18) 119.7(10)
C(14)-C(13)-C(18) 115.0(12)
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(321 cm�1) and 6 (295 cm�1), attributable to n(M�Cl) (D3h,
IR active GM�Cl fundamentals : A00


2). Single absorptions assign-
able to the X-sensitive vibration modes of the C6Cl5
groups[8] are also observed in the IR spectra of 5 (at
833 cm�1) and 6 (at 834 cm�1), in agreement with symmetry
expectations (D3h, IR active GM�C fundamentals: E’). A de-
fined absorption could not, however, be assigned to n(M�
C). The Zr�Cl bond lengths (ca. 242(2) pm) do not signifi-
cantly depart from those found for instance in [ZrCp2Cl2]
(Zr�Cl 243.6(5) and 244.6(5) pm).[63] The Zr�C6Cl5 distances
in 5 (Zr�C 229.6(6)±233.8(7) pm) are also similar to the Zr�
C6H5 distances found in [ZrCp2Ph2] (Zr�C 229.7(2) and
230.4(2) pm).[64] The recently reported crystal structure of
[Zr(CH2CMe3)3Cl] reveals a polymeric chain structure
[{Zr(CH2CMe3)3(m-Cl)}¥] made of TBPY-5 ¥¥¥Cl�
Zr(CH2CMe3)3�Cl¥¥¥ units.[65] The significantly longer axial
Zr�Cl distances (254.7(1) pm) found in the polymeric com-
pound can be explained by the bridging function of the Cl
atoms and the shorter equatorial Zr�C distances (ca.
219.9(4) pm) may be due to the neutral character of the
complex species. Apart from these understandable differen-
ces, the overall geometries around the Zr centers in the poly-
meric (R = CH2CMe3) and discrete (R = C6Cl5) ™Cl�
ZrR3�Cl∫ species are rather similar. Compound 6 shows vir-
tually the same structural features as 5 with slightly shorter
M�Cl and M�C distances for Hf than for Zr. This is a
normal observation in the organometallic chemistry of these
metals and has been attributed to the slightly smaller size of
Hf.[66]


The electrochemical behavior of 5 and 6 was studied by
cyclic voltammetry, but no defined electron exchange proc-
ess was observed between �1.6 and +1.6 V in CH2Cl2 solu-
tion.


Concluding Remarks


The highly unusual organotitanium derivatives [Li(thf)4]-
[Tiiii(C6Cl5)4] (1) and [Tiiv(C6Cl5)4] (2) have been prepared
and characterized. These species are related by an electro-
chemically reversible one-electron redox process, occurring
at near-zero potential (E1/2 = 0.05 V in CH2Cl2 solution).
The crystal structures of [Li(thf)2(OEt2)2][Ti


iii(C6Cl5)4] (1’)
and 2 have been established by X-ray diffraction methods,
thus providing, for the first time, unequivocal structural in-
formation about homoleptic s-organotitanium(iii) and -tita-
nium(iv) compounds. High-yield procedures to prepare
[N(PPh3)2][Tl(C6Cl5)4] (3) and [Sn(C6Cl5)4] (4) have also
been devised and their crystal structures have been deter-
mined for comparison purposes. Our attempts to obtain sim-
ilar homoleptic Zr and Hf derivatives gave instead the five-
coordinate compounds [NBu4][(TBPY-5-11)-M(C6Cl5)3Cl2]
(M = Zr (5), Hf (6)) as the result of partial arylation. The
metal coordination environments found in compounds 1’±4
can be described–regardless of their different electron con-
figurations–as elongated tetrahedra (D2h symmetry). Grow-
ing distortions are found for the [M(C6Cl5)4]


q� species (q =


0, 1) as follows: 2 (Tiiv : d0)<4 (Sniv : d10)�1’(Tiiii : d1)<3
(Tliii : d10). In all cases, the swing observed in the C6Cl5 rings


can be attributed to steric problems associated with the
nearly tetrahedral packing of these ligands around the metal
center. No evidence has been found suggesting the existence
of additional secondary bonding interactions between the
metal and any of the ortho-Cl atoms of the C6Cl5 groups.
All these structural features allow us to consider the main-
group derivatives 3 and 4 as 18-electron species, while the
organotitanium compounds 1 and 2 can be viewed as highly
unsaturated nine- and eight-electron species, respectively.
Any p contribution to the Tiiv�C6Cl5 bond in the most unsa-
turated species 2 can be considered as negligible because 1)
the marked electron-withdrawing character of the C6Cl5
group[14] would inhibit any additional p-donation from the
ligand, and 2) the lack of d electrons on titanium (d0) makes
the metal-to-ligand p-backbonding mechanism impossible.


Experimental Section


General : All reactions and manipulations were carried out under purified
argon using Schlenk techniques. Solvents were dried by standard methods
and distilled prior to use. The starting materials [TiCl3(thf)3],


[67]


[SnCl4(thf)2],
[68] [NBu4][Tl(C6Cl5)4],


[52] LiC6Cl5,
[69] and [N(PPh3)2]Cl


[70]


were prepared as described elsewhere. The aminium salt [N(C6H4Br-4)3]-
[SbCl6] and the metal halides MCl4 (M = Ti, Zr, Hf) were purchased
(Aldrich) and used as received. Elemental analyses were carried out with
a Perkin±Elmer 2400-Series II microanalyzer. IR spectra of KBr discs
were recorded on the following Perkin±Elmer spectrophotometers: 883
(4000±200 cm�1) or Spectrum One (4000±350 cm�1). NMR spectra were
recorded on a Varian Unity-300 spectrometer. Unless otherwise stated,
the spectroscopic measurements were carried out at room temperature.
Mass spectra were recorded on a VG-Autospec spectrometer using the
standard Cs-ion FAB (acceleration voltage: 35 kV). Electrochemical
studies were carried out using an EG&G model 273 potentiostat in con-
junction with a three-electrode cell, in which the working electrode was a
platinum disc, the auxiliary electrode a platinum wire, and the reference
an aqueous saturated calomel electrode (SCE) separated from the test
solution by a fine-porosity frit and an agar bridge saturated with KCl.
Where possible, solutions were 5î10�4 moldm�3 in the test compound
and 0.1 moldm�3 in [NBu4][PF6] as the supporting electrolyte. At the end
of each voltammetric experiment, [Fe(h5-C5H5)2] was added to the solu-
tion as an internal standard for potential measurements. Under the con-
ditions used, the Eo value for the couple [Fe(h5-C5H5)2]


+±[Fe(h5-C5H5)2]
was 0.47 V.


Synthesis of [Li(thf)4][Tiiii(C6Cl5)4] (1): A cooled suspension of
[TiCl3(thf)3] (2.37 g, 6.40 mmol) in Et2O (15 mL) was slowly added by
cannula to a solution of LiC6Cl5 (ca. 32 mmol) in Et2O (70 mL) at
�78 8C. The mixture was allowed to warm up to 0 8C and was stirred in
an ice bath for 3.5 h. By then, an orange solid had formed, which was fil-
tered off and treated with CH2Cl2 (70 mL) at 0 8C. The extract was
evaporated to dryness and the resulting residue was redissolved in thf
(10 mL) and filtered. The diffusion of Et2O (50 mL) overlaid on the pre-
ceding solution at �30 8C caused the crystallization of 1 as an orange
solid that turned yellow when vacuum dried (2.76 g, 2.06 mmol; 32%
yield). Crystals suitable for X-ray diffraction analysis with formula [Li-
(thf)2(OEt2)2][Ti(C6Cl5)4]¥CH2Cl2 (1’) were obtained by slow diffusion of
a layer of Et2O (30 mL) into a solution of 1 (50 mg) in CH2Cl2 (10 mL)
at �30 8C. IR (KBr): ñmax = 1507 (m), 1461 (m), 1312 (s), 1283 (vs), 1224
(m), 1141 (m), 1063 (s), 1043 (s; C-O-Casym),


[9] 887 (m; C-O-Csym),
[9] 827


(vs; C6Cl5: X-sensitive vibration),[8] 666 cm�1 (vs); MS (FAB): m/z : 1036
[Ti(C6Cl5)4]


� , 824 [Ti(C6Cl5)3Cl]
� , 577 [Ti(C6Cl5)2Cl]


� , 365
[Ti(C6Cl5)Cl2]


� ; elemental analysis calcd (%) for C40H32Cl20LiO4Ti: C
35.8, H 2.4; found: C 36.6, H 2.3.


Synthesis of [Tiiv(C6Cl5)4] (2): Solid 1 (1.72 g, 1.28 mmol) was added in
small portions to a suspension of [N(C6H4Br-4)3][SbCl6] (0.52 g,
0.64 mmol) in CH2Cl2 (10 mL) at 0 8C (ice bath). The initially blue sus-
pension changed gradually to orange. After the mixture had been stirred
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for 30 min at the same temperature, the orange solid was filtered, washed
with CH2Cl2 (3î3 mL), and vacuum dried (2 : 0.57 g, 0.55 mmol; 43%
yield). Crystals suitable for X-ray diffraction analysis were obtained in
situ by slow diffusion of a CH2Cl2 solution of Cl2 overlaid on another
CH2Cl2 solution of 1 at �30 8C. IR (KBr): ñmax = 1502 (m), 1396 (m),
1322 (s), 1315 (s), 1289 (vs), 1150 (s), 1075 (s), 842 (s; C6Cl5: X-sensitive
vibration),[8] 740 (w), 678 cm�1 (s); MS (FAB): m/z : 1036 [Ti(C6Cl5)4]


� ; el-
emental analysis calcd (%) for C24Cl20Ti: C 27.6; found: C 27.25.


Synthesis of [N(PPh3)2][Tl(C6Cl5)4] (3): [N(PPh3)2]Cl (0.82 g, 1.43 mmol)
was added to a solution of [NBu4][Tl(C6Cl5)4] (1.04 g, 0.72 mmol) in
CH2Cl2 (25 mL). After 30 min of stirring, the mixture was concentrated
by evaporation. Addition of iPrOH (30 mL) caused the precipitation of
an off-white solid, which was washed with iPrOH (3î10 mL) and Et2O
(3î3 mL), and vacuum dried (3 : 1.13 g, 0.65 mmol; 90% yield). Crystals
suitable for X-ray diffraction analysis were obtained by slow diffusion of
a layer of n-hexane (10 mL) into a solution of 3 (15 mg) in CH2Cl2
(3 mL) at �30 8C. IR (KBr): ñmax = 1438 (m), 1316 (s), 1289 (vs), 1264
(sh), 1184 (w), 1147 (w), 1115 (m; [N(PPh3)2]


+), 1061 (w), 998 (w), 826
(m; C6Cl5: X-sensitive vibr.),


[8] 745 (w; [N(PPh3)2]
+), 723 (m; [N(PPh3)2]


+


), 691 (m; [N(PPh3)2]
+), 670 (m), 547 (m; [N(PPh3)2]


+), 534 (m;
[N(PPh3)2]


+), 500 cm�1 (m; [N(PPh3)2]
+); MS (FAB): m/z : 1193


[Tl(C6Cl5)4]
� , 981 [Tl(C6Cl5)3Cl]


� , 769 [Tl(C6Cl5)2Cl2]
� , 557


[Tl(C6Cl5)Cl3]
� ; elemental analysis calcd (%) for C60H30Cl20NP2Tl: C


41.4, H 1.7, N 0.8; found: C 40.4, H 1.4, N 0.8.


Synthesis of [Sn(C6Cl5)4] (4): [SnCl4(thf)2] (0.70 g, 1.73 mmol) was added
to a solution of LiC6Cl5 (ca. 10 mmol) in Et2O (60 mL) at �78 8C. The
suspension was allowed to warm up to room temperature and, after 15 h
of stirring, the white solid was filtered, washed with Et2O (3î7 mL) and
MeOH (3î15 mL), and vacuum dried (4 : 1.76 g, 1.58 mmol; 91% yield).
Crystals suitable for X-ray diffraction analysis were obtained by slow
evaporation of a saturated CCl2=CCl2 solution of 4 at room temperature.
13C NMR (CCl2=CCl2):


[71] d = 147.97 (ipso-C), 139.23, 136.21 (p-C),
133.35; 119Sn NMR (CCl2=CCl2):


[71] d = �141.0; IR (KBr): ñmax = 1510
(m), 1336 (s), 1325 (vs), 1299 (vs), 1202 (w), 1170 (m), 1082 (m), 846 (s;
C6Cl5: X-sensitive vibr.),[8] 712 (w), 682 (s), 620 cm�1 (w); MS (FAB):
m/z : 861 [Sn(C6Cl5)3]


+ , 649 [Sn(C6Cl5)2Cl]
+ ; elemental analysis calcd (%)


for C24Cl20Sn: C 25.8; found: C 26.65.


Synthesis of [NBu4][Zr(C6Cl5)3Cl2] (5): ZrCl4 (0.77 g, 3.30 mmol) was
added to a solution of LiC6Cl5 (ca. 23 mmol) in Et2O (50 mL) at �78 8C
and the resulting suspension was allowed to warm up to �30 8C. At this
temperature, [NBu4]Br (1.06 g, 3.30 mmol) was further added and the
mixture was allowed to reach 0 8C. After the mixture had been stirred for
3 h, the light brown solid in suspension was filtered off, washed with
Et2O (3î7 mL) and vacuum dried. The solid was treated with CH2Cl2
(50 mL) at 0 8C and the extract was filtered and concentrated to about
10 mL. Addition of a Et2O layer (40 mL) on the preceding solution and
subsequent diffusion at �30 8C gave a brown solid, which was filtered off,
washed with Et2O (3î5 mL), and vacuum dried (5 : 2.66 g, 2.30 mmol;
70% yield). Crystals suitable for X-ray diffraction analysis were obtained
by slow diffusion of a layer of n-hexane (15 mL) into a solution of 5
(40 mg) in CH2Cl2 (6 mL) at �30 8C. 13C NMR ([2H]chloroform,
�20 8C):[72] d = 180.12 (ipso-C), 138.02, 131.56 (p-C), 129.80; IR (KBr):
ñmax = 1509 (m), 1480 (m), 1470 (m), 1396 (m), 1381 (m), 1324 (m), 1314
(s), 1284 (vs), 1221 (w), 1167 (w), 1146 (m), 1067 (s), 876 (w; NBu4


+),
833 (s; C6Cl5: X-sensitive vibr.),[8] 739 (w; NBu4


+), 670 (s), 321 cm�1 (m;
Zr�Cl); MS (FAB): m/z : no peaks were observed; elemental analysis
calcd (%) for C34H36Cl17NZr: C 35.4, H 3.15, N 1.2; found: C 36.2, H 3.6,
N 2.4.


Synthesis of [NBu4][Hf(C6Cl5)3Cl2] (6): Using the procedure just de-
scribed for synthesizing 5, 6 was prepared by using HfCl4 (2.03 g,
6.34 mmol), LiC6Cl5 (ca. 45 mmol), and [NBu4]Br (2.04 g, 6.34 mmol).
Complex 6 was obtained as a brown solid (5.20 g, 4.20 mmol; 66% yield).
Crystals suitable for X-ray diffraction analysis were obtained by slow dif-
fusion of a layer of n-hexane (15 mL) into a solution of 6 (35 mg) in
CH2Cl2 (6 mL) at �30 8C. 13C NMR ([2H]dichloromethane, �20 8C):[72]
d = 191.81 (ipso-C), 137.72, 131.94, 131.68 (p-C); IR (KBr): ñmax = 1509
(m), 1480 (m), 1470 (m), 1396 (m), 1381 (w), 1324 (m), 1316 (s), 1284
(vs), 1218 (w), 1167 (w), 1148 (w), 1070 (s), 878 (w; NBu4


+), 834 (s;
C6Cl5: X-sensitive vibr.),


[8] 739 (w; NBu4
+), 670 (s), 295 cm�1 (m; Hf�Cl);


MS (FAB): m/z : 991 [Hf(C6Cl5)3Cl2]
� , 779 [Hf(C6Cl5)2Cl3]


� , 567


[Hf(C6Cl5)Cl4]
� ; elemental analysis calcd (%) for C34H36Cl17HfN: C 32.9,


H 2.9, N 1.1; found: C 33.5, H 3.5, N 1.0.


X-ray structure determinations : Crystal data and other details of the
structure analyses are presented in Table 8. Suitable crystals of 1’±6 were
obtained as indicated in each synthetic procedure. Crystals were mounted
at the end of a glass fibre and held in place with either epoxy adhesive or
a fluorinated oil.


1’: unit cell dimensions were determined using 25 centered reflections in
the range 20.4<2q<31.38. All diffraction measurements were made on
an Enraf±Nonius CAD-4 diffractometer in a quarter of reciprocal space
for 4.0<2q<50.08 by w scans. An absorption correction was applied on
the basis of 422 azimuthal scan data (maximum and minimum transmis-
sion coefficients were 0.792 and 0.747).


2¥2CH2Cl2: unit cell dimensions were initially determined from the posi-
tions of 43 reflections in 60 intensity frames measured at 0.38 intervals in
w and subsequently refined on the basis of positions for 2483 reflections
from the main data set. A hemisphere of data was collected on a Bruker
SMART APEX diffractometer based on three w-scan runs (starting w =


�288) at values f = 08, 908, and 1808 with the detector at 2q = 288. For
each of these runs, frames were collected at 0.38 intervals and 10 s per
frame. The diffraction frames were integrated using the SAINT pack-
age[73] and corrected with SADABS.[74]


3¥0.75CH2Cl2¥0.5C6H14: unit cell dimensions were initially determined
from the positions of 60 reflections in 90 intensity frames measured at
0.38 intervals in w and subsequently refined on the basis of positions for
2052 reflections from the main data set. A hemisphere of data was col-
lected on a Bruker SMART APEX diffractometer based on three w-scan
runs (starting w = �288) at values f = 08, 908, and 1808 with the detec-
tor at 2q = 288. For each of these runs, frames were collected at 0.38 in-
tervals and 20 s per frame. The diffraction frames were integrated using
the SAINT package[73] and corrected with SADABS.[74]


4¥0.25C2Cl4: unit cell dimensions were initially determined from the posi-
tions of 42 reflections in 90 intensity frames measured at 0.38 intervals in
w and subsequently refined on the basis of positions for 1149 reflections
from the main data set. A hemisphere of data was collected on a Bruker
SMART APEX diffractometer based on three w-scan runs (starting w =


�288) at values f = 08, 908, and 1808 with the detector at 2q = 288. For
each of these runs, frames were collected at 0.38 intervals and 10 s per
frame. The diffraction frames were integrated using the SAINT pack-
age[73] and corrected with SADABS.[74]


5¥0.75CH2Cl2: unit cell dimensions were determined using 25 centered re-
flections in the range 22.0 < 2q < 30.58. All diffraction measurements
were made on an Enraf±Nonius CAD-4 diffractometer in a quarter of re-
ciprocal space for 4.0 <2q<50.08 by w scans. An absorption correction
was applied on the basis of 407 azimuthal scan data (maximum and mini-
mum transmission coefficients were 0.845 and 0.745).


6¥0.5CH2Cl2: unit cell dimensions were determined using 25 centered re-
flections in the range 22.2<2q<31.28. All diffraction measurements
were made on an Enraf±Nonius CAD-4 diffractometer in a quarter of re-
ciprocal space for 4.0<2q<50.08 by w scans. An absorption correction
was applied on the basis of 492 azimuthal scan data (maximum and mini-
mum transmission coefficients were 0.854 and 0.664).


The structures were solved by Patterson and Fourier methods. All refine-
ments were carried out using the programs SHELXL-93 (for 1’)[75] and
SHELXL-97.[76] All non-hydrogen atoms were assigned anisotropic dis-
placement parameters and refined without positional constraints except
as noted below. All hydrogen atoms were constrained to idealized geo-
metries and assigned isotropic displacement parameters 1.2 times the Uiso


value of their attached carbon atoms (1.5 times for methyl hydrogen
atoms). For 2¥CH2Cl2 no H atoms were added to the solvent molecule.
For 3¥0.75CH2Cl2¥0.5C6H14 two dichloromethane molecules were found
at 0.5 and 0.25 occupancies, respectively; the solvent atoms were refined
with isotropic displacement parameters and no H atoms were added; the
n-hexane molecule is located on an inversion center, so only half the
molecule is found in the asymmetric unit. In the solvent area of
4¥0.25C2Cl4 only two Cl atoms could be located, they being refined with
isotropic displacement parameters. For 5¥0.75CH2Cl2 the solvent mole-
cules were found to be disordered over two positions sharing the C
atom; the occupancy of the Cl atoms within each set was 0.60 and 0.15,
respectively; a common set of thermal anisotropic displacement parame-


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4186 ± 41974194


FULL PAPER B. MenjÛn et al.



www.chemeurj.org





ters was used for the Cl atoms of each component of the disorder. For
6¥0.5CH2Cl2 a common set of thermal anisotropic displacement parame-
ters was used for the solvent atoms and another one for the N and a-C
atoms of the [NBu4]


+ ion. Full-matrix least-squares refinement of these
models against F2 converged to final residual indexes given in Table 8.
Lorentz and polarization corrections were applied for all the structures.


CCDC-172710, and CCDC-229859±CCDC-229863 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).


EPR measurements : EPR data were obtained in a Bruker ESP380 spec-
trometer. The magnetic field was measured with a Bruker ER035M
gaussmeter. A Hewlett±Packard HP5350B frequency counter was used to
determine the microwave frequency.
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o) + (g1P)
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o,0}+2F2
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(F2


o�F2
c)


2/(nobs�nparam)]
1/2.
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Olefins as Steering Ligands for Homogeneously Catalyzed Hydrogenations


Pascal Maire, Stephan Deblon, Frank Breher, Jens Geier, Carsten Bˆhler, Heinz R¸egger,
Hartmut Schˆnberg, and Hansjˆrg Gr¸tzmacher*[a]


Introduction


Many scientists would probably not enthusiastically recom-
mend the use of olefins as steering ligands, especially not in
transition-metal-catalyzed hydrogenations of unsaturated
bonds. Indeed, olefins are either subject to chemical changes
or are kinetically labile place holders for so-called ™vacant∫
coordination sites; in either case they are displaced from the
transition metal. However, calculations show that the iridi-
um trihydride olefin complex [Ir(H)3(PH3)2(C2H4)] (I) is
about 65 kJ mol�1 more stable than the iridium±alkyl com-
plex [Ir(H)2(PH3)2(C2H5)] (II), the first intermediate on the
hydrogenation pathway taken in olefin insertion into one
Ir�H bond. Note that the product state [IrH(C2H6)(PH3)2]
(III) is even 130 kJ mol�1 higher in energy than I, but very
labile towards dissociation into [IrH(PH3)2] + C2H6.


[1] Con-


sequently, olefin hydrogenation profits from the poor bind-
ing quality of alkanes to transition metals, from which they
escape by diffusion. When this diffusion process is sup-
pressed, might olefins then be used as steering ligands for
catalytic hydrogenations?[2±5]


Olefins have interesting electronic properties (that is,
their donor±acceptor properties can be varied over a wide
range) and a useful spatial extension for creating asymmetry.
As shown in Scheme 1, binding of a bischelate with an un-
symmetrically substituted olefin H2C=CHR, as in A, will
create a chiral complex. The alternative formulation of such
a metal olefin complex as a metallacyclopropane relates this
situation to chiral tripod complexes B containing three dif-
ferent donor centers.[6] However, while tripod ligands con-


[a] P. Maire, S. Deblon, Dr. F. Breher, J. Geier, C. Bˆhler, H. R¸egger,
H. Schˆnberg, Prof. Dr. H. Gr¸tzmacher
Department of Chemistry and Applied Biosciences
ETH-Hˆnggerberg
Wolfgang-Pauli-Strasse, 8093 Z¸rich (Switzerland)
Fax: (+41) -1-633-103
E-mail : gruetzmacher@inorg.chem.ethz.ch


Abstract: Iridium(i) complexes contain-
ing a (5H-dibenzo[a,d]cyclohepten-5-
yl)-phosphane (troppR; R = phospho-
rus-bound substituent = Ph, Cyc) as a
rigid, concave-shaped, mixed phos-
phane olefin ligand were prepared and
tested as catalyst precursors in the hy-
drogenation of imines. With the com-
plex [Ir(troppCyc)(cod)]OTf, turnover
frequencies (TOFs) of >6000 h�1 were
reached in the hydrogenation of N-
phenyl-benzylidenamine, PhN=CHPh.
Lower activities (TOF>80 h�1) are ob-
served with N-phenyl-(1-phenylethyli-
dene)amine, PhN=CMePh. Chiral
tropp-type ligands were prepared in
few simple steps. Monosubstitution of


the olefinic unit in the dibenzo[a,d]cy-
cloheptenyl moiety with (R)- or (S)-
mentholate gave mixtures of diaster-
eomers that could be separated and
isolated in enantiomerically pure form.
Iridium(i) complexes with these ligands
are rare examples of side-on bonded
enolether complexes. In catalytic imine
hydrogenations, complete conversion
(>98 %) was reached in all cases (con-
ditions: p[H2] = 50 bar, T = 50 8C, t =
2 h, substrate/catalyst 100:1). The best


enantiomeric excess (ee = 86 %
S isomer) was reached with PhN=


CMePh as substrate and the R,R form
of the (10-menthyloxy-5H-diben-
zo[a,d]cyclohepten-5-yl)diphenylphos-
phane ligand. The iridium(i) complex
containing the same phosphane gave a
60 % ee (S isomer) with the enamide
N-(1-phenylvinyl)acetamide as sub-
strate (conditions: p[H2] = 4 bar, T =


50 8C, t = 18 h, substrate/catalyst =


50:1). These reactions constitute the
first examples in which chiral olefins
have been used as steering ligands in
catalytic enantioselective hydrogena-
tions.


Keywords: enantioselectivity ¥
homogeneous catalysis ¥ hydrogena-
tion ¥ imines ¥ iridium ¥ olefins


Scheme 1. Topographical similarity between a bidentate donor-olefin
complex A with dn + 4 valence electrons and a tripod complex B with
dn + 6 valence electrons.
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tribute six electrons to the valence electron configuration
and often electronically saturate a metal complex, the ligand
sphere in A acts only as a four-electron donor.


In previous work we reported the easily achieved dehy-
drogenation reaction of the phosphane 5-diphenylphosphan-
yl-10,11-dihydro-5H-dibenzo[a,d]cycloheptene, H2troppPh,
with iridium(i) complexes to give quantitative yields of com-
plexes with the unsaturated 5-diphenylphosphanyl-5H-di-
benzo[a,d]cycloheptene (troppR 1, R = Ph = phosphorus-
bound substituent) as ligand (Scheme 2).[7]


To answer the question motivating this study, iridium
tropp complexes were synthesized and tested as catalyst pre-
cursors in catalytic hydrogenations.


Results


The iridium troppR complexes 3a and 3b were synthesized
in a straightforward and quantitative reaction (Scheme 3,
top) as deep red crystalline substances. For a first check of


catalytic activity, 3a was dissolved in a THF/cod mixture
(1:1 v/v, cod = 1,5-cyclooctadiene), and under 5 atm H2


complete conversion of cod to cyclooctane was observed.
The C=Ctrop bond remained unaffected and the solution with
the catalyst could be recycled without loss of activity.


Subsequently, the homogeneously catalyzed hydrogena-
tion of the imines[8a±j] 4 and 5 (Scheme 3, bottom) was inves-
tigated, and the results are listed in Table 1.


Excellent activity was found in the hydrogenation of ben-
zylidene aniline 4 to N-phenyl-benzylamine 6 with 3b as the


catalyst containing the P,P-di(cyclohexyl)-substituted ligand
troppCyc. A rather low activity–not unusual for imine hy-
drogenations, however–was observed when phenyl(1-phe-
nylethylidene)amine 5 was hydrogenated with 3a or 3b as
catalyst, indicating a marked steric effect on the reaction
rate.


Chiral tropp ligands with unsymmetrically substituted
C=C units were prepared in a few simple steps (Scheme 4).
First, 10-bromodibenzo[a,d]cyclohepten-5-one (8) was trans-
formed with potassium (R)-mentholate into 10-[(1R)-men-
thoxy]dibenzo[a,d]cyclohepten-5-one (90 %), which was con-
verted with NaBH4/MeOH into a mixture of the (5R/5S)-
diastereomers of 10-[(1R)-menthoxy]-5H-dibenzo[a,d]cyclo-
hepten-5-ol (94%), and subsequently into a mixture of the
diastereoisomers of the chloro compound, (R,R)-12 and
(S,R)-12. Without further purification, these compounds
were treated with diphenylphosphane to yield the mixture
of diastereoisomers of the menthoxytroppPh phosphanes (R,R)-
13 and (S,R)-13 (81 %). To prevent phosphane oxygenation,
the diastereomers were converted into the BH3 adducts, and
these were separated by column chromatography. The free
phosphanes were obtained after deprotection with morpho-
line and crystallization from acetonitrile, as colorless crystals
in enantiomerically pure form (96 % (R,R)-13 and 95 %
(S,R)-13). The same reaction sequence with potassium (S)-
mentholate gave the phosphanes (R,S)-13 and (S,S)-13.


The enantiomerically pure tetracoordinated 16-electron
complexes (R,R)-15 or (R,S)-15, or their enantiomers
(S,S)-15 and (S,R)-15, respectively (Scheme 5), were ob-
tained quantitatively by treatment of the corresponding
menthoxytroppR phosphanes 13 with [Ir(cod)2]SO3CF3 (2). The
rhodium complex (S,R)-17 was prepared in a similar way
(Scheme 5).


As with 3a, cod was cleanly hydrogenated with complexes
15 as catalyst precursors. Enantioselective hydrogenations
were investigated with phenyl(1-phenylethylidene)amine 5
and 18 as substrates. Complete conversion was achieved in
all cases under the given conditions. With (R,R)-15 as cata-
lyst, the S-configured isomer (S)-7 is formed (entry 1,
Table 2) and the observed enantiomeric excess (86 % ee) is
in the upper range obtained for this substrate.[5] When the
menthoxy substituent is shifted to the other carbon atom of
the C=Ctrop unit–that is, the stereochemistry at the 5-posi-
tion of the tropp ligand is reversed–and (S,R)-15 is em-
ployed as catalyst, (S)-7 is again obtained, although with a
lower ee. The R-configured amine (R)-7 was obtained with
identical ee values (entries 3, 4, Table 2) when the enantiom-
ers (S,S)-15 and (R,S)-15 containing the S-configured men-
thoxy substituent were used as catalysts. This experiment in-
dicates that the complexes 15 are indeed the precursors to
the catalytic active species. With N-(1-phenylvinyl)aceta-
mide 18 (which has better storage properties than 5) as sub-


Scheme 2. Dehydrogenation of H2troppR with iridium(i) complexes.


Scheme 3. Synthesis of iridium complexes 3a and 3b and catalyzed hy-
drogenations of imines 4 and 5. [a] s/c 1000, p[H2]=50 bar, T=50 8C,
[s]=1m, THF.


Table 1. Comparison of TOFs for the hydrogenation of imines 4 and 5 to
the corresponding amines 6 and 7 with catalyst precursors 3a and 3b.


cat: 3a (R = Ph) cat: 3b (R = Cyc)


TOF (4!6) [h�1] >2000 >6000
TOF (5!7) [h�1] 82 76
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strate, the S-configured isomer
(S)-19 was again obtained as
the major product (60 % ee)
with the (R,R)-configured cata-
lyst (entry 5, Table 2). However,
in contrast to the previously de-
scribed experiments with 5, the
R-configured isomer (R)-19 was
obtained in 24 % ee when the
diastereomer (S,R)-15 served as
catalyst precursor (entry 6,
Table 2).


The rhodium complex 17
showed no catalytic activity
under the given experimental
conditions. After prolonged re-
action times (days), only de-
composition under formation of
rhodium black occurred.


Solid-state and solution struc-
tures


X-ray diffraction studies : To
gain some information about
the conformations of the chiral
ligands in their non-coordinated
and coordinated forms, the


structures of the phosphanes (R,R)-13 and (S,R)-13 and of
the iridium complex (R,R)-15 were determined by X-ray
structure analysis.[9] We did not obtain suitable crystals of
(S,R)-15, but the structure of the rhodium complex (S,R)-17
was investigated. The results are shown in Figure 1. Structur-
ally characterized examples of vinyl ether complexes of the
late transition metals are rare.[10] While the C4=C5trop unit in
the complex (R,R)-15 binds almost symmetrically to the iri-
dium center (Ir�C4 228(1) pm, Ir�C5 223.1(9) pm), in the
rhodium complex 17 the C4�C5 unit of the (R,S)-13 diaster-
eomer is bonded at much longer distances and in a highly
unsymmetrical fashion to the rhodium center (Rh1�C4
231.6(3) pm, Rh1�C5 306.0(1) pm). The 13C NMR data
imply that such a slipping of the metal towards the CH of


Scheme 4. Syntheses of enantiomerically pure tropp ligands (R,R)-13, (S,R)-13, (S,S)-13, and (R,S)-13. In the
designation of the stereochemistry, the configuration at the benzylic carbon in the dibenzo[a,d]cycloheptene
moiety is given first and the configuration at the ether carbon of the menthoxy group second.


Scheme 5. Enantioselective catalytic imine hydrogenations with the iridi-
um complexes (R,R)-15, (S,R)-15, (S,S)-15, and (R,S)-15. In the designa-
tion of the stereochemistry, the configuration at the benzylic carbon in
the dibenzo[a,d]cycloheptene moiety is given first and the configuration
at the ether carbon of the menthoxy group second. [a] s/c 100, p[H2]=
50 bar, T=50 8C. [b] s/c 50, p[H2]=50 bar, T=50 8C.


Table 2. Reaction conditions and enantiomeric excesses (ees) obtained in
homogeneously catalyzed imine hydrogenations with complexes 15.


Entry Cat. Solvent Substrate t [h] Yield [%][b] % ee[c]


/product


1[a] (R,R)-15 CHCl3 5 2 >98/7 86 (S)
2[a] (S,R)-15 CHCl3 5 2 >98/7 45 (S)
3 (S,S)-15 CHCl3 5 2 >98/7 86 (R)
4 (R,S)-15 CHCl3 5 2 >98/7 45 (R)
5 (R,R)-15 CHCl3 18 18 >98/19 60 (S)
6 (S,R)-15 CHCl3 18 18 >98/19 24 (R)


[a] Identical results with isolated and in situ prepared catalyst precursors
from 2 and (R,R)-15 or (S,R)-15. [b] Determined by GC analysis. [c] De-
termined by GC analysis with a chiral stationary phase (Lipodex E).
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the CH=COR unit may easily happen in all complexes in
solution. The coordination shift Dd13C (usually to lower fre-
quency) is marginal for the =COR carbon nucleus (<7 ppm,
see data in Table 3), while Dd13C is significantly larger for
=CH (24±31 ppm).


NMR spectroscopy: With regard to the catalytic reactions, it
was of interest to examine the structures in solution and to
compare them with the solid-state structures. In the 1H
NOESY spectra, intense cross-peaks were found for the
proton±proton interactions indicated by dashed lines in
Figure 1, which indicate that the structures of (R,R)-13,
(S,R)-13, and (S,R)-17 are essentially retained in solution.
Furthermore, only one conformer is observed in each case


for the phosphanes (R,R)-13 and (S,R)-13 and the rhodi-
um(i) complex (S,R)-17. The NMR data for the iridium com-
plex (S,R)-15 fit nicely with the solid-state structure of the
rhodium complex (S,R)-17; that is, the conformation of the
(S,R)-13 phosphane ligand is probably very similar in both
compounds. For the iridium complex (R,R)-15, however, the
NOESY spectrum indicates the presence of two conformers
in solution. Only the minor component has the structure
shown in Figure 1B, indicated by a weak cross-peak for the
H11±H16 interaction. For the major conformer, a strong
NOE is seen between the olefinic H5 proton and the me-
thine ether proton H16. While this observation is compati-
ble with a structure in which the menthoxy group has rotat-
ed counter-clockwise to a conformation seen in (S,R)-15 and
17, the absence of any contacts between the isopropyl pro-
tons to H5 or the cod protons (which are present in (S,R)-15
and 17) make this conformation unlikely. Weak NOEs are
observed between the iPr protons and the benzo group
proton H11, and this, together with the strong H5±H16
NOE, indicates a structure in which the menthoxy group
has rotated clockwise in order to minimize the steric interac-
tion between the iPr group and the Ir(cod) unit.


Figure 1. A) Structure of the phosphane (R,R)-13. B) Structure of the iridium(i) complex (R,R)-15. C) Structure of the phosphane (S,R)-13. D) Structure
of the rhodium(i) complex 17. Thermal ellipsoids at 30 % probability. Selected bond lengths [pm] and angles [8]. Ct1, Ct2, and Ct3 denote the centroids
of the coordinated C=Ccod bonds (Ct1, Ct2) or the coordinated C4�C5 bond (Ct3). A) (R,R)-13 : P1�C1 190.1(3), C4�C5 132.8(4), C4�O1 137.2(4), O1�
C16 143.4(3), H11±H23 �250, H11±H25 �350, H5±H21 �240, H5±H16 �200; �8(P) 301.5(1). B) (R,R)-15 : Ir�P1 226.5(2), Ir�C4 228(1), Ir�C5
223.1(9), Ir�Ct1 204(1), Ir�Ct2 216(1), Ir�Ct3 213(1), P1�C1 187(1), C4�C5 1.46(1), C4�O1 139(1), O1�C16 149(1); P1-Ir-Ct1 93.7(5), Ct1-Ir1-Ct2
83.7(5), Ct2-Ir-Ct3 95.6(5), P1-Ir1-Ct3 92.2(5), C4-O1-C16 116.0(7), �8(P) 317.6. C) The average of two independent molecules in the unit cell are given
for (S,R)-13 : P1�C1 188.8(3), C4�C5 134.0(4), C5�O1 136.4(3), O1�C16 144.1(3), H4�H16 �190, H4�H21 �265; C5-O1-C16 120.2(2), �8(P) 301.8(1).
17: Rh1�P1 226.9(1), Rh1�C4 231.6(3), Rh1�C5 306.0(1), Rh1�Ct1 201.7(1), Rh1�Ct2 216.5(1), Rh1�Ct3 262.3(1), C4�C5 139.5(4), C5�O1 135.0(3),
O1�C16 145.5(3), H4�H16 �220, H4�H21 �200; P1-Rh1-Ct1 92.6(1), Ct1-Rh1-Ct2 85.2(1), Ct2-Rh-Ct3 101.6(1), Ct3-Rh1-P1 80.4(1), C5-O1-C16
122.8(2), �8(P) 315.5(1).


Table 3. Selected NMR data for the C=Ctrop units in (R,R)-13, (S,R)-13,
(R,R)-15 , (S,R)-15 , and (S,R)-17.


d (R,R)-13 (S,R)-13 (R,R)-15 (S,R)-15 (S,R)-17


=CH 6.40 6.47 6.78 6.78 6.66
=CH 105.5 108.0 74.7 80.4 84.1
=COR 154.6 152.8 152.7 146.4 155.5
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Conclusion


It is evident from the above experiments that the unsym-
metrical substitution at the C=Ctrop bond and the stereogenic
centers in the menthoxy group have an influence on the
stereochemistry in the hydrogenations. The NOESY experi-
ments suggest that the complexes with the (S,R)-configured
ligand 13 are rather rigid and that the iPr group of the men-
thoxy substituent is in proximity to the metal center. Hence,
it may be that the stereochemistry in reactions with the
(S,R)-13 ligand is controlled by the chirality of the menthoxy
group and that the R configuration favors the S configura-
tion in the product (entry 2, Table 2) or at least diminishes
the ee for the R configuration in the product (entry 6,
Table 2). However, the fact that the stereochemistry may be
controlled by the configuration at the coordinated C=Ctrop
bond is clearly demonstrated by the experiments reported in
entries 5 and 6 in Table 2; specifically in complexes with the
R,R-configured ligand, in which the orientation of the men-
thoxy group is more flexible and, importantly, the iPr group
is located away from the metal center. A more detailed
analysis must await a better understanding of iridium-cata-
lyzed hydrogenations.


The experiments described in this work were performed
in an attempt to expand the classes of ligands known to be
usable for homogeneously catalyzed reactions. The question
raised at the beginning can be answered in combination
with Hayashi×s and Carreira×s recent results:[3, 4] yes, olefins
can be used as steering ligands in catalysis, even for catalyzed
hydrogenations. The ligands presented here are certainly not
the best choice with respect to their performance. Since,
however, olefins show an enormous electronic flexibility,
like almost no other class of ligands, and furthermore are
present as potential binding sites in many natural products
not yet explored for the purposes of organometallic chemis-
try, a large pool of ligands with potentially better properties
remains to be explored.


Experimental Section


General : All syntheses were performed under argon by use of standard
Schlenk techniques. All solvents were dried and purified by standard pro-
cedures and were freshly distilled under argon from sodium/benzophe-
none (THF), from sodium/diglyme/benzphenone (n-hexane, toluene), or
from calcium hydride (CH2Cl2) prior to use. Air-sensitive compounds
were stored and weighed in a glovebox (Braun MB 150 B-G system), and
reactions on small scales were performed directly in the glovebox. NMR
spectra were recorded on Avance DPX 300 or Avance DPX 250 systems.
The chemical shifts are given as d values and were referenced against tet-
ramethylsilane (TMS) for 1H and 13C, 85 % H3PO4 for 31P, BF3¥Et2O for
11B, and CFCl3 for 19F NMR spectra. Coupling constants J are given in
Hertz [Hz] as positive values regardless of their real individual signs. The
multiplicity of the signals is indicated as s, d, t, q, or m for singlets, dou-
blets, triplets, quartets, or multiplets, respectively. The abbreviation br. is
given for broadened signals. Quaternary carbon atoms are indicated as
Cquart, aromatic units as CHar when not noted otherwise. The olefinic pro-
tons and 13C atoms of the C=Ctropp unit in the central seven-membered
ring are indicated as CHtropp and CHtropp, respectively. IR spectra were
measured on a Perkin±Elmer 2000 FT-IR spectrometer with a KBr
beamsplitter. The UV/Vis spectra were measured with a UV/Vis/NIR


Lambda 19 spectrometer in 0.5 cm quartz cuvettes. Mass spectra were
taken on a Finnigan MAT SSQ 7000 in the EI (70 eV) mode.


Syntheses


[Ir(cod)(troppph)]CF3SO3 (3a): A solution of 5-diphenylphosphanyl-5H-
dibenzo[a,d]cycloheptene (troppph, 1a,[7a] 188 mg, 0.50 mmol) in CH2Cl2


(3 mL) was added with vigorous stirring to a solution of [Ir(cod)2]CF3SO3


(2, 278 mg, 0.50 mmol) in CH2Cl2 (3 ml). The resulting dark brown solu-
tion was stirred for an additional 5 min and was then layered with n-
hexane (10 mL). After one day, the product 3a started to crystallize as
deep red, lustrous needles. Yield: 360 mg (88 %). M.p.: 190±195 8C
(decomp); 1H NMR (300.1 MHz, CD2Cl2): d = 7.64±7.58 (m, 2 H; CHar),
7.53±7.43 (m, 2 H; CHar), 7.40±7.28 (m, 10 H; CHar), 7.15±7.08 (m, 2H;
CHar), 6.98±6.86 (m, 2H; CHar), 6.32 (d, JP,H = 0.7 Hz, 2H; CHtropp), 5.80
(d, 2JP,H = 14.6 Hz, 1H; CHP), 5.57 (br s, 2H; CHcod), 4.27 (br s, 2 H;
CHcod), 2.57 (br m, 4H; CH2cod), 2.11±1.77 (br m, 4H; CH2cod) ppm; 13C
NMR (75.5 MHz, CD2Cl2): d = 136.4 (d, JP,C = 8.2 Hz, 2 C; Cquart), 134.1
(d, JP,C = 9.2 Hz, 4C; CHar), 132.4 (d, JP,C = 1.5 Hz, 2C; Cquart), 131.7 (d,
JP,C = 2.4 Hz, 2C; CHar), 130.2 (d, JP,C = 6.1 Hz, 2C; CHar), 129.7 (d, JP,C


= 1.8 Hz, 2 C; CHar), 129.5 (2 C; CHar), 128.8 (d, JP,C = 10.2 Hz, 4 C;
CHar), 128.6 (d, JP,C = 1.5 Hz, 2 C; CHar), 126.2 (d, 1JP,C = 53.0 Hz, 2C;
CipsoPh), 109.4 (d, JP,C = 11.3 Hz, 2 C; CHcod), 82.7 (2 C; CHcod), 80.4 (2 C;
CHtropp), 52.1 (d, JP,C = 27.7 Hz, 1 C; CHP), 32.5 (d, JP,C = 3.0 Hz, 2C;
CH2cod), 30.3 (br s, 2C; CH2cod) ppm; 31P NMR (121.5 MHz, CD2Cl2): d =


62.4 (s) ppm; IR: ñ = 2921 (w), 1482 (w), 1435 (w), 1259vs (SO3
�),


1223 (m), 1155 (s), 1098 (w), 1028 (vs), 898 (w), 865 (w), 804 (w), 749 (m),
694 (m), 634 (s), 572 (w), 559 (w) cm�1; UV/Vis (CH2Cl2): lmax = 320 nm.


[Ir(cod)(troppcyc)]CF3SO3 (3b): A solution of 5-dicyclohexylphosphanyl-
5H-dibenzo[a,d]cycloheptene (troppcyc, 1b, 195 mg, 0.50 mmol) in CH2Cl
(3 mL) was added with vigorous stirring to a solution of [Ir(cod)2]CF3SO3


(2 ; 278 mg, 0.50 mmol) in CH2Cl2 (3 mL). After layering of the reaction
solution with n-hexane (10 mL), the product 3b crystallized as deep red
needles. Yield: 350 mg (84 %). M.p.: 175±179 8C (decomp); 1H NMR
(300.1 MHz, CD2Cl2): d = 7.81±7.78 (m, 4 H; CHar), 7.64±7.36 (m, 4 H;
CHar), 6.45 (s, 2 H; CHtropp), 6.24 (d, 1JP,H = 13.0 Hz, 1 H; CHP), 5.49±
5.42 (m, 4H; CHcod), 2.54±2.19 (m, 8 H; CH2cod) 1.75±1.05 (m, 20H;
CH2cyc), 0.50±0.44 (m, 2 H; CHcyc) ppm; 13C NMR (75.5 MHz, CD2Cl2):
d = 136.5 (d, JP,C = 6.3 Hz, 2 C; Cquart), 133.0 (2 C; Cquart), 129.7 (2 C;
CHar), 129.6 (2 C; CHar), 129.3 (d, JP,C = 6.4 Hz, 2C; CHar), 128.8 (2 C;
CHar), 106.6 (d, JP,C = 10.7 Hz, 2 C; CHcod), 80.9 (2 C; CHtropp), 78.5 (2 C;
CHcod), 45.9 (d, 1JP,C = 24.1 Hz, 1C; CHP), 37.5 (d, 1JP,C = 24.1 Hz, 2C;
PCHcyc), 33.5 (d, JP,C = 2.9 Hz, 2C; CH2cyc), 30.8 [br s, 2C; CH2cod), 29.8
(br s, 2C; CH2cod), 28.8 (d, JP,C = 3.7 Hz, 2 C; CH2cyc), 27.3 (d, JP,C =


11.1 Hz, 2C; CH2cyc), 26.7 (d, JP,C = 9.8 Hz, 2 C; CH2cyc), 25.4 (br s, 2C;
CH2cyc) ppm; 31P NMR (121.5 MHz, CD2Cl2): d = 66.4 (s) ppm; IR: ñ =


2924 (m), 2854 (w), 1488 (w), 1448 (w), 1331 (w), 1262 (s), 1224 (m),
1138 (s), 1039 (s), 853 (w), 803 (w), 758 (m), 634 (s), 572 (m) cm�1; UV/Vis
(CH2Cl2): lmax = 345 nm; MS (FAB, m/z, %): 689 (100) [M�Otf], 581
(10) [M�Otf�cod].


10-[(1R)-Menthyloxy]-dibenzo[a,d]cyclohepten-5-one (9): 10-Bromodi-
benzo[a,d]cyclohepten-5-one (8; 12.00 g, 42.1 mmol)[11] and potassium
(R)-menthoxylate (8.99 g, 46.3 mmol, freshly prepared from 1.2 equiv
(R)-menthol and 1.1 equiv potassium at 100 8C in 1,4-dioxane) were dis-
solved in 1,4-dioxane (150 mL). Gentle warming of the reaction mixture
occurred, and it turned reddish-brown. It was then heated to 100 8C and
stirred for 3 h. Subsequently, all volatile components were evaporated
under vacuum (P = 10�2 Torr). The residue was dissolved in tert-butyl
methyl ether (TBME, 250 mL), and the solution was washed with satu-
rated aqueous NaCl. The separated organic phase was dried over MgSO4


and all volatile components were evaporated under reduced pressure to
leave a yellow oil, which was purified by flash chromatography (FC)
(silica, ethyl acetate (EE)/hexane 1:9). Yield: 13.66 g (90 %), yellow oil.
Thin-layer chromatography (TC) (silica, EE/hexane: 1/9): Rf = 0.53; 1H
NMR (300.1 MHz, CDCl3): d = 8.09 (dd, J = 7.9 Hz, 1.3 Hz, 1H; CHar),
8.02±7.96 (m, 2H; CHar), 7.68±7.34 (m, 5 H; CHar), 6.47 (s, 1H; CHtropp),
4.19 (ddd, 3JH,H = 10.3 Hz, 3JH,H = 10.3 Hz, 3JH,H = 4.0 Hz, 1H; OCH),
2.34±2.24 (m, 2H; CHmenthyl, CH2menthyl), 1.83±0.82 (m, 7H; CHmenthyl,
CH2menthyl), 0.98 (d, 3JH,H = 7.0 Hz, 3H; CH3menthyl), 0.94 (d, 3JH,H =


6.5 Hz, 3 H; CH3menthyl), 0.83 (d, 3JH,H = 7.0 Hz, 3H; CH3menthyl) ppm; 13C
NMR (62.9 MHz, CDCl3): d = 195.0 (C=O), 152.8 (=COquart),
138.8(Cquart), 137.1 (Cquart), 134.2 (Cquart), 132.7 (Cquart), 131.6 (CHar), 131.3
(CHar), 129.5 (CHar), 129.3 (CHar), 129.0 (CHar), 128.7 (CHar), 126.5
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(CHar), 126.0 (CHar), 107.7 (CHtropp), 77.4 (OCHmenthyl), 48.2 (CHmenthyl),
39.6 (CH2menthyl), 34.5 (CH2menthyl), 31.4 (CHmenthyl), 26.1 (CHmenthyl), 23.4
(CH2menthyl), 22.1 (CH3menthyl), 20.9 (CH3menthyl), 16.5 (CH3menthyl) ppm; IR:
ñ = 3064 (w), 2955 (m), 2923 (m), 2869 (m), 1707 (s), 1648 (m), 1620 (s),
1594 (s), 1558 (m), 1447 (m), 1386 (m), 1369 (m), 1301 (m), 1251 (s),
1200 (s), 1130 (s), 1085 (s), 1040 (m), 933 (m), 905 (m), 826 (w), 768 (s),
753 (s), 700 (s); MS (70 eV, m/z, %): 361 (65), 360 (74) [M]+ , 223 (65), 222
(100), 194 (80), 176 (39), 165 (76), 139 (18), 83 (66), 69 (45), 55 (56).


(5R/S)-10-[(1R)-Menthyloxy]-5H-dibenzo[a,d]cyclohepten-5-ol ((R,R)-
10 and (S,R)-10): A solution of sodium borohydride (577 mg,
15.25 mmol, 55%) and sodium hydroxide (55 mg, 1.38 mmol, 5 %) in
water (10 mL) was added to a solution of 10-[(1R)-menthyloxy]-5H-di-
benzo[a,d]cyclohepten-5-one (9) (10.00 g, 27.7 mmol) in MeOH
(500 mL). The reaction mixture was stirred for 3 h at room temperature,
and was then concentrated under vacuum. The resulting yellow oil was
dissolved in Et2O, and this solution was washed with saturated aqueous
NaCl. The organic phase was separated, dried over Na2SO4, and subse-
quently concentrated to dryness. The resulting yellow oil was purified by
medium-pressure chromatography (MPLC) (silica; EE/hexane 1:9),
which resulted in a pure, colorless oil containing both diastereoisomers
(R,R)-10 and (S,R)-10 . Yield: 9.42 g (94 %); TC (silica, EE/hexane: 1/9):
Rf = 0.36; 1H NMR (300.1 MHz, CDCl3): d = 7.76±7.63 (br m, 3 H;
CHar), 7.48±7.40 (m, 1 H; CHar), 7.35±7.16 (m, 4H; CHar), 6.52 (s, 0.5H;
CHtropp), 6.42 (s, 0.5H; CHtropp), 5.26 (br s, 1H; CHP), 4.28 (m, 0.5 H;
OCHmenthy), 4.04 (m, 0.5H; OCHmenthyl), 2.58 (br s, 1 H; OH), 2.45±2.31
(m, 2 H; CHmenthyl, CH2menthyl), 1.84±0.82 (m, 16H; CHmenthyl, CH2menthyl).


The product consists of a 50/50 mixture of both diastereomers. The 13C
resonances are additionally broadened by dynamic exchange between
two isomers, which differ in the position of the hydroxy group in a 5-
endo or 5-exo orientation in the central seven-membered ring. A mere
listing of the signals without any assignments is given here. 13C NMR
(75.5 MHz, CDCl3): d = 153.8, 153.7, 141.4, 139.4, 131.8, 131.7, 129.4,
127.5, 126.7, 126.4, 126.0, 120.8, 108.0, 103.6, 76.6, 70.6, 48.2, 39.9, 39.6,
34.5, 31.4, 31.4, 26.1, 25.9, 23.4, 23.3, 22.2, 22.2, 21.1, 21.0, 16.5 ppm; IR:
ñ = 3419 (m), br, 3065 (w), 2953 (s), 2923 (s), 2867 (s), 1615 (m), 1564 (m),
1484 (m), 1455 (m), 1370 (m), 1283 (w), 1241 (m), 1188 (s), 1131 (s),
1086 (m), 1039 (s), 985 (m), 970 (m), 904 (w), 819 (w), 767 (s), 750 (m),
723 (s), 650 (m) cm�1; MS (70 eV, m/z, %): 362 (12) [M]+ , 224 (96), 207
(30), 195 (51), 179 (100), 178 (73), 165 (48), 152 (15), 83 (35), 69 (16), 55
(41).


[(5S)-10-[(1R)-Menthyloxy]-5H-dibenzo[a,d]cyclohepten-5-yl]diphenyl-
phosphane ((S,R)-13) and [(5R)-10-[(1R)-menthyloxy]-5H-dibenzo[a,d]-
cyclohepten-5-yl]diphenylphosphane ((R,R)-13): A mixture of (R,R)-10
and (S,R)-10 (3.25 g, 8.97 mmol) was dissolved in toluene (50 mL) and
cooled to �15 8C. At this temperature, thionyl chloride (1.96 mL,
26.9 mmol, 3 equiv) was added dropwise. The solution was allowed to
warm to room temperature and stirred overnight. Subsequently, the
excess of thionyl chloride and all solvents were evaporated under
vacuum. The residue was dissolved in toluene (10 mL) and subsequently
concentrated under vacuum (P = 10�2 Torr). This procedure was per-
formed twice. Finally, a mixture of the diastereomeric chlorides (R,R)-12
and (S,R)-12 was obtained as a sticky yellow oil. This was dissolved in
toluene (30 mL), and diphenylphosphane (1.754 g, 9.42 mmol, 1.05 equiv)
was added at room temp. The reaction solution was heated for 10 min at
120 8C. Subsequently, a saturated aqueous solution of Na2CO3 (20 mL)
was added. The organic layer was separated, and the aqueous phase was
extracted twice with toluene (10 mL). The combined organic phases were
dried over Na2SO4, filtered, and concentrated. The raw material was puri-
fied by column chromatography (under an argon atmosphere, aluminium
oxide N, THF/hexane 1:6, Rf = 0.4). This procedure gave a mixture of
the two diastereomers (R,R)-13 and (S,R)-13 as a colorless oil (3.86 g,
7.27 mmol, 81 %).


A borane-dimethylsulfide solution (3.40 mL, 2.0m in toluene, 6.80 mmol)
was added dropwise at �15 8C to a mixture of (R,R)-13 and (S,R)-13
(3.61 g, 6.80 mmol) in toluene (20 mL). The solution was allowed to
warm to room temperature and was stirred for one hour. Afterwards the
solvent was evaporated under vacuum and both diastereomeric borane-
phosphane adducts were separated by FC (silica toluene/hexane 1:1).
(S,R)-14 : Yield 1520 mg (41 %), TC (silica, toluene Rf = 0.71). (R,R)-14 :
Yield: 940 mg (25 %), TC (silica, toluene, Rf = 0.66).


The borane adduct (S,R)-14 (1383 mg, 2.54 mmol) was dissolved in mor-
pholine (3 mL), and the solution was stirred for 1 h. The excess of mor-
pholine was then evaporated under vacuum, and the free phosphane was
separated from the aminoborane (BH3¥morpholine) by filtration over alu-
minium oxide N (toluene, Rf>0.9). Concentration to dryness and recrys-
tallization of the residue from CH3CN yielded (S,R)-13 (1280 mg,
2.41 mmol, 95 %) as colorless crystals. The other diastereomer (R,R)-13
was obtained analogously from (R,R)-14 (966 mg, 1.77 mmol) in 96 %
yield (904 mg, 1.70 mmol).


[(5S)-10-[(1R)-Menthyloxy]-5H-dibenzo[a,d]cyclohepten-5-yl]diphenyl-
phosphane ((S,R)-13): M.p: 130 8C; 1H NMR (300.1 MHz, CDCl3): d =


7.75 (dd, J = 7.5 Hz, J = 1.7 Hz, 1 H; CHar), 7.37±7.09 (m, 14H; CHar),
7.02 (ddd, J = 7.3 Hz, J = 7.3 Hz, J = 1.1 Hz, 1H; CHar), 6.97 (d(br), J
= 7.0 Hz, 2H; CHar), 6.47 (s, 1 H; CHtropp), 4.84 (d, 2JP,H = 5.6 Hz, 1H;
CHP), 4.28 (ddd, J = 10.4 Hz, J = 10.4 Hz, J = 4.0 Hz, 1H; OCHmenthyl),
2.73 (d(br), J = 12.3 Hz, 1H; CH2menthyl), 2.50 (m, 1H; CHmenthyl), 1.89±
1.79 (m, 2 H; CH2menthyl), 1.75±1.53 (m, 2H; CHmenthyl, CH2menthyl), 1.33±
1.09 (m, 3H; CHmenthyl, CH2menthyl), 1.07 (d, 3JH,H = 6.5 Hz, 3H; CH3menthyl),
1.05 (d, 3JH,H = 7.1 Hz, 3H; CH3menthyl), 1.00 (d, 3JH,H = 6.9 Hz, 3H;
CH3menthyl) ppm; 13C NMR (75.5 MHz, CDCl3): d = 154.3 (d, JC,P =


4.9 Hz, = COquart), 139.3 (d, JC,P = 9.4 Hz; Cquart), 138.4 (d, JC,P =


7.9 Hz; Cquart), 137.1 (d, JC,P = 7.6 Hz; Cquart), 136.8 (d, JC,P = 8.5 Hz;
Cquart), 134.5 (d, JC,P = 4.3 Hz; Cquart), 133.8 (CHar), 133.7 (CHar), 133.6
(Cquart), 133.5 (CHar), 133.4 (CHar), 129.7 (d, JC,P = 2.7 Hz; CHar), 129.4 (d,
JC,P = 3.3; CHar), 129.1 (d, JC,P = 1.5 Hz; CHar), 129.0 (CHar), 128.3
(CHar), 127.8 (2C; CHar), 127.7 (CHar), 127.7 (CHar), 127.6 (CHar), 127.4
(d, JC,P = 1.4 Hz; CHar), 126.2 (CHar), 126.2 (CHar), 126.1 (CHar), 108.0 (d,
JC,P = 5.5 Hz; CHtropp), 76.4 (CHOmenthyl), 56.8 (d, 1JC,P = 20.7 Hz; CHP),
48.4 (CHmenthyl), 40.2 (CH2menthyl), 34.7 (CH2menthyl), 31.5 (CHmenthyl), 26.0
(CHmenthyl), 23.8 (CH2menthyl), 22.4 (CH3menthyl), 21.0 (CH3menthyl), 17.0
(CH3menthyl) ppm; 31P NMR (121.5 MHz, CDCl3): d = �14.1 (s) ppm; IR:
ñ = 3053(w), 2953(m), 2915(m), 2865(w), 1952(w), 1810(w), 1621(s),
1564(w), 1490(m), 1453(m), 1432(m), 1383(m), 1246(m), 1204(m),
1130(w), 1087(s), 1041(w), 987(w), 915(m), 809(m), 764(m), 741(s),
694(s), 661(m), 642(m), 615(m) cm�1; MS (70 V, m/z,%): 530 (19) [M]+,
391 (100) [M�menthyl]+, 345 (6), 207 (74), 183 (14), 178 (28), 108 (6), 83
(25), 69 (15), 55 (46).


[(5R)-10-[(1R)-Menthyloxy]-5H-dibenzo[a,d]cyclohepten-5-yl]diphenyl-
phosphane ((R,R)-13): M.p. 147 8C; 1H NMR (300.1 MHz, CDCl3): d =


7.81 (dd, J = 7.6 Hz, J = 1.7 Hz, 1 H; CHar), 7.32±7.08 (m, 14H; CHar),
7.02±6.95 (m, 3 H; CHar), 6.40 (s, 1 H; CHtropp), 4.82 (d, 2JP,H = 5.8 Hz,
1H; CHP), 4.40 (ddd, J = 10.3 Hz, J = 10.3 Hz, J = 3.8 Hz, 1H; OCH-


menthyl), 2.84 (brd, J = 12.8 Hz, 1 H; CH2menthyl), 2.56 (m, 1 H; CHmenthyl),
1.92±1.73 (m, 3H; CH2menthyl), 1.72±1.56 (m, 1 H; CHmenthyl), 1.34±1.11 (m,
3H; CHmenthyl, CH2menthyl), 1.10 (d, 3JH,H = 7.0 Hz, 3 H; CH3menthyl), 1.04 (d,
3JH,H = 6.6 Hz, 3 H; CH3menthyl), 0.99 (d, 3JH,H = 7.0 Hz, 3H; CH3menthyl)
ppm; 13C NMR (75.5 MHz, CDCl3): d = 154.6 (d, JC,P = 5.2 Hz, =CO-


quart), 139.6 (d, JC,P = 9.4 Hz; Cquart), 138.5 (d, JC,P = 8.2 Hz; Cquart), 138.2
(d, JC,P = 8.2 Hz; Cquart), 137.1 (d, JC,P = 8.5 Hz; Cquart), 134.4 (d, JC,P =


4.6 Hz; Cquart), 134.0 (d, JC,P = 4.9 Hz; Cquart), 133.8 (CHar), 133.7 (CHar),
133.5 (CHar), 133.5 (CHar), 129.5 (d, JC,P = 2.7 Hz; CHar), 129.2 (d, JC,P =


3.3, CHar), 129.1 (CHar), 128.8 (d, JC,P = 1.5 Hz; CHar), 128.2 (CHar),
128.2 (CHar), 127.8 (CHar), 127.8 (CHar), 127.7 (CHar), 127.6 (CHar), 127.0
(d, JC,P = 1.4 Hz; CHar), 126.2 (CHar), 126.1 (CHar), 125.9 (CHar), 105.5
(d, JC,P = 5.5 Hz; CHtropp), 76.3 (CHOmenthyl), 56.9 (d, JC,P = 20.7 Hz;
CHP), 48.1 (CHmenthyl), 39.9 (CH2menthyl), 34.7 (CH2menthyl), 31.6 (CHmenthyl),
26.2 (CHmenthyl), 23.3 (CH2menthyl), 22.3 (CH3menthyl), 21.1 (CH3menthyl), 16.2
(CH3menthyl) ppm; 31P NMR (121.5 MHz, CDCl3): d = �12.8 (s) ppm; IR:
ñ = 3058 (w), 3016 (w), 2956 (m), 2920 (m), 2867 (w), 1965 (w), 1618 (s),
1566 (m), 1490 (m), 1450 (w), 1435 (m), 1386 (m), 1245 (s), 1208 (s),
1160 (w), 1132 (m), 1089 (s), 1043 (m), 914 (m), 811 (m), 772 (m), 745 (s),
717 (m), 696 (s), 661 (m), 641 (m), 615 (w) cm�1.


[(5S)-10-[(1R)-Menthyloxy]-5H-dibenzo[a,d]cyclohepten-5-yl]diphenyl-
phosphane¥BH3 ((S,R)-14):


1H NMR (300.1 MHz, CDCl3): d = 7.74±7.68
(m, 1H; CHar), 7.58±7.06 (m, 17 H; CHar), 5.71 (s, 1 H; CHtropp), 5.14 (d,
2JP,H = 14.6 Hz, 1H; CHP), 4.05 (ddd, J = 10.3 Hz, J = 10.3 Hz, J =


3.9 Hz, 1H; OCHmenthyl), 2.47±2.31 (m, 2H; CHmenthyl), 1.80±1.71 (m, 2 H;
CH2menthyl), 1.64±1.52 (m, 1H; CH2menthyl), 1.51±1.36 (m, 1H; CHmenthyl),
1.28±0.96 (m, 3 H; CH2menthyl), 1.00 (d, 3JH,H = 7.0 Hz, 3H; CH3menthyl),
0.94 (d, 3JH,H = 6.9 Hz, 3 H; CH3menthyl), 0.93 (d, 3JH,H = 6.6 Hz, 3H;
CH3menthyl), 1.4±0.2 (br, 3H; BH3) ppm; 13C NMR (75.5 MHz, CDCl3): d
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= 152.8 (=COquart), 135.6 (d, JC,P = 3.9 Hz; Cquart), 135.1 (Cquart), 134.8
(d, JC,P = 3.0 Hz; Cquart), 133.7 (Car), 133.6 (CHar), 132.8 (CHar), 132.7
(Cquart), 132.5 (d, JC,P = 2.1 Hz; Cquart), 131.0 (Cquart), 130.6 (d, JC,P =


2.5 Hz; CHar), 130.4 (d, JC,P = 2.4, CHar), 130.2 (d, JC,P = 6.4, CHar),
129.9 (d, JC,P = 5.2 Hz; CHar), 129.7 (Cquart), 129.5 (CHar), 129.3 (d, JC,P =


1.8 Hz; CHar), 129.0 (CHar), 128.2 (CHar), 128.0 (CHar), 127.9 (CHar),
127.7 (CHar), 127.6 (d, JC,P = 2.0 Hz; CHar), 127.3 (CHar), 127.2 (CHar),
126.6 (CHar), 108.3 (CHtropp), 75.9 (CHOmenthyl), 56.4 (d, 1JC,P = 25.0 Hz;
CHbenzyl), 48.1 (CHmenthyl), 38.8 (CH2menthyl), 34.6 (CH2menthyl), 31.4 (CHmenthyl),
25.2 (CHmenthyl), 23.2 (CH2menthyl), 22.3 (CH3menthyl), 21.3 (CH3menthyl), 16.6
(CH3menthyl) ppm; 31P NMR (101.3 MHz, CDCl3): d = 25.9 (br) ppm;
11B NMR (96.3 MHz, CDCl3): d = �36.5 (br) ppm; IR: ñ = 3056 (w),
2952 (m), 2923 (m), 2867 (m), 2367 m P-BH3, 2343 m P-BH3, 1960 (w),
1623 (s), 1567 (w), 1494 (m), 1436 (m), 1384 (w), 1246 (m), 1207 (m),
1133 (m), 1100 (m), 1085 (m), 1056 (s), 984 (w), 971 (w), 917 (w), 821 (w),
746 (m), 732 (s), 694 (s), 608 (m) cm�1.


[(5R)-10-[(1R)-Menthyloxy]-5H-dibenzo[a,d]cyclohepten-5-yl]diphenyl-
phosphane¥BH3 ((R,R)-14):


1H NMR (300.1 MHz, CDCl3): d = 7.84±
7.80 (m, 1H; CHar), 7.53±7.06 (m, 17H; CHar), 5.73 (s, 1 H; CHtropp), 5.12
(d, 2JP,H = 14.7 Hz, 1H; CHP), 4.02 (m, 1 H; OCHmenthyl), 2.45±2.29 (m,
1H; CHmenthyl), 2.16 (br d, J = 12.6 Hz, 1H; CHmenthyl] 1.80±1.60 (m, 3 H;
CH2menthyl), 1.56±1.41 (m, 1H; CHmenthyl), 1.19±0.89 (m, 3H; CH2menthyl),
1.03 (d, 3JH,H = 6.5 Hz, 3 H; CH3menthyl), 0.99 (d, 3JH,H = 7.0 Hz, 3H;
CH3menthyl), 0.76 (d, 3JH,H = 6.9 Hz, 3H; CH3menthyl), 1.3±0.2 (br, 3H;
BH3) ppm; 13C NMR (75.5 MHz, CDCl3): d = 154.2 (=COquart), 135.8 (d,
JC,P = 4.0 Hz; Cquart), 135.4 (Cquart), 134.4 (d, JC,P = 3.3 Hz; Cquart), 133.6
(Cquart), 133.4 (CHar), 132.9 (CHar), 132.8 (d, JC,P = 2.4 Hz; Cquart), 132.7
(CHar), 130.9 (CHquart), 130.7 (d, JC,P = 2.5 Hz; CHar), 130.5 (d, JC,P =


2.3, CHar), 130.3 (d, JC,P = 6.1, CHar), 130.3 (CHar), 129.9 (d, JC,P =


5.2 Hz; CHar), 129.6 (CHar), 129.1 (d, JC,P = 2.1 Hz; CHar), 128.3 (CHar),
128.2 (CHar), 128.0 (CHar), 127.8 (CHar), 127.4 (d, JC,P = 2.3 Hz; CHar),
127.3 (d, JC,P = 2.4 Hz; CHar), 127.2 (d, JC,P = 2.4 Hz; CHar), 126.3
(CHar), 104.7 (CHtropp), 76.5 (CHOmenthyl), 56.9 (d, 1JC,P = 25.0 Hz; CHP),
48.2 (CHmenthyl), 40.4 (CH2menthyl), 34.4 (CH2menthyl), 31.6 (CHmenthyl), 25.9
(CHmenthyl), 23.0 (CH2menthyl), 22.3 (CH3menthyl), 21.2 (CH3menthyl), 15.9
(CH3menthyl) ppm; 31P NMR (121.5 MHz, CDCl3): d = 25.6 (br) ppm; 11B
NMR (96.3 MHz, CDCl3): d = �33.7 (br) ppm; IR: ñ = 3058 (w),
2954 (m), 2925 (m), 2868 (m), 2388 m P-BH3, 1981 (w), 1621 (m), 1568 (w),
1494 (w), 1436 (m), 1385 (w), 1248 (m), 1209 (m), 1135 (m), 1086 (s),
1056 (s), 970 (w), 917 (w), 820 (w), 746 (m), 732 (s), 694 (s), 608 (m) cm�1;
MS (70 eV, m/z, %): 544 (53) [M]+ , 530 (17) [M�BH3]


+ , 391 (100)
[M�menthyl�BH3]


+ , 345 (10), 207 (40), 192 (5), 178 (12), 108 (6), 83
(10), 69 (12), 55 (22).


[Ir(cod)(5S)-10-(1R)-menthyloxytroppph]CF3SO3 ((S,R)-15): Compound (S,R)-13
(106 mg, 0.20 mmol) and [Ir(cod)2]CF3SO3 2 (111 mg, 0.20 mmol) were
dissolved in CH2Cl2 (3 mL). The resulting red±violet solution was layered
with n-hexane (5 mL), whereupon the complex (S,R)-15 precipitated as a
red microcrystalline powder. Yield: 180 mg (92 %). M.p.: 188 8C
(decomp); 1H NMR (300.1 MHz, CDCl3): d = 8.34 (dd, J = 7.8 Hz, J =


1.7 Hz, 1H; CHar), 7.61±7.15 (m, 13 H; CHar), 7.02 (dd, J = 7.7 Hz, J =


7.7 Hz, 1 H; CHar), 6.89 (d, J = 7.6 Hz, 1 H; CHar), 6.78 (d, J = 2.1 Hz,
1H; CHtropp), 6.69 (d, J = 7.2 Hz, 1 H; CHar), 6.66 (dd, J = 8.6 Hz, J =


1.2 Hz, 1H; CHar), 6.35 (br m, 1H; CHcod), 5.84 (d, 2JP,H = 14.3 Hz, 1 H;
CHP), 5.24 (br m, 1 H; CHcod), 4.92 (ddd, J = 10.3 Hz, J = 10.3 Hz, J =


4.0 Hz, 1 H; OCHmenthyl), 3.77 (br m, 1H; CHcod), 3.40 (br m, 1 H; CHcod),
2.52±2.38 (m, 2H; 1î CHmenthyl and 1 î CH2cod), 2.24±1.47 (m, 12H; 7î
CH2cod and 2î CHmenthyl and 3î CH2menthyl), 1.37±1.24 (m, 1H; CH2menthyl),
1.13 (d, 3JH,H = 6.9 Hz, 3 H; CH3menthyl), 1.02 (d, 3JH,H = 6.8 Hz, 3H;
CH3menthyl), 0.89±0.71 (m, 2 H; CH2menthyl), 0.66 (d, 3JH,H = 6.3 Hz, 3 H;
CH3menthyl) ppm; 13C NMR (75.5 MHz, CDCl3): d = 146.4 (=COquart),
136.6 (Cquart), 134.3 (CHar), 134.2 (CHar), 134.0 (d, JP,C = 2.1 Hz; Cquart),
133.2 (CHar), 133.0 (CHar), 132.1 (CHar), 131.9 (d, JP,C = 5.8 Hz; CHar),
131.8 (d, JP,C = 8.5 Hz; CHar), 131.7 (CHar), 131.7 (Cquart), 130.7 (d, JP,C =


2.7 Hz; Cquart), 129.3 (CHar), 129.3 (CHar), 129.3 (CHar), 129.2 (CHar),
129.1 (CHar), 129.1 (CHar), 129.0 (CHar), 128.9 (d, JP,C = 2.1 Hz; CHar),
128.7 (CHar), 128.5 (CHar), 128.2 (d, JP,C = 55.7 Hz; CipsoPh), 125.9 (d, JP,C=


48.4 Hz; CipsoPh), 106.6 (d, JP,C = 10.4 Hz; CHcod), 98.7 (d, JP,C = 11.9 Hz;
CHcod), 86.3 (OCHmenthyl), 80.4 (CHtropp), 76.8 (CHcod), 65.6 (CHcod), 57.0
(d, 1JP,C = 24.7 Hz; CHbenzyl), 49.6 (CHmenthyl), 39.5 (CH2menthyl), 35.4 (d,
JP,C = 3.4 Hz; CH2cod), 34.1 (CH2menthyl), 32.9 (CH2cod), 31.1 (CHmenthyl),
29.9 (d, JP,C = 3.1 Hz; CH2cod), 27.4 (CH2cod), 25.6 (CHmenthyl), 23.0


(CH2mentyl), 22.1 (CH3menthyl), 22.0 (CH3menthyl), 16.6 (CH3menthyl) ppm; 19F
NMR (282.4 MHz, CDCl3): d = �78.4 ppm; 31P NMR (121.5 MHz,
CDCl3): d = 69.1 ppm; IR: ñ = 3053 (w), 2928 (m), 2870 (m), 2031 (w),
1991 (w), 1595 (w), 1483 (m), 1451 (w), 1436 (m), 1368 (w), 1259 (s),
1222 (m), 1146 (s), 1098 (m), 1029 (s), 940 (w), 900 (w), 746 (m), 694 (m),
668 (w), 652 (w), 635 (s) cm�1; UV/Vis (CH2Cl2): lmax = 497 nm.


[Ir(cod)(5R)-10-(1R)-menthyloxytroppph]CF3SO3 ((R,R)-15): Compound (R,R)-13
(106 mg, 0.20 mmol) and [Ir(cod)2]CF3SO3 2 (111 mg, 0.20 mmol) were
dissolved in CH2Cl2 (3 mL) to give a red±violet solution. This was layered
with n-hexane (5 mL), whereupon the complex (R,R)-15 was obtained as
a red microcrystalline powder. Yield: 176 mg (90 %). M.p.: >195 8C
(decomp); 1H NMR (300.1 MHz, CDCl3): d = 8.00 (dd, J = 8.1 Hz, J =


1.3 Hz, 1 H; CHar), 7.49±7.11 (m, 15H; CHar), 7.00 (d, J = 7.6 Hz, 1 H;
CHar), 6.97 (dd, J = 9.0 Hz, J = 1.4 Hz, 1 H; CHar), 6.78 (d, J = 2.4 Hz,
1H; CHtropp), 6.02 (br m, 1 H; CHcod), 5.90 (d, 2JP,H = 13.8 Hz, 1H; CHP),
5.41 (br m, 1H; CHcod), 4.91 (ddd, J = 10.2 Hz, J = 10.2 Hz, J = 4.2 Hz,
1H; OCHmenthyl), 3.86 (br m, 1H; CHcod), 3.05 (br m, 1 H; CHcod), 2.52±
1.11 (m, 16H; 8CH2cod and 3CHmenthyl and 5CH2menthyl), 1.05±0.99 (m, 1H;
CH2menthyl), 1.01 (d, 3JH,H = 6.3 Hz, 3H; CH3menthyl), 0.85 (d, 3JH,H =


7.0 Hz, 3 H; CH3menthyl), 0.79 (d, 3JH,H = 6.9 Hz, 3H; CH3menthyl) ppm; 13C
NMR (75.5 MHz, CDCl3): d = 152.7 (d, JP,C = 4.6 Hz; =COquart), 135.9
(d, JP,C = 1.2 Hz; Cquart), 134.5 (CHar), 134.4 (CHar), 133.4 (d, JP,C =


5.8 Hz; Cquart), 132.9 (CHar), 132.7 (CHar), 132.5 (CHar), 132.3 (d, JP,C =


3.7 Hz; Cquart), 131.8 (d, JP,C = 2.4 Hz; CHar), 131.6 (d, JP,C = 2.4 Hz;
CHar), 131.3 (d, JP,C = 5.8 Hz; CHar), 130.5 (d, JP,C = 7.6 Hz; Cquart),
129.5 (d, JP,C = 7.0 Hz; CHar), 129.3 (d, JP,C = 1.8 Hz; CHar), 129.1
(CHar), 129.1 (CHar), 129.0 (CHar), 129.0 (CHar), 128.7 (CHar), 128.7
(CHar), 128.4 (d, JP,C = 2.1 Hz; CHar), 128.4 (d, JP,C = 2.1 Hz; CHar),
128.1 (d, JP,C = 6.7 Hz; CipsoPh), 126.8 (d, JP,C = 51.7 Hz; CipsoPh), 105.7 (d,
JP,C = 10.0 Hz; CHcod), 97.7 (d, JP,C = 12.5 Hz; CHcod), 83.8 (OCHmenthyl),
74.7 (CHtropp), 69.4 (CHcod), 67.9 (CHcod), 56.8 (d, 1JP,C = 25.3 Hz; CHP),
49.9 (CHmenthyl), 40.9 (CH2menthyl), 35.7 (d, JP,C = 3.0 Hz; CH2cod), 33.8
(CH2menthyl), 32.9 (CH2cod), 31.2 (CHmenthyl), 29.7 (d, JP,C = 3.4 Hz; CH2cod),
27.6 (CH2cod), 25.7 (CHmenthyl), 22.7 (CH2menthyl), 22.3 (CH3menthyl), 21.1
(CH3menthyl), 16.5 (CH3menthyl) ppm; 19F NMR (282.4 MHz, CDCl3): d =


�78.4 ppm; 31P NMR (121.5 MHz, CDCl3): d = 64.8 ppm; IR: ñ =


3063 (w), 2933 (m), 2871 (m), 1982 (w), 1594 (w), 1485 (m), 1438 (m),
1261 (s), 1222 (w), 1147 (m), 1099 (w), 1031 (s), 642 (w), 904 (m), 841 (w),
765 (w), 730 (m), 697 (m), 635 (s) cm�1; UV/Vis (CH2Cl2): lmax = 497 nm,
453 nm.


[Rh(cod)(5S)-10-(1R)-menthyloxytroppph]CF3SO3 ((S,R)-17): Compound (S,R)-13
(106 mg, 0.20 mmol) and [Rh(cod)2]CF3SO3 16 (94 mg, 0.20 mmol) were
dissolved in CH2Cl2 (3 mL). The deep red solution was stirred for 1 h at
room temperature and was then concentrated under vacuum (P =


10�2 Torr). The residue was suspended in n-hexane (5 mL) with stirring
until an orange powder was obtained; this was filtered and dried in
vacuum. Yield 145 mg (82 %). Crystals suitable for a X-ray analysis were
obtained by slow diffusion of hexane into a concentrated solution of
(S,R)-17 in CH2Cl2. M.p.: 135 8C (decomp); 1H NMR (300.1 MHz,
CDCl3): d = 8.17 (dd, J = 7.3 Hz, J = 2.2 Hz, 1H; CHar), 7.72 (dd, J =


7.9 Hz, J = 1.0 Hz, 1H; CHar), 7.50±7.13 (m, 13 H; CHar), 7.02±6.92 (m,
3H; CHar), 6.66 (d, J = 2.7 Hz, 1 H; CHtropp), 6.38 (br m, 1H; CHcod),
5.64 (br m, 1H; CHcod), 5.35 (d, J = 14.8 Hz, 1 H; CHP), 4.82 (ddd, J =


10.5 Hz, J = 10.5 Hz, J = 4.0 Hz, 1 H; OCHmenthyl), 3.96 (br m, 1H;
CHcod), 3.45 (brm, 1H; CHcod), 2.68±1.24 (m, 15H; 8îCH2cod, 3îCHmenthyl,
4î CH2menthyl), 1.17 (d, J = 6.9 Hz, 3 H; CH3menthyl), 1.04 (d, J = 6.9 Hz,
3H; CH3menthyl), 0.95±0.78 (m, 2 H; CH2menthyl), 0.74 (d, J = 6.4 Hz, 3H;
CH3menthyl) ppm; 13C NMR (75.5 MHz, CDCl3): d = 155.5 (dd, J =


3.4 Hz, J = 1.8 Hz; Cquart), 135.2 (dd, J = 3.1 Hz, J = 0.9 Hz; Cquart),
134.9 (dd, J = 5.6 Hz, J = 1.3 Hz; Cquart), 133.7 (CHar), 133.6 (CHar),
133.4 (CHar), 133.2 (CHar), 132.5 (CHar), 131.8 (d, J = 2.4 Hz; CHar),
131.7 (d, J = 2.6 Hz; CHar), 131.6 (dd, J = 4.7 Hz, J = 1.0 Hz; Cquart),
131.4 (d, J = 8.1 Hz; Cquart), 131.3 (d, J = 5.3 Hz; CHar), 129.9 (dd, J =


45.1 Hz, J = 1.1 Hz; CipsoPh), 129.4±129.2 (7 C; CHar), 128.9 (CHar), 128.8
(CHar), 128.7 (d, J = 1.5 Hz; CHar), 127.6 (dd, J = 41.3 Hz, J = 1.8 Hz;
CipsoPh), 114.4 (dd, J = 9.3 Hz, J = 5.5 Hz; CHcod), 108.7 (dd, J = 9.5 Hz,
J = 6.1 Hz; CHcod), 86.2 (d, J = 12.5 Hz; CHcod), 85.4 (OCHmenthyl), 84.1
(dd, J = 4.9 Hz, J = 2.3 Hz; CHtropp), 80.6 (d, J = 11.9 Hz; CHcod), 57.6
(d, J = 18.6 Hz; CHP), 49.7 (CHmenthyl), 39.1 (CH2menthyl), 34.3 (CH2cod),
34.3 (CH2menthyl), 31.2 (CH2cod), 31.1 (CH2cod), 29.8 (CHmenthyl), 27.2
(CH2cod), 25.9 (CHmenthyl), 23.4 (CH2menthyl), 22.3 (CH3menthyl), 22.2
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(CH3menthyl), 17.0 (CH3menthyl) ppm; 19F NMR (282.4 MHz, CDCl3): d =


�78.4 ppm; 31P NMR (121.5 MHz, CDCl3): d = 85.9 (d, JRh,P =


163 Hz) ppm; IR: ñ = 2925 (m), 1486 (w), 1435 (m), 1259 (vs), 1147 (s),
1029 (s), 745 (m), 693 (m) cm�1; UV/Vis(CHCl3): lmax = 469 nm.


Catalyses : The catalytic experiments were performed in a 60 mL high-
pressure steel-vessel (Medimex). For the pressure control, a pressflow
control unit (bpc 6002, B¸chi) was used. The products in the catalytic ex-
periments were analyzed with a HP 6890 gas chromatograph equipped
with a flame-ionization detector (Hewlett±Packard). For the separation
of the product mixtures, H2 was used as carrier gas and the following col-
umns were employed: HP-5 crosslinked 5 % PH ME SILOXANE
(30 mî 320 mmî 0.25 mm). Lipodex E (25 mî 0.25 mm ID) Machery &
Nagel.


Phenyl(1-phenylethyl)amine 7 from phenyl(1-phenylethyliden)amine 5 :
The conversion rate was determined on the HP-5 (150 8C isotherm; flow
rate: 1.9 mL H2 min�1). Retention times: 9.2 min.: phenyl(1-phenylethyl)-
amine (7); 10.5 min.: phenyl(1-phenylethyliden)amine (5). The enantio-
meric excess (ee) was determined on Lipodex E (110 8C for 1 min., then
heating to 150 8C with a rate of 0.6 8C min�1; flow rate: 0.9 mL H2 min�1.).
Retention times: 65.7 min.: (S)-7; 66.4 min.: (R)-7.


N-(1-Phenylethyl)acetamide (19) from N-(1-phenylvinyl)acetamide (18):
The conversion rate was determined on the HP-5 (150 8C isotherm; flow
rate: 1.9 mL H2 min�1). Retention times: 3.6 min: N-acetyl-1-phenylethyl-
amine; 4.5 min: N-acetyl-1-phenylethenamine. The enantiomeric excess
(ee) was determined on Lipodex E (140 8C for 1 min, then heating to
150 8C with a rate of 0.6 8C min�1; flow rate: 0.7 mL H2 min�1). Retention
times: 16.4 min: (R)-19 ; 16.9 min: (S)-19.
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Bis(pyridine)iodonium Tetrafluoroborate (IPy2BF4): AVersatile Oxidizing
Reagent


Josÿ Barluenga,* Francisco Gonzµlez-Bobes, Marcelo C. MurguÌa,
Sreenivasa R. Ananthoju, and Josÿ M. Gonzµlez[a]


Introduction


The development of new approaches to oxidation reactions
of alcohols has become a central area of research in chemis-
try. In this field, the use of iodine(v) derivatives such as
Dess±Martin reagent (DMP)[1] or o-iodoxybenzoic acid
(IBX)[2] is a testament to this valuable transformation. How-
ever, the atmospheric instability of some of these iodine(v)
compounds[3] and the potential explosiveness of others,[4]


have driven the search for new competitive alternatives. Poly-
mer-bonded reagents,[5] water-soluble derivatives,[6] and the
use of iodine(iii)[7] and iodine(i)[8] compounds are amongst
the agents that have focused interest in this field in stoichio-
metric approaches.[9]


Recently, the synthetic dominance of reagents such as
DMP and IBX has been further highlighted by their capabil-
ity to effect new chemoselective synthetic chemical transfor-
mations.[10]


We report here on the use of bis(pyridine)iodonium tetra-
fluoroborate (IPy2BF4)


[11] as a reagent for the execution of
interesting oxidation chemistry of alcohols under photo-


chemical or thermal conditions, leading to b-scission reac-
tions of cycloalkanols,[12] and oxidation processes of alcohols
and diols (Scheme 1).


Results and Discussion


Our initial studies on the interaction of IPy2BF4 with alco-
hols resulted in general and previously unreported b-scission
processes of secondary and tertiary cycloalkanols, which
gave rise to w-iodofunctionalized systems.[12,13] The main fea-
tures of this novel procedure are briefly summarized in
Table 1.


The reactions were conducted at room temperature and
took place under photochemical conditions (irradiation with
a 100 W lamp). The corresponding w-iodinated derivative
was obtained as the major or even as the single reaction


[a] Prof. Dr. J. Barluenga, F. Gonzµlez-Bobes, Dr. M. C. MurguÌa,
Dr. S. R. Ananthoju, Dr. J. M. Gonzµlez
Instituto Universitario de QuÌmica Organometµlica ™Enrique Moles∫
Unidad Asociada al C.S.I.C., Universidad de Oviedo
C/Juliµn ClaverÌa, 8, 33006 Oviedo (Spain)
Fax: (+34)98-510-3450
E-mail : barluenga@uniovi.es


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: The use of bis(pyridine)iodo-
nium tetrafluoroborate (IPy2BF4) as an
oxidizing agent towards different types
of alcohols is reported. The observed
reactivity involves different reaction
pathways, as a function both of the
structures of the starting materials and
of the experimental conditions. Inter-
estingly, the title iodine-containing
compound is capable of a tuneable re-


action with simple cycloalkanols, pro-
viding straight and selective access
either to w-iodocarbonyl compounds or
to ketones, a previously unreported
and chemoselective range of oxidation
potential. Furthermore, appropriate


conditions for the preparation of alde-
hydes and esters from primary alcohols
by easily performed experimental pro-
cedures were also established. The b-
scission reactions of cycloalkanols and
the a-oxidation processes of primary,
secondary and benzylic alcohols are
discussed.Keywords: aldehydes ¥ cleavage re-


actions ¥ esters ¥ ketones ¥ oxidation


Scheme 1. IPy2BF4 as an oxidizing reagent.
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product from the transformation of the starting alcohol 1.[14]


The reaction takes place with secondary and tertiary cycloal-
kanols of different sizes (Table 1). The tools employed to
control the outcome of the reported transformation are the
reaction time, the concentration of the reagents and the use
of a heterogeneous base (Cs2CO3).


[15] This b-scission process
is regioselective: as a rule, the more highly substituted car-
bon±carbon bond adjacent to the alcohol functionality un-
dergoes this oxidative cleavage process (see Table 1).


The reactivity of 1,2-diols under those experimental con-
ditions was also tested. In this case, a,w-dialdehydes are
generated as the sole reaction product (Table 2).[16]


As can be observed, the outcome of the reaction does not
depend on the stereochemistry of the starting substrate, and
the process can be executed in a satisfactory manner with
diols of different sizes, providing the corresponding alde-
hydes in high purity after a simple extraction (Table 2).


When the b-scission reaction of cyclohexanol (1c) was
studied, the formation of small amounts of cyclohexanone
(3c) as a function of the experimental conditions was noted.
This initial observation prompted us to explore the oxidizing
capability of IPy2BF4 further, in search of a suitable reaction
medium that would allow selective preparation of the car-
bonyl product resulting from an alternative a-oxidation


process.[17] Interestingly, the addition even of sub-stoichio-
metric amounts of iodine has been found to be appropriate
to achieving this goal (Scheme 2).


Exploratory studies to improve this reaction sequence
were conducted with the use of 2-octanol (1r) as model
compound. Thermal rather than photochemical conditions
were found more efficient to accomplish this alternative oxi-
dation mode. Furthermore, careful optimization of the stoi-
chiometry, the selection of an appropriate solvent and the
presence of a base were required to carry out the desired
oxidation reaction (Table 3).


The combination of IPy2BF4 and I2 under thermal condi-
tions affords the corresponding ketones in rather good iso-
lated yields and in reasonable reaction times (Table 3).


Benzyl alcohol derivatives also reacted well with this com-
bination of reagents. In this case, addition of potassium car-
bonate (K2CO3) gave better experimental results than the
corresponding cesium salt, so it was routinely employed
(Table 4).


The described conditions allow for the satisfactory oxida-
tion of several benzylic alcohols bearing different substitu-
ents (entries 4±8, Table 4). The corresponding carbonyl com-
pounds were obtained as single reaction products. Even
benzyl alcohol (4b) was cleanly oxidized to afford benzalde-
hyde (5b) without any noticeable evidence of over-oxida-
tion[2a] taking place (entry 2, Table 4).


Primary alkanols react under these conditions to afford
either aldehydes or esters. Interestingly, a simple modifica-
tion of the experimental conditions can be nicely used to
drive the formation of the observed products selectively
(Table 5).


As shown, the concentration of the reagents, the reaction
temperature, the addition of an inorganic base[18] and the
presence of different additives[19,20] were optimized to direct
this unconventional reaction range,[21] to produce both fami-
lies of oxidation products exclusively (Table 5).


In terms of reaction mechanism, the different oxidation
processes could be interpreted as involving the generation
of several intermediate species in a sequential manner
(Scheme 3).


A reasonable proposal could invoke the initial formation
of the oxonium ion (A), resulting from interaction between
the alkanol and IPy2BF4.


[22] Subsequent deprotonation in the
presence of the base affords the iodane (B).[23] Different
pathways might be operative as a function of the experimen-
tal conditions, accounting for the different observed reaction
products. Thus, homolytic decomposition of B under photo-
chemical conditions would form the alkoxyl radical (C),[24]


which could undergo the well established b-scission pro-
cess,[13] affording the carbon-centered radical (D). The reac-


Table 2. Synthesis of a,w-dialdehydes 2 from cyclic diols 1.[a]


Entry Substrate Time Product Yield
1 [h] 2 [%][b]


1 24 63


2 24 66


3 18 77


4 18 79


5 12 91


6 12 92


[a] Two equivalents of IPy2BF4 and a 0.04m concentration of the corre-
sponding diol were employed. [b] Isolated yield based on starting diols.
The reported yields have not been optimized.


Scheme 2. Initial observation of a-oxidation of alcohols promoted by
IPy2BF4-I2. Reaction conditions: IPy2BF4 (2.5 equiv), I2 (0.4 equiv), 12 h.
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tion of D and the previously formed bis(pyridine)iodanyl
radical would lead to the bifunctional derivative
(Scheme 3).[12]


Conversely, an oxidative ligand-exchange reaction with
molecular iodine might drive the conversion of B into the
bis(iodo)alkoxy-l3-iodane E.[25] Lastly, a hydrogen elimina-
tion reaction, common in the chemistry of these species,[26]


would furnish the resulting ke-
tones and regenerate iodine in
the reaction medium
(Scheme 3).[27]


The observed formation of
esters with the oxidation of pri-
mary alcohols could be ex-
plained by assuming a prior
generation of an aldehyde (F),
in agreement with the sequence
discussed above. The evolution
of F through the hemiketal-like
intermediate (G) and its even-
tual oxidation would furnish
esters (Scheme 4).[28]


Conclusion


It has been demonstrated that
IPy2BF4 is able to promote dif-
ferent oxidation processes of al-
cohols in a clean and satisfacto-
ry manner, just by appropriate
choice of reaction conditions.
All materials employed in
these transformations are com-
mercially available and easy to
handle and store. In addition,
simple variations in the experi-
mental procedure allow for the
selective preparation of differ-
ent families of carbonyl deriva-


Table 3. Oxidation of secondary alcohols 1 to ketones 3 with IPy2BF4-I2.
[a]


Entry Substrate Time Product Yield
1 [h] 2 [%][b]


1 2 92


2 6 87


3 3 91


4 4 98


5 7 92


6 7 92


[a] Reactions were performed with the following stoichiometry: IPy2BF4 (3 equiv), I2 (0.5 equiv) and Cs2CO3


(5 equiv). A 0.06m concentration of The relevant alcohol (1 equiv) was employed. [b] Yield of isolated product
relative to the starting alkanol 1.


Scheme 3. Proposed reaction pathways.


Scheme 4. Mechanistic proposal for the formation of esters from primary
alkanols.


Chem. Eur. J. 2004, 10, 4206 ± 4213 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4209


Bis(pyridine)iodonium Tetrafluoroborate 4206 ± 4213



www.chemeurj.org





tives in a straightforward manner. Overall, the given trans-
formations constitute a new example of the versatility of
this reagent and expand its application profile.


Experimental Section


General : All reactions were carried out under positive nitrogen atmos-
phere. CH2Cl2 and CH3CN were distilled from CaH2 and stored under ni-
trogen. Analytical thin-layer chromatography plates were Merck UV-
active silica gel 60 F254 on aluminium. Flash column chromatography was
carried out on silica gel 60, 230±240 mesh, with appropriate mixtures of
hexane and ethyl acetate or methylene chloride as eluent. 1H NMR (200,
300, 400 MHz) and 13C NMR (50, 75, 100 MHz) spectra were measured
at room temperature on Bruker AC 200, AC 300 and AMX 400 instru-


ments with tetramethylsilane (1H NMR) or CDCl3 (
13C NMR) as internal


standards. Carbon multiplicities were assigned by DEPT techniques.
High-resolution mass spectra (HRMS) were determined on a Finnigan
MATT 95 spectrometer. Elemental analyses were carried out on a
Perkin±Elmer 2400 microanalyzer. Melting points were determined on a
B¸chi±Tottoli machine and have not been corrected. Optical rotation was
measured on a Perkin±Elmer 241 polarimeter.


General procedure for the preparation of 2a, 2b, and 2k (Table 1): The
relevant alcohol (2 mmol, 1 equiv) was added to a solution of IPy2BF4


(2.5 mmol, 1.25 equiv, 0.93 g) in CH2Cl2 (20 mL), and the mixture was ir-
radiated for 12 hours. Na2S2O3 (5% solution in water, 40 mL) was added,
and the mixture was extracted with CH2Cl2 (4î20 mL). The organic
layer was washed with H2SO4 (1m, 2î50 mL) and water (2î50 mL) and
dried (Na2SO4). Evaporation of the solvents afforded the w-iodoalde-
hydes essentially pure.


4-Iodobutanal (2a): yellow oil. Rf = 0.55 (hexane/ethyl acetate 3:1); 1H
NMR (300 MHz, CDCl3): d = 9.81 (t, J = 1.2 Hz, 1H), 3.23 (t, J =


6.5 Hz, 2H), 2.60 (td, J = 6.9, 1.2 Hz, 2H), 2.15 (m, 2H) ppm; 13C NMR
(75 MHz, CDCl3): d = 200.5 (CH), 44.1 (CH2), 25.3 (CH2), 5.6
(CH2) ppm; IR (neat): ñ = 1722 cm�1; elemental analysis calcd (%) for
C4H7IO: C 24.26, H 3.56; found: C 24.42, H 3.57.


5-Iodopentanal (2b): yellow oil. Rf = 0.58 (hexane/ethyl acetate 3:1); 1H
NMR (300 MHz, CDCl3): d = 9.67 (t, J = 1.4 Hz, 1H), 3.11 (t, J =


6.5 Hz, 2H), 2.60 (td, J = 7.1, 1.4 Hz, 2H), 1.75±1.60 (m, 4H) ppm; 13C
NMR (75 MHz, CDCl3): d = 201.5 (CH), 42.2 (CH2), 32.2 (CH2), 22.5
(CH2), 6.1 (CH2) ppm; IR (neat): ñ = 1724 cm�1; elemental analysis
calcd (%) for C5H9IO: C 28.32, H 4.27; found: C 28.18, H 4.13.


5-Iodohexanal (2k): yellow oil. Rf = 0.40 (hexane/ethyl acetate 4:1); 1H
NMR (300 MHz, CDCl3): d = 9.71 (t, J = 1.5 Hz, 1H), 4.13 (m, 1H),
2.46 (dt, J = 6.6, 1.5 Hz, 2H), 1.87 (d, J = 6.9 Hz, 3H), 1.76 (m, 2H),
1.65 (m, 2H) ppm; 13C NMR (75 MHz, CDCl3): d = 201.6 (CH), 42.5
(CH2), 41.6 (CH2), 29.2 (CH), 28.5 (CH3), 22.0 (CH2) ppm; IR (neat): ñ
= 1723 cm�1; HRMS: calcd for C6H11O [M�I]+ : 99.0809; found 99.0804.


General procedure for the preparation of 2c, 2d, and 2n (Table 1):
Cs2CO3 (10 mmol, 10 equiv, 3.25 g) was added to a solution containing
IPy2BF4 (2.5 mmol, 2.5 equiv, 0.93 g) and the alkanol (1 mmol, 1 equiv) in
CH2Cl2 (50 mL). The resulting heterogeneous mixture was vigorously
stirred and irradiated (100 W) for the time indicated in Table 1. The reac-
tion mixture was cooled in an ice-water bath, hydrolysed with H2SO4


(1m, 50 mL) and allowed to warm to room temperature. The mixture was
extracted with CH2Cl2 (4î20 mL), and the combined organic layers were
washed with Na2S2O3 (5% solution in water, 2î50 mL) and water (2î
50 mL) and dried (Na2SO4). Evaporation of the solvent and column chro-
matography (hexane/ethyl acetate) gives pure samples of the bifunctional
compounds.


6-Iodohexanal (2c): yellow oil. Rf = 0.63 (hexane/ethyl acetate 3:1);
chromatography: hexane/ethyl acetate 15:1; 1H NMR (300 MHz, CDCl3):
d = 9.73 (t, J = 1.4 Hz, 1H), 3.12 (t, J = 6.8 Hz, 2H), 2.43 (td, J = 7.3,
1.4 Hz, 2H), 1.81 (m, 2H), 1.62 (m, 2H), 1.42 (2H) ppm; 13C NMR
(75 MHz, CDCl3): d = 202.0 (CH), 43.3 (CH2), 32.9 (CH2), 29.7 (CH2),
20.7 (CH2), 6.4 (CH2) ppm; IR (neat): ñ = 1724 cm�1; HRMS: calcd for
C6H11O [M�I]+ : 99.0809; found 99.0806.


12-Iodododecanal (2d): yellow oil. Rf = 0.85 (CH2Cl2); chromatography:
hexane/CH2Cl2 1:1; 1H NMR (300 MHz, CDCl3): d = 9.76 (t, J =


1.7 Hz, 1H), 3.18 (t, J = 7.1 Hz, 2H), 2.60 (td, J = 7.4, 1.7 Hz, 2H), 1.81
(c, J = 6.8 Hz, 2H), 1.63 (m, 2H), 1.27 (14H) ppm; 13C NMR (75 MHz,
CDCl3): d = 202.8 (CH), 43.8 (CH2), 33.4 (CH2), 30.4 (CH2), 29.3 (CH2î
3), 29.2 (CH2), 29.0 (CH2), 28.4 (CH2), 21.9 (CH2), 7.2 (CH2) ppm; IR
(neat): ñ = 1725 cm�1; HRMS: calcd for C12H23O [M�I]+ : 183.1748;
found 183.1749.


(3R)-3,7-Dimethyl-6-iodooctanal (2n): yellow oil. Rf = 0.22 (hexane/
CH2Cl2 3:1); chromatography: hexane/CH2Cl2, 3:1;


1H NMR (300 MHz,
CDCl3) for the mixture of epimers: d = 9.75 (s, 2H), 4.1±4.06 (m, 2H),
2.44±2.12 (m, 4H), 2.10±1.83 (m, 4H), 1.74±0.98 (m, 8H), 0.97±0.89 (m,
18H) ppm; 13C NMR (75 MHz, CDCl3) for the mixture of epimers: d =


202.3 (CH), 51.7 (CH), 51.6 (CH), 51.0 (CH2), 50.5 (CH2), 36.8 (CH2î2),
35.9 (CH2), 35.7 (CH2), 34.8 (CH), 34.5 (CH), 27.5 (CH), 27.2 (CH), 23.0
(CH3), 20.0 (CH3), 19.8 (CH3), 19.7 (CH3), 19.5 (CH3) ppm; IR (neat): ñ
= 1724 cm�1; elemental analysis calcd (%) for C10H19IO: C 42.57, H 6.79;
found: C 42.71, H 6.75.


Table 4. Oxidation of benzylic alcohols 4 with IPy2BF4-I2.
[a]


Entry Substrate 4 Time
[h]


Product 5 Yield
[%][b]


1 14 86


2 14 88


3 14 80


4 3 94


5 3 91


6 36 73


7 21 85


8 24 64


[a] Reactions were performed with the following stoichiometry: IPy2BF4


(3 equiv), I2 (0.5 equiv) and K2CO3 (2.5 equiv). A 0.06m concentration of
The relevant alcohol (1 equiv) was employed. [b] Yield of isolated prod-
uct relative to the starting alkanol 4.
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General procedure for the preparation of 2e±2 i, 2 l, and 2 m (Table 1):
Cs2CO3 (10 mmol, 5 equiv, 3.25 g) was added to a solution containing
IPy2BF4 (2.5 mmol, 1.25 equiv, 0.93 g) and the alkanol (2 mmol, 1 equiv)
in CH2Cl2 (20 mL). In all cases the workup was equivalent to that report-
ed above.


6-Iodohexan-2-one (2e): yellow oil. Rf = 0.42 (hexane/ethyl acetate 3:1);
chromatography: hexane/ethyl acetate 10:1; 1H NMR (300 MHz, CDCl3):
d = 3.07 (t, J = 6.8 Hz, 2H), 2.36 (t, J = 7.2 Hz, 2H), 2.03 (s, 3H), 1.70
(m, 2H), 1.55 (m, 2H) ppm; 13C NMR (75 MHz, CDCl3): d = 207.7 (C),
41.9 (CH2), 32.3 (CH2), 29.6 (CH3), 24.3 (CH2), 5.6 (CH2) ppm; IR
(neat): ñ = 1712 cm�1; HRMS: found 99.0803 [M�I]+ ; C6H11O calcd
99.0809.


7-Iodoheptan-2-one (2 f): yellow oil. Rf = 0.57 (hexane/ethyl acetate
3:1); chromatography: hexane/ethyl acetate 10:1; 1H NMR (200 MHz,
CDCl3): d = 3.12 (t, J = 6.9 Hz, 2H), 2.39 (t, J = 7.2 Hz, 2H), 2.07 (s,
3H), 1.76 (q, J = 6.9 Hz, 2H), 1.50±1.10 (m, 4H) ppm; 13C NMR
(50 MHz, CDCl3): d = 208.3 (C), 43.1 (CH2), 32.9 (CH2), 29.7 (CH3),
29.7 (CH2), 22.3 (CH2), 6.5 (CH2) ppm; IR (neat): ñ = 1714 cm�1; ele-
mental analysis calcd (%) for C7H13IO: C 35.02, H 5.45; found: C 35.17,
H 5.31.


7-Iodo-3-methyloctan-2-one (2 g): yellow oil. Rf = 0.32 (hexane/ethyl
acetate 20:1); chromatography: hexane/ethyl acetate 20:1; 1H NMR
(300 MHz, CDCl3) for the mixture of diastereoisomers: d = 4.2±4.07 (m,
2H), 2.49±2.44 (m, 2H), 2.10 (s, 3H), 2.09 (s, 3H), 1.87 (d, J = 6.9 Hz,
3H), 1.85 (d, J = 6.9 Hz, 3H), 1.79±1.25 (m, 12H), 1.05 (d, J = 7.0 Hz,
3H), 1.04 (d, J = 7.0 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3) for the
mixture of diastereoisomers: d = 212.1 (C), 46.6 (CHî2), 42.5 (CH2),
42.4 (CH2), 31.5 (CH2), 31.3 (CH2), 29.8 (CH), 28.7 (CH3), 27.9 (CH3),
27.2 (CH3), 27.2 (CH2), 27.0 (CH2), 16.1 (CH3), 16.0 (CH3) ppm; IR
(neat): ñ = 1710 cm�1; elemental analysis calcd (%) for C9H17IO: C
40.31, H 6.39; found: C 40.12, H 6.65.


8-Iodooctan-2-one (2h): yellow oil. Rf = 0.37 (hexane/ethyl acetate 5:1);
chromatography: hexane/ethyl acetate 10:1; 1H NMR (300 MHz, CDCl3):
d = 3.18 (t, J = 6.9 Hz, 2H), 2.43 (t, J = 7.4 Hz, 2H), 2.14 (s, 3H), 1.81
(q, J = 6.9 Hz, 2H), 1.57 (q, J = 7.4 Hz, 2H), 1.45±1.24 (m, 4H) ppm;
13C NMR (75 MHz, CDCl3): d = 208.5 (C), 43.2 (CH2), 32.9 (CH2), 29.9
(CH2), 29.6 (CH3), 27.6 (CH2), 23.1 (CH2), 6.9 (CH2) ppm; IR (neat): ñ
= 1714 cm�1; elemental analysis calcd (%) for C8H15IO: C 37.81, H 5.95;
found: C 37.97, H 5.99.


13-Iodotridecan-2-one (2 i): yellow oil.
Rf = 0.53 (hexane/ethyl acetate 3:1);
chromatography: hexane/ethyl acetate
10:1; 1H NMR (200 MHz, CDCl3): d =


3.16 (t, J = 7.0 Hz, 2H), 2.39 (t, J =


7.4 Hz, 2H), 2.1 (s, 3H), 1.81±1.74 (m,
2H), 1.63±1.24 (16H) ppm; 13C NMR
(50 MHz, CDCl3): d = 209 (C), 43.6
(CH2), 33.2 (CH2), 30.3 (CH2), 29.7
(CH3), 29.3 (CH2), 29.2 (CH2î3), 28.9
(CH2), 28.3 (CH2), 23.6 (CH2), 7.1
(CH2) ppm; IR (neat): ñ = 1704 cm�1;
elemental analysis calcd (%) for
C13H25IO: C 48.15, H 7.77; found: C
48.22, H 7.50.


6-Iodoheptanal (2 l): yellow oil. Rf =


0.57 (hexane/ethyl acetate 3:1); chro-
matography: hexane/ethyl acetate
10:1; 1H NMR (300 MHz, CDCl3): d =


9.75 (t, J = 1.5 Hz, 1H), 4.12 (m, 1H),
2.42 (td, J = 7.2, 1.5 Hz, 2H), 1.87 (d,
J = 6.9 Hz, 3H), 1.82±1.29 (m,
6H) ppm; 13C NMR (75 MHz, CDCl3):
d = 202.1 (CH), 43.5 (CH2), 42.3
(CH2), 29.7 (CH3), 29.1 (CH2), 28.7
(CH), 20.9 (CH2) ppm; IR (neat): ñ =


1723 cm�1; elemental analysis calcd
(%) for C7H13IO: C 35.02, H 5.45;
found: C 35.11, H 5.38.


cis-(1R,3S)-3-(3’-Iodobutyl)-2,2-dime-
thylcyclopropanecarbaldehyde (2 m):


yellow oil. Rf = 0.65 (hexane/ethyl acetate 3:1); chromatography:
hexane/ethyl acetate 10:1; 1H NMR (400 MHz, CDCl3) for the mixture of
epimers: d = 9.53 (d, J = 5.6 Hz, 1H), 9.50 (d, J = 5.9 Hz, 1H), 4.15
(m, 2H), 2.04±1.50 (m, 10H), 1.90 (d, J = 6.8 Hz, 6H), 1.44±1.23 (m,
2H), 1.33 (d, J = 2.5 Hz, 6H), 1.55 (s, 6H) ppm; 13C NMR (100 MHz,
CDCl3) for the mixture of epimers: d = 201.7 (CH), 42.9 (CH2), 42.6
(CH2), 38.4 (CH), 38.3 (CH), 36.6 (CH), 36.4 (CH), 29.9 (C), 29.8 (C),
29.2 (CH), 29.1 (CH), 28.9 (C), 28.8 (C), 24.7 (CH2), 24.4 (CH2), 15.0
(CH3), 14.9 (CH3) ppm; IR (neat): ñ = 1693 cm�1; HRMS: found:
280.0326 [M]+ ; C10H17IO calcd 280.0324.


Preparation of 2 j (Table 1): An equivalent procedure to that above was
followed, but with use of 10 equiv of Cs2CO3.


7-Iodomethylbicyclo[3.3.1]nonan-3-one (2 j): yellow oil. Rf = 0.35
(hexane/ethyl acetate 3:1); chromatography: hexane/ethyl acetate 10:1;
m.p. = 71±73 8C (decomp); 1H NMR (200 MHz, CDCl3): d = 2.95 (d, J
= 6.8 Hz, 2H), 2.60±2.34 (m, 4H), 2.29±2.09 (m, 2H), 1.91±1.56 (m, 3H),
0.87 (m, 2H) ppm; 13C NMR (50 MHz, CDCl3): d = 212.0 (C), 50.1
(CH2), 34.3 (CH2), 32.0 (CH2), 28.4 (CH), 28.2 (CH2), 14 (CH2) ppm; IR
(KBr): ñ = 1708 cm�1; elemental analysis calcd (%) for C10H15IO: C
43.18, H 5.48; found: C 42.91, H 5.51.


General procedure for the preparation of 2o±2q (Table 2): The appropri-
ate diol (2 mmol, 1 equiv) was added to a magnetically stirred solution of
IPy2BF4 (2.5 mmol, 1.25 equiv, 0.93 g) in CH2Cl2 (50 mL), and the result-
ing mixture was irradiated for the time indicated in Table 2. Na2S2O3


(5% solution in water, 40 mL) was added, and the mixture was extracted
with CH2Cl2 (4î20 mL). The organic layer was washed with H2SO4 (1m,
2î50 mL) and water (2î50 mL) and dried (Na2SO4). Evaporation of the
solvents afforded the a,w-dialdehydes in high purity. Analytical samples
were prepared by column chromatography (hexane/ethyl acetate).


General procedure for the preparation of compounds 3 (Table 3): The
relevant alcohol (2 mmol, 1 equiv), I2 (1 mmol, 0.5 equiv, 0.25 g) and
Cs2CO3 (10 mmol, 5 equiv, 3.25 g) were sequentially added to a stirred
solution of IPy2BF4 (6 mmol, 3 equiv, 2.23 g) in CH3CN (30 mL). The het-
erogeneous mixture was heated (60 8C) for the time specified in Table 3.
The crude reaction mixture was then allowed to cool, filtered through
Celite and washed with CH2Cl2 (25 mL). The filtrate was concentrated
under vacuum, redissolved in CH2Cl2 (25 mL) and stirred with HCl (1n,
25 mL) for 15 min. The reaction mixture was then transferred to a sepa-
ration funnel, and the aqueous layer was further extracted with CH2Cl2


Table 5. Oxidation of primary alcohols 6 with IPy2BF4-I2.


Entry Substrate Conc. T t Product Yield
6 [m][a] [8C][b] [h] 7 or 8 [%][c]


1[d] 0.02 60 14 83


2[d] 0.02 60 14 85


3[e] 0.4 40 24 90


4[e] 0.4 40 24 75


5[e] 0.4 40 20 70


[a] Concentration of the alcohol 6. [b] Oil bath temperature. [c] Yield of isolated product relative to the start-
ing alkanol 6. [d] Experiments conducted with the following stoichiometry: IPy2BF4 (3 equiv), I2 (4 equiv),
K2CO3 (5 equiv). [e] Experiments conducted with the following stoichiometry: IPy2BF4 (3 equiv), I2
(0.5 equiv), K2CO3 (2 equiv), tBuOH (2.5 equiv).
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(5î15 mL). The combined organic phases were sequentially washed with
Na2S2O3 (5% solution in water, 2î50 mL) and H2O (2î50 mL) and
dried (Na2SO4). Pure ketones were isolated after concentration of the
solvent and column chromatography, and displayed data identical with
those of commercial samples.


General procedure for the preparation of 5a±5h (Table 4): The proce-
dure was totally equivalent to that described above, except for the use of
K2CO3 (5 mmol, 2.5 equiv, 0.7 g) instead of Cs2CO3.


General procedure for the preparation of 7a±7b (Table 5): The relevant
alcohol (1 mmol, 1 equiv), I2 (4 mmol, 4 equiv, 1 g), MS (4 ä, 4 g), and
K2CO3 (10 mmol, 5 equiv, 0.7 g) were sequentially added to a stirred solu-
tion of IPy2BF4 (3 mmol, 3 equiv, 1.1 g) in CH3CN (50 mL). The hetero-
geneous mixture was heated (60 8C) for 16 h. The crude reaction mixture
was then allowed to cool, filtered through Celite and washed with
CH2Cl2 (12 mL). The filtrate was concentrated under vacuum, redissolved
in CH2Cl2 (12 mL) and stirred with HCl (1n, 12 mL) for 15 min. The re-
action mixture was then transferred to a separating funnel, and the aque-
ous layer was further extracted with CH2Cl2 (5î15 mL). The combined
organic phases were sequentially washed with Na2S2O3 (5% solution in
water, 2î50 mL) and H2O (2î50 mL) and dried (Na2SO4). Removal of
the solvent under vacuum and column chromatography (hexane/ethyl
acetate) gave pure aldehydes.


General procedure for the preparation of 8a±8c (Table 5): IPy2BF4


(6 mmol, 3 equiv, 2.23 g) was dissolved in CH3CN (5 mL) at 40 8C. The al-
cohol (2 mmol, 1 equiv), tBuOH (5 mmol, 2.5 equiv, 0.5 mL), I2 (1 mmol,
0.5 equiv, 0.25 g), MS (4 ä, 1 g), and K2CO3 (4 mmol, 2 equiv, 0.56 g)
were added sequentially. The mixture was heated at 40 8C for the time in-
dicated in Table 5. Workup was equivalent to that described for the prep-
aration of 7a and 7b. The esters were isolated by column chromatogra-
phy (hexane/ethyl acetate).
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Binding H2, N2, H
�, and BH3 to Transition-Metal Sulfur Sites: Synthesis and


Properties of [Ru(L)(PR3)(N2Me2S2)] Complexes (L=h2-H2, H
�, BH3;


R=Cy, iPr)**


D. Sellmann,≤[a] A. Hille,*[a] F. W. Heinemann,[a] M. Moll,[a] M. Reiher,[b] B. A. Hess,[b] and
W. Bauer[c]


Introduction


Nitrogenases differ from many other enzymes in their versa-
tility in catalyzing the reduction of not only one but numer-
ous substrates. These substrates range from molecular nitro-
gen to protons, acetylene, nitriles, isonitriles, and even
HCN.[1] All these reductions probably take place in 2H+/2e�


transfer steps at the metal sulfur cofactors of nitrogenas-
es.[2,3] The detailed mechanisms of these reactions have re-
mained largely unknown, and model compounds that enable
the catalytic reduction of nitrogenase substrates under mild,
nitrogenase-like conditions are the goal of continual ef-
forts.[4±6]


Among the nitrogenase substrates, protons and molecular
hydrogen play a special role. Protons are reduced to H2, and
in this regard, nitrogenases exhibit hydrogenase activity. Al-
though molecular hydrogen is a competitive inhibitor of N2
fixation, it is also a substrate.[7] This is demonstrated by one
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Wegelerstrasse 12, 53115 Bonn (Germany)
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[≤] Deceased.


[**] Transition-Metal Complexes with Sulfur Ligands, Part 168. For
Part 167, see: D. Sellmann, R. Prakash, F. W. Heinemann, Eur. J.
Inorg. Chem. 2004, in press. −N2Me2S2×=1,2-ethanediamine-N,N’-di-
methyl-N,N’-bis(2-benzenethiolate)(2�).


Abstract: The reactions of [Ru(N2)-
(PR3)(−N2Me2S2×)] [−N2Me2S2×=1,2-etha-
nediamine-N,N’-dimethyl-N,N’-bis(2-
benzenethiolate)(2�)] [1a (R= iPr), 1b
(R=Cy)] and [m-N2{Ru(N2)-
(PiPr3)(−N2Me2S2×)}2] (1c) with H2,
NaBH4, and NBu4BH4, intended to
reduce the N2 ligands, led to substitu-
tion of N2 and formation of the new
complexes [Ru(H2)(PR3)(−N2Me2S2×)]
[2a (R= iPr), 2b (R=Cy)],
[Ru(BH3)(PR3)(−N2Me2S2×)] [3a (R=


iPr), 3b (R=Cy)], and
[Ru(H)(PR3)(−N2Me2S2×)]


� [4a (R=


iPr), 4b (R=Cy)]. The BH3 and hy-
dride complexes 3a, 3b, 4a, and 4b
were obtained subsequently by rational
synthesis from 1a or 1b and BH3¥THF
or LiBEt3H. The primary step in all re-
actions probably is the dissociation of


N2 from the N2 complexes to give coor-
dinatively unsaturated
[Ru(PR3)(−N2Me2S2×)] fragments that
add H2, BH4


� , BH3, or H
� . All com-


plexes were completely characterized
by elemental analysis and common
spectroscopic methods. The molecular
structures of [Ru(H2)(PR3)(−N2Me2S2×)]
[2a (R= iPr), 2b (R=Cy)],
[Ru(BH3)(PiPr3)(−N2Me2S2×)] (3a),
[Li(THF)2][Ru(H)(PiPr3)(−N2Me2S2×)]
([Li(THF)2]-4a), and NBu4[Ru(H)(P-
Cy3)(−N2Me2S2×)] (NBu4-4b) were de-
termined by X-ray crystal structure
analysis. Measurements of the NMR


relaxation time T1 corroborated the h2


bonding mode of the H2 ligands in 2a
(T1=35 ms) and 2b (T1=21 ms). The
H,D coupling constants of the analo-
gous HD complexes HD-2a (1J(H,D)=
26.0 Hz) and HD-2b (1J(H,D)=
25.9 Hz) enabled calculation of the H�
D distances, which agreed with the
values found by X-ray crystal structure
analysis (2a : 92 pm (X-ray) versus
98 pm (calculated), 2b : 99 versus
98 pm). The BH3 entities in 3a and 3b
bind to one thiolate donor of the
[Ru(PR3)(−N2Me2S2×)] fragment and
through a B-H-Ru bond to the Ru
center. The hydride complex anions 4a
and 4b are extremely Br˘nsted basic
and are instantanously protonated to
give the h2-H2 complexes 2a and 2b.


Keywords: dihydrogen ligands ¥
hydride ligands ¥ N ligands ¥
ruthenium ¥ S ligands
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of the most intriguing nitrogenase reactions, that is, ™N2-de-
pendent HD formation∫. This reaction involves the reduc-
tive formation of HD from D2 and protons of water, which
takes place exclusively in the presence of N2. This reaction
indicates that D2 is heterolytically cleaved at the metal
sulfur sites of the nitrogenase cofactors.[8] Because the active
sites of nitrogenases are basically transition metal complexes


with sulfur ligands, which react
with nitrogenase substrates, low
molecular weight metal±sulfur
complexes are particularly de-
sirable model compounds. In
the search for such models we
recently found the [Ru-
(PiPr3)(−N2Me2S2×)] complex
fragment (Scheme 1).[9]


The [Ru(PiPr3)(−N2Me2S2×)]
fragment can bind N2 and other
nitrogen ligands under ambient


conditions, and it does not immediately block its vacant sites
by formation of M-S-M bridges to give unreactive aggre-
gates, which is a predominant feature of metal thiolates. On
attempting to reduce the N2 ligands in [Ru(N2)-
(PiPr3)(−N2Me2S2×)] (1a) and related complexes, we found
that [Ru(PR3)(−N2Me2S2×)] fragments (R= iPr, Cy) can also
bind H2, H


� , and BH3. The resulting complexes are de-
scribed here.


Results and Discussion


Synthesis of [Ru(L)(PR3)(−N2Me2S2×)] (L=h2-H2, BH3, H
� ;


R= iPr, Cy): Treatment of solutions of [Ru(N2)-
(PR3)(−N2Me2S2×)] [1a (R= iPr), 1b (R=Cy)] in THF with
molecular hydrogen led to a rapid color change from
yellow-green to light red. Monitoring the reactions by IR
spectroscopy showed that the n(N�N) bands of 1a
(2113 cm�1) and 1b (2115 cm�1) decreased in intensity and
had completely disappeared after 20 min. Concentration of
the solutions and addition of MeOH or n-pentane precipi-
tated yellow solids. They were completely characterized by
elemental analysis, common spectroscopic methods, and X-
ray crystal structure analysis as [Ru(H2)(PR3)(−N2Me2S2×)]
[2a (R= iPr), 2b (R=Cy)], which were formed according to
Equation (1).


The 1H NMR spectra of these h2-H2 complexes exhibit
characteristic singlets at d=�12.04 (2a) and d=�11.98 ppm
(2b), which are split by 31P coupling into doublets [2J(P,H)=


11.2 (2a), 9.2 Hz (2b)]. The stability of the h2-H2 complexes
2a and 2b is comparable to that of the corresponding N2
complexes 1a and 1b. Since this was a quite unexpected
result, DFT calculations were carried out. These calculations
supported the experimental observations by showing that
the bond enthalpy between [Ru(PR3)(−N2Me2S2×)] and H2
and N2 are almost identical (see Experimental Section).
Both h2-H2 complexes 2a and 2b are stable in solution
under an Ar/H2 mixture for extended periods of time at
room temperature, whereas solid, yellow 2a and 2b slowly
turn green at room temperature due to loss of coordinated
H2. At �78 8C, however, they can be stored for months with-
out decomposition. Replacing the gas phase of H2 by N2 led
to regeneration of the N2 complexes 2a or 2b, that is, the
N2/H2 reaction of Equation (1) is reversible.
The dinuclear N2 complex [m-N2{Ru(PiPr3)(−N2Me2S2×)}2]


(1c) showed an analogous reaction towards H2.
[10] Treatment


of 1c with one equivalent of H2 first resulted in the forma-
tion of the mononuclear N2 complex [Ru(N2)-
(PiPr3)(−N2Me2S2×)] (1a) and 2a. This result indicates that
[m-N2{Ru(PiPr3)(−N2Me2S2×)}2] (1c) dissociated in solution to
give mononuclear 1a and the [Ru(PiPr3)(−N2Me2S2×)] frag-
ment, which instantaneously added H2 [Eq. (2)].


Further treatment of the solution with H2 converted the
initially formed [Ru(N2)(PiPr3)(−N2Me2S2×)] (1a) to the h2-
H2 complex 2a. h


2-H2 complexes frequently exhibit strongly
acidic H2 ligands and are readily deprotonated to give hy-
dride complexes.[11] However, all attempts to deprotonate 2a
or 2b with bases such as LiOMe or LiN(SiMe3)2 were unsuc-
cessful. For example, even when 2a was treated with a 10-
to 100-fold excess of LiN(SiMe3)2 in THF, no deprotonation
of 2a to give the corresponding hydride complex anion
[Ru(H)(PiPr3)(−N2Me2S2×)]


� (4a) was observed, and 2a
could be recovered from the reaction solutions.
The 1H and 31P NMR spectra indicated the formation of


additional decomposition products, which were not charac-
terized. These findings indicated that the hydride complex
anions [Ru(H)(PR3)(−N2Me2S2×)]


� corresponding to 2a or 2b
are extremely strong bases. The viability of such anions
became evident when the reactions between 1a or 1b with
borohydrides such as NaBH4 and NBu4BH4 were investigat-
ed. Treatment of 1a in THF with NaBH4 did not lead to re-
duction of the N2 ligand but to immediate evolution of gas
and formation of orange solutions. Monitoring this reaction
in [D8]THF by


1H, 11B, and 31P NMR spectroscopy showed
that directly after combining 1a and NaBH4 one product
was the h2-H2 complex 2a, which was identified by its char-
acteristic 1H NMR signal at d=�12.04 ppm. Its formation


Scheme 1. The [Ru(PiPr3)-
(−N2Me2S2×)] fragment.
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could be traced back to traces of moisture in the solvent (or
on the glass walls) that reacted either with NaBH4 or with a
highly water sensitive species. The 31P NMR spectrum
showed that no N2 complex 1a remained, and that a second
complex besides 2a had formed, because a further 31P NMR
signal at d=55.55 ppm was observed. However, the
11B NMR spectrum showed a practically unchanged, but
slightly broadened BH4


� quintet, which suggested that BH4
�


ions were still present. These spectroscopic results are ra-
tionalized by the assumption that BH4


� ions replaced the N2
ligand of 1a to give a very labile BH4


� adduct [Ru(BH4)-
(PiPr3)(−N2Me2S2×)]


� showing a very weak interaction be-
tween the BH4


� ion and the [Ru(BH4)(PiPr3)(−N2Me2S2×)]
fragment [Eq. (3)].


After several hours, an additional high-field 1H NMR
signal at d=�18.13 ppm indicated the presence of a third
product with a hydride signal, tentatively assigned to a hy-
dride complex or a derivative of the BH4


� adduct. The
11B NMR and mass spectra suggested the coordination not
of BH4


� but of BH3 to the [Ru(PiPr3)(−N2Me2S2×)] fragment.
Slow diffusion of Et2O into the
filtered reaction solutions final-
ly yielded a solid product in the
form of single crystals whose X-
ray crystal structure analysis
substantiated the formation of
[Ru(BH3)(PiPr3)(−N2Me2S2×)]
(3a).
When the mixture of 1a and


NaBH4 in THF was kept for
several days at room tempera-


ture, the 1H NMR spectrum showed that the initially ob-
served signal of the h2-H2 complex 2a at d=�12.04 ppm
had disappeared. The signal of 3a at d=�18.13 ppm was
still present, and, in addition to this signal, a new signal at
even higher field (d=�21.47 ppm) had emerged (Figure 1).
The intensity of the signal at d=�21.47 ppm and its cou-


pling constant of 2J(P,H)=38.4 Hz were compatible with the
formation of the monohydride complex anion [Ru(H)-
(PiPr3)(−N2Me2S2×)]


� . However, all attempts to isolate salts of
this anion from the reaction solution were unsuccessful. The
unambiguous identification of [Ru(H)(PiPr3)(−N2Me2S2×)]


�


(4a) was finally achieved by the complete characterization
of [Li(thf)2][Ru(H)(PiPr3)(−N2Me2S2×)] ([Li(thf)2]-4a), which
was synthesized by a different route (see below).
Analogous results were obtained when the PCy3 complex


[Ru(N2)(PCy3)(−N2Me2S2×)] (1b) was treated with NBu4BH4
in THF. This experiment was done not only to probe the in-


fluence of the PCy3 ligand versus that of PiPr3, but also be-
cause it could be carried out in strictly homogenous phase,
since NBu4BH4 is soluble in THF. The reaction between 1b
and NBu4BH4 also yielded the first single-crystalline exam-
ple of the [Ru(H)(PR3)(−N2Me2S2×)]


� complex type, in the
form of NBu4[Ru(H)(PCy3)(−N2Me2S2×)] (NBu4-4b). Com-
plex NBu4-4b could only be isolated in pure form when
traces of water were strictly excluded. Otherwise, a second
species, which was characterized as the BH3 complex
[Ru(BH3)(PCy3)(−N2Me2S2×)] (3b), is also formed.
The unambiguous identification of the BH3 complex


[Ru(BH3)(PiPr3)(−N2Me2S2×)] [3a (R= iPr), 3b (R=Cy)]
and the hydride complexes [Li(thf)2][Ru(H)-
(PiPr3)(−N2Me2S2×)] ([Li(thf)2]-4a) and NBu4[Ru(H)-
(PCy3)(−N2Me2S2×)] (NBu4-4b) prompted us to search for
more rational and direct syntheses of these species by em-
ploying BH3¥THF and LiBEt3H as reagents. LiBEt3H was
used instead of NaBH4 or NBu4BH4 to avoid formation of
BH3 complexes 3a and 3b. These were formed as side prod-
ucts when NaBH4 or NBu4BH4 was used as hydride source
in the presence of residual traces of moisture (see above).
As expected, treatment of the N2 complexes 1a or 1b with
BH3¥THF according to Equation (4) yielded the correspond-
ing BH3 complexes 3a and 3b, which were obtained in solid
form and characterized by common spectroscopic methods.


1 a, 1 bþ BH3 � THF
�N2
��!½RuðBH3ÞPR3ÞðN2Me2S2Þ	


3 a ðR ¼ iPrÞ, 3 b ðR ¼ CyÞ
ð4Þ


Treatment of the N2 complexes 1a or 1b with LiBEt3H
according to Equation (5) afforded the corresponding hy-
dride complex anions 4a and 4b. However, this reaction
pathway only yielded the PiPr3 complex [Li(thf)2]-4a in
solid form. All attempts to isolate the PCy3 analogue
[Li(thf)2][Ru(H)(PCy3)(−N2Me2S2×)] ([Li(thf)2]-4b) in crystal-
line form remained unsuccessful and always resulted in oily
products that contained traces of unconverted LiBEt3H.


Figure 1. Monitoring the reaction between [Ru(N2)(PiPr3)(−N2Me2S2×)]
(1a) and NaBH4 in [D8]THF by


1H NMR spectroscopy. a) 1H NMR spec-
trum indicating the formation of [Ru(H2)(PiPr3)(−N2Me2S2×)] (2a) and
[Ru(BH3)(PiPr3)(−N2Me2S2×)] (3a); b)


1H NMR spectrum after three days
showing the additional formation of the [Ru(H)(PiPr3)(−N2Me2S2×)]


� ion.
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1 a, 1 bþ LiBEt3H � THF
�N2
��!½LiðthfÞ2	½RuðHÞðPR3ÞðN2Me2S2Þ	


½LiðthfÞ2	-4 a ðR ¼ iPrÞ
½LiðthfÞ2	-4 b ðR ¼ CyÞ


ð5Þ


X-ray crystal structure analyses : Examples of the three
types of complexes described in this paper could be charac-
terized by X-ray crystal structure analysis. Figure 2 depicts


the molecular structures of 2a, 2b, 3a, 4a, and 4b. Table 1
lists selected bond lengths and angles.
All complexes exhibit six-coordinate ruthenium centers in


pseudo-octahedral coordination spheres and are C1-symmet-
ric. The −N2Me2S2× ligand is coordinated to the metal centers
in a helical mode that causes the thiolate donors to adopt
trans positions. The crystal lattices of 2a, 2b, 3a, and NBu4-
4b contain discrete molecules or cations and anions, and the
crystal lattice of [Li(thf)2]-4a contains ion pairs in which the
[Li(thf)2] ions are bound to the [Ru(H)(PiPr3)(−N2Me2S2×)]


�


ions through Li¥¥¥S�Ru and Li¥¥¥H�Ru bridges.
The H� ligands in the complex anions 4a and 4b result in


particularly long Ru1�N2 distances, and 4b (240.3(5) ppm)
has a longer Ru1�N2 bond than 4a (233.9(2) ppm). This
may be traced back to the fact that 4b has a terminal hy-
dride ligand, while 4a exhibits a hydride ligand bridging to
the [Li(thf)2] entity. The Ru1�N2 distances in the h2-H2


complexes 2a (227.7(2) ppm) and 2b (222.1(4) ppm) are
shorter than those in the hydride complex anions 4a and 4b
and lie in the usual range of [Ru(L)(PR3)(−N2Me2S2×)] com-
plexes. However, it is difficult to rationalize why the Ru1�
N2 distance in 2b is shorter than that in 2a. Futhermore,
the shorter the Ru1�P1 distances, the longer the Ru1�N2
distances. This possibly indicates that differences at the Ru
centers caused by elongation of the Ru1�N2 bonds are
counterbalanced by shortening of the Ru1�P1 bonds. This is
most visible in the hydride complex anion 4b, which has a
very long Ru1�N2 distance (240.3(5) pm) and a very short
Ru1�P1 distance (224.8(2) pm). The distances in the BH3
complex 3a lie in the usual range for
[Ru(L)(PR3)(−N2Me2S2×)] complexes. The relatively short
Ru1�N2 distance of 3a (223.6(3) ppm) indicates the absence
of a strong trans influence of the H1A atom of the BH3
entity on the Ru1�N2 bond. The BH3 entity apparently acts
as a weak ligand, comparable to the weak h2-H2 ligands in
2a and 2b. The positions of the h2-H2, the hydrogen atoms
of the BH3 entity, and the hydride ligands in 2a, 3a, and 4a
could be determined from difference Fourier maps. The
Ru�H distances lie in the usual range of 160±170 pm. Such
distances are also found for related complexes, for example,
[Li(thf)(Et2O)][Ru(H)(PCy3)(−S4×)] (−S4×=dianion of 1,2-
bis(2-mercaptophenylthio)ethane; 161(5) pm) and
[Na(THF)][Ru(H)(−tbupyS4×)]2 (−tbupyS4×=dianion of 2,6-
bis[(2-mercapto-3,5-di-tert-butylphenylthio)dimethylpyri-
dine]; 161(5) pm).[12,13] Relatively large standard deviations
do not enable a detailed discussion of either Ru�H or H�H
distances, but the quality of the single crystals of 2a enabled
localization of the h2-H2 ligand. The H�H distance was de-
termined to be 92 pm, which is 18 pm longer than in the
free H2 molecule. This is in agreement with the value of
99 pm for 2a, as calculated on the basis of the H,D coupling
constant (1J(H,D)=26.0 Hz, see also below) according to
Equation (6).[11]


dH�H=A
� ¼ 1:42�0:0167 JðH,DÞ ð6Þ


The H�H distance in the related h2-H2 PCy3 complex 2b
was determined to be 99 pm by X-ray crystal structure de-
termination, which agreed with the value calculated from
the H,D coupling constant (98 pm). The short elongation of
the H�H bond in the h2-H2 ligands of 2a and 2b compared
to the free H2 molecule indicates only minor activation of
these ligands. The B1�H1A distance (128(4) pm) of the H
atom bound to the Ru center is significantly elongated in
comparison to the terminal B�H bonds (B1�H1B
113(4) pm, B1�H1C 111(5) pm). The Ru�H1A distance is
similar to those of classical hydride complexes. The terminal
B�H bonds are similar to those of related systems.[14]


General properties and spectroscopic characterization of
complexes 2±4 : All complexes described here are yellow to
orange and diamagnetic. They are soluble in THF, but only
sparingly soluble in n-pentane or methanol. The H2 ligands
in the h2-H2 complexes 2a and 2b (as well as the N2 ligands
in the N2 complexes 1a and 1b) are very labile. The dissoci-
ation of the H2 (or N2) ligands yields 16-valence-electron


Figure 2. Molecular structures of [Ru(H2)(PiPr3)(−N2Me2S2×)] (2a),
[Ru(H2)(PCy3)(−N2Me2S2×)]¥0.5pentane (2b¥0.5pentane), [Ru(BH3)-
(PiPr3)(−N2Me2S2×)] (3a), [Li(THF)2][Ru(H)(PiPr3)(−N2Me2S2×)]
([Li(THF)2]4a), and NBu4[Ru(H)(PCy3)(−N2Me2S2×)]¥0.83Et2O¥0.17THF
(NBu4)4b¥0.83 Et2O¥0.17 THF); (50% probability ellipsoids; solvent mol-
ecules, C-bonded H atoms, and NBu4 cations omitted for clarity).
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[Ru(PR3)(−N2Me2S2×)] (R= iPr, Cy) fragments, which are
most probably the reactive species in all reactions reported.
As was found for other complexes with H� ligands, the


hydride complex anions [Ru(H)(PR3)(−N2Me2S2×)]
� [4a (R=


iPr), 4b (R=Cy)] are so strongly Br˘nsted basic that they
instantaneously produce the corresponding h2-H2 complexes
2a and 2b if traces of moisture or other protic solvents, for
example, MeOH, are present.[15]


The complexes are stable in solution for longer periods of
time, and in the solid state the BH3 complexes can be kept
at room temperature without decomposition, whereas the
h2-H2 complexes 2a and 2b and the hydride complexes
[Li(thf)2]-4a and NBu44b must be stored at �78 8C to pre-
vent decomposition. The hydride complex anions 4a and 4b
are extremely sensitive to moisture, both in the solid state
and in solution.
The complexes were characterized by 1H, 13C, 31P, and, in


the case of 3a and 3b, also by 11B NMR spectroscopy. All
NMR spectra were in agreement with the structures deter-
mined by X-ray crystal structure analysis. The 1H NMR
spectra exhibit the typical pattern of complexes having the
[Ru(−N2Me2S2×)] core and phosphane co-ligands (Figure 3).


Two methyl signals of the N-
methyl groups are particularly
characteristic for the
−N2Me2S2


2�× ligand in C1-sym-
metric [Ru(L)(PR3)(−N2Me2S2×)]
complexes and complex anions.
The h2-H2 and hydride ligands
give rise to signals in the region
of d=�12.02 (2a) and
�11.98 ppm (2b), respectively,
and at d=�21.47 (4a) and
�21.83 ppm (4b). These signals
are split into doublets with
2J(P,H)=11.2 (2a), 9.8 (2b),
38.4 (4a), and 32.8 Hz (4b).
The large coupling constants of
more than 30 Hz agree with the
cis coordination of the hydride
and phosphane co-ligands in 4a
and 4b.[16] The BH3 entities of
the BH3 complexes 3a and 3b
give rise to two multiplets (due
to 1H,1H, 31P,1H, and 11B,1H cou-


pling) in the region of d=�18.13 (3a) and �18.14 ppm
(3b), indicative of two types of B�H bonds. The high-field
signals are assigned to B�H groups interacting with the Ru
centers, and their shifts indicate B-H-Ru interactions that
may be described as agostic or three-center, two-electron
bonds. Particular emphasis was paid to corroborating the h2-
H2 bonding mode of the H2 ligands in 2a and 2b by NMR
spectroscopy. Measurement of T1 relaxation times afforded
values of T1=35 ms for 2a and T1=21 ms for 2b (500 MHz
spectrometer, 293 K) that are compatible with h2-H2 li-
gands.[17] Further proof for the h2-H2 bonding mode was ob-
tained from the HD coupling constants in the analogous
complexes [Ru(HD)(PiPr3)(−N2Me2S2×)] (HD-2a) and
[Ru(HD)(PCy3)(−N2Me2S2×)] (HD-2b). Complexes HD-2a
and HD-2b were easily synthesized by reaction of N2 com-
plexes 1a and 1b with NaBD4 in THF which contained stoi-
chiometric quantities of H2O as a source of H


+ .
The complexes HD-2a and HD-2b show large coupling


constants [1J(H,D)=26.0 (HD-2a) and 25.9 Hz (HD-2b)],
which are unambiguous proof of activated, but still intact,
H�D bonds.[18] Gaseous HD has 1J(H,D)=43.2 Hz, while
cis-[M(H)(D)] complexes with hydride and deuteride li-
gands usually exhibit 2J(H,D)<2 Hz.[19]


The J(H,D) values found for HD-2a and HD-2b are also
comparable with those of, for example, [W(HD)(CO)3-
(PCy3)] (


1J(H,D)=33.5 Hz).[20] Due to H,D and H,P cou-
pling, the HD ligands of HD-2a and HD-2b give rise to a
doublet of triplets in the 1H NMR spectrum, which is shown
for HD-2a in Figure 4.
The H,D coupling constants of 26.0 and 25.9 found for


HD-2a and HD-2b enabled estimates of the H�D distances.
They were calculated to be 98 pm according to Equa-
tion (6).[11] These values agree well with those derived from
the X-ray crystal structure analyses of 2a (92 pm) and 2b
(99 pm). Comparison of these distances with the bond
length in free H2 (74 pm) illustrates again that H2 is rather


Table 1. Selected bond lengths [pm] and angles [8] in 2a, 2b¥0.5pentane, 3a, [Li(thf)2]-4a, and NBu4-
4b¥0.83Et2O¥0.17THF.


Complex 2a 2b 3a 4a 4b


Ru1�N1 224.0(2) 225.5(4) 227.8(3) 226.8(2) 226.9(5)
Ru1�N2 227.7(2) 222.1(4) 223.6(3) 233.9(2) 240.3(5)
Ru1�S1 238.2(1) 239.5(1) 236.4(1) 237.4(1) 236.0(2)
Ru1�S2 238.0(1) 238.6(1) 235.9(1) 237.1(1) 236.7(2)
Ru1�P1 232.1(1) 233.5(1) 233.3(1) 226.5(1) 224.8(2)
Ru1�H1(A) 164(3) 159.81 168(5) 161(4) 174(8)
Ru1�H1B 160(3) 168.99 ± ± ±
S1�B1 ± ± 193.2(4) ± ±
H1A�H1B 92 99 ± ± ±
B1�H1A ± ± 128(4) ± ±
B1�H1B ± ± 113(4) ± ±
B1�H1C ± ± 111(5) ± ±
N1-Ru1-N2 81.2(1) 82.6(1) 81.3(1) 79.8(1) 79.0(2)
S1-Ru1-S2 174.5(1) 171.0(1) 168.3(1) 173.0(1) 173.0(1)
S1-Ru1-P1 93.5(1) 99.9(1) 96.1(1) 96.3(1) 94.0(1)
N1-Ru1-P1 170.2(1) 174.8(1) 178.1(1) 171.5(1) 170.0(1)
H1(A)-Ru1-N2 158.8(1) 165.1 171.9(15) 165.2(16) 170(3)
H1(A)-Ru1-S2 78.6(1) 111.0 92.0(15) 92.8(15) 95(2)
Li1�S1 ± ± ± 239.7(6) ±
Li1�H1 ± ± ± 193(4) ±
Li1�O1 ± ± ± 197.7(6) ±
Li1�O2 ± ± ± 195.4(6) ±


Figure 3. 1H NMR spectrum of [Ru(H2)(PiPr3)(−N2Me2S2×)] (2a) in
[D8]THF; ^= [D8]THF.
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weakly activated when bound to [Ru(PR3)(−N2Me2S2×)] frag-
ments. In other nonclassical h2-HD complexes, for example,
[Cp*Ru(HD)(dppm)]BF4 (Cp*=pentamethylcyclopenta-
dienyl, dppm=bis(diphenylphosphanyl)methane) the activa-
tion of HD can be much stronger.[21]


Reactivity of h2-H2, BH3, and H
� complexes 2±4 : The rela-


tively weak activation of H2 in 2a and 2b corresponds with
the reactivity of these com-
plexes towards deprotonation
or substitution of the H2 li-
gands. The related h2-H2 com-
plex [Rh(H2)(PCy3)(−


buS4×)]
+


(−buS4×=dianion of 1,2-bis(2-
mercapto-3,5-di-tert-butylphe-
nylthio)ethane) only exists as a
transition state and immediate-
ly forms the thiol hydride com-
plex [Rh(H)(PCy3)(−


buS4-H×)]
+


(Scheme 2).[22]


The h2-H2 complex [Ru(H2)(PCy3)(−S4×)] (−S4×=dianion of
1,2-bis[(2-mercaptophenylthio)ethane]), which is also relat-
ed to 2a and 2b, is readily deprotonated by bases such as
NaOMe to give [Ru(H)(PCy3)(−S4×)]


� .[12] In contrast, no
such reaction could be observed for 2a or 2b (see above).
While H2/N2 exchange is reversible (see above), the H2 li-


gands in 2a or 2b are instantaneously replaced by CO to
give [Ru(CO)(PR3)(−N2Me2S2×)] [Equation (7)].


The h2-H2 complexes 2a and 2b instantaneously react
with BH3¥THF to give the borane complexes
[Ru(BH3)(PR3)(−N2Me2S2×)] [3a (R= iPr), 3b (R=Cy)].
Since substitution-inert [Ru(L)(PR3)(−N2Me2S2×)] complexes
like [Ru(CO)(PiPr3)(−N2Me2S2×)] or [Ru(PMe3)2(−N2Me2S2×)]


do not react with BH3¥THF, the formation of the borane
complexes 3a and 3b is, similar to the reactions with BH4


�


ions (see above), best rationalized by coordination of the
BH3 entity of the BH3¥THF adduct through one hydrogen
atom to the [Ru(PR3)(−N2Me2S2×)] fragments as shown in
Equation (8).[10, 23]


The formation of the BH3 complexes probably involves a
very labile [Ru(PR3)(−N2Me2S2×)][BH3¥THF] adduct (see
above), which cannot be detected, since final formation of
the BH3 complexes 3 is facilitated by the Lewis-basic thio-
late S donor in cis position.
In contrast to the H2 (or N2) complexes 2a, 2b (or 1a and


1b), which are labile with regard to the exchange of the H2
(or N2) ligands, the borane complexes
[Ru(BH3)(PR3)(−N2Me2S2×)] 3a and 3b are inert towards
both H2 and N2. Even under an atmosphere of CO, the relat-
ed CO complexes [Ru(CO)(PR3)(−N2Me2S2×)] (R= iPr, Cy)
were not formed.[10,23] These observations strongly suggest a
stable three-center, two-electron bonding mode of the BH3
entity to the Ru center, which blocks the sixth coordination
site. However, the N2 complexes 1a and 1b or the related
CO complexes [Ru(CO)(PR3)(−N2Me2S2×)] (R= iPr, Cy) are
formed when 3a or 3b is treated with stoichometric quanti-
ties of HBF4 under an atmosphere of N2 or CO. Carrying
out these reactions under an atmosphere of argon led to
quantitative formation of the h2-H2 complexes 2a and 2b.
These observations are rationalized best by a reaction of
protons with the BH3 entity to give H2. Subsequent substitu-
tion of the resulting BH2 entity (which probably finally
forms insoluble boranes BxHy) by H2 leads to formation of
the H2 complexes 2a and 2b (Scheme 3).
The high stability of the Ru-H-B bond also explains why


no further reaction of the borane complexes 3a and 3b with
excess BH3¥THF was observed. This is due to the lack of a
free coordination site at the Ru center in the borane com-
plexes.


Reaction pathways leading from the N2 complexes 1a or 1b
to the H2, H


� , or BH3 complexes 2±4 : The lability of the N2
ligands in [Ru(N2)(PR3)(−N2Me2S2×)] [1a (R= iPr), 1b (R=


Cy)], the comparably ready dissociation of the H2 ligands in
2a or 2b, and the extreme basicity of the hydride ligands in
4a or 4b enable a plausible description for the reactions of
1a or 1b, with H2, NaBH4, NBu4BH4, LiBEt3H, or
BH3¥THF (Scheme 4).
The initial step of the reaction of 1 with H2, BH3, BH4


�


(or BEt3H
�) is the dissociation of the N2 ligand to give coor-


dinatively unsaturated [Ru(PR3)(−N2Me2S2×)] (R= iPr, Cy)
fragments. These fragments react with H2 to directly give


Figure 4. High-field region of the 1H NMR spectrum of [Ru(HD)-
(PiPr3)(−N2Me2S2×)] (HD-2a) in [D8]THF.


Scheme 2. [Rh(H)(PCy3)(−
buS4×-


H)]
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the h2-H2 complexes 2, and with BH3¥THF to form the BH3
complexes 3.
With BH4


� , either from NaBH4 or NBu4BH4, the
[Ru(PR3)(−N2Me2S2×)] fragments most likely give BH4


� ad-
ducts of the [Ru(BH4)(PR3)(−N2Me2S2×)]


� type. Rapid de-
composition of the BH4


� adducts affords the hydride com-
plexes 4a and 4b. If moisture is not strictly excluded, the hy-
dride complexes instantaneously react with protons to give
the h2-H2 complexes 2a and 2b.
The direct reaction of the [Ru(PR3)(−N2Me2S2×)] (R= iPr,


Cy) fragments with the hydride source LiBEt3H in rigorous-
ly dried solvents and glassware explains the rational synthe-
sis of the hydride complex anions 4. Even in the presence of
traces of water, no borane complexes of the general formula
[Ru(BEt3)(PR3)(−N2Me2S2×)] are formed, since BEt3 is prob-
ably not prone to form stable three-center two-electron
C�H�Ru bonds.


Conclusion


We have described the synthesis and characterization of
complexes in which h2-H2, H


� , and BH3 ligands bind to
[Ru(PR3)(−N2Me2S2×)] complex fragments. The resultant
complexes demonstrate the unique capability of
[Ru(PR3)(−N2Me2S2×)] fragments to bind nitrogenase-rele-
vant species to identical transition metal±sulfur sites, and
these species now range from CO, N2, N2H2, N2H4, NH3, to
hydride and H2.


[9,10, 23,24] All these species interact with the
metal±sulfur cofactors of nitrogenases or are assumed to be
essential intermediates in the reduction of N2 to NH3. The
coordination of h2-H2 and N2 ligands to the
[Ru(PR3)(−N2Me2S2×)] fragments corresponds with previous
findings showing that metal complex fragments can bind H2
if the corresponding N2 complexes exhibit n(N�N) bands in
the region between 2160 and 2060 cm�1, as do [Ru(N2)-
(PiPr3)(−N2Me2S2×)] (1a) (2111 cm�1) and [Ru(N2)-
(PCy3)(−N2Me2S2×)] (1b) (2113 cm�1).[25] However, the
[Ru(L)(PR3)(−N2Me2S2×)] complexes 1a/1b and 2a/2b are
the first examples proving that this relationship also holds
for transition-metal thiolate complexes that can bind and ac-
tivate H2.


[12,22] In the few known cases, the interaction be-
tween H2 and the transition metal thiolate site favors the
heterolysis of H2 through the concerted attack of the Lewis-
acidic metal centers and Br˘nsted-basic thiolate donors on
the H�H bond. No such reaction could be observed with
the h2-H2 complexes 2a and 2b, which may be rationalized
by the fact that the h2-H2 ligand is only weakly activated in
2a and 2b and by the extreme Br˘nsted basicity of the hy-
dride anions [Ru(H)(PR3)(−N2Me2S2×)]


� (4a, 4b).
The BH3 complexes [Ru(BH3)(PR3)(−N2Me2S2×)] (3a, 3b)


are rare examples of transition metal BH3 complexes, and,
to the best of our knowledge, the first examples of BH3
complexes of metal±sulfur complex fragments. The BH3 li-
gands in these complexes bind to the [Ru(PR3)(−N2Me2S2×)]
fragments through two types of Lewis acid±base interactions
yielding S�B and H�Ru bonds. This type of bonding con-
trasts with the bonds found in transition metal complexes of
BH4


� , such as [Cu(PPh3)2(BH4)], [Cp2Ti(BH4)], and
[Zr(BH4)3], in which the BH4


� ion binds to the metal cen-
ters through one or two B�H¥¥¥M hydrogen bonds.[26,27,28]


Experimental Section


General : Unless noted otherwise, all reactions and spectroscopic mea-
surements were carried out at room temperature under argon or nitrogen
using standard Schlenk techniques in absolute solvents purchased from
Fluka or Acros Chemicals. As far as possible, all reactions were moni-
tored by IR and NMR spectroscopy. IR spectra in solution were recorded
in CaF2 cuvettes with compensation of the solvent bands; solids were
measured as KBr pellets. NMR spectra were recorded, unless otherwise
specified, at room temperature (20 8C) in the solvents indicated. Chemi-
cal shifts are given in ppm and reported relative to residual protonated
solvent resonances (1H, 13C) or external standards: BF3¥Et2O (11B),
H3PO4 (


31P). Relaxation times T1 were measured on a JEOL Alpha 500
instrument at 500 MHz by the inversion recovery method with a standard
pulse frequency (1808±t±908±FID). Mass spectra were measured in the
field-desorption (FD) mode. The physical measurements were carried
out with the following instruments: IR spectroscopy: Perkin-Elmer 983,


Scheme 3. Reactions of the borane complexes
[Ru(BH3)(PR3)(−N2Me2S2×)] [3a (R= iPr), 3b (R=Cy)].


Scheme 4. Reaction pathways leading to the formation of
[Ru(H2)(PR3)(−N2Me2S2×)] [2a (R= iPr), 2b (R=Cy)],
[Ru(BH3)(PR3)(−N2Me2S2×)] [3a (R= iPr), 3b (R=Cy)], and
[Ru(H)(PR3)(−N2Me2S2×)]


� [4a (R= iPr), 4b (R=Cy)].
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Perkin-Elmer 1600 FTIR, and Perkin-Elmer 16PC FTIR; NMR spectros-
copy: JEOL FT-JNM-GX 270, Lambda LA 400, JEOL Alpha 500; mass
spectrometry: Jeol MSTATION 700; Raman spectroscopy: Bruker FT-
Raman RFS100/S.


The synthesis of [Ru(N2)(PR3)(−N2Me2S2×)] [R= iPr (1b), Cy (2b)][9,23]


was performed as described in the literature; NBu4BH4, NaBH4, NaBD4
were obtained from Aldrich, and LiBEt3H (1m in THF) and BH3¥THF
(1m in THF) from Acros Chemicals.


[Ru(H2)(PR3)(−N2Me2S2×)], general method : An intense stream of H2 gas
was passed through yellow solutions of [Ru(N2)(PR3)(−N2Me2S2×)] [1a
(R= iPr), 1b (R=Cy)] in THF (30 mL) for 30 min. The reactions were
monitored by IR spectroscopy and terminated when the n(N�N) band of
1a (2113 cm�1) or 1b (2115 cm�1) had disappeared. The red-green solu-
tions were filtered and reduced in volume to 2 mL by a stream of hydro-
gen gas. Addition of hydrogen-saturated n-pentane (30 mL) yielded pale
yellow solids, which were separated after 30 min, washed with hydrogen-
saturated n-pentane (10 mL), and dried in vacuo for 1 h.


[Ru(H2)(PiPr3)(−N2Me2S2×)] (2a): [Ru(N2)(PiPr3)(−N2Me2S2×)] (1a)
(300 mg, 0.51 mmol). Yield: 250 mg (87%) of [Ru(H2)(PiPr3)(−N2Me2S2×)]
(2a); 1H NMR (399.65 MHz, [D8]THF): d=7.44 (d, 3J(H,H)=7.0 Hz,
1H, C6H4), 7.42 (d,


3J(H,H)=7.0 Hz, 1H, C6H4), 7.34 (d,
3J(H,H)=


8.0 Hz, 1H, C6H4), 7.23 (d,
3J(H,H)=8.4 Hz, 1H, C6H4), 6.89±6.69 (m,


4H, C6H4), 3.56 (s, 3H, CH3), 3.28 (s, 3H, CH3), 3.27±2.48 (m, 4H,
C2H4), 2.45±2.33 (m, 3H, P[CH(CH3)2]3), 1.17±1.21 (m, 9H,
P[CH(CH3)2]3), �12.04 ppm (d, 2J(P,H)=11.2 Hz, 2H, H2); 13C{1H} NMR
(100.40 MHz, [D8]THF): d=153.6, 153.4, 153.2, 152.8, 132.0, 131.7, 126.8,
126.7, 122.2, 121.7, 121.6, 121.5 (C6H4), 68.6, 62.7 (CH3), 52.4, 50.9
(C2H4), 26.9 (d, 1J(P,C)=20.7 Hz, P[CH(CH3)2]3), 20.5, 20.1 ppm
(P[CH(CH3)2]3);


31P{1H} NMR (161.70 MHz, [D8]THF): d=59.11 ppm
(P[C3H7]3); MS (


102Ru, THF): m/z : 564 [M+�H2]; elemental analysis
calcd (%) for C25H41N2RuPS2 (565.76): C 53.07, H 7.30, N 4.95, S 11.34;
found: C 53.42, H 7.66, N 5.09, S 11.24.


[Ru(H2)(PCy3)(−N2Me2S2×)] (2b): [Ru(N2)(PCy3)(−N2Me2S2×)] (1b)
(440 mg, 0.62 mmol). Yield: 380 mg (90%) of [Ru(H2)(PCy3)(−N2Me2S2×)]
(2b); 1H NMR (399.65 MHz, [D8]THF): d=7.47±7.43 (m, 2H, C6H4),
7.33 (d, 3J(H,H)=8.4 Hz, 1H, C6H4), 7.22 (d,


3J(H,H)=7.2 Hz, 1H,
C6H4), 6.88±6.73 (m, 4H, C6H4), 3.54 (s, 3H, CH3), 3.28 (s, 3H, CH3),
3.16±2.36 (m, 4H, C2H4), 2.20±2.12 (m, 3H, P[CH(C5H10)]3), 1.98±1.06
(m, 30H, P[CH(C5H10)]3), �11.98 ppm (d, 2J(P,H)=9.2 Hz, 2H, H2);
13C{1H} NMR (100.40 MHz, [D8]THF): d=153.1, 152.7, 152.3, 131.6,
131.2, 126.3, 126.2, 121.6, 121.0 (3 signals, C6H4), 68.3, 62.1 (CH3), 52.3,
50.5 (C2H4), 36.9 (d,


1J(P,C)=20.2 Hz, P[CH(C5H10)]3), 30.3, 30.1, 28.2,
28.1, 27.1 ppm (P[CH(C5H10)]3);


31P{1H} NMR (161.70 MHz, [D8]THF):
d=50.35 ppm (P[C6H11]3); MS (


102Ru, THF): m/z : 684 [M+�H2]; elemen-
tal analysis calcd (%) for C34H53N2RuPS2 (685.98): C 59.53, H 7.79,
N 4.08, S 9.35; found: C 59.47, H 7.61, N 4.19, S 9.19.


[Ru(HD)(PR3)(−N2Me2S2×)] (NMR experiments), general method : Two
equivalents of NaBD4 were added to yellow solutions of [Ru(N2)-
(PR3)(−N2Me2S2×)] [1a (R= iPr), 1b (R=Cy)] and one equivalent of H2O
in [D8]THF and stirred for 1 h. The resulting orange solutions were di-
rectly investigated by 1H NMR spectroscopy, and HD coupling constants
of HD-2a and HD-2b were determined.


[Ru(HD)(PiPr3)(−N2Me2S2×)] (HD-2a): [Ru(N2)(PiPr3)(−N2Me2S2×)] (1a)
(40 mg, 0.068 mmol), NaBD4 (5.7 mg, 0.136 mmol), H2O (1.2 mL,
0.068 mmol), [D8]THF (0.6 mL).


1H NMR (399.65 MHz, [D8]THF): d=
�12.04 ppm (dt, 1J(H,D)=26.0 Hz, 2J(P,H)=12.03 Hz, 1H, HD).
[Ru(HD)(PCy3)(−N2Me2S2×)] (HD-2b): [Ru(N2)(PCy3)(−N2Me2S2×)] (1b)
(36 mg, 0.051 mmol), NaBD4 (4.3 mg, 0.102 mmol), H2O (0.9 mL,
0.051 mmol), [D8]THF (0.6 mL).


1H NMR (399.65 MHz, [D8]THF): d=
�12.01 ppm (dt, 1J(H,D)=25.9 Hz, 2J(P,H)=12.03 Hz ,1H, HD).
[Ru(BH3)(PR3)(−N2Me2S2×)], general method : Addition of a slight excess
(1.2 equiv) of BH3¥THF (1m solution in THF) to yellow solutions of
[Ru(N2)(PR3)(−N2Me2S2×)] [1a (R= iPr), 1b (R=Cy)] in THF (35 mL)
resulted in gas evolution and formation of yellow solutions within 1 h.
The reaction solutions were filtered after 24 h and reduced in volume to
2 mL. Addition of n-pentane (40 mL) yielded yellow solids, which were
washed with n-pentane (20 mL) and dried in vacuo.


[Ru(BH3)(PiPr3)(−N2Me2S2×)] (3a): [Ru(N2)(PiPr3)(−N2Me2S2×)] (1a)
(420 mg, 0.71 mmol), BH3¥THF (0.85 mL, 0.85 mmol). Yield: 350 mg
(76%) of [Ru(BH3)(PiPr3)(−N2Me2S2×)]¥THF (3a¥THF); 1H NMR


(399.65 MHz, [D8]THF): d=7.74 (d,
3J(H,H)=7.6 Hz, 1H, C6H4), 7.50


�7.45 (m, 2H, C6H4), 7.25±7.21 (m, 1H, C6H4), 7.14±7.10 (m, 1H, C6H4),
6.87±6.76 (m, 2H, C6H4), 3.60 (s, 3H, CH3), 3.10 (s, 3H, CH3), 3.37±2.51
(m, 4H, C2H4), 2.13±2.04 (m, 3H, P[CH(CH3)2]3), 1.79±1.76 (m, 1H,
BH3), 1.34±1.31 (m, 1H, BH3), 1.29 �1.24 (m, 9H, P[CH(CH3)2]3),
�18.13 ppm (br, 1H, RuHBH2);


11B{1H} (128.15 MHz, [D8]THF): d=
� 7.56 ppm (s, BH3);


13C{1H} NMR (100.40 MHz, [D8]THF): d=154.7,
153.2, 152.0, 145.3, 132.1, 131.7, 128.0, 126.9, 126.0, 124.6, 121.0, 119.4
(C6H4), 70.0, 60.7 (CH3), 57.5, 49.1 (C2H4), 28.7 (d,


1J(P,C)=19.1 Hz,
P[CH(CH3)2]3), 21.4, 19.4 ppm (P[CH(CH3)2]3);


31P{1H} NMR
(161.70 MHz, [D8]THF): d=49.81 ppm (P[C3H7]3); IR (KBr): ñ=2443,
2411 (B�H), 1796 cm�1 (Ru�H); MS (102Ru, THF): m/z : 578 [M+]; ele-
mental analysis calcd (%) for BC29H50N2OPRuS2 (649.71): C 53.61,
H 7.76, N 4.31, S 9.87; found: C 53.99, H 7.90, N 4.53, S 10.10.


[Ru(BH3)(PCy3)(−N2Me2S2×)] (3b): [Ru(N2)(PCy3)(−N2Me2S2×)] (1b)
(420 mg, 0.59 mmol), BH3¥THF (0.71 mL, 0.71 mmol). Yield: 350 mg
(88%) of [Ru(BH3)(PCy3)(−N2Me2S2×)] (3b);


1H NMR (399.65 MHz,
[D8]THF): d=7.77 (d,


3J(H,H)=7.6 Hz, 1H, C6H4), 7.49±7.21 (m, 1H,
C6H4), 7.12 (d,


3J(H,H)=8.4 Hz, 1H, C6H4), 6.90±6.73 (m, 2H, C6H4),
6.87±6.76 (m, 2H, C6H4), 3.63 (s, 3H, CH3), 3.07 (s, 3H, CH3), 3.28±2.30
(m, 4H, C2H4), 2.60±2.45 (m, 3H, P[CH(C5H10)]3), 1.79±1.07 (m, 32H,
P[CH(C5H10)]3, BH3), �18.14 ppm (b, 1H, RuHBH2);


11B{1H}
(128.15 MHz, [D8]THF): d=20.54 ppm (s, BH3);


13C{1H} NMR
(100.40 MHz, [D8]THF): d=155.1, 153.7, 152.7, 145.7, 132.7, 132.3, 128.5,
127.3, 126.7, 125.1, 121.5, 119.8 (C6H4), 70.7, 61.0 (CH3), 57.7, 49.6
(C2H4), 39.5 (br, P[CH(C5H10)]3), 31.83 (2 signals), 28.3, 28.2, 27.7 ppm
(P[CH(C5H10)]3);


31P{1H} NMR (161.70 MHz, [D8]THF): d=42.44 ppm
(P[C6H11]3); IR (KBr): ñ=2437 (br, B�H), 1792 cm�1 (Ru�H); MS
(102Ru, THF): m/z : 699 [M+]; elemental analysis calcd (%) for
BC34H54N2PRuS2 (697.80): C 58.52, H 7.80, N 4.01, S 9.19; found:
C 59.00, H 7.94, N 4.00, S 8.89.


[Li(thf)2][Ru(H)(PiPr3)(−N2Me2S2×)] ([Li(thf)2]4a): Addition of 2 equiv
of LiBEt3H (0.68 mL of a 1m solution in THF, 0.68 mmol) to a yellow
solution of [Ru(N2)(PiPr3)(−N2Me2S2×)] (1a ; 200 mg, 0.34 mmol) in THF
(15 mL) resulted in gas evolution and formation of a yellow solution,
which was stirred for 24 h. The solution was reduced in volume to 1 mL
and filtered. On layering with Et2O (5 mL), orange crystals formed over
four weeks at �34 8C. They were separated at �78 8C and dried without
further washing at �78 8C. Yield: 100 mg (41%) of [Li(thf)2][Ru(H)-
(PiPr3)(−N2Me2S2×)] ([Li(thf)2]-4a);


1H NMR (399.65 MHz, [D8]THF): d=
7.35 (d, 3J(H,H)=7.6 Hz, 1H, C6H4), 7.28 (d,


3J(H,H)=7.2 Hz, 1H,
C6H4), 7.17 (d,


3J(H,H)=7.2 Hz, 1H, C6H4), 7.05 (d,
3J(H,H)=7.6 Hz,


1H, C6H4), 6.17±6.45 (m, 4H, C6H4), 3.39 (s, 3H, CH3), 3.29 (s, 3H,
CH3), 3.23±2.20 (m, 4H, C2H4), 2.34±2.12 (m, 3H, P[CH(CH3)2]3), 1.12±
1.07 (m, 9H, P[CH(CH3)2]3), 0.99±0.95 (m, 9H, P[CH(CH3)2]3),
�21.47 ppm (d, 2J(P,H)=38.4 Hz, 1H, RuH); 13C{1H} NMR
(100.40 MHz, [D8]THF): d=163.4, 160.2, 157.5, 155.6, 134.4, 134.3, 126.8,
126.2, 124.1, 122.7, 121.3, 120.5 (C6H4), 68.9, 64.8 (CH3), 54.8, 52.5
(C2H4), 30.2 (d, 1J(P,C)=16.5 Hz, P[CH(CH3)2]3), 22.8, 22.7 ppm
(P[CH(CH3)2]3);


31P{1H} NMR (161.70 MHz, [D8]THF): d=79.88 ppm
(P[C3H7]3); elemental analysis calcd (%) for C33H56LiN2O2PRuS2
(715.90): C 55.37, H 7.88, N 3.91, S 8.96; found: C 55.06, H 7.86, N 4.02,
S 8.86.


NBu4[Ru(H)(PCy3)(−N2Me2S2×)] (NBu4-4b): NBu4BH4 (2 equiv; 108 mg,
0.42 mmol) were added to a yellow solution of [Ru(N2)-
(PCy3)(−N2Me2S2×)] (1b) (150 mg, 0.21 mmol) in THF (15 mL) and stirred
for 1 h. An orange solution formed, which was stirred for 24 h, filtered,
reduced in volume to 1 mL, and layered with Et2O (4 mL). Over two
weeks orange crystals precipitated, which were separated and dried in
vacuo without any further washing. Yield: 150 mg (71%) of NBu4-
[Ru(H)(PCy3)(−N2Me2S2×)]¥0.83Et2O¥0.17THF (NBu44b¥0.83Et2O¥
0.17THF); 1H NMR (399.65 MHz, [D8]THF): d=7.44 (d, 3J(H,H)=
6.4 Hz, 1H, C6H4), 7.35 (d, 3J(H,H)=6.8 Hz, 1H, C6H4), 7.25 (d,
3J(H,H)=7.6 Hz, 1H, C6H4), 6.70±6.68 (m, 2H, C6H4), 6.55±6.68 (m, 2H,
C6H4), 3.40 (s, 3H, CH3), 3.38 (t, 3J(H,H)=8.4 Hz, 8H,
N[CH2CH2CH2CH3]4


+), 3.30 (s, 3H, CH3), 3.27±2.16 (m, 4H, C2H4),
2.10±2.00 (m, 3H, P[CH(C5H10)]3), 1.70 (m, 8H, N[CH2CH2CH2CH3]4


+),
1.45 (m, 8H, N[CH2CH2CH2CH3]4


+), 0.99 (t, 3J(H,H)=7.2 Hz, 12H,
N[CH2CH2CH2CH3]4


+), 1.70±0.8 (m, 30H, P[CH(C5H10]3), �21.83 ppm
(d, 2J(P,H)=32.8 Hz, 1H, RuH); 13C{1H} NMR (100.40 MHz, [D8]THF):
d=161.1, 156.3, 155.6, 153.8, 133.0, 132.8, 125.7, 124.8, 123.0, 121.1, 120.8,
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119.3 (C6H4), 66.7, 62.4 (CH3), 59.03 (N[CH2CH2CH2CH3]4
+), 58.80


(N[CH2CH2CH2CH3]4
+), 52.3, 50.0 (C2H4), 39.9 (d,


1J(P,C)=15.3 Hz,
P[CH(C5H10)]3), 30.7, 29.2, 28.9, 27.7 (2 signals, P[CH(C5H10)]3), 20.21
(N[CH2CH2CH2CH3]4


+), 13.74 ppm (N[CH2CH2CH2CH3]4
+); 31P{1H}


NMR (161.70 MHz, [D8]THF): d=68.48 ppm (P[C6H11]3); elemental
analysis calcd (%) for C54H97.66N3PRuS2 (1001.17): C 64.78, H 9.82,
N 4.20, S 6.41; found: C 64.87, H 10.00, N 4.07, S 6.11.


[Li(thf)2][Ru(H)(PCy3)(−N2Me2S2×)] ([Li(thf)2]-4b): Addition of 2 equiv
of LiBEt3H (0.14 mL of a 1m solution in THF, 0.14 mmol) to a yellow
solution of [Ru(N2)(PCy3)(−N2Me2S2×)] (1b ; 50 mg, 0.07 mmol) in THF
(5 mL) resulted in gas evolution and formation of a yellow solution,
which was stirred for 24 h. The solution was filtered and all solvents were
evaporated. The crude product, which still contained unconsumed
LiBEt3H, was dissolved in [D8]THF (0.8 mL), and formation of the
[Ru(H)(PCy3)(−N2Me2S2×)]


� (4b) was corroborated by 1H, 13C, and
31P NMR spectroscopy.


Reaction of [Ru(N2)(PiPr3)(−N2Me2S2×)] (1a) with NaBH4 and H2O :
2 equiv of NaBH4 (13 mg, 0.34 mmol) were added to a yellow solution of
[Ru(N2)(PiPr3)(−N2Me2S2×)] (1a) (100 mg, 0.17 mmol) and H2O (3.6 mL,
0.17 mmol) in THF (20 mL) and stirred for 1 h. An orange solution
formed, which was stirred for 24 h, filtered, reduced in volume to 1 mL,
and layered with Et2O (4 mL). Over three weeks, orange crystals of
[Ru(BH3)(PiPr3)(−N2Me2S2×)] (3a) precipitated, which were collected and
dried in vacuo without any further washing. Yield: 40 mg (41%) of
[Ru(BH3)(PiPr3)(−N2Me2S2×)] (3a).


X-ray crystal structure analysis of 2a, 2b, 3a, 4a, and 4b : Red prisms of
[Ru(H2)(PiPr3)(−N2Me2S2×)] (2a) were obtained over two weeks at room
temperature on slow diffusion of Et2O into a saturated THF solution of
2a. Yellow plates of [Ru(H2)(PCy3)(−N2Me2S2×)]¥0.5pentane (2b¥0.5pen-
tane) formed over two weeks at 10 8C on slow diffusion of n-pentane into
a saturated THF solution of 2b. Yellow blocks of [Ru(BH3)-
(PiPr3)(−N2Me2S2×)] (3a) were grown at room temperature over two weeks
by slow diffusion of Et2O into a saturated THF solution of 3a. Yellow
blocks of [Li(thf)2][Ru(H)(PiPr3)(−N2Me2S2×)] [Li(thf)2]-4a) were ob-
tained over two months at �34 8C by layering a saturated THF solution
of 3a with n-pentane. Red needles of
NBu4[Ru(H)(PCy3)(−N2Me2S2×)]¥0.83
Et2O¥0.17THF (NBu44b¥0.83
Et2O¥0.17THF) were obtained over
three weeks at 20 8C by slow diffusion
of Et2O into a saturated THF solution
of 1b. Intensity data were collected at
100 K on a Bruker-Nonius Kappa
CCD diffractometer using MoKa radia-
tion (l=0.71073 ä, graphite mono-
chromator) and corrected for Lorent-
zian and polarization effects. Absorp-
tion effects were taken into account by
using multiscan procedures (2a,
NBu44b¥83Et2O¥0.17THF:
SORTAV;[29] 2b¥0.5pentane, [Li(thf)2]-
4a : SADABS[30]) or applying a numeri-
cal correction (3a).[31] All structures
were solved by direct methods and re-
fined by full-matrix least-squares pro-
cedures (2b, 3b, 3c : SHELXTL NT
6.12;[32] 2a, 4a : SHELXTL NT
5.10[33]). The Li ion in 3a is coordinat-
ed by two THF molecules. With the
exception of NBu44b¥0.83Et2O¥
0.17THF, for which only the hydride
H atom position was taken from a dif-
ference Fourier map, the positions of
all H atoms were localized in differ-
ence Fourier syntheses. These hydro-
gen atoms were refined with a fixed
common isotropic displacement pa-
rameter (2a, 3a, [Li(thf)2]-4a) or were
not refined (2b¥0.5pentane). Hydrogen
atoms of NBu44b¥0.83Et2O¥0.17THF
were geometrically positioned. The


molecule of solvation in 2b¥0.5pentane is disordered on a crystallograph-
ic inversion center, and no H atoms were included for this. The Et2O of
solvation in NBu44b¥0.83Et2O¥0.17THF is located on two crystallograph-
ic sites, the second of which is shared with a THF molecule in a ratio of
0.33:0.17. Selected crystallographic data for complexes 2 to 4 are sum-
marized in Table 2.


CCDC-229678 (2a), CCDC-229679 (2b), CCDC-229680 (3a), CCDC-
229681 (4a), and CCDC-229682 (4b) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ,
UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


DFT calculations : For all calculations we used the density functional pro-
grams provided by the TURBOMOLE5.1 suite.[35] All results were ob-
tained from all-electron Kohn±Sham calculations. We employed the
Becke±Perdew functional dubbed BP86[36,37] and the hybrid functional
B3LYP[38, 39] as implemented in TURBOMOLE. In connection with the
BP86 functional we always used the resolution of identity (RI) techni-
que.[40, 41] These two functionals were chosen since they are the best estab-
lished representatives of pure and hybrid density functionals and yield
reasonable reaction energetics in a large number of cases. However, the
situation is different for iron compounds, for which highly unreliable en-
ergetics were obtained for complexes of the type under study.[42] A sys-
tematic study has shown that transition metal complexes in general may
represent critical cases when high-spin/low-spin energy splittings are
small, and results can differ greatly when calculated with pure and hybrid
density functionals.[43] To test internal consistency we used in addition to
BP86 and B3LYP our reparametrized B3LYP, dubbed B3LYP*, which
was developed especially for these complexes[43] but which is of general
applicability.[44] The influence of the size of the basis set was studied for
similar mononuclear iron complexes of the compound under study[45] by
means of three different basis sets. The first, denoted SV(P), is the split-
valence basis set[46] with polarization functions on heavy atoms, but not
on hydrogen atoms. Moreover, we used the TZVP basis set of Ahlrichs
et al. ,[47] which features a valence triple-zeta basis set with polarization


Table 2. Selected crystallographic data of 2a, 2b¥0.5pentane, 3a, [Li(thf)2]-4a, and NBu4-
4b¥0.83Et2O¥0.17THF.


Complex 2a 2b 3a 4a 4


formula C25H41N2PRuS2 C36.5H59N2PRuS2 C25H42BN2PRuS2 C33H56LiN2O2PRuS2 C54H97.66N3OPRuS2
Mr 565.76 722.02 577.58 715.90 1001.17
crystal
size [mm]


0.32î0.22î0.10 0.25î0.17î0.05 0.36î0.24î0.16 0.42î0.20î0.12 0.25î0.18î0.14


F(000) 1184 1532 2416 756 2167
space group P21/c P21/c Pbca P1≈ Pca21
crystal
system


monoclinic monoclinic orthorhombic triclinic orthorhombic


a [pm] 1506.99(9) 1744.0(2) 1335.0(2) 1023.9(1) 3308.1(3)
b [pm] 1178.84(9) 1188.3(1) 1593.0(2) 1264.64(4) 1094.79(9)
c [pm] 1431.86(3) 1813.8(2) 2541.4(2) 1518.77(8) 1572.68(7)
a [8] 90 90 90 111.596(5) 90
b [8] 91.024(4) 112.341(6) 90 105.859(7) 90
g [8] 90 90 90 92.120(5) 90
V [nm3] 2.5433(3) 3.4768(6) 5.4047(9) 1.7379(2) 5.6957(7)
Z 4 4 8 2 4
1calcd [gcm


�3] 1.478 1.379 1.420 1.368 1.168
m [mm�1] 0.860 0.645 0.810 0.648 0.413
2q range [8] 6.3±60.0 6.5±54.2 6.0±56.0 6.0±58.0 5.2±52.0
Tmin; Tmax 0.677; 0.923 0.868; 1.000 0.789; 0.894 0.758; 1.000 0.914; 0.949
meas. reflns. 60483 33467 32666 42000 35559
indep. reflns. 7409 7644 6464 9204 10479
Rint 0.0794 0.1442 0.0889 0.0777 0.0697
obsd. reflns. 5825 4771 4612 6713 8243
R1; wR2 (all
data)


0.0339; 0.0691 0.0543; 0.1131 0.0450; 0.0988 0.0432; 0.1009 0.0571;0.1558


ref. par. 405 388 415 499 634
Ddmax/min 0.514/�0.731 0.884/�0.793 0.726/�1.618 0.670/�0.710 0.581/�0.772
abs. struct.
par.[34]


± ± ± ± 0.04(4)
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functions on all atoms. For a sufficiently large number of test calculations
on iron(ii) analogues the TZVP and TZVPP reaction energies differed
by only about 5 kJmol�1 without correcting for the basis-set superposi-
tion error (BSSE).[45] If a counterpoise correction is added, our test calcu-
lations on coordination energies have shown that results obtained with
the TZVP and the TZVPP basis set differ by less than about 1 kJmol�1.
For reasons of computational efficiency, we used the TZVP basis set and
a simplified model of the experimental complexes, in which we replaced
the phosphane by PH3 and the methyl groups at the nitrogen atoms of
the chelate ligand by hydrogen atoms. All structures were optimized with
the corresponding density functional and basis set.


Table 3 lists the coordination energies for the coordination of N2 and H2
to the (relaxed) five-coordinate metal fragment (these energies were nei-
ther corrected for the zero-point vibrational energy nor for the basis set
superposition error, but a counterpoise correction[48, 49] would lower the
absolute value of the coordination energy by less than 5 kJmol�1, as test
calculations on this type of complexes have shown (BP86/RI/TZVP).
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Adrenaline Recognition in Water


Oliver Molt, Daniel R¸beling, Gerhard Sch‰fer, and Thomas Schrader*[a]


Introduction


Adrenaline is the lead compound of a whole class of cate-
cholamine neurotransmitters and mediates signal transduc-
tion across cell membranes.[1] It is a small, highly polar mol-
ecule, which is bound very shortly and efficiently by its natu-
ral receptor. This recognition eventually leads to a confor-
mational change within the transmembrane helices of the
receptor and in turn triggers the activation of the G protein
on the cytosolic side of the membrane.[2] A deep binding
pocket is needed to provide a sufficiently hydrophobic envi-
ronment for complete desolvation of the charged hormone.
It is flanked by several polar amino acid residues, which are
specifically engaged in electrostatic and hydrogen bond in-
teractions with their polar guest.[3] Artificial receptor mole-
cules, which are designed to mimick this binding mode for
adrenaline without the 40 kD protein, must find a way to
create both the hydrophobic microenvironment and an
array of convergent binding sites for efficient interaction
with the guests× functional groups.


Results and Discussion


State of the art : Most artificial catecholamine receptor mol-
ecules are not biomimetic at all ; recently bipyridinium/gold
nanoparticle arrays,[4] phenyl boronates,[5] and pyrazole-con-
taining cryptands have been developed.[6] Bioorganic ap-
proaches include RNA aptamers[7] or copper-containing
redox enzymes.[8] In the past years, our group has presented
several successive generations of adrenaline binders based
on a general recognition motif for amino alcohols, which
features xylylene bisphosphonate dianions.[9] The hydropho-
bic contribution comes mainly from macrocyclic cavities
with nonpolar walls, which carried the amino alcohol recog-
nition element at the bottom and a catechol-affinity moiety
at the top.[10] Thus, adrenaline derivatives and b-blockers
have been included in polar organic solvents, in one case
with 50% water.[11] However, never was biomimetic adrena-
line recognition achieved by bisphosphonates in pure water.
Recently, we found that flat receptor molecules for bisami-
dinium drugs with optimized proportions are able to carry
two guest molecules at the same time.[12] By extensive stack-
ing interactions, they maximize the hydrophobic attractions
and simultaneously create a good environment for strong
Coulomb interactions. The affinity for bisamidines is compa-
rable to that of DNA, which binds them in a 1:1 complex of
Ka=106m�1 in its minor groove. It appears that nature often
uses this effective combination of powerful salt bridges and


[a] Dr. O. Molt, D. R¸beling, G. Sch‰fer, Prof. Dr. T. Schrader
Department of Chemistry, Philipps-Universit‰t Marburg
Hans-Meerwein-Str., 35032 Marburg (Germany)
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E-mail : schradet@mailer.uni-marburg.de


Supporting information for this article is available on the WWW
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Abstract: Host molecule 1 displays a
high affinity in water towards catechol-
amines and especially related struc-
tures such as b-blockers with extended
aromatic p-faces (up to 7î103m�1 for
each single complexation step or 5î
107m�2 for both steps). The amphiphilic
structural design leads to an extensive
self-association of host molecules
through their aromatic flanks. Above a
cmc (critical micelle concentration) of
3î10�4


m, host 1 forms micelles that
produce a favorable microenvironment
for hydrophobic interactions with the
included guest molecules. Electrostatic


attraction of the ammonium alcohol by
the phosphonate anions is thus com-
bined with hydrophobic contributions
between the aromatic moieties. Ionic
hydrogen bonds with polar OH or NH
groups of the guest enforce the non-co-
valent interactions, and finally lead to
increased specificity. Both its affinity
and its selectivity towards adrenergic
receptor substrates are greatly en-


hanced if the receptor molecule 1 is
transferred from water into a lipid
monolayer. Catecholamines and b-
blockers lead to drastically different ef-
fects at concentrations approaching the
micromolar regime. Especially b-block-
ers with minute structural changes can
be easily distinguished from each
other. In both cases, extensive hydro-
phobic interactions with a self-associat-
ed and/or self-organized microenviron-
ment are largely responsible for the ob-
served high efficiency and specificity.


Keywords: adrenergic receptor ¥
beta-blockers ¥ hydrophobic effect ¥
molecular recognition ¥ monolayers
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hydrophobic forces for efficient recognition of small highly
polar substrates (e.g., sugar-binding proteins).[13] Would it be
possible to bind two adrenaline molecules by a bisphospho-
nate-based receptor? We decided to optimize the catechole
recognition elements and to improve the pre-organization of
our macrocyclic receptor cavities. This was indeed realized
by the use of tolane spacers for the walls,[14] and by the in-
troduction of a second bisphosphonate moiety in the top
part instead of the former aromatic diamide. It stretches the
whole macrocyle by repulsion of its four negatively-charged
phosphonate anions, and ensures superior interactions with
the catechol by ionic hydrogen bonds.[15]


Modeling : Modeling experiments confirmed the expected
stiffness of the macrocyclic skeleton; the host alone is calcu-
lated in the shape of a twisted rectangle with linear, stiff
sidewalls (Figure 1). In a subsequent molecular dynamics
calculation only the bridging p-xylylene bisphosphonates
showed some mobility. The four phosphonate monoanions
are all pointing towards the solvent, away from each other.
In order to receive guest molecules, only a small amount of
energy is needed to produce an open conformation.[16]


The results from Monte-Carlo simulations for such com-
plexes with adrenaline were especially intriguing; the 2:1
complex was indeed calculated to be the most stable one,


with a well defined geometry. Each bisphosphonate moiety
receives the amino alcohol of one guest in a chelate fashion,
and additionally forms hydrogen bonds with the catechole
of the other guest. If the second guest molecule was orient-
ed parallel to the first one at the beginning of the calcula-
tion, it would always rotate inside the complex, until it final-
ly reached the antiparallel orientation; this ternary complex
was reproducibly found as that unique conformation, which
was by far the lowest in energy (Figure 2). Subsequent mo-
lecular dynamics calculations came to the same result, more-
over, host and guest are still mobile enough in the complex
for a favorable entropy balance.[17]


Synthesis : A modular approach reduces the synthesis to the
alternating connection of two building blocks. The tolane
sidewall can be prepared by two successive Sonogashira cou-
plings,[18] whereas the phosphonate-modified p-xylylene di-
bromide is accessible by sequentiel NBS (N-bromosuccini-
mide)-bromination and the Arbuzov reaction. Although the
rectangle can be synthesized in one step by a four compo-
nent reaction, yields remain low, because a byproduct, pre-
sumably the double-sized macrocycle, is also formed. We
therefore chose the esterification of two monoprotected


Figure 1. Monte-Carlo simulation (MacroModel 7.0, Amber*, water,
3000 steps) and subsequent molecular dynamics calculation of the free
host 1 in water (10 ps, 25 8C, no constraints).


Figure 2. The new receptor molecule 1 with two bisphosphonate moieties
and the result of a Monte-Carlo simulation of the 2:1 binding mode with
noradrenaline (MacroModel 7.2, Amber*, 3000 steps, water). Top right:
subsequent molecular dynamics calculation (10 ps, 25 8C).
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tolane carboxylic acids with the xylylene dibromide head
group to afford the U-shaped precursor. After deprotection,
cyclization with Cs2CO3 (cesium effect) followed.[19] Final
mild dealkylation with LiBr furnishes the desired receptor
molecule in a 16% overall yield (Figure 3).[20] The lithium
tetraphosphonate is soluble in polar media such as methanol
and water.


Self association : Contrary to expectations, the NMR signals
remained sharp only in methanolic solution, and pure water
produced extremely broad ™mountains∫. Although a rela-
tively low value of 130m�1 was determined for the self-asso-
ciation constant by dilution titration, the aggregates are
thermally stable up to 90 8C. Since shifts occurred mainly in
the tolane region, the host molecules probably aggregate
through their stiff unpolar aromatic sidewalls forming vesi-
cle-like structures with a hydrophobic interior. The results
from modeling experiments suggest a relatively dense pack-
ing of receptor molecules in their thermodynamically most
stable twisted form, with close contacts between their tolane
sidewalls. In these structures, hydrophobic cavities between
neighbouring host molecules offer enough room for the po-
tential insertion of guest molecules, which are too large to
be accomodated within the macrocycle×s cavity. These inter-
molecular cavities may explain the extraordinary affinity of
the self-associated receptor molecule 1 for unpolar b-block-
ers (see Figure 4). Surface tension measurements on a Lang-


muir film balance prove the formation of micelles above a
cmc (critical micelle concentration) of 3î10�4


m (Figure 4
top). Evidently, host 1 lowers the surface pressure or in-
creases the surface tension. We tentatively explain this un-
usual behaviour by the concentration of negatively-charged
phosphonates at the air/water interface, which leads to an
ion-pair reinforced hydrogen-bond network.


Binding experiments : Addition of catecholamines to the
new receptor molecule resulted in large upfield shifts of the
guest molecules, especially in the aromatic region. Job plots
indicate a clean 2:1-stoichiometry, as expected from the
modeling studies (see Figure 5 and Table 1).[21]


We performed NMR titrations with increasing amounts of
host compound and obtained smooth binding curves.[22]


They allowed an excellent fit in accordance with the deter-
mined complex stoichiometry by nonlinear regression, with
standard deviations in the range of 2±10%. No cooperativity
could be found in any case, that is, both guest molecules are
bound independent of each other with exactly the same
binding constant. Therefore, for ease of comparison we
always use the 1:1 association constants for each single bind-
ing step in [m�1] (Table 2); the overall 2:1 association con-
stants are also given in [m�2]. When we increased the solvent
polarity from pure methanol over methanol/water (1:1) to
pure water, a remarkable dependence of the 1:1 binding


Figure 3. Sequential synthesis of macrocycle 1 from xylylene bisphospho-
nate 2 and tolane building blocks 3.


Figure 4. Top: molecular mechanics calculation of a hexameric host ag-
gregate (MacroModel 7.2, water, 3000 steps). Note the similarity to lipid
bilayers with polar headgroups and nonpolar vertical ethinylaryl chains.
Bottom: surface pressure p [mNm�1] plotted against surfactant concen-
tration cS [M] at 25 8C.
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constant was revealed for noradrenaline 6. Whereas it
amounts to 4000m�1 in MeOD, it drops to ~700m�1 in
MeOD/D2O (1:1); however, transition to pure water again
leads to a marked increase up to 1200m�1! In the same
order, the NMR shifts of the
guest molecules are also falling
and rising, both in the aromatic
region (hydrophobic interac-
tions), and in the amino alcohol
moiety (electrostatic interac-
tions) (in each case from
0.2 ppm in MeOD over
0.05 ppm in MeOD/D2O to
0.3 ppm in pure D2O).[23] We
explain this unusual behavior
with the observed aggregation
of host molecules, which takes
place only in pure water. Evi-
dently, under these circumstan-
ces the host creates an increas-
ingly hydrophobic microenvir-
onment for the approaching
guest, which facilitates the
docking/inclusion of even two


catecholamine molecules at the same time. Well-defined
host±guest complexes with aggregated receptor species have
been observed earlier with macrocyclic amphiphilic host
compounds.[24]


The opposite orientation of both guest molecules inside
the tight complex is strongly supported by NOESY (Nuclear
Overhauser and Exchange Spectroscopy) measurements.
Contrary to the NOE (Nuclear Overhauser Effect) effects
in noradrenaline, those of the host±guest complex are all
positive, which indicates a decelerated rotation.[25] One addi-
tional NOE occurs between proton a and e of the guest.
Since the distance is much too large for an intramolecular
NOE (4.5 ä), this must be an intermolecular crosspeak be-
tween the two bound guest molecules. A short distance of
2.5 ä is indeed found in the 2:1 complex structure, but only
if both guest molecules are oriented antiparallel to each
other (Figure 6). Another indication for the formation of
stable 2:1 complexes is found in the ESI-MS (electrospray
ionisation mass spectrometry) spectrum, which produces a
strong molecular ion peak for this preferred stoichiometry,
in addition to a strong peak corresponding to the 1:1 com-
plex. Interestingly enough, the analysis of both complex ion
peak series reveals that in each guest, up to two protons are
replaced by lithium cations. These must be two acidic phe-
nolic hydrogen atoms, which will be bound to the phospho-
nates by strong lithium chelate salt bridges. Thus, experi-


Figure 5. Top: job plot for complex formation between host 1 and nor-
adrenaline 6 in [D4]MeOH (proton a: CH2-NH3Cl, proton b: -CH(OH)-);
bottom: ESI-MS spectrum for the same complexation with strong molec-
ular ion peaks for the free host, as well as its 1:1 and 2:1 complex with
noradrenaline (from methanol).


Table 1. ESI-MS data for the complex formation betwen host 1 and nor-
adrenaline 6 in [D4]MeOH. Peak values shown for 1:1 and 2:1 complex
wih noradrenaline (from methanol).


Species m/z Found Assignment m/z Calculated


free host 1 583.1126 [14�+2H+]2� 583.0923
586.1119 [14�+H+ +Li+]2� 586.0964
589.1172 [14�+2Li+]2� 589.1005


1:1 complex 667.6610 [14�+NA+ +H+ ]2�] 667.6293
673.6583 [14�+NA+ +2Li+�H+2�] 673.6374
676.6658 [14�+NA+ +3Li+�2H+2�] 676.6415


2:1 complex 758.2089 [14�+2NA+ +2Li+�2H+2�] 758.1744
764.2065 [14�+2NA+ +4Li+�4H+2�] 764.1826


Table 2. Binding constants [Ka (1:1) and Ka (2:1)] as well as Ddsat values in complexes between host 1 and various
guest molecules by NMR titrations in D2O at 27 8C. For each guest, up to five independent CH proton signals
were evaluated. For details, see Supporting Information.


No. Guest molecules[a] Ka (1:1) [M
�1][b] Ka (2:1) [M


�2][b] Ddsat [ppm][c] Stoichiometry[d]


5 serotonin 1620m�1�4% 2.6î106m�2�4% 0.59 2:1
6 noradrenaline 1250m�1�6% 1.5î106m�2 � 6% 0.20 2:1
7 adrenaline 1230m�1�4% 1.5î106m�2 � 4%. 0.26 2:1
8 dopamine 870m�1�4% 7.6î105m�2 � 4% 0.33 2:1
9 acetylcholine 530m�1�25% 2.8î105m�2 � 25% 0.07 2:1
10 ethanolamine <1 <1 ± ±
11 catechole <1 <1 ± ±
12 alprenolol 7100m�1 � 8% 4.9î107m�2 �8% 1.10 2:1
13 propranolol 4290m�1�11% 1.8¥107m�2�11% 0.93 2:1
14 atenolol 830m�1�8% 6.7¥105m�2�8% 1.71 2:1
15 2-phenylethylamine 1500m�1�2% ± 0.89 1:1
16 l-tyrosine methyl ester 130m�1�47% ± 0.19 1:1
17 glycine <1 <1 ± ±
18 GABA <1 <1 ± ±
19 d-glucose <1 <1 ± ±


[a] As hydrochloride salts. [b] Errors are calculated as standard deviations from the nonlinear regression.
[c] Largest shifts from selected CH protons. [d] From job plots and curve-fitting of the titration curves.
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mental evidence has been found for the expected phospho-
nate±catechol interaction in the complex.


The natural adrenergic receptor (as its synthetic models)
binds only one adrenaline guest molecule at a time. A host
capable of binding two guest molecules simultaneously has a
much higher efficiency. The relative amount of bound nor-
adrenaline in a 2:1 complex with Ka=1200m�1 corresponds
to that in a 1:1 complex with Ka=2500m�1; this is true at
least up to a host/guest ratio of 1:1. For alprenolol with Ka=


7000m�1 in the 2:1 complex this even compares with a Ka


value of ~14000m�1 in the 1:1 complex.[26] The affinity of
our new host for adrenaline derivatives in water places it


among the most efficient binders kown to date.[27] However,
it is much more selective than most other synthetic recep-
tors (see below).


Selectivity : A total of 14 neurotransmitters or structurally
closely related guest molecules were titrated with the new
host. All catecholamines 6±8 gave an excellent 2:1 fit and
similar association constants in the range of 900±1300m�1.
The b-blockers alprenolol 12 and propranolol 13 bind espe-
cially tightly with 4000 and 7000m�1, respectively, probably
because the extended aromatic rest is capable of optimizing
its hydrophobic interactions with the nonpolar surrounding
in the aggregates (Figure 7). In this case, a terminal polar


group is detrimental for efficient binding, as atenolol only
reaches a moderate affinity towards 1. Binding experiments
with 1 in aqueous NaCl (10mm) demonstrate that electro-
static attraction is important, but strongly supported by hy-
drophobic interactions, and the Ka value for alprenolol de-
creases only slightly from 7100 to 2600m�1.


For effective recognition, electrostatic interactions and
the hydrophobic effect are essential. Evidence for this is
provided by cutting the catcholamine skeleton into two
halves. Neither ethanolamine 10 (ion pairing) nor catechol
11 (hydrophobic attraction) alone show any affinity for the
new host. Likewise, the amino acid neurotransmitters gly-
cine 17 and GABA 18 are not bound by the receptor mole-
cule. Even with an ester-protected carboxylate and free am-
monium cation complexes with amino acids (e.g., 16) reach
Ka values of only one tenth of those for catecholamines. Ac-
cordingly, the new host requires a guest structure with a slim
amino alcohol on one end and an aromatic group on the


Figure 6. Top: schematic drawing of the complex with intermolecular
NOE crosspeaks between the two noradrenaline guest molecules and the
additional lithium salt bridges between catechole and phosphonates.
Bottom: the arrow indicates protons a and e of the noradrenaline guest,
which produce a crosspeak only in the complex. The intermolecular dis-
tance betweeen a and e is much smaller (circle) than the intramolecular
(arrow). All NOE×s in the complex are positive, strong and reciprocal.


Figure 7. Energy-minimized structure illustrating the efficient inclusion of
three alprenolol molecules into a tetrameric host aggregate (MacroModel
7.2, water, 1000 steps).
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other end, preferably with polar substituents. These condi-
tions are also met by serotonin 5, which again binds very
well. Polar substituents with hydrophobic faces alone are
not sufficient for complexation: no binding occurs with free
glucose, although it fits into the cavity of 1. Small aromatic
amines such as phenethylamine 15 are recognized, but only
in the form of a 1:1 complex. Large upfield shifts (0.9 ppm)
clearly indicate their complete inclusion in the host×s cavity
(See Scheme 1).


In summary we have found a host molecule that binds
catecholamines and especially related structures, such as b-
blockers with extended aromatic p-faces with high affinity
in water. A combination of electrostatic attraction of the
ammonium alcohol and hydrophobic contributions in the ar-
omatic moiety are essential. Ionic hydrogen bonds with
polar OH or NH groups of the guest enforce the non-cova-
lent interactions and finally lead to increased specificity.[28]


Interestingly, the aggregation of host molecules through
their aromatic flanks seems to produce a favorable microen-
vironment for hydrophobic interactions with the included
guest molecules. These observations prompted us to incor-
porate the new receptor molecule into a monolayer of stea-
ric acid at the air/water interface.[29]


Langmuir film balance : Despite its highly charged tetra-
anionic nature, the new host molecule is amphiphilic enough
to produce a marked linear increase in the pressure/area (p-
A) diagram of stearic acid on a Langmuir film balance; this
indicates the embedding process.[30] Contrary to former ex-
periments with a less polar macrocyclic bisphosphonate, the
picture of a connected Brewster angle microscope remained
smooth without any appearance of patches.[31] Large arrays
or domains of the self-aggregating host molecules seem to
be avoided, probably because of self-repulsion among the
surrounding negative charges. Latest bioanalytical results
show that even the natural adrenergic receptors only form
dimeric structures.[32] With only a 0.4 equivalent of receptor


per stearic acid, a highly sensitive doped monolayer evolves,
which distinguishes not only between catecholamines and b-
blockers as such, but also between structurally related com-
pounds of the same class.[33] Moderate increases in the p-A
isotherm [1±3 ä2/molecule] are characteristic of catechol-
amine binding; this is similar to observations from macrocy-
clic and tweezer-type bisphosphonate receptors examined
before (Figure 8, Table 3). Negative controls revealed that


Scheme 1. Guest molecules for host 1, tested in solution and at the air/water interface.


Figure 8. Top: pressure-area-isotherms of stearic acid (S) and receptor 1
in monolayer over water with noradrenaline (NA), adrenaline (Adr) and
dopamine (Dop). Reference: pure stearic acid over noradrenaline.
Bottom: pressure-area-isotherms of stearic acid (S) and receptor 1 in
monolayer over water, with alprenolol (Alp), atenolol (Aten) and pro-
pranolol (Prop). Reference: pure stearic acid over propranolol.
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in all cases no interaction takes place between the guest
molecules and the stearic acid monolayer itself. By contrast,
all b-blockers examined in our study drastically expanded
the pure monolayer by ~6 ä2 per molecule. Subinjection of
the antihypertensives produced very distinct additional
changes in the p-A diagram, which demonstrate the exqui-
site selectivity and high affinity of the immobilized receptor
molecules for structurally related b-blockers. Atenolol, pro-
pranolol, and alprenolol differ only in the substitution pat-
tern of their terminal phenoxy aromatic group. Atenolol
leads to a moderate increase in p-A, whereas propranolol
dramatically expands the monolayer especially in the liquid
phase [=5 ä2/molecule]. Alprenolol finally leads to a strong
negative p-A shift of 4 ä2/molecule.


We explain this divergent behavior with a model, devel-
oped earlier for amphiphilic water-soluble host molecules.
Since guest molecules are subinjected into the aqueous
phase, they are bound by solvated receptor molecules close
to the monolayer. The host molecules× negative charges
become neutralized in part and their lipophilicity increases.
This in turn leads to reincorporation of the whole complex
into the monolayer and explains the moderate increases ob-
served with the three catecholamines; these correspond to
their similar binding constants in water (Table 2). b-Blockers
lack the polar catechol moiety leading to a nonpolar aro-
matic headgroup; this makes them much more amphiphilic
and explains their tendency to insert the hydrophobic heads
into the lipid monolayer. Incorporation of the receptor mol-
ecule into the monolayer leads to a moderate additional in-
crease in p-A, which corresponds to its moderate binding
constant. Propranolol, on the other hand, provides an ex-
panded p-face for more efficient stacking interactions with
the receptor, and seems to form loose hydrophobic aggre-
gates in the lower pressure region, which are only dissolved
as the pressure increases. The smaller and compact alprenol-
ol finally binds so tightly to the host, that its complex is
drawn from the monolayer back into the aqueous subphase.
Since large p-A changes can still be detected far below
10�4


m
�1, a rough estimation of the respective binding con-


stants at the air/water interface leads to Ka values which


must clearly surpass 105m�1 and might be used for new b-
blocker sensoring devices.[34] Thus, the new microenviron-
ment in the monolayer leads to high selectivity for minute
structural changes in the analytes.[35]A complete list of
changes in the p/A diagrams induced by various related
guest molecules is summarized in Table 3 (see also Figure 9.


Conclusion


We conclude that the transfer of receptor molecule 1 from
water to the altered microenvironment within a monolayer
greatly enhances both its affinity and its selectivity towards
adrenergic receptor substrates. Catecholamines and b-block-
ers lead to drastically different effects at concentrations ap-
proaching the micromolar regime. Especially b-blockers
with minute structural changes can be easily distinguished
from each other. In both cases, extensive hydrophobic inter-
actions with a self-associated and/or self-organized microen-
vironment are largely responsible for the observed high effi-
ciency and specificity. In the future we intend to incorporate
the new macrocyclic receptor molecules into alternating
layers of receptor and ammonium-stabilized gold nanoparti-
cles attached to an ITO (indium tin oxide) electrode for
electrochemical detection of catecholamine derivatives and
b-blockers (Figure 10).[36]


Table 3. A0 and DA0 values of stearic acid monolayers with embedded re-
ceptor 1 over different subphases. A0=apparent total area of one stearic
acid molecule in the liquid condensed phase; DA0=A0 (monolayer with 1
over guest soln.) A0 (monolayer with 1 over water), that is, net influence
of the guest. Monolayer: 0.2 equiv. of receptor molecule 1 per stearic
acid molecule; guest molecules at 10�4


m.


Monolayer Subphase A0 DA0


[ä2/molecule] [ä2/molecule]


stearic acid Water 20.5 ±
stearic acid + 1 Water 21.5 1
stearic acid noradrenaline 21.5 0


(~catecholamines)
stearic acid + 1 (R/S)-noradrenaline 23.5 2
stearic acid + 1 (R/S)-adrenaline 22.5 1
stearic acid + 1 dopamine 24.5 3
stearic acid propranolol


(~b-blockers) 27.5 0
stearic acid + 1 (R/S)-alprenolol 23.5 �4
stearic acid + 1 (R/S)-atenolol 29.0 1.5
stearic acid + 1 (R)-propranolol 32.5 5


Figure 9. Proposed binding modes for catecholamines and b-blockers
within the monolayer.


Figure 10. Schematic illustration of the new proposed array of alternating
layers composed of receptor molecules 1 and cationic gold nanoparticles
on ITO.
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Relative Binding Affinities of Molecular Capsules
Investigated by ESI-Mass Spectrometry


Reza Zadmard,[a] Arno Kraft,[b] Thomas Schrader,*[a] and Uwe Linne*[a]


Introduction


The fast determination of relative stability constants of self-
assembled architectures in polar solutions is problematic. In
dynamically fast processes NMR spectra of mixtures show
only one averaged set of signals and precludes the analysis
of pairwise interactions.[1] The rapid development and ex-
pansion of application fields for electrospray ionization
mass spectrometry (ESI-MS) especially during the last
decade now offers soft ionization methods suitable for the
detection of weakly bound non-covalent complexes.[2] Im-


portant advantages of MS over NMR are speed, specificity
and sensitivity.[3]


However, since during the ionization process the investi-
gated species is transferred from solution into the gas phase,
it has been a question of much debate if ESI-MS really re-
flects the situation in solution. In this context, Daniel et al.
distinguish between solution-phase methods with MS detec-
tion (ESI-MS) and pure gas-phase methods where the com-
plex is dissociated in the mass spectrometer (ESI-MS/MS).[4]


They stated that MS-based methods used for monitoring so-
lution equilibria generally agree well with known solution-
phase thermodynamic values. Though, a critical parameter,
which has to be considered when applying mass spectrome-
try for semiquantitative analysis is the electrospray response
factor, which is influenced by various parameters including
the solvation energy, the ion size, the charge state, the sol-
vent viscosity, and ionization conditions.[5] Thus, ion yields
and intensities of mass signals may vary between different
substances or non-covalently bound complexes even when
measuring conditions are kept constant. For example, the
™best fit∫ concept is widely accepted to explain the binding
affinities between crown-ethers and alkali ions in solution.
However, it was questioned by diverging selectivities ob-
served in ESI-MS experiments. Thus, by far the most promi-
nent signal in the electrospray mass spectrum of a LiCl solu-
tion containing [12]crown-4, [15]crown-5, and [18]crown-6
corresponds to the Li+([18]crown-6) complex, and not, as
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Abstract: ESI-MS(/MS) has been used
as a method which allows the fast, un-
ambiguous and sensitive simultaneous
detection and relative stability approxi-
mation of supramolecular assemblies in
mixtures. In spite of the obvious funda-
mental differences between solution
and gas phase, ESI-MS in the case of
self-assembled molecular capsules has
been shown to produce very similar re-
sults to single binding experiments
monitored by NMR titrations as well
as conformational searches performed
by Monte-Carlo simulations. MS/MS


experiments reveal the same relative
order of gas phase stabilities as previ-
ously found in solution. Moreover,
proton transfer reactions which lead to
new molecular capsules, are not detect-
able in the time-averaged NMR spec-
trum. However, the newly produced
species are found in the complex mix-


tures by ESI-MS and can be conven-
iently characterized by subsequent MS/
MS experiments: in a collision-induced
dissociation the single half-spheres are
easily discovered and structurally as-
signed. Thus, ESI-MS has worked as a
valuable tool for the rapid screening of
complex supramolecular mixtures and
in combination with MS/MS experi-
ments elucidated both the path of un-
expected side reactions as well as the
thermodynamic gas-phase stabilities of
all components in the mixture.


Keywords: binding affinities ¥
mass spectrometry ¥ molecular
capsules ¥ self-assembly ¥
supramolecular chemistry
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expected, to the Li+([12]crown-4) adduct.[6] Similarly, for
the other alkali ions, the [18]crown-6 complex was always
observed to be the most abundant. These unexpected results
were clarified when two reports on the importance of solva-
tion energies for the electrospray response factors were pub-
lished.[7,8] In light of these dis-
crepancies, ESI-MS cannot be
regarded as a useful tool for
the determination of solution
phase binding selectivities,
unless these critical effects are
kept constant or are thorough-
ly considered in the evaluation
procedure.


When switching to gas-phase
experiments (ESI-MS/MS), the
electrospray response factors
become irrelevant. However,
noncovalent interactions may
change dramatically. On one
hand, any interaction in nonco-
valent complexes which com-
petes with the solvent (e.g., a
hydrogen bond and electrostat-
ic attraction) is greatly strengthened in the gas-phase.[4,9] On
the other hand, interactions such as hydrophobic forces are
weakened.[10] Therefore, with a few exceptions, no agree-
ment exists between solution-phase and gas-phase binding
energies.[4] One such exception are some complexes relying
only on electrostatic interactions. Moreover, in the con-
densed phase dissociation and re-association processes are
often in a rapid equilibrium. By contrast, in the gas-phase
two or more partners are irreversibly separated from each
other upon decomposition.[9]


Biomolecular investigations of protein±ligand complexes
have demonstrated the above-mentioned marked difference
between ESI-MS measurements from solution and MS/MS-
experiments in the gas phase.[4,9,11] For example, Nesatyy re-
cently investigated a noncovalent enzyme/inhibitor complex
and reported ™a reasonable agreement in relative binding
order determined by ESI-MS with the known solution
values∫, although there were large differences of 2±8 orders
of magnitude between the absolute numbers. By contrast,
MS/MS experiments even revealed a relative gas-phase
binding order which did not agree to that in solution, sug-
gesting that the complex-conformation was not preserved in
the gas-phase.[11a]


Herein, we describe ESI-MS(/MS) as a suitable and fast
method for the semiquantitative analysis of mixtures of mo-
lecular capsules[12] and show that the data obtained are in
good agreement with NMR experiments as well as with the-
oretical calculations.


Results and Discussion


NMR spectroscopy : In extension of the well-established
concept of hydrogen-bonded molecular capsules based on
self-complementary calix[4]arenes,[13] we recently presented


the self-assembly of ionic capsules from complementary op-
positely charged half-spheres (Figure 1).[14] These are highly
stable in methanol and even in aqueous solutions. Extensive
investigations by various NMR techniques furnished evi-
dence for the specific formation of capsules: Job plots pro-


duced discrete 1:1 stoichiometries; complexation-induced
shifts were restricted to the ion-pairing region of the calixar-
enes. All NMR signals remained sharp at all half-sphere
ratios. Very high binding constants were calculated from the
1:1 binding isotherms in highly competitive solvents such as
methanol and water (Ka=104±105


m
�1).[15] Monocations


strongly included in the anionic half-spheres were complete-
ly displaced by equimolar amounts of the cationic half-
spheres. The specific ionic interactions were shown to be de-
pendent on pKa values,[16] cation/anion distances, solvation
entropies and enthalpies (Table 1, column 2 (Ka [m�1]).[14] In


the cases of unfavorable pKa differences a complete proton
transfer led to solely hydrogen-bonded aggregates with
lower association constants (Ka ~103


m
�1). The best binders


were benzylic phosphonate and ammonium half-spheres, fol-
lowed by the rigid aromatic phosphonates and anilinium cal-
ixarenes. The worst combinations were found with carboxy-
lates and pyrazolium groups. As Table 1 demonstrates, the
rigid tetraphosphonate half-sphere 1 produces the most
stable cage-like complexes, especially with the most basic
tetraammonium half-sphere 3. This pair is closely followed
by the combination of two rigid half-spheres 1+4 (high pre-
organization) or two benzylic half-spheres 2+3 (high inter-


Table 1. Capsule stabilities as determined earlier by NMR titrations.[14]


Capsule Ka [m�1][a]


1+3 (7�2.5)î105


1+4 (1�0.5)î104[b]


1+5 (2�0.6)î103


2+3 (4�0.4)î105


2+4 (7�1.0)î103


2+5 (4�0.1)î103


[a] Determined by NMR titrations in methanol.[14] [b] H2O/methanol 1:4.


Figure 1. Left: Optimized structure of a representative rigid molecular capsule between the calix[4]arene tetra-
phosphonate 1 and the related calix[4]arene tetraanilinium half-sphere 4. Right: Capsule components 1±5.
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nal mobility), indicating entropy terms as the dominating
factors for strong affinity. Capsule 1+4 was only soluble in a
1:4 water/methanol mixture. For purely electrostatic interac-
tions, Ka values are usually lowered ~50-fold in this solvent
mixture. Thus, both complexes (1+3 and 1+4) can be re-
garded as equally stable.


Purely hydrogen-bonded capsules such as 1+5 and 2+5
are naturally much weaker in competitive highly polar sol-
vents. Timmerman et al. recently reported about the forma-
tion of similar capsules with sulfonates and amidinium head-
groups, a process which is mainly entropy-driven as deter-
mined by microcalorimetry.[17]


ESI mass spectrometry : ESI investigations on Rebek×s hy-
drogen-bonded molecular capsules reflect the same prefer-
ence for the formation of heterodimers as in solution and
the same stability order of inclusion complexes between var-
ious half-spheres and one specific cationic guest, although
no quantitative direct comparison was made.[18] In initial
separate ESI-MS experiments, our ionic capsules, which are
stable in methanol and water, gave molecular ion peaks for
the 1:1 aggregates, but none for higher ones; this indicates
again a specific interaction between the two half-spheres.
The highest ionization efficiencies were obtained in the posi-
tive ion mode. Usually singly protonated, lithiated or sodiat-
ed M + peaks of the whole capsules were obtained, whereas
the molecular ion peaks of the free half-spheres, which are
highly charged in solution, were also only singly charged.
Obviously, they avoid the mutual repulsion of four adjacent
cations or anions on the upper rim without any solvent sta-
bilization. Contrary to the ionic capsules, the weaker hydro-
gen-bonded ones involving the pyrazole half-sphere 5, could
not be detected by ESI-MS.


In order to check the suitability of mass spectrometry for
determining relative binding affinities in ionic capsule mix-
tures, equimolar 1:1:1 mixtures (two cations 3 and 4, one
phosphonate 1 or 2) were applied to ESI-MS. Both ionic
capsules were observed as well as both cationic half-spheres
(Figure 2). It has to be emphasized that the relative intensi-
ties for all molecular capsules in the ESI spectra closely par-
allels their relative free binding energies in methanol solu-
tion, which have been determined by NMR titration on the
isolated capsules (Table 2). This is true for both mixtures–
the one with the aromatic and the one with the benzylic tet-
raphosphonate. Moreover, a systematic increase or decrease
of the phosphonate content in the parent solution did not
significantly alter the relative capsule peak intensities (data
not shown).


The situation changed when we moved to equimolar
1:1:1:1 (three cations, one phosphonate) mixtures. In the
four component mixtures both ionic capsules were seen, but
not the hydrogen-bonded third one. Again, all the three cat-
ionic half-spheres showed strong molecular ion peaks also in
the mixture. However, three new significant molecular ion
peaks occurred in both series, which could not be attributed
to any of the expected molecular capsules. In addition,
whereas the relative intensities of both ionic capsules re-
mained the same in the 1:1:1:1 mixture with the benzylic tet-
raphosphonate (~5:1), their relative order was varying from


one experiment to the next in the 1:1:1:1 mixture with the
aromatic one (from 5:4 to 1:3).


At this point, MS/MS experiments proved to be a key in-
strument for the structural assignment of the new peaks,
which in turn led to the discovery of a secondary reaction
pathway, which had already occurred in solution. This tech-
nique, which will be described in more detail in the next
paragraph, allowed isolation of the new singly positively


Table 2. Relative capsule stabilities as determined by two ESI-MS com-
petition experiments from methanol (1+3, 4, 5 and 2+3, 4, 5).


Capsule m/zcalcd IESI
[a]


1+3 1845.94 ~1
1+4 1789.88 ~1
1+5 2049.98 n.d.[b]


2+3 1845.94 4.8
2+4 1789.88 1.0
2+5 2049.98 n.d.[b]


[a] Relative intensities of the capsule (M + and M 2+) peaks in the 1:1:1
mixtures (two cations, one phosphonate); data represent two competition
experiments, one with phosphonate 1, the other one with 2 ; errors for
the ESI-MS intensities were estimated at < �13%. [b] Both phosphoni-
um half-spheres containing capsules (1+5 and 2+5) were not detected by
ESI-MS (proton transfer reaction).


Figure 2. Comparison of the NMR and ESI-MS spectrum of the 1:1:1
mixture between 1, 3 and 4 (expansion of the interesting regions).
a) Note the simple averaged NMR signal of tetraphosphonate 1 (d,
7.3 ppm) for both capsules and the shift-isochronous signals for all spe-
cies with 3 and 4 (s, 6.7 ppm). b) m/z 1789.85: [1+4+H]+ , 1795.85 and
1801.86: H+/Li+ exchange. m/z 1817.91: capsule heterodimer ([1+4+H]
[1+3+H])2+ . m/z 1845.91: [1+3+H]+ . The data shown represent an aver-
aged mass spectrum over the time.
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charged species and observation of their fragmentation pat-
terns. To our surprise, the three new peaks represented 1:1
assemblies of all cationic half-spheres with the neutral tetra-
pyrazole half-sphere. Obviously, due to unfavorable pKa re-
lations in methanol, the pyrazolium half-sphere was depro-
tonated by the tetraphosphonate leading to a neutral tetra-
pyrazole. Its lone electron pair on the pyrazole nitrogen was
now capable of forming strong ionic hydrogen bonds to the
NH+ groups in the ammonium-based half-spheres and also
in its cationic pyrazolium counterpart (Figure 3).[19]


Similar to the free cationic half-spheres, three protons
were obviously stripped off the tetracationic complexes
during the electrospray ionization process leading to singly
positively charged assemblies in the gas phase. It is interest-
ing that only the mixtures with the aromatic tetraphospho-
nate produced high amounts of these unwanted side prod-
ucts; this observation points to a higher pKa value for those
aromatic phosphonate anions over the benzylic derivatives.


MS/MS : Finally, to address the question of pure gas-phase
stabilities of the molecular capsules, ESI-MS/MS experi-
ments were carried out on various 1:1 mixtures of positive
and negative half spheres.[11] In these experiments, the singly
positively-charged capsule ion peaks were separated by their


masses and accelerated into the collision cell of the mass
spectrometer. In a series of experiments, this collision
energy was varied and the relative amounts of intact cap-
sules compared to the half-spheres and fragments thereof
were estimated by subsequent TOF fragment analysis. The
ESI-MS/MS results are illustrated exemplarily for capsule
1+3 in Figure 4. Based on the MS/MS data, dissociation
curves of the ionic capsules were calculated, which are pre-
sented in Figure 5.


The CE50 values shown in Table 3 represent collision ener-
gies necessary for 50% capsule dissociation and therefore
describe the relative order of their gas-phase stabilities. In-
triguingly, they are again in the same relative order as the
solution phase stabilities obtained from NMR and con-
firmed by ESI-MS experiments. However, now the MS ex-
periments are independent of ionization efficiencies. With
increasing collision energy, fragment ion peaks of both half-
spheres appear, although most of the capsules are still


Figure 3. Unexpected side reaction of the pyrazolium calixarene half-
sphere with the tetraphosphonate leading to three new molecular capsu-
les in methanol solution. Loss of three protons explains the observed mo-
lecular ion peaks in the ESI-MS of the singly positively charged 1:1 as-
semblies in the four component mixtures.


Figure 4. MS/MS experiment of capsule 1+3. The ions with a m/z of 1846
were selected by mass (quadrupole 1 was fixed), and set to low resolution
ensuring that all the isotopes of the capsule will be transmitted. Then
they were accelerated into the collision cell (quadrupole 2 with nitrogen
molecules) with varying collision energies and the resulting ions were an-
alyzed in the TOF section of the instrument. With an increasing collision
energy, the capsule peak decreases and the peaks corresponding to the
half-spheres and fragments of them increase. Under experimental condi-
tions applied (compare parameter settings), at a collision energy setting
of 80 nearly all of the capsule amount is dissociated. Half-spheres: m/z
1081: [1+5H]+ , 765: [3�3H]+ . Fragment peaks: m/z 731:
[3�3H�2NH3]


+ , 602: [3�3H�3NH3�2C4H8]
+ .
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intact. These observations demonstrate again the high ther-
modynamic stability of the 1:1 assemblies.


Another factor should also be taken into account, that is,
the rates of unimolecular dissociation, which may vary be-
tween capsules of a different number of internal degrees of
freedom. Especially in the case of capsules 1+3 and 1+4 the
higher CE50 value of the former (54 V vs 43 V) might simply
reflect its extra methylene groups in the cationic benzylic
half-sphere. In order to examine if kinetic shifts may signifi-
cantly influence our varying CAD results, we performed
Rice±Ramsperger±Kassel calculations (RRK). Capsule 1+3
has 273 atoms, while capsule 1+4 has only 261 atoms. This
gives 813 versus 777 vibrational degrees of freedom with a
difference of 36, so that the ratio of k1+3 :k1+4 = [E�E0/E]36.
We conclude, that indeed, the potential difference in rates
of unimolecular dissociation may be substantial. This is es-
pecially true, if E approaches E0, so that the CE50 values
may in part be determined by kinetic shifts. However, al-
though we cannot exclude significant contributions of vary-
ing internal degrees of freedom, there are also results indi-
cating that this is not the case: the CE50 value for 3+2 is
lower than that for 1+4, although the former (doubly ben-
zylic half-spheres) has much more internal degrees of free-
dom than the latter.[20] In addition, for a direct comparison
of CE50 values the collisional-to-internal energy deposition
functions for both complexes must be equal; we assume that
due to the similar structure this is the case for the complexes
discussed here.


We also checked the relative stabilities of the new pyra-
zole-based 1:1 assemblies with MS/MS experiments. The cal-
culated dissociation curves are shown in Figure 6. Interest-


ingly enough, the pyrazolium/pyrazole assembly turned out
to be the most stable one with a CE50 value of 40; the other
monocationic assemblies are much weaker (CE50 < 30).
Modeling experiments reach intriguing complex geometries
for the assumed tetracationic assemblies in polar solution.
Unfortunately, a control experiment of the free tetrapyra-
zole with the tetraanilinium calixarene did not produce any
chemical shift changes during an NMR titration. However,
the same mixture produced a clean molecular ion peak for
the 1:1 assembly in the ESI spectrum. We assume that all
three new molecular capsules with the neutral pyrazole half-
sphere were already formed in solution. Although in water
the pKa difference between pyrazole (2.5) and phosphonate
(1.8) is still in favor of the ion pair, this may change when
shifting to methanol. Unfortunately, the time-averaged
NMR spectrum does not allow a direct observation of this
discrete species in solution, since the chemical shifts of the
neutral and protonated pyrazole halfsphere are almost iden-
tical. The absence of any chemical shift changes during the
NMR titration of 4 with 5’ could either be a consequence of
the capsule×s low thermodynamic stability, as demonstrated
by MS/MS, or indicate its ™forced∫ formation in a shrinking
droplet. However, the rising pH during the ESI process
cannot be the source of these new capsules, because it
would prevent the initial protonation of the pyrazolium half-
sphere.


Molecular modeling : The thermodynamic stabilities of the
capsules in the gas phase were additionally calculated by
force-field methods using Monte-Carlo simulations or mo-
lecular dynamics calculations.[21] The capsule structures were
characterized by the total difference in enthalpy calculated
between the capsule and its single components. Table 4
shows these results for all possible combinations. Again, the
pyrazolium-phosphonate capsules are calculated to be much
weaker than the respective ammonium-based ones. In addi-
tion, the relative stabilities in each series determined by


Figure 5. Overview of all collision-induced dissociation curves of the
ionic capsules. Relative capsule intensity= Icapsule/(Icapsule + Ihalf-spheres + �


Ifragments)î100 [%]; that is, the pure unfragmented capsule would furnish
a relative peak intensity of 100%.


Table 3. Capsule stabilities in the gas phase as determined by MS/MS ex-
periments.


Capsule m/zcalcd CE50
[a]


1+3 1845.94 54
1+4 1789.88 43
1+5 2049.98 n.d.[b]


2+3 1845.94 37
2+4 1789.88 <30
2+5 2049.98 n.d.[b]


[a] Threshold values for 50% capsule dissociation. [b] Both phosphonium
half-spheres containing capsules (1+5 and 2+5) were not detected by
ESI-MS (proton transfer reaction).


Figure 6. Overview of all collision-induced dissociation curves for the as-
semblies with the free tetrapyrazole half-sphere. For a definition of ™rela-
tive capsule intensity∫ see caption Figure 5.
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NMR and ESI are roughly reflected in the calculations.
Only the considerable difference in stabilities between cap-
sules 2+3 and 2+4 found by NMR and ESI-MS is levelled
out in the minimization. This minor discrepancy may be due
to the neglection of entropy contributions in the calculation.


Conclusion


The above-described experiments demonstrate the elegance
of ESI-MS and ESI-MS/MS as opposed to NMR titrations
for the determination of the relative stabilities of the descri-
bed self-assembled architectures in polar solutions. When in-
vestigating mixtures, NMR was found to be totally inappli-
cable, since it gave only one averaged complex signal, while
ESI-MS gave concise spectra for each complex species
(Figure 2). Most interestingly, the results obtained by ESI-
MS were in the same relative order as previously judged by
time-consuming NMR experiments. Complexes relying
mainly on electrostatic attraction obviously show the same
relative stabilities in solution (NMR) and gas phase (ESI-
MS), if solvent effects are comparable for every species. In
our case, all the capsules are formed from very similar calix-
arene-based building blocks, each adorned with four small
cationic or anionic groups; this design probably levels out
all solvation enthalpy and entropy effects. In such a scenar-
io, ESI-MS as well as MS/MS stabilities become comparable
to solution stabilities.


Care has to be taken when generalizing these results, be-
cause the solution-phase (NMR) and gas-phase (ESI-MS/
MS) binding affinities of the above-described self-assem-
bling molecular capsules were in the same relative orders. If
supramolecular systems are investigated where this is not
the case, the results from NMR and ESI-MS experiments
may be different. In our case, however, ESI-MS was proven
to be a superior method for the fast, sensitive and selective
screening of complex mixtures of self-assembled non-cova-
lent architectures. Moreover, ESI-MS/MS experiments were
successfully applied to determine their gas-phase stabilities
and new capsule species were discovered.


Experimental Section


All MS and MS/MS spectra were recorded with a Qstar ESI-q-TOF mass
spectrometer (Applied Biosystems, Germany). The standard electrospray
ion (ESI) source supplied with the instrument was used to generate the
ions. Samples with concentrations for each component ranging from 1 mm


to 1 mm were injected using a constant flow (50 mLmin�1) of methanol,
which was either supplied by the machines Harvard Syringe Pump or al-
ternatively by a quarternary Agilent 1100 HPLC pump (Agilent, Germa-
ny). Values of 35 for the nebulizer gas and 25 for curtain gas (both nitro-
gen) as well as an ion spray voltage of 5400 V were set as ion source pa-
rameters for both, ESI-MS and ESI-MS/MS experiments. The TOF mass
range was 250±2500 for all experiments. The mass accuracy of the QStar
is specified to be better than 25 ppm with external calibration.


ESI-MS experiments : For ESI-MS experiments in the positive mode the
following settings were applied: declustering potential (DP1) 100, focus-
ing potential (FP) 320 and declustering potential two (DP2) 25. As CAD
(collision activated dissociation) gas nitrogen was used with the standard
setting of 3. ESI-MS experiments were done with all 1:1 mixtures, with
all 1:1:1 mixtures as well as with both 1:1:1:1 mixtures. The relative
amounts of capsules in the mixtures were quantified by peak height, im-
plying that the ionization efficiencies of the different capsules, which are
structurally similar to each other, will be in the same order of magnitude.
The mixture experiments, which were used for the semi-quantitative
analysis of capsule stabilities in solution, were at least repeated three
times with separately and freshly prepared solutions and each sample
was injected twice. Additional control experiments, where the phospho-
nate amount was systematically increased (1:1:1:2 and 1:1:1:3 as well as
1:1:2 mixtures) showed an increase of capsule-peak intensities, but no sig-
nificant influence on the relative capsule intensities compared to each
other. In contrast, an increase of the amount of only one positive half-
sphere in the mixtures lead to an increase of the corresponding capsule
signals compared to the others. Therefore, for semi-quantitative analysis
it is important to have exactly the same concentrations of the positive
half-spheres. Especially in the more complex 1:1:1:1 mixtures sample
preparation seems to be critical, with respect to exact molar ratios. In
contrast to the mixtures× composition, the results gained with the same
samples when injected again were almost identical, indicating that the
mass spectrometrical method works very reliable.


ESI-MS/MS experiments (gas-phase experiments): The applied parame-
ter settings for the gas-phase experiments (ESI-MS/MS) were slightly dif-
ferent compared to the ESI-MS experiments. Here, the DP1 setting was
85, the FP setting 230, and the CAD gas setting 9, while the collision
energy was varied from 30 to 80.


In contrast to ESI-MS experiments, the ionization efficiencies of the dif-
ferent capsules do not have an effect on this kind of experiment, because
only one distinct kind of capsule is selected by its m/z, accelerated into
the collision cell and the corresponding half-spheres or fragments of
them are analyzed in the TOF-section of the instrument. Following, the
relative amount of intact capsule was calculated by comparing its intensi-
ty (peak height) with that of the half-spheres and fragments of them.
Thereby, the total amount of capsule molecules accelerated into the colli-
sion cell does only have an effect on the absolute, not on the relative
signal intensities of capsule and half-spheres. To compare the gas-phase
stabilities of the different capsules, CE50 values were estimated which
represent the collision energy needed to dissociate half of the capsules
amount in the gas-phase. MS/MS experiments were done with all capsu-
les (1+3, 1+4, 2+3, and 2+4 as well as the free pyrazole calixarene with
2, 3 and 4) which had given a stable capsule peak in previously done
ESI-MS experiments. Thereby, each experiment was repeated separately
at least two times. The margin of error was determined to be less than
5%.
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Hydrogen-Bonding Cooperativity: Using an Intramolecular Hydrogen Bond
To Design a Carbohydrate Derivative with a Cooperative Hydrogen-Bond
Donor Centre


Virginie Vicente,[a] Jason Martin,[a] JesÇs Jimÿnez-Barbero,[b] Josÿ Luis Chiara,[a] and
Cristina Vicent*[a]


Introduction


Carbohydrate recognition relies upon multiple weak interac-
tions,[1] of which hydrogen bonds (H-bonds) and van der -
Waals forces seem to be the most important.[2] The high con-
tent of hydroxy groups in carbohydrates makes the study of
carbohydrate OH¥¥¥XH and OH¥¥¥X H-bond energetics fun-
damental to understanding carbohydrate recognition.[3]


Moreover, hydrogen-bonding cooperativity, defined as the
change in the strength of a hydrogen bond when a second


hydrogen bond is formed between the H-bond donor or ac-
ceptor of the existing hydrogen bond and a third hydrogen-
bonding group, may enhance (positive cooperativity) or
weaken (negative cooperativity) a hydrogen-bonding inter-
action.[4] The relevance of a cooperative hydrogen-bonding
network to the molecular recognition of a carbohydrate by a
protein receptor has already been demonstrated by NMR
spectroscopy in aqueous solution.[4d] Previous studies by
us[5,6] and others[7] have shown that the hydroxy groups of
carbohydrates show different abilities to form intramolecu-
lar hydrogen bonds, depending on their relative position and
configuration on the pyranose ring and on the nature of the
adjacent functional groups. Their participation implies a po-
larisation of the hydrogen bonds between OH groups, which
modulates the final directionality and strength of the intra-
molecular OH¥¥¥OH hydrogen bonds of a given carbohy-
drate. Additionally, we showed that both the directionality
and strength of the intramolecular hydrogen-bonding net-
work of a carbohydrate determine the formation of coopera-
tive or anticooperative hydrogen-bond centres, with conse-
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Abstract: Neighbouring groups can be
strategically located to polarise
HO¥¥¥OH intramolecular hydrogen
bonds in an intended direction. A
group with a unique hydrogen-bond
donor or acceptor character, located at
hydrogen-bonding distance to a partic-
ular OH group, has been used to ini-
tiate the hydrogen-bond network and
to polarise a HO¥¥¥OH hydrogen bond
in a predicted direction. This enhanced
the donor character of a particular OH
group and made it a cooperative hy-
drogen-bond centre. We have proved
that a five-membered-ring intramolecu-
lar hydrogen bond established between
an amide NH group and a hydroxy
group (1,2-e,a), which is additionally


located in a 1,3-cis-diaxial relationship
to a second hydroxy group, can be used
to select a unique direction on the six-
membered-ring intramolecular hydro-
gen bond between the two axial OH
groups, so that one of them behaves as
an efficient cooperative donor. Talose
derivative 3 was designed and synthe-
sised to prove this hydrogen-bonding
network by NMR spectroscopy, and
the mannopyranoside derivatives 1 and
2 were used as models to demonstrate
the presence in solution of the 1,2-


(e,a)/five-membered-ring intramolecu-
lar hydrogen bond. Once a well-de-
fined hydrogen-bond is formed be-
tween the OH and the amido groups of
a pyranose ring, these hydrogen-bond-
ing groups no longer act as indepen-
dent hydrogen-bonding centres, but as
hydrogen-bonding arrays. This introdu-
ces a new perspective on the properties
of carbohydrate OH groups and it is
important for the de novo design of
molecular recognition processes, at
least in nonpolar media. Carbohydrates
1±3 have shown to be efficient phos-
phate binders in nonpolar solvents
owing to the presence of cooperative
hydroxy centres in the molecule.


Keywords: carbohydrates ¥ hydro-
gen bonding ¥ molecular recogni-
tion ¥ supramolecular chemistry
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quent repercussions for the
thermodynamics of the inter-
molecular hydrogen-bonding in-
teractions of a given carbohy-
drate. This fact is extremely im-
portant for defining the nature
of the molecular recognition
processes in which a given car-
bohydrate is able to participate,
because it determines whether
or not ™good hydrogen-bond
acceptors and/or donors∫ are
formed.
We have applied the concept


of cooperativity to achieve ef-
fective dimerization of carbohy-
drates[8] and binding of pyri-
dine.[6] Regarding the hydro-
gen-bonding patterns which are
relevant for DNA groove bind-
ing, we have investigated the
complementarity of sugar hy-
drogen-bond centres to GC base pair hydrogen-bond cen-
tres[9] and phosphate hydrogen-bonding motifs.[5] Further-
more, in the latter case, we have been able to quantify the
effect of hydrogen-bonding cooperativity in this intermolec-
ular process in apolar solvent. The most relevant results are
that 1,2-trans cooperative diols and amido alcohols are very
stable bidentate H-bonding motifs for this particular interac-
tion.
From this study in apolar solvents, some general rules


have been inferred for the prediction of the intramolecular
hydrogen-bonding network characteristics of a given carbo-
hydrate, and its influence on the energetics of intended in-
termolecular recognition processes.[6] One conclusion was
that neighbouring groups could be strategically located to
polarise intramolecular hydrogen bonds in an intended di-
rection. This will enhance the donor or acceptor character
of a particular OH group and make it a cooperative hydro-
gen-bond centre.
Once a well-defined hydrogen bond is formed between


the OH and amido groups of a sugar pyranose ring, these
hydrogen-bonding groups no longer act as independent hy-
drogen-bonding centres, but as hydrogen-bonding arrays.
This introduces a new perspective on carbohydrate OH
groups and is extremely important for de novo design of
molecular recognition processes, at least in nonpolar media.


Results and Discussion


Design : Our previous work has shown that the 1,3-cis-di-
axial configuration of sugar diols and amido alcohols in a
rigid framework (4C1 pyranose ring) presents an efficient in-
tramolecular six-membered-ring hydrogen-bond that even
survives in aqueous solution to a certain extent[10] (Fig-
ure 1a). Moreover, this offers the possibility of establishing
cooperative intermolecular hydrogen bonds.[5] The intrinsic
hydrogen-bonding donor and acceptor character of the OH


group results in a mixture of hydrogen-bonding isomers in
solution (Figure 1a). Thus, to be able to select a particular
OH group to behave as a ™cooperative donor or acceptor
centre∫, we envisaged the possibility of using functional
groups strategically placed to interact within the hydrogen-
bond network and to select a particular OH¥¥¥OH hydrogen-
bond, and thus obtain an energetic advantage from hydro-
gen-bonding cooperativity (Figure 1b).
A group with an unique hydrogen-bond donor or acceptor


character, located at hydrogen-bonding distance to a partic-
ular OH, can be used to initiate the hydrogen-bond network
and to polarise it in the desired direction.
We now show that a five-membered-ring intramolecular


hydrogen bond established between an amido NH group
and a hydroxy group (Figure 2b) that additionally is in a
1,3-cis-diaxial relationship to a second hydroxy group (Fig-
ure 2c) can be used to select an unique direction on the six-
membered-ring intramolecular hydrogen bond between di-
axial hydroxy groups, so that one of them behaves as an effi-
cient cooperative donor (Figure 2a).
Hence, we selected two mannopyranoside derivatives (1


and 2) that have an amido NH group at the anomeric posi-
tion (C1) with equatorial (b) orientation (Figure 3). Addi-
tionally, OH-2 in the pyranose ring has an axial orientation.
We hypothesised on the establishment of a five-membered-
ring intramolecular hydrogen bond between these amido
NH and (OH-2) hydroxy groups (Figure 2b). Sugar 2 is a 6-
deoxy derivative of 1, and was synthesized to simplify the
hydrogen-bonding network.
Compound 3 is a talopyranose derivative[11,12] which not


only has an equatorial amido NH group at the anomeric po-
sition and an axial OH group at the 2-position (as in 1 and
2), but also an axial hydroxy group in the 4-position. Thus, a
1,3-diaxial diol, involving the 2- and 4-positions of the pyra-
nose ring, is additionally present here (see Figure 2a).[13]In
this case we hypothesised the presence of the hydrogen-
bonding network NH!OH-2!OH-4. According to our ex-


Figure 1. a) Hydrogen-bonding isomers in equilibrium for a 1,3-cis-diaxial diol. b) Schematic representation of
the polarisation of the 1,3-diol-cis-diaxial hydrogen-bonding motif.
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pectations, the presence of the five-membered-ring intramo-
lecular hydrogen bond established between an NH amido
group and a hydroxy group in the 2-position should polarise
the second hydrogen bond (six-membered-ring intramolecu-
lar hydrogen bond between the two diaxial OH groups)
(Figure 2c), so that OH group at the 4-position behaves as
an efficient cooperative donor.
On this basis, we carried out molecular mechanics calcula-


tions using the MM2* force field, as integrated in MACRO-
MODEL 7.0, on 1, 2, and 3. The GB/SA solvent model for
chloroform was used. The first question was whether the
structure of the minima predicted by the force field would
allow the formation of the five-membered-ring intramolecu-
lar hydrogen bond between the NH group in the anomeric
position and the axial OH-2 group.
This was indeed the case. In the three compounds, and ac-


cording to the calculations, the anti orientation around angle
F (defined as H1-C1-N-HN) was always stabilised by more


than 6 kJmol�1 over the corresponding syn geometry. Values
between 160 and 1758 were found for this angle, correspond-
ing to a NH¥¥¥OH-2 distance of 2.61±2.62 ä, which suggests
the possible presence of the five-membered-ring intramolec-
ular hydrogen bond (see Supporting Information).
Additionally, in all cases, the different possible orienta-


tions of the hydroxy groups were considered. For both 1 and
2, the clockwise orientation of the hydroxy groups (OH-2!
OH-3!OH-4) was the most stable conformation. Our MM
calculations for the talopyranoside derivative 3 in chloro-
form predicts the most stable conformer to be that in which
O4 accepts a hydrogen atom from both OH-2 and OH-3. In
addition, OH-4 acts as a donor to O6 (see Supporting Infor-
mation).
The second more stable local minimum of 3 (DE=


1.5 kJmol�1) exhibits a cooperative H-bond network of the
type OH2!OH4!OH6, without involvement of OH-3 in
the network. These results suggest that in talose derivative 3
the NH!OH-2 H-bond is directing or polarising the H-
bonding equilibrium of the six-membered intramolecular hy-
drogen bond towards the presence of a unique OH-2!OH-
4 H-bond isomer. Thus, this feature makes OH-4 act as a co-
operative donor, which is able to form an additional intra-
molecular hydrogen bond to OH-6, or probably to establish
strong intermolecular hydrogen bonds.


Synthesis : The synthesis of compounds 1 and 2 was achieved
straightforwardly starting from d-mannose (Scheme 1). The
amino group at the anomeric position was introduced via
the corresponding azides 6[14,15] and 7, prepared, respectively,
by reaction of the pyranose peracetates 4 and 5[16] with
TMSN3 with catalysis by SnCl4.


[17] Reduction of the azido
group with hydrogen in the presence of Raney Ni[18] took
place quantitatively with concomitant almost complete
anomerization to generate the corresponding b-aminoglyco-
sides 8 and 9.


Figure 2. a) Six-membered-ring intramolecular hydrogen bond between a 1,3-cis-(a,a)-diol; b) five-membered-ring intramolecular hydrogen bond used as
a polarizing group; c) cooperative hydrogen-bonding network


Figure 3. N-glycosylamides 1±3.
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N-Acylation with gallic acid derivative 10[19] was carried
out with DIC and HOBt[20] to give 11 and 12, which were
subsequently deacetylated under standard conditions to give
the target b-d-mannosyl amides 1 and 2.
The synthesis of 3 was more cumbersome. A number of


synthetic routes could be conceived, the most straightfor-
ward of which proceeded via inversion of configuration of a
single stereocentre of a readily available hexose, for exam-
ple, d-galactose (inversion at C-2) or d-mannose (inversion
at C-4). After assaying several routes, the most convenient
in terms of number of steps and overall yield was found to
be that shown in Scheme 2, which employs d-galactopyra-
nose peracetate (13) as starting material. By using a descri-


bed procedure,[21] b-d-galactosyl azide 14 was prepared in an
amount of more than 25 g in high yield without requiring
any purification. After attempting fruitlessly an oxidation±
reduction protocol for the inversion of stereochemistry at
C-2, we turned our attention to the protocol developed by
Knapp et al.[22] via intramolecular displacement of a trifluo-
romethanesulfonate ester by a vicinal carbamoyl group. The
application of this protocol to our case would require instal-
lation of the carbamoyl group on the hydroxy group at C-3.
This was easily performed after standard protecting-group
manipulations that involved deacetylation of 14 with sodium
methoxide to afford the pure azide 15 in high yield, fol-
lowed by protection of the hydroxy groups at C-4 and C-6
in the form of a benzylidene acetal to give 16. Treatment of
16 with a stoichiometric amount of benzoyl isocyanate at
0 8C in THF gave selectively the monocarbamate 17 in 86%
yield. By this route, 17 can be prepared in just four steps
from b-d-galactose pentaacetate in 61% overall yield. Treat-
ment of 17 with triflic anhydride and pyridine gave the un-
stable trifluomethanesulfonic ester 18, which was immedi-
ately used for the intramolecular displacement reaction.
Treatment of triflate 18 in THF at 0 8C with an excess of


NaH according to the procedure of Knapp et al. afforded a
mixture of the N-benzoylimidate 19 and its hydrolysis prod-
uct, the carbonate 20. The crude reaction mixture was dis-
solved in THF and treated with a 2m aqueous solution of
lithium hydroxide monohydrate to afford d-talosyl azide 21
in 69% overall yield from 18. The b-d-talo configuration of
21 could be readily confirmed from the 1H NMR spectrum,
which showed characteristic proton±proton coupling con-
stants 3J1,2 and


3J2,3 of 3.5 Hz. Compound 21 was transformed
into the corresponding tetraacetate 22 under standard condi-
tions before reduction of the azide to the amine with hydro-


Scheme 1. Synthesis of 1 and 2. a) TMSN3, SnCl4, CH2Cl2, RT (6, 80%; 7,
60%); H2, Raney Ni W-2, MeOH, RT; c) DIC, HOBt, DMF/CHCl3
(171), RT (11, 33%; 12, 53%, 2 steps); d) NaOMe, MeOH, RT (1, 47%;
2, 74%). DIC=diisopropylcabodiimide, HOBT=hydroxybenzotriazole,
TMS= trimethylsilyl.


Scheme 2. Synthesis of 3.
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gen in the presence of 10% Pd/C and subsequent N-acyla-
tion with gallic acid derivative 10 to afford amide 23. Deace-
tylation of 23 provided the final d-talose derivative 3.


Structural studies : Conformational analysis of 1±3 was car-
ried out by NMR spectroscopy in CDCl3 solution. Full as-
signment of the NMR spectra was performed by standard
1D and 2D NMR experiments (selective decoupling, COSY,
TOCSY and NOESY). The b configuration of the amido
group at the anomeric position was established on the basis
of NOESY data. The NOEs observed between H1, H3 and
H5 resonances of the pyranose ring prove the presence of
the b isomer for 1, 2 and 3.
The presence of hydrogen bonds in solution can be estab-


lished[11] by the study of 1) chemical shift values, 2) tempera-
ture coefficients (Dd/DT), 3) vicinal coupling constants
3JOH,CH


[23] d) rate of exchange with the solvent and e) isotope
effects.
Tables 1 and 2 list the chemical shifts, vicinal coupling


constants and temperature coefficients for the NH and OH
resonances of 1±3 in CDCl3. All the NMR parameters for 1±


3 were measured at relatively low concentrations (between
10�3 and 10�4m), and additional dilution experiments were
also carried out in order to exclude the possibility of self-as-


sembly. The lack of variation in the NMR parameters upon
dilution showed that 1±3 do not aggregate in this concentra-
tion range.


Hydrogen-bond network in mannopyranoside derivatives 1
and 2 : The NMR parameters of the NH amide resonance in
both mannopyranoside derivatives 1 and 2 follow the same
trend. The large J values are indicative of the presence of a
trans relationship between the NH and CH-1 groups, and
the small temperature coefficients are consistent with its in-
volvement in an intramolecular hydrogen bond.
As mentioned above, we carried out molecular mechanics


calculations by MM2* on both the syn and anti conformers
of the N-glycosidic linkage of 1 and 2. The anti orientation
around the f angle, defined as H1-C1-N-H, was always sta-
bilised by more than 66 kJmol�1 relative to the correspond-
ing syn geometry (f values between 160 and 1758 were
found). Additionally, the distance between NH and OH-2 in
the anti H1-C-N-H arrangement [d=2.59 ä (1), 2.39 ä (2)]
is in agreement with an intramolecular hydrogen bond,
while in the syn conformer, the longer NH¥¥¥OH-2 distance
does not allow the formation of an intramolecular hydrogen
bond.[24]


The OH resonances of both 1 and 2 were detected as
sharp doublets at low concentration (ca. 10�4m for 1 and
10�3m for 2). The J values are in the range of those expected
for OH groups involved in hydrogen bonding[23] Small
(1±4 Hz) and large (9±11 Hz) J values are indicative of pro-
tons fixed in an hydrogen bond. The same trend is observed
for all the Dd/DT (within the range expected for an OH
group involved in an hydrogen bond). The only exception is
the OH-6 resonance in 1, which has a temperature coeffi-
cient of �8 ppbK�1 and a J value of 5 Hz, characteristic of a
free OH group.
Thus, since according to the MM2* data the only OH at


hydrogen-bonding distance to the amide NH is OH-2 and,
significantly, in both 1 and 2, OH-2 exhibits small J and Dd/
DT values, its involvement in an intramolecular hydrogen
bond seems to be granted.
To obtain additional experimental evidence for the pres-


ence of this NH!OH-2 intramolecular hydrogen bond, we
also carried out partial deuteration experiments[25] on 1 and
2 in CDCl3 (Table 2). The NMR spectra were recorded 3 h
after the addition of CD3OD. In the case of 1, it was not
possible to observe the signal of the amide group, because it
shifts and overlaps with the CDCl3 signal upon addition of
methanol.
The NH resonance of compound 2 showed an isotope


effect of 5 ppb (see Supporting Information), which con-
firmed the presence of an intramolecular hydrogen bond be-
tween the amido b-NH group in the anomeric position and
the axial OH-2 group in the pyranose ring. This is a five-
membered-(e,a)-ring intramolecular hydrogen bond that
makes the hydroxy group OH-2 a cooperative donor. This
result is in accordance with the J value and temperature co-
efficients found for the NH resonance.
Additionally, in the case of 1, an isotope effect was also


detected for OH-2 (5 ppb), again consistent with its involve-
ment in an intramolecular hydrogen bond (Table 2).


Table 1. Chemical shifts [ppm], coupling constants [Hz] and temperature
coefficients Dd/DT of hydroxy and amide groups of 1±3 in CDCl3.


OH-2 OH-3 OH-4 OH-6 NH


1[a] d 2.557 2.574 2.390 2.126 7.144
J 3.5 4.0 3.0 5.0 9.0


Dd/DT �2.2 �2.8 �2.7 �8.0 �2.2
2[b] d 2.514 2.527 2.018 ± 7.091


J 3.6 4.2 2.7 ± 9.0
Dd/DT �2.5 �2.5 �2.9 ± �2.4


3[c] d 3.735 3.006 3.937 2.301 7.316
J 10 9.5 3.0 6.5 9.0


Dd/DT �4.3 �2.3 �7.5 �3.9 �2.0


[a] 1.1î10�4m, 40 8C, 500 MHz. [b] 1.66î10�3m, 35 8C, 500 MHz.
[c] 1.09î10�3m, 22 8C, 500 MHz.


Table 2. Isotope effect [ppb] and level of deuteration [%] for the NH
and OH resonances of 1±3.


OH-2 OH-3 OH-4 OH-6 NH


1[a] isotope
effect


5 3 2 overlapping overlapping


deuteration
level


31 31 39 ± ±


2[b] isotope
effect


broad broad broad ± 5


deuteration
level


± ± ± ± 61


3[c] isotope
effect


6 3 overlapping 3 2


deuteration
level


74 35 ± 27 69


[a] 1.1î10�3m, 30 8C, 300 MHz. [b] 1.1î10�4m, 32 8C, 500 MHz. [c] 1.5î
10�3m, 21 8C, 500 MHz.
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Thus, all experimental evidence is in agreement with the
presence, in apolar solution, of the five-membered-ring in-
tramolecular H-bond between the NH and the OH-2 groups
(NH!OH-2) in 1 and 2 (Figure 4).


Smaller isotopic effects were also measured for the OH-3
and OH-4 resonances in 1.[26] This result, together with the
small Dd/DT values of both resonances (Table 1), is also in
accordance with the presence of the hydrogen-bond network
suggested by molecular modelling, with an orientation OH-
2!OH-3!OH-4.[7b,6]
The hydroxy group OH-6 of 1 has a coupling constant of


5 Hz, which seems to indicate that this group is not involved
in a hydrogen bond. Moreover, no isotope effect was ob-
served for this resonance upon partial deuteration.
The NMR and molecular modelling data obtained for 1


and 2 suggest that in this apolar solvent, these N-glycosyl-
amides can be described as a mixture of the hydrogen-bond
isomers shown in Figure 5.


Hydrogen-bonding network in talopyranoside derivative 3 :
Talopyranoside derivative 3 has the 1,2-amido alcohol-(e,a)
motif of 1 and 2 (Figure 1b) and, additionally, the OH
group in the 2-position has a 1,3-diaxial relationship to OH-
4. Thus, a six-membered-ring intramolecular hydrogen bond
is expected to be formed by this diol and polarised by the
five-membered-ring intramolecular hydrogen bond, which
makes OH-4 behave as a cooperative donor.
Molecular mechanics calculations were also carried out


on both the syn and anti conformers of 3. In this case, too,
the anti orientation around the f angle was more stable
than the syn geometry, and the computed distance between
NH and OH-2 (2.61 ä) is in agreement with an intramolecu-
lar hydrogen bond (see Supporting Information, part 3). The


NMR parameters for the hydroxy and amide resonances of
b-d-talopyranose derivative 3 in CDCl3 are listed in Table 1.
The amide resonance in 3 shows the same J and Dd/DT


values as were obtained for the b-d-mannopyranoside deriv-
atives 1 and 2 (see Table 1). However, the chemical shift of
the amide NH resonance, although in the same chemical en-
vironment, is more deshielded in 3 than in 1 and 2
(Dd(3�1)=0.154 ppm and Dd(3�2)=0.195 ppm at 30 8C).
This difference suggests that the corresponding NH proton
of 3 is more involved in an intramolecular hydrogen bond
than those of the related mannopyranose derivatives 1 and
2.
The Dd/DT values of the OH resonances in 3 showed a


clear difference between OH-2, OH-3 and OH-6 and OH-4.
The last-named has a Dd/DT value characteristic of a free
OH group (�7.5 ppbK�1). The OH-2 and OH-3 groups have
large J values (10 and 9.5 Hz) reflecting a preferred orienta-
tion, probably related to their involvement in intramolecular
hydrogen bonds (dihedral angles larger than 1508). In con-
trast, the values for OH-4 and OH-6 are in the range of
those expected for a free OH group.
These J values are in accordance with those reported by


us for 1,6-anhydro-3-deoxy-3-palmitoylcarboxamide-b-d-glu-
copyranose,[6] for which a six-membered-ring intramolecular
hydrogen bond polarised in one direction was found.
Therefore, the previous NMR data are in agreement with


the presence in solution of a detectable percentage of the
hydrogen-bond isomer of 3 in which OH-4 is acting as a hy-
drogen-bond acceptor for OH-2 and OH-3, as predicted by
MM2* calculations (see Supporting Information).
A partial deuteration experiment was also performed on


an NMR sample of 3 under the same conditions described
above for 1 and 2 (Table 2). The NH resonance of the
amido group in the anomeric position shows an isotope
effect (Table 2, Figure 6), which suggests its participation in
one intramolecular hydrogen bond.
As for 1 and 2, the NMR data of 3 support the presence


of a five-membered-ring intramolecular hydrogen bond in-
volving NH!OH-2 (the NH group of an amide can only be
a hydrogen-bond donor). This feature is again only possible
for the anti conformer of the N-glycosidic linkage (as pre-
dicted by the MM2* calculations). Moreover, we note that
OH-2 of 3 has the largest isotope effect of the three com-
pounds, while, the OH-3 and OH-6 resonances also showed
smaller, but detectable, isotope effects. The NMR parame-
ters for OH-3 (Table 1) are also in accordance with its par-
ticipation in a hydrogen bond in solution. On the other
hand, the OH-4 and OH-6 J and Dd/DT values are consis-
tent with their being free in solution. Thus, 3 in chloroform
solution may be described as equilibrium of hydrogen-bond-
ing isomers A, B and C (Figure 7). In all three of them, the
1,3-diaxial six-membered-ring intramolecular H-bond be-
tween OH-2 and OH-4 is present. This feature seems to
confirm the efficiency of the five-membered-ring intramo-
lecular hydrogen bond in driving the OH¥¥¥OH hydrogen-
bond equilibrium between the 1,3-(a,a)-diol towards OH-
2!OH-4.
To obtain further evidence, we explored the complexation


of 3 with pyridine (Py). We have previously used the com-


Figure 4. The predicted five-membered-ring intramolecular hydrogen
bond 1,2-cis-(a,e) for 1 and 2.


Figure 5. Intramolecular hydrogen-bonding isomers proposed for 1 and 2
in apolar solution.
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plexation of a H-bonding acceptor such as Py[6] to detect co-
operative donor centres and free hydroxy groups in carbo-
hydrates. The NMR titration of 3 with Py allowed us to
deduce a value of Ka=18m


�1 for the complex 3-Py, which is
in the range of those measured for sugars with cooperative
donor centres. Furthermore, the largest chemical-induced
shifts (CIS) were observed for OH-4 (CIS=++1.35 ppm) and
OH-6 (CIS=++1.26 ppm), and this suggests that these two
hydroxy groups are the most accessible to interaction with
an acceptor. No CIS was observed for the NH resonance.
This is in accordance with the presence of a high percentage
of the hydrogen-bonding isomer B (Figure 7) of 3 in solu-
tion.


Phosphate complexes : Our previous work has shown that
cooperative 1,2-(a,a)-trans-diol and amido alcohol hydro-
gen-bonding motifs are efficient binders of bidentate phos-
phate in apolar solvents.[5] Here, we decided to explore the
phosphate binding as an additional proof of the effect that
the presence of a hydrogen-bond cooperative centre may
have on the recognition behaviour of our designed sugar de-
rivatives 1±3. We expected that the cooperative donor hy-
drogen-bonding motifs present in 1, 2 and 3 could allow ef-
fective phosphate binding. Thus, NMR titrations were car-
ried out with the chloroform-soluble phosphate salt tetrabu-
tylammonium bis(3,5-di-tert-butyl)phenyl phosphate (Phos).
The titrations were carried out at constant concentration


of sugar (1, 2 or 3) by adding increasing concentrations of
salt. The high-field NMR shifts of the methyne proton reso-
nances were fitted to a 1:1 complex. The stoichiometries of
all complexes were determined by Scatchard plots and Job
plots based on chemical-shift variations.[27] The stability con-
stants and DG8 values of the complexes of 1±3 with Phos
and those for selected model compounds 24±27[5] (Figure 8)
are given in Tables 3 and 4.
Significantly, phosphate complexes with our designed


monosaccharides with cooperative donor centres (1-Phos, 2-
Phos and 3-Phos) have DG8 values which are between 1 and
2.2 kcalmol�1 higher than those reported in the literature


Figure 6. OH-2 proton resonances in the 1H NMR spectra of 3 in CDCl3
upon addition of 0 (a) and 74% (b) CD3OD.


Figure 7. Hydrogen-bond isomers proposed for the talopyranoside deriva-
tive 3 in apolar solution.


Figure 8. Model carbohydrates selected[5] for comparison with the phos-
phate complexes of 1±3.
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for choroform-soluble gluco- and galactopyranoside deriva-
tives.[28]


Diols 24 and 25 were selected as models for 1 and 3.
These two molecules are the 4,6-diols of glucopyranose (24)
and galactopyranose (25). The configuration at C-4 in 24 is
the same as in the mannopyranose derivatives 1 and 2. In
turn, OH-4 is axial in 25, as in the talopyranose compound
3.
Regarding 1 and 2 (Table 3), the most stable complex is 1-


Phos (DG8=�5.8 kcalmol�1). It is 3 kcalmol�1 more stable
than its corresponding 1,3-flexible diol 24 with the same
configuration at C-4. The lack of OH-6 in 2-Phos results in
a less stable complex (by 0.8 kcalmol�1).
Regarding the observed CIS, all methyne resonances of


the sugar are shielded upon complex formation, although
both 1-Phos and 2-Phos showed higher induced shifts for
the methyne CH-2 (�0.1 ppm in 1 and �0.09 ppm in 2) and
CH-3 (�0.134 ppm in 1 and �0.09 ppm in 2) resonances,
which suggests the involvement of their corresponding OH
groups in the complexation process. This observation sug-
gests the formation of a complex in which Phos is coordinat-
ed to the cooperative 1,2-(a,e)-cis-diol involving OH-2 and
OH-3 of the pyranose ring.
In comparison, a 1,2-(a,e)-diol with an amide group in in


the a position, but in a 1,2-trans relationship as in 26 (with-
out the possibility of establishing an intramolecular hydro-
gen bond with the diol) gave a significantly less stable com-
plex, with Ka=554m


�1 (DG8=�3.7 kcalmol�1), that is, 2-
Phos displays an extra stabilisation of about 2 kcalmol�1


compared to 26-Phos.
For talose complex 3-Phos (Table 4), higher CIS of the


CH resonances upon complex formation were found for
CH-4 (�0.064 ppm) and CH-6,6’ (due to overlap, the maxi-
mum CIS can not be accurately calculated). This observa-
tion also suggests the involvement of both hydroxy groups
in complex formation.
These data are in agreement with CIS measured for the


complex with pyridine 3-Py. The CIS for this complex are
largest for OH-4 and OH-6, which again suggests that these
two hydroxy groups are the most accessible to interaction
with an acceptor. No CIS was observed for the NH reso-
nance.


We selected, for comparison, a flexible diol involving the
4- and 6-positions of the pyranose ring with the same config-
uration at C-4, namely, 25. Additionally, the cooperative 1,2-
trans-(a,a)-diol 27 was used as a reference for a cooperative
diol. The DG8 values show that 3-Phos is about 2 kcalmol�1


more stable than the corresponding complex of the flexible
diol with the same configuration at C-4 25-Phos.
In the 1,2-trans-(a,a)-diol 27, OH-4 is cooperative due to


the presence of a six-membered-ring intramolecular hydro-
gen bond, which involves an NH group of an amide. The
complex between 27-Phos is 1 kcalmol�1 less stable than
that of 3-Phos. All these results suggest that N-glycosyl-
amides 1±3 with cooperative OHs centres are effective phos-
phate binders.[29]


Conclusion


We have designed and synthesised sugars with cooperative
hydrogen-bonding donor centres. The structural analysis of
the N-glycosylamides 1 and 2 by NMR in apolar solution
showed the presence of a five-membered-ring intramolecu-
lar hydrogen bond between the anomeric NH amide group
in equatorial position and the axially oriented OH-2 group
(NH!OH-2).
As a second step, the talose derivative 3 was designed and


synthesised to prove that a group with a unique hydrogen-
bond donor character, located at hydrogen-bonding distance
to a particular OH group, can be used to initiate the hydro-
gen-bond network and to polarise a particular HO¥¥¥OH hy-
drogen-bond in a desired direction.
We were able to prove that the presence in 3 of a five-


membered-ring intramolecular H-bond, established between
a N-glycosylamido group (NH) and a hydroxy group (in 1,2-
(e,a) relationship) that additionally is in a 1,3-cis-diaxial re-
lationship to a second hydroxy group (OH-4) can be used to
select an unique direction on the six-membered-ring intra-
molecular hydrogen bond between the two diaxial OH
groups, which makes one of them behave as an efficient co-
operative donor (OH-4 in this case).
Finally, the presence of cooperative hydrogen-bond cen-


tres makes 1±3 more efficient phosphate binders in apolar
solvent in comparison with model compounds 24±27.


Experimental Section


The 1H NMR studies on carbohydrates 1±3 were performed with freshly
prepared solutions in CDCl3, which was always passed through basic alu-
mina and collected over 4 ä molecular sieves.
1H NMR experiments : The binding abilities of compounds 1±3 to Phos
were investigated by means of 1H NMR titration experiments. Carbohy-
drate solutions were obtained by diluting a known volume of a stock solu-
tion, previously prepared by dissolving a weighed amount of the sugar in
CDCl3, to 3 mL. Then, 0.5 mL of the resulting solution was placed in an
NMR tube, and the remaining 2.5 mL was used to prepare the carbohy-
drate/phosphate titrant solution. The carbohydrate concentration was
10�4m. The concentration of Phos in the titrant solution was in the range
10�3 to 8î10�4m. A minimum of 10 aliquots of the sugar/phosphate solu-
tion were added to the sugar solution, and a one-dimensional 1H NMR
spectrum (T=298 K) was recorded after each addition. The binding con-


Table 3. Ka [m
�1] and DG8 [kcalmol�1] for the interaction between com-


pounds 1, 2, 24 and 26 and the phosphate salt.


1 2 24 26


Ka 16400 4880 96 554
DG8[a] �5.8 �5.0 �2.7 �3.5


[a] Estimated error: �0.1 kcalmol�1.


Table 4. Ka [m
�1] and DG8 [kcalmol�1] for the interaction between com-


pounds 3, 25 and 27 and the phosphate salt.


3 25 27


Ka 9610 111 1796
DG8[a] �5.4 �2.8 �4.4


[a] Estimated error: �0.1 kcalmol�1.
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stants were evaluated from a least-squares fitting by using a well-estab-
lished protocol.[19]


The Dd/DT values of the exchangeable proton resonances of compounds
1±3 were obtained by means of variable-temperature 1H NMR experi-
ments. These were carried out at sugar concentrations ranging from 1.1î
10�4 to 1.9î10�4m, depending on the tendency for self-association of the
carbohydrate investigated. The spectra were recorded at five different
temperatures in the range 295±318 K, and the Dd/DT values were evalu-
ated from a linear fit.


Compounds 1±3 were partially deuterated by adding a few microlitres of
[D4]methanol to an NMR sample at 303 K for 1, 305 K for 2 and 294 K
for 3. After each addition, a one-dimensional 1H NMR spectrum was re-
corded, and the percentage deuteration was calculated by comparison of
the integrals of the resonances of the exchangeable protons (OH and NH
resonances) with that of a nonexchangeable proton (e.g., H-1). Isotope
effects, observable for NH, OH-2 and other OH groups, depending on
the nature of compound (signal doubling), demonstrated the existence of
the intramolecular hydrogen bond between the NH and OH-2 groups in
the 1±3. To observe NH signal doubling it was necessary to wait at least
one hour after deuteration.


Molecular modelling : MM2* calculations were performed for 1±3 using
MM2* as implemented in Macromodel 7.0. The GB/SA solvent model
for chloroform was used. All the different combinations of staggered ori-
entations of the hydroxy groups were used as input geometries. The re-
sults are given for the most stable ones in each case. Additionally, the
three possible staggered orientations for the F angle at the N-glycosidic
linkage (H1-C1-N-H) were also used as starting geometries. In all cases,
the anti-type geometry was the most stable.


Synthesis : Compounds 5,[30] 6,[18] 10,[19] 13[31] and 14[17] were prepared by
literature procedures.


N-(2,3,4,6-Tetra-O-acetyl-b-d-mannosyl)-3,4,5-tris(tetradecyloxy)benz-
amide (11): A solution of 6 (213 mg, 0.61 mmol) in EtOAc (3 mL) was
treated with Raney Ni and shaken under an atmosphere of hydrogen for
6 h at room temperature. The catalyst was removed by filtration, and the
solvent was evaporated under reduced pressure to afford 8 as a pale oil.
Separately, a solution of DIC (140.0 mL, 0.88 mmol), HOBt (120.0 mg,
0.88 mmol) and 3,4,5-tris(tetradecyloxy)benzoic acid (10 ; 560 mg,
0.74 mmol) in DMF/CHCl3 (1/1, 14 mL) was stirred under argon at room
temperature for 24 h before adding a solution of 8 in CHCl3 (3 mL).
After a further 24 h, the crude product was washed three times with
water, the organic layer was dried over Na2SO4 and the solvent was re-
moved under reduced pressure. The residue was purified by column chro-
matography (hexane/EtOAc 4/1) to afford compound 11 as a 7/93 mix-
ture of a and b isomers (108 mg, 33%); Rf(b=0.35 (EtOAc/n-hexane 1/
1); 1H NMR (200 MHz, CDCl3): b isomer: d=6.89 (s, 2H, ortho), 6.70
(d, 3J(H,H)=9.2 Hz, 1H; NH), 5.69 (dd, 3J(H,H)=1.0, 9.0 Hz, 1H, CH),
5.42 (dd, 3J(H,H)=1.0, 3.0 Hz, 1H, CH), 5.28 (t, 3J(H,H)=10.2 Hz, 1H,
CH), 5.16 (dd, 3J(H,H)=3.0, 10.0 Hz, 1H, CH), 4.35 (dd, 3J(H,H)=5.0,
2J=12.6 Hz, 1H, CH2), 4.07 (dd,


3J(H,H)=2.0, 2J=12.6 Hz, 1H, CH2),
3.96 (t, 3J(H,H)=6.4 Hz, 6H, CH2), 3.842 (ddd, J(H,H)=2.0, 4.8, 9.6 Hz,
1H, CH), 2.23 (s, 3H, CH3), 2.08 (s, 3H, CH3), 2.04(s, 3H, CH3), 1.98 (s,
3H, CH3), 1.76 (m, 6H, CH2), 1.43 (br s, 6H, CH2), 1.23 (m, 60H, CH2),
0.85 (t, 3J(H,H)=6.3 Hz, 9H, CH3); visible signals of a isomer: 6.98 (s,
2H, ortho), 5.82 (dd, 3J(H,H)=6.3, 8.4 Hz, 1H, CH), 5.37 (dd, 3J(H,H)=
3.3, 9.3 Hz, 1H, CH), 5.12 (dd, 3J(H,H)=4.8, 6.0 Hz, 1H, CH), 4.49 ppm
(dd, 3J(H,H)=6.3 Hz, 2J=12.0 Hz, 1H); 13C NMR (50 MHz, CDCl3): b
isomer: d=170.64 (COCH3), 170.56 (COCH3), 169.78 (COCH3), 169.66
(COCH3), 166.42 (CONH), 153.13 (Cm), 141.98 (Cq), 127.86 (Cp), 106.08
(Co), 76.96 (C-1), 74.35, 73.53 53 (CH2 sugar), 71.55, 70.65, 69.43
(2OCH2), 65.27, 62.20 (OCH2), 31.90 (CH2), 29.66 (CH2), 29.34 (CH2),
26.03 (CH2), 22.66 (CH2), 20.86 76 (CH3CO), 20.76 76 (CH3CO), 20.66 76
(CH3CO), 20.51 76 (CH3CO), 14.08 76 ppm (CH3); IR (KBr): ñ=3436,
2919, 2850, 1751, 1645, 1585, 1530, 1497, 1468, 1428, 1369, 1229, 1116,
1057 cm�1; MS (APCI): m/z : 1088 [M+H]+ ; elemental analysis calcd (%)
for C63H109NO13: C 69.51, H 10.09, N 1.29; found: C 69.27, H 10.31, N
1.46.


N-b-d-Mannopyranosyl-3,4,5-tris(tetradecyloxy)benzamide (1): A solu-
tion of 11 (220.0 mg, 0.20 mmol) in MeOH (5 mL)/CHCl3 (4 mL) was
treated with 3 mL of a solution of sodium methoxide in MeOH prepared
by dissolving Na (100 mg) in MeOH (10 mL). After stirring for 1 h at


room temperature, the solution was acidified to pH 6 with Amberlite IR-
120H+ ion-exchange resin, and the resin removed by filtration. The sol-
vent was removed under reduced pressure to give a mixture of a and b


isomers. The b isomer 1 was obtained after column chromatography
(SiO2/CHCl3) as a white amorphous solid (86.0 mg, 47%). Rf=0.27
(MeOH/EtOAc 5/95); [a]


d
=�7.2 (c=0.50, CHCl3); 1H NMR (500 MHz,


40 8C, CDCl3): d=7.11 (d, 3J(H,H)=9.0 Hz, 1H, NH), 6.99 (s, 2H,
ortho), 5.52 (d, 3J(H,H)=9.0 Hz, 1H, CH), 4.03 (t, 3J(H,H)=3.5 Hz, 1H,
CH), 3.99 (t, 3J=6.5 Hz, 6H, OCH2), 3.90 (ddd,


2J(H,OH)=1.5,
3J(H,H)=3.5, 12.5 Hz, 1H, CH2), 3.86 (ddd, 2J(H,OH)=1.5 Hz,
3J(H,H)=5.0, 12.5 Hz, 1H, CH2), 3.85 (td,


2J(H,OH)=3.0 Hz, 3J(H,H)=
9.5 Hz, 1H, CH), 3.75 (ddd, 2J(H, OH)=4.0 Hz, 3J(H,H)=5.0, 9.5 Hz,
1H, CH), 3.46 (ddd, 3J(H,H)=3.5, 5.0, 9.5 Hz, 1H, CH), 2.57 (d,
2J(H,OH)=4.0 Hz, 1H, OH-3), 2.56 (d, 2J(H,OH)=3.5 Hz, 1H, OH-2),
2.39 (d, 2J(H,OH)=3.0 Hz, 1H, OH-4), 2.13 (t, 2J(H,OH)=5.0 Hz, 1H),
1.73 (m, 6H, CH2), 1.44 (m, 6H, CH2), 1.25 (br s, 60H, CH2), 0.87 ppm (t,
J=6.5 Hz, 9H, CH3);


13C NMR (125 MHz, CDCl3): d=152.99 (Cm),
141.00 (Cp), 123.50 (Cq), 106.44 (Co), 78.44 (C-1), 77.40 (C-5), 74.44 (C-
3), 73.0 (C-4, C-6), 71.44 (C-2), 69.43 (2OCH2), 60.30 (OCH2), 31.90
(CH2), 29.67 (CH2), 29.52 (CH2), 29.34 (CH2), 26.11 (CH2), 22.64 (CH2),
14.02 ppm (CH3); IR (KBr) : ñmax=2921, 2851, 1627, 1583, 1539, 1499,
1468, 1331, 1233, 1119 cm�1; MS (APCI) (%): m/z : 920.5 (100) [M+H]+ ,
800.5, 758, 577; elemental analysis calcd (%) for C55H101NO9: C 71.77, H
11.06, N 1.52; found: C 71.54, H 11.30, N 1.69.


2,3,4-Tri-O-acetyl-6-deoxy-a-d-mannopyranosyl azide (7): SnCl4 (92 mL,
0.78 mmol) and TMSN3 (280 mL, 2.10 mmol) were added to a solution of
6-deoxy-d-mannopyranose tetraacetate[30c] 5 (349 mg, 1.05 mmol) in dry
CH2Cl2 (6 mL), and the mixture was stirred at room temperature for 3 h.
The mixture was washed successively with aqueous NaHCO3 and water
and dried over Na2SO4. The solvent was removed under reduced pressure
to afford 7 as a colorless oil (197 g, 60%). Rf=0.52 (1/1 n-hexane/
EtOAc); 1H NMR (200 MHz, CDCl3): d=5.29 (d,


3J(H,H)=2.0 Hz, 1H,
CH), 5.18 (dd, 3J(H,H)=3.2, 10 Hz, 1H, CH), 5.12 (dd, 3J(H,H)=2.0,
3.2 Hz, 1H, CH), 5.06 (t, 3J(H,H)=10 Hz, 1H, CH), 4.01 (qd, 3J(H,H)=
6.2, 10 Hz, 1H), 2.14 (s, 3H, CH3), 2.04 (s, 3H, CH3), 1.97 (s, 3H, CH3),
1.25 ppm (d, 3J(H,H)=6.2 Hz, 3H, CH3);


13C NMR (50 MHz, CDCl3):
d=169.85 (CO), 169.79 (CO), 169.76 (CO), 86.44 (C-1), 69.40, 68.40,
67.57, 67.24, 20.74 (CH3CO), 20.70 (CH3CO), 20.55 (CH3CO), 17.36 ppm
(CH3); IR (KBr): ñmax=2986, 2900, 2120, 1750, 1431, 1372, 1223, 1125,
1056, 957, 936 cm�1; MS (ES): m/z (%): 274 (11) [M�N3+H]+ , 338 (100)
[M+Na]+ .


N-(2,3,4-Tri-O-acetyl-6-deoxy-b-d-mannosyl)-3,4,5-tris(tetradecyloxy)-
benzamide (12): A solution of 7 (110 mg, 0.35 mmol) in EtOAc (4 mL)
was treated with Raney Ni and shaken under an atmosphere of hydrogen
overnight. The catalyst was removed by filtration and the solvent evapo-
rated under reduced pressure to afford a pale glassy film of 9. Separately,
a solution of DIC (80.0 mL, 0.50 mmol), HOBt (67.0 mg, 0.50 mmol) and
10 (318 mg, 0.42 mmol) in DMF/CHCl3 (1/1, 10 mL) was stirred under
argon for 24 h at room temperature before addition of 9 dissolved in
CHCl3 (3 mL). After a further 24 h, the crude reaction mixture was
washed thrice with water, the organic layer was dried with Na2SO4 and
the solvent was removed under reduced pressure. The residue was puri-
fied by column chromatography (SiO2, n-hexane/EtOAc 8/2) to afford 12
as a 36:64 mixture of a and b isomers (190 mg, 53%). Rf(b)=0.15
(EtOAc/n-hexane 1/1); 1H NMR (300 MHz, CDCl3): b isomer: d=6.892
(s, 2H, ortho), 6.66 (d, 3J(H,H)=9.0 Hz, 1H, NH), 5.64 (dd, 3J(H,H)=
1.0, 9.0 Hz, 1H, CH), 5.41 (dd, 3J(H,H)=1.0, 3.0 Hz, 1H, CH), 5.12 (dd,
3J(H,H)=3.0, 10.0 Hz, 1H, CH), 5.05 (t, 3J(H,H)=10.0 Hz, 1H, CH),
3.96 (t, 3J(H,H)=6.6 Hz, 6H, OCH2), 3.71 (qd,


3J(H,H)=6.3, 10.0 Hz,
1H, CH), 2.06 (s, 3H, CH3), 2.22 (s, 3H, CH3), 1.98 (s, 3H, CH3), 1.78
(m, 6H, CH2), 1.45 (m, 6H, CH2), 1.24 (br s, 63H, 30CH2 and CH3
sugar), 0.86 (t, J=6.6 Hz, 9H, CH3); visible signals of a isomer: 6.95 (s,
2H, ortho), 6.79 (d, 3J(H,H)=8.7 Hz, 1H, NH), 5.81 (dd, 3J(H,H)=6.3,
8.4 Hz, 1H, CH), 5.30 (m, 2H, CH), 4.93 (t, 1H, CH), 2.11 (s, 3H, CH3),
2.09 (s, 3H, CH3), 2.07 ppm (s, 3H, CH3);


13C NMR (75 MHz, CDCl3) b
isomer: d=170.67 (CO), 169.94 (CO), 169.87 (CO), 166.51 (CONH),
153.05 (Cm), 141.81 (Cp), 128.00 (Cq), 105.96 (Co), 76.57 (C-1), 73.48
(OCH2), 72.40 (C-5), 71.48 (C-3), 70.92 (C-2), 70.25 (C-4), 69.35 (2
OCH2), 31.90 (CH2), 29.68 (CH2), 29.35 (CH2), 26.03 (CH2), 22.66 (CH2),
20.88 (CH3CO), 20.78 (CH3CO), 20.56 (CH3CO), 17.51 (CH3 sugar),
14.09 ppm (CH3); IR (KBr): ñmax=3436, 2920, 2851, 1752, 1644, 1584,
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1527, 1496, 1468, 1427, 1369, 1225, 1116, 1055 cm�1; MS (APCI): m/z :
1030 [M+H]+ ; elemental analysis calcd (%) for C63H109NO13: C 71.13, H
10.39, N 1.36; found: C 71.00, H 10.60, N 1.51.


N-(6-Deoxy-b-d-mannopyranosyl)-3,4,5-tris(tetradecyloxy)benzamide (2):
A solution of 12 (260.0 mg, 0.25 mmol) in MeOH/CHCl3 (1/1, 8 mL) was
treated with 3 mL of a solution of sodium methoxide in MeOH prepared
by dissolving Na (100 mg) in MeOH (10 mL). The reaction was moni-
tored by TLC (n-hexane/EtOAc 1/1). The solution was acidified to pH 6
with IR-120 ion-exchange resin, and the resin removed by filtration. The
solvent was removed under reduced pressure to give a mixture of a and
b isomers. The b isomer 2 was obtained after column chromatography
(SiO2, acetone/toluene 1/1) as a white amorphous solid (37.0 mg of b
isomer and 131 mg of an a/b mixture, 74%). Rf(b)=0.37 (acetone/tolu-
ene 1/1), Rf(a)=0.30 (acetone/toluene 1/1); [a]


22
D=++0.75 (c=0.57,


CHCl3): MS (ES): m/z (%): 904 (100) [M+H]+ ;. 1H NMR (500 MHz,
35 8C, CDCl3): d= 7.09 (d, 3J(H,H)=9.0 Hz, 1H, NH), 6.98 (s, 2H,
ortho), 5.47 (d, 3J(H,H)=9.0 Hz, 1H, CH), 4.02 (br s, 1H, CH-2), 3.67
(br s, 1H, CH-3), 3.46 (m, 2H, CH-4 and CH-5), 2.53 (d, 2J(H,OH-3)=
4.2 Hz, 1H, OH-3), 2.51 (d, 2J(H,OH-2)=3.6 Hz, 1H, OH-2), 2.02 (d,
2J(H,OH-4)=2.7 Hz, 1H, OH-4), 1.74 (m, 6H, CH2), 1.45 (m, 6H, CH2),
1.37 (d, 3H, J=6.0 Hz, CH3 sugar), 1.25 (br s, 60H, CH2), 0.86 ppm (t,
3J(H,H)=6.3 Hz, 9H, CH3);


13C NMR (125 MHz, CDCl3): d=153.06
(Cm), 140.55 (Cp), 128.33 (Cq), 106.00 (Co), , 74.31 (C-1), 73.51 (C-4 or C-
5), 73.22 (C-4 or C-5), 70.97 (C-3), 69.56 (C-2), 69.37 (2 OCH2), 60.30
(OCH2), 31.92 (CH2), 29.67 (CH2), 29.57 (CH2), 29.36 (CH3 sugar), 26.07
(CH2), 22.67 (CH2), 14.12 ppm (CH3); IR (KBr): ñmax=3435, 2919, 2850,
1626, 1583, 1536, 1495, 1468, 1338, 1236, 1121 cm�1; elemental analysis
calcd (%) for C55H101NO9: C 73.04, H 11.26, N 1.55; found: C 72.75, H
11.41, N 1.63.


b-d-Galactopyranosyl azide (15): A solution of azide 14[17] (8,50 g,
23.09 mmol) in MeOH (137 mL) was treated with a solution of sodium
(200 mg) in MeOH (10 mL). After 30 min, the solution was acidified with
Amberlite IR-120H+ to pH 6. Evaporation of the solvent under reduced
pressure afforded 15 as a white crystalline solid (280 mg, 91%). 1H NMR
(200 MHz, CDCl3): d= 5.29 (s, 1H, CH), 4.85 (s, 1H, CH), 4.66 (s, 1H,
CH), 4.53 (s, 1H, CH), 4.35 (d, 1H, J=8.5 Hz), 3.66 (m, 1H), 3.50 (m,
3H), 3.32 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d= 90.7, 77.6, 73.3,
70.3, 68.2, 60.5 ppm; IR (KBr): ñmax=3600±3000, 2891, 2138, 1140, 1102,
1073, 1056 cm�1; MS (ES+ ): m/z (%): 433 (23) [2M+Na]+ , 413 (52), 228
(100) [M+Na].


(S)-4,6-O-Benzylidene-galactopyranosyl azide (16): A solution of azide
15 (5.00 g, 24.4 mmol) in dry, distilled CH3CN (30 mL) was treated with
p-TsOH (232 mg, 1.22 mmol) and benzaldehyde dimethyl acetal
(18.3 mL, 122 mmol). After 24 h at room temperature, the mixture was
treated with Et3N (1 mL) and evaporated under reduced pressure. The
residue was purified by column chromatography (SiO2, EtOAc) to afford
16 as a white solid (5.82 g, 81%). Rf=0.41 (EtOAc);


1H NMR (200 MHz,
CDCl3): d=7.52±7.35 (m, 5H, HArom), 5.53 (s, 1H, CH-8), 4.55 (d, 1H,
3J(H,H)=8.2 Hz), 4.36 (dd, 1H, 3J(H,H)=1.6 Hz, 2J(H,H)=12.5 Hz,
CH2), 4.20 (dd, 1H,


3J(H,H)=1.2, 3.2 Hz, CH), 4.06 (dd, 1H, 3J(H,H)=
1.8 Hz, 2J(H,H)=12.6 Hz, CH2), 3.69 (s, 1H), 3.65 (s, 1H), 3.55 (dd, 1H,
3J(H,H)=1.6, 2.9 Hz), 2.88 ppm (m, 2H); 13C NMR (300 MHz, CDCl3):
d=139.0, 129.1, 128.4, 126.7, 100.3, 90.8, 76.1, 72.1, 70.1, 68.7, 68.3 ppm;
IR (KBr): ñmax=3600±3200, 2910, 2861, 2116, 1249, 1086, 1102, 1051,
1001 cm�1; MS (ES+ ): m/z (%): 609 (20) [2M+H]+ , 362 (25), 316 (100)
[M+Na]+ , 251 (57) [M�N3]+ ; elemental analysis calcd (%) for
C13H15N3O5: C 53.24, H 5.16, N 14.33; found: C 53.40, H 5.35, N 14.61.


(S)-4,6-O-Benzylidene-3-O-(N-benzoylcarbamoyl)-galactopyranosyl azide
(17): A solution of 16 (4.30 g, 14.7 mmol) in dry, distilled THF (20 mL)
under Ar at 0 8C was treated with a solution of benzoyl isocyanate
(2.59 g, 17.6 mmol) in THF (30 mL) dropwise. After 30 min, a further
600 mg of benzoyl isocyanate was added. After 1 h at 0 8C, the mixture
was evaporated under reduced pressure, and the residue purified by
column chromatography (SiO2, 50% EtOAc/hexane) to afford 17 as a
white foam (5.54 g, 86%). Part of this material was recrystallised from
chloroform to provide an analytical sample (small needles). Rf=0.48
(EtOAc/hexane 7/3); 1H NMR (300 MHz, CDCl3): d=9.00 (br s, 1H,
NH), 7.74±7.69 (m, 2H, HArom), 7.49±7.43 (m, 3H, HArom) 7.38±7.24 (m,
5H, HArom), 5.48 (s, 1H, CH-8), 4.88 (dd,


3J(H,H)=3.7, 10.0 Hz, 1H, CH-
3), 4.62 (d, 3J(H,H)=8.5 Hz, 1H, CH-1), 4.44 (d, 3J(H,H)=3.4 Hz, 1H,
CH-4), 4.28 (dd, 3J(H,H)=1.4 Hz, 2J(H,H)=12.5 Hz, 1H, CH-6 or CH-


6’), 3.90 (dd, 3J(H,H)=1.6, 2J(H,H)=12.5 Hz, 1H, CH-6 or CH-6’), 3.88
(t, 1H, CH-2), 3.80 (br s, 1H, CH-5), 3.52 ppm (br s, 1H, OH); 13C NMR
(75 MHz, CDCl3): d=165.8, 150.7, 137.3, 133.1, 132.3, 129.3, 128.7, 128.3,
127.9, 126.5, 101.1, 90.3, 75.3, 73.3, 68.7, 67.9, 67.8 ppm; IR (KBr): umax=
3600±3200, 2981, 2873, 2118, 1774, 1510, 1485, 1197, 1093 cm�1; [a]25D=
17.6 (c=2.00, acetone); MS (ES+ ): m/z (%): 903 (46) [2M+Na]+ , 731
(47), 559 (47), 463 (63) [M+Na]+ , 398 (100) [M�N3], 122 (99%), 105
(82%); elemental analysis calcd (%) for C21H20N4O7: C 57.27, H 4.58, N
12.72; found: C 57.27, H 4.58, N 12.51.


(S)-4,6-O-Benzylidene-3-O-(N-benzoylcarbamoyl)-2-O-trifluoromethane-
sulfonate-galactopyranosyl azide (18): A solution of carbamate 17
(100 mg, 0.227 mmol) in dry, distilled CH2Cl2 (1 mL) at �25 8C was treat-
ed with dry, distilled pyridine (37 mL, 0.454 mmol) and triflic anhydride
(44 mL, 0.261 mmol). After stirring for 2 h at �25 8C, the mixture was
warmed to room temperature, water was added (1 mL) and the mixture
was extracted with CH2Cl2 (3î10 mL). The combined organic phases
were dried over Na2SO4, filtered and evaporated at reduced pressure.
The residue was purified by column chromatography (SiO2, 50% EtOAc/
hexane) to afford 18 as a clear glassy film (80 mg, 77%). 1H NMR
(200 MHz, CDCl3): d=8.58 (s, 1H, NH), 7.75±7.84 (m, 2H, HArom), 7.35±
7.61 (m, 6H, HArom), 5.27 (dd, 1H,


3J(H,H)=3.6, 10.2 Hz, CH-3), 5.52 (s,
1H, CH-8), 4.93±5.04 (m, 2H, CH-1 and 2), 4.61 (dd, 1H, 3J(H,H)=0.8,
3.6 Hz, CH-4), 4.39 (dd, 1H, 3J(H,H)=1.8 Hz, 2J(H,H)=12.8 Hz, CH-6
or CH-6’), 4.11 (dd, 1H, 3J(H,H)=1.6 Hz, 2J(H,H)=12.8 Hz, CH-6 or
CH-6’), 3.83 ppm (d, J(H,H)=0.8 Hz, 1H, CH-5); 13C NMR (75 MHz,
CDCl3): d=164.57 (CO), 149.08 (CO), 136.92 (Cq1) 133.48 (Cp1), 132.07
(Cq2), 129.50 (Cp2), 128.00 (Co1), 128.35 (Co2), 127.61 (Cm1), 126.41 (Cm2),
CF3 signal was not observed, 101.44 (C-8), 86.93 (CH sugar), 80.22 (CH
sugar), 73.73 (CH sugar), 71.86 (CH sugar), 68.33 (CH2 sugar), 68.02 ppm
(CH sugar); IR (KBr): umax=3 429, 2127, 1784, 1691, 1602, 1504, 1484,
1417, 1244, 1197, 1141, 1093, 1023, 994, 963, 894, 869, 818, 765, 699,
623 cm�1; MS (ES+): m/z (%): 1167.1 (18) [2M+Na]+ , 573.1 (100)
[M+H]+ ; elemental analysis calcd (%) for C39H45N7O13: C 46.15, H 3.32,
N 9.79; found: C 46.31, H 3.60, N 10.03.


(R)-4,6-O-Benzylidene-talopyranosyl azide (21): A solution of triflate 18
(540 mg, 0.943 mmol) in dry, distilled THF (5 mL) at 0 8C under argon
was treated with NaH (34 mg, 1.41 mmol) in one portion and stirred for
45 min. A further portion of NaH (50 mg, 2.08 mmol) was added, and the
mixture allowed to warm to room temperature. After the mixture had
been stirred at room temperature overnight, saturated aqueous NaHCO3
(10 mL) was added and the mixture was extracted with with CH2Cl2 (3î
50 mL). The combined organic layers were dried over Na2SO4, filtered
and evaporated at reduced pressure to give a crude mixture of 19 and 20.
The residue was taken up in THF (5 mL) and treated with a saturated
aqueous solution of LiOH¥H2O. After stirring at room temperature over-
night, the mixture was extracted with CH2Cl2 (3î50 mL) and the com-
bined organic layers were dried over Na2SO4, filtered and evaporated at
reduced pressure. Purification of the residue by column chromatography
(SiO2, EtOAc/hexane 1/1) afforded 21 as a white amorphous solid
(190 mg, 69%). Rf=0.24 (EtOAc);


1H NMR (200 MHz, CDCl3): d=


7.78±7.80 (m, 1H), 7.37±7.52 (m, 4H), 5.51 (s, 1H), 4.49 (d, 1H,
3J(H,H)=1 Hz, CH-4), 4.45 (dd, 1H, 3J(H,H)=1.6, 2J(H,H)=12.8 Hz,
CH-6 or CH-6’), 4.24 (td, 1H, 3J(H,H)=1.2, 3.8 Hz, CH-1), 4.09 (dd, 1H,
3J(H,H)=1.8 Hz, 2J(H,H)=12.6 Hz, CH-6 or CH-6’), 3.86 (tdd, 1H,
3J(H,H)=1, 3.4 Hz, 2J(H,OH)=12.0 Hz, CH-3), 3.68 (td, 1H, 3J(H,H)=
3.4, 2J(H,OH)=11.6 Hz, CH-2), 3.51 (td,1H, 1.8, 1.8, 1.2 Hz, CH-5), 3.06
(d, 1H, 2J(H,OH)=12.2 Hz, OH-3), 3.044 ppm (d, 1H, 2J(H,OH)=
11.6 Hz, OH-2); 13C NMR (75 MHz, CDCl3): 136.80 (Cq), 129.55 (Cp),
128.50 (Co), 125.98 (Cm), 101.84 (C-8), 87.31 (CH sugar), 75.46 (CH
sugar), 71.70 (CH sugar), 69.01 (CH2 sugar), 68.82 (CH sugar), 68.63 ppm
(CH sugar); IR (KBr): ñmax=3504, 3370, 3176, 2929, 2876, 2109, 1660,
1411, 1253, 1141, 1102, 1081, 1037, 1025, 772, 743, 700 cm�1; [a]20D=
�78.81 (c=1.01 g per 100 mL, DMSO); MS (ES+): m/z (%): 609 (35)
[2M+Na]+ , 463 (61), 458 (42), 316 (43) [M+Na]+ , 311 (100) [M+18],
251 (31) [M�N3]+ .
2,3,4,6-Tetra-O-acetyl-talopyranosyl azide (22): A solution of 21 (60 mg,
0,24 mmol) in AcOH/H2O (7/3, 8.5 mL) was heated at 70 8C for 4 h. The
crude mixture was concentrated and co-evaporated with toluene (3î
15 mL). The resultant b-d-talopyranosyl azide was dissolved in pyridine
(15 equiv) and acetic anhydride (4.5 equiv) and stirred at room tempera-
ture overnight. The reaction mixture was evaporated under reduced pres-
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sure and purified by column chromatography (SiO2, EtOAc/hexane 1/1)
to give 22 as a white amorphous solid (64.50 mg, 72%); Rf=0.24
(EtOAc); 1H NMR (200 MHz, CDCl3): d=5.31 (dd, 3J(H,H)=1.2,
3.6 Hz, 1H, CH-2), 5.27 (dd, 3J(H,H)=1.2, 3.8 Hz, 1H, CH-4), 5.04 (t,
3J(H,H)=3.6 Hz, 1H, H3), 4.72 (d,


3J(H,H)=1.8 Hz, 1H, CH-1), 4.23
(dd, 3J(H,H)=1.6, 7.4, 2H, CH-6 or CH-6’), 3.99 (td, 3J(H,H)=1.6,
7.4 Hz, 1H, CH-5), 2.15 (s, 1H, CH3), 2.12 (s, 1H, CH3), 2.04 (s, 1H,
CH3), 1.97 ppm (s, 1H, CH3);


13C NMR (75 MHz, CDCl3): d=170.41
(CO), 170.02 (CO), 169.88 (CO), 169.45 (CO), 85.74 (C-1), 78.51 (C-5),
67.58 (C-4), 67.10 (C-2), 64.51 (C-3), 61.43 (CH2, C-6), 20.65 (CH3), 20.62
(CH3), 20.55 (CH3), 20.41 ppm (CH3); IR (KBr): ñmax=3475, 2966, 2119,
1748, 1434, 1370, 1223, 1091, 1046, 969, 917, 746 cm�1; [a]D20=�65.66 (c=


1.06 g/100 mL, CHCl3 (1 mL)); MS (ES+ ): m/z (%): 331 (38)
[M�Ac+NH4]+ , 391 (100) [M+NH4]


+ , 396 (53) [M+Na]+ ; elemental
analysis calcd (%) for C13H15N3O5: C 45.0, H 5.10, N 11.26; found: C
45.21, H 4.79, N 10.98.


N-(2,3,4,6-Tetra-O-acetyl-talopyranosyl)-3,4,5-tris(tetradecyloxy)benz-
amide (23): A solution of 22 (108 mg, 0.30 mmol) in EtOAc (2 mL) was
treated with 10% Pd/C (8 mg, 0.07 mmol) and shaken under an atmo-
sphere of hydrogen for 6 h. The catalyst was removed by filtration over
Celite and the solvent evaporated at reduced pressure to afford a pale
glassy film of b-d-talopyranosyl amine. Separately, a solution of DIC
(62.0 mL, 0.396 mmol), HOBt (54.0 mg, 0.396 mmol) and 10 (250 mg,
0.33 mmol)[19] in DMF/CHCl3 (4 mL/4 mL) was stirred under argon for
24 h at room temperature before addition to b-d-talopyranosylamine dis-
solved in CHCl3 (2 mL). After a further 24 h, the crude mixture was
washed three times with water, the organic layer was dried over Na2SO4
and the solvent was removed at reduced pressure. The residue was puri-
fied by column chromatography (SiO2, hexane/EtOAc 8/2) to afford
23(a/b) as an amorphous white solid (108 mg, 33%); Rf(b)=0.35
(EtOAc/CH2Cl2 1/9);


1H NMR (300 MHz, CDCl3): b isomer: d=6.91 (s,
2H, ortho), 6.67 (d, 3J(H,H)=9.3 Hz, 1H, NH), 5.66 (d, 3J(H,H)=9.3 Hz,
1H, CH-1), 5.33 (br s, 2H, CH), 5.19 (t, 3J(H,H)=3.6 Hz, 1H, CH), 4.16
(m, 3H), 3.97 (t, 3J(H,H)=6.6 Hz, 6H, OCH2), 2.19 (s, 3H, CH3), 2.13 (s,
3H, CH3), 2.03 (s, 3H, CH3), 1.98 (s, 3H, CH3), 1.76 (m, 6H, CH2), 1.43
(br s, 6H, CH2), 1.24 (m, 60H, CH2), 0.86 ppm (t,


3J(H,H)=6.3 Hz, 9H,
CH3); a isomer: d=6.92 (s, 2H, ortho), 6.68 (d, 3J(H,H)=9.0 Hz, 1H,
NH), 5.80 (t, 3J(H,H)=8.7 Hz, 1H, CH-1), 5.64 (br s, 1H, CH), 5.21 (dd,
3J(H,H)=3.0, 6.3 Hz, 1H, CH), 5.06 (dd, 3J(H,H)=3.3, 8.7 Hz, 1H, CH),
4.69 (dd, 3J(H,H)=9.3, 2J(H,H)=12.6 Hz, 1H), 4.43 (dd, 3J(H,H)=
3.0 Hz, 2J(H,H)=12.6 Hz, 1H), 4.36 (ddd, 3J(H,H)=3.0, 9.0, 6.0 Hz, 1H,
CH-5), 3.98 (t, 3J(H,H)=6.3 Hz, 6H, OCH2), 2.19 (s, 3H, CH3), 2.09 (s,
3H, CH3), 2.06 (s, 3H, CH3), 2.01 (s, 3H, CH3), 1.75 (m, 6H, CH2), 1.44
(br s, 6H, CH2), 1.24 (m, 60H, CH2), 0.86 ppm (t,


3J(H,H)=6.3 Hz, 9H,
CH3);


13C NMR (75 MHz, CDCl3) d=170.32, 170.06, 169.62, 169.12,
166.488, 153.18, 141.99, 127.94, 106.20, 77.28, 73.36, 73.39, 69.51, 68.65,
68.40, 64.87, 61.33, 31.90, 29.68, 29.33, 26.042, 22.65, 20.75, 20.62, 20.59,
20.40, 14.06 ppm; MS (ES): m/z (%): 1088 (100) [M+H]+ ; IR (KBr): ñ=
3436, 2922, 2852, 1750, 1649, 1584, 1527, 1495, 1427, 1369, 1228, 1116,
1051, 721 cm�1; elemental analysis calcd (%) for C63H109NO13: C 69.51, H
10.09, N 1.29; found: C 69.38, H 10.21, N 1.39.


N-(Talopyranosyl)-3,4,5-tris(tetradecyloxy)benzamide (3): A solution of
23(a/b) (86.0 mg, 0.08 mmol) in MeOH (6 mL) and CHCl3 (4 mL) was
treated with 3 mL of a solution of sodium methoxide prepared from Na
(100 mg, 4.34 mmol) and MeOH (10 mL). The solution was acidified to
pH 6 with Amberlite IR-120H+ . After filtering to remove the resin, the
solvent was evaporated at reduced pressure to give a mixture of a and b


isomers. The pure b isomer 3 was obtained after column chromatography
(SiO2, 100% CHCl3 to MeOH/CHCl3 1/9) as a white amorphous solid
(55.0 mg, 75%). Rf=0.40 (MeOH/CHCl3 1/9);


1H NMR (500 MHz,
CDCl3): d=7.32 (d,


3J(H,H)=9.0 Hz, 1H, NH), 6.99 (s, 2H, ortho), 5.38
(d, 3J(H,H)=9.0 Hz, 1H, CH-1), 4.15 (t, 3J(H,H)=4.0 Hz, 1H, CH-4),
4.07 (dd, 1H, 3J(H,H)=4.0 Hz, 2J(H,H)=12.5 Hz, CH-6 or CH-6’), 4.04
(dd, 1H, 3J(H,H)=3.5, 2J(H,H)=12.5 Hz, CH-6 or CH-6’), 3.99 (m, 6H,
OCH2), 3.94 (d, J=3.0 Hz, 1H, OH-4), 3.86 (dd,


3J(H,H)=3.5, 9.5 Hz,
1H, CH-2), 3.73 (d, 2J(H,OH)=10.0 Hz, 1H, OH-2), 3.68 (dt, 3J(H,H)=
3.5, 3.5, 2J(H,OH)=9.5 Hz, 1H, CH-3), 3.56 (t, 3J(H,H)=4 Hz, 1H, CH-
5), 3.01 (d, 2J(H,OH)=9.5 Hz, 1H, OH-3), 2.30 (t, 3J(H,OH)=6.5 Hz,
1H, OH-6), 1.76 (m, 6H, CH2), 1.45 (br s, 6H, CH2), 1.24 (m, 60H), CH2,
0.86 ppm (t, 3J(H,H)=6.5 Hz, 9H, CH3);


13C NMR (125 MHz, CDCl3):
d=166.94 (CONH), 153.12 (Cm), 141.81 (Cp), 128.13 (Cq), 106.05 (Co),


78.46 (C-1), 74.60 (C-5), 73.52 (C-6), 71.51 (C-2 and C-4), 69.51 (C-3),
69.42 (2OCH2), 64.29 (OCH2), 31.92 (CH2), 29.71 (CH2), 29.64 (CH2),
29.41 (CH2), 29.37 (CH2), 26.07 (CH2), 22.69 (CH2), 14.11 ppm (CH3); IR
(KBr): ñmax=3435, 2919, 2850, 1638, 1585, 1525, 1492, 1426, 1330, 1228,
1120 cm�1; [a]


d
=++11.1 (c=0.54, CHCl3); MS (ES): m/z (%): 920 (100)


[M+H]+ ; elemental analysis calcd (%) for C55H101NO9: C 71.77, H 11.06,
N 1.52; found: C 71.50, H 11.18, N 1.62.
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Synthesis of Tailor-Made Glycoconjugate Mimetics of Heparan Sulfate That
Bind IFN-g in the Nanomolar Range**


Andrÿ Lubineau,[a] Hugues Lortat-Jacob,[b] Ollivier Gavard,[a, c] Stÿphane Sarrazin,[b] and
David Bonnaffÿ*[a]


Introduction


Heparan sulfate (HS) is a member of the glycosaminoglycan
(GAG) family and close in structure to heparin (HP), which
is clinically used for its antithrombotic activity. It is a linear
sulfated polysaccharide whose basic disaccharide unit is
composed of a uronic acid 1,4-linked to a 2-deoxy-2-amino-
glucose. HS chains, either at the cell surface or in the extra-


cellular matrix, interact and regulate the activity of numer-
ous proteins, such as growth factors, cytokines, chemokines,
viral proteins or coagulation factors.[1,2] HS is one of the
most heterogeneous biopolymers since the uronic acid may
have either the d-gluco or l-ido configuration and various
sulfation patterns (sulfoforms) may occur along the
chain.[3±5] There is growing evidence that the formation of
different HS structures is tightly controlled during biosyn-
thesis, with the presumed goal of generating sequences with
biological specificity.[6,7] Indeed, the anti-factor-Xa property
of heparin is linked to the presence of a pentasaccharide in
the HP chain with a precise uronic acid content and sulfa-
tion patterns that are able to bind with high affinity and spe-
cificity to antithrombin III (AT III).[8,9] The chemical synthe-
sis of this pentasaccharide has led to the development of
Arixtra, a Food and Drug Administration (FDA) and Euro-
pean Medicines Agency (EMEA) approved drug against
deep-vein thrombosis.[10]


Impressive improvements in the synthesis of HS frag-
ments have been made in the last decade and have allowed
HS fragments with a large structural variety to be synthe-
sised.[10±20] In this regard, we have shown that combinatorial
synthesis is an ideal tool to generate all the sulfoforms of
the basic disaccharide of chondroitin sulfate (another
GAG).[21] More recently we have published the synthesis of


Abstract: We have recently described
the preparation of three building
blocks for the combinatorial synthesis
of heparan sulfate (HS) fragments.
Herein we show that one of these
building blocks (disaccharide 4) allows
the preparation, in high yields and with
total a stereoselectivity, of tetra-, hexa-
and octasaccharides from the heparin
(HP) regular region, by using 2+2, 2+
4 and 4+4 glycosylation strategies, re-
spectively. These oligosaccharides were
processed into sulfated derivatives
bearing an allyl moiety in the anomeric
position. The UV-promoted conjuga-


tion of these compounds with a,w-bis-
(thio)poly(ethylene glycol) spacers of
three different lengths allowed us to
prepare nine benzylated glycoconju-
gates. After final deprotection, the gly-
coconjugates 1a±c, 2a±c and 3a±c were
obtained and their ability to inhibit the
interaction between IFN-g and HP was
tested by using surface plasmon reso-
nance detection. Compound 3b, con-


taining two HP octasaccharides linked
by a 50-ä linker was able to inhibit the
IFN-g/HP interaction with an IC50


value of approximately 35 nm. In addi-
tion, the nine glycoconjugates were
perfect tools in the study to ascertain
the topology of the IFN-g binding site
on HS. Compounds 1a±c, 2a±c and
3a±c, by mimicking the alternating sul-
fated and nonsulfated regions found in
HS, thus comprise the first example of
a library of synthetic HS mimetics
giving access to the ™second level of
molecular diversity∫ found in HS.
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protected disaccharide building blocks, including compound
4,[22,23] which are the basis of a combinatorial approach
toward the synthesis of HS fragment libraries.[24] However,
tight and specific binding between HS and a given protein is
not solely regulated by these microheterogeneities, which
represent only the first level of molecular diversity in HS
chains (Figure 1). In fact, the polymer, typically composed


of 50±200 disaccharide units (25±100 kD), is not fully hetero-
geneous. Quite regular N-acetylated regions (NA domains),
mainly composed of d-glucuronic acid and N-acetylated glu-
cosamine, and thus with low global charge, separate domains
rich in l-iduronic acid and N-sulfated glucosamine (NS do-
mains), which are hypervariable and highly charged (Fig-
ure 1a). The latter are typically three±eight disaccharides
long, while the NA domains are more regular and encom-
pass a larger area, around 15 disaccharides in length.[25] In
between, mixed NA/NS regions of variable length make the
transition between the NA and NS domains. Thus, in addi-
tion to the first level of molecular diversity discussed above,
HS presents a second level of diversity, since the various
combinations of NS and NA±NA/NS domains generate mul-
tiple charge distribution along the polymer chain (Fig-
ure 1b).


The primary interaction between HS and a protein is an
attraction between the highly negatively charged NS do-
mains and clusters of basic residues at the protein surface,
mainly arginines and lysines. In some cases, for example,
with AT-III,[8,9] fibroblast growth factors (FGFs)[1] or stromal
cell-derived factor (SDF-1),[26] a single NS domain is suffi-
cient to allow a high-affinity interaction, the specificity of
which is then linked to the uronic acid and sulfation pattern
of the NS domain. However, with other proteins, such as g-
interferon (IFN-g),[27] platelet factor 4 (PF-4),[28] regulated-


on-activation normally T-cell expressed and secreted pro-
teins (RANTES) (9±68)[29] or macrophage inflamatory pro-
tein (MIP) 1a,[30] a single NS domain is not sufficient for
binding and a longer fragment, including an NA domain, is
needed for an efficient interaction. In fact, the proteins cited
above are either multimeric in solution or multimerised
upon binding to HS and the requirement for two distant NS
domains reflects the fact that at least two basic domains of
different subunits have to interact with the HS polymer to
reach high binding constants. Recently, it has been proposed
that the HS chain may adapt its conformation, and thus the
distance between NS domains, in order to meet the needs of
recognition of a protein (Figure 2a).[31] However, this will


have an enthalpic and entropic cost and the binding of do-
mains with the correct preformed geometry will thus be fa-
voured. In this regard, HS glycoconjugates, in which a linker
of an appropriate length separates two NS domains, should
be a selective functional mimetic of the binding site of a
given protein for HS (Figure 2b). Curiously, it is in the HP
field that this approach has been tested, although HP is
more rigid than HS and supports much less conformational
accommodation.[31] HP mimetics containing a thrombin and
an AT III binding site, linked by a carbohydrate[32±34] or a
noncarbohydrate[35,36] spacer, have been prepared. These
compounds were the first synthetic carbohydrates or mimet-
ics displaying anti-factor-IIa and anti-factor-Xa properties.
Moreover, compounds with the full anticoagulant properties
of heparin but unable to bind PF-4 and thus devoid of one
of the most severe side effects of HP were prepared by
using this approach.[33] More recently, the ™head-to-head∫
cross-linking of natural HP fragments, with an ethylenedi-
amine linker, has allowed the preparation of mimetics able
to bind RANTES with a greater affinity than a natural HP
fragment with an equivalent length to the mimetic.[29]


Figure 1. Dual molecular diversity in HS chains. a) Microheterogeneities
resulting from the various uronic acid and sulfation motifs generate a
first level of molecular diversity. b) The charge distribution due to the al-
ternation of NS and NA±NA/NS domains of variable length leads to a
second level of molecular diversity.


Figure 2. Model of binding on the HS polymer for a protein needing
more than a single NS domain. a) Accommodation of the HS polymer
conformation to meet the needs of an HS binding protein. b) Two NS do-
mains linked by a spacer of optimum length should be a functional mi-
metic of the HS binding site of the protein.
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Herein we describe a strategy that opens up easy access
to libraries of HS functional mimetics by combining HS syn-
thetic fragments and a,w-bis(thio)poly(ethylene glycol)
spacers of different lengths (Figure 3b). To our knowledge,
this is the first time that a methodology has been developed
to address the question of the second level of molecular di-
versity found in HS chains. This project was started some
years ago in order to prepare glycoconjugates mimicking HS
and able to bind IFN-g with high affinity and specificity.[37]


IFN-g is a Th-1 cytokine mainly secreted by NK and T cells.
It was originally discovered on the basis of its antiviral activ-
ity but was later found to play a key role in the immune re-
sponse and inflammatory processes. The binding of IFNg to
HS was recognised some years ago[38] and was found to con-
trol the blood clearance[39] and the subsequent tissue target-
ing, accumulation and localisation of the cytokine.[40] Thus,
the discovery of compounds able to modulate the activity of


IFN-g could open the way to new immunotherapies,[41] espe-
cially in the field of Crohn×s disease and ankylosing spondyl-
arthropathies.[42]


IFN-g is a C2-symmetric homodimer in solution and binds
to HS by virtue of basic residues located at the C terminus
of the two subunits (Figure 3a).[43] A fragment of HS poly-
mer, retaining the activity of the full-length polysaccharide,
has been isolated by using a protection approach (an enzy-
matic digestion of HS polymer in the presence of IFN-g).[27]


The biochemical analysis of this fragment revealed that it
was composed of two small hexa- to octasaccharide NS do-
mains, separated by a more extended NA domain of
15±16 disaccharides (130±140 ä;[44] Figure 3a). A model of
the interaction between IFN-g and HS was thus proposed in
which the KRKR domains,[45] located at the C terminus of
each subunit of the IFN-g dimer, would interact with the
highly charged NS domains of the fragment.[27,39] However,


Figure 3. a) Molecular organisation of the HS binding site of IFN-g. b) Glycoconjugates 1±3, prepared by condensation of NS synthetic fragments bearing
an allyl group in the anomeric position on bis(thio)PEGs, as functional mimetics of the IFN-g binding site on HS.
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X-ray diffraction crystal structures of C-termini-truncated
dimers of IFN-g,[46,47] reveal a distance of around 23 ä be-
tween the two Ala123 residues of the IFN-g subunits; this
distance is much shorter than the NA domain length (Fig-
ure 3a). This indicates that in this interaction the IFN-g
dimer has to adapt the HS chain conformation to its needs.
To comfirm this hypothesis and to obtain compounds able
to bind selectively and with high affinity to IFN-g, we decid-
ed to prepare glycoconjugates in which two NS domains,
ranging from tetra- to octasaccharides, would be linked by
their reducing end to a spacer of the poly(ethylene glycol)
(PEG) type (Figure 3b). In a model study toward this goal,
we have shown that a,w-bis(thio)PEGs add in high yields to
allyl anomeric derivatives to give such C2-symmetric glyco-
conjugates.[37] We chose PEG linkers for their water solubili-
ty and their availability in dif-
ferent lengths. In this regard,
we have shown that, in the syn-
thesis of the a,w-bis(thio)PEG
intermediate, a,w-bis(bromo)-
PEGs may be purified to near
homogeneity by silica gel chro-
matography.[37] The use of
PEGs as linkers has been criti-
cised since their flexibility leads
to lower binding constants than
with more rigid spacers, due to
the entropic cost needed for
their organisation. However,
such flexibility may be impor-
tant to mimic NA domains
whose conformational plasticity
is thought to be important for
their biological role.[31] More-
over, PEGs are essentially non-
immunogenic and their incor-
poration into a drug is not a
problem from the pharmacolog-
ical point of view.


Results and Discussion


The preparation of the glycoconjugates 1±3, relies upon the
oligomerisation and functionalisation of the key disaccha-
ride building block 4, for which we have developed efficient,
multigram syntheses.[22,23] These compounds already contain
the l-iduronic moiety protected as methyl esters, in order to
avoid oxidation steps that could be troublesome on elabo-
rated material at the end of the synthesis. We opted for a
protective-group pattern allowing the same building block
to be transformed into a glycosyl donor or acceptor and
making clear distinction between the positions to be sulfated
and those remaining as free hydroxy groups. Thus, acetates
protect the positions to be sulfated while benzyl ethers are
used as permanent protection. A para-methoxybenzyl group
at the 4’ position avoids the need for the preparation of a
special building block for capping the nonreducing end at
the end of the elongation process.[19,48] This group will be re-


moved by hydrogenolysis with the benzyl ethers in the last
step of the synthesis or, selectively, by oxidation or acidic
treatment to furnish a disaccharide acceptor for chain elon-
gation. The anomeric positions are protected as an allyl gly-
coside that can be removed to give, after activation of the
anomeric position, a disaccharide donor.


Synthesis of tetrasaccharide 7, hexasaccharide 10 and octa-
saccharide 11: A 2+2, 2+4 or 4+4 strategy was planned
for the preparation of tetrasaccharide 7, hexasaccharide 10
and octasaccharide 11; this strategy required that the para-
methoxybenzyl group and the allyl group of disaccharide 4
and tetrasaccharide 7 could be removed orthogonally with-
out affecting the other protecting groups. This was indeed
done readily by using standard procedures (Scheme 1). The


para-methoxybenzyl group in the 4’ position of the known
disaccharide 4[22,23] was cleaved with DDQ, in wet CH2Cl2,
to give the disaccharide acceptor 5[22] in 83% yield. For the
deallylation of compound 4, PdCl2/AcONa in aqueous
AcOH[49] was tested first but gave only moderate isolated
yields of the expected hemiacetal (60%). An isomerisation
of the allyl group by using hydrogen-activated [IrIC8H14-
(MePh2P)2]PF6,


[50] followed by mercuric salt promoted cleav-
age of the resulting anomeric 2-propenyl, gave better re-
sults.[51] The resulting hemiacetal was then treated with tri-
chloroacetonitrile and K2CO3 in CH2Cl2 to give the imidate
6 as a 60:40 a/b mixture, in an overall yield of 88% from 4.
The b anomer of the disaccharide imidate 6 has already
been prepared, by using a different protecting group strat-
egy. However, it was only used as capping building block at
the end of an elongation protocol in order to avoid sulfata-
tion of the nonreducing-end 4-OH group of the prepared
oligosaccharides.[48]


The condensation of the disaccharide acceptor 5 with the
disaccharide donor 6, in CH2Cl2 at �40 8C and with


Scheme 1. a) DDQ, CH2Cl2, room temperature, 3 h, 83%; b) 1. H2-activated [IrI(C8H14)(MePh2P)2]PF6, THF,
room temperature, 2 h; 2. HgO/HgCl2, acetone/H2O (9:1), room temperature, 2 h; 3. Cl3CCN, K2CO3, CH2Cl2,
room temperature, 3 h, 88% (two steps); c) TBDMSOTf, CH2Cl2, �40!0 8C, 90%. All=allyl, Bn=benzyl,
DDQ=2,3-dichloro-5,6-dicyano-1,4-benzoquinone, pMBn=para-methoxybenzyl, TBDMSOTf= tert-butyldi-
methylsilyl trifluoromethanesulfonate, THF= tetrahydrofuran.
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TBDMSOTf as a promotor, gave the desired tetrasaccharide
7 in excellent yield (90%) and total a stereoselectivity,[52] as
expected for a donor with a nonparticipating group on the
C-2 position (Scheme 1). Such a high stereoselectivity is a
general tendency when 2-azidoglucose trichloroacetimidate
mono- or oligosaccharide donors are condensed onto the 4-
OH group of l-iduronyl acceptors.[10,16, 19,48, 53] This has been
attributed previously to the conformations adopted by the
l-iduronyl ring, which is in equilibrium between the 1C4 and
2S0 conformations, allowing the C-4 hydroxy group to partly
occupy an axial position.[16] Indeed, in HP-fragment synthe-
sis, lower diastereoselectivities have been observed mostly
when 2-azidoglucose trichloroacetimidate donors were con-
densed onto d-glucuronyl acceptors that adopt the 4C1 con-
formation.[16,24,54] Tetrasaccharide 7 was then converted into
tetrasaccharide acceptor 8 and trichloroacetimidate 9 in
81% and 87% yields, respectively, by using the same proto-
cols as described above (Scheme 2). The condensation of


disaccharide and tetrasaccharide donors 6 and 9 with the
tetrasaccharide acceptor 8, under the same conditions as for
the preparation of tetrasaccharide 7, gave hexasaccharide 10
(68%) and octasaccharide 11 (93%) with total a stereose-
lectivity[55] (Scheme 3). This demonstrates that the single di-
saccharide 4 may be efficiently used as building block in a


2n+2m oligomerisation strategy, thereby alleviating the
need for a special building block to cap the nonreducing
end.


Preparation of the sulfated building blocks 21, 22 and 23 :
We have previously shown that the condensation of a,w-
bis(thio)PEGs onto a-allyl glucosaminyl derivatives pro-
ceeds better in water than in an organic solvent.[37] Thus, the
coupling reaction has to be performed with water-soluble O-
and N-sulfated oligosaccharides. Since the complete func-
tionalisation and deprotection of the oligosaccharides 7, 10
and 11 would result in the reduction of the allyl moiety
during the last hydrogenolysis step, we chose to condense
the a,w-bis(thio)PEGs onto the benzylated, but water-solu-
ble, oligosaccharides 21±23. To this end, the oligosaccharides
7, 10 and 11 were first deacetylated in near quantitative
yields by using K2CO3 in MeOH (Scheme 4). The next step
was to perform the reduction of the azido group without re-
ducing the anomeric allyl moiety. The Staudinger reac-
tion,[56] which worked well in model reactions performed on
disaccharide 4, gave a mixture of products when used on
larger oligosaccharides. A catalytic reduction, with hydrogen
and Lindlar catalyst in the presence of quinoline,[57] was
tried next but led to concomitant reduction of the allyl
group. SmI2 has been described as an efficient and selective
reagent for the reduction of azides[58] but, in our case, treat-
ment of tetrasaccharide 7 with a solution of SmI2 led to a
mixture of products. However, 1,3-dithiopropane[59] allowed
a clean reduction of the azido group in oligosaccharides 12±
14 without any reduction or thiol addition on the allyl
moiety when performed in the absence of light. Thus, the
free-amino-containing tetrasaccharide 15, hexasaccharide 16
and octasaccharide 17 were obtained in 92, 87 and 84%
yields, respectively. The sulfation of both amino and hydroxy
functions in compounds 15±17 was performed by using stan-
dard conditions. Thus, after treatment with the pyridine¥SO3


complex in pyridine, the sulfated oligosaccharides 18±20
were obtained in 73±96% yield. Saponification of the
methyl esters was performed by using 2m LiOH in 18%
H2O2. The reaction on tetrasaccharide 18 proceeds smoothly
at room temperature and went to completion within 24 h.
With hexasaccharide 19 and octasaccharide 20, the reaction
did not go to completion within 24 h at room temperature.


The temperature was thus
raised to 37 8C to get reason-
able reaction rates. Under these
conditions, the saponification of
compounds 19 and 20 was com-
plete in 24 h without detectable
epimerisation, b elimination or
fragmentation. After purifica-
tion by C-18 reversed-phase
chromatography, the desired
tetra-, hexa- and octasaccha-
rides 21, 22 and 23 were ob-
tained in 73, 91 and 80% yields,
respectively.


Scheme 2. a) DDQ, CH2Cl2, room temperature, 3 h, 81%; b) 1. H2-acti-
vated [IrI(C8H14)(MePh2P)2]PF6, THF, room temperature, 2 h; 2. HgO/
HgCl2, acetone/H2O (9:1), room temperature, 2 h; 3. Cl3CCN, K2CO3,
CH2Cl2, room temperature, 3 h, 87% (two steps).


Scheme 3. a) TBDMSOTf, CH2Cl2, �40!0 8C, 68% (10), 93% (11).
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Preparation of glycoconjugates 1a±c, 2a±c and 3a±c : For
the syntheses of glycoconjugates 1a±c, 2a±c and 3a±c,
almost homogeneous a,w-bis(thio)PEGs 27 (m=5) and 28
(m=10) were prepared from commercial PEG-300 and
PEG-600, and a more polydisperse sample 29 (m=32) was
prepared from PEG-1500.[37] These PEG lengths were
chosen because, after conjugation with the allyl group, they
should give linkers of different lengths (33, 50 and 114 ä),
thereby allowing study of the effect of the distance between
the sulfated regions on the biological activity of the glyco-
conjugates. The first two linkers should restrict the access of
the NS domains to the first basic region of the IFN-g C ter-
minus (KRKR domain), while the longer linker should
allow their access to the furthest basic region (RGRR
domain; Figure 3a). The conditions that we had optimised
in our preliminary studies[37] were first applied to the prepa-
ration of the nine targeted glycoconjugates 30a±c, 31a±c
and 32a±c. A mixture of tetrasaccharide 21 and a,w-bis-
(thio)PEGs 27 was thus irradiated, in a quartz vessel, with
the light of a medium-pressure Hg lamp (Scheme 5). How-
ever, the results were disappointing since HPLC analyses of
the crude reaction mixture indicated that the major product
was only formed in 40%. Benzyl protecting groups have
been reported recently to be reactive under short-wave UV
irradiation.[60] The discrepancies between our model experi-
ments and those performed with compounds 21 could, there-
fore, originate from the benzyl moieties. The coupling reac-
tions were thus performed by using a filter with maximum
transmittance at 360 nm. Under these conditions, the pro-
portion of the desired glycoconjugates 30±32 rose to 70%.


Glycoconjugates 30a, 30c, 31a, 31c and 32a±c were then
purified by semipreparative RP-18 HPLC because we were
not certain that the side products only included compounds
containing changes in the number of benzyl groups. This
yielded the conjugates in yields of 34±66% and purities
ranging from 92±98%[61] (Scheme 5). These compounds
were unambiguously characterised by ESI-MS mass analyses
and 1H NMR spectroscopy. In addition, HMQC experiments
were performed on compounds 30a, 31a and 32b. In our in-
itial synthetic scheme the last step in the synthesis should
have been the hydrogenolysis of the permanent benzyl pro-
tecting groups. However, due to the presence of the sulfide
linkage this reaction failed. The thioether functions were
thus oxidised to sulfones by using oxone,[62] to give the ex-
pected glycoconjugates 33a, 33c, 34a, 34c and 35a±c
(Scheme 5), unfortunately, as a mixture. Indeed products re-
sulting from partial cleavage of the para-methoxybenzyl
group were obtained, as shown by HPLC and 1H NMR anal-
yses. Compounds 30b and 31b were not purified at the thio-
ether stage, but the coupling reaction mixtures were directly
oxidised with oxone, and the resulting glycoconjugates were
purified by semi-preparative RP-18 HPLC to give 33b and
33c in 21±31% yield. These low yields indicate that, along
with the side products arising from the UV irradiation, com-
pounds that had the lost para-methoxybenzyl group were re-
moved during the HPLC purification. To our knowledge,
there is no report of oxidative removal of a para-methoxy-
benzyl group with oxone. However, the abstraction of a
para-methoxybenzyl benzylic hydrogen atom by KHSO5,
with a mechanism similar to DDQ, cannot be excluded and


Scheme 4. a) K2CO3, MeOH, room temperature, 93% (12), 88% (13), 91% (14); b) HS(CH2)3SH, NEt3, MeOH, room temperature, 92% (15), 87%
(16), 84% (17); c) pyridine¥SO3, pyridine, 24 h, room temperature, then 24 h, 55 8C, 73% (18), 95% (19), 96% (20); d) LiOH, H2O2, 73% (21), 91%
(22), 80% (23); e) Pd(OH)2/C, H2, phosphate buffer (pH 7.0), 48 h, room temperature, 94% (24), 85% (25), quant. (26).
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would explain the observed side reaction. Excess oxone
allows efficient and quick conversion of sulfide into sulfone
without detectable sulfoxide intermediates.[62] Thus, since
partially deprotected side products should lead after hydro-
genolysis to the same product as the fully protected ones,
we decided to use this reagent in order to avoid uncomplet-
ed sulfide oxidation and formation of barely detectable sulf-
oxides. The final hydrogenolysis was thus performed directly
after desalting (PD-10) the reaction mixture of the previous
step. The oxidised glycoconjugates were thus obtained in
62% to quantitative yields[63] and were shown to be homo-
geneous by PAGE analysis (Figure 4), 1H NMR spectrosco-
py and HSQC experiments. The MS analysis of large poly-


anionic HS- and HP-derived oligosaccharides is still a
matter of intensive research.[64±67] The product signals are
generally low for large oligosaccharides, even in the negative
mode, since they poorly ionise. Thus, as expected, the re-
cording of MS data on the free glycoconjugates was difficult
even when using ESI techniques. A marked difference was
indeed found between the signals of the debenzylated glyco-
conjugates and the ones obtained with the benzylated glyco-
conjugates, for which ESI-MS data in accordance with the
proposed structures were obtained. However, correct ESI-
MS data were obtained at least for compounds 1b, 2b and
3b. PAGE analysis showed that synthetic tetra-, hexa- and
octasaccharides 24±26 (lanes 2, 5 and 8, respectively, in
Figure 4) have the same migration pattern and are more
pure than the corresponding oligosaccharides obtained from
natural sources (lanes 1, 4 and 7, respectively). Conjugation
to PEG linkers is clearly evidenced by the shift in migration
observed for 1b (lane 3), 2b (lane 6) and 3a±c (lanes 9, 10
and 11, respectively). Moreover, the difference in the migra-
tion of the glycoconjugate 3a (33 ä linker, lane 9) and the
glycoconjugate 3b (50 ä linker, lane 10) demonstrates the
high-resolution power of this PAGE technique, since there
is only a difference of 220 gmol�1 (�4%) in molecular
weight between the two compounds.


Biological properties of the glycoconjugates 1a±c, 2a±c, 3a±c
and 24±26 : Surface plasmon resonance was used here as a
detection system to analyse the ability of the nine glycocon-
jugates, 1a±c, 2a±c and 3a±c, and the three nonconjugated
controls, 24±26, to inhibit the binding of IFN-g to heparin.


Scheme 5. a) hn (360 nm), 34±66%; b) KHSO5 (oxone), K2HPO4, (pH 7), 23±31% (combined yields for steps (a) and (b)); c) Pd(OH)2/C, H2, phosphate
buffer (pH 7.0), 96 h, room temperature, 62% to quant. (combined yields for steps (b) and (c)).


Figure 4. PAGE analysis of the glycoconjugates. Heparin-derived oligo-
saccharides (prepared as in ref. [25]) and glycoconjugates (1 mg each)
were run through a 30% polyacrylamide gel and stained with azure A.
Lane 1: heparin-derived tetrasaccharide; lane 2: 24 ; lane 3: 1b ; lane 4:
heparin-derived hexasaccharide; lane 5: 25 ; lane 6: 2b ; lane 7: heparin-
derived octasaccharide; lane 8: 26 ; lane 9: 3a ; lane 10: 3b ; lane 11: 3c.
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Injection of IFN-g (7.5 nm) over a Biacore sensor chip con-
taining streptavidin and heparin produced a binding re-
sponse of 175 resonance units (RU) at equilibrium. A re-
sponse of 5±10 RU was observed with a similar injection
over a streptavidin sensor chip, used as a blank surface (not
shown). To obtain accurate glycoconjugate concentration
data a colorimetric determination of the uronate content
was performed.[68] The obtained values were in accordance
with the weighted values. All the experiments were per-
formed in duplicate or triplicate by using two or three
batches of glycoconjugates prepared independently (stan-
dard errors were within 8±15% of the mean). Preliminary
experiments demonstrated that among the nine glycoconju-
gates, only 3a±c displayed inhibition activity (not shown).
The activities of the three octasaccharide glycoconjugates
3a±c and the monomeric octasaccharide control 26 were
first compared. For that purpose, IFN-g (7.5 nm) was prein-
cubated with 150 nm 3a±c and 26 and injected over the hep-
arin surface. Representative sensorgrams are shown in Fig-
ure 5A and demonstrate that the glycoconjugates 3a±c
strongly inhibit the IFN-g/HP interaction, while the inhibi-
tion by the sole octasaccharide 26 is low. Moreover, there is
a dependence of the activity on the linker length. Com-
pound 3b (50-ä linker length) is the most potent inhibitor
while 3c (114-ä linker length) is the least active and 3a (33-


ä linker length) has medium activity. By using the same
binding assay, the concentration dependence of the inhibi-
tion by the most active glycoconjugate (3b) was then stud-
ied. Figure 5B shows that the activity of 3b is dose depen-
dant with an IC50 value of approximately 35 nm, that is,
within the range of the dissociation constant, Kd, of IFN-g
on HS.[38]


These results are consistent with the view that the KRKR
domains of the IFN-g C termini are critically involved in the
interaction. Moreover, it seems that the 33 ä linker is too
small and needs to induce constraints in the IFN-g dimer to
allow binding, while the 114 ä linker is too long and has to
adapt to the protein. Glycoconjugate 3b, with a 50-ä linker,
fits best to the IFN-g dimer geometry and is thus the better
functional mimetic of the HS binding site of IFN-g. The op-
timal linker length is thus two to three times smaller than
the NA domain found in the natural IFN-g HS binding site.
This confirms the hypothesis that the conformation of the
natural HS binding site has to be adapted to IFN-g geome-
try in order to allow an efficient binding. The C2 symmetry
of compound 3b may also be an important factor for its ac-
tivity by fitting better with the symmetry of the IFN-g dimer
than the natural HS fragment. It is thus possible that, in
order to allow efficient binding, the NA domain of the natu-
ral fragment has to adopt a conformation allowing a more
C2-symmetric ™head-to-head∫ presentation of the NS do-
mains. Such a factor has already been found to be important
in the binding of RANTES on HP.[29] The preparation of
glycoconjugates with other symmetry will help to confirm
this hypothesis.


Finally, as shown in Figure 5B, our results also point out
the importance of the oligosaccharide size for binding.
Indeed, the glycoconjugates containing tetrasaccharide (1b)
or hexasaccharide (2b) NS domains, although linked with
the optimal linker (50 ä), are unable to significantly interact
with IFN-g, even at the highest concentration used (150 nm).


Compound 3b is thus a compound on which potential spe-
cific inhibitors of IFN-g activity may be constructed.


Conclusion


We have thus demonstrated that disaccharide 4 is a potent
building block for the preparation of oligosaccharides of dif-
ferent lengths deriving from the heparin regular region.
From these oligosaccharides, we have optimised a methodol-
ogy for the preparation of glycoconjugates mimicking the
HS binding site of IFN-g. We have thus found that com-
pound 3b was able to inhibit the IFN-g/HP interaction with
an IC50 value of approximately 35 nm. In addition, we have
shown that the nine glycoconjugates, prepared with various
oligosaccharide and PEG-linker lengths, are perfect tools to
define the topology of the IFN-g binding site on HS. How-
ever, these results give rise to new intriguing questions,
since it is entirely unclear if other linker systems, linking the
sugar moiety by the nonreducing end, longer oligosaccha-
rides or modification of the sulfation and uronic acid pat-
terns would show better properties for the exploration of
this kind of interaction. We are currently developing the


Figure 5. Inhibition of the IFNg/heparin binding by different glycoconju-
gates. A) IFNg (7.5 nm) was preincubated with 150 nm glycoconjugates
and then injected (arrow 1, t=0) over a heparin-activated surface, as de-
scribed in the experimental section. At the end of the injection phase
(arrow 2, t=240 s), the formed complexes were washed with running
buffer. The binding response (in RU) corresponding to the injection of
IFNg (a), IFNg + 26 (b), IFNg + 3c (c), IFNg + 3a (d), IFNg + 3b
(e), and plain buffer (f) was recorded as a function of time. B) IFNg


(7.5 nm) was preincubated with increasing concentrations (0±150 nm) of
3b (*), 2b (&) or 1b (~) and injected over a heparin-activated surface as
described in the Experimental Section. The level of IFNg bound to the
heparin surface at the end of the association phase was recorded and the
results were expressed as a percentage of inhibition.
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tools needed to answer these questions and the results will
be reported in due course.


Experimental Section


General procedures: All moisture-sensitive reactions were performed
under an argon atmosphere by using oven-dried glassware. All solvents
were dried over standard drying agents[69] and freshly distilled prior to
use. Evaporations were performed under reduced pressure. UV irradia-
tion was performed using a 150 W medium-pressure Hg lamp (TQ 150,
Heraeus) equipped with a midrange/longwave UV filter (45% transmit-
tance at 360 nm, cut-off at 275 and 475 nm); during irradiation the sam-
ples were air cooled. Reactions were monitored by TLC on glass silica
gel 60 F254 plates with detection by UV light at 254 nm and by charring
with 5% ethanolic H2SO4 or orcinol reagent[70] for diluted solutions.
Flash column chromatography was performed on Silica Gel 60 A.C.C.
6±35 m (SDS) or on LiChroprep RP-18 (Merck). HPLC was performed
by using a Waters Spherisorb ODS-2 5 m C18 250î4.6 mm column and
UV detection at 220 nm; HPLC purity is given assuming that the major
compound and all the impurities have the same molar absorbtion at
220 nm. The elution was performed at a rate of 1 mLmin�1 with a linear
gradient of 10 mm AcOH-NEt3 buffer (pH 7.0)/CH3CN. Semipreparative
HPLC was performed by using a Waters Spherisorb ODS-2 5 m C18 250î
20 mm column, eluting at 20 mLmin�1 with a linear gradient of 5 mm


AcOH-NEt3 buffer (pH 7.0)/CH3CN. Melting points were determined
with a B¸chi capillary apparatus and are uncorrected. Optical rotations
were measured on a Jasco DIP 370 digital polarimeter. NMR spectra
were recorded at room temperature with Bruker AC200, AC250,
AM250, AM360 or DRX400 spectrometers. Chemical shifts (d) are given
in parts per million (ppm) relative to an internal Me4Si reference, solvent
signals (CDCl3: d(


13C)=77.0 ppm) or acetone in D2O (d(1H)=2.225 ppm
and d(13C)=30.5 ppm). The allyl group carbon atoms are identified in
the following way: O-CaH2�CbH=CcH2; the two protons on C-c are iden-
tified as H-cc, for the one cis to H-b, and H-ct, for the one trans to H-b.
Saccharide units in oligosaccharides are identified alphabetically from
the reducing end. For compounds 10±17, spin systems, identified with
COSY experiments, were attibuted to a monosaccharide unit based on
1H and 13C chemical shifts ; for compounds 18±20, this attibution was con-
firmed by using HMBC experiments. Apodisations with Gaussian func-
tions (LB=�1 to �2 Hz and GB=50%) were used, thereby allowing
measurement of coupling constants. COSY, gradient-enhanced COSY,
HMBC, HMQC and HSQC experiments were performed by recording
256 FID measurements with 1024 complex data points and using standard
Bruker programs. Prior to Fourier transformation, the data were zero
filled in the t1 dimension to 1024 points and multiplied with a nonshifted
sinebell function in both dimensions for COSY experiments; for HMBC
experiments, the data were zero filled in the t1 dimension to 2048 points
and an exponential multiplication (LB=3 Hz) in the t1 dimension and a
p/2-shifted squared sinebell function in the t2 dimension were used; for
HSQC experiments, the data were zero filled in the t1 dimension to
2048 points and multiplied with a p/3-shifted squared sinebell function in
both dimensions. MS spectra were recorded in the positive or negative
mode on a Finnigan MAT 95S spectrometer by using electrospray ionisa-
tion. IR spectra were recorded on a Fourier transformation Bruker IFS66
apparatus. Elemental analyses were performed at the CNRS (Gif sur
Yvette, France).


Polyacrylamide gel electrophoresis : PAGE analysis was performed essen-
tially as previously described.[71] Oligosaccharides (1 mg) in 20% glycerol
were run initially through a stacking gel (8% acrylamide) at a constant
current (15 mA), then through a resolving gel (30% acrylamide) at
20 mA, until the Phenol Red marker (applied to a separate lane as the
electrophoresis marker) had reached the bottom of the gel. The discon-
tinuous buffer system used comprised 0.125m tris(hydroxymethyl)amino-
methane (Tris)/HCl (pH 6.8) in the stacking gel, 0.375m Tris/HCl
(pH 8.8) in the resolving gel and 25 mm Tris/0.192m glycine (pH 8.3) in
the tank buffer. After electrophoresis, oligosaccharide bands were stained
with 0.08% aqueous Azure A for a few minutes under constant agitation.
Excess dye was removed by washing the gel in water.


IFN-g/heparin binding analysis by using surface plasmon resonance :
Binding analysis were performed on a Biacore 2000 apparatus, equilibrat-
ed with HBS-EP buffer (10 mm 2-[4-(2-hydroxyethyl)-1-piperazinyl]etha-
nesulfonic acid (HEPES), 0.15m NaCl, 3 mm ethylenediaminetetraacetate
(EDTA), 0.05% surfactant P20, pH 7.4), at 25 8C. Size-defined heparin
(9 kDa) was biotinylated at the reducing end and immobilised on a Bia-
core sensor chip.[26] For this purpose, two flow cells of a Biacore F1
sensor chip were activated with a mixture (50 mL) of 0.2m 3-(3-dimethyl-
aminopropyl)-1-ethylcarbodiimide (EDC)/0.05m N-hydroxysuccinimide
(NHS) before injection of streptavidin (50 mL; 0.2 mgmL�1 in 10mm ace-
tate buffer, pH 4.2). Remaining activated groups were blocked with 1m
ethanolamine (50 mL; pH 8.5). Typically, this procedure, performed at a
rate of 5 mLmin�1, permitted coupling of approximately 2000±2500 RU of
streptavidin. Biotinylated heparin (5 mgmL�1) in HBS-EP buffer was
then injected at a rate of 5 mLmin�1 over one of the two surfaces to
obtain an immobilisation level of 50±60 RU. The other surface (streptavi-
din) was left as a blank surface. Flow cells were then conditioned with
several injections of 1m NaCl. For binding inhibition assays, IFN-g
(7.5 nm in HBS-EP buffer), either alone or preincubated with the oligo-
saccharides (0±150 nm; see legend of Figure 5), was injected at a rate of
50 mLmin�1 over the two surfaces (streptavidin and streptavidin/heparin)
for 4 min, after which the complexes formed were washed with buffer.
The sensor-chip surface was regenerated at a rate of 50 mLmL�1 with a 4-
min pulse of 1m NaCl.


Allyl (methyl 2-O-acetyl-3-O-benzyl-a-l-idopyranosyluronate)-(1!4)-O-
6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-glucopyranoside (5): DDQ
(415 mg, 1.5 equiv) was added to a solution of disaccharide 4 (1.00 g,
1.2 mmol) in CH2Cl2 saturated with water (15 mL). After 3 h at room
temperature, Et2O (150 mL) was added and the resulting solution was
successively washed with ice-cold satd aq NaHCO3 solution (50 mL) and
water (2î50 mL), filtered, dried (MgSO4) and concentrated. Flash chro-
matography of the residue (silica gel, petroleum ether/AcOEt (1:1!4:6))
gave disaccharide 5 (700 mg, 83%), whose 1H and 13C NMR data were
identical to those previously reported.[22]


(Methyl 2-O-acetyl-3-O-benzyl-4-O-(4-methoxybenzyl)-a-l-idopyranosyl-
uronate)-(1!4)-O-6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-d-glucopyra-
noside trichloroacetimidate (6): The iridium catalyst (C8H14(MePh2P)2Ir


I-
PF6; 20 mg, 0.024 mmol, 1.3 mol%) was added to a solution of disaccha-
ride 4[22, 23] (1.49 g, 1.8 mmol) in THF (30 mL). The mixture was degassed,
the Ir catalyst was activated with H2 as previously described,[51] and, after
2 h at room temperature, the reaction was concentrated. HgO (565 mg,
2.16 mmol, 1.2 equiv) and HgCl2 (538 mg, 1.98 mmol, 1.1 equiv) were
then added to a solution of the residue in acetone/H2O (9:1; 40 mL).
After 2 h stirring at room temperature, the reaction mixture was filtered
over a pad of celite 545 and concentrated. The residue was dissolved in
Et2O (150 mL) and the resulting solution was successively washed with
10% (w/v) aq KI solution (2î100 mL), satd aq Na2S2O6 (50 mL) and
water (2î50 mL), filtered, dried (MgSO4) and concentrated. Flash chro-
matography of the residue (silica gel, toluene/AcOEt (8:2!6:4)) gave
the anticipated hemiacetal (1.26 g, 90%) whose 1H and 13C NMR data
were identical to those previously reported.[48] This compound was dis-
solved in CH2Cl2 (2.5 mL) and trichloroacetonitrile (970 mL, 9.7 mmol,
6 equiv) was added, followed by potassium carbonate (400 mg, 3.2 mmol,
2 equiv). After being stirred for 3 h at room temperature, the reaction
mixture was directly applied to the top of a flash chromatography
column filled with silica gel and eluted (toluene/AcOEt (9:1!8:2) with
0.1% NEt3) to give imidate 6 (1.51 g, 98%) as an a/b (4:6) mixture.
Along with the previously described b anomer[48] (60%), we also ob-
tained the a anomer (40%): 1H NMR (250 MHz, CDCl3): d=8.73 (s,
1H; NH), 7.40±7.22 (m, 10H; Ph), 7.11 (d, J=8.5 Hz, 2H; PhOMe), 6.82
(d, J=8.5 Hz, 2H; PhOMe), 6.37 (d, J1,2=3.5 Hz, 1H; H-1A), 5.26 (d,
J1,2=4.5 Hz, 1H; H-1B), 4.92 (d, J=10.5 Hz, 1H; CH2Ph), 4.90 (t, J2,3=
J2,1=4.5 Hz, 1H; H-2B), 4.75±4.64 (m, 3H), 4.63 (d, J=10.5 Hz, 1H;
CH2Ph), 4.45 (d, J=11.5 Hz, 1H; CH2PhOMe), 4.39 (dd, J6a,6b=12.5,
J6a,5=2.0 Hz, 1H; H-6a


A), 4.37 (d, J=11.5 Hz, 1H; CH2PhOMe), 4.20
(dd, J6b,6a=12.5, J6b,5=3.5 Hz, 1H; H-6b


A), 4.11 (dd, J4,5=10.0, J4,3=
9.0 Hz, 1H; H-3A or H-4A), 3.98 (ddd, J5,4=10.0, J5,6b=3.5, J5,6a=2.0 Hz,
1H; H-5A), 4.02 (dd, J3,2=10.0, J3,4=9.0 Hz, 1H; H-3A or H-4A), 3.95±
3.90 (m with s at d=3.80, 5H; H-4B, H-3B and PhOMe), 3.69 (dd, J2,3=
10.0, J2,1=3.5 Hz, 1H; H-2A), 3.54 (s, 3H; COOMe), 2.04 (s, 3H; CH3


OAc), 2.03 (s, 3H; CH3 OAc) ppm; 13C NMR (62.5 MHz, CDCl3): d=
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170.5, 170.0, 169.8 (C=O), 160.3 (C=NH), 159.4 (C�OMe pMBn), 137.7
(Cquat arom), 129.6, 129.3, 128.4, 128.1, 128.0, 127.9, 127.5 (Carom), 113.7 (Cm


pMBn), 98.0 (C-1B), 94.4 (C-1A), 78.2, 75.2, 75.0, 74.7, 74.4, 73.0, 72.4,
71.8, 70.8, 70.2, 62.8 (C-2A), 61.6 (C-6A), 55.2 (CH3 pMBn), 51.7 (CH3


COOMe), 20.9, 20.6 (CH3 OAc) ppm.


Allyl [(methyl 2-O-acetyl-3-O-benzyl-4-O-(4-methoxybenzyl)-a-l-idopy-
ranosyluronate)-(1!4)-O-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-
glucopyranoside)-(1!4)-O-(methyl 2-O-acetyl-3-O-benzyl-a-l-idopyra-
nosyluronate)]-(1!4)-O-6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-glu-
copyranoside (7): Acceptor 5 (460 mg, 0.66 mmol) and imidate 6 (785 mg,
0.85 mmol, 1.3 equiv) were azeotropically dried with toluene and dis-
solved in CH2Cl2 (2 mL). Powdered 4-ä molecular sieves (1.86 g) were
added and the mixture was then stirred for 30 min at room temperature.
The solution was cooled to �40 8C and TBDMSOTf (0.1m in CH2Cl2,
1.3 mL, 0.13 mmol, 0.2 equiv) was added. The reaction was stirred at this
temperature for 30 min and then the temperature was raised to 0 8C over
30 min. The reaction was then quenched with a solution of NEt3 (0.1m in
CH2Cl2, 400 mL, 0.4 mmol, 0.6 equiv), directly applied to the top of a
flash chromatography column filled with silica gel and eluted (CH2Cl2/
AcOEt/petroleum ether (85:10:5!70:25:5)) to give tetrasaccharide 7
(860 mg, 90%): [a]30D =17 (c=1.05, CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=7.37±7.24 (m, 20H; Ph), 7.13 (d, J=8.5 Hz, 2H; Ph-OMe),
6.82 (d, J=8.5 Hz, 2H; Ph-OMe), 5.94 (dddd, Jb,ct=17.0, Jb,cc=10.5, Jb,a’=
6.0, Jb,a=5.0 Hz, 1H; H-b), 5.36 (dq, Jct,b=17.0, Jct,a=Jct,a’=Jgem=1.5 Hz,
1H; H-ct), 5.28 (d, J1,2=5.0 Hz, 1H; H-1B), 5.26 (dq, Jcc,b=10.5, Jcc,a=
Jcc,a=Jgem=1.5 Hz, 1H; H-cc), 5.24 (d, J1,2=3.5 Hz, 1H; H-1D), 4.94 (d,
J1,2=3.5 Hz, 1H; H-1A), 4.93 (dd, J2,3=4.0, J2,1=3.5 Hz, 1H; H-2D), 4.91
(d, J1,2=3.5 Hz, 1H; H-1C), 4.90 (d, J=10.5 Hz, 1H; CH2Ph), 4.86 (dd,
J2,3=5.5, J2,1=5.0 Hz, 1H; H-2B), 4.82 (d, J=10.5 Hz, 1H; CH2Ph), 4.73
(s, 2H; CH2Ph), 4.69 (d, J=10.5 Hz, 1H; CH2Ph), 4.68 (d, J5,4=4.0 Hz,
1H; H-5D), 4.66 (s, 2H; CH2Ph), 4.63 (d, J=10.5 Hz, 1H; CH2Ph), 4.59
(d, J5,4=5.0 Hz, 1H; H-5B), 4.46 (d, J=11.5 Hz, 1H; CH2PhOMe), 4.42
(d, J=11.5 Hz, 1H; CH2PhOMe), 4.40 (brd, J6a,6b=12.0 Hz, 1H; H-6a


A),
4.34 (dd, J6a,6b=12.5, J6a,5=2.0 Hz, 1H; H-6a


C), 4.24 (dd, J6b,6a=12.0,
J6b,5=3.0 Hz, 1H; H-6b


A), 4.20 (ddt, Jgem=13.0, Ja,b=5.0, Ja,cc=Ja,ct=
1.5 Hz, 1H; H-a), 4.16 (dd, J6b,6a=12.5,J6b,5=3.0 Hz, 1H; H-6b


C), 4.05
(ddt, Jgem=13.0, Ja’,b=6.0, Ja’,cc=Ja’,ct=1.5 Hz, 1H; H-a’), 3.98 (dd, J4,3=
5.0, J4,5=4.0 Hz, 1H; H-4D), 3.95 (dd, J4,5=10.0, J4,3=9.0 Hz, 1H; H-4C),
3.92 (dd, J3,4=5.0, J3,2=4.0 Hz, 1H; H-3D), 3.90±3.85 (m, 3H; H-3A, H-4A


and H-5A), 3.82±3.78 (m with s at d=3.80, 5H; H-4B, H-5C and PhOMe),
3.76 (t, J3,2=J3,4=5.5 Hz, 1H; H-3B), 3.65 (dd, J3,2=10.0, J3,4=9.0 Hz,
1H; H-3C), 3.56 (s, 3H; COOMe), 3.49 (s, 3H; COOMe), 3.39 (dd, J2,3=
10.0, J2,1=3.5 Hz, 1H; H-2A), 3.29 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2C),
2.12 (s, 3H; CH3 OAc), 2.06 (s, 3H; CH3 OAc), 2.03 (s, 3H; CH3 OAc),
2.02 (s, 3H; CH3 OAc) ppm; 13C NMR (100.6 MHz, CDCl3): d=170.6,
170.5, 169.9, 169.8, 169.7, 169.3 (C=O), 159.4 (C�OMe pMBn), 137.8,
137.7, 137.6, 137.3 (Cquat arom), 133.0 (C-b), 129.6, 129.2, 128.4, 128.3, 128.0,
127.8, 127.6, 127.5, 127.4 (Carom), 118.3 (C-c), 113.7 (Cm pMBn), 97.9 (C-
1D), 97.8 (C-1B), 97.4 (C-1C), 96.5 (C-1A), 78.3 (C-3A), 77.8 (C-3C), 75.7
(C-4A), 75.5 (C-4C), 75.4 (C-3B), 75.1 (C-4B), 74.9 (CH2Ph), 74.7 (CH2Ph),
73.7 (C-3D), 73.5 (CH2Ph), 73.3 (CH2Ph), 72.8 (C-4D), 72.5 (CH2 pMBn),
71.1 (C-5B), 70.9 (C-2B), 69.6 (C-5C), 69.3 (C-5D), 69.1 (C-5A), 68.8 (C-2D),
68.7 (C-a), 63.2 (C-2A), 62.8 (C-2C), 62.1 (C-6A), 61.6 (C-6C), 55.2 (CH3


pMBn), 51.9 (CH3 COOMe), 51.7 (CH3 COOMe), 20.8, 20.7, 20.6 (CH3


OAc) ppm; IR (thin film): ñ=3083, 3058, 3024 (C�Harom), 2949, 2933,
2866, 2833 (C�Haliph), 2109 (N3), 1740 (C=O), 1613, 1514, 1455, 1438,
1372, 1295, 1245 cm�1; elemental analysis: calcd (%) for C73H84N6O28


(1461.5 gmol�1): C 59.99, H 5.79, N 5.75, O 28.46; found: C 60.22, H 5.76,
N 5.66, O 28.16.


Allyl [(methyl 2-O-acetyl-3-O-benzyl-a-l-idopyranosyluronate)-(1!4)-
O-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-glucopyranoside)-(1!4)-
O-(methyl 2-O-acetyl-3-O-benzyl-a-l-idopyranosyluronate)]-(1!4)-O-6-
O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-glucopyranoside (8): Tetrasac-
charide 7 (465 mg, 0.32 mmol) was treated with DDQ (144 mg,
0.63 mmol, 2 equiv) in wet CH2Cl2 (10 mL) as described for the prepara-
tion of 5. Flash chromatography (silica gel, toluene/AcOEt (8:2!6:4))
gave compound 8 (370 mg, 81%) along with unreacted starting material
(44 mg, 9%): 1H NMR (250 MHz, CDCl3): d=7.40±7.25 (m, 20H; Ph),
5.95 (dddd, Jb,ct=17.0, Jb,cc=10.5, Jb,a’=6.0, Jb,a=5.0 Hz, 1H; H-b), 5.36
(dq, Jct,b=17.0, Jct,a=Jct,a’=Jgem=1.5 Hz, 1H; H-ct), 5.27 (dq, Jcc,b=10.5,
Jcc,a=Jcc,a=Jgem=1.5 Hz, 1H; H-cc), 5.20 (d, J1,2=3.5 Hz, 1H; H-1B), 5.06


(brd, J1,2=1.0 Hz, 1H; H-1D), 4.95 (d, J1,2=3.5 Hz, 1H; H-1A), 4.93 (d,
J5,4=2.5 Hz, 1H; H-5D), 4.92 (d, J1,2=3.5 Hz, 1H; H-1C), 4.93 (m, 1H; H-
2D), 4.83 (d, J5,4=2.5 Hz, 1H; H-5B), 4.82 (d, J=10.5 Hz, 1H; CH2Ph),
4.77 (d, J=11.0 Hz, 2H; CH2Ph), 4.75 (t, J2,3=J2,1=3.5 Hz, 1H; H-2B),
4.71 (d, J=12.0 Hz, 1H; CH2Ph), 4.70 (d, J=11.0 Hz, 1H; CH2Ph), 4.69
(d, J=11.0 Hz, 1H; CH2Ph), 4.62 (d, J=12.0 Hz, 1H; CH2Ph), 4.62 (d,
J=10.5 Hz, 1H; CH2Ph), 4.41 (brd, J6a,6b=12.0, 2H; H-6a


A, H-6a
C), 4.26


(brd, J6b,6a=12.0 Hz, 1H; H-6b
A), 4.21 (ddt, Jgem=13.0, Ja,b=5.0, Ja,cc=


Ja,ct=1.5 Hz, 1H; H-a), 4.17 (dd, J6b,6a=12.0, J6b,5=2.5 Hz, 1H; H-6b
C),


4.05 (ddt, Jgem=13.0, Ja’,b=6.0, Ja’,cc=Ja’,ct=1.5 Hz, 1H; H-a’), 4.03±3.96
(m, 2H), 3.96 (m, 6H), 3.78 (brd, J5,4=9.5 Hz, 1H; H-5C), 3.73±3.58 (m,
3H), 3.48 (s, 3H; COOMe), 3.42 (s, 3H; COOMe), 3.39 (dd, J2,3=10.0,
J2,1=3.5 Hz, 1H; H-2A), 3.28 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2C), 2.59
(d, J=10.5 Hz, 1H; OH), 2.11 (s, 3H; CH3 OAc), 2.07 (s, 3H; CH3


OAc), 2.06 (s, 3H; CH3 OAc), 2.05 (s, 3H; CH3 OAc) ppm; IR (thin
film): ñ=3470 (O�Harom), 3088, 3064, 3033 (C�Harom), 2978, 2955, 2932,
2908, 2869 (C�Haliph), 2111 (N3), 1749, 1733 (C=O), 1500, 1498, 1455,
1432, 1373, 1304, 1244 cm�1; ESI HRMS: m/z calcd for C65H76N6O28Na
[M+Na]+ : 1363.4758; found: 1363.4758.


[(methyl 2-O-acetyl-3-O-benzyl-4-O-(4-methoxybenzyl)-a-l-idopyranosyl-
uronate)-(1!4)-O-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-glucopy-
ranoside)-(1!4)-O-(methyl 2-O-acetyl-3-O-benzyl-a-l-idopyranosyluro-
nate)]-(1!4)-O-6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-glucopyrano-
side trichloroacetimidate (9): Tetrasaccharide 7 (322 mg, 0.22 mmol) was
treated first with [IrIC8H14(MePh2P)2]PF6 (3 mg, 3.5 mmol, 1.6 mol%) in
THF (3.5 mL) and then with HgO (69 mg, 0.26 mmol, 1.2 equiv) and
HgCl2 (67 mg, 0.24 mmol, 1.1 equiv) as described for the preparation of
6. Flash chromatography (silica gel, toluene/AcOEt (70:30!55:45)) gave
the anticipated hemiacetal (298 mg, 81%) whose 1H NMR spectrum
showed the disappearance of the allyl protons. ESI HRMS: m/z calcd for
C70H80N6O26Na2 [M+2Na]2+/2: 733.2459; found: 733.2459. This com-
pound was then dissolved in CH2Cl2 (400 mL); trichloroacetonitrile
(125 mL, 1.25 mmol, 6 equiv) was then added, followed by potassium car-
bonate (51 mg, 0.42 mmol, 2 equiv). After 1 h stirring at room tempera-
ture the reaction mixture was directly applied to the top of a flash chro-
matography column filled with silica gel and eluted (toluene/AcOEt
(9:1!7:3) with 0.1% NEt3) to give imidate 9 (338 mg, 98%) as an a/b
(4:6) mixture: 1H NMR (250 MHz, CDCl3): d=8.76 (s, 0.4H; NH), 8.73
(s, 0.6H; NH), 7.40±7.24 (m, 20H; Ph), 7.13 (d, J=8.5 Hz, 2H; Ph-
OMe), 6.82 (d, J=8.5 Hz, 2H; Ph-OMe), 6.39 (d, J1,2=3.5 Hz, 0.4H; H-
1Aa), 5.60 (d, J1,2=8.5 Hz, 0.6H; H-1Ab), 5.28 (d, J1,2=5.0 Hz, 1H; H-1D),
5.25 (d, J1,2=3.5 Hz, 0.4H; H-1Ba), 5.22 (d, J1,2=3.5 Hz, 0.6H; H-1Bb),
4.47 (d, J=11.5 Hz, 1H; CH2PhOMe), 4.41 (d, J=11.5 Hz, 1H;
CH2PhOMe), 4.45 (brd, J6a,6b=12.5, 0.4H; H-6a


Aa), 4.44 (brd, J6a,6b=12.5,
0.6H; H-6a


Ab), 4.36 (brd, J6a,6b=12.5 Hz, 1H; H-6a
C), 4.23 (dd, J6b,6a=


12.5, J6b,5=4.0 Hz, 0.6H; H-6b
Ab), 4.22 (dd, J6b,6a=12.5, J6b,5=4.0 Hz,


0.4H; H-6b
Aa), 4.17 (dd, J6b,6a=12.5, J6b,5=2.0 Hz, 1H; H-6b


C), 4.04±3.88
(m, 5H), 3.88±3.74 (m with s at d=3.79, 5H; PhOMe), 3.74±3.58 (m,
3H), 3.55 (s, 3H; COOMe), 3.50 (s, 1.8H; COOMeBb), 3.49 (s, 1.2H;
COOMeBa), 3.43 (t, J2,3=J2,1=8.5 Hz, 0.6H; H-2Ab), 3.30 (dd, J2,3=10.0,
J2,1=3.5 Hz, 1H; H-2C), 2.11 (s, 1.8H; CH3 OAcb), 2.10 (s, 1.2H; CH3


OAca), 2.06 (s, 3H; CH3 OAc), 2.04 (s, 6H; CH3 OAc) ppm.


Allyl [(methyl 2-O-acetyl-3-O-benzyl-4-O-(4-methoxybenzyl)-a-l-idopy-
ranosyluronate)-(1!4)-O-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-
glucopyranoside)-(1!4)-O-(methyl 2-O-acetyl-3-O-benzyl-a-l-idopyra-
nosyluronate)-(1!4)-O-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-glu-
copyranoside)-(1!4)-O-(methyl 2-O-acetyl-3-O-benzyl-a-l-idopyranosyl-
uronate)]-(1!4)-O-6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-glucopy-
ranoside (10): Acceptor 8 (150 mg, 0.11 mmol) and imidate 6 (135 mg,
0.15 mmol, 1.3 equiv) were azeotropically dried with toluene and dis-
solved in CH2Cl2 (360 mL). Powdered 4-ä molecular sieves (330 mg)
were added and the mixture was then stirred for 30 min at room temper-
ature. The solution was cooled to �40 8C and TBDMSOTf (0.1m in
CH2Cl2, 220 mL, 0.022 mmol, 0.2 equiv) was added. The reaction was stir-
red at this temperature for 30 min and then the temperature was raised
to 0 8C over 30 min. The reaction was then quenched with a solution of
NEt3 (0.1m in CH2Cl2, 63 mL, 0.063 mmol, 0.6 equiv), directly applied to
the top of a flash chromatography column filled with silica gel and eluted
(CH2Cl2/AcOEt/petroleum ether (85:10:5!70:25:5)) to give hexasac-
charide 10 (210 mg, 68%): [a]30D =17 (c=1.50, CH2Cl2);


1H NMR
(400 MHz, CDCl3): d=7.40±7.23 (m, 30H; Ph), 7.13 (d, J=8.5 Hz, 2H;
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Ph-OMe), 6.82 (d, J=8.5 Hz, 2H; Ph-OMe), 5.94 (dddd, Jb,ct=17.0,
Jb,cc=10.5, Jb,a’=6.0, Jb,a=5.0 Hz, 1H; H-b), 5.36 (dq, Jct,b=17.0, Jct,a=
Jct,a’=Jgem=1.5 Hz, 1H; H-ct), 5.30 (d, J1,2=5.0 Hz, 1H; H-1D), 5.29 (d,
J1,2=5.0 Hz, 1H; H-1B), 5.27 (dq, Jcc,b=10.5, Jcc,a=Jcc,a=Jgem=1.5 Hz,
1H; H-cc), 5.24 (d, J1,2=3.5 Hz, 1H; H-1F), 4.96 (d, J1,2=3.5 Hz, 1H; H-
1C), 4.94 (d, J1,2=3.5 Hz, 1H; H-1A), 4.93 (t, J2,3=J2,1=3.5 Hz, 1H; H-2F),
4.93 (d, J1,2=3.5 Hz, 1H; H-1E), 4.90 (dd, J2,3=6.0, J2,1=5.0 Hz, 1H; H-
2D), 4.90 (d, J=10.5 Hz, 1H; CH2Ph), 4.87 (t, J2,3=5.0 Hz, 1H; H-2B),
4.84 (d, J=10.5 Hz, 1H; CH2Ph), 4.82 (d, J=10.5 Hz, 1H; CH2Ph), 4.77
(d, J=11.5 Hz, 1H; CH2Ph), 4.76 (d, J=11.0 Hz, 1H; CH2Ph), 4.72 (d,
J=11.0 Hz, 1H; CH2Ph), 4.70 (d, J5,4=4.0 Hz, 1H; H-5F), 4.69 (d, J=
10.5 Hz, 1H; CH2Ph), 4.69 (d, J=11.5 Hz, 1H; CH2Ph), 4.69 (d, J=
12.0 Hz, 1H; CH2Ph), 4.65 (d, J=10.5 Hz, 1H; CH2Ph), 4.65 (d, J=
12.0 Hz, 1H; CH2Ph), 4.64 (d, J=10.5 Hz, 1H; CH2Ph), 4.59 (d, J5,4=
5.0 Hz, 1H; H-5B), 4.56 (d, J5,4=4.5 Hz, 1H; H-5D), 4.47 (d, J=11.5 Hz,
1H; CH2PhOMe), 4.43 (d, J=11.5 Hz, 1H; CH2PhOMe), 4.40 (brd,
J6a,6b=11.5 Hz, 1H; H-6a


A), 4.37 (dd, J6a,6b=12.0, J6a,5=2.0 Hz, 1H; H-
6a


E), 4.34 (dd, J6a,6b=12.5, J6a,5=2.0 Hz, 1H; H-6a
C), 4.25 (dd, J6b,6a=11.5,


J6b,5=2.5 Hz, 1H; H-6b
A), 4.20 (ddt, Jgem=13.0, Ja,b=5.0, Ja,cc=Ja,ct=


1.5 Hz, 1H; H-a), 4.19 (dd, J6b,6a=12.0, J6b,5=2.5 Hz, 1H; H-6b
E), 4.16


(dd, J6b,6a=12.5, J6b,5=2.5 Hz, 1H; H-6b
C), 4.05 (ddt, Jgem=13.0, Ja’,b=6.0,


Ja’,cc=Ja’,ct=1.5 Hz, 1H; H-a’), 3.99 (t, J4,3=J4,5=4.0 Hz, 1H; H-4F), 3.98
(dd, J4,3=5.5, J4,5=4.5 Hz, 1H; H-4D), 3.95 (t, J4,5=J4,3=9.0 Hz, 1H; H-
4C), 3.92 (dd, J3,4=5.5, J3,2=6.0 Hz, 1H; H-3D), 3.90 (dd, J3,4=4.0, J3,2=
3.5 Hz, 1H; H-3F), 3.89±3.85 (m, 3H; H-3A, H-4A, H-5A), 3.87 (dd, J4,5=
10.0, J4,3=9.0 Hz, 1H; H-4E), 3.83 (br t, J5,4=9.0 Hz, 1H; H-5C), 3.82±3.78
(m with s at d=3.80, 5H; H-4B, H-5E, PhOMe), 3.77 (t, J3,2=J3,4=5.0 Hz,
1H; H-3B), 3.66 (dd, J3,2=10.0, J3,4=9.0 Hz, 1H; H-3E), 3.62 (dd, J3,2=
10.0, J3,4=9.0 Hz, 1H; H-3C), 3.57 (s, 3H; COOMe), 3.53 (s, 3H;
COOMe), 3.48 (s, 3H; COOMe), 3.39 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H;
H-2A), 3.29 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2C), 3.27 (dd, J2,3=10.0,
J2,1=3.5 Hz, 1H; H-2E), 2.12 (s, 3H; CH3 OAc), 2.09 (s, 3H; CH3 OAc),
2.06 (s, 3H; CH3 OAc), 2.03 (s, 3H; CH3 OAc), 2.02 (s, 3H; CH3 OAc),
2.01 (s, 3H; CH3 OAc) ppm; 13C NMR (62.5 MHz, CDCl3): d=170.6,
170.5 (2C), 169.9 (2C), 169.8, 169.7, 169.5, 169.3 (C=O), 159.5 (C�OMe
pMBn), 137.8, 137.7, 137.6, 137.4, 137.3 (Cquat arom), 133.1 (C-b), 129.6,
129.3, 128.5, 128.4, 128.2, 128.0, 127.9, 127.8, 127.7 (Carom), 118.3 (C-c),
113.7 (Cm pMBn), 98.0 (C-1F), 97.8 (C-1B, C-1C, C-1D), 97.4 (C-1E), 96.5
(C-1A), 78.3 (C-3A), 77.8 (C-3C), 77.7 (C-3E), 75.7 (C-4A), 75.6 (C-4B), 75.5
(C-4C), 75.4 (C-3B), 75.3 (C-4D), 75.2 (C-3F), 74.9 (CH2Ph), 74.7 (CH2Ph),
74.0 (CH2Ph), 73.6 (C-3D, CH2Ph), 73.4 (CH2Ph), 73.3 (CH2Ph), 72.6 (C-
4F, CH2 pMBn), 71.3 (C-5B), 71.1 (C-2B), 69.7 (C-5E), 69.6 (C-5C), 69.3 (C-
5F), 69.2 (C-5A), 68.8 (C-2F), 68.7 (C-a), 63.3 (C-2A), 62.9 (C-2E), 62.7 (C-
2C), 62.1 (C-6A), 61.6 (C-6C, C-6E), 55.2 (CH3 pMBn), 51.9 (2îCH3


COOMe), 51.7 (CH3 COOMe), 20.8, 20.7 (CH3 OAc) ppm; IR (thin
film): ñ=3100, 3066, 3033, 2999 (C�Harom), 2953, 2928, 2870 (C�Haliph),
2109 (N3), 1742 (C=O), 1613, 1515, 1497, 1455, 1438, 1371, 1304,
1235 cm�1; elemental analysis: calcd (%) for C104H119N9O38


(2103.2 gmol�1): C 59.39, H 5.70, N 5.99, O 28.91; found: C 59.41, H 5.88,
N 5.97.


Allyl [(methyl 2-O-acetyl-3-O-benzyl-4-O-(4-methoxybenzyl)-a-l-idopy-
ranosyluronate)-(1!4)-O-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-
glucopyranoside)-(1!4)-O-(methyl 2-O-acetyl-3-O-benzyl-a-l-idopyra-
nosyluronate)-(1!4)-O-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-glu-
copyranoside)-(1!4)-O-(methyl 2-O-acetyl-3-O-benzyl-a-l-idopyranosyl-
uronate)-(1!4)-O-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-glucopy-
ranoside)-(1!4)-O-(methyl 2-O-acetyl-3-O-benzyl-a-l-idopyranosyluro-
nate)]-(1!4)-O-6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-a-d-glucopyrano-
side (11): Acceptor 8 (184 mg, 0.14 mmol) and imidate 9 (298 mg,
0.19 mmol, 1.3 equiv) were azeotropically dried with toluene and dis-
solved in CH2Cl2 (510 mL). Powdered 4-ä molecular sieves (420 mg)
were added and the mixture was then stirred for 30 min at room temper-
ature. The solution was cooled to �40 8C and TBDMSOTf (0.1m in
CH2Cl2, 288 mL, 0.029 mmol, 0.2 equiv) was added. The reaction was stir-
red at this temperature for 30 min and then the temperature was raised
to 0 8C over 30 min. The reaction was then quenched with a solution of
NEt3 (0.1m in CH2Cl2, 82 mL, 0.082 mmol, 0.6 equiv), directly applied to
the top of a flash chromatography column filled with silica gel and eluted
(CH2Cl2/AcOEt/petroleum ether (85:10:5!70:25:5)) to give octasaccha-
ride 11 (343 mg, 93%): [a]28D =19 (c=2.53, CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=7.38±7.26 (m, 40H; Ph), 7.13 (d, J=8.5 Hz, 2H; Ph-OMe),


6.83 (d, J=8.5 Hz, 2H; Ph-OMe), 5.94 (dddd, Jb,ct=17.0, Jb,cc=10.5, Jb,a’=
6.0, Jb,a=5.0 Hz, 1H; H-b), 5.36 (dq, Jct,b=17.0, Jct,a=Jct,a’=Jgem=1.5 Hz,
1H; H-ct), 5.31 (d, J1,2=5.0 Hz, 1H; H-1D or H-1F), 5.30 (d, J1,2=6.0 Hz,
2H; H-1B, H-1D or H-1F), 5.26 (dq, Jcc,b=10.5, Jcc,a=Jcc,a=Jgem=1.5 Hz,
1H; H-cc), 5.24 (d, J1,2=3.5 Hz, 1H; H-1H), 4.98 (d, J1,2=3.5 Hz, 1H; H-
1E(C)), 4.97 (d, J1,2=3.5 Hz, 1H; H-1C(E)), 4.94 (d, J1,2=3.5 Hz, 1H; H-1A),
4.93 (t, J2,3=J2,1=3.5 Hz, 1H; H-2H), 4.93 (d, J1,2=3.5 Hz, 1H; H-1E),
4.91 (d, J=10.0 Hz, 1H; CH2Ph), 4.90 (m, 2H; H-2D, H-2F), 4.88 (t, J2,3=
6.0 Hz, 1H; H-2B), 4.86 (d, J=10.0 Hz, 1H; CH2Ph), 4.85 (d, J=10.0 Hz,
1H; CH2Ph), 4.83 (d, J=11.0 Hz, 1H; CH2Ph), 4.78 (d, J=11.0 Hz, 1H;
CH2Ph), 4.76 (d, J=11.0 Hz, 1H; CH2Ph), 4.74 (s, 2H; CH2Ph), 4.73 (d,
J5,4=4.0 Hz, 1H; H-5H), 4.70 (brd, J=11.0 Hz, 3H; 3îCH2Ph), 4.69 (d,
J=12.0 Hz, 1H; CH2Ph), 4.67 (d, J=10.0 Hz, 1H; CH2Ph), 4.66 (d, J=
10.0 Hz, 1H; CH2Ph), 4.65 (d, J=12.0 Hz, 1H; CH2Ph), 4.64 (d, J=
10.0 Hz, 1H; CH2Ph), 4.59 (d, J5,4=5.0 Hz, 1H; H-5B), 4.58 (d, J5,4=
5.0 Hz, 1H; H-5D or H-5F), 4.56 (d, J5,4=5.0 Hz, 1H; H-5D or H-5F), 4.47
(d, J=11.5 Hz, 1H; CH2PhOMe), 4.43 (d, J=11.5 Hz, 1H; CH2PhOMe),
4.40 (d, J6a,6b=12.0 Hz, 1H; H-6a


A), 4.37 (brd, J6a,6b=11.0, 2H; H-6a
E(C),


H-6a
G), 4.34 (dd, J6a,6b=12.0, J6a,5=1.5 Hz, 1H; H-6a


C(E)), 4.25 (dd, J6b,6a=
12.0, J6b,5=2.5 Hz, 1H; H-6b


A), 4.20 (ddt, Jgem=13.0, Ja,b=5.0, Ja,cc=Ja,ct=
1.5 Hz, 1H; H-a), 4.22±4.16 (m, 2H; H-6b


E(C), H-6b
E), 4.17 (dd, J6b,6a=


12.0, J6b,5=3.0 Hz, 1H; H-6b
C(E)), 4.05 (ddt, Jgem=13.0, Ja’,b=6.0, Ja’,cc=


Ja’,ct=1.5 Hz, 1H; H-a’), 4.20±3.97 (m, 3H; H-4D, H-4F, H-4H), 3.96 (dd,
J4,5=10.0, J4,3=9.0 Hz, 1H; H-4C(E)), 3.95±3.90 (m, 3H; H-3D, H-3F, H-
3H), 3.90±3.87 (m, 3H; H-3A, H-4A, H-5A), 3.88 (dd, J4,5=10.0, J4,3=9.0,
2H; H-4E(C), H-4G), 3.87±3.79 (m with s at d=3.80, 7H; H-4B, H-5C(E), H-
5E(C), H-5G, PhOMe), 3.77 (t, J3,2=J3,4=6.0 Hz, 1H; H-3B), 3.67 (dd, J3,2=
10.0, J3,4=9.0 Hz, 1H; H-3G), 3.64 (dd, J3,2=10.0, J3,4=9.0 Hz, 1H; H-
3E(C)), 3.63 (dd, J3,2=10.0, J3,4=9.0 Hz, 1H; H-3C(E)), 3.57 (s, 3H;
COOMe), 3.54 (s, 3H; COOMe), 3.53 (s, 3H; COOMe), 3.48 (s, 3H;
COOMe), 3.39 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2A), 3.30 (dd, J2,3=
10.0, J2,1=3.5 Hz, 1H; H-2C(E)), 3.28 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-
2E(C)), 3.27 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2G), 2.12 (s, 3H; CH3


OAc), 2.10 (s, 3H; CH3 OAc), 2.09 (s, 3H; CH3 OAc), 2.06 (s, 3H; CH3


OAc), 2.03 (s, 6H; CH3 OAc), 2.02 (s, 6H; CH3 OAc) ppm; 13C NMR
(100.6 MHz, CDCl3): d=170.6, 170.5 (3C), 169.9 (2C), 169.7, 169.6 (2C),
169.5, 169.4, 169.2 (C=O), 158.9 (C�OMe pMBn), 137.8, 137.6, 137.5,
137.4, 137.3, 137.2 (Cquat arom), 132.9 (C-b), 129.6, 129.2, 129.9, 128.4, 128.3,
128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 127.5, 127.4 (Carom), 118.3
(C-c), 113.7 (Cm pMBn), 97.9 (C-1H), 97.8 (C-1B, C-1C(E), C-1D, C-1F), 97.4
(C-1E(C)), 97.1 (C-1G), 96.5 (C-1A), 78.3 (C-3A), 77.8, 77.7 (C-3C, C-3E, C-
3E), 75.6, 75.5, 75.4, 75.3, 75.2 (C-4A, C-4B, C-4C, C-4D or C-4F, C-4E, C-4G,
C-3B), 74.8 (C-3H, CH2Ph), 74.7 (2CH2Ph), 74.6 (CH2Ph), 74.0 (CH2Ph),
73.9 (CH2Ph), 73.5 (C-3D, C-3F, CH2Ph), 73.3 (C-4D or C-4F, CH2Ph), 72.5
(C-4H, CH2 pMBn), 71.2 (C-5B), 71.1 (C-2B), 70.5 (C-5D or C-5F), 70.2 (C-
2D or C-2F, C-5D or C-5F), 70.0 (C-2D or C-2F), 69.6±69.5 (3C, C-5C, C-5E,
C-5G), 69.2 (C-5H), 69.1 (C-5A), 68.7 (C-2H), 68.6 (C-a), 63.3 (C-2A), 62.8,
62.7, 62.6 (C-2C, C-2E, C-2G), 62.0 (C-6A), 61.5 (C-6C, C-6E, C-6G), 55.2
(CH3 pMBn), 51.9 (3îCH3 COOMe), 51.7 (CH3 COOMe), 20.8, 20.7,
20.6 (CH3 OAc) ppm; IR (thin film): ñ=3097, 3065, 3034 (C�Harom),
2955, 2932, 2877 (C�Haliph), 2115 (N3), 1749 (C=O), 1613, 1515, 1497,
1455, 1439, 1373, 1304, 1250 cm�1; elemental analysis: calcd (%) for
C135H154N12O50 (2744.8 gmol�1): C 59.08, H 5.66, N 6.12, O 29.15; found:
C 59.02, H 5.43, N 5.96, O 29.13.


Allyl [(methyl 3-O-benzyl-4-O-(4-methoxybenzyl)-2-O-sulfonato-a-l-ido-
pyranosyluronate)-(1!4)-O-(3-O-benzyl-2-deoxy-2-sulfoamino-6-O-sul-
fonato-a-d-glucopyranoside)-(1!4)-O-(methyl 3-O-benzyl-2-O-sulfona-
to-a-l-idopyranosyluronate)]-(1!4)-O-3-O-benzyl-2-deoxy-2-sulfoami-
no-6-O-sulfonato-a-d-glucopyranoside hexasodium salt (18): Tetrasac-
charide 4 (236 mg, 0.161 mmol) was stirred for 1 h with K2CO3 (11 mg,
0.08 mmol, 0.5 equiv) in MeOH (1 mL). The mixture was then neutral-
ised with BioRad AG50W-X8 200 (H+) resin, filtered and concentrated.
Flash chromatography (silica gel, toluene/AcOEt (1:1!35:65)) gave the
deacetylated compound 12 (192 mg, 93%). A portion of this material
(52 mg, 40 mmol) was dissolved in MeOH (400 mL), protected from light
and stirred with propane-1,3-dithiol (80 mL, 0.8 mmol, 20 equiv) and tri-
ethylamine (111 mL, 0.8 mmol, 20 equiv) for 2 d. The mixture was then
concentrated and purified by silica gel flash chromatography (CH2Cl2/
MeOH (98:2!9:1) with 0.1% NEt3) to give 15 (46 mg, 92%): 13C NMR
(62.5 MHz, CDCl3): d=170.1, 169.8 (C=O), 169.2 (C-OMe pMBn), 138.6,
138.4, 137.5 (Cquat arom), 133.9 (C-b), 129.8, 128.8, 128.4, 128.2, 128.0, 127.8,
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127.4, 127.0 (Carom), 117.2 (C-c), 114.0 (Cm pMBn), 101.2, 100.9, 98.7, 96.7
(4îC-1), 81.9, 81.6, 75.6, 75.2, 74.8 (CH2Ph), 74.7, 74.6, 73.7, 72.6
(CH2Ph), 72.5, 72.0, 71.0, 69.7, 69.2, 68.5, 68.3 (CH2Ph), 67.9, 62.1 (2îC-
6), 55.9 (OCH3), 55.1 (OCH3), 51.8 (OCH3) ppm; ESI HRMS: m/z calcd
for C65H81N2O22 [M+H]+ : 1241.5281; found: 1241.5304.


Sulfur trioxide pyridine complex (200 mg, 1.25 mmol, 30 equiv) was
added to a solution of 15 (52 mg, 42 mmol) in pyridine (2.5 mL). This mix-
ture was protected from light, stirred for 24 h at room temperature and
then heated for 24 h at 55 8C. MeOH (800 mL, 13.8 mmol) and NEt3
(320 mL, 2.3 mmol) were then added to quench the reaction. The result-
ing mixture was stirred for 1 h at room temperature and successively pu-
rified by Sephadex LH-20 chromatography (CH2Cl2/MeOH (1:1)) and
RP-18 flash chromatography (5mm AcOH-NEt3 (pH 7.0)/MeOH
(100:0!60:40)), followed by ion exchange on BioRad AG50W-X8 200
(Na+ , 5 mL) resin after removal of AcOH-NEt3 salts by lyophilisation
(2î1mL H2O). Compound 18 (57 mg, 73%) was thus obtained as a hexa-
sodium salt (98% pure by HPLC analysis): 1H NMR (400 MHz, D2O):
d=7.59±7.41 (m, 9H; Ph), 7.41±7.33 (m, 6H; Ph), 7.30±7.21 (m, 5H; Ph),
7.11 (d, J=8.5 Hz, 2H; Ph-OMe), 7.00 (d, J=8.5 Hz, 2H; Ph-OMe), 6.07
(dddd, Jb,ct=17.0, Jb,cc=10.5, Jb,a’=6.0, Jb,a=5.0 Hz, 1H; H-b), 5.44 (dq,
Jct,b=17.0, Jct,a=Jct,a’=Jgem=1.5 Hz, 1H; H-ct), 5.37 (br s, 1H; H-1B), 5.31
(dq, Jcc,b=10.5, Jcc,a=Jcc,a’=Jgem=1.5 Hz, 1H; H-cc), 5.27 (d, J1,2=3.5 Hz,
1H; H-1C), 5.20 (d, J1,2=3.5 Hz, 1H; H-1A), 5.13 (br s, 1H; H-1D), 4.95
(d, J5,4=1.5 Hz, 1H; H-5B), 4.90 (d, J=11.0 Hz, 1H; CH2Ph), 4.88 (d,
J5,4=2.0 Hz, 1H; H-5D), 4.80 (d, J=11.5 Hz, 2H; 2îCH2Ph), 4.79 (d, J=
11.0 Hz, 1H; CH2Ph), 4.78 (d, J=10.5 Hz, 1H; CH2Ph), 4.59 (d, J=
11.5 Hz, 1H; CH2Ph), 4.59±4.57 (m, 1H; H-2B), 4.49 (d, J=12.0 Hz, 1H;
CH2PhOMe), 4.48±4.45 (m, 1H; H-2D), 4.44 (d, J=10.5 Hz, 1H; CH2Ph),
4.40 (br t, J3,2=J3,4=3.0 Hz, 1H; H-3B), 4.38 (dd, J6a,6b=11.5, J6a,5=2.0 Hz,
1H; H-6a


A), 4.33 (d, J=11.5 Hz, 1H; CH2Ph), 4.30 (ddt, Jgem=13.0, Ja,b=
5.0, Ja,cc=Ja,ct=1.5 Hz, 1H; H-a), 4.29 (dd, J6b,6a=11.5, J6b,5=5.0 Hz, 1H;
H-6b


A), 4.26 (d, J=12.0 Hz, 1H; CH2PhOMe), 4.21 (br s, 1H; H-6a
C, H-


6b
C), 4.19±4.16 (m, 1H; H-3D), 4.16±4.13 (m, 1H; H-4B), 4.13 (ddt, Jgem=


13.0, Ja’,b=6.0, Ja’,cc=Ja’,ct=1.5 Hz, 1H; H-a’), 4.10 (ddd, J5,4=9.5, J5,6b=
5.0, J5,6a=2.0 Hz, 1H; H-5A), 3.88 (s, 3H; PhOMe), 3.84 (t, J4,5=J4,3=
9.5 Hz, 1H; H-4A), 3.77 (dd, J4,5=10.0, J4,3=9.0 Hz, 1H; H-4C), 3.71 (brd,
J5,4=10.0 Hz, 1H; H-5C), 3.67 (dd, J3,2=10.0, J3,4=9.5 Hz, 1H; H-3A),
3.54 (dd, J3,2=10.0, J3,4=9.0 Hz, 1H; H-3C), 3.53 (brd, J4,5=2.0 Hz, 1H;
H-4D), 3.49 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2A), 3.41 (s, 3H;
COOMe), 3.39 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2C), 3.13 (s, 3H; COO-
Me) ppm; 13C NMR (100.6 MHz, D2O): d=171.4, 171.1 (C=O), 159.2 (C-
OMe pMBn), 137.7, 137.6, 137.5, 137.4 (Cquat arom), 134.0 (C-b), 131.3,
128.9, 128.8, 128.7, 128.6, 128.5, 128.4, 128.3 (Carom), 118.6 (C-c), 114.3
(Cm pMBn), 99.3 (C-1C), 98.3 (C-1B), 97.8 (C-1D), 96.8 (C-1A), 78.1 (C-
3A), 77.7 (C-3C), 76.0 (CH2Ph), 75.2 (CH2Ph), 75.0 (C-4B), 74.4 (C-4A),
73.9 (C-3B), 73.2 (CH2Ph), 72.4 (C-4C, CH2Ph), 72.0 (C-2B), 70.6 (C-4D),
70.3 (C-2D, C-5C, CH2 pMBn), 69.8 (C-3D), 69.4 (C-5A), 69.3 (C-a), 67.7
(C-5B), 67.3 (C-5D), 67.2 (C-6A), 66.3 (C-6C), 58.4 (C-2A), 57.9 (C-2C), 55.5
(CH3 pMBn), 53.0 (CH3 COOMe), 52.6 (CH3 COOMe) ppm; ESI
HRMS: m/z calcd for C65H74N2O40S6Na3 [M�3Na]3�/3: 594.3945; found:
594.3940.


Allyl [(methyl 3-O-benzyl-4-O-(4-methoxybenzyl)-2-O-sulfonato-a-l-ido-
pyranosyluronate)-(1!4)-O-(3-O-benzyl-2-deoxy-2-sulfoamino-6-O-sul-
fonato-a-d-glucopyranoside)-(1!4)-O-(methyl 3-O-benzyl-2-O-sulfona-
to-l-idopyranosyluronate)-(1!4)-O-(3-O-benzyl-2-deoxy-2-sulfoamino-6-
O-sulfonato-a-d-glucopyranoside)-(1!4)-O-(methyl 3-O-benzyl-2-O-sul-
fonato-a-l-idopyranosyluronate)]-(1!4)-O-3-O-benzyl-2-deoxy-2-sulfo-
amino-6-O-sulfonato-a-d-glucopyranoside nonasodium salt (19): Hexa-
saccharide 10 (105 mg, 50 mmol) was treated with K2CO3 (3.5 mg,
25 mmol, 0.5 equiv) in MeOH (1 mL) as described above. Flash chroma-
tography (silica gel, toluene/acetone (8:2!6:4)) gave the deacetylated
compound 13 (80 mg, 86%). A portion of this material (59 mg, 32 mmol)
was treated with propane-1,3-dithiol (100 mL, 1 mmol, 30 equiv) and trie-
thylamine (140 mL, 1 mmol, 30 equiv) in MeOH (550 mL) as described
above. Flash chromatography (silica gel, AcOEt/CH2Cl2/MeOH
(50:40:10!40:40:20) with 0.1% NEt3) gave 16 (49 mg, 87%): 13C NMR
(62.5 MHz, CDCl3/[D4]MeOH (8:2)): d=169.9 (C=O), 159.2 (C-OMe
pMBn), 138.1, 137.2 (Cquat arom), 133.5 (C-b), 129.5, 128.1, 128.0, 127.9,
127.7, 127.2, 126.9, 126.4 (Carom), 116.8 (C-c), 113.4 (Cm pMBn), 100.6,
100.5, 97.7, 96.4 (6îC-1), 81.4, 80.7, 74.8, 74.7, 74.6, 74.4 (CH2Ph), 73.7,
73.6, 72.7 (CH2Ph), 72.4, 72.3, 72.1 (CH2Ph), 72.0 (CH2Ph), 70.9, 68.7,


68.4, 67.9 (CH2Ph), 67.8, 67.6, 60.2 (C-6), 60.0 (C-6), 59.8 (C-6), 55.0
(OCH3), 54.8 (OCH3), 51.5 (OCH3) ppm; ESI HRMS: m/z calcd for
C92H115N3O32 [M+2H]2+/2: 886.8719; found: 886.8723.


Compound 16 (35 mg, 18 mmol) dissolved in pyridine (2.5 mL) was treat-
ed with sulfur trioxide pyridine complex (130 mg, 0.81 mmol, 45 equiv) as
described above to yield 19 (46 mg, 95%) as a nonasodium salt (98%
pure by HPLC analysis): 1H NMR (400 MHz, D2O): d=7.59±7.20 (m,
30H; Ph), 7.08 (d, J=8.5 Hz, 2H; Ph-OMe), 6.99 (d, J=8.5 Hz, 2H; Ph-
OMe), 6.08 (ddt, Jb,ct=17.0, Jb,cc=10.5, Jb,a’=Jb,a=6.0 Hz, 1H; H-b), 5.45
(dq, Jct,b=17.0, Jct,a=Jct,a’=Jgem=1.5 Hz, 1H; H-ct), 5.42 (br s, 1H; H-1B),
5.42 (br s, 1H; H-1D), 5.32 (dq, Jcc,b=10.5, Jcc,a=Jcc,a’=Jgem=1.5 Hz, 1H;
H-cc), 5.30 (d, J1,2=3.5 Hz, 1H; H-1C), 5.27 (d, J1,2=3.5 Hz, 1H; H-1E),
5.20 (d, J1,2=3.5 Hz, 1H; H-1A), 5.19 (br s, 1H; H-1F), 4.97 (brd, J5,4=
1.5 Hz, 2H; H-5B, H-5D), 4.92 (d, J=11.0 Hz, 1H; CH2Ph), 4.89 (d, J5,4=
2.0 Hz, 1H; H-5F), 4.88 (d, J=11.0 Hz, 1H; CH2Ph), 4.83 (d, J=11.0 Hz,
1H; CH2Ph), 4.82 (d, J=11.5 Hz, 1H; CH2Ph), 4.81 (d, J=11.0 Hz, 1H;
CH2Ph), 4.74 (d, J=10.0 Hz, 1H; CH2Ph), 4.71 (d, J=10.0 Hz, 1H;
CH2Ph), 4.61±4.59 (m, 1H; H-2B), 4.59 (d, J=11.5 Hz, 1H; CH2Ph), 4.56
(brd, J2,3=3.0 Hz, 1H; H-2D), 4.47 (d, J=12.0 Hz, 1H; CH2PhOMe),
4.48±4.46 (m, 1H; H-2F), 4.43 (d, J=10.0 Hz, 1H; CH2Ph), 4.42 (br t,
J3,2=J3,4=3.0 Hz, 1H; H-3D), 4.40±4.37 (m, 1H; H-3B), 4.37 (d, J=
11.0 Hz, 1H; CH2Ph), 4.36 (dd, J6a,6b=10.0, J6a,5=2.5 Hz, 1H; H-6a


A),
4.33±4.26 (m, 3H; H-6a


C, H-6b
A, CH2Ph), 4.30 (ddt, Jgem=13.0, Ja,b=6.0,


Ja,cc=Ja,ct=1.5 Hz, 1H; H-a), 4.26±4.20 (m, 4H; H-6b
C, H-6a


E, H-6b
E,


CH2PhOMe), 4.19±4.17 (m, 1H; H-3F), 4.15±4.14 (m, 1H; H-4B), 4.14
(ddt, Jgem=13.0, Ja’,b=6.0, Ja’,cc=Ja’,ct=1.5 Hz, 1H; H-a’), 4.14±4.13 (m,
1H; H-4D), 4.09 (ddd, J5,4=10.0, J5,6b=5.0, J5,6a=2.5 Hz, 1H; H-5A), 3.87
(s, 3H; PhOMe), 3.85 (dd, J4,5=10.0, J4,3=9.0 Hz, 1H; H-4A), 3.83 (t,
J4,5=J4,3=10.0 Hz, 1H; H-4C), 3.78 (dd, J4,5=10.0, J4,3=9.0 Hz, 1H; H-
4E), 3.73 (dt, J5,4=10.0, J5,6a=J5,6b=1.5 Hz, 1H; H-5E), 3.69 (dt, J5,4=10.0,
J5,6a=J5,6b=2.5 Hz, 1H; H-5C), 3.68 (dd, J3,2=10.0, J3,4=9.0 Hz, 1H; H-
3A), 3.55 (dd, J3,2=10.0, J3,4=9.0 Hz, 1H; H-3E), 3.53 (t, J3,2=J3,4=
10.0 Hz, 1H; H-3C), 3.51±3.49 (m, 1H; H-4F), 3.50 (dd, J2,3=10.0, J2,1=
3.5 Hz, 1H; H-2A), 3.44 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2C), 3.40 (dd,
J2,3=10.0, J2,1=3.5 Hz, 1H; H-2E), 3.39 (s, 3H; COOMe), 3.38 (s, 3H;
COOMe), 3.12 (s, 3H; COOMe) ppm; 13C NMR (100.6 MHz, D2O): d=
171.4, 171.2, 171.0 (C=O), 159.2 (C-OMe pMBn), 137.6, 137.4 (Cquat arom),
134.0 (C-b), 131.2, 129.5, 129.4, 129.1, 129.0, 128.8, 128.7, 128.5 (Carom),
118.6 (C-c), 114.2 (Cm pMBn), 99.4 (C-1E), 98.7 (C-1C), 98.2 (C-1B, C-1D),
97.7 (C-1F), 96.7 (C-1A), 78.1 (C-3A), 77.8 (C-3C), 77.7 (C-3E), 76.2
(CH2Ph), 75.9 (CH2Ph), 75.2 (CH2Ph), 75.0 (C-4D), 74.4 (C-4A, C-4B),
73.9 (C-3B), 73.3 (C-3D), 73.2 (CH2Ph), 73.1 (CH2Ph), 72.9 (C-4C), 72.3
(CH2Ph), 72.2 (C-4E), 72.1 (C-2B), 71,4 (C-2D), 70.4 (C-4F), 70.3 (C-5C),
70.2 (C-2F, C-5E, CH2 pMBn), 69.5 (C-5A), 69.4 (C-3F), 69.2 (C-a), 67.7/
67.4 (C-5B/C-5D), 67.3 (C-5F), 67.1 (C-6A), 66.3 (C-6C, C-6E), 58.4 (C-2E),
58.3 (C-2C), 57.9 (C-2A), 55.7 (CH3 pMBn), 53.0 (CH3 COOMe), 52.9
(CH3 COOMe), 52.5 (CH3 COOMe) ppm; ESI HRMS: m/z calcd for
C92H104N3O59S9Na6 [M�3Na]3�/3: 873.4034; found: 873.4034.


Allyl [(methyl 3-O-benzyl-4-O-(4-methoxybenzyl)-2-O-sulfonato-a-l-ido-
pyranosyluronate)-(1!4)-O-(3-O-benzyl-2-deoxy-2-sulfoamino-6-O-sul-
fonato-a-d-glucopyranoside)-(1!4)-O-(methyl 3-O-benzyl-2-O-sulfona-
to-a-l-idopyranosyluronate)-(1!4)-O-(3-O-benzyl-2-deoxy-2-sulfoami-
no-6-O-sulfonato-a-d-glucopyranoside)-(1!4)-O-(methyl 3-O-benzyl-2-
O-sulfonato-a-l-idopyranosyluronate)-(1!4)-O-(3-O-benzyl-2-deoxy-2-
sulfoamino-6-O-sulfonato-a-d-glucopyranoside)-(1!4)-O-(methyl 3-O-
benzyl-2-O-sulfonato-a-l-idopyranosyluronate)]-(1!4)-O-3-O-benzyl-2-
deoxy-2-sulfoamino-6-O-sulfonato-a-d-glucopyranoside dodecasodium
salt (20): Octasaccharide 11 (110 mg, 40 mmol) was treated with K2CO3


(6 mg, 40 mmol, 1 equiv) in MeOH (2 mL) as described above. Flash
chromatography (silica gel, toluene/acetone (8:2!6:4)) gave the deacety-
lated compound 14 (88 mg, 91%). This compound was added to another
batch of 14, and the combined products (100 mg, 41.5 mmol) were treated
with propane-1,3-dithiol (167 mL, 1.66 mmol, 40 equiv) and triethylamine
(230 mL, 1.66 mmol, 40 equiv) in MeOH (550 mL) as described above.
Flash chromatography (silica gel, AcOEt/CH2Cl2/MeOH (50:40:10!
40:40:20) with 0.1% NEt3) gave 17 (82 mg, 84%): 13C NMR (62.5 MHz,
CDCl3/[D4]MeOH (8:2)): d=169.9 (C=O), 159.2 (C-OMe pMBn), 138.0,
137.4, 137.2, 137.1 (Cquat arom), 133.4 (C-b), 129.5, 128.6, 128.2, 128.1, 128.0,
127.9, 127.6, 127.2, 127.0, 126.9, 126.7 (Carom), 116.9 (C-c), 113.5 (Cm


pMBn), 100.6, 97.7, 96.1 (8îC-1), 81.4, 80.4, 74.9, 74.8, 74.6, 74.4
(CH2Ph), 74.3, 73.7, 73.5, 72.7 (CH2Ph), 72.5, 72.2 (CH2Ph), 72.1
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(CH2Ph), 68.8, 68.4, 68.3, 67.9 (CH2Ph), 67.8, 67.5, 60.3 (C-6), 60.0 (C-6),
59.8 (C-6), 55.0 (OCH3), 54.8 (OCH3), 54.7 (OCH3), 51.5 (OCH3) ppm;
ESI HRMS: m/z calcd for C119H148N4O42 [M+2H]2+/2: 1152.4784; found:
1152.4806.


Compound 17 (30 mg, 13 mmol), dissolved in pyridine (2.5 mL), was
treated with sulfur trioxide pyridine complex (125 mg, 0.78 mmol,
60 equiv) as described above to yield 20 (44 mg, 95%) as a dodecasodium
salt (97% pure by HPLC analysis): 1H NMR (400 MHz, D2O): d=7.60±
7.54 (m, 6H; Ph) 7.54±7.30 (m, 30H; Ph), 7.30±7.21 (m, 4H; Ph), 7.08 (d,
J=8.5 Hz, 2H; Ph-OMe), 6.99 (d, J=8.5 Hz, 2H; Ph-OMe), 6.08 (ddt,
Jb,ct=17.0, Jb,cc=10.5, Jb,a’=Jb,a=6.0 Hz, 1H; H-b), 5.45 (dq, Jct,b=17.0,
Jct,a=Jct,a’=Jgem=1.5 Hz, 1H; H-ct), 5.42 (br s, 1H; H-1B), 5.40 (br s, 1H;
H-1F), 5.35 (br s, 1H; H-1D), 5.32 (dq, Jcc,b=10.5, Jcc,a=Jcc,a’=Jgem=1.5 Hz,
1H; H-cc), 5.31 (d, J1,2=3.5 Hz, 1H; H-1E), 5.30 (d, J1,2=3.5 Hz, 1H; H-
1C), 5.26 (d, J1,2=3.5 Hz, 1H; H-1G), 5.21 (d, J1,2=3.5 Hz, 1H; H-1A),
5.19 (br s, 1H; H-1H), 4.98±4.95 (m, 3H; H-5B, H-5D, H-5F), 4.92 (d, J=
11.0 Hz, 1H; CH2Ph), 4.89 (d, J5,4=2.0 Hz, 1H; H-5H), 4.89 (d, J=
11.0 Hz, 2H; CH2Ph), 4.83 (d, J=10.0 Hz, 1H; CH2Ph), 4.82 (d, J=
12.0 Hz, 1H; CH2Ph), 4.81 (d, J=11.0 Hz, 2H; 2îCH2Ph), 4.79 (d, J=
11.0 Hz, 1H; CH2Ph), 4.76 (d, J=11.0 Hz, 1H; CH2Ph), 4.75 (d, J=
10.0 Hz, 1H; CH2Ph), 4.72 (d, J=10.0 Hz, 1H; CH2Ph), 4.70 (d, J=
10.5 Hz, 1H; CH2Ph), 4.60 (brdd, J2,3=3.5, J2,1=1.5 Hz, 1H; H-2B), 4.59
(d, J=12.0 Hz, 1H; CH2Ph), 4.56 (brd, J2,3=3.0 Hz, H-2F), 4.55 (brd,
J2,3=3.0 Hz, H-2D), 4.47 (d, J=12.5 Hz, 1H; CH2PhOMe), 4.48 (br s, 1H;
H-2H), 4.43 (d, J=10.0 Hz, 1H; CH2Ph), 4.43±4.35 (m, 4H; H-3B, H-3D,
H-3F, H-6a


A), 4.36 (d, J=10.0 Hz, 1H; CH2Ph), 4.37 (brd, J6a,6b=10.0,
1H; H-6a


C or H-6a
E), 4.32 (dd, J6a,6b=10.0, J6a,5=2.0 Hz, 1H; H-6a


C or H-
6a


E), 4.31 (brd, J6a,6b=10.0, 1H; H-6b
A), 4.30 (ddt, Jgem=13.0, Ja’,b=6.0,


Ja’,cc=Ja’,ct=1.5 Hz, 1H; H-a), 4.29 (d, J=10.5 Hz, 1H; CH2Ph), 4.29 (d,
J=10.0 Hz, 1H; CH2Ph), 4.26±4.19 (m, 4H; H-6a


G, H-6b
C, H-6b


E, H-6b
G),


4.23 (d, J=12.5 Hz, 1H; CH2PhOMe), 4.18 (br t, J=2.5 Hz, 1H; H-3H),
4.17±4.11 (m, 4H; H-4B, H-4D, H-4G, H-a’), 4.09 (ddd, J5,4=10.0, J5,6b=5.0,
J5,6a=2.5 Hz, 1H; H-5A), 3.88 (s, 3H; PhOMe), 3.86 (dd, J4,5=10.0, J4,3=
9.0 Hz, 1H; H-4A), 3.83 (t, J4,5=J4,3=10.0 Hz, 1H; H-4C), 3.82 (t, J4,5=
J4,3=10.0 Hz, 1H; H-4E), 3.78 (dd, J4,5=10.0, J4,3=9.0 Hz, 1H; H-4G),
3.73 (br t, J5,4=10.0, 1H; H-5G), 3.69 (brdd, J5,4=10.0, J=2.0 Hz, 2H; H-
5C, H-5E), 3.68 (dd, J3,2=10.0, J3,4=9.0 Hz, 1H; H-3A), 3.54 (dd, J3,2=
10.0, J3,4=9.0 Hz, 1H; H-3G), 3.53 (t, J3,2=J3,4=10.0 Hz, 2H; H-3C, H-3E),
3.52±3.50 (m, 1H; H-4H), 3.50 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2A),
3.44 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2E), 3.43 (dd, J2,3=10.0, J2,1=
3.5 Hz, 1H; H-2C), 3.40 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2G), 3.39 (s,
3H; COOMe), 3.38 (s, 3H; COOMe), 3.35 (s, 3H; COOMe), 3.12 (s,
3H; COOMe) ppm; 13C NMR (100.6 MHz, D2O): d=171.4, 171.2, 171.1,
171.0 (C=O), 159.2 (C-OMe pMBn), 137.6, 137.4 (Cquat arom), 134.0 (C-b),
131.2, 129.4, 129.0, 128.8, 128.7, 128.5, 128.3 (Carom), 118.6 (C-c), 114.2
(Cm pMBn), 99.3 (C-1G), 99.8 (C-1E), 98.7 (C-1C), 98.2 (C-1B, C-1D, C-1F),
97.7 (C-1H), 96.7 (C-1A), 78.1 (C-3A), 77.9 (C-3C, C-3E), 77.8 (C-3G), 76.2
(CH2Ph), 75.9 (CH2Ph), 75.2 (CH2Ph), 74.9 (C-4D), 74.4 (C-4A, C-4B, C-
4F), 73.9 (C-3B or C-3F), 73.4 (C-3B or C-3F), 73.2 (CH2Ph), 73.1 (CH2Ph,
C-3D), 73.0 (CH2Ph), 72.8 (C-4E), 72.7 (C-4C), 72.3 (CH2Ph, C-4


G), 72.1
(C-2B), 71.5 (C-2D, C-2F), 70.4 (C-2H, C-4H), 70.3 (C-5C, C-5E, C-5F), 70.2
(C-5G, CH2 pMBn), 69.5 (C-5A), 69.4 (C-3H), 69.2 (C-a), 67.5/67.4 (C-5B,
C-5C, C-5D, C-5E, C-5F), 67.3 (C-5H), 67.1 (C-6A), 66.3 (C-6C, C-6E, C-6G),
58.4/58.2 (C-2C, C-6E, C-2G), 57.9 (C-2A), 55.7 (CH3 pMBn), 53.1 (CH3


COOMe), 53.0 (CH3 COOMe), 52.9 (CH3 COOMe), 52.5 (CH3 COO-
Me) ppm; ESI MS: C119H134N4O78S12Na12: m/z (%): 564.8 (53)
[M�6Na]6�/6, 682.5 (100) [M�5Na]5�/5, 858.8 (43) [M�4Na]4�/4, 1152.6
(29) [M�3Na]3�/3.


Allyl [(3-O-benzyl-4-O-(4-methoxybenzyl)-2-O-sulfonato-a-l-idopyrano-
syluronate)-(1!4)-O-(3-O-benzyl-2-deoxy-2-sulfoamino-6-O-sulfonato-a-
d-glucopyranoside)-(1!4)-O-(3-O-benzyl-2-O-sulfonato-a-l-idopyrano-
syluronate)]-(1!4)-O-3-O-benzyl-2-deoxy-2-sulfoamino-6-O-sulfonato-a-
d-glucopyranoside octasodium salt (21): Tetrasaccharide 18 (32 mg,
17.2 mmol) was dissolved in a mixture of LiOH (42 mg, 1 mmol,
52 equiv), water (240 mL) and H2O2 (35% in water, 260 mL, 3 mmol).
After 24 h at room temperature, AcOH (45 mL, 0.75 mmol) was added
and the mixture was purified by RP-18 flash chromatography (5 mm


AcOH-NEt3 (pH 7.0)/MeOH (100:0!60:40)), followed by ion exchange
on BioRad AG50W-X8 200 (Na+ , 5 mL) resin after removal of AcOH-
NEt3 salts by lyophilisation (2î1mL H2O). Compound 21 (29 mg, 73%)
was thus obtained as an octasodium salt (94% pure by HPLC analysis):


1H NMR (400 MHz, D2O): d=7.50±7.44 (m, 4H; Ph), 7.44±7.32 (m,
16H; Ph), 7.30 (d, J=8.5 Hz, 2H; Ph-OMe), 6.94 (d, J=8.5 Hz, 2H; Ph-
OMe), 6.01 (dddd, Jb,ct=17.5, Jb,cc=10.5, Jb,a’=6.0, Jb,a=5.5 Hz, 1H; H-b),
5.45 (br s, 1H; H-1B), 5.38 (dq, Jct,b=17.5, Jct,a=Jct,a’=Jgem=1.5 Hz, 1H;
H-ct), 5.32 (d, J1,2=3.5 Hz, 1H; H-1C), 5.29 (br s, 1H; H-1D), 5.14 (d,
J1,2=3.5 Hz, 1H; H-1A), 5.14 (dq, Jcc,b=10.5, Jcc,a=Jcc,a’=Jgem=1.5 Hz,
1H; H-cc), 4.85 (d, J=11.0 Hz, 1H; CH2Ph), 4.76 (d, J=11.0 Hz, 3H;
CH2Ph), 4.76 (d, J5,4=2.0 Hz, 1H; H-5B), 4.69 (d, J5,4=1.5 Hz, 1H; H-
5D), 4.64 (d, J=11.0 Hz, 1H; CH2Ph), 4.64 (d, J=12.0 Hz, 1H; CH2Ph),
4.61 (d, J=11.0 Hz, 1H; CH2Ph), 4.60 (dd, J2,3=3.5, J2,1=1.5 Hz, 1H; H-
2B), 4.51 (d, J=12.0 Hz, 1H; CH2Ph), 4.45 (brd, J2,3=2.5, 1H; H-2D),
4.44 (d, J=11.0 Hz, 1H; CH2PhOMe), 4.40 (d, J=11.0 Hz, 1H;
CH2PhOMe), 4.39 (dd, J6a,6b=11.5, J6a,5=2.5 Hz, 1H; H-6a


A), 4.34 (dd,
J6b,6a=11.5, J6b,5=5.0 Hz, 1H; H-6b


A), 4.31 (br s, 2H; H-6a
C, H-6b


C), 4.28
(t, J3,2=J3,4=3.5 Hz, 1H; H-3B), 4.25 (dd, J4,3=3.5, J4,5=2.0 Hz, 1H; H-
4B), 4.24 (ddt, Jgem=12.5, Ja,b=5.5, Ja,cc=Ja,ct=1.5 Hz, 1H; H-a), 4.16
(brd, J5,4=10.0 Hz, 1H; H-5C), 4.06 (ddt, Jgem=12.5, Ja’,b=6.0, Ja’,cc=Ja’,ct=
1.5 Hz, 1H; H-a’), 4.06 (ddd, J5,4=9.0, J5,6b=5.0, J5,6a=2.5 Hz, 1H; H-5A),
3.96 (br t, J3,2=J3,4=2.5 Hz, 1H; H-3D), 3.93 (t, J4,5=J4,3=10.0 Hz, 1H;
H-4C), 3.91 (t, J4,5=J4,3=9.0 Hz, 1H; H-4A), 3.91±3.89 (m, 1H; H-4D),
3.83 (s, 3H; PhOMe), 3.81 (t, J3,2=J3,4=10.0 Hz, 1H; H-3C), 3.73 (dd,
J3,2=10.0, J3,4=9.0 Hz, 1H; H-3A), 3.44 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H;
H-2C), 3.37 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2A) ppm; 13C NMR
(100.6 MHz, D2O): d=180.0, 179.1 (C=O, from HMBC), 163.3 (C-OMe
pMBn, from HMBC), 137.9, 137.6, 137.4, 137.2 (Cquat arom), 134.0 (C-b),
130.8, 129.5, 129.2, 128.9, 128.8, 128.6 (Carom), 118.4 (C-c), 114.2 (Cm


pMBn), 98.1 (C-1B, C-1D), 97.5 (C-1C), 96.5 (C-1A), 77.3 (C-3C), 77.2 (C-
3A), 75.4 (CH2Ph, C-3


B, C-4A), 75.1 (C-4B), 75.0 (CH2Ph), 73.4 (C-4C, C-
4D), 73.0 (CH2Ph), 72.9 (C-2B), 72.1 (CH2 pMBn), 71.7 (CH2Ph), 71.6 (C-
2D), 71.0 (C-3D), 69.7 (C-5C), 69.2 (C-5B), 69.1 (C-5A), 69.0 (C-a), 68.5 (C-
5D), 67.3 (C-6A), 66.9 (C-6C), 58.4 (C-2A), 57.9 (C-2C), 55.5 (CH3


pMBn) ppm; ESI MS: C63H68N2O40S6Na8: m/z (%): 438.6 (91) [M�5Na+
H]4�/4, 592.4 (100) [M�4Na+H]3�/3, 599.7 (76) [M�3Na]3�/3, 911.0 (32)
[M�2Na]2�/2.


Allyl [(3-O-benzyl-4-O-(4-methoxybenzyl)-2-O-sulfonato-a-l-idopyrano-
syluronate)-(1!4)-O-(3-O-benzyl-2-deoxy-2-sulfoamino-6-O-sulfonato-a-
d-glucopyranoside)-(1!4)-O-(-3-O-benzyl-2-O-sulfonato-a-l-idopyrano-
syluronate)-(1!4)-O-(3-O-benzyl-2-deoxy-2-sulfoamino-6-O-sulfonato-a-
d-glucopyranoside)-(1!4)-O-(3-O-benzyl-2-O-sulfonato-a-l-idopyrano-
syluronate)]-(1!4)-O-3-O-benzyl-2-deoxy-2-sulfoamino-6-O-sulfonato-a-
d-glucopyranoside nonasodium salt (22): Hexasaccharide 19 (35 mg,
13 mmol) was dissolved in a mixture of LiOH (42 mg, 1 mmol, 78 equiv),
water (240 mL) and H2O2 (35% in water, 260 mL, 3 mmol). After 48 h at
37 8C, AcOH (45 mL, 0.75 mmol) was added and the mixture was purified
as described above to give 22 (32 mg, 91%) as a nonasodium salt (98%
pure by HPLC analysis): 1H NMR (400 MHz, D2O): d=7.55±7.45 (m,
4H; Ph), 7.45±7.28 (m, 26H; Ph), 7.30 (d, J=8.5 Hz, 2H; Ph-OMe), 6.94
(d, J=8.5 Hz, 2H; Ph-OMe), 6.02 (dddd, Jb,ct=17.0, Jb,cc=10.5, Jb,a’=6.0,
Jb,a=5.5 Hz, 1H; H-b), 5.48 (br s, 1H; H-1B), 5.48 (br s, 1H; H-1D), 5.38
(dq, Jct,b=17.0, Jct,a=Jct,a’=Jgem=1.5 Hz, 1H; H-ct), 5.31 (d, J1,2=3.5 Hz,
1H; H-1C), 5.29 (br s, 1H; H-1F), 5.28 (d, J1,2=3.5 Hz, 1H; H-1E), 5.26
(dq, Jcc,b=10.5, Jcc,a=Jcc,a’=Jgem=1.5 Hz, 1H; H-cc), 5.14 (d, J1,2=3.5 Hz,
1H; H-1A), 4.88 (d, J=10.5 Hz, 1H; CH2Ph), 4.84 (d, J=11.0 Hz, 1H;
CH2Ph), 4.77 (d, J5,4=2.0 Hz, 1H; H-5D), 4.76 (d, J=11.0 Hz, 1H;
CH2Ph), 4.75 (d, J5,4=2.5 Hz, 1H; H-5B), 4.74 (d, J=11.0 Hz, 1H;
CH2Ph), 4.73 (d, J=11.0 Hz, 1H; CH2Ph), 4.72 (d, J=10.5 Hz, 1H;
CH2Ph), 4.68 (d, J5,4=1.5 Hz, 1H; H-5F), 4.66 (d, J=11.0 Hz, 1H;
CH2Ph), 4.64±4.59 (m, 4H; H-2B, H-2D, 2îCH2Ph), 4.50 (s, 2H; 2î
CH2Ph), 4.49 (d, J=12.0 Hz, 1H; CH2Ph), 4.46 (brd, J6a,6b=11.0 Hz, 1H;
H-6a


C or H-6a
E), 4.43±4.41 (m, 1H; H-2F), 4.42 (d, J=12.0 Hz, 1H;


CH2PhOMe), 4.39 (d, J=12.0 Hz, 1H; CH2PhOMe), 4.37 (br s, 2H; H-
6a


A, H-6b
A), 4.34 (brd, J6a,6b=11.0 Hz, 1H; H-6b


C or H-6b
E), 4.33 (brd,


J6a,6b=10.0 Hz, 1H; H-6a
C or H-6a


E), 4.29 (br t, J3,2=J3,4=3.0 Hz, 1H; H-
3D), 4.28 (brd, J6a,6b=10.0 Hz, 1H; H-6b


C or H-6b
E), 4.26 (br t, J3,2=J3,4=


3.5 Hz, 1H; H-3B), 4.26 (dd, J4,5=2.0, J4,3=3.0 Hz, 1H; H-4D), 4.24 (ddt,
Jgem=13.0, Ja,b=5.5, Ja,cc=Ja,ct=1.5 Hz, 1H; H-a), 4.23±4.21 (m, 1H; H-
4B), 4.12 (brd, J5,4=10.0 Hz, 1H; H-5C, H-5E), 4.10±4.05 (m, 1H; H-5A),
4.06 (ddt, Jgem=13.0, Ja’,b=6.0, Ja’,cc=Ja’,ct=1.5 Hz, 1H; H-a’), 3.94 (dd,
J4,5=10.0, J4,3=9.0 Hz, 1H; H-4C), 3.93 (dd, J4,5=10.0, J4,3=9.0 Hz, 1H;
H-4E), 3.94±3.92 (m, 1H; H-3F), 3.91 (dd, J4,5=10.0, J4,3=9.0 Hz, 1H; H-
4A), 3.90±3.87 (m, 1H; H-4F), 3.83 (s, 3H; PhOMe), 3.82 (dd, J3,2=10.5,
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J3,4=9.0 Hz, 1H; H-3E), 3.74 (dd, J3,2=10.5, J3,4=9.0 Hz, 1H; H-3A), 3.70
(dd, J3,2=10.5, J3,4=9.0 Hz, 1H; H-3C), 3.44 (dd, J2,3=10.5, J2,1=3.5 Hz,
1H; H-2E), 3.39 (dd, J2,3=10.5, J2,1=3.5 Hz, 1H; H-2C), 3.37 (dd, J2,3=
10.5, J2,1=3.5 Hz, 1H; H-2A) ppm; 13C NMR (100.6 MHz, D2O): d=


175.4, 174.7 (C=O), 158.9 (C-OMe pMBn), 137.9, 137.7, 137.6, 137.4,
137.2 (Cquat arom), 133.9 (C-b), 130.8, 130.0, 129.6, 129.5, 129.4, 129.1, 129.0,
128.9, 128.8, 128.6, 128.2 (Carom), 118.3 (C-c), 114.2 (Cm pMBn), 98.3 (C-
1C, C-1E), 98.0 (C-1D), 97.3 (C-1B), 97.2 (C-1F), 96.5 (C-1A), 77.8 (C-3C),
77.2 (C-3A), 77.1 (C-3E), 75.8 (CH2Ph), 75.4 (C-3D), 75.3 (C-4A, CH2Ph),
75.1 (C-4D, CH2Ph), 74.9 (C-4B, CH2Ph), 74.6 (C-3B), 73.3 (C-4F, C-4E),
73.0 (CH2Ph), 72.9 (CH2Ph), 72.7 (C-4C), 72.3 (C-2B), 72.1 (CH2Ph), 71.8
(C-2D, C-2F, CH2 pMBn), 71.0 (C-3F), 69.9 (C-5C or C-5E), 69.4 (C-5C or
C-5E), 69.3 (C-5A), 69.0 (C-a), 68.9 (C-5D), 68.5 (C-5F), 68.4 (C-5B), 67.3
(C-6A), 67.0 (C-6C), 66.9 (C-6E), 58.4 (C-2C), 58.3 (C-2E), 57.5 (C-2A), 55.6
(CH3 pMBn) ppm; ESI MS: C89H95N3O59S9Na12: m/z (%): 422.0 (53)
[M�8Na+2H]6�/6, 511.0 (100) [M�7Na+2H]5�/5, 649.8 (58)
[M�5Na+H]4�/4, 881.8 (26) [M�3Na]3�/3.


Allyl [(3-O-benzyl-4-O-(4-methoxybenzyl)-2-O-sulfonato-a-l-idopyrano-
syluronate)-(1!4)-O-(3-O-benzyl-2-deoxy-2-sulfoamino-6-O-sulfonato-a-
d-glucopyranoside)-(1!4)-O-(3-O-benzyl-2-O-sulfonato-a-l-idopyrano-
syluronate)-(1!4)-O-(3-O-benzyl-2-deoxy-2-sulfoamino-6-O-sulfonato-a-
d-glucopyranoside)-(1!4)-O-(3-O-benzyl-2-O-sulfonato-a-l-idopyrano-
syluronate)-(1!4)-O-(3-O-benzyl-2-deoxy-2-sulfoamino-6-O-sulfonato-a-
d-glucopyranoside)-(1!4)-O-(3-O-benzyl-2-O-sulfonato-a-l-idopyrano-
syluronate)]-(1!4)-O-3-O-benzyl-2-deoxy-2-sulfoamino-6-O-sulfonato-a-
d-glucopyranoside dodecasodium salt (23): Octasaccharide 19 (37 mg,
10.5 mmol) was dissolved in a mixture of LiOH (42 mg, 1 mmol,
95 equiv), water (240 mL) and H2O2 (35% in water, 260 mL, 3 mmol).
After 48 h at 37 8C, AcOH (45 mL, 0.75 mmol) was added and the mix-
ture was purified as described above to give 23 (30 mg, 80%) as a nona-
sodium salt (96% pure by HPLC analysis): 1H NMR (400 MHz, D2O)
d=7.55±7.45 (m, 8H; Ph), 7.45±7.31 (m, 32H; Ph), 7.29 (d, J=8.5 Hz,
2H; Ph-OMe), 6.94 (d, J=8.5 Hz, 2H; Ph-OMe), 6.01 (ddt, Jb,ct=17.0,
Jb,cc=10.5, Jb,a’=Jb,a=6.0 Hz, 1H; H-b), 5.49 (br s, 1H; H-1B), 5.47 (br s,
2H; H-1D, H-1F), 5.39 (dq, Jct,b=17.0, Jct,a=Jct,a’=Jgem=1.5 Hz, 1H; H-ct),
5.33 (d, J1,2=3.5 Hz, 1H; H-1G), 5.29 (br s, 1H; H-1H), 5.29 (d, J1,2=
3.5 Hz, 1H; H-1C(E)), 5.28 (d, J1,2=3.5 Hz, 1H; H-1E(C)), 5.27 (dq, Jcc,b=
10.5, Jcc,a=Jcc,a’=Jgem=1.5 Hz, 1H; H-cc), 5.15 (d, J1,2=3.5 Hz, 1H; H-
1A), 4.89 (d, J=10.5 Hz, 1H; CH2Ph), 4.88 (d, J=10.5 Hz, 1H; CH2Ph),
4.84 (d, J=11.0 Hz, 1H; CH2Ph), 4.79 (d, J=11.0 Hz, 1H; CH2Ph), 4.77
(d, J=11.0 Hz, 1H; CH2Ph), 4.78±4.76 (m, 1H; H-5B), 4.76 (d, J=
10.0 Hz, 1H; CH2Ph), 4.74±4.72 (m, 2H; H-5D, H-5F), 4.73 (d, J=
10.5 Hz, 1H; CH2Ph), 4.72 (d, J=10.5 Hz, 1H; CH2Ph), 4.68 (br s, 1H;
H-5H), 4.67 (d, J=11.0 Hz, 1H; CH2Ph), 4.64±4.61 (m, 2H; H-2B, H-
2D(F)), 4.61 (d, J=12.0 Hz, 1H; CH2Ph), 4.61 (d, J=10.0 Hz, 1H;
CH2Ph), 4.53 (s, 2H; 2îCH2Ph), 4.50 (d, J=12.0 Hz, 1H; CH2Ph), 4.49
(s, 2H; 2îCH2Ph), 4.48 (brd, J6a,6b=11.0 Hz, 1H; H-6a), 4.45 (brd,
J6a,6b=11.0 Hz, 1H; H-6a), 4.44 (d, J=12.0 Hz, 1H; CH2PhOMe), 4.44±
4.42 (m, 1H; H-2H), 4.40 (d, J=12.0 Hz, 1H; CH2PhOMe), 4.38 (br s,
2H; 2îH-6), 4.36 (brd, J=11.0 Hz, 1H; H-6), 4.33 (brd, J6a,6b=10.0 Hz,
1H; H-6), 4.32±4.20 (m, 8H; H-a, H-3B, H-3D, H-3F, H-4B, H-4D, H-4F,
2 H-6), 4.15±4.04 (m, 5H; H-a’, H-5A, H-5C, H-5E, H-5F), 3.95 (t, J4,5=
J4,3=10.0 Hz, 1H; H-4C(E)), 3.94 (dd, J4,5=J4,3=10.0 Hz, 1H; H-4E(C)),
3.95±3.93 (m, 1H; H-3H), 3.93 (dd, J4,5=J4,3=10.0 Hz, 1H; H-4G), 3.93
(dd, J4,5=J4,3=10.0 Hz, 1H; H-4A), 3.90±3.88 (m, 1H; H-4H), 3.83 (s, 3H;
PhOMe), 3.82 (t, J3,2=J3,4=10.0 Hz, 1H; H-3E(C)), 3.74 (t, J3,2=J3,4=
10.0 Hz, 1H; H-3A), 3.71 (t, J3,2=J3,4=10.0 Hz, 1H; H-3G), 3.70 (t, J3,2=
J3,4=10.0 Hz, 1H; H-3C(E)), 3.44 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2E(C)),
3.41 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2G), 3.40 (dd, J2,3=10.0, J2,1=
3.5 Hz, 1H; H-2C(E)), 3.37 (dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2A) ppm;
13C NMR (100.6 MHz, D2O): d=175.5, 174.6, 174.5 (C=O), 158.9 (C-
OMe pMBn), 137.9, 137.7, 137.6, 137.4, 137.3, 137.2 (Cquat arom), 133.9 (C-
b), 130.8, 130.0, 129.5, 129.4, 129.3, 129.1, 129.0, 128.9, 128.8, 128.7, 128.6,
128.5, 128.2 (Carom), 118.3 (C-c), 114.2 (Cm pMBn), 98.5 (C-1C(E)), 98.3 (C-
1G), 98.1 (C-1E(C)), 98.0 (C-1F(D) or C-1B), 97.5 (C-1D(F)), 97.4 (C-1F(D) or
C-1B), 97.2 (C-1H), 96.5 (C-1A), 77.9/77.8 (C-3C(E), C-3G), 77.2 (C-3A), 77.1
(C-3E(C)), 76.9 (CH2Ph), 76.8 (CH2Ph), 75.5/75.3/75.2/75.1/74.9/74.8 (C-3B,
C-3D, C-3F, C-4B, C-4D, C-4F, 2îCH2Ph), 73.3 (C-4G, C-4H), 73.0 (2î
CH2Ph), 72.9 (C-2F(D), C-4E(C)), 72.8 (CH2Ph), 72.7 (C-4C(E)), 72.1 (CH2


pMBn), 71.8 (C-2B, C-2D(F), C-2H, CH2Ph), 71.0 (C-3H), 70.0/69.9/69.4/69.3
(C-5A, C-5C, C-5E, C-5G), 69.1 (C-5B), 69.0 (C-a), 68.6 (C-5D or C-5F), 68.5


(C-5H, C-5D or C-5F), 67.3/67.1/67.0/67.9 (4îC-6), 58.4/58.3 (C-2C, C-2E,
C-2G), 57.5 (C-2A), 55.6 (CH3 pMBn); ESI MS: C115H122N4O78S12Na16: m/z
(%): 479.2 (64) [M�9Na+2H]7�/7, 565.5 (100) [M�7Na+H]6�/6, 683.5
(43) [M�6Na+H]5�/5, 867.1 (29) [M�4Na]4�/4.


1-Propyl [(2-O-sulfonato-a-l-idopyranosyluronate)-(1!4)-O-(2-deoxy-2-
sulfoamino-6-O-sulfonato-a-d-glucopyranoside)-(1!4)-O-(2-O-sulfona-
to-a-l-idopyranosyluronate)]-(1!4)-O-2-deoxy-2-sulfoamino-6-O-sulfo-
nato-a-d-glucopyranoside octasodium salt (24): Pd(OH)2 (20% on char-
coal, 10 mg) was added to a solution of tetrasaccharide 21 (2.5 mg,
1.3 mmol) in phosphate buffer (20 mm, pH 7.0, 200 mL). The mixture was
degassed and stirred for 48 h under hydrogen (1 atm), filtered and desalt-
ed on a PD-10 column (Pharmacia) to give 24 (1.7 mg, 94%): 1H NMR
(400 MHz, D2O): d=5.43 (d, J1,2=3.5 Hz, 1H; H-1C), 5.20 (d, J1,2=
3.5 Hz, 1H; H-1B), 5.17 (br s, 1H; H-1D), 5.13 (d, J1,2=3.5 Hz, 1H; H-1A),
4.86 (d, J5,4=1.5 Hz, 1H; H-5D), 4.74 (d, J5,4=3.0 Hz, 1H; H-5B), 4.35
(br s, 2H; H-6a


A, H-6b
A), 4.33±4.28 (m, 3H; H-2B, H-2D, H-6a


C), 4.26 (brd,
J6b,6a=11.5 Hz, 1H; H-6b


C), 4.17 (dd, J3,2=6.5, J3,4=3.5 Hz, 1H; H-3B),
4.08 (br t, J=3.5 Hz, 2H; H-3D, H-4B), 4.04±3.99 (m, 2H; H-5A, H-5C),
3.99±3.96 (m, 1H; H-4D), 3.80±3,72 (m, 2H; H-4A, H-4C), 3.72±3.64 (m,
3H; H-a, H-3A, H-3C), 3,49 (dt, Jgem=10.0, Ja’,b=6.5 Hz, 1H; H-a’), 3.27
(dd, J2,3=10.0, J2,1=3.5 Hz, 1H; H-2A), 3.26 (dd, J2,3=10.0, J2,1=3.5 Hz,
1H; H-2C), 1.62 (br sextet, J=7.0 Hz, 2H; H-b), 0.92 (t, J=7.0 Hz, 3H;
H-c) ppm; 13C NMR from HMQC (100.6 MHz, D2O): d=99.8 (C-1B, C-
1D), 97.2 (C-1A), 96.7 (C-1C), 77.1 (C-3A or C-3C), 77.0 (C-2B), 76.2 (C-4B),
74.4 (C-2D), 70.9 (C-4A, C-4C), 70.4 (C-a), 70.1 (C-3B), 69.1 (C-3D), 68.8
(C-5A, C-5C), 67.2 (C-6A), 66.4 (C-6C), 58.0 (C-2C, C-2A), 22.3 (C-b), 10.2
(C-c) ppm; ESI MS: C27H36N2O39S6Na8: m/z (%): 324.5 (62) [M�4Na]4�/
4, 440.3 (100) [M�3Na]3�/3, 672.0 (75) [M�2Na]2�/2.


1-Propyl [(2-O-sulfonato-a-l-idopyranosyluronate)-(1!4)-O-(2-deoxy-2-
sulfoamino-6-O-sulfonato-a-d-glucopyranoside)-(1!4)-O-(2-O-sulfona-
to-a-l-idopyranosyluronate)-(1!4)-O-(2-deoxy-2-sulfoamino-6-O-sulfo-
nato-a-d-glucopyranoside)-(1!4)-O-(2-O-sulfonato-a-l-idopyranosyluro-
nate)]-(1!4)-O-2-deoxy-2-sulfoamino-6-O-sulfonato-a-d-glucopyrano-
side dodecasodium salt (25): Hexasaccharide 22 (2.5 mg, 0.9 mmol) was
debenzylated as described above to give 25 (1.6 mg, 85%): 1H NMR
(400 MHz, D2O): d=5.44 (d, J1,2=3.5 Hz, 1H; H-1C(E)), 5.41 (d, J1,2=
3.5 Hz, 1H; H-1E(C)), 5.21 (brd, J1,2=3.5 Hz, 1H; H-1D), 5.20 (brd, J1,2=
3.5 Hz, 1H; H-1B), 5.17 (br s, 1H; H-1F), 5.13 (d, J1,2=3.5 Hz, 1H; H-1A),
4.86 (d, J5,4=1.5 Hz, 1H; H-5F), 4.82±4.84 (under HOD peak, H-5D), 4.75
(d, J5,4=3.0 Hz, 1H; H-5B), 4.41 (brd, J6a,5=11.5 Hz, 1H; H-6a


A or H-6a
C


or H-6a
E), 4.37±4.28 (m, 6H; H-2B, H-2D, H-2F, 2îH-6a


A or H-6a
C or H-


6a
E, H-6b


A or H-6b
C or H-6b


E), 4.26 (brd, J6b,6a=11.5, 2H; 2î H-6b
A or H-


6b
C or H-6b


E), 4.19 (dd, J3,2=6.5, J3,4=3.5 Hz, 1H; H-3D), 4.17 (dd, J3,2=
6.5, J3,4=3.5 Hz, 1H; H-3B), 4.13±4.08 (m, 3H; H-3F, H-4B, H-4D), 4.08±
3.99 (m, 3H; H-5A, H-5C, H-5E), 3.99±3.96 (m, 1H; H-4F), 3.81±3,71 (m,
3H; H-4A, H-4C, H-4E), 3.71±3.61 (m, 4H; H-a, H-3A, H-3C, H-3E), 3,49
(dt, Jgem=9.5, Ja’,b=6.5 Hz, 1H; H-a’), 3.27 (dd, J2,3=10.0, J2,1=3.5 Hz,
1H; H-2C(E)), 3.26 (dd, J2,3=10.0, J2,1=3.5 Hz, 2H; H-2A, H-2E(C)), 1.63
(br sextet, J=7.0 Hz, 2H; H-b), 0.92 (t, J=7.0 Hz, 3H; H-c) ppm;
13C NMR from HMQC (100.6 MHz, D2O): d=99.6 (C-1B, C-1D), 98.8 (C-
1F), 97.2 (C-1A, C-1C(E)), 96.6 (C-1E(C)), 77.2 (C-2B or C-2D or C-2F), 77.0
(C-3A or C-3C or C-3E), 76.7 (C-3A or C-3C or C-3E), 76.1 (C-2B or C-2D


or C-2F, C-4B or C-4D), 74.3 (C-2B or C-2D or C-2F), 70.4 (C-a, C-5A or C-
5C or C-5E), 70.6 (C-3D(B)), 69.5 (C-3B(D), C-5A or C-5C or C-5E), 69.1 (C-
3F), 69.0 (C-5F), 68.8 (C-5A or C-5C or C-5E), 67.2/66.5/66.3 (C-6A, C-6C,
C-6E), 58.3 (C-2A, C-2C, C-2E), 22.2 (C-b), 10.4 (C-c) ppm; ESI MS:
C39H51N3O58S9Na12: m/z (%): 383.5 (87) [M�6Na+H]5�/5, 388.0 (73)
[M�5Na]5�/5, 490.7 (100) [M�4Na]4�/4, 662.0 (78) [M�3Na]3�/3.


1-Propyl [(2-O-sulfonato-a-l-idopyranosyluronate)-(1!4)-O-(2-deoxy-2-
sulfoamino-6-O-sulfonato-a-d-glucopyranoside)-(1!4)-O-(2-O-sulfona-
to-a-l-idopyranosyluronate)-(1!4)-O-(2-deoxy-2-sulfoamino-6-O-sulfo-
nato-a-d-glucopyranoside)-(1!4)-O-(2-O-sulfonato-a-l-idopyranosyluro-
nate)-(1!4)-O-(2-deoxy-2-sulfoamino-6-O-sulfonato-a-d-glucopyrano-
side)-(1!4)-O-(2-O-sulfonato-a-l-idopyranosyluronate)]-(1!4)-O-2-
deoxy-2-sulfoamino-6-O-sulfonato-a-d-glucopyranoside hexadecasodium
salt (26): Octasaccharide 23 (2.5 mg, 0.7 mmol) was debenzylated as de-
scribed above to give 26 (1.9 mg, quant.): 1H NMR (400 MHz, D2O): d=
5.42 (d, J1,2=3.5 Hz, 1H; H-1G(C,E)), 5.41 (d, J1,2=3.5 Hz, 1H; H-1E(C,G)),
5.40 (d, J1,2=3.5 Hz, 1H; H-1C(E,G)), 5.26 (brd, J1,2=2.5 Hz, 1H; H-1F(D)),
5.23 (brd, J1,2=3.5 Hz, 1H; H-1B), 5.22 (brd, J1,2=3.5 Hz, 1H; H-1D(F)),
5.18 (br s, 1H; H-1H), 5.13 (d, J1,2=3.5 Hz, 1H; H-1A), 4.87±4.84 (partly
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under HOD peak, H-5D, H-5F, H-5H), 4.76 (d, J5,4=2.5 Hz, 1H; H-5D(B)),
4.40 (brd, J6a,5=11.5 Hz, 2H; 2îH-6a), 4.36±4.32 (m, 5H; H-2B, H-2F(D),
2îH-6a, H-6b), 4.32±4.29 (m, 2H; H-2D(F), H-2H), 4.26 (brd, J6b,6a=11.5,
3H; 3îH-6b), 4.22±4.18 (m, 2H; H-3B, H-3F(D)), 4.18 (dd, J3,2=6.5, J3,4=
3.5 Hz, 1H; H-3D(F)), 4.12±4.08 (m, 4H; H-3H; H-4B, H-4D, H-4F), 4.08±
3.99 (m, 4H; 4îH-5), 3.98 (br t, J=2.5 Hz, 1H; H-4F), 3.82±3,72 (m, 4H;
4îH-4), 3.72±3.64 (m, 5H; H-a, 4îH-3), 3.49 (dt, Jgem=9.5, Ja’,b=6.5 Hz,
1H; H-a’), 3.27 (dd, J2,3=10.0, J2,1=3.5 Hz, 2H; 2îH-2), 3.26 (dd, J2,3=
10.0, J2,1=3.5 Hz, 2H; 2îH-2), 1.63 (br sextet, J=7.0 Hz, 2H; H-b), 0.92
(t, J=7.0 Hz, 3H; H-c) ppm; ESI MS: C51H66N4O77S12Na16: m/z (%):
408.6 (100) [M�12Na+6H]6�/6, 408.6 (33) [M�11Na+5H]6�/6, 426.8
(69) [M�7Na+H]6�/6.


Glycoconjugate 30a : In a glass screw-capped tube bis-thioPEG 27
(8.5 mL of a 0.2m solution in degassed water, 1.7 mmol) was added to
lyophilised tetrasaccharide 21 (8 mg, 4.28 mmol, 2.5 equiv). The resulting
viscous solution was irradiated with UV for 4 h with periodical centrifu-
gation to allow stirring of the solution, then diluted with water (500 mL).
An Ellman×s test[72] performed on an aliquot of this solution confirmed
completion of the reaction. The glycoconjugate was then directly purified
by using reversed-phase semipreparative HPLC, followed by ion ex-
change on BioRad AG50W-X8 200 (Na+ , 1.5 mL) resin after removal of
AcOH-NEt3 salts by lyophilisation (2î1mL H2O) and desalting with a
Pharmacia PD-10 prepacked column. Compound 30a (4.6 mg, 66%) was
obtained as a hexadecasodium salt (95% pure by HPLC analysis):
1H NMR (400 MHz, D2O): d=7.53±7.43 (m, 8H; Ph), 7.43±7.31 (m,
32H; Ph), 7.29 (d, J=8.5 Hz, 4H; Ph-OMe), 6.94 (d, J=8.5 Hz, 4H; Ph-
OMe), 5.42 (br s, 2H; 2îH-1B), 5.32 (d, J1,2=3.5 Hz, 2H; 2îH-1C), 5.31
(br s, 2H; 2îH-1D), 5.06 (d, J1,2=3.5 Hz, 2H; 2îH-1A), 4.85 (d, J=
11.0 Hz, 2H; 2îCH2Ph), 4.82±4.79 (under HOD signal, 2îH-5B), 4.77
(d, J=11.0 Hz, 4H; 4îCH2Ph), 4.73 (d, J=11.0 Hz, 2H; 2îCH2Ph), 4.69
(d, J5,4=2.0 Hz, 1H; 2îH-5D), 4.64 (d, J=12.5 Hz, 2H; 2îCH2Ph), 4.62
(d, J=11.0 Hz, 2H; 2îCH2Ph), 4.62±4.60 (m, 2H; 2îH-2B), 4.58 (d, J=
11.0 Hz, 2H; 2îCH2Ph), 4.50 (d, J=12.5 Hz, 2H; 2îCH2Ph), 4.45 (br s,
2H; 2îH-2D), 4.42 (s, 4H; 4îCH2PhOMe), 4.40 (brd, J6a,6b=12.5, 2H;
2îH-6a


A), 4.33 (dd, J6b,6a=12.5, J6b,5=5.0 Hz, 2H; 2îH-6b
A), 4.32±4.26


(m, 6H; 2îH-3B, 2îH-6a
C, 2îH-6b


C), 4.25 (br s, 2H; 2îH-4B), 4.16 (brd,
J5,4=10.0 Hz, 2H; 2îH-5C), 4.03 (ddd, J5,4=10.0, J5,6b=5.0, J5,6a=3.0 Hz,
2H; 2îH-5A), 3.98±3.92 (m, 4H; 2îH-3D, 2îH-4C), 3.92±3.86 (m, 4H;
2îH-4A, 2îH-4D), 3.86±3.78 (m with s at d=3.83, 10H; 2îH-3C, 2îH-a,
2îPhOMe), 3.74±3.58 (m, 26H; 2îOCH2CH2S, CH2 PEG, 2îH-3A),
3.52 (dt, Jgem=10.0, Ja’,b=7.0, 2H; 2îH-a’), 3.44 (dd, J2,3=10.5, J2,1=
3.5 Hz, 2H; 2îH-2C), 3.34 (dd, J2,3=10.5, J2,1=3.5 Hz, 2H; 2îH-2A),
2.76 (t, J=6.5 Hz, 4H; 2îOCH2CH2S), 2.70 (br t, J=7.0 Hz, 4H; 4îH-
c), 1.95 (brdq, J=14.0, J=7.0 Hz, 2H; 2îH-b), 1.90 (brdq, J=14.0, J=
7.0 Hz, 2H; 2îH-b’) ppm; 13C NMR from HMQC (100.6 MHz, D2O; ar-
omatic protons were not included in the spectral window; due to a limit-
ed signal-to-noise ratio, some cross-peaks were not detected): d=98.3
(C-1B), 98.4 (C-1C, C-1D), 97.2 (C-1A), 75.3 (C-4B), 75.2 (2îCH2Ph), 75.1
(C-3B), 75.6 (C-4A), 73.3 (C-4D), 72.8 (CH2Ph), 72.3 (C-2B), 72.0 (CH2


pMBn), 71.9 (CH2Ph), 71.6 (C-2D), 71.0 (C-3D), 70.7±69.0 (C PEG), 68.8
(C-5B), 68.6 (C-5D), 67.3 (C-6A), 67.0 (C-6C), 58.5 (C-2A), 57.7 (C-2C), 55.6
(CH3 pMBn), 31.0 (OCH2CH2S), 29.0 (C-c), 9.5 (C-b) ppm; ESI MS:
C140H166N4O86S14Na16: m/z (%): 483.5 (45) [M�10Na+2H]8�/8, 559.1 (80)
[M�8Na+H]7�/7, 656.0 (100) [M�7Na+H]6�/6, 796.2 (32) [M�5Na]5�/5.


Glycoconjugate 30c : Bis(thio)PEG 29 (6.5 mL of a 0.2m solution in de-
gassed water, 1.3 mmol) and lyophilised tetrasaccharide 21 (7 mg,
3.74 mmol, 2.5 equiv) were treated as described above to give compound
30c (2.7 mg, 39%) as a hexadecasodium salt (97% pure by HPLC analy-
sis): The 1H NMR (400 MHz, D2O) spectrum of compound 30c was su-
perimposable on that of 30a except at d=3.75±3.60 (m, 134H; 2î
OCH2CH2S, CH2 PEG, 2îH-3A) ppm; ESI MS: C194H274N4O113S14Na16:
m/z (%): 551.8 (55) [M�14Na+5H]9�/9, 623.9 (79) [M�13Na+5H]8�/8,
632.1 (100) [M�10Na+2H]8�/8, 713.0 (95) [M�13Na+6H]7�/7, 716.1
(91) [M�12Na+5H]7�/7, 846.5 (67) [M�9Na+3H]6�/6, 853.7 (61)
[M�7Na+H]6�/6, 1024.7 (29) [M�7Na+2H]5�/5.


Glycoconjugate 31a: Bis(thio)PEG 27 (6.0 mL of a 0.2m solution in de-
gassed water, 1.2 mmol) and lyophilised hexasaccharide 22 (9 mg,
3.30 mmol, 2.8 equiv) were treated as described above to give compound
31a (3.7 mg, 54%) as a tetracosasodium salt (96% pure by HPLC analy-
sis): 1H NMR (400 MHz, D2O): d=7.56±7.49 (m, 8H; Ph), 7.49±7.31 (m,
52H; Ph), 7.28 (d, J=8.5 Hz, 4H; Ph-OMe), 6.94 (d, J=8.5 Hz, 4H; Ph-


OMe), 5.46 (br s, 4H; 2îH-1B, 2îH-1D), 5.31 (d, J1,2=3.5 Hz, 2H; 2îH-
1C(E)), 5.30±5.28 (m, 2H; 2îH-1F), 5.27 (d, J1,2=3.5 Hz, 2H; 2îH-1E(C)),
5.08 (d, J1,2=3.5 Hz, 2H; 2îH-1A), 4.89 (d, J=11.0 Hz, 2H; 2îCH2Ph),
4.86 (d, J=11.0 Hz, 2H; 2îCH2Ph), 4.84 (br s, 2H; 2îH-5D(B)), 4.77 (d,
J=11.0 Hz, 2H; 2îCH2Ph), 4.79 (br s, 2H; 2îH-5B(D)), 4.77±4.72 (under
HOD signal, 4îCH2Ph), 4.72 (d, J=11.0 Hz, 2H; 2îCH2Ph), 4.69 (br s,
2H; 2îH-5F), 4.68 (d, J=11.0 Hz, 2H; 2îCH2Ph), 4.65±4.59 (m, 10H;
2îH-2B, 2îH-2D, 6îCH2Ph), 4.56 (d, J=11.0 Hz, 2H; 2îCH2Ph), 4.48
(d, J=12.5 Hz, 2H; 2îCH2Ph), 4.46 (m, 10H; 2îH-2F, 4îH-6a, 4î
CH2PhOMe), 4.38 (d, J=11.0 Hz, 2H; 2îCH2Ph), 4.33 (dd, J6b,6a=11.0,
J6b,5=5.5 Hz, 2H; 2îH-6b), 4.33±4.27 (m, 6H; 2îH-3B, 2îH-3D, 2îH-
6b), 4.27±4.21 (m, 6H; 2îH-4D(B), 4îH-6), 4.16 (br s, 2H; 2îH-4B(D)),
4.08±4.00 (m, 6H; 2îH-5A, 2îH-5C, 2îH-5E), 3.96 (br t, J=2.0 Hz, 2î
H-3F), 3.95±3.92 (m, 6H; 2îH-4A, 2îH-4C, 2îH-4E), 3.86 (br s, 2H; 2î
H-4H), 3.86±3.79 (m with s at d=3.83, 8H; 2îH-a, 2îPhOMe), 3.77
(br t, J=10.5, 2H; 2îH-3C(E)), 3.71 (t, J=6.5 Hz, 4H; 2îOCH2CH2S),
3.74±3.60 (m, 24H; CH2 PEG, 2îH-3A, 2îH-3E(C)), 3.56 (dt, Jgem=10.0,
Ja’,b=7.0, 2H; 2îH-a’), 3.43 (dd, J2,3=10.5, J2,1=3.5 Hz, 2H; 2îH-2C(E)),
3.41 (dd, J2,3=10.5, J2,1=3.5 Hz, 2H; 2îH-2E(C)), 3.37 (dd, J2,3=10.5,
J2,1=3.5 Hz, 2H; 2îH-2A), 2.77 (t, J=6.5 Hz, 4H; 2îOCH2CH2S), 2.72
(br t, J=7.0 Hz, 4H; 4îH-c), 1.96 (brdq, J=14.0, J=7.0 Hz, 2H; 2îH-
b), 1.91 (brdq, J=14.0, J=7.0 Hz, 2H; 2îH-b’) ppm; 13C NMR from
HMQC (100.6 MHz, D2O; the spectral width did not include aromatic
protons; due to a limited signal-to-noise ratio, some cross-peaks were not
detected): d=98.7 (C-1C, C-1E), 98.5 (C-1B, C-1D), 97.3 (C-1A), 75.3 (C-
4B(D)), 75.1 (C-4D(B)), 75.2 (2îCH2Ph), 75.3 (C-4B(D)), 75.1 (C-3D(B), C-
4D(B)), 74.8 (C-3B(D)), 73.1 (C-4F), 72.9 (2îCH2Ph), 72.0 (C-2F, CH2


pMBn), 72.1 (CH2Ph, C-2
B, C-2D), 71.0 (C-3F), 70.7±69.0 (C PEG), 68.7


(C-a), 68.6 (C-5F(B,D), C-5H), 68.6 (C-5F), 66.9 (C-6), 55.6 (CH3 pMBn),
31.1 (OCH2CH2S), 29.0 (C-c) ppm; ESI MS: C192H220N6O124S20Na24: m/z
(%): 553.0 (43) [M�11Na+H]10�/10, 617.0 (84) [M�10Na+H]9�/9, 697.2
(100) [M�9Na+2H]8�/8, 803.4 (68) [M�7Na]7�/7, 940.1 (32) [M�6Na]6�/
6.


Glycoconjugate 31c : Bis(thio)PEG 29 (6.0 mL of a 0.2m solution in de-
gassed water, 1.2 mmol) and lyophilised hexasaccharide 22 (9 mg,
3.30 mmol, 2.8 equiv) were treated as described above to give compound
31c (4.7 mg, 56%) as a tetracosasodium salt (96% pure by HPLC analy-
sis): The 1H NMR (400 MHz, D2O) spectrum of compound 31c was su-
perimposable on that of 31a except at d=3.76±3.60 (m, 136H; CH2 PEG,
2îOCH2CH2S, 2îH-3A, 2îH-3E) ppm; ESI MS: C246H328N6O151S20Na24:
m/z (%): 547.3 (35) [M�18Na+6H]12�/12, 596.8 (59) [M�18Na+7H]11�/
11, 660.7 (81) [M�16Na+6H]10�/10, 730.3 (100) [M�18Na+9H]9�/9,
737.1 (92) [M�15Na+6H]9�/9, 746.9 (80) [M�11Na+2H]9�/9, 840.5 (65)
[M�11Na+3H]8�/8, 951.1 (35) [M�14Na+7H]7�/7.


Glycoconjugate 32a : Bis(thio)PEG 27 (4.5 mL of a 0.2m solution in de-
gassed water, 0.9 mmol) and lyophilised octasaccharide 23 (9 mg,
2.52 mmol, 2.8 equiv) were treated as described above to give compound
32a (2.3 mg, 34%) as a dotriacontasodium salt (92% pure by HPLC
analysis): The 1H NMR (400 MHz, D2O) spectrum of compound 32a was
superimposable on that of 32b except at d=3.75±3.60 (m, 26H; CH2


PEG, 2îH-3A, 4îH-3C or H-3E or H-3G) ppm; ESI MS:
C244H274N8O162S26Na32: m/z (%): 594.1 (50) [M�15Na+3H]12�/12, 652.4
(88) [M�13Na+2H]11�/11, 719.7 (81) [M�12Na+2H]10�/10, 724.4 (77)
[M�10Na]10�/10, 807.4 (100) [M�9Na]9�/9, 911.0 (76) [M�8Na]8�/8.


Glycoconjugate 32b : Bis(thio)PEG 28 (12 mL of a 0.2m solution in de-
gassed water, 2.4 mmol) and lyophilised octasaccharide 23 (24 mg,
6.70 mmol, 2.8 equiv) were treated as described above to give compound
32b (9.4 mg, 51%) as a dotriacontasodium salt (97% pure by HPLC
analysis): 1H NMR (400 MHz, D2O) d=7.58±7.49 (m, 8H; Ph), 7.43±7.26
(m, 76H; Ph, Ph-OMe), 6.94 (d, J=8.5 Hz, 4H; Ph-OMe), 5.49 (br s, 2H;
2îH-1B(D,F)), 5.46 (br s, 2H; 2îH-1D(B,F)), 5.45 (br s, 2H; 2îH-1F(B,D)),
5.32 (d, J1,2=3.5 Hz, 2H; 2îH-1G(C,E)), 5.28 (br s, 6H; 2îH-1H, 2îH-
1C(G), 2îH-1E(G)), 5.08 (d, J1,2=3.5 Hz, 2H; 2îH-1A), 4.91 (d, J=10.0 Hz,
2H; 2îCH2Ph), 4.88 (d, J=10.0 Hz, 2H; 2îCH2Ph), 4.86 (d, J=11.5 Hz,
2H; 2îCH2Ph), 4.85±4.79 (under HOD signal, 2îH-5B, 2îH-5D, 2îH-
5F, 8îCH2Ph), 4.78 (d, J=11.5 Hz, 2H; 2îCH2Ph), 4.74 (d, J=10.0 Hz,
2H; 2îCH2Ph), 4.73 (d, J=10.0 Hz, 2H; 2îCH2Ph), 4.72 (d, J=10.0 Hz,
2H; 2îCH2Ph), 4.69 (br s, 2H; 2îH-5H), 4.67 (d, J=10.0 Hz, 2H; 2î
CH2Ph), 4.65±4.59 (m, 8H; H-2B, H-2D, H-2D, 2îCH2Ph), 4.59 (d, J=
10.0 Hz, 4H; 4îCH2Ph), 4.55±4.49 (m, 2H; 2îH-6a), 4.51 (d, J=12.0 Hz,
2H; 2îCH2Ph), 4.46±4.39 (m, 10H; 2îH-2H, 4îH-6, 2îCH2PhOMe)
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4.39±4.21 (m, 18H; 2îH-3B, 2îH-3D, 2îH-3F, 2îH-4B(D,F), 10îH-6),
4.20±4.14 (br s, 4H; 2îH-4D(B,F), 2îH-4F(B,D)), 4.08±4.00 (m, 8H; 2îH-5A,
2îH-5C, 2îH-5E, 2îH-5G), 3.96 (br s, 2H; 2îH-3H), 3.96±3.86 (m, 8H;
2îH-4A, 2îH-4C, 2îH-4E, 2îH-4G), 3.86 (br s, 2H; 2îH-4H), 3.86±3.79
(m with s at d=3.83, 8H; 2îH-a, 2îPhOMe), 3.76 (br t, J=10.0, 2H; 2î
H-3C or H-3E or H-3G), 3.72 (t, J=6.5 Hz, 4H; 2îOCH2CH2S), 3.75±3.60
(m, 46H; CH2 PEG, 2îH-3A, 4îH-3C or H-3E or H-3G), 3.56 (brdt,
Jgem=10.0, Ja’,b=7.0 Hz, 2H; 2îH-a’), 3.45±3.38 (m, 6H; 2îH-2C, 2îH-
2E, 2îH-2G), 3.37 (dd, J2,3=10.0, J2,1=3.5 Hz, 2H; 2îH-2A), 2.78 (t, J=
6.5 Hz, 4H; 2îOCH2CH2S), 2.73 (br t, J=7.0 Hz, 4H; 4îH-c), 1.97
(brdq, J=14.0, J=7.0 Hz, 2H; 2îH-b), 1.92 (brdq, J=14.0, J=7.0 Hz,
2H; 2îH-b’) ppm; 13C NMR from HMQC (100.6 MHz, D2O; due to a
limited signal-to-noise ratio, some cross-peaks were not detected): d=
130.8 (Co pMBn), 130.5±128.0 (Carom), 114.3 (Cm pMBn), 98.9 (C-1C(E,G)),
98.6 (C-1E(C,G), C-1G(C,E), C-1H), 97.3 (C-1A), 75.5 (CH2Ph), 75.2 (C-4F(B,D)),
75.1 (C-3B(D,F), C-4B(D,F), C-4D(B,F), CH2Ph), 75.0 (C-3F(B,D)), 74.9 (C-3D(B,F)),
73.6±72.4 (CH2Ph), 73.3 (C-4H), 72.1 (C-2B, C-2D, C-2F), 72.0 (C-2H, CH2


pMBn), 71.8 (CH2Ph), 71.0 (C-3H), 70.7±69.0 (C PEG), 68.6 (C-5F(B,D), C-
5H), 68.5 (C-5B(D,F), C-5D(B,F)), 67.0 (C-6), 58.7/58.5 (C-2A, C-2C, C-2E, C-
2F), 55.5 (CH3 pMBn), 31.0 (OCH2CH2S), 29.0 (C-c) ppm; ESI MS:
C254H294N8O167S26Na32: m/z (%): 614.9 (74) [M�14Na+2H]12�/12, 672.1
(95) [M�13Na+2H]11�/11, 744.4 (100) [M�11Na+H]10�/10, 832.1 (96)
[M�9Na]9�/9, 936.2 (45) [M�9Na+H]8�/8, 939.2 (47) [M�8Na]8�/8.


Glycoconjugate 32c : Bis(thio)PEG 29 (4.5 mL of a 0.2m solution in de-
gassed water, 0.9 mmol) and lyophilised octasaccharide 23 (9 mg,
2.52 mmol, 2.8 equiv) were treated as described above to give compound
32c (5.0 mg, 64%) as a dotriacontasodium salt (97% pure by HPLC
analysis): The 1H NMR (400 MHz, D2O) spectrum of compound 30c was
superimposable on that of 30a except at d=3.77±3.60 (m, 138H; 2î
OCH2CH2S, CH2 PEG, 2îH-3A, 4îH-3C or H-3E or H-3G) ppm; ESI
MS: C298H382N8O189S26Na32: m/z (%): 688.1 (91) [M�18Na+6H]12�/12,
756.5 (100) [M�15Na+4H]11�/11, 825.1 (100) [M�18Na+8H]10�/10,
836.7 (75) [M�13Na+3H]10�/10, 937.6 (59) [M�10Na+H]9�/9.


Glycoconjugate 33b : Bis(thio)PEG 28 (7 mL of a 0.2m solution in de-
gassed water, 1.4 mmol) and lyophilised tetrasaccharide 21 (6.4 mg,
3.50 mmol, 2.5 equiv) were irradiated with UV as described above. The in-
termediate glycoconjugate 30b was diluted with water (60 mL) and
K2HPO4 (30 mL, 0.8m in water) and oxidised with oxone (potassium mo-
nopersulfate triple salt, 56 mL, 0.2m in water, 11.2 mmol, 8 equiv). After
4 h at room temperature, excess oxidant was reduced with Na2S2O3


(84 mL, 0.4m in water). The mixture was then directly purified by using
reversed-phase semipreparative HPLC, followed by ion exchange on
BioRad AG50W-X8 200 (Na+ , 1.5 mL) resin after removal of AcOH-
NEt3 salts by lyophilisation (2î1mL H2O) and desalting by using a Phar-
macia PD-10 prepacked column. Compound 33b (1.4 mg, 23%) was ob-
tained as a hexadecasodium salt (96% pure by HPLC analysis): 1H NMR
(400 MHz, D2O): d=7.53±7.45 (m, 8H; Ph), 7.45±7.31 (m, 32H; Ph), 7.30
(d, J=8.5 Hz, 4H; Ph-OMe), 6.94 (d, J=8.5 Hz, 4H; Ph-OMe), 5.44
(br s, 2H; 2îH-1B(D)), 5.37 (br s, 2H; 2îH-1D(B)), 5.31 (br s, 2H; 2îH-
1C), 5.09 (br s, 2H; 2îH-1A), 4.80 (under HOD signal, 2îH-5B, 2îH-5D,
2îCH2Ph), 4.76 (d, J=11.0 Hz, 4H; 4îCH2Ph), 4.73 (d, J=12.0 Hz, 2H;
2îCH2Ph), 4.65 (d, J=11.0 Hz, 2H; 2îCH2Ph), 4.63 (d, J=12.0 Hz, 2H;
2îCH2Ph), 4.60 (br s, 2H; 2îH-2B(D)), 4.60 (d, J=12.0 Hz, 2H; 2î
CH2Ph), 4.51 (d, J=12.0 Hz, 2H; 2îCH2Ph), 4.45 (br s, 2H; 2îH-2D(B)),
4.42 (m, 4H; 4îCH2PhOMe), 4.40 (brd, J6a,6b=11.0, 2H; 2îH-6a


A), 4.33
(dd, J6b,6a=11.0, J6b,5=5.0 Hz, 2H; 2îH-6b


A), 4.32±4.26 (m, 6H; 2îH-
3B(D), 4îH-6), 4.24 (br s, 2H; 2îH-4B(D)), 4.19 (br s, 2H; 2îH-5), 4.05±
3.94 (m, 10H; 2îH-3D(B), 2îH-4C, 2îH-5A, 2îOCH2CH2SO2), 3.94±3.84
(m, 8H; 2îH-3C, 2îH-4A, 2îH-4D(B), 2îH-a), 3.83 (s, 6H; 2îPhOMe),
3.73±3.63 (m, 42H; CH2 PEG, 2îH-3A), 3.59 (dt, Jgem=10.0, Ja’,b=6.0,
2H; 2îH-a’), 3.51 (t, J=5.0 Hz, 4H; 2îOCH2CH2SO2), 3.45 (brd, J2,3=
10.0 Hz, 2H; 2îH-2C), 3.39 (br t, J=7.0 Hz, 4H; 4îH-c), 3.36 (brd, J2,3=
10.0 Hz, 2H; 2îH-2A), 2.22±2.10 (m, 4H; 4îH-b) ppm; ESI MS:
C150H186N4O96S14Na16: m/z (%): 518.2 (65) [M�10Na+2H]8�/8, 599.4 (93)
[M�8Na+H]7�/7, 602.1 (100) [M�7Na]7�/7, 703.4 (75) [M�7Na+H]6�/6,
706.4 (87) [M�6Na]6�/6, 852.7 (58) [M�5Na]5�/5.


Glycoconjugate 34b : Bis(thio)PEG 28 (6.5 mL of a 0.2m solution in de-
gassed water, 1.3 mmol) and lyophilised hexasaccharide 22 (8.0 mg,
2.9 mmol, 2.3 equiv) were treated as described for compound 33b. Glyco-
conjugate 34b (2.4 mg, 31%) was thus obtained as a tetracosasodium salt
salt (98% pure by HPLC analysis): 1H NMR (400 MHz, D2O): d=7.55±


7.45 (m, 12H; Ph), 7.45±7.32 (m, 48H; Ph), 7.29 (d, J=8.5 Hz, 4H; Ph-
OMe), 6.93 (d, J=8.5 Hz, 4H; Ph-OMe), 5.48 (br s, 2H; 2îH-1B(D)), 5.42
(br s, 2H; 2îH-1D(B)), 5.32 (br s, 4H; 2îH-1C(E), 2îH-1F), 5.28 (br s, 2H;
2îH-1E(C)), 5.09 (br s, 2H; 2îH-1A), 4.88 (d, J=12.0 Hz, 2H; 2îCH2Ph),
4.86±4.79 (under HOD signal, 2îH-5B, 2îH-5D, 2îH-5F, 4îCH2Ph),
4.78 (d, J=11.0 Hz, 2H; 2îCH2Ph), 4.75 (d, J=12.0 Hz, 2H; 2îCH2Ph),
4.72 (d, J=12.0 Hz, 2H; 2îCH2Ph), 4.66 (d, J=11.0 Hz, 2H; 2îCH2Ph),
4.64±4.58 (m, 8H; 2îH-2B, 2îH-2D, 4îCH2Ph), 4.57 (d, J=12.0 Hz, 2H;
2îCH2Ph), 4.49 (d, J=11.0 Hz, 4H; 4îCH2Ph), 4.46±4.38 (m, 10H; 2î
H-2F, 2îH-6a


A, 2îH-6a
C or H-6a


E, 4îCH2PhOMe), 4.33 (dd, J6b,6a=12.0,
J6b,5=5.0 Hz, 2H; 2îH-6b


A), 4.32±4.23 (m, 12H; 2îH-3B, 2îH-3D, 2îH-
4D(B), 6îH-6), 4.22 (br s, 2H; 2îH-4B(D)), 4.16±4.08 (m, 4H; 2îH-5C, 2î
H-5E), 4.04±4.00 (m, 2H; 2îH-5A), 3.99 (br t, J=5.0 Hz, 4H; 2î
OCH2CH2SO2), 3.98±3.84 (m, 14H; 2îH-3F, 2îH-4A, 2îH-4C, 2îH-4E,
2îH-a, 2îH-4H, 2îH-3E(C)), 3.82 (s, 6H; 2îPhOMe), 3.73±3.63 (m,
44H; CH2 PEG, 2îH-3A, 2îH-3C(E)), 3.58 (dt, Jgem=10.0, Ja’,b=6.0 Hz,
2H; 2îH-a’), 3.51 (t, J=5.0 Hz, 4H; 2îOCH2CH2SO2), 3.44 (brd, J2,3=
10.0 Hz, 2H; 2îH-2E(C)), 3.38 (br t, J=7.0 Hz, 4H; 4îH-c), 3.38 (brd,
J2,3=10.0 Hz, 2H; 2îH-2C(E)), 3.36 (brd, J2,3=10.0 Hz, 2H; 2îH-2A),
2.21±2.10 (m, 4H; 4îH-b) ppm; ESI MS: C202H240N6O133S20Na24: m/z
(%): 581.0 (64) [M�11Na+H]10�/10, 648.8 (100) [M�10Na+H]9�/9, 735.4
(85) [M�8Na]8�/8, 841.3 (68) [M�8Na+H]7�/7.


Glycoconjugate 1a : Compound 30a (4.65 mg, 0.88 mmol) was oxidised as
described for compound 30b to give compound 33a. After desalting,
Pd(OH)2 (20% on charcoal, 25 mg) was added to a solution of 33a in
phosphate buffer (100mm, pH 7.0, 300 mL) and MeOH (200 mL). The
mixture was degassed and stirred for 6 d under hydrogen (1 atm). The
mixture was filtered over ultrafree-MC filters (Amicon) and the charcoal
was rinsed with CH3CN/H2O (1:1, 3î200 mL) in order to desorb com-
pound 33a from the charcoal. The resulting solution was desalted on a
PD-10 column (Pharmacia) and lyophilysed to give 33a (2.4 mg, 85%):
1H NMR (400 MHz, D2O): d=5.42 (d, J1,2=3.5 Hz, 2H; 2îH-1C), 5.19
(d, J1,2=2.5 Hz, 2H; 2îH-1B), 5.17 (br s, 2H; 2îH-1D), 5.15 (d, J1,2=
3.5 Hz, 2H; 2îH-1A), 4.81 (under HOD peak, 2îH-5D), 4.75 (br s, 2H;
2îH-5B), 4.38±4.33 (m, 4H; 2îH-6a


A(C), 2îH-6b
A(C)), 4.33±4.28 (m, 6H;


2îH-2B, 2îH-2D, 2îH-6a
C(A)), 4.26 (brd, J6b,6a=11.5 Hz, 2H; 2îH-


6b
C(A)), 4.18 (dd, J3,2=6.0, J3,4=4.0 Hz, 2H; 2îH-3B), 4.13±4.08 (m, 4H;


2îH-3D, 2îH-4B), 4.07±3.96 (m, 10H; 2îH-5C, 2îOCH2CH2SO2 (d=
4.02, t, J=5.5 Hz), 2îH-5A, 2îH-4D), 3.87 (dt, Jgem=10.0, Ja’,b=5.5 Hz,
2H; 2îH-a), 3.80±3.60 (m, 30H; 2îH-4A, 2îH-4C, 2îCH2 PEG, 2îH-
3A, 2îH-3C, 2îH-a’), 3.55 (t, J=5.5 Hz, 4H; 2îOCH2CH2SO2), 3.42
(dd, J=9.0, 7.0 Hz, 4H; 4îH-c), 3.28 (dd, J2,3=10.0, J2,1=3.5 Hz, 2H; 2î
H-2A), 3.26 (dd, J2,3=10.0, J2,1=3.5 Hz, 2H; 2îH-2C), 2.21±2.11 (m, 4H;
4îH-b) ppm; 13C NMR from HMQC (100.6 MHz, D2O): d=99.7 (C-1B),
99.4 (C-1D), 97.3 (C-1A), 96.6 (C-1C), 76.9 (C-4A, C-4C), 76.5 (C-2B(D)),
76.1 (C-4B), 74.1 (C-2D), 69.9 (CH2 PEG, C-5B, C-4A, C-4C), 69.6 (C-3B),
69.4 (C-5C(A)), 69.3 (C-4D, C-5C),69.1 (C-3D), 69.0 (C-5D), 67.1 (C-6A(C)),
66.6 (C-6C(A)), 66.3 (C-a), 63.7 (OCH2CH2SO2), 58.2 (C-2C, C-2A), 52.3
(OCH2CH2SO2), 51.2 (C-c), 21.5 (C-b) ppm.


Glycoconjugate 1b : Compound 33b (0.9 mg, 0.2 mmol) was debenzylated
and purified as described for 33a to give 1b (0.7 mg, quant.): The
1H NMR (400 MHz, D2O) spectrum of compound 1b was superimposa-
ble on that of 1a except at d=3.82±3.60 (m, 50H; 2îH-4A, 2îH-4C, CH2


PEG, 2îH-3A, 2îH-3C, 2îH-a’) ppm; ESI MS: C78H122N4O93S14Na16: m/z
(%): 401.8 (80) [M�9Na+H]8�/8, 459.3 (100) [M�9Na+2H]7�/7, 546.9
(59) [M�6Na]6�/6.


Neoglycoconjugate 1c : Compound 30c (2.6 mg, 0.48 mmol) was oxidised
and debenzylated as described for compound 30a to give 1c (2.2 mg,
quant.): The 1H NMR (400 MHz, D2O) spectrum of compound 1c was
superimposable on that of 1a except at d=3.82±3.60 (m, 138H; 2îH-4A,
2îH-4C, CH2 PEG, 2îH-3A, 2îH-3C, 2îH-a’) ppm.


Neoglycoconjugate 2a : Compound 31a (3.0 mg, 0.51 mmol) was oxidised
and debenzylated as described for compound 30a to give 2a (1.7 mg,
74%): The 1H NMR (400 MHz, D2O) spectrum of compound 2a was su-
perimposable on that of 2c except at d=3.82±3.60 (m, 34H; 2îH-4A, 2î
H-4C, 2îH-4E, CH2 PEG, 2îH-3A, 2îH-3C, 2îH-3D, 2îH-a’) ppm.


Glycoconjugate 2b : Compound 34b (1.6 mg, 0.27 mmol) was debenzylat-
ed and purified as described for 33a to give 2b (0.9 mg, 71%): The
1H NMR (400 MHz, D2O) spectrum of compound 2b was superimposa-
ble on that of 2c except at d=3.82±3.60 (m, 54H; 2îH-4A, 2îH-4C, 2î


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4265 ± 42824280


FULL PAPER D. Bonnaffÿ et al.



www.chemeurj.org





H-4E, CH2 PEG, 2îH-3A, 2îH-3C, 2îH-3D, 2îH-a’) ppm; ESI MS:
C102H152N6O131S20Na24: m/z (%): 450.3 (65) [M�11Na+H]10�/10, 501.3
(100) [M�10Na+H]9�/9, 569.9 (83) [M�9Na+2H]8�/8.


Neoglycoconjugate 2c : Compound 31c (4.2 mg, 0.60 mmol) was oxidised
and debenzylated as described for compound 30a to give 2c (2.6 mg,
76%): 1H NMR (400 MHz, D2O): d=5.43 (d, J1,2=3.5 Hz, 2H; 2îH-
1C(E)), 5.41 (d, J1,2=3.5 Hz, 2H; 2îH-1E(C)), 5.21 (brd, J1,2=3.0 Hz, 2H;
2îH-1D(B)), 5.19 (brd, J1,2=3.0 Hz, 2H; 2îH-1B(D)), 5.17 (br s, 2H; 2îH-
1F), 5.15 (d, J1,2=3.5 Hz, 2H; 2îH-1A), 4.81 (under HOD peak, 2îH-
5F), 4.80 (under HOD peak, 2îH-5D), 4.75 (br s, 2H; 2îH-5B), 4.41 (brd,
J6a,5=11.5 Hz, 2H; 2îH-6a), 4.38±4.28 (m, 12H; 2îH-2B, 2îH-2D, 2îH-
2F, 6îH-6), 4.26 (brd, J6b,6a=11.5 Hz, 4H; 4îH-6b


A or H-6b
C or H-6b


E),
4.19 (dd, J3,2=6.0, J3,4=4.0 Hz, 2H; 2îH-3D), 4.18 (dd, J3,2=6.0, J3,4=
4.0 Hz, 2H; 2îH-3B), 4.13±4.08 (m, 6H; 2îH-3F, 2îH-4B, 2îH-4D),
4.08±3.95 (m, 12H; 2îOCH2CH2SO2 (d=4.01, t, J=5.5 Hz), 2îH-5A, 2î
H-5C, 2îH-5E, 2îH-4F), 3.87 (dt, Jgem=10.0, Ja’,b=5.5 Hz, 2H; 2îH-a),
3.83±3.60 (m, 142H; 2îH-4A, 2îH-4C, 2îH-4E, CH2 PEG, 2îH-3A, 2î
H-3C, 2îH-3E, 2îH-a’), 3.54 (t, J=5.5 Hz, 4H; 2îOCH2CH2SO2), 3.43
(br t, J=7.5 Hz, 4H; 4îH-c), 3.28 (dd, J2,3=10.0, J2,1=3.5 Hz, 2H; 2îH-
2A), 3.26 (dd, J2,3=10.0, J2,1=3.5 Hz, 2H; 2îH-2C(E)), 3.25 (dd, J2,3=10.0,
J2,1=3.5 Hz, 2H; 2îH-2E(C)), 2.21±2.11 (m, 4H; 4îH-b) ppm; 13C NMR
from HMQC (100.6 MHz, D2O): d=99.7 (C-1B, C-1D), 99.4 (C-1F), 97.3
(C-1A), 96.9 (C-1E), 96.6 (C-1C(E)), 76.3 (C-2F), 76.2 (C-2B(D), C-4A, C-4C,
C-4E, C-4B, C-4D), 74.3 (C-2D(B)), 72.0 (C-3A or C-3C or C-3E), 69.9 (CH2


PEG, C-3A or C-3B or C-3D), 69.9 (C-5B(D)), 69.7 (C-5D(B)), 69.6 (C-3B, C-
3D), 69.5/69.3 (C-5A, C-5C, C-5E, C-4F), 69.1 (C-3F), 67.0 (C-5F), 67.1/66.6
(C-6A, C-6C, C-6E), 66.4 (C-a), 63.8 (OCH2CH2SO2), 58.2 (C-2A, C-2C, C-
2E), 52.4 (OCH2CH2SO2), 51.3 (C-c), 21.5 (C-b) ppm.


Neoglycoconjugate 3a : Compound 32a (1.5 mg, 0.19 mmol) was oxidised
and debenzylated as described for compound 30a to give 3a (0.6 mg,
90%): The 1H NMR (400 MHz, D2O) spectrum of compound 3a was su-
perimposable on that of 3b except at d=3.82±3.60 (m, 38H; 2îH-4A, 2î
H-4C, 2îH-4E, 2îH-4G, CH2 PEG, 2îH-3A, 2îH-3C, 2îH-3D, 2îH-3G,
2îH-a’).


Neoglycoconjugate 3b : Compound 32b (9.3 mg, 1.20 mmol) was oxidised
and debenzylated as compound 30a to give 3b (4.5 mg, 62%): 1H NMR
(400 MHz, D2O): d=5.46±5.38 (m, 6H; 2îH-1G, 2îH-1C, 2îH-1E), 5.25±
5.18 (m, 6H; 2îH-1B, 2îH-1D, 2îH-1F), 5.16 (br s, 2H; 2îH-1H), 5.14
(d, J1,2=3.5 Hz, 2H; 2îH-1A), 4.81 (under HOD peak, 2îH-5G), 4.80
(under HOD peak, 2îH-5D(B,F), 2îH-5F(B,D)), 4.76 (d, J5,4=2.5 Hz, 2H;
2îH-5B(D,F)), 4.41 (brd, J6a,5=11.0 Hz, 4H; 4îH-6a), 4.37±4.28 (m, 14H;
2îH-2B, 2îH-2D, 2îH-2F, 2îH-2G, 6îH-6), 4.26 (brd, J6b,6a=11.0 Hz,
6H; 6îH-6b), 4.22±4.15 (m, 6H; H-3B, H-3D, H-3F), 4.13±4.08 (m, 8H; 2î
H-3H; 2îH-4B, 2îH-4D, 2îH-4F), 4.08±3.96 (m, 14H; 4îOCH2CH2SO2


(d=4.01, t, J=5.5 Hz), 2îH-5A, 2îH-5C, 2îH-5E, 2îH-5G, 2îH-4F),
3.87 (dt, Jgem=10.0, Ja’,b=5.0 Hz, 2H; 2îH-a), 3.83±3.60 (m, 58H; 2îH-
4A, 2îH-4C, 2îH-4E, 2îH-4G, CH2 PEG, 2îH-3A, 2îH-3C, 2îH-3E, 2î
H-3G, 2îH-a’), 3.54 (t, J=5.5 Hz, 4H; 4îOCH2CH2SO2), 3.42 (dd, J=
9.0, 7.5 Hz, 4H; 4îH-c), 3.32±3.23 (m, 8H; 2îH-2A, 2îH-2C, 2îH-2E,
2îH-2G), 2.21±2.11 (m, 4H; 4îH-b) ppm; 13C NMR from HMQC
(100.6 MHz, D2O): d=99.6 (C-1B, C-1D, C-1F), 99.4 (C-1H), 97.2 (C-1A),
96.7 (C-1C, C-1E, C-1G), 76.5 (C-2H), 76.8/76.2 (C-4A, C-4C, C-4E, C-4G),
76.2 (C-2B(D,F), C-4B, C-4D, C-4F), 74.1 (C-2D(B,F), C-2F(B,D)), 71.9 (C-3A or
C-3C or C-3E), 69.8 (CH2 PEG, C-3A or C-3B or C-3D), 69.8 (C-5B(D,F)),
69.6 (C-5D(B,F), C-5F(B,D)), 69.5 (C-3B, C-3D, C-3F), 69.5/69.3 (C-5A, C-5C, C-
5E, C-5G, C-4H), 69.1 (C-3H), 69.1 (C-5F), 67.1/66.6 (C-6A, C-6C, C-6E, C-
6G), 66.4 (C-a), 63.4 (OCH2CH2SO2), 58.1 (C-2A, C-2C, C-2E, C-2G), 52.4
(OCH2CH2SO2), 51.3 (C-c), 21.6 (C-b) ppm; ESI MS:
C126H182N8O169S26Na32: m/z (%): 480.2 (79) [M�14Na+2H]12�/12, 487.7
(100) [M�12Na]12�/12, 524.1 (84) [M�14Na+3H]11�/11, 576.3 (86)
[M�14Na+4H]10�/10, 580.9 (63) [M�12Na+2H]10�/10.


Neoglycoconjugate 3c : Compound 32c (3.8 mg, 0.44 mmol) was oxidised
and debenzylated as described for compound 30a to give 3c (2.4 mg,
77%): The 1H NMR (400 MHz, D2O) spectrum of compound 3a was su-
perimposable on that of 3b except at d=3.82±3.60 (m, 146H; 2îH-4A,
2îH-4C, 2îH-4E, 2îH-4G, CH2 PEG, 2îH-3A, 2îH-3C, 2îH-3D, 2îH-
3G, 2îH-a’) ppm.
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A New Color of the Synthetic Chameleon Methoxyallene: Synthesis of
Trifluoromethyl-Substituted Pyridinol Derivatives: An Unusual Reaction
Mechanism, a Remarkable Crystal Packing, and First Palladium-Catalyzed
Coupling Reactions


Oliver Flˆgel, Jyotirmayee Dash, Irene Br¸dgam, Hans Hartl, and Hans-Ulrich Rei˚ig*[a]


Introduction


We recently reported that the addition of lithiated alkoxyal-
lenes to various imines is a very smooth and highly flexible
route towards many dihydropyrrole derivatives.[1] This [3+2]
cyclization path to functionalized pyrroles was applied to a
relatively short and perfectly stereoselective synthesis of the
uncommon g-amino acid (�)-detoxinine,[2] to a synthesis of
the pyrrolidinol derivative anisomycin,[3] and (by use of 3-
alkyl-substituted 1-alkoxyallene derivatives) to a synthesis
of (�)-preussin.[4] In addition, a variety of other highly sub-
stituted pyrrole derivatives have been synthesized.[5] In-
spired by this broad scope of the allene/imine combination,
we tried to extend the alkoxyallene methodology to the cor-
responding C�N triple-bond systems. Nitriles as electrophil-
ic partners of lithiated alkoxyallenes should provide primary


adducts which, after cyclization, could directly furnish elec-
tron-rich pyrroles (Scheme 1) that are potentially interesting
aromatic p systems.[6] This turned out to be feasible, but syn-
thetically not very useful. However, during the search for a
suitable cyclization protocol we detected an entirely unex-
pected and mechanistically intriguing formation of new
highly functionalized trifluoromethyl-substituted pyridine
derivatives. These results impressively demonstrate the cha-
meleon-like character of lithiated alkoxyallenes as versatile


[a] Dr. O. Flˆgel, Dr. J. Dash, I. Br¸dgam, Prof. Dr. H. Hartl,
Prof. Dr. H.-U. Rei˚ig
Institut f¸r Chemie, Freie Universit‰t Berlin
Takustrasse 3, 14195 Berlin (Germany)
Fax (+49)30-838-55367
E-mail : hans.reissig@chemie.fu-berlin.de


Abstract: Addition of lithiated
methoxyallene to pivalonitrile afforded
after aqueous workup the expected
iminoallene 1 in excellent yield. Treat-
ment of this intermediate with silver ni-
trate accomplished the desired cycliza-
tion to the electron-rich pyrrole deriva-
tive 2 in moderate yield. Surprisingly,
trifluoroacetic acid converted iminoal-
lene 1 to a mixture of enamide 3 and
trifluoromethyl-substituted pyridinol 4
(together with its tautomer 5). A plau-
sible mechanism proposed for this in-
triguing transformation involves addi-
tion of trifluoroacetate to the central


allene carbon atom of an allenyl imini-
um intermediate as crucial step. Enam-
ide 3 is converted to pyridinol 4 by an
intramolecular aldol-type process. A
practical direct synthesis of trifluoro-
methyl-substituted pyridinols 4, 10, 11,
and 12 starting from typical nitriles and
methoxyallene was established. Pyridi-
nol 10 shows an interesting crystal
packing with three molecules in the el-


ementary cell and a remarkable helical
supramolecular arrangement. Trifluoro-
methyl-substituted pyridinol 4 was con-
verted to the corresponding pyridyl
nonaflate 13, which is an excellent pre-
cursor for palladium-catalyzed reac-
tions leading to pyridine derivatives
14±16 in good to excellent yields. The
new synthesis of trifluoromethyl-substi-
tuted pyridines disclosed here demon-
strates a novel reactivity pattern of
lithiated methoxyallene which is incor-
porated into the products as the unusu-
al tripolar synthon B.


Keywords: allenes ¥ cyclization ¥
palladium ¥ pyridines ¥
supramolecular chemistry


Scheme 1.
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synthetic building blocks, which has again led us in a new di-
rection.[7]


Results


Formation and reactions of iminoallene derivatives : As an-
ticipated lithiated methoxyallene added to a nitrile such as
pivalonitrile, and after aqueous workup followed by careful
distillation, iminoallene 1 was obtained analytically pure in
excellent yield (Scheme 2). Similar adducts could be isolated


in modest yields and purities from other nitriles; however,
these compounds proved to be considerably more sensitive
to hydrolysis or oxidation than tert-butyl-substituted 1.[5a]


The desired cyclization of 1 could be achieved by catalysis
with silver nitrate in the presence of potassium carbonate,
which is often the method of choice for cyclizations of allen-
yl amines and alcohols,[8] and it provided the expected 2-tert-
butyl-3-methoxypyrrole (2) in moderate yield. This electron-
rich pyrrole is sensitive to oxygen and decomposes rather
rapidly. Other nitrile±allene adducts delivered the corre-
sponding pyrroles only in much inferior yields and with
lower purity.[5a]


We also observed that 1 was completely converted to 2 on
storing a sample in deuterochloroform for seven days. After
distillation 2 was obtained in 64% yield. Since we suspected
that this process occurred by proton/deuteron catalysis, we
studied the reaction of 1 in the presence of acid. Quite un-
expectedly, treatment of iminoallene 1 with trifluoroacetic
acid in deuterochloroform provided two new compounds.
After 20 min at 0 8C we could already observe enamide 3 to-
gether with pyridinol 4 (Scheme 3). These two products
were isolated after stirring the solution for 16 h at room
temperature in 27 and 15% yield, respectively. Enamide 3


was formed as one of the possible two diastereomers, where-
as pyridinol 4 exists in solution together with its pyridinone
tautomer 5 (ratio in CDCl3 ca. 60:40); in CD3OD only the
signals of pyridinol 4 were detected.


A mechanism to explain these puzzling results is present-
ed in Scheme 4. Although we do not have real proof of any


of these steps, the overall mechanism seems plausible. In the
first step iminoallene 1 is protonated to give iminium ion 6,
which can also be represented by mesomer 6’. Protonation
therefore results in electrophilic character of the central
carbon atom of the allene moiety. Apparently, even a weak
nucleophile such as trifluoroacetate is able to add (in equili-
brium?) to this center to generate the next intermediate 7
with an alkenyl trifluoroacetate as key functional group.
This unit is a fairly strong acylating agent, and it transfers
the trifluoroacetyl group to the geometrically well posi-
tioned amino group to finally lead to the isolated enamide
3.[9] The formation of the second product, pyridinol 4, is
easily explained by an acid-catalyzed formation of enol 8
and its intramolecular aldol condensation, which furnishes
pyridinone 5 and its tautomer 4. We are not aware of pyri-
dine syntheses which employ three components in a similar
manner.[10]


Having found these surprising transformations of iminoal-
lene 1 we checked the possibility of forming enamide and
pyridine derivatives without isolation of the imine inter-
mediate. Treatment of benzonitrile with lithiated methoxyal-
lene and subsequent addition of an excess of trifluoroacetic
acid led to a mixture of the expected enamide 9 and its con-
densation product, pyridinol 10 (Scheme 5). The two com-
pounds could easily be separated by column chromatogra-
phy and were isolated in good overall yield. For 10 we did
not observe its pyridinone tautomer in the NMR spectrum.


Scheme 2.


Scheme 3.


Scheme 4.
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With these compounds we could also establish a method for
complete conversion of enamide 9 to pyridine derivative 10.
Treatment of 9 with trimethylsilyl triflate in the presence of
triethylamine under reflux in dichloromethane provided the
desired pyridinol 10 in 52% yield.[11]


The question now arises why enamides 3 and 9 did not
completely undergo cyclization in the presence of trifluoro-
acetic acid. Possibly, the enamides isolated are actually the
Z isomers and not the E isomers depicted in the schemes
above. However, only the E isomers can directly undergo
aldol condensation to give pyridine derivatives, whereas the
Z enamides must change configuration before cyclization.
Perhaps this latter process is too slow with trifluoroacetic
acid, but induced under forcing conditions with trimethylsil-
yl triflate and triethylamine.


Direct synthesis of trifluoromethyl-substituted pyridine de-
rivatives : The next task was the development of a direct
protocol for conversion of nitriles to trifluoromethyl-substi-
tuted pyridinols which combines all reactions described
above. For this purpose the nitriles were treated with lithiat-
ed methoxyallene and then with trifluoroacetic acid. The
crude product obtained was subsequently refluxed with tri-
methylsilyl triflate in the presence of triethylamine and,
after acidic workup, pyridine derivatives 4, 10, 11, and 12
were obtained in moderate to very good yields (Scheme 6).


These first examples demonstrate that nitriles with alkyl
groups (primary, secondary, tertiary) and with aryl substitu-
ents are suitable substrates for this three-component multi-
step process.[12] We are currently exploring the scope and
limitations of this unique reaction leading to pyridine deriv-
atives with so far unknown substitution patterns.[13]


Crystal structure of 10 : From pyridinol derivative 10 we
were able to obtain suitable single crystals for an X-ray crys-
tal structure analysis, which not only proved the constitution
of the compound but also showed an interesting arrange-
ment of the molecules in the unit cell. The compound crys-
tallizes triclinic in the centrosymmetric space group P1≈ . The
crystal structure is built up by three crystallographically in-
dependent molecules A, B, and C with almost identical
bond lengths and angles (Figure 1, Table 1). These molecules
are connected by strong O�H¥¥¥N hydrogen bonds with
O�N distances of 2.787(2), 2.667(2), and 2.756(2) ä to form


Scheme 5.


Scheme 6.


Figure 1. Structure of 10 (ORTEP plot; 50% probability level).


Table 1. Bond lengths [ä] for the three crystallographically independent
molecules of 10.


Bond Molecule A Molecule B Molecule C


N1�C6 1.3363(19) 1.340(2) 1.334(2)
N1�C2 1.3559(19) 1.358(2) 1.3523(19)
C2�C3 1.393(2) 1.392(2) 1.397(2)
C2�C9 1.483(2) 1.488(2) 1.490(2)
C3�O1 1.3732(18) 1.3675(19) 1.3620(19)
C3�C4 1.397(2) 1.403(2) 1.393(2)
C4�O2 1.3376(18) 1.3358(19) 1.3422(18)
C4�C5 1.400(2) 1.396(2) 1.392(2)
C5�C6 1.376(2) 1.370(2) 1.371(2)
C5�H5 0.955(17) 0.958(17) 0.953(17)
C6�C7 1.504(2) 1.505(2) 1.506(2)
C7�F3 1.321(2) 1.324(2) 1.335(2)
C7�F1 1.328(2) 1.325(2) 1.336(2)
C7�F2 1.329(2) 1.328(2) 1.339(2)
C8�O1 1.424(2) 1.402(3) 1.454(3)
C8�H82 0.97(3) 0.97(3) 0.96(3)
C8�H81 1.03(3) 1.04(3) 1.01(3)
C8�H83 0.98(3) 0.88(3) 1.15(5)
C9�C10 1.391(2) 1.389(2) 1.389(2)
C9�C14 1.394(2) 1.392(2) 1.394(2)
C10�C11 1.379(2) 1.383(3) 1.384(3)
C10�H10 0.943(18) 0.967(18) 0.946(19)
C11�C12 1.379(3) 1.377(3) 1.381(3)
C11�H11 0.95(2) 0.95(2) 0.98(2)
C12�C13 1.379(3) 1.382(3) 1.373(3)
C12�H12 0.96(2) 0.96(2) 0.98(2)
C13�C14 1.380(3) 1.381(2) 1.381(3)
C13�H13 0.956(19) 0.96(2) 1.02(2)
C14�H14 0.953(19) 0.985(18) 0.94(2)
O2�H2 0.93(2) 0.90(2) 0.87(3)
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helical chains with the approximate symmetry of a threefold
screw axis in the direction of the c axis. The O�H¥¥¥N hydro-
gen bonds are almost linear, with bond angles of 173(2),
173(2), and 176(2)8 (Figure 1), whereby the hydrogen atoms
are clearly located at the oxygen atoms. The only significant
differences between the three molecules are the dihedral
angles of the C�CF3 and C�OCH3 moieties and the C�C
bond linking the phenyl and the pyridyl rings. The interpla-
nar angles between the best planes of the pyridyl and
phenyl rings are 58.05(6)8 in molecule A, 69.17(5)8 in B, and
46.76(8)8 in C. The helical chains are arranged as pairs of
enantiomers with left- and right-hand screw in an approxi-
mately hexagonal rod packing parallel to the c axis
(Figure 2).


Palladium-catalyzed coupling reactions : Heterocycles bear-
ing trifluoromethyl (or perfluoroalkyl) groups are of interest
as substituents of biologically active compounds for use as
pharmaceuticals or as crop-protection agents.[14] Although
methods leading to 2- or 6-trifluoromethyl-substituted pyri-
dine derivatives have been reported[15] the pyridinols pre-
sented here should offer many and unique possibilities for
subsequent synthetic manipulation. The 4-hydroxy group
allows alkylation or arylation, and demethylation at the 3-
methoxy substituent should provide brenzcatechin-analo-
gous pyridine derivatives.[16] These building blocks are not
only of interest because they may be connected as substitu-
ents for potential biologically active compounds, but they
may also serve as novel elements of supramolecular con-
structions. Here we present our first results employing typi-
cal palladium-catalyzed reactions which replace the 4-hy-
droxy group of 4 by different substituents.


For this purpose pyridinol 4 was deprotonated with
sodium hydride in THF and then quenched with nonafluoro-
butane-1-sulfonyl fluoride (NfF), which provided the desired


pyridyl nonaflate 13 in good yield (Scheme 7).[17] Reductive
removal of this excellent leaving group occurred under stan-
dard conditions with hydrogen in the presence of Pd/C to


smoothly furnish 2-tert-butyl-3-methoxy-6-trifluoromethyl-
pyridine (15).[18] As expected 13 is an excellent substrate for
palladium-catalyzed C�C bond forming processes. Suzuki
coupling[19] with para-methoxyphenylboronic acid in the
presence of 5 mol% of palladium(ii) acetate afforded the
desired 4-anisyl-substituted pyridine derivative 14 in 84%
yield. With phenylacetylene in the presence of palladium(ii)
acetate, nonaflate 13 provided the Sonogashira coupling[20]


product 16 in 72% yield. These first examples demonstrate
that a broad range of subsequent transformations, in particu-
lar, palladium-catalyzed reactions, are possible with our ser-
endipitously discovered trifluoromethyl-substituted pyridinol
derivatives. Many interesting pyridine derivatives with ex-
tended p systems are conceivable, for example, new donor±
acceptor-substituted p systems, but the palladium chemistry
may also be very suitable for introducing these trifluoro-
methyl-substituted pyridinyl substituents into targets which
should be studied for their biological activity.


Conclusion


We have demonstrated that the reaction of lithiated alkoxy-
allenes with nitriles does not only lead to the expected elec-
tron-rich pyrrole derivatives (Scheme 2) but it also opens
the way to a completely unexpected and unique pyridine
synthesis. By subsequent treatment of the intermediates
with trifluoroacetic acid and then with trimethylsilyl triflate,
6-trifluoromethyl-substituted pyridinols 4, 10, 11, and 12
were obtained in good overall yield. Compound 10 shows an
interesting helical arrangement of the molecules in the crys-
tal (Figure 2). A practical direct synthesis of these unusually
substituted pyridine derivatives from nitriles and the me-


Figure 2. Packing of 10 along the c axis.


Scheme 7.
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thoxyallene could be established (Scheme 6). The resulting
pyridinols are very versatile building blocks that are of inter-
est for introduction into potentially biological active com-
pounds and also as construction elements of supramolecular
arrangements. As first examples of their subsequent trans-
formations a few typical palladium-catalyzed transforma-
tions were performed and led to coupling products such as
14 and 16. The synthetic chameleon methoxyallene has
again presented a new color: whereas the equivalence of
lithiated methoxyallene with 1,3-zwitterions A is well estab-
lished[7] the introduction of this C3 building block into the
trifluoromethyl-substituted pyridines in a unique three-com-
ponent reaction demonstrates its equivalence to the new tri-
polar synthon B. As illustrated in Scheme 8 the methoxyal-
lene unit is attacked by an electrophile at C-1, a nucleophile
at C-2, and a second electrophile at C-3, which involves a
formal umpolung of reactivity at all three carbon atoms.[21]


Experimental Section


General methods : Unless otherwise stated all reactions were performed
under argon atmosphere in flame-dried flasks by adding the components
by syringe. All solvents were dried by standard procedures. IR spectra
were measured with a Perkin Elmer FT-IR spectrometer Nicolet 5 SXC
or Nicolet 205. 1H and 13C NMR spectra were recorded on Bruker instru-
ments (WH 270, AC 250, AC 500). Proton chemical shifts are reported in
ppm relative to TMS (d=0.00 ppm) or CHCl3 (d=7.26 ppm). Higher
order NMR spectra were approximately interpreted as first-order spectra
if possible. 13C chemical shifts are reported relative to CDCl3 (d=
77.0 ppm). Neutral aluminum oxide (activity III, Fluka/Merck) or silica
gel (0.040±0.063 mm, Fluka) were used for column chromatography. Nu-
cleosil 50-5 (Macherey & Nagel) was used for HPLC. Melting points are
uncorrected.


X-ray crystallography : Single-crystal X-ray data were collected on a
Brooker-XPS diffractometer (CCD area detector, MoKa radiation, l=


0.71073 ä, graphite monochromator), empirical absorption correction
using symmetry-equivalent reflections (SADABS),[22] structure solution
and refinement by SHELXS-97[23] and SHELXL-97[24] in the WINGX
system (Table 2).[25] The hydrogen atoms were located by difference Four-
ier syntheses. CCDC-234635 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


4-Methoxy-2,2-dimethyl-4,5-hexadien-3-imine (1): A solution of methoxy-
allene (0.50 mL, 420 mg, 6.00 mmol) in diethyl ether (8 mL) was treated
at �40 8C with n-butyllithium (2.00 mL, 2.5m in hexane, 5.00 mmol) and
the mixture was stirred for 15 min. At �78 8C pivalonitrile (0.20 mL,
150 mg, 1.81 mmol) was added, and the mixture was stirred for 4 h at this
temperature and then quenched with water (60 mL). After extraction
with diethyl ether (3î10 mL), drying with MgSO4, and evaporation of
the solvent the crude product was purified by careful distillation at room
temperature/0.04 mbar. In the dry ice trap of a B¸chi kugelrohr oven 1
(262 mg, 95%, purity >95%) was condensed as pale yellow liquid.


1H NMR (250 MHz, CDCl3): d=5.77 (s, 2H, 6-H), 3.47 (s, 3H, OMe),
1.27 ppm (s, 9H, C(CH3)3), the signal for NH could not be detected;
13C NMR (62.9 MHz, CDCl3): d=202.7 (s, C-5), 177.3 (s, C-3), 127.5 (s,
C-4), 93.3 (t, C-6), 55.2 (q, OMe), 38.5, 28.3 ppm (s, q, C(CH3)3), the in-
tensity of the C-4 signal at 127.5 ppm is extremely low; its presence was
confirmed by addition of chromium(iii) tris(acetylacetonate);[26] IR
(neat): ñ=3270 (=N�H), 2955±2835 (C�H), 1940 (C=C=C), 1685 (C=N),
1600 cm�1 (C=C); MS (80 eV, EI): m/z (%): 153 (56) [M]+ , 138 (97)
[M�CH3]


+ , 123 (20) [M�C2H6]
+ , 96 (28) [M�C4H9]


+ , 57 (100) [C4H9]
+ ;


HRMS (80 eV): calcd for C9H15NO 153.11536; found 153.11578.


2-tert-Butyl-3-methoxypyrrole (2): Iminoallene 1 was prepared from piva-
lonitrile (166 mg, 2.00 mmol) as described above, but not purified. The
crude addition product (285 mg, max. 2.00 mmol) was dissolved in aceto-
nitrile (10 mL), and silver nitrate (68 mg, 0.40 mmol) and potassium car-
bonate (550 mg, 3.98 mmol) were added. The resulting mixture was stir-
red with exclusion of light for 17 h at room temperature, then filtered
through a short pad of celite (elution with ethyl acetate), and the filtrate
was concentrated by evaporation. Purification of the residue by chroma-
tography on aluminum oxide (n-hexane/ethyl acetate 10/1, 1% triethyl-
amine added) provided 2 (172 mg; 56%) as a yellow oil. 1H NMR
(500 MHz, CDCl3): d=7.66 (sbr, 1H, NH), 6.38, 5.97 (2 t, J=3.0 Hz, 1 H
each, 5-H, 4-H), 3.72 (s, 3H, OMe), 1.31 ppm (s, 9H, C(CH3)3);


13C NMR
(125.8 MHz, CDCl3): d=154.4, 123.3 (2 s, C-3, C-2), 111.5, 98.1 (2d, C-5,
C-4), 59.0 (q, OMe), 31.3, 29.4 ppm (s, q, C(CH3)3); IR (neat): ñ=3400
(N�H), 3130±3000 (=C�H), 2955±2825 (C�H), 1575 cm�1 (C=C); MS
(80 eV, EI): m/z (%): 153 (31) [M]+ , 138 (100) [M�CH3]


+ , 123 (26)
[M�C2H6]


+ , 108 (7) [M�C3H9]
+ ; HRMS (80 eV) calcd for C9H15NO:


153.11536; found: 153.11488.


Cyclization of 1 to 2 in deuterochloroform : Crude iminoallene 1 (294 mg,
max. 1.81 mmol) was dissolved in CDCl3 (1 mL) and stored for seven
days at room temperature. The solvent was evaporated, and the resulting
pyrrole 2 purified by distillation (60 8C, 0.05 mbar). Yield: 178 mg (64%)
of 2 as a yellow oil.


Treatment of iminoallene 1 with TFA : Compound 1 (273 mg, max.
1.81 mmol, crude product) was dissolved in CDCl3 (2 mL) under an
argon atmosphere. At 0 8C trifluoroacetic acid (0.15 mL, 222 mg,
1.95 mmol) was added and the solution was stirred for 15 min. After 16 h
at room temperature the solvent was evaporated and the reddish residue


Scheme 8.


Table 2. Crystal data and structure refinement for 10.


recrystallized from hexane/ethyl acetate
empirical formula C13H10F3NO2


formula weight 269.2
T [K] 173(2)
l [ä] 0.71073
crystal system, space group triclinic, P1≈


a [ä] 10.009(3)
b [ä] 14.057(4)
c [ä] 15.292(5)
a [8] 113.61(1)
b [8] 100.61(1)
g [8] 99.67(1)
V [ä3] 1866.6(10)
Z 6
1calcd [Mgm�3] 1.437
absorption coefficient [mm�1] 0.127
effective transmission min./max. 5.82
F(000) 828
crystal size [mm] 0.3î0.1î0.03
q range for data collection [8] 1.64±30.56
limiting indices �14�h�14, �19�k�16, �20� l�21
collected/unique reflections 23138/11194 [R(int)=0.0291]
completeness to q=30.568 [%] 97.8
refinement method full-matrix least-squares on F2


data/restraints/parameters 11194/0/634
goodness-of-fit on F2 1.014
final R indices [I>2 s(I)] R1=0.0463, wR2=0.1105
R indices (all data) R1=0.0911, wR2=0.1281
largest diff. peak/hole [eA�3] 0.463/�0.353
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was treated with n-hexane (50 mL), stirred for 1 h, and filtered, and the
filtrate was again evaporated. Purification by HPLC (silica gel, n-hexane/
iPrOH 95/5) provided 3 (131 mg; 27%) as a colorless solid (m.p. 104±
108 8C), and 4 (67 mg; 15%) as a yellowish oil.


N-[1-(tert-Butyl)-2-methoxy-3-oxo-1-buten-1-yl]-2,2,2-trifluoroacetamide
(3): 1H NMR (250 MHz, CDCl3): d=8.06 (sbr, 1H, NH), 3.56 (s, 3H,
OMe), 2.30 (s, 3H, 4’-H), 1.25 ppm (s, 9H, C(CH3)3);


13C NMR
(62.9 MHz, CDCl3): d=200.4 (s, C-3’), 156.6 (q, 2JC,F=37 Hz, C-1), 151.9
(s, C-2’), 130.1 (s, C-1’), 115.8 (q, 1JC,F=288 Hz, C-2), 58.9 (q, OMe), 36.4,
28.2 (s, q, C(CH3)3), 27.2 ppm (q, C-4’); IR (KBr): ñ=3285 (N�H), 2975±
2945 (C�H), 1725, 1700 (C=O), 1630 cm�1 (C=C); MS (80 eV, EI): m/z
(%): 267 (2) [M]+ , 252 (1) [M�CH3]


+ , 224 (100) [M�C2H3O]+ , 210 (2)
[M�C4H9]


+ , 194 (11) [M�C3H5O2]
+ , 69 (11) [CF3]


+ , 57 (10) [C4H9]
+ , 43


(14) [C2H3O]+ ; elemental analysis calcd (%) for C11H16F3NO3 (267.3): C
49.44, H 6.03, N 5.24; found: C 49.44, H 5.94, N 5.16.


2-tert-Butyl-3-methoxy-6-(trifluoromethyl)-4-pyridinol (4) and 2-tert-
butyl-3-methoxy-6-(trifluoromethyl)-4(1H)-pyridone (5): In CDCl3 at
243 K a ratio of 4 :5 of approximately 60:40 was observed.


Signals of pyridinol 4 : 1H NMR (500 MHz, CDCl3, 243 K): d=10.9 (sbr,
1H, OH), 7.23 (s, 1H, 5-H), 3.95 (s, 3H, OMe), 1.40 ppm (s, 9H,
C(CH3)3);


13C NMR (125.8 MHz, CDCl3, 243 K): d=162.1 (s, C-2), 157.1
(s, C-4), 145.2 (s, C-3), 140.9 (q, 2JC,F=34 Hz, C-6), 121.4 (q, 1JC,F=
273 Hz, CF3), 114.9 (d, C-5), 60.0 (q, OMe), 37.8, 28.9 ppm (s, q,
C(CH3)3).


Signals of pyridone 5 : 1H NMR (500 MHz, CDCl3, 243 K): d=8.73 (sbr,
1H, NH), 7.01 (s, 1H, 5-H), 4.04 (s, 3H, OMe), 1.52 ppm (s, 9H,
C(CH3)3);


13C NMR (125.8 MHz, CDCl3): d=174.7 (s, C-4), 150.2 (s, C-
2), 148.9 (s, C-3), 133.4 (q, 2JC,F=36 Hz, C-6), 120.4 (q, 1JC,F=273 Hz,
CF3), 59.2 (q, OMe), 35.7, 27.5 ppm (s, q, C(CH3)3).


In CD3OD at room temperature we observed only the signals of 4 :
1H NMR (500 MHz, CD3OD): d=7.08 (s, 1H, 5-H), 3.87 (s, 3H, OMe),
1.34 ppm (s, 9H, C(CH3)3);


13C NMR (125.8 MHz, CD3OD): d=163.2 (s,
C-2), 158.7 (s, C-4), 146.7 (s, C-3), 142.5 (q, 2JC,F=34 Hz, C-6), 122.9 (q,
1JC,F=273 Hz, CF3), 109.1 (d, C-5), 60.4 (q, OMe), 38.9, 29.7 ppm (s, q,
C(CH3)3).


IR (neat): ñ=3405 (O�H), 3285 (N�H), 2990±2900 (C�H), 1610 cm�1


(C=O); MS (80 eV, EI): m/z (%): 249 (39) [M]+ , 234 (100) [M�CH3]
+ ,


218 (22) [M�OMe]+ , 192 (8) [M�C4H9]
+ , 69 (2) [CF3]


+ , 57 (5) [C4H9]
+ ;


elemental analysis calcd (%) for C11H14F3NO2 (249.2): C 53.01, H 5.66, N
5.62; found: C 53.09, H 5.57, N 5.37.


Reaction of benzonitrile followed by treatment with trifluoroacetic acid :
Methoxyallene (0.55 mL, 462 mg, 6.60 mmol) was dissolved in diethyl
ether (10 mL) and treated at �40 8C with n-butyllithium (2.20 mL, 2.5m
in hexane, 5.50 mmol). After 15 min of stirring at �50 to �40 8C the solu-
tion was cooled to �78 8C and a solution of benzonitrile (0.20 mL,
202 mg, 1.96 mmol) in diethyl ether (5 mL) was added. After 4 h at
�78 8C trifluoroacetic acid (1.00 mL, 1.48 g, 13.0 mmol) was added and
the solution was allowed to warm to room temperature over 16 h and
then quenched with saturated NaHCO3 solution (20 mL). Extraction with
diethyl ether (3î20 mL), drying with MgSO4, and evaporation provided
the crude products. Purification by column chromatography (silica gel, n-
hexane/ethyl acetate 8/1) afforded 9 (158 mg; 30%) as a yellowish solid
(m.p. 132±133 8C) and 10 (159 mg; 28%) as a yellow oil.


N-[2-Methoxy-3-oxo-1-phenyl-1-buten-1-yl]-2,2,2-trifluoroacetamide (9):
1H NMR (250 MHz, CDCl3): d=12.19 (sbr, 1H, NH), 7.43 (mc, 5H, Ph),
3.23 (s, 3H, OMe), 2.41 ppm (s, 3H, 4’-H); 13C NMR (62.9 MHz, CDCl3):
d=203.0 (s, C-3’), 155.3 (q, 2JC,F=38 Hz, C-1), 140.4, 138.8 (2 s, ipso-Ph,
C-2’), 129.6, 128.3, 128.2 (3d, Ph), 115.3 (q, 1JC,F=289 Hz, C-2), 60.5 (q,
OMe), 27.4 ppm (q, C-4’), the C-1’ signal was hidden by the signals of the
aryl group; IR (neat): ñ=3250 (N�H), 3060±3000 (=C�H), 2940±2840
(C�H), 1750 (C=O), 1610, 1590 cm�1 (C=C); MS (80 eV, EI): m/z (%):
287 (37) [M]+ , 268 (1) [M�F]+ , 244 (100) [M�C2H3O]+ , 229 (17)
[M�C3H6O]+ , 77 (19) [C6H5]


+ ; HRMS (80 eV) calcd for C13H12F3NO3:
287.07693; found 287.07744.


3-Methoxy-2-phenyl-6-(trifluoromethyl)-4-pyridinol (10): 1H NMR
(250 MHz, CDCl3): d=7.95±7.88, 7.50±7.40 (2 m, 5H, Ph), 7.22 (s, 1H, 5-
H), 3.55 ppm (s, 3H, OMe), the OH signal could not be detected;
13C NMR (62.9 MHz, CDCl3): d=158.0, 151.6, 144.4 (3 s, C-2, C-3, C-4),
143.5 (q, 2JC,F=34 Hz, C-6), 135.7 (s, ipso-Ph), 129.3, 128.8, 128.4 (3 d,
Ph), 121.2 (q, 1JC,F=274 Hz, CF3), 108.5 (d, C-5), 60.6 ppm (q, OMe);


1H NMR (500 MHz, CD3OD): d=7.86±7.82, 7.45±7.37 (2 m, 5H, Ph),
7.21 (s, 1H, 5-H), 3.60 ppm (s, 3H, OMe); 13C NMR (125.8 MHz,
CD3OD): d=160.2, 154.1, 146.1 (3 s, C-2, C-3, C-4), 144.7 (q, 2JC,F=
34 Hz, C-6), 135.7 (s, ipso-Ph), 130.1, 130.0, 129.1 (3d, Ph), 122.9 (q,
1JCF=273 Hz, CF3), 109.8 (d, C-5), 60.8 ppm (q, OMe); IR (neat): ñ=
3410 (O�H), 3065±3015 (=C�H), 2940±2845 (C�H), 1605 cm�1 (C=C);
MS (80 eV, EI): m/z (%): 269 (100) [M]+ , 250 (27) [M�F]+ , 77 (16)
[C6H5]


+ , 69 (3) [CF3]
+ ; elemental analysis calcd (%) for C13H10F3NO2


(269.2): C 58.00, H 3.74, N 5.20; found: C 58.01, H 3.72, N 5.08.


Conversion of enamide 9 to pyridinol 10 : Enamide 9 (112 mg,
0.39 mmol) was dissolved in dichloromethane (15 mL) and treated at
�78 8C with triethylamine (0.72 mL, 518 mg, 5.09 mmol) and trimethylsil-
yl triflate (1.08 mL, 1.32 g, 5.97 mmol). After 30 min the cooling bath was
removed and the solution allowed to warm to room temperature over
16 h. The mixture was heated under reflux for three days and then
quenched at room temperature with saturated NH4Cl solution (20 mL).
Extraction with dichloromethane (3î20 mL), drying with MgSO4, and
evaporation provided the crude product. Purification by column chroma-
tography (silica gel, n-hexane/ethyl acetate 8/1) furnished 10 (55 mg;
52%) as a pale yellow solid. For analytical details, see above.


Direct synthesis of pyridines from nitriles, general procedure : Methoxyal-
lene was dissolved in diethyl ether (10 mL), and n-butyllithium (BuLi)
was added at �40 8C. After 15 min at �50 to �40 8C the solution was
cooled to �78 8C, and the corresponding nitrile, dissolved in diethyl ether
(2.5 mL/1.00 mmol), was added. After stirring for 4 h at this temperature
trifluoroacetic acid (TFA, for amounts see individual experiments) was
added and the mixture was warmed overnight to room temperature.
Then saturated aqueous NaHCO3 solution (10 mL/1.00 mmol of nitrile)
was added, and the mixture was extracted with dichloromethane (3î
10 mL/1.00 mmol). The combined organic phases were dried with MgSO4


and then evaporated. The resulting crude product mixture was dissolved
in dichloromethane (7.5 mL/1.00 mmol), and at �78 8C triethylamine and
trimethylsilyl triflate (TMS triflate) were added. After 30 min the cooling
bath was removed, and the reaction flask was allowed to warm to room
temperature overnight. Then it was heated under reflux for 3 d and
quenched with saturated NH4Cl solution (10 mL/1.00 mmol). After ex-
traction with dichloromethane (3î25 mL/1.00 mmol) the combined or-
ganic phases were dried with MgSO4 and evaporated. The resulting crude
product was dissolved in dichloromethane (20 mL/1.00 mmol) and treated
first with TFA (ca. 1 equivalent) and then with water (20 mL/1.00 mmol).
Extraction with dichloromethane (3î20 mL/1.00 mmol), drying with
MgSO4, and evaporation provided the corresponding pyridine.


2-tert-Butyl-3-methoxy-6-(trifluoromethyl)-4-pyridinol (4): According to
the general procedure, pivalonitrile (0.22 mL, 165 mg, 1.99 mmol), me-
thoxyallene (0.55 mL, 462 mg, 6.60 mmol), nBuLi (2.20 mL, 2.5m in
hexane, 5.50 mmol), TFA (1.00 mL, 1.48 g, 13.0 mmol), TEA (1.12 mL,
806 mg, 7.97 mmol), TMS triflate (1.93 mL, 2.22 g, 9.99 mmol), and TFA
(0.15 mL, 222 mg, 1.95 mmol) provided crude 4, which was purified by
HPLC (silica, hexane/iPrOH 95/5) to yield 4 (410 mg; 83%) as a pale
yellow oil.


3-Methoxy-2-phenyl-6-(trifluoromethyl)-4-pyridinol (10): According to
the general procedure, benzonitrile (0.20 mL, 202 mg, 1.96 mmol), me-
thoxyallene (0.55 mL, 462 mg, 6.60 mmol), nBuLi (2.20 mL, 2.5m in
hexane, 5.50 mmol), TFA (1.00 mL, 1.48 g, 13.0 mmol), TEA (1.12 mL,
806 mg, 7.97 mmol), TMS triflate (1.93 mL, 2.22 g, 9.99 mmol), and TFA
(0.15 mL, 222 mg, 1.95 mmol) provided crude 10, which was purified by
column chromatography with silica gel (gradient elution: n-hexane/ethyl
acetate 8/1 to 4/1) to yield 10 (323 mg; 60%) as a yellowish solid (m.p.
132±133 8C).


2-Ethyl-3-methoxy-6-trifluoromethyl-4-pyridinol (11): According to the
general procedure, propionitrile (0.14 mL, 108 mg, 1.96 mmol), methoxy-
allene (0.55 mL, 462 mg, 6.60 mmol), nBuLi (2.20 mL, 2.5m in hexane,
5.50 mmol), TFA (1.00 mL, 1.48 g, 13.0 mmol), TEA (1.12 mL, 806 mg,
7.97 mmol), TMS triflate (1.93 mL, 2.22 g, 9.99 mmol), and TFA
(0.15 mL, 222 mg, 1.95 mmol) provided crude 11, which was purified by
column chromatography on silica gel (hexane/ethyl acetate 4/1). Yield:
273 mg (63%) of 11 as a colorless solid (m.p. 102±103 8C). 1H NMR
(500 MHz, CD3OD): d=7.06 (s, 1H, 5-H), 3.85 (s, 3H, OMe), 2.79,
1.21 ppm (q, t, J=7.5 Hz, 2H, 3H, CH2CH3);


13C NMR (125.8 MHz,
CD3OD): d=159.5, 145.8 (2 s, C-2, C-3, C-4)*, 143.7 (q, 2JC,F=36 Hz,
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C-6), 122.8 (q, 1JC,F=273 Hz, CF3), 109.6 (d, C-5), 61.1 (q, OMe), 26.0 (t,
CH2), 13.7 ppm (q, CH3), * only two signals could be unambiguously de-
tected for three carbon atoms; IR (KBr): ñ=3395 (br, O�H), 2980±2885
(C�H), 1610 cm�1 (C=C); MS (80 eV, EI): m/z (%): 221 (100) [M]+ , 206
(58) [M�CH3]


+ , 203 (55) [M�H2O]+ , 191 (31) [M�C2H6]
+ , 69 (9)


[CF3]
+ ; elemental analysis calcd (%) for C9H10F3NO2 (221.2): C 48.87, H


4.56, N 6.33; found: C 48.60, H 4.54, N 6.13.


3-Methoxy-2-isopropyl-6-(trifluoromethyl)-4-pyridinol (12): According to
the general procedure, isobutyronitrile (0.18 mL, 137 mg, 1.98 mmol),
methoxyallene (0.55 mL, 462 mg, 6.60 mmol), nBuLi (2.20 mL, 2.5m in
hexane, 5.50 mmol), TFA (1.00 mL, 1.48 g, 13.0 mmol), TEA (1.12 mL,
806 mg, 7.97 mmol), TMS triflate (1.93 mL, 2.22 g, 9.99 mmol), and TFA
(0.15 mL, 222 mg, 1.95 mmol) provided crude 12, which was purified by
HPLC (silica gel, n-hexane/iPrOH 95/5) to yield 12 (252 mg; 54%) as a
colorless oil.
1H NMR (250 MHz, CD3OD): d=7.04 (s, 1H, 5-H), 3.83 (s, 3H, OMe),
3.42, 1.21 ppm (sept, d, J=6.8 Hz, 1H, 6H, CH(CH3)2);


13C NMR
(62.9 MHz, CD3OD): d=162.8, 158.8, 144.8 (3 s, C-2, C-3, C-4), 144.3 (q,
2JC,F=34 Hz, C-6), 123.0 (q, 1JC,F=273 Hz, CF3), 108.8 (d, C-5), 61.2 (q,
OMe), 30.3, 21.9 ppm (d, q, CH(CH3)2); IR (neat): ñ=3360 (br, O�H),
3090 (=C�H), 2970±2840 (C�H), 1610 cm�1 (C=C); MS (80 eV, EI): m/z
(%): 235 (70) [M]+ , 220 (100) [M�CH3]


+ , 204 (23) [M�OMe]+ , 192 (9)
[M�C3H7]


+ , 69 (21) [CF3]
+ , 43 (32) [C3H7]


+ ; HRMS (80 eV) calcd for
C10H12F3NO2: 235.08202; found: 235.08355.


2-tert-Butyl-3-methoxy-6-trifluoromethylpyridin-4-yl nonaflate (13): NaH
(128 mg, 60% in mineral oil, 3.2 mmol) was added to a solution of pyridi-
nol 4 (400 mg, 1.60 mmol) in THF (10 mL) under an argon atmosphere.
Nonafluorobutanesulfonyl fluoride (0.83 mL, 4.8 mmol) was added drop-
wise at room temperature. The mixture was stirred for 3 h and quenched
by slow addition of water (15 mL). It was extracted with ethyl acetate
(3î10 mL), dried with Na2SO4 and concentrated to dryness. The residue
was purified by chromatography on silica gel (n-hexane) to afford 13
(663 mg; 78%) as a colorless oil. 1H NMR (500 MHz, CDCl3): d=7.42 (s,
1H, 5-H), 3.98 (s, 3H, OMe), 1.41 ppm (s, 9H, C(CH3)3);


13C NMR
(125.8 MHz, CDCl3): d=166.4 (s, C-2), 149.5, 149.4 (2 s, C-3, C-4), 142.0
(q, 2JC,F=37 Hz, C-6), 120.6 (q, 1JC,F=275 Hz, CF3), 113.1 (d, C-5), 62.0
(q, OMe), 39.1, 28.8 ppm (s, q, C(CH3)3);


19F NMR (470.6 MHz, CDCl3):
d=�67.8 (s, 3 F, CF3), �80.5 (s, 3 F, F-4), �109.1 (s, 2 F, F-3), �120.6 (s,
2 F, F-2), �125.7 ppm (s, 2 F, F-1); IR (neat): ñ=2960±2870 (C�H), 1590,
1575 (C=C), 1435, 1350 cm�1 (SO); elemental analysis calcd (%) for
C15H13F12NSO4 (531.3): C 33.91, H 2.47, N 2.64; found: C 34.06, H 2.57,
N 2.63.


2-tert-Butyl-3-methoxy-4-(4-methoxyphenyl)-6-trifluoromethylpyridine
(14): A mixture of nonaflate 13 (200 mg, 0.376 mmol), 4-methoxyphenyl-
boronic acid (68 mg, 0.45 mmol), Pd(OAc)2 (4.2 mg, 0.019 mmol), PPh3


(19.7 mg, 0.075 mmol), and K2CO3 (51 mg, 0.38 mmol) in DMF (2.8 mL)
was heated to 70 8C for 5 h under an argon atmosphere. The mixture was
allowed to cool to room temperature, diluted with water (4 mL), and ex-
tracted with diethyl ether (3î5 mL). The combined organic phase was
washed with water and brine, dried with Na2SO4 and concentrated to dry-
ness. The residue was purified by chromatography on silica gel (pentane/
ethyl acetate 10/1) to afford 14 (107 mg; 84%) as a colorless solid (m.p.
93±95 8C). 1H NMR (500 MHz, CDCl3): d=7.53±7.51 (m, 2H, Ar), 7.45
(s, 1H, 5-H), 7.02±6.98 (m, 2H, 4-Ar), 3.87, 3.36 (2 s, 3 H each, OMe),
1.46 ppm (s, 9H, C(CH3)3);


13C NMR (125.8 MHz, CDCl3): d=162.8,
160.1, 155.2 (3 s, C-2, C-3, ipso-Ar), 142.1 (s, C-4), 140.8 (q, 2JCF=35 Hz,
C-6), 129.8 (d, Ar), 128.6 (s, ipso-Ar), 120.8 (d, C-5), 114.4 (d, Ar), 60.3,
55.4 (2q, OMe), 38.4, 29.4 ppm (s, q, C(CH3)3), the CF3 signal could not
unambiguously be assigned; IR (KBr): ñ=3000 (=C�H), 2980±2835 (C�
H), 1610, 1515 cm�1 (C=C); MS (80 eV, EI): m/z (%): 339 (53) [M]+ , 338
(100) [M�H]+ , 324 (69) [M�CH3]


+ , 308 (19) [M�OCH3]
+ ; elemental


analysis calcd (%) for C18H20F3NO2 (339.4): C 63.71, H 5.94, N 4.13;
found: C 63.29, H 5.49, N 3.60.


2-tert-Butyl-3-methoxy-6-trifluoromethylpyridine (15): A mixture of non-
aflate 13 (100 mg, 0.188 mmol) and palladium (ca. 10 mg, 10% on char-
coal) in ethyl acetate (1 mL) was stirred for two days under an atmos-
phere of hydrogen. Filtration of the reaction mixture through a short pad
of silical gel with pentane/ethyl acetate (10/1) afforded 15 (39 mg; 89%)
as a colorless oil. 1H NMR (500 MHz, CDCl3): d=7.48, 7.15 (2 d, J=
8.4 Hz, 2H, 4-H, 5-H), 3.89 (s, 3H, OMe), 1.40 ppm (s, 9H, C(CH3)3);


13C NMR (125.8 MHz, CDCl3): d=158.2, 156.3 (2 s, C-2, C-3), 137.8 (q,
2JC,F=35 Hz, C-6), 122.1 (q, 1JC,F=273 Hz, CF3), 119.1, 117.2 (2 d, C-4, C-
5), 55.2 (q, OMe), 38.2, 28.3 ppm (s, q, C(CH3)3); IR (neat): ñ=3090,
2955±2850 (C�H), 1665±1590 cm�1 (C=C); MS (80 eV, EI): m/z (%): 233
(29) [M]+ , 218 (100) [M�CH3]


+ , 214 (5) [M�F]+ , 202 (4) [M�OCH3]
+ ,


198 (24) [M�CH3�HF]+ , 57 (44) [C4H9]
+ ; HRMS calcd for C11H14F3NO:


233.10344; found: 233.10275.


2-tert-Butyl-3-methoxy-4-phenylethynyl-6-trifluoromethylpyridine (16): A
reaction flask containing nonaflate 13 (100 mg, 0.188 mmol), Pd(OAc)2
(2.1 mg, 0.0094 mmol), PPh3 (9.9 mg, 0.038 mmol), and CuI (1.8 mg,
0.0094 mmol) was degassed and filled with argon. DMF (0.86 mL) and
diisopropylamine (0.43 mL) were added followed by phenylacetylene
(23 mg, 0.23 mmol). After stirring at room temperature under an argon
atmosphere for 17 h, the mixture was diluted with water (2 mL) and ex-
tracted with diethyl ether (3î5 mL). The combined organic solution was
washed with water and brine, dried with Na2SO4 and concentrated to dry-
ness. The residue was purified by chromatography on silica gel (pentane)
to afford 16 (45 mg; 72%) as a colorless solid (m.p. 72±73 8C). 1H NMR
(500 MHz, CDCl3): d=7.61 (s, 1H, 5-H), 7.58±7.56, 7.43±7.37 (2 m, 2H,
3H, Ph), 4.19 (s, 3H, OMe), 1.43 ppm (s, 9H, C(CH3)3);


13C NMR
(125.8 MHz, CDCl3): d=162.7 (s, C-2), 157.8 (s, C-3), 140.2 (q, 2JC,F=
35 Hz, C-6), 131.6 (d, Ph), 129.6 (d, C-5), 128.7 (d, Ph), 124.3 (s, C-4),
122.8 (d, Ph), 122.1 (s, ipso-Ph), 121.6 (q, 1JC,F=274 Hz, CF3), 99.3, 83.7
(2s, C�C), 61.1 (q, OMe), 38.5, 29.1 ppm (s, q, (C(CH3)3); IR (KBr): ñ=
3010±2990 (=C�H), 2960 (C�H), 2225±2205 (C�C), 1600, 1590,
1580 cm�1 (C=C); MS (80 eV, EI): m/z (%): 333 (42) [M]+ , 332 (19)
[M�H]+ , 318 (28) [M�CH3]


+ , 302 (8) [M�OCH3]
+ ; elemental analysis


calcd (%) for C19H18F3NO (333.3): C 68.46, H 5.44, N 4.20; found: C
68.16, H 5.22, N 4.12.
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Using Noncovalent Intra-strand and Inter-strand Interactions To Prescribe
Helix Formation within a Metallo-supramolecular System


Laura J. Childs, Mirela Pascu, Adam J. Clarke, Nathaniel W. Alcock, and
Michael J. Hannon*[a]


Introduction


The design of complex metallo-supramolecular architectures
remains an area of intense activity[1,2] driven not only by the
aesthetic appeal of the structures but also by emerging ap-
plications in diverse areas such as liquid crystals,[3] anion
and guest binding[4±6] and DNA recognition.[7,8] Much of our
work in this area has focused on routes that allow increas-
ingly complex architectures to be assembled rapidly in one-
pot reactions from commercial reagents.[9,10, 11a±c,12] Removing
the need for extensive synthetic procedures, allows us to
focus on probing the structure and activity of the arrays. In
particular we have designed metallo-supramolecular cylin-
ders to recognise the major groove of B-DNA and we have


demonstrated that they induce unprecedented DNA coil-
ing.[7] These cylinders are triple-stranded helical structures,
assembled from the bis(pyridylimine) ligand LH and octahe-
dral metal ions (Scheme 1).


Helical metallo-supramolecular arrays in particular have
attracted much attention.[2] Their design utilises ligands con-
taining multiple metal binding sites whose donor sets are
matched to the coordination geometric requirements of spe-
cific metals so as to give rise to multi-stranded arrays. The
ligand must offer sufficient flexibility for multiple strands to
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Abstract: The effect of inter-strand and
intra-strand interactions is explored in
a metallo-supramolecular system in
which the metal±ligand coordination
requirements may be satisfied by more
than one different supramolecular ar-
chitecture. This is achieved by intro-
ducing alkyl substituents onto the
spacers of readily prepared bis(pyridy-
limine) ligands. The alkyl substituents
induce twisting within the ligand strand
and this intra-strand effect favours for-
mation of helical architectures. The
alkyl substituents also introduce inter-
strand CH¥¥¥p interactions into the
system. For the smaller methyl group
these are most effectively accommodat-


ed in a trinuclear circular helicate ar-
chitecture. A solution mixture of dinu-
clear double-helicate and trinuclear cir-
cular helicate results from which, for
copper(i), the trinuclear circular heli-
cate crystallises. The CH¥¥¥p interac-
tions endow the circular helicate with a
bowl-shaped conformation and the tri-
angular unit aggregates into a tetrahe-
dral ball-shaped array. Low-tempera-
ture NMR studies indicate that the


CH¥¥¥p interactions also confer a bowl-
shaped conformation on the triangle in
solution. The larger ethyl groups can
sustain intra-strand CH¥¥¥p interactions
in the lower nuclearity double-helical
system and this is the unique architec-
ture for that ligand system in both solu-
tion and the solid state. Crystal struc-
tures are described for both the cop-
per(i) and silver(i) complexes. Thus we
show that intra-strand interactions may
be used to induce helicity within this
system, while the nuclearity of the
array can be prescribed by the inter-
strand interactions.


Keywords: helical structures ¥ N
ligands ¥ noncovalent interactions ¥
pi interactions ¥ supramolecular
chemistry


Scheme 1. Ligands LH, LMe and LEt.
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wrap around the two (or more) metal centres, while also
being sufficiently rigid to impose the same stereochemistry
at both metals. The design can be reinforced by additional
inter-strand interactions, but the structure adopted must sat-
isfy the metal±ligand requirements which will be, energeti-
cally, the prime interaction in the system.[14] For example,
the triple helical structures formed from LH and octahedral
metal ions contain additional interstrand CH¥¥¥p (face-edge
p stacking) interactions which probably contribute to the
stability of the array. NMR and X-ray data confirm the pres-
ence of these short inter-strand contacts in both solution
and the solid-state.


Non-helical isomers arise when the ligand is too flexible
to prescribe the same stereochemistry at both metal cen-
tres.[13] For example, while the design of LH is optimal for
octahedral metal triple-helix formation, with tetrahedral
metal ions a mixture of double-stranded helices (rac iso-
mers) and boxes (meso isomer) are formed.[10,11] Since in
such a system the metal±ligand requirements can be satis-
fied in more than one way, we decided to explore whether
inter-strand or intra-strand interactions could be used to per-
turb the system and allow access uniquely to the double-hel-
ical architecture. The approach bears some relation to our
−frustration× approach in which we have used multiple com-
peting interactions to generate libraries of structures;[14, 12]


here we use multiple interactions to prescribe a single struc-
ture.


Metallo-supramolecular systems in which structure is in-
fluenced or prescribed by inter- or intra-strand interactions
are rare. Ligand strand design has been used to sterically
prevent bis-ligand coordination and thus prescribe hetero-
ligand complexes giving cylinders,[15] rotaxanes,[16] racks[17]


and ladders.[18] We have previously reported a double helix
in which face-edge p interactions (CH¥¥¥p) pull two strands
together thereby creating a helix with two distinct grooves
(major and minor).[11a] Similar effects induced by (face-face)
p±p interactions[19] have subsequently been reported by Ber-
mejo and co-workers[20] and more recently by Love and co-
workers.[21] In these previous systems the inter-strand inter-
actions influence the precise microarchitecture of the helix
but not the global architecture adopted. The system descri-
bed herein is different in that the inter-strand interactions
do influence the nuclearity and architecture of the helical
array.


Molecular design : The obvious difference between the meso
and rac conformations formed when LH interacts with tetra-
hedral metal ions is the way in which the ligand strands are
wrapped around the axis de-
fined by the metal ions (under
and over in the helix, over and
over in the box).[2] This is illus-
trated schematically in Figure 1.


These two isomers are in
equilibrium in solution and the
box is favoured enthalpically,
while the helix is favoured by
entropy. Thus at low tempera-
ture the box dominates but as


the temperature is raised the proportion of helix rises (for
LH the copper(i) complex in dichloromethane is a 1:1 mix at
193 K and ~2 helix:1 box at 233 K). In the 1H NMR spec-
trum the central CH2 resonances provide a useful handle to
identify the two isomers. The CH2 protons in the helix are
equivalent and thus appear as a single resonance, while in
the box they are non-equivalent and thus appear as two
doublets (see Figure 2).[22] The solid-state structure is de-
pendent on crystallisation conditions and choices of anions


and we have crystallographically characterised both helix
and box conformations.[10,11]


A further distinction between the two structures is that in
the box architecture the phenyl rings are coplanar with the
pyridylimine binding units, while in the helix twisting about
the inter-annular bonds is required to facilitate ligand wrap-
ping, as illustrated in Scheme 2.


On the basis of this analysis, the approach that we explore
herein to attempt to perturb the box/helix equilibrium is to
introduce alkyl groups into the spacer with the goal of (ster-
ically) twisting the phenyl rings out of planarity with the
iminopyridine units and thus disfavouring the meso isomer.


Figure 1. Schematic representation of box and helix conformations.


Figure 2. 1H NMR spectrum of central CH2 resonances showing box and
helix species.


Scheme 2. Schematic representation of helix (left) and box (right) conformations of the dimeric cation
[Cu2(L


H)2]
2+ .
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We report the synthesis of supramolecular arrays from li-
gands containing methyl and ethyl substituents. These sub-
stituents not only disfavour the meso isomer, as anticipated,
but also introduce new inter-strand CH¥¥¥p interactions[23]


within these double-stranded systems and this can have a
dramatic influence on the nuclearity of the helical architec-
ture adopted. An aspect of this work related to LMe has ap-
peared in a preliminary communication focused on control-
led aggregation,[24] rather than on inter- and intra-strand in-
teractions which are the focus herein.


Results and Discussion


The ligands LMe and LEt were prepared in <80% yield by
mixing two equivalents of pyridine-2-carboxaldehyde with
one equivalent of the appropriate 4,4’-methylenebis(2,6-di-
alkylaniline) in methanol. The ligand could be isolated and
subsequently treated with an appropriate metal salt, or the
complexes could be prepared directly in a one-pot reaction
by simply mixing aldehyde, diamine and metal salt. Indeed,
although not our preferred method, we have established
that the copper(i) complex of LMe can be prepared in a sol-
ventless reaction by simply grinding the three components
in a pestle and mortar.


Complexes of LMe : Reaction of LMe with [Cu(MeCN)4][PF6]
in methanol yielded a red solution from which a red solid
precipitated on cooling. The red colour (l=470 nm, e=12
000 in MeCN) arises from a metal-to-ligand charge transfer
(MLCT) transition characteristic of copper(i) in a bis(pyri-
dylimine) environment. To probe whether the methyl
groups were sufficient to disfavour the formation of the
meso isomer, the 1H NMR spectra were recorded in CD2Cl2
and CD3CN solutions. In acetonitrile at room temperature,
a single set of resonances are observed but as the tempera-
ture is lowered to 233 K, a second species becomes evident
in the spectrum. In CD2Cl2 at room temperature, two sets of
resonances are observed consistent with the presence of two
solution species (Figure 3).[25]


Although two species are present in solution, (as in the
unsubstituted compound) in the CH2 region of the 1H NMR
spectrum (Figure 4) two singlets are observed and there is


no evidence (even at low temperature in dichloromethane)
for the pair of doublets characteristic of the CH2 group in
the box (meso) architecture (Figure 2). This implies that, as
envisaged, the introduction of the methyl group has sterical-
ly disfavoured formation of the meso isomer. The electro-
spray mass spectrum shows peaks corresponding to a dimer-
ic species and a trimer. The NMR data coupled with the
ESI-MS data leads to the conclusion that the solution spe-
cies must be a dimeric helix [Cu2(L


Me)2]
2+ and a (triangular)


helical trimer [Cu3(L
Me)3]


3+ .
At 298 K in dichloromethane solution the phenylene pro-


tons of the major component are observed as two broad res-
onances indicating that ring spinning is slow on the NMR
time scale. The methyl resonances are observed as a single
peak. At lower temperature (273 K) the phenylene resonan-
ces have sharpened. Two CH3 resonances are observed for
both species at this temperature. The phenylene protons of
the minor component are observed as a singlet at 298 K. By
273 K, two sets of resonances are also observed for these
protons. At 213 K, the phenylene protons for the minor spe-
cies have broadened. At 183 K all the resonances in the
spectrum are broadened (possibly due to viscosity effects of
solvent at this temperature). However, although all the reso-
nances of the minor component remain broad, two distinct
broad signals can be resolved for both the methyl and the
CH2 protons, and new broad peaks just resolved in the base-
line in the aromatic region. This implies that the ligand may
be unsymmetrically orientated in the complex on the NMR
time scale at this temperature.


NMR diffusion experiments in CD2Cl2 are consistent with
two species of different volume. The major component has a
diffusion coefficient of (1.02�0.02)î10�9 m2s�1 and the dif-
fusion coefficient of the minor component is (0.91�0.02)î
10�9 m2s�1. A larger sized species will move more slowly in
solution and hence these results indicate that the major
component is the smaller (i.e. dimeric) species (see
Figure 5).


Figure 3. Aromatic region of the 1H NMR spectrum of [Cun(L
Me)n][PF6]n


in CD2Cl2 at 298 K.


Figure 4. The CH2 resonances in the 1H NMR spectrum for the copper(i)
complexes of LMe in CD2Cl2 at 273 K.
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Recrystallisation of the compound from nitromethane by
diffusion of diethyl ether afforded X-ray quality crystals and
the X-ray crystal structure has been determined. The solid-
state structure reveals a chiral trinuclear circular helicate
[Cu3(L


Me)3]
3+ (Figure 6a).


Each copper(i) centre is bound to two pyridylimine units
from two different ligands, and occupies a four-coordinate
pseudo-tetrahedral environment. The three metal centres
prescribe the three vertices of the triangle, and each ligand
wraps −over and under× this triangular plane formed by the
three metal ions leading to a trinuclear circular helicate.[26,12]


The Cu�Npyridyl distances (2.025(8)±2.067(8) ä) and Cu�


Nimine distances (2.011(7)±
2.049(8) ä) are unremarkable.
The pyridylimine±Cu is associ-
ated with a typical −bite angle×
of 82.08 and 83.18. The cop-
per(i) centres are separated by
a distance of 11.3 ä. The struc-
ture indicates why the methyl
groups have induced formation
of a trimeric species which was
not observed with ligand LH.
The methyl groups of one
ligand stack above the phenyl
rings of an adjacent ligand and
a total of six CH±p interactions
(CH±centroid 2.9±3.0 ä) are
formed within the triangle, that


is, six of the twelve methyl groups engage in inter-strand
CH±p interactions. These interactions, which would not be
possible in a dimeric structure, presumably contribute to the
energetic stability and induce formation of this higher order
trinuclear structure.


The side view of this trinuclear circular helicate (Fig-
ure 6b) reveals that the triangle is not planar but instead
slightly bent over towards one face to provide a bowl-
shaped motif. This bowl-shaped distortion arises to accom-
modate the six CH±p interactions and is a consequence of
the desire of the methyl groups to form CH±p interactions
coupled with the constraints of the ligand connectivity. Thus,
these inter-strand interactions not only induce a new archi-
tecture but also influence the precise microarchitecture of
the array. Three pyridyl rings (one from each ligand) point
up towards the cavity of the bowl and are arranged like the
blades of a propeller. These −blades×, together with the bowl-
shaped topography, have dramatic consequences for the
solid-state aggregation of these triangles (Figure 7) as we
have previously discussed elsewhere,[24] and four of the
bowl-shaped triangular units assemble to form a tetrahedral
ball-shaped aggregate through CH±p interactions between
the pyridyl rings of the triangles with the phenylene spacers
of adjacent triangles. The propeller-type-twist arrangement
of the pyridyl −blades× leads to self-recognition by circular


Figure 5. Spectrum of NMR diffusion experiment for copper(i) complexes of ligand LMe.


Figure 6. X-ray crystal structure of the [Cu3(L
Me)3]


3+ ion: a) front view;
b) side view. To emphasise the helical nature each ligand is shown in a
different shading. Hydrogen atoms are omitted for clarity.


Figure 7. The tetrahedron array resulting from the aggregation of four
[Cu3(L


Me)3]
3+ trimers; each trimer is shaded differently. Hydrogen atoms


are omitted for clarity.
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helicates of the same chirality giving a chiral tetrahedral ball
of ~2.5 nm (C¥¥¥C) diameter, inside which four PF6


� counter
anions are located.


NMR dilution studies in CD2Cl2 over the range 15.5±
0.5 mm revealed no change in the positions of the peaks cor-
responding to either trimer or dimer implying no further ag-
gregation of the triangle (or dimer) into a higher order spe-
cies at these NMR concentrations. The ratio of the two spe-
cies varies over these concentration ratios as expected with
the proportion of trimer decreasing as the solution becomes
more dilute. The difference in free energy, DG, between the
dimeric and trimeric species was calculated from these dilu-
tion studies; an approximate value for DG was obtained
from 20 different concentrations and the average value cal-
culated to be 8.9�0.2 kJmol�1K.


The NMR observation that the ligand resonances become
non-equivalent at low temperature in dichloromethane
would be consistent with the bowl shape starting to freeze
out at this temperature.


Reaction of LMe with silver(i) ions : Reaction of ligand LMe


with silver(i) acetate yields a yellow solution from which a
yellow solid precipitated on treatment with [NH4][PF6]. ESI
mass spectrometry revealed peaks corresponding to
{Ag3(L


Me)3(PF6)}
2+ , {Ag3(L


Me)3}
3+ , {Ag2(L


Me)2(PF6)}
+ and


{Ag2(L
Me)2}


2+ again consistent with the formation of both
dimer and trimer in solution.


The 1H NMR spectra of the compound have been record-
ed in both CD2Cl2 and CD3CN solution. In CD3CN at room
temperature, a single set of resonances is observed. In
CD2Cl2 at 283 K, two sets of resonances of almost (but not
quite) equal intensity are present indicating two solution
species (Figure 8).


For both species the central CH2 resonance is a singlet
consistent with helical dimers and trimers as in the copper(i)
complex. In both cases the phenyl and methyl protons are
singlets, indicating that ring spinning is fast on the NMR
time scale at this temperature. As the temperature is re-
duced the ratio of the two species varies quite dramatically
such that at 223 K the ratio is about 10:1. As the tempera-
ture is reduced the phenyl and methyl signals also start to
broaden and split into two as ring spinning is slowed. Similar
signal broadening and ligand asymmetry at very low temper-


ature are observed as in the copper(i) complex. Although
several batches of crystalline material were obtained and in-
vestigated, diffraction was very weak.


Ligand LEt : While methyl substitutents were successful in
eliminating the meso isomer from the equilibrium, they
induce an additional trimeric species. The copper(i) crystal
structure reveals that this trimeric species allows the ligand
to form short CH±p contacts that would not be possible in
the dinuclear helical structure. We reasoned that switching
to longer ethyl groups in LEt might allow shorter CH¥¥¥p con-
tacts to be achieved in a double-helical architecture and
consequently remove the factor favouring the trimer (a
trimer should be disfavoured on entropic grounds). Ligand
LEt was therefore prepared. An additional feature of the
ethyl substituent is that the ethyl CH2 unit represents a po-
tentially diastereotopic group which might act as a probe for
the presence of chiral helical arrays in solution.


Reaction of LEt with copper(i) ions : Ligand LEt was allowed
to react with copper(i) as described for LMe. The mass spec-
trometry (FAB and ESI) is consistent with a dinuclear for-
mulation [Cu2(L


Et)2][PF6]2 and there is no evidence for tri-
meric peaks in the mass spectra. The absorption spectrum in
acetonitrile solution shows broad absorptions centred at
275 nm (e=17000), 339 nm (e=42000) and 475 nm (e=
1300). The MLCT transition at 475 nm is again typical of
copper(i) in a bis(pyridylimine) environment.


The red solid was recrystallised from acetonitrile by the
slow diffusion of benzene to yield red crystals. To determine
the solid-state molecular structure an X-ray analysis has
been conducted. The solid-state structure confirms that the
cation is indeed an M2L2 double-helical architecture
(Figure 9). Each copper(i) centre is pseudo-tetrahedral, coor-
dinating to a pyridylimine binding sub-unit of each ligand.
Each ligand strand wraps over and under the plane formed
by the metal±metal axis and the stereochemical configura-
tion at each metal centre is identical, giving rise to the heli-
cal character. The Cu¥¥¥Cu intermetallic distance is 11.06 ä.
The Cu�Nimine (2.034(2)±2.050(2) ä) and the Cu�Npyridine


(2.038(2)±2.061(2) ä) distances and the −bite angles× of 80.9±
81.98 are unremarkable. The imines are almost coplanar
with the pyridyl rings (dihedral angles of 1.9±4.68) as is ex-


pected and there is dramatic
twisting between the pyridyl-
imine units and the aryl rings of
the spacer as anticipated in the
molecular design (64.3±69.28).
There are four CH¥¥¥p interac-
tions (CH¥¥¥centroid 3.71±
3.82 ä) within the helicate
which occur between the CH3


units of one ligand and the
phenyl rings of the opposite
ligand.


The helicates pack together
in chains as shown in Figure 10.
The structure contains chains of
helices of the same chiralityFigure 8. 1H NMR spectrum of [Agn(L


Me)n][PF6]n in CD2Cl2 at 283 K.
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packed into a grid-like arrangement with chirality alternat-
ing in adjacent chains and rendering the overall structure
achiral. The hexafluorophosphate anions are incorporated
into the chains, packed between the helicates.


To establish that the double helical architecture is re-
tained in solution and is the only solution species, the
1H NMR spectra of the complex at room temperature have
been recorded in both CD3CN and CD2Cl2 (Figure 11).


In both cases, only a single set of resonances are observed,
and in both cases the central CH2 resonance is a singlet im-
plying formation of a helical array (Figure 12).


As the temperature is reduced to 183 K a single set of res-
onances is still observed in the CD2Cl2 spectrum confirming
the presence of just a single solution species of helical
nature. Coupled with the electrospray mass spectra data this
species must be a dinuclear double helicate. The chiral
nature of the species is confirmed by the observation that
the ethyl CH2 protons are non-equivalent (Figure 13).


Ring spinning is slow and so four resonances are observed
for these protons, that is, both of the (diastereotopic) ethyl
CH2 groups become non-equivalent. Two of the protons are
deshielded (d=~2, ~2.1 ppm) compared to the free ligand
(d=~2.5 ppm in ligand) and the other two resonances (d=


~2.6, 2.7 ppm) are not deshield-
ed. Similarly, two distinct
methyl groups are observed at
low temperature (d=~1.1 and
~0.5 ppm) and one is deshield-
ed compared to the free ligand
(d=1.1 ppm). Such deshielding
is consistent with the group
lying above an aromatic ring p-
stacked as in the crystal struc-
ture. A 2D NOESY experiment
indicates that this deshielded
methyl (~0.5 ppm) is attached
to the two deshielded CH2 pro-
tons which would also be locat-


ed above the ring. The shifts are thus consistent with the re-
tention of the p-stacked structure in solution as in the solid
state. As the temperature drops these shielded resonances
start to broaden but within the available temperature ranges
do not split.


Reaction of LEt with silver(i) ions : Ligand LEt was allowed
to react with silver(i) acetate in the same way as described
for ligand LMe. Mass spectra (FAB and ESI) are consistent
with the formation of a dimeric species of formula
[Ag2(L


Et)2][PF6]2.


Figure 9. Space-filling representation of the X-ray crystal structure of
double-helicate [Cu2(L


Et)2]
2+ . Hydrogen atoms are omitted for clarity.


Figure 10. X-ray crystal packing diagram of the [Cu2(L
Et)2]


2+ cations. a)
Chain structure ; b) perpendicular view illustrating the packing of chains.
Hydrogen atoms are omitted for clarity.


Figure 11. Aromatic region of 1H NMR spectrum of [Cu2(L
Et)2][PF6]2 in


CD2Cl2 at 298 K.


Figure 12. Central CH2 reso-
nance of [Cu2(L


Et)2][PF6]2 at
298 K in CD2Cl2.


Figure 13. NMR expansion of the region showing diastereotopic resonan-
ces of Ha to Hd of [Cu2(L


Et)2][PF6]2 in CD2Cl2 at 273 K.
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Yellow crystals were obtained from acetonitrile by the
slow diffusion of diethyl ether. The crystals were suitable for
X-ray diffraction studies and this allowed the solid-state mo-
lecular architecture to be determined. As in the copper(i)
complex, a double helicate is formed (Figure 14).


Each silver(i) centre is pseudo-tetrahedral, coordinating
to a pyridylimine binding sub-unit of each ligand. Each
ligand strand wraps over and under the plane formed by the
metal±metal axis. The Ag�Ag intermetallic distance is
11.38 ä. The Ag�Nimine (2.315(3)±2.367(3) ä) and Ag�Npyridine


(2.261(4)±2.304(4) ä) distances and the bite angles of
72.8±73.48 are unremarkable. The imines are again almost
coplanar with the pyridyl rings (dihedral angles of 0.3±2.38)
and the twisting necessary for helicate formation occurs be-
tween the pyridylimine units and the phenyl spacers. There
are four CH¥¥¥p interactions (CH¥¥¥centroid 3.56±3.81 ä)
within the helicate, analogous to those in the copper heli-
cate, between the ethyl groups of one ligand and the phenyl
rings of an opposite ligand. The crystal packing of these sil-
ver(i) helicates is entirely analogous to the packing of the
copper(i) helicates (see Supporting Information).


Once again, 1H NMR spectroscopy in CD3CN and CD2Cl2
indicated a single solution species of helical architecture
(central CH2 is a singlet) in solution even at low tempera-
tures (Figure 15). At room temperature in CD2Cl2 a Ag-
imine splitting of 8.3 Hz is observed confirming coordina-
tion.


In contrast to the room-temperature spectrum of the
copper complex, in the spectrum of the silver complex the


phenylene protons resonate as a singlet indicating that the
phenylene rings are spinning rapidly on the NMR time
scale. Similarly single methyl and CH2 (ethyl) resonances
are observed. As the temperature is lowered, the ring-spin-
ning process freezes out and two phenyl, two methyl and
three ethyl CH2 resonances (corresponding to four signals,
two of which overlap) are observed. As in the copper com-
plex one of each of the phenyl and methyl resonances is de-
shielded implying again that the CH¥¥¥p interactions ob-
served in the crystal are retained in solution. At coalescence
(~245 K) the rate of ring spinning is estimated to be 400 Hz.
The more facile ring spinning in this silver complex may be
a consequence of the longer silver�N bond lengths and con-
sequent inter-spacer separation.


Conclusion


We have demonstrated that alkyl substituents introduced
into the spacer can indeed induce strand twisting and thus
disfavour box (meso isomer) formation. However, these
alkyl substituents introduce secondary non-covalent interac-
tions into the strand and these reveal themselves in inter-
strand processes which can dramatically influence the archi-
tectures assembled. Thus the methyl groups introduce a new
architecture into the solution library of potential structures
(a trinuclear circular helicate) as a consequence of inter-
strand CH¥¥¥p interactions. A mixture of dinuclear double-
helicate and trinuclear circular helicate thus arises. For
longer ethyl substituents such CH¥¥¥p interactions can al-
ready be achieved within the dinuclear double-helicate and
so the higher order (and thus entropically disfavoured) tri-
nuclear circular helicate is not observed (the longer ethyl
group may also be too long to form effective CH¥¥¥p interac-
tions within the trinuclear system). In this system the ethyl
substituents, and the non-covalent and steric interactions
they introduce, prescribe and direct the exclusive formation
of a double helical array. A consequence of the CH¥¥¥p inter-
actions in the trinuclear circular helicate is the induction of
a bowl-shaped configuration in the solid state. NMR solu-
tion studies indicate that a similar conformation may also be
adopted in solution, although this is dynamic and only starts
to freeze out at very low temperature. In the solid state the
bowl-shaped topography leads to aggregation into a tetrahe-
dral ball-shaped array at the heart of which lie hexafluoro-
phosphate anions which make a number of short contacts
and probably contribute to the stabilisation of this supra-
molecular aggregate. Thus secondary non-covalent inter-
strand interactions can play a powerful role in determining
metallo-supramolecular architectures.


Experimental Section


General : All starting materials and reagents were purchased from Al-
drich and used without further purification. 1H NMR studies were carried
out on DPX 300, ACP 400 or DRX 500 MHz Bruker spectrometers using
standard Bruker software. Infra-red spectra were recorded on a Nicolet
Avalar FTIR as compressed solid pellets or as compressed KBr pellets.
FAB, EI and CI mass spectra were recorded at the University of Warwick


Figure 14. Space-filling representation of the X-ray crystal structure of
double-helicate [Ag2(L


Et)2]
2+. Hydrogen atoms are omitted for clarity.


Figure 15. Aromatic region of 1H NMR spectrum of [Ag2(L
Et)2][PF6]2 in


CD2Cl2 at 233 K.
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on a Micromass Autospec spectrometer. ESI mass spectra were recorded
on Micromass Quatro II (low resolution triple quadrupole mass spec-
trometer) instruments at the EPSRC National Mass Spectrometry
Centre, University of Wales, Swansea. Elemental analysis was performed
by Warwick Analytical Services on a Leeman Labs CE44 CHN analyser.
UV/Vis measurements were made using a PU 8720 scanning spectrome-
ter or a Jasco V-550 spectrophotometer. X-ray data was collected with a
Siemens SMART three-circle system with a CCD area detector and re-
finement performed using SHELXL 97.[27]


Synthesis of ligands LMe and LEt : Ground 3 ä dried molecular sieves
(5 g) and 4,4’-methylenebis(2,6-diethylaniline) or 4,4’-methylenebis(2,6-
dimethylaniline) (0.678 g, 2.67 mmol) were added to methanol (90 mL)
and stirred under a nitrogen atmosphere until the methylenedianaline
had dissolved (approximately 5 min). Pyridine-2-carboxyaldehyde
(0.571 g, 5.34 mmol) was added and the mixture stirred at room tempera-
ture for 24 h. The molecular sieves were removed by filtration and the fil-
trate concentrated by rotary evaporation to produce a yellow solid.


LMe : Yellow solid (0.934 g, 81%). IR (KBr): ñ=2996w, 2905 m, 2846w,
1638 s, 1583 m, 1476 s, 1433 s, 1385 s, 1318w, 1283w, 1200 s, 1141 m, 1089w,
1042w, 987 m, 876 m, 837 m, 774 s, 742 m, 695w, 647w, 616w cm�1; MS (+
ve CI): m/z : 433 [M+H]+ ; elemental analysis calcd (%) for C29H28N4: C
80.5, H 6.5, N 13.0; found: C 80.5, H 6.6, N 13.0; 1H NMR (CDCl3): d=
8.72 (d, J=4.9 Hz, 1H; H6), 8.35 (s, 1H; Hi), 8.28 (d, J=7.9 Hz, 1H; H3),
7.84 (td, J=7.9, 1.7 Hz, 1H; H4/5), 7.40 (ddd, J=7.5, 4.7, 1.1 Hz, 1H; H4/


5), 6.94 (s, 2H; HPh), 3.85 (s, 1H; central CH2), 2.15 ppm (s, 6H; CH3);
13C NMR (CDCl3): d=163.83 (C7), 154.94 (C2/8/11), 149.99 (C6), 148.76
(C2/8/11), 137.53 (C2/8/11), 137.11 (C4/5), 129.11 (C10 & C12), 127.43 (C9 &
C13), 125.68 (C4/5), 121.59 (C3), 41.28 (C16), 18.79 ppm (C14 & C15).


LEt : From 4,4’-methylenebis(2,6-diethylaniline) (4.087 g, 13.16 mmol) and
pyridine-2-carboxyaldehyde (2.820 g, 26.33 mmol). Yellow solid (5.459 g,
85%). IR (KBr): ñ=2953 s, 2925 s, 2862 s, 1642 s, 1587 s, 1563 s, 1468 s,
1456 s, 1433 s, 1381w, 1362w, 1338w, 1314w, 1291 m, 1220w, 1192 s, 1141 s,
1078w, 995 s, 936 m, 892 m, 853 s, 770 s, 742 m, 691w, 659 mcm�1; elemen-
tal analysis calcd (%) for C33H36N4¥0.5CH3OH: C 79.7, H 7.6, N 11.1;
found: C 80.0, H 7.4, N 11.4; MS (+ve EI): m/z 488 [M]+ ; 1H NMR
(CDCl3): d=8.72 (dq, J=4.9, 0.9 Hz, 1H; H6), 8.35 (s, 1H; Hi), 8.27 (dt,
J=7.7, 1.1 Hz, 1H; H3), 7.85 (td, J=7.5, 1.1 Hz, 1H; H4/5), 7.41 (ddd, J=
7.5, 4.9, 1.1 Hz, 1H; H4/5), 6.97 (s, 2H; HPh), 3.94 (s, central CH2; 1H),
2.50 (q, J=7.5 Hz, 4H; CH2), 1.13 ppm (t, J=7.5 Hz, 6H; CH3);
13C NMR (CDCl3): d=163.46 (C7), 154.92 (C2/8/11), 150.00 (C6), 147.96
(C2/8/11), 137.57 (C2/8/11), 137.15 (C4/5), 133.30 (C9 & C13), 127.34 (C10 &
C12), 125.67 (C4/5), 121.59 (C3), 41.54 (C18), 25.11 (C14 & C16), 15.18 ppm
(C15 & C17).


Synthesis of [Cun(L
Me)n][PF6]n : Ligand LMe (0.084 g, 0.19 mmol) was dis-


solved in methanol and whilst stirring under a nitrogen atmosphere,
[Cu(MeCN)4][PF6] (0.072 g, 0.19 mmol) was added to give a dark red sol-
ution. The solution was heated under reflux overnight and then cooled to
room temperature. A black solid precipitated from the solution on stand-
ing. This was collected by filtration and washed with diethyl ether
(0.173 g, 71%). X-ray quality crystals were obtained by the slow diffusion
of diethyl ether into a solution of the complex in nitromethane.


The same compound can be prepared in a single pot simply by mixing
the aldehyde and diamine and then adding the cuprous salt. It can also
be prepared in a solventless reaction by grinding the three compounds
together.


IR (KBr): ñ=2902w, 1586 m, 1474 m, 1440 m, 1380 m, 1303w, 1200 m,
1140w, 900w, 836 s, 772 m, 742w, 558 mcm�1; MS (ESI): m/z 1135 {Cu2(L
Me)2(PF6)}


+ , 927 {Cu(LMe)2}
+ , 816 {Cu3(L


Me)3(PF6)}
2+ , 495 {Cu2(L


Me)2}
2+ ,


{Cu(LMe)}+ ; MS (+ve FAB): m/z : 1137 [Cu2(L
Me)2(PF6)]


+ , 495
[Cu2(L


Me)2]
+ ; 1H NMR: (CD2Cl2): d=8.67 (d, J=4.9 Hz, 4H; H6), 8.49


(s, 3H; Hi helix), 8.40 (s, 1H; Hi, trimer), 8.21 (td, J=7.7, 1.5 Hz, 3H; H4


helix), 8.15 (td, J=7.7, 1.5 Hz, 1H; H4 trimer), 7.99 (d, J=7.9 Hz; 4H,
H3), 7.85 (ddd, J=7.7, 5.1, 1.3 Hz, 3H; H5 helix), 7.77 (ddd, J=7.7, 5.1,
1.3 Hz, 1H; H5 trimer), 6.99 (s, 3H; HPh helix), 6.90 (s, 2H; HPh trimer),
6.67 (s, 3H; HPh helix), 3.92 (s, 3H; central CH2 helix), 3.76 (s, 1H; cen-
tral CH2 trimer), 2.04 ppm (br. s, 24H; CH3); UV/Vis (MeCN): l=470
(e=12000), 334 (e=28000), 328 nm (e=75000).


Synthesis of [Cu2(L
Et)2][PF6]2 : Ligand LEt (0.107 g, 0.284 mmol) was dis-


solved in methanol and whilst stirring under a nitrogen atmosphere,
[Cu(MeCN)4][PF6] (0.106 g, 0.284 mmol) was added to give a dark red


solution. The solution was heated under reflux overnight and then cooled
to room temperature. A dark red solid precipitated from the solution on
standing and was collected by filtration and dried with diethyl ether
(0.336 g, 85%). The solid was recrystallised from acetonitrile by the slow
diffusion of benzene to afford dark red crystals. IR (KBr): ñ=2965 m,
2927w, 2867w, 1611 m, 1586 m, 1556w, 1504w, 1470 m, 1436 m, 1380 m,
1303 m, 1252w, 1192 m, 1145 m, 836 s, 772 m, 738w, 549 scm�1; MS (ESI):
m/z : 1247 {Cu2(L


Et)2(PF6)}
+ , 1040 {Cu2(L


Et)(PF6)}
+ , 551 {Cu2(L


Et)2}
2+ ;


MS (+ve FAB): m/z : 1247 [Cu2(L
Et)2(PF6)]


+ ; elemental analysis calcd
(%) for Cu2C66H72N8P2F12¥H2O: C 56.1, H 5.3, N 7.9; found: C 56.0, H
5.2, N 7.9; 1H NMR (CD2Cl2): d=8.56 (s, 1H; Hi), 8.53 (br. d, J=4.9 Hz,
1H; H6), 8.22, (td, J=7.9, 1.4 Hz, 1H; H4), 8.00 (br. d, J=7.4 Hz, 1H;
H3), 7.83 (ddd, J=7.8, 4.9, 1.4 Hz, 1H; H5), 7.03 (br. d, J=1.4 Hz, 2H;
HPh), 6.52 (br. d, J=1.5 Hz, 2H; HPh), 3.86 (s, 1H; central CH2), 2.68 (m,
2H; CH2), 2.58 (m, 2H; CH2), 2.19 (m, 2H; CH2), 2.00 (m, 2H; CH2),
1.02 (t, J=7.9, 3H; CH3), 0.45 ppm (t, J=7.4, 3H; CH3); UV/Vis
(MeCN): l=475 (e=1300), 339 (e=42000), 275 nm (e=17 000).


Synthesis of [Agn(L
Me)n][PF6]n : Care was taken to exclude light during


the following procedure. LMe (0.1 g, 0.231 mmol) was dissolved in chloro-
form and silver(i) hexafluorophosphate (0.058 g, 0.231 mmol) dissolved in
methanol was added and stirred at room temperature for 2 h. The yellow
precipitate was collected by vacuum filtration, washed with chloroform
and dried in vacuo under P4O10 (0.22 g, 70%). IR (KBr): ñ=2923 m,
2855w, 1643 m, 1586 m, 1478 m, 1439 m, 1386 m, 1303w, 1260w, 1197w,
1143w, 1007w, 842 s, 770 m, 741w cm�1; MS (ESI): m/z : 1225 {Ag2(L
Me)2(PF6)}


+ , 973 {Ag(LMe)2}
+ , 883 {Ag3(L


Me)3(PF6)}
2+ , 540 {Ag3(L


Me)3}
3+ ,


{Ag2(L
Me)2}


2+ ; elemental analysis calcd (%) for Ag2C58H56N8P2F12¥2H2O:
C 49.6, H 4.3, N 8.0; found: C 49.4, H 4.1, N 7.8; 1H NMR (CD2Cl2,
283 K): d=8.75 (s, 2H; Hi), 8.41 (d, J=7.5 Hz, 1H; H6 helix), 8.31 (d, J=
6.5 Hz, 1H; H6 trimer), 8.20 (td, J=7.8, 1.5 Hz, 1H; H4 helix), 8.15 (td,
J=7.8, 1.5 Hz, 1H; H4 trimer), 7.88 (dd, J=9.7, 7.8 Hz, 2H; H3), 7.81
(ddd, J=7.8, 5.0, 2.8 Hz, 1H; H5 helix), 7.81 (ddd, J=7.8, 5.0, 2.8 Hz,
1H; H5 trimer), 6.92 (s, 2H; HPh helix), 6.85 (s, 2H; HPh trimer), 3.92 (s,
1H; central CH2 helix), 3.76 (s, 1H; central CH2 trimer), 1.94 (s, 6H;
CH3 helix), 1.77 ppm (s, 6H; CH3 trimer).


Synthesis of [Ag2(L
Et)2][PF6]2 : Ligand LEt (0.106 g, 0.217 mmol) was dis-


solved in methanol and whilst stirring under a nitrogen atmosphere and
excluding light, silver(i)acetate (0.036 g, 0.217 mmol) was added to give a
yellow solution. The solution was heated under reflux in the dark for 1 h
and then cooled to room temperature. The solution was filtered through
celite and the yellow filtrate collected. A yellow solid precipitated on ad-
dition of excess methanolic [NH4][PF6] to the filtrate and was collected
by filtration (0.238 g, 74%). X-ray quality crystals were obtained by the
slow diffusion of diethyl ether into a solution of the complex in acetoni-
trile. IR (KBr): ñ=2964 m, 2928 m, 2870w, 1643 s, 1571w, 1473 m, 1432w,
1384 s, 1309w, 1258w, 1196w, 1145w, 1104 m, 903 m, 838 s, 775w, 611w
cm�1; MS (ESI): m/z : 1338 {Ag2(L


Et)2(PF6)}
+ , 1083 {Ag(LEt)2}


+ , 551
{Ag2(L


Et)2}
2+ ; MS (+ve FAB): m/z : 1338 [Ag2(L


Et)2(PF6)]
+ ; elemental


analysis calcd for Ag2C50H40N8P2F12¥H2O: C 52.9, H 5.0, N 7.5; found: C
52.8, H 4.9, N 7.3; 1H NMR (CD2Cl2): d=8.73 (d, J=4.9 Hz, 1H; H6),
8.47 (d, J=8.3 Hz, 1H; Hi), 8.22 (td, J=7.7, 1.7 Hz, 1H; H4), 7.89 (d, J=
7.7 Hz, 1H; H3), 7.83 (dd J=7.5, 4.7, Hz, 1H; H5), 6.71 (s, 2H; HPh), 3.79
(s, 1H; central CH2), 2.31 (m, 4H; CH2), 0.72 ppm (t, J=7.4 Hz, 6H;
CH3).


X-ray crystallographic structural characterisations


[Cu2(L
Et)2][PF6]2 : Crystal structure data for C66H72N8Cu2P2F12, Mr=


1394.34, triclinic, space group P1≈ , a=14.4010(2), b=14.9535(3), c=
17.5995(4) ä, a=110.1550(10), b=104.02, g=101.6300(10)8, V=


3278.38(11) ä3, T=180(2) K, l=0.71073, Z=2, 1calcd=1.412 Mgm�3,
F(000)=1440, m(MoKa)=0.778 mm�1. Crystal character: red plates. Crys-
tal dimensions: 0.7î0.6î0.02 mm, data collected with a Siemens
SMART three-circle system with CCD area detector.[28] The crystal was
held at 180(2) K with an Oxford Cryosystem Cryostream Cooler;[29]


qmax=29.138. A total of 20698 reflections was measured, 14848 unique
[Rint=0.0173]. Absorption correction by Psi-scan. Weighting scheme w=


1/[s2(F2
o)+ (0.0383P)2], where P= (F2


o+2F2
c)/3. Goodness-of-fit on F2 was


1.045, R1 [for 14848 reflections with I>2s(I)]=0.0441, wR2=0.1101,
data/restraints/parameters 14848/34/877. Largest difference Fourier peak
and hole 0.870 and �0.650 eä�3, respectively. Refinement used SHELXL
97.[27]


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4291 ± 43004298


FULL PAPER M. J. Hannon et al.



www.chemeurj.org





[Ag2(L
Et)2][PF6]2 : Crystal structure data for C66H72N8Ag2P2F12, Mr=


1483.00, triclinic, space group P1≈ , a=14.4970(2), b=15.19950(10), c=
17.36010(10) ä, a=108.4720(10), b=105.1710(10), g=99.768, V=


3365.90(5) ä3, T=180(2) K, l=0.71073, Z=2, 1calcd=1.463 Mgm�3,
F(000)=1512, m(MoKa)=0.708 mm�1. Crystal character: yellow blocks.
Crystal dimensions: 0.5î0.3î0.3 mm, data collected with a Siemens
SMART three-circle system with CCD area detector.[28] The crystal was
held at 180(2) K with an Oxford Cryosystem Cryostream Cooler;[29]


qmax=29.108. A total of 22365 reflections was measured, 15449 unique
[Rint=0.0296]. Absorption correction by Psi-scan. Weighting scheme w=


1/[s2(F2
o)+ (0.0383P)2], where P= (F2


o+2F2
c)/3. Goodness-of-fit on F2


was 1.164, R1 [for 15449 reflections with I>2s(I)]=0.0633, wR2=
0.1175, data/restraints/parameters 15449/0/822. Largest difference Fourier
peak and hole 0.955 and �0.728 eä�3, respectively. Refinement used
SHELXL 97.[27]


CCDC-231266 and CCDC-231267 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).


The crystal structure data for [Cu3(L
Me)3][PF6]3 has previously been com-


municated[24] and is available in the CCDB (ref. LULJIL).
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Diastereoselective Remote C�H Activation by Hydroboration


JesÇs A. Varela,*[a] Diego PeÊa,[a] Bernd Goldfuss,[b] Dmitri Denisenko,[c] Jiri Kulhanek,[d]


Kurt Polborn,[c] and Paul Knochel*[c]


Introduction


The functionalization of unreactive carbon±hydrogen bonds
is an active field of investigation.[1] Most of these carbon±hy-
drogen activations have been performed with great success
by means of transition-metal-mediated reactions or transi-
tion-metal-catalyzed reactions.[2] Only a few examples in-
volving main group organometallic compounds have been
described.[3] Most organoboranes derived from disubstituted
olefins by hydroboration undergo thermal rearrangements
at elevated temperature.[4] Rickborn and Wood[5] as well as
Field and Gallagher[6] noted that cyclic tetrasubstituted al-
kenes undergo such a dyotropic rearrangement[7] under
much milder conditions. Recently, it was reported that an ef-
ficient allylic C�H activation can be formally realized by hy-
droboration of tetrasubstituted cycloalkenes with BH3 in
THF followed by a smooth thermal rearrangement to allow


the preparation of cycloalkyl derivatives with three adjacent
stereocenters.[8] This rearrangement can also be performed
with acyclic tetrasubstituted olefins. It opens a new ap-
proach to acyclic control of two[9] or three[10] adjacent
carbon centers. Remote C�H activation can also be ach-
ieved with tetrasubstituted alkenes bearing bulky substitu-
ents, leading to boracycles with high stereoselectivity.[9,11, 12]


Herein, we report detailed results on the remote C�H acti-
vation of phenyl-substituted alkenes.


Results and Discussion


Mechanism of the remote C�H activation of 1,1-diphenyl-
ethylene derivatives: Recently, we discovered that remote
C�H activation can be performed with tetrasubstituted al-
kenes bearing bulky substituents, such as the 1,1-diphenylal-
kene 1.[9] Treatment of alkene 1 with BH3¥THF (50 8C, 12 h)
affords a cyclic organoborane 2, which, after oxidative
workup (NaOH, H2O2), produces diol 3 in 80% yield
(Scheme 1).
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Abstract: Hydroboration of tetrasubsti-
tuted or trisubstituted alkenes with
BH3 and subsequent thermolysis allows
remote diastereoselective C�H activa-
tion of neighboring aryl rings. Tetrasub-
stituted and trisubstituted 1,1-diphenyl-
ethylene derivatives undergo a highly
stereoselective 1,2-rearrangement fol-
lowed by remote C�H activation to
lead, after oxidative workup, to a diol


in which the relative stereochemistry of
two stereocenters has been controlled.
The mechanism of this remote activa-
tion has been studied and extended to


related molecules that undergo this
stereoselective C�H activation, namely
alkenylbiphenyl systems or alkenes
with only one phenyl ring, such as alke-
nylbenzenes, or bicyclic systems. We
have shown that this reaction allows di-
astereoselective synthesis of molecules
with up to three contiguous chiral cen-
ters.


Keywords: C±H activation ¥
diastereoselective 1,2-migration ¥
hydroboration ¥ organoboranes ¥
thermal rearrangements


Scheme 1. C�H activation of 1.
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Remarkably, the conversion of alkene 1 to diol 3 produces
an intermediate cyclic organoborane 2 bearing the two
bulky substituents (Ph and tBu) in a cis arrangement. It
should also be noted that this high diastereoselectivity im-
plies that only one of the two diastereotopic aromatic rings
of 1 undergoes C�H activation. To explain these results, we
have envisioned two reaction pathways A and B that lead to
the cyclic organoborane 2 (Scheme 2).


In pathway A, the initial hydroboration product 4, ob-
tained by the reaction of the tetrasubstituted alkene 1 with
BH3¥THF, can undergo C�H activation of a phenyl ring.[4,13]
This would lead to the cyclic five-membered boracycle 5.
This heterocycle then undergoes a 1,2-migration[14,15] leading
to the observed product 2 via borane-olefin complex 6. In-
terestingly, the coordination of boron to the olefin in aryl-
borane 6 during the entire migration process implies a cis-
relationship between the tBu and Ph substituents. The dia-
stereoselective C�H activation of the aromatic C�H bond
of 4 leading to 5 can be readily explained by steric consider-
ations: the bulky tert-butyl and phenyl groups are in a trans
relationship in the boracycle 5. An alternative pathway
(pathway B) is also possible. In this case, the first step is 1,2-
migration leading to the primary organoborane 7. This is
followed by C�H activation of the aromatic ring to give
boracycle 2. Although the 1,2-migration process of the
borane 4 to 7 should readily occur under the reaction condi-
tions, the observed diastereoselectivity of the C�H rear-
rangement is difficult to explain (cis arrangement of the sub-
stituents in boracycle 2).
A series of experiments that clearly prove the proposed


pathway A is presented below. The isomeric alkene 8 was
prepared and submitted to the same hydroboration condi-
tions as used for the thermal conversion of 1 to 2 (BH3¥THF
(3 equiv), 50 8C, 24 h). After oxidative workup (H2O2,
NaOH), we observed the formation of alcohol 9 in 63%
yield; however, there was no evidence for the formation of
diol 3 thus indicating that the organoborane 7 is not an in-
termediate in the C�H activation process (Scheme 3).
Furthermore, interruption of the reaction before comple-


tion (one hour reaction time) and oxidative workup of the
hydroboration product of the diphenylethylene derivative 1


gave two products: the final diol 3 (25% yield) and the terti-
ary diol 10 (32% yield). Diol 10 is clearly the oxidation
product of the cyclic organoborane 5 postulated in path-
way A (Scheme 4). The relative stereochemistry of 3 and 10
was established by X-ray analysis (Figure 1).


Scheme 2. Reaction pathways leading to the organoborane 2.


Scheme 3. Conversion of 8 to 9.


Scheme 4.


Figure 1. X-ray structure for diol 3 (a) and for the intermediate 10 (b).
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These results imply that the C�H activation reaction is es-
pecially efficient if the boracyclopentane is formed. There-
fore, we prepared the trisubstituted alkene 11 and were
pleased to find that the hydroboration of 11 with BH3¥THF
and subsequent heating in THF at 50 8C for 24 h furnished,
after oxidative workup, the diastereomerically pure diol 12
in 60% yield (Scheme 5).


We have also prepared the (E)- and (Z)-tolyl-substituted
olefins (E)-13 and (Z)-13. As expected, in the case of (E)-
13, there was selective activation of the tolyl ring (14a :14b
= 4:1), whereas selective activation of the phenyl ring was
observed for Z-13 (14a :14b = 1:4). The formation of 20%
of the other isomeric C�H activation product can be ex-
plained by assuming that the alkenes (E)-13 and (Z)-13
slowly isomerize under the reaction conditions at 50 8C
(Scheme 6).


To elucidate the origins of the diastereoselectivities in the
intramolecular C�H activations of 4, four possible transition
structures of the dehydrogenation processes (cf. Scheme 1:
conversion of 4 to 5, Scheme 7)[13] were optimized and ana-
lyzed by frequency computations by means of the MNDO
method.[16,17] B3LYP/6-31G*[18] single-point computations
with the IEF-PCM[19] solvation model and THF as solvent


were employed to assess the relative energies of the transi-
tion structures.
From these results, the most favorable transition structure


is 4a-TS, in which the tert-butyl group is trans to the two hy-
drogens that undergo elimination and the phenyl group.
This transition structure would afford the intermediate bora-
cycle 5, which does indeed lead to the observed product 10.
IEF-PCM (THF) B3LYP/6-31G*//MNDO computations


have also been performed on the 1,2-migration step
(Scheme 8). They show that the dehydroboration and the re-
hydroboration steps have very similar activation energies
(TS-1 and TS-2); however, the six-membered boracycle 2 is
5.0 kcal¥mol�1 more favorable than the corresponding five-
membered boracycle 5.


Electronic effects on the phenyl ring for remote C�H acti-
vation : Because we now know the mechanism of remote
C�H activation of 1,1-diphenylethylene, we decided to study
the remote activation of biphenyl systems bearing a double
bond in the ortho position. The treatment of 2-phenylstyr-
ene (15a) with BH3¥THF (3 equiv) at 90 8C for 12 h afforded
diol 16a in 80% yield after oxidative workup (H2O2,
NaOH). With this system, the preferential formation of a
five-membered boracycle is not possible, so that C�H acti-
vation occurs through the six-membered boracycle 17a
(Scheme 9).
When the C�H activation reaction was performed with


the methoxy- and trifluoromethyl-substituted biphenyls 15b
and 15c, diols 16b and 16c, were obtained respectively in
81% and 82% yield (Scheme 9). The fact that both biphen-
yls 15b and 15c, with a electron-donor group, such as MeO,
or an electron-attracting group, such as CF3, gave rise to the
same results clearly indicates that the reaction does not pro-
ceed through an electrophilic aromatic substitution, but
most likely through a four-center mechanism. When the pi-
nacolborane 18 was treated first with LiAlH4, to generate


Scheme 5. C�H activation of 11 followed by oxidative workup to give 12.


Scheme 6. C�H activation of (E)-13 and (Z)-13 followed by oxidative
workup to give 14a and 14b.


Scheme 7. Possible transition structures of the dehydrogenation process
during the intramolecular C�H activation of 4.


Scheme 8. IEF-PCM (THF) B3LYP/6-31G*//MNDO computations on
the 1,2-migration step.
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the corresponding borane, and then with BH3¥THF at 90 8C
for 12 h, the product of remote activation 19 is obtained in
16% yield. This shows that a benzylic borane ortho to a
phenyl ring is located close enough to the phenyl C�H to
activate it under mild conditions (Scheme 9).
The C�H activation can also be accomplished with other


molecules having a similar structure. Thus, the ferrocenes
20a and 20b, with disubstitution on one of the Cp rings, led
to the products of remote C�H activation 22a and 22b
(yields of 45 and 47%, respectively) via the intermediate
boracycles 21a and 21b when treated with borane¥THF
(65 8C, 12 h) in (Scheme 9). The relative configuration of
22a was established by X-ray analysis of the corresponding
4-bromobenzoate 23 (Scheme 10, Figure 2).


Remote C�H activation of vinylbenzene derivatives :
Remote C�H activation can also be accomplished on the
phenyl ring bearing the alkene. When the styrene derivative
24 was treated with BH3¥THF at 90 8C for 36 h, it led, after
oxidative workup, to diol 28 in 61% yield. We propose that,


in this case, remote C�H activa-
tion takes place through the
preferred five-membered bora-
cycle 26, obtained from the ini-
tial hydroboration product 25
after 1,2-migration and C�H ac-
tivation. This heterocycle then
undergoes another 1,2-migra-
tion leading to the six-mem-
bered boracycle 27 that, after
oxidative workup, affords the
observed diol 28 (Scheme 11).
Again, the preferred forma-


tion of the five-membered
boracycle for the C�H activa-
tion was found when the hydro-
boration of 24 was interrupted
after 45 min. Oxidative workup
of the reaction mixture afford-
ed the alcohol 29, resulting
from the oxidation of the initial
hydroboration product 25, inScheme 9. C�H activation of biphenyl systems 15 and 18, as well as of ferrocenes 20.


Scheme 10. Determination of the absolute configuration of 22a by con-
version to 23.


Figure 2. Structure of the 4-bromobenzoate 23.


Scheme 11. C�H activation of styrene derivative 24 and conversion to
diol 28.
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47% yield and tertiary alcohol 30, resulting from the oxida-
tion of the boracycle 26, in 30% yield. Furthermore, treat-
ment of the isomeric alkenylbenzene 31 with BH3¥THF at
90 8C for seven days afforded, after oxidative workup, alco-
hol 32 in 49% yield and primary diol 28 in only 16% yield.
Alcohol 32 was obtained after oxidation of the initial hydro-
boration product, while diol 28 resulted from the oxidation
of the six-membered boracycle 27 (Scheme 11). The low
yield of diol 28 together with the long reaction time (7 days)
demonstrates the difficulties in achieving remote C�H acti-
vation through the boracycle 27 (Scheme 12).


Cyclohexylidene derivative 33 also undergoes C�H activa-
tion (Scheme 13). Only the trans-cyclohexanol product was
obtained. The relative configuration of 34 was established
by X-ray analysis of the corresponding 4-bromobenzoate 35
(Scheme 14, Figure 3).


We then decided to evaluate the influence of the different
alkenylbenzene substituents in the C�H activation reaction.
Monosubstituted alkene 36 was submitted to the hydrobora-
tion conditions at 90 8C for 1.5 days. After oxidative workup,
alcohol 37 was obtained in a 40% yield and the product of


remote C�H activation 38 in 17% yield. However, when the
tert-butyl group was replaced by a methyl group, C�H acti-
vation products were not observed. In the case of the trisub-
stituted alkene 39, the only observed product was alcohol 40
in 81% yield. In this case, the observed alcohol is the oxida-
tion product of the borane resulting from two consecutive
1,2-migrations that place the boron in the most thermody-
namically stable position. With the styrene derivative 41, the
alcohol 42 was obtained in 64% yield from the oxidation of
the initial hydroboration product (Scheme 15).
These results clearly show that a bulky group, such as tert-


butyl, is necessary to promote
C�H activation. This bulky
group probably forces the con-
formation of the hydroboration
product to place the boron
atom close to the C�H of the
phenyl ring thus allowing C�H
activation to proceed under
mild conditions. When this
group is replaced by a less
bulky group, such as methyl, in
39 and 41, the conformation of
the hydroborated product is not


appropriate for the C�H activation, which may occur only
at very high temperatures with a lack of selectivity.[4] In the
case of the styrene 36 bearing a tert-butyl in the ortho posi-
tion, the low yield of the C�H activation product is attribut-
ed to the absence of the two methyl groups at the end of the
double bond. This leads to the other regioisomer in the ini-
tial hydroboration product in which the boron atom is not
close enough to the phenyl ring.


Remote C�H activation of bicyclic systems : From the above
studies, the presence of at least one bulky substituent is re-
quired for mild remote C�H activation (steric compression
activates the C�H bond). We decided to turn our attention
to rigid bicyclic systems in which the rigidity of the system


Scheme 12. C�H activation of 24 and 31.


Scheme 13. C�H activation of 33.


Scheme 14. Determination of the relative configuration of 34 by conver-
sion to 35.


Figure 3. Structure of the 4-bromobenzoate 35.
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will force the boron atom close to the phenyl ring in the hy-
droborated products in order to facilitate remote C�H acti-
vation under mild conditions. Thus, the [2.2.1]bicycloalkene
43 reacts with BH3¥THF at 50 8C (36 h) and undergoes selec-
tive boron migration leading, after oxidative work-up, to pri-
mary alcohol 44. Further heating of alkene 43 and BH3¥THF
at 90 8C for 24 h leads to C�H activation of the phenyl ring
and gives, after oxidation with H2O2/NaOH, diol 45
(Scheme 16).
With this system, C�H activation is not possible in the ini-


tial hydroboration product (trans arrangement of the boron
and the phenyl ring) and this does not allow the preferential
formation of a five-membered boracycle. Instead, boron mi-
gration occurs prior to C�H activation. As observed in pre-
vious cases,[8,9, 10] the corresponding ethyl-substituted alkene
46 undergoes a faster 1,2-migration and furnishes only one
diastereomeric diol (47) with a relative control of these ad-
jacent chiral centers. The observed diastereoselectivity (con-


firmed by X-ray analysis, see
Figure 4) is attributed to the
fact that only the diastereotopic
hydrogen Hb undergoes the de-
hydroboration step leading to
the less sterically hindered
olefin 48. Other types of tetra-
substituted alkenes undergo the
C�H activation reaction. Thus,
under the typical reaction con-
ditions (BH3¥THF (3 equiv),
50 8C, 24 h), alkene 49 afforded
diol 50 as one diastereoisomer
in 57% yield.


Conclusion


We have developed a method that allows the diastereoselec-
tive remote C�H activation of aryl-substituted alkenes
under mild conditions. The mechanism of the diastereoselec-
tive remote activation was determined in the case of 1,1-di-
phenylethylene derivatives, and showed the preferred for-
mation of five-membered boracycles. This allows us to
expand this method to other tri- and tetrasubstituted al-
kenes, such as alkenes with a biphenyl group, alkenylben-
zene derivatives, or bicyclic systems, with the diastereoselec-
tive synthesis of up to three contiguous chiral centers.


Experimental Section


General : All commercial chemicals (Aldrich, Fluka, Lancaster) were of
the best available grade and used without further purification. 2,3,3-Tri-


Scheme 15. C�H activation of 36, 39, and 41.


Scheme 16. C�H activation of 44, 46, and 49.


Figure 4. Structure of the diol 47.
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methyl-1,1-diphenyl-1-butene (1) was prepared according to published
procedures.[9] NMR spectra (1H, 13C and DEPT) were recorded on
Bruker AMX-300 instrument and the residual solvent peak was used as a
reference.


2-Benzhydryl-3,3-dimethyl-1-butene (8):[20] A solution of lithium bis(di-
phenylmethyl)cuprate was prepared by adding diphenylmethyllithium
(12 mmol), prepared by mixing diphenylmethane (2.0 g, 12 mmol) with
nBuLi (7.7 mL, 1.56m, 12 mmol) in THF at 0 8C, to a stirred slurry of
CuBr (1.17 g, 8.18 mmol) in THF (10 mL) at 08C. 3,3-Dimethyl-2-trifluoro-
methanesulfonyloxy-1-butene[21] (1.0 g, 4.31 mmol) in THF (10 mL) was
added, and the reaction mixture was stirred for 12 h at �15 8C. The mix-
ture was then diluted with hexane, filtered through a pad of celite, and
concentrated on a rotary evaporator. Purification of the residue by chro-
matography (silica gel, pentane) afforded olefin 8 (0.86 g, 80% yield). 1H
NMR (300 MHz, CDCl3): d = 7.28±7.12 (m, 10H), 5.34 (s, 1H), 5.09 (s,
1H), 4.58 (s, 1H), 1.09 ppm (s, 9H); 13C NMR (DEPT, 75 MHz, CDCl3):
d = 159.6 (C), 144.4 (2C), 129.2 (4CH), 128.1 (4CH), 125.9 (2CH),
113.6 (CH2), 53.1 (CH), 37.0 (C), 29.9 ppm (3CH3); MS (70 eV, EI): m/z
(%): 250 (15, [M]+), 193 (100), 167 (98), 159 (29), 115 (33); HRMS for
C19H22 ([M]


+) calcd: 250.1721; found: 250.1721.


3,3-Dimethyl-1,1-diphenyl-1-butene (11):[22] To a mixture of nBuLi
(7.22 mL, 11 mmol, 1.61m) and THF (7 mL) at 0 8C was added dropwise
a solution of diethyl benzhydrylphosphate (3.53 g, 11 mmol) in THF
(14 mL). The ice bath was removed, and the mixture was stirred at room
temperature for 1 h. To the resulting mixture was added dropwise a solu-
tion of pivalaldehyde (1.0 g, 11 mmol) in THF (7 mL). The reaction mix-
ture was stirred for 2 h and treated with saturated aqueous NH4Cl solu-
tion (15 mL). The aqueous layer was washed with ether, the combined or-
ganic layers were dried with MgSO4, and the solvent was removed under
reduced pressure. Purification by flash chromatography (pentane/ether
9:1) afforded the olefin 16 (2.16 g; 79%). IR (film): ñ = 2958, 1493,
1475, 1443, 702 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.25±7.07 (m,
10H), 6.00 (s, 1H), 0.88 ppm (s, 3H); 13C NMR (DEPT, 75 MHz,
CDCl3): d = 144.1 (C), 140.8 (C), 140.1 (CH), 139.1 (C), 130.3 (2CH),
128.0 (2CH), 127.7 (2CH), 126.8 (2CH), 126.7 (CH), 126.5 (CH), 33.9
(C), 31.3 ppm (3CH3); MS (70 eV, EI): m/z (%): 236 (66, [M]+), 221
(100), 191 (16), 178 (27), 165 (30), 143 (81), 128 (33), 91 (44); HRMS for
C18H20 ([M]


+) calcd: 236.1565; found: 236.1555.


(E)-3,3-Dimethyl-1-(4-methylphenyl)-1-phenyl-1-butene ((E)-13): To a
solution of 1-bromo-4-methylbenzene (0.79 g, 4.61 mmol) in THF (4 mL)
at �78 8C was added nBuLi (2.86 mL, 4.61 mmol, 1.61m). After 1 h, the
solution was warmed to �45 8C and a solution of ZnBr2 (3.35 mL,
5 mmol, 1.5m in THF) was added. After stirring at room temperature for
30 min, a solution of [Pd(dba)2] (0.12 g, 0.2 mmol), PPh3 (0.20 g,
0.8 mmol), and (E)-1-(tert-butyl)-2-(4-methylphenyl)-1-ethenyl iodide
(1.2 g, 4.19 mmol) (prepared by Sonogashira cross-coupling between io-
dobenzene and 3,3-dimethyl-1-butyne[23] followed by treatment with
DIBAL-H and iodine[24]) in THF (4 mL) was added. Stirring was main-
tained overnight. Saturated aqueous NH4Cl (15 mL) was added and the
mixture was extracted with ether, dried over MgSO4, and concentrated
under reduced pressure. Purification of the residue by flash chromatogra-
phy (silica gel, pentane) afforded the alkene (E)-13 (1.00 g, 98% yield).
IR (film): ñ = 2957, 1510, 816, 701 cm�1; 1H NMR (300 MHz, CDCl3): d
= 7.36±7.05 (m, 9H), 6.09 (s, 1H), 2.33 (s, 3H), 0.99 ppm (s, 9H); 13C
NMR (DEPT, 75 MHz, CDCl3): d = 141.3 (C), 142.0 (C), 139.2 (CH),
138.8 (C), 136.2 (C), 130.3 (2CH), 128.7 (2CH), 127.7 (2CH), 126.7
(2CH), 126.6 (CH), 33.9 (C), 31.3 (3CH3), 20.9 ppm (CH3); MS (70 eV,
EI): m/z (%): 250 (61, [M]+), 235 (100), 157 (42), 143 (50), 128 (20), 105
(28), 91 (25); HRMS for C19H22 ([M]


+) calcd: 250.1721; found: 251.1752.


(Z)-3,3-Dimethyl-1-(4-methylphenyl)-1-phenyl-1-butene ((Z)-13): Analo-
gous procedure was used as described for (E)-1-(4-methylphenyl)-1-
phenyl-1-propene (E-18) from bromobenzene (0.47 g, 3 mmol), nBuLi
(1.86 mL, 3 mmol, 1.61m), ZnBr2 (2.18 mL, 3.3 mmol, 1.5m), [Pd(dba)2]
(0.08 g, 0.14 mmol, 5%), PPh3 (0.128 g, 0.49 mmol, 18%), and (Z)-1-(tert-
butyl)-2-phenyl-1-ethenyl iodide (0.82 g, 2.73 mmol) afforded (Z)-13
(0.45 g, 67% yield). IR (film): ñ = 2958, 1444, 737, 697 cm�1; 1H NMR
(300 MHz, CDCl3): d = 7.16±6.98 (m, 9H), 5.99 (s, 1H), 2.30 (s, 3H),
0.89 ppm (s, 9H); 13C NMR (DEPT, 75 MHz, CDCl3): d = 144.3 (C),
140.0 (CH), 139.1 (C), 137.7 (C), 136.2 (C), 130.2 (2CH), 128.4 (2CH),
127.9 (2CH), 126.8 (2CH), 126.4 (CH), 33.9 (C), 31.3 (3CH3), 21.2 ppm
(CH3); MS (70 eV, EI): m/z (%): 250(60, [M]


+), 235 (100), 157 (36), 143


(43), 128 (17), 105 (22), 91 (19); HRMS for C19H21 ([M]
+) calcd:


250.1721; found: 250.1703.


2-(2-Methyl-1-propenyl)biphenyl (15a, R = H)


Preparation of 2-biphenylcarboxaldehyde :[25] tBuLi (6.29 mL, 9.44 mmol,
2.2 equiv, 1.5m) was added to a solution of 2-bromobiphenyl (1.0 g,
4.2 mmol) in THF (10 mL) at �78 8C. After 30 min at this temperature
DMF (7 mL) was added and the reaction mixture was allowed to warm
to room temperature. HCl (10 mL, 3m) was added and the mixture was
extracted twice with ether (5 mL). The combined organic layers were
dried over MgSO4 and concentrated under the reduced pressure to give
2-biphenylcarboxaldehyde in quantitative yield (0.76 g). 1H NMR
(300 MHz, CDCl3): d = 9.90 (s, 1H), 7.96±7.94 (m, 1H), 7.58±7.53 (m,
1H), 7.44±7.35 (m, 5H), 7.36±7.29 ppm (m, 2H); 13C NMR (DEPT,
75 MHz, CDCl3): d = 191.4 (C), 144.9 (C), 136.7 (C), 132.7 (C), 132.5
(C), 129.7 (CH), 129.1 (2CH), 127.4 (2CH), 127.1 (CH), 126.7 (CH),
126.5 ppm (CH); MS (70 eV, EI): m/z (%): 182 (68, [M]+), 181 (100), 152
(53), 76 (14).


Preparation of 2-(2-methyl-1-propenyl)biphenyl (15a, R = H): To the
suspension of isopropyltriphenylphosphonium iodide (0.42 g, 1 mmol,
1 equiv) in THF (4 mL) at 0 8C was added nBuLi (0.62 mL, 1 equiv,
1.6m). After 30 min, 2-biphenylcarboxaldehyde (0.182 g, 1 mmol) in THF
(5 mL) was added and the reaction mixture was allowed to warm to
room temperature. Water (10 mL) was added and the mixture was ex-
tracted with ether (2î5 mL). The combined organic phases were dried
over MgSO4 and concentrated under reduced pressure. The residue was
purified by flash chromatography (pentane) to afford 15a (0.17 g, R =


H, 80% yield). 1H NMR (300 MHz, CDCl3): d = 7.80±7.30 (m, 9H), 6.14
(m, 1H), 1.84 (d, J = 1.1 Hz, 3H), 1.83 ppm (d, J = 1.1 Hz, 3H); 13C
NMR (DEPT, 75 MHz, CDCl3): d = 141.6 (C), 141.1 (C), 136.7 (C),
134.7 (C), 130.2 (CH), 129.7 (CH), 129.6 (2CH), 128.7 (CH), 127.8
(2CH), 126.7 (CH), 126.6 (CH), 126.4 ppm (CH); MS (70 eV, EI): m/z
(%): 208 (26, [M]+), 193 (100), 178 (66), 165 (45); HRMS for C16H16
([M]+) calcd: 208.1252, found: 208.1247.


2-(2-Methyl-1-propenyl)-4’-methoxybiphenyl (15b, R = OMe)


Preparation of 2-bromo-4’-methoxybiphenyl : To a solution of p-methoxy-
iodobenzene (2.55 g, 10 mmol) in THF (10 mL) at �78 8C was added
tBuLi (10.9 mL, 16 mmol, 1.5m). After 1 h, the solution was warmed to
�45 8C and a solution of ZnBr2 (8.3 mL, 12 mmol, 1.5m) was added.
After stirring at room temperature for 30 min, a solution of [Pd(dba)2]
(0.22 g, 0.38 mmol), PPh3 (0.37 g, 1.4 mmol), and ortho-iodobromoben-
zene (2.20 g, 7.78 mmol) in THF (6 mL) was added. Stirring was main-
tained overnight. Saturated aqueous NH4Cl (15 mL) was added, and the
mixture was extracted with ether. The extracts were dried over MgSO4
and concentrated under reduced pressure. Purification of the residue by
flash chromatography (silica gel, pentane) afforded 2-bromo-4’-methoxy-
biphenyl (2.0 g, 97% yield). 1H NMR (300 MHz, CDCl3): d = 7.59±7.50
(m, 1H), 7.31±7.22 (m, 5H), 6.90±6.83 (m, 2H), 3.81 ppm (s, 3H); 13C
NMR (DEPT, 75 MHz, CDCl3): d = 159.0 (C), 142.2 (C). 133.5 (C),
133.1 (CH), 131.3 (CH), 130.5 (2CH), 128.4 (CH), 127.3 (CH), 122.9
(CH), 113.3 (2CH), 55.2 ppm (CH3); MS (70 eV, EI): m/z (%): 264 (100,
[M]+), 262 (100), 249 (22), 247 (22), 221 (18), 219 (18), 139 (53).


Preparation of 4’-methoxybiphenyl-2-carboxaldehyde : tBuLi (12.2 mL,
18 mmol, 1.5m) was added to a solution of 2-bromo-4’-methoxybiphenyl
(2.18 g, 8.3 mmol) in THF (15 mL) at �78 8C. After 30 min at this tem-
perature, DMF (2 mL) was added and the reaction mixture was allowed
to warm to room temperature. HCl (15 mL, 3m) was added, and the mix-
ture was extracted twice with diethyl ether (10 mL). The combined or-
ganic phases were dried over MgSO4 and concentrated under reduced
pressure to give 4’-methoxybiphenyl-2-carboxaldehyde (1.5 g, 85%
yield). 1H NMR (300 MHz, CDCl3): d = 9.91 (s, 1H), 7.93±7.91 (m, 1H),
7.56±7.51 (m, 1H), 7.44±7.33 (m, 2H), 7.25±7.18 (m, 2H), 6.94±6.91 (m,
2H), 3.79 ppm (s, 3H); 13C NMR (DEPT, 75 MHz, CDCl3): d = 192.6
(C), 159.7 (C), 145.6 (C), 133.7 (C), 133.5 (CH), 131.2 (2CH), 130.7
(CH), 130.0 (C), 127.6 (CH), 127.3 (CH), 113.9 (2CH), 55.3 ppm (CH3);
MS (70 eV, EI): m/z (%): 212 (100, [M]+), 197 (19), 181 (23), 169 (38),
141 (43), 115 (29); HRMS for C14H12O2 ([M]


+) calcd: 212.0837, found:
212.0836.


Preparation of 2-(2-methyl-1-propenyl)-4’-methoxybiphenyl (15b, R =


OMe): To the suspension of isopropyltriphenylphosphonium iodide
(2.9 g, 6.71 mmol) in THF (10 mL) at 0 8C was added nBuLi (4.5 mL,
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6.71 mmol, 1.5m). After 30 min, 4’-methoxybiphenyl-2-carboxaldehyde
(1.42 g, 6.71 mmol) in THF (15 mL) was added and the reaction mixture
was allowed to warm to room temperature. Water (25 mL) was added,
and the mixture was extracted with ether (2î10 mL). The combined or-
ganic phases were dried over MgSO4 and concentrated under reduced
pressure. The residue was purified by flash chromatography (pentane/di-
ethyl ether 9:1) to afford 15b (1.45 g, R = OMe, 91% yield). 1H NMR
(300 MHz, CDCl3): d = 7.25±7.10 (m, 6H), 6.86±6.80 (m, 2H), 5.97 (m,
1H), 3.76 (s, 3H), 1.71 (d, J = 1.3 Hz, 3H), 1.68 ppm (d, J = 1.3 Hz,
3H); 13C NMR (DEPT, 75 MHz, CDCl3): d = 158.5 (C), 140.6 (C), 136.6
(C), 134.4 (C), 134.0 (C), 130.7 (2CH), 130.2 (CH), 129.6 (CH), 126.3
(2CH), 125.2 (CH), 113.2 (2CH), 55.2 (CH2), 26.1 (CH2), 19.3 ppm
(CH3); MS (70 eV, EI): m/z (%): 238 (32, [M]


+), 223 (100), 208 (57), 165
(26), 152 (16); HRMS for C17H18O ([M]+) calcd: 238.1358, found:
238.1371.


2-(2-Methyl-1-propenyl)-4’-trifluoromethylbiphenyl (15c, R = CF3)


Preparation of 2-bromo-4’-trifluoromethylbiphenyl : To a solution of 4-io-
dotrifluoromethylbenzene (2.32 g, 8.5 mmol) in THF (10 mL) at �78 8C
was added tBuLi (11 mL, 18 mmol, 1.7m). After 1 h the solution was
warmed to �45 8C, and a solution of ZnBr2 (9.3 mL, 14 mmol, 1.5m) was
added. After the mixture had been stirred at room temperature for
30 min, a solution of [Pd(dba)2] (0.22 g, 0.38 mmol), PPh3 (0.37 g,
1.4 mmol), and 2-iodobromobenzene (2.20 g, 7.78 mmol) in THF (6 mL)
was added. Stirring was maintained overnight. Saturated aqueous NH4Cl
(15 mL) was added, and the mixture was extracted with ether. Extracts
were dried over MgSO4 and concentrated under reduced pressure. Purifi-
cation of the residue by flash chromatography (silica gel, pentane) afford-
ed 2-bromo-4’-trifluoromethylbiphenyl (2.22 g, 95% yield). 1H NMR
(300 MHz, CDCl3): d = 7.91±7.00 ppm (m, 8H); 13C NMR (75 MHz,
CDCl3): d = 144.5, 141.2, 140.3, 133.3, 132.7, 131.0, 129.9, 129.8, 129.5,
129.4, 128.3, 127.6, 127.5, 125.9, 125.0, 122.3, 122.2 ppm; MS (70 eV, EI):
m/z (%): 302 (100, [M]+), 300 (100), 201 (47), 152 (31); HRMS for
C13H8BrF3 ([M]


+) calcd: 299.9761, found: 299.9750.


Preparation of 4’-trifluoromethylbiphenyl-2-carboxaldehyde : tBuLi
(10.7 mL, 16 mmol, 1.5m) was added to a solution of 2-bromo-4’-trifluor-
omethylbiphenyl (2.19 g, 7.3 mmol) in THF (15 mL) at �78 8C. After
30 min at this temperature, DMF (2 mL) was added, and the reaction
mixture was allowed to warm to room temperature. HCl (15 mL, 3m)
was added, and the mixture was extracted with ether (2î10 mL). The
combined organic phases were dried over MgSO4 and concentrated
under reduced pressure to give 4’-trifluoromethylbiphenyl-2-carboxalde-
hyde (1.12 g, 62% yield). 1H NMR (300 MHz, CDCl3): d = 10.00 (s,
1H), 8.08±8.06 (m, 1H), 7.83±7.68 (m, 1H), 7.60±7.44 ppm (m, 4H); 13C
NMR (75 MHz, CDCl3): d = 191.5, 144.1, 141.6, 133.7, 133.6, 130.6,
130.5, 130.5, 130.3, 130.2, 129.9, 128.5, 128.1, 125.4, 125.3 ppm; MS
(70 eV, EI): m/z (%): 250 (93, [M]+), 249 (100), 201 (51), 181 (65), 152
(53), 104 (23); HRMS for C14H9OF3 ([M]


+) calcd: 250.0605, found:
250.0587.


Preparation of 2-(2-methyl-1-propenyl)-4’-trifluoromethylbiphenyl (15c,
R = CF3): To the suspension of isopropyltriphenylphosphonium iodide
(1.87 g, 4.34 mmol) in THF (6 mL) at 0 8C was added nBuLi (2.7 mL,
4.34 mmol, 1.6m). After 30 min, 4’-trifluoromethylbiphenyl-2-carboxalde-
hyde (1.09 g, 4.34 mmol) in THF (10 mL) was added and the mixture was
allowed to warm to room temperature. Water (25 mL) was added and
the mixture was extracted with ether (2î10 mL). The combined organic
phases were dried over MgSO4 and concentrated under reduced pressure.
The residue was purified by flash chromatography (pentane) to afford
15c (0.88 g, R = CF3, 74% yield). 1H NMR (300 MHz, CDCl3): d =


7.50 (m, 2H), 7.30 (m, 2H), 7.28±7.20 (m, 4H), 5.90 (m, 1H), 1.70 (d, J
= 0.9 Hz, 3H), 1.65 ppm (d, J = 0.9 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d = 145.3, 139.6, 136.7, 135.6, 130.4 129.8, 129.6, 127.5, 126.6,
124.7, 124.6, 124.5, 26.0, 19.3 ppm; MS (70 eV, EI): m/z (%): 276 (47,
[M]+), 261 (100), 246 (38), 233 (29), 192 (33), 165 (24); HRMS for
C17H15F3 ([M]


+) calcd: 276.1126, found: 276.1152.


Biphenyl dioxaborolane (18): A solution of 2-biphenyllithium (prepared
from 2-bromobiphenyl (0.83 g, 3.6 mmol) and tBuLi 4.8 mL, 7.2 mmol,
1.5m) was added to (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl
chloride[26] (0.52 g, 3 mmol) in diethyl ether (36 mL) at �78 8C. The reac-
tion mixture was allowed to warm to room temperature overnight. Water
was added (35 mL), and the mixture was extracted with ether (2î


20 mL). The combined organic phases were dried over MgSO4 and con-
centrated under reduced pressure. The residue was purified by flash chro-
matography (pentane/ether 9:1) to afford 18 (0.13 g, 15% yield). IR
(KBr): ñ = 3030, 2979, 2930, 1738, 1610, 1361, 1144 cm�1; 1H NMR
(300 MHz, CDCl3): d = 8.09±7.70 (m, 2H), 7.67±7.63 (m, 3H), 7.50±7.33
(m, 4H), 1.39 ppm (m, 12H); MS (70 eV, EI): m/z (%): 280 (91, [M]+),
265 (27), 194 (88), 180 (100), 152 (16); HRMS for C18H21BO2 ([M]


+)
calcd: 280.1635, found: 280.1624.


1-Phenyl-2-(2-methyl-1-propenyl)ferrocene (20a): 2-Phenylferrocenecar-
boxaldehyde was prepared from the ferrocenecarboxaldehyde dimethyl-
acetal and iodobenzene, according to the literature procedure[27] in 65%
yield. nBuLi in hexane (1.6m, 6.3 mL, 10 mmol) was added to the stirred
suspension of isopropyltriphenylphosphonium iodide (4.32 g, 10 mmol) in
THF (15 mL) at 0 8C. The mixture was stirred for 30 min, then a solution
of 2-phenylferrocenecarboxaldehyde (2.90 g, 10 mmol) in THF (10 mL)
was added. The mixture was allowed to warm to room temperature. 1m
HCl (30 mL) was added, and the organic phase was separated. The aque-
ous phase was extracted with pentane (20 mL). The combined organic
phases were washed (water, NaHCO3 solution, and brine) and dried over
Na2SO4. The solvent was removed under reduced pressure. The residue
was purified by flash chromatography (silica gel, pentane) to afford
2.05 g (65% yield) of 20a as an orange oil. IR (KBr): ñ = 3092, 2910,
2854, 1601, 1505, 818, 763, 699 cm�1; 1H NMR (CDCl3, 300 MHz): d =


7.62±7.59 (m, 2H), 7.37±7.31 (m, 2H), 7.28±7.23 (m, 1H), 6.17 (s, 1H),
4.51±4.47 (m, 2H), 4.31±4.29 (m, 1H), 4.08 (s, 5H), 1.86 (s, 3H),
1.81 ppm (s, 3H); 13C NMR (DEPT, CDCl3, 75 MHz): d = 139.1 (C),
134.0 (C), 129.1 (2CH), 127.8 (2CH), 125.9 (CH), 120.8 (CH), 86.5 (C),
82.3 (C), 70.4 (5CH), 69.6 (CH), 69.0 (CH), 66.9 (CH), 26.6 (CH3),
19.6 ppm (CH3); MS (70 eV, EI): m/z (%): 316 (100, [M]


+); HRMS for
C20H20Fe ([M]


+) calcd: 316.0914, found: 316.0931.


1-(4-Methylphenyl)-2-(2-methyl-1-propenyl)ferrocene (20b): 2-(4-Meth-
ylphenyl)ferrocenecarboxaldehyde was prepared in 70% yield from the
ferrocenecarboxaldehyde dimethylacetal and 4-iodotoluene using the
procedure for the preparation of 2-phenylferrocenecarboxaldehyde.
nBuLi in hexane (1.6m, 3.1 mL, 5 mmol) was added to the stirred suspen-
sion of isopropyltriphenylphosphonium iodide (2.16 g, 5 mmol) in THF
(10 mL) at 0 8C. The reaction mixture was stirred for 30 min, and then a
solution of 2-(4-methylphenyl)ferrocenecarboxaldehyde (1.52 g, 5 mmol)
in THF (10 mL) was added. The mixture was allowed to warm to room
temperature. 1m HCl (30 mL) was added, and the organic phase was sep-
arated. The aqueous phase was extracted with pentane (20 mL). The
combined organic phases were washed (water, NaHCO3 solution, and
brine) and dried over Na2SO4. The solvent was removed under reduced
pressure. The residue was purified by flash chromatography (silica gel,
pentane) to afford 1.22 g (74% yield) of 20b as an orange oil. IR (KBr):
ñ = 3093, 2966, 2920, 2857, 1523, 1438, 1106, 817 cm�1; 1H NMR (CDCl3,
300 MHz): d = 7.46 (d, J = 8.0 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H), 6.12
(m, 1H), 4.46 (m, 2H), 4.27 (m, 1H), 4.06 (s, 5H), 2.37 (s, 3H), 1.84 (d,
J = 1.3 Hz, 3H), 1.79 ppm (d, J = 0.9 Hz, 3H); 13C NMR (DEPT,
CDCl3, 75 MHz): d = 135.9 (C), 135.5 (C), 133.8 (C), 129.0 (2CH), 128.5
(2CH), 120.9 (CH), 86.8 (C), 82.3 (C), 70.4 (5CH), 69.4 (CH), 68.9 (CH),
66.9 (CH), 26.6 (CH3), 21.1 (CH3), 19.6 ppm (CH3); MS (70 eV, EI): m/z
(%): 330 (100, [M]+); HRMS for C21H22Fe ([M]


+) calcd: 330.1071,
found: 330.1060.


1-(tert-Butyl)-2-(2-methyl-1-propenyl)benzene (24): tBuLi (11.3 mL,
17 mmol, 1.5m) was added to a solution of 1-(tert-butyl)-2-iodobenzene
(2 g, 7.7 mmol) in THF (10 mL) at �78 8C. After 30 min at this tempera-
ture, DMF (2 mL) was added, and the reaction mixture was allowed to
warm to room temperature. HCl (15 mL, 3m) was added, and the mixture
was extracted with ether (2î10 mL). The combined organic phases were
dried over MgSO4 and concentrated under reduced pressure to yield 2-
(tert-butyl)benzaldehyde[28] (1.11 g, 89% yield). 1H NMR (300 MHz,
CDCl3): d = 10.80 (s, 1H), 7.96±7.91 (m, 1H), 7.50- 7.48 (m, 2H), 7.36±
7.32 (m,1H), 1.54 ppm (s, 9H); 13C NMR (DEPT, 75 MHz, CDCl3): d =


191.8 (C), 151.1 (C), 134.5 (C), 132.3 (CH), 129.3 (CH), 125.3 (2CH),
34.8 (C), 32.0 ppm (CH3); MS (70 eV, EI): m/z (%): 162 (10, [M]


+), 147
(100), 129 (100).


To a suspension of isopropyltriphenylphosphonium iodide (2.88 g,
6.6 mmol) in THF (10 mL) at 0 8C was added nBuLi (2.66 mL, 6.6 mmol,
2.5m). After 30 minm 2-(tert-butyl)benzaldehyde (1.08 g, 6.6 mmol) in
THF (10 mL) was added, and the reaction mixture was allowed to warm
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to room temperature. Water (25 mL) was added, and the mixture was ex-
tracted with ether (2î10 mL). The combined organic phases were dried
over MgSO4 and concentrated under reduce pressure. The residue was
purified by flash chromatography (pentane) to afford 24 (0.96 g, 77%
yield). 1H NMR (300 MHz, CDCl3): d = 7.32±7.29 (m, 1H), 7.11±7.02
(m, 2H), 6.93±6.91 (m, 1H), 6.48 (m, 1H), 1.80 (d, J = 1.3 Hz, 3H),
1.47 ppm (d, J = 0.9 Hz, 1H); 13C NMR (DEPT, 75 MHz, CDCl3): d =


148.2 (C), 138.3 (C), 132.8 (C), 132.3 (CH), 128.2 (CH), 126.4 (CH),
125.5 (CH), 125.4 (CH), 35.8 (C), 30.5 (3CH3), 25.6 (CH3), 19.3 ppm
(CH3); MS (70 eV, EI): m/z (%): 188 (68, [M]


+), 173 (41), 131 (100), 115
(21); HRMS for C14H20 ([M]


+) calcd: 188.1565, found: 188.1548.


1-(tert-Butyl)-2-(2-methylallyl)benzene (31): tBuLi (5.64 mL, 8.46 mmol,
1.5m) was added to a solution of 1-(tert-butyl)-2-iodobenzene (1.0 g,
3.84 mmol) in THF (6 mL) at �78 8C. After 30 min at this temperature,
the solution was added to a suspension of CuCN (0.17 g, 1.92 mmol) in
THF (6 mL) at �78 8C. The reaction mixture was allowed to warm to
room temperature and was stirred for 30 min. The mixture was cooled to
�78 8C, and a solution of 2-methylallyl bromide (0.52 g, 3.84 mmol) in
THF (2 mL) was added. NH4Cl (10 mL) was added, and the mixture was
extracted with ether (2î10 mL). The combined organic phases were
dried over MgSO4 and concentrated under reduced pressure. The residue
was purified by flash chromatography (pentane) to afford 31 (0.45 g,
63% yield). 1H NMR (300 MHz, CDCl3): d = 7.33±7.04 (m, 4H), 4.82
(m, 1H), 4.43 (m, 1H), 1.68 (s, 2H), 1.32 (s, 9H), 1.25 ppm (s, 3H); 13C
NMR (DEPT, 75 MHz, CDCl3): d = 148.0 (C), 145.9 (C), 137.5 (C),
132.2 (CH), 128.0 (CH), 125.9 (CH), 125.6 (CH), 112.7 (CH2), 42.6
(CH2), 35.6 (C), 31.5 (3CH3), 23.0 ppm (CH3); MS (70 eV, EI): m/z (%):
188 (7, [M]+), 173 (32), 131 (100). HRMS for C14H20 ([M]


+) calcd:
188.1565, found: 188.1546.


1-tert-Butyl-2-(cyclohexylidenemethyl)benzene (33): nBuLi in hexane
(1.6m, 9.4 mL, 15 mmol) was added to a stirred suspension of cyclohexyl-
triphenylphosphonium bromide (6.38 g, 15 mmol) in THF (20 mL) at
0 8C. The mixture was stirred for 30 min before a solution of 2-tert-butyl-
benzaldehyde (2.43 g, 15 mmol) in THF (10 mL) was added. The mixture
was allowed to warm to room temperature. 1m HCl (30 mL) was added,
and the organic phase was separated. The aqueous phase was extracted
with pentane (20 mL). The combined organic phases were washed
(water, NaHCO3 solution, and brine) and dried over Na2SO4. The solvent
was removed under reduced pressure. The residue was purified by flash
chromatography (silica gel, pentane) to afford 2.94 g (86% yield) of 33
as a colorless oil. IR (KBr): ñ = 2954, 2927, 2854, 1479, 759 cm�1; 1H
NMR (CDCl3, 300 MHz): d = 7.42 (dd, J = 7.5 Hz and 1.8 Hz, 1H),
7.23±7.13 (m, 2H), 7.03 (dd, J = 7.1 Hz and 1.8 Hz, 1H), 6.58 (s, 1H),
2.34±2.30 (m, 2H), 2.12±2.07 (m, 2H), 1.73±1.47 (m, 6H), 1.42 ppm (s,
9H); 13C NMR (DEPT, CDCl3, 75 MHz): d = 148.3 (C), 140.2 (C), 137.7
(C), 132.5 (CH), 126.4 (CH), 125.6 (CH), 125.3 (CH), 125.0 (CH), 37.1
(CH2), 36.0 (C), 30.7 (3CH3), 29.9 (CH2), 28.2 (CH2), 27.1 (CH2),
26.7 ppm (CH2); MS (70 eV, EI): m/z (%): 228 (100, [M]


+), 213 (24), 171
(67), 131 (66), 41 (61); HRMS for C17H24 ([M]


+) calcd: 228.1878, found:
228.1866.


1-(tert-Butyl)-2-vinylbenzene (36): [29] To a suspension of methyltriphe-
nylphosphonium iodide (0.96 g, 2.7 mmol) in THF (5 mL) at 0 8C was
added nBuLi (1.08 mL, 2.7 mmol, 2.5m). After 30 min, 2-(tert-butyl)ben-
zaldehyde (0.44 g, 2.7 mmol) in THF (5 mL) was added, and the reaction
mixture was allowed to warm to room temperature. Water (25 mL) was
added, and the mixture was extracted with ether (2î10 mL). The com-
bined organic phases were dried over MgSO4 and concentrated under
reduce pressure. The residue was purified by flash chromatography (pen-
tane/diethyl ether 9:1) to afford styrene 36 (0.30 g, 70% yield). 1H NMR
(300 MHz, CDCl3): d = 7.36±7.27 (m, 3H), 7.16±7.07 (m, 2H), 5.36 (dd,
J = 17.0 Hz and 1.5 Hz, 1H), 5.16 (dd, J = 10.8 Hz and 1.5 Hz, 1H),
1.34 ppm (s, 9H); 13C NMR (DEPT, 75 MHz, CDCl3): d = 147.1 (C),
139.2 (CH), 138.0 (C), 129.2 (CH), 127.5 (CH), 126.1 (CH), 125.6 (CH),
115.0 (CH2), 35.7 (C), 31.3 ppm (3CH3); MS (70 eV, EI): m/z (%): 160
(34, [M]+), 145 (100), 128 (20), 117 (31).


1-Methyl-2-(2-methyl-1-propenyl)benzene (39): To a suspension of iso-
propyltriphenylphosphonium iodide (3.6 g, 8.3 mmol) in THF (10 mL) at
0 8C was added nBuLi (5.55 mL, 1.5m, 8.3 mmol). After 30 min, 2-methyl-
benzaldehyde (1.0 g, 8.3 mmol) in THF (10 mL) was added, and the mix-
ture was allowed to warm to room temperature. Water (25 mL) was
added, and the mixture was extracted with ether (2î10 mL). The com-


bined organic phases were dried over MgSO4 and concentrated under re-
duced pressure. The residue was purified by flash chromatography (pen-
tane) to afford styrene derivative 39 (1.08 g, 90% yield). 1H NMR
(300 MHz, CDCl3): d = 7.08±7.02 (m, 4H), 6.19±6.06 (m, 1H), 2.15 (s,
3H), 1.82 (d, J = 1.3 Hz; 3H), 1.62 ppm (d, J = 1.3 Hz, 3H); 13C NMR
(DEPT, 75 MHz, CDCl3): d = 138.3 (C), 136.7 (C), 135.4 (C), 130.0
(CH), 129.8 (CH), 126.6 (CH), 125.6 (CH), 124.5 (CH), 26.5 (CH3), 20.3
(CH3), 19.6 ppm (CH3); MS (70 eV, EI): m/z (%): 146 (52, [M]+), 131
(100), 115 (16). HRMS for C14H20 ([M]


+) calcd: 146.1096, found:
146.1112.


2-Methyl-3-phenylbicyclo[2.2.1]hept-2-ene (43): An LDA solution was
prepared from nBuLi (19.7 mL, 1.44m, 28.4 mmol) and iPr2NH (4.2 mL,
29.6 mmol) in THF (26 mL) at 0 8C. A solution of bicyclo[2.2.1]heptan-2-
one (2.5 g, 22.7 mmol) in THF (10 mL) was then added dropwise. After
3 h, MeI (4.24 mL, 68.1 mmol) was added dropwise at 0 8C, and stirring
was maintained for 3 h at room temperature. Aqueous HCl (20 mL, 1m)
was added, and the mixture was extracted with Et2O. The combined or-
ganic layers were dried over anhydrous Na2SO4, filtered, and concentrat-
ed under reduced pressure. Purification of the residue by flash chroma-
tography (pentane/diethyl ether 9.4/6) afforded a mixture of exo- and
endo-3-methylbicyclo[2.2.1]heptan-2-one (2.15 g, 76% yield).


An LDA solution was prepared from nBuLi (5 mL, 1.58m, 7.9 mmol) and
iPr2NH (1.15 mL, 8.2 mmol) in THF (3 mL) at 0 8C. A solution of 3-
methylbicyclo[2.2.1]heptan-2-one (0.78 g, 6.3 mmol) in THF (3 mL) was
then added dropwise at �78 8C. After the mixture had been stirred for
1 h, a solution of PhNTf2 (2.36 g, 6.62 mmol) in THF (4 mL) was added
dropwise at �78 8C, and stirring was maintained overnight at room tem-
perature. Aqueous HCl (5 mL, 1m) was added, and the mixture was ex-
tracted with Et2O (2î10 mL). The combined organic layers were dried
over anhydrous Na2SO4, filtered, and concentrated under reduced pres-
sure. Purification of the residue by flash chromatography (pentane) af-
forded 3-methylbicyclo[2.2.1]hept-2-en-2-yl trifluoromethanesulfonate
(0.99 g, 61% yield).


ZnBr2 (15.4 mL, 18.5 mmol, 1.2m in THF) was added dropwise to the so-
lution of PhLi (9.6 mL, 1.76m, 17.0 mmol) in THF (6 mL) at �40 8C. Stir-
ring was maintained for 30 min at �40 8C and then 30 min at room tem-
perature. A solution of 3-methylbicyclo[2.2.1]hept-2-en-2-yl trifluorome-
thanesulfonate (0.99 g, 3.86 mmol) and [Pd(PPh3)4] (0.18 g, 0.154 mmol)
in THF (8 mL) were added dropwise. Stirring was maintained for 3 h at
50 8C. Saturated aqueous NH4Cl (14 mL) was added, and the mixture was
extracted with Et2O. The combined organic layers were dried over anhy-
drous Na2SO4, filtered, and concentrated under reduced pressure. Purifi-
cation of the residue by flash chromatography (pentane) afforded 43
(0.68 g, 96% yield). IR (KBr): ñ = 2958, 2870, 1682, 1497, 1447, 753,
700 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.48±7.41 (m, 4H), 7.30 (m,
1H), 3.29 (s, 1H), 2.92 (s, 1H), 2.07 (s, 3H), 1.96±1.86 (m, 2H), 1.68 (d, J
= 8 Hz, 1H), 1.50 (m, 1H), 1.34±1.28 ppm (m, 2H); 13C NMR (DEPT,
75 MHz, CDCl3): d = 139.7, 139.6, 137.6, 128.1, 126.6, 125.5, 49.5, 46.9,
46.4, 27.1, 25.8, 13.7 ppm; MS (70 eV, EI): m/z (%): 184 (29, [M]+), 156
(100); HRMS for C14H16 ([M]


+) calcd: 184.1252, found: 184.1243.


2-Ethyl-3-phenylbicyclo[2.2.1]hept-2-ene (46): An analogous procedure
was used as described for 43 starting from 3-ethylbicyclo[2.2.1]hept-2-en-
2-yl trifluoromethanesulfonate (0.42 g, 1.54 mmol), ZnBr2 (6.2 mL, 1.2m,
7.4 mmol), PhLi (3.9 mL, 1.76m, 6.8 mmol), [Pd(PPh3)4] (4 mol%, 0.07 g,
0.062 mmol) that afforded 46 (0.26 g, 86% yield). IR (KBr): ñ = 2961,
2869, 1496, 698 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.19±7.10 (m,
4H), 7.02 (m, 1H), 2.99 (s, 1H), 2.78 (s, 1H), 2.25 [sextet (coalescence of
dq), J = 15 Hz and 7.5 Hz, 1H], 2.06 [sextet (coalescence of dq), J = 15
and 7.5 Hz, 1H], 1.68±1.59 (m, 2H), 1.37 (m, 1H), 1.21 (m, 1H), 1.06±
1.03 (m, 2H), 1.01 ppm (t, J = 7.5 Hz, 3H); 13C NMR (75 MHz, CDCl3):
d = 145.6, 139.1, 137.7, 128.1, 126.7, 125.6, 47.2, 47.0, 46.5, 26.8, 26.3,
20.9, 13.2 ppm; MS (70 eV, EI): m/z (%): 198 (34, [M]+), 170 (90), 155
(100); HRMS for C15H18 ([M]


+) calcd: 198.1409, found: 198.1390.


15-Ethyl-16-phenyltetracyclo[6.6.2.02,7.09,14]hexadeca-2(7),3,5,9(14),10,12,
15-heptene (49): To a solution of ethyl iodide (0.37 g, 2.4 mmol) in di-
ethyl ether (4 mL) at �78 8C was added a solution of nBuLi (3.36 mL,
1.5m). After 0.5 h at �78 8C, the solution was warmed to room tempera-
ture and kept at this temperature for 0.5 h. The solution was then cooled
to 0 8C, and 15-phenyl-16-(phenylsulfonyl)tetracyclo[6.6.2.02,7.09,14]hexa-
deca-2(7),3,5,9(14),10,12,15-heptene[30] (0.84 g, 2 mmol) was added. The
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mixture was refluxed for 6 h. The reaction mixture was diluted with
CH2Cl2 and washed with a saturated solution of NH4Cl. The combined
organic layers were dried over MgSO4 and concentrated under vacuum.
Purification by flash chromatography (pentane/CH2Cl2 9:1) afforded 49
(0.17 g, 27% yield) and the starting material (0.47 g). 1H NMR
(300 MHz, CDCl3): d = 7.33±6.87 (m, 12H), 5.16 (s, 1H), 4.97 (s, 1H),
2.25 (q, J = 7.5 Hz, 2H), 1.02 ppm (t, J = 7.5 Hz, 3H); 13C NMR
(DEPT, 75 MHz, CDCl3): d = 147.5 (C), 146.4 (C), 145.9 (C), 142.8 (C),
139.0 (C), 128.1 (2CH), 127.3 (2CH), 126.5 (CH), 124.6 (2CH), 124.5
(2CH), 122.6 (2CH), 122.5 ppm (2CH); MS (70 eV, EI): m/z (%): 308
(38, [M]+), 279 (33), 178 (100); anal. calcd. for C24H20: C 93.46, H 6.54;
found: C 93.27, H 6.61.


Products of the hydroboration±oxidation procedure : General procedure
for the reactions of hydroboration±oxidation:


Preparation of 1-(2-hydroxyphenyl)-3,3-dimethyl-1-phenyl-2-butanol
(12): A solution of BH3¥THF (9 mL, 9 mmol, 3 equiv) was added to a sol-
ution of 3,3-dimethyl-1,1-diphenyl-1-butene (11) (0.71 g, 3 mmol) in THF
(25 mL) at room temperature under an argon atmosphere. After stirring
at 50 8C for 24 h, the mixture was quenched by addition of 2m NaOH
(12 mL) and 30% H2O2 (12 mL). The resulting mixture was stirred at
room temperature for 30 min and was then extracted with diethyl ether
(10 mL). The combined organic layers were dried over MgSO4, filtered,
and concentrated under reduced pressure. Purification of the residue by
flash chromatography (pentane/ether 7:3) afforded the product 12 in
60% yield.


2-[(2-Hydroxyphenyl)(phenyl)methyl]-3,3-dimethyl-1-butanol (3): Reac-
tion of 1 (0.75 g, 3 mmol) and a solution of BH3¥THF (9 mL, 9 mmol,
3 equiv) in THF (25 mL) at 50 8C for 12 h according to the general proce-
dure afforded diol 3 (0.68 g, 80% yield). IR (KBr): ñ = 3400, 3306, 2962,
1455, 1368, 1232, 752, 704 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.22±
7.01 (m, 7H), 6.77±6.73 (m, 2H), 4.29 (d, J = 5.3 Hz, 1H), 3.73 (dd, J =


11 and 3.3 Hz, 1H), 3.52 (dd, J = 11 and 9.9 Hz, 1H), 2.30 (ddd, J =


9.9 Hz, 5.3 Hz and 3.3 Hz, 1H), 0.91 ppm (s, 9H); 13C NMR (DEPT,
75 MHz, CDCl3): d = 154 (C), 142.1 (C), 131.1 (C), 130.9 (CH), 129.3
(2CH), 128.3 (2CH), 127.8 (CH), 126.1 (CH), 120.1 (CH), 117.2 (CH),
62.2 (CH2), 53.9 (CH), 46.5 (CH), 34.4 (C), 28.7 ppm (3CH3); MS (70 eV,
EI): m/z (%): 284 (29, [M]+), 183 (100); HRMS for C19H24O2 ([M]


+)
calcd: 284.1776; found: 284.1756; an X-ray analysis of compound 3 has
been carried out (see Figure 1).[31]


2-Benzhydryl-3,3-dimethyl-1-butanol (9): Reaction of 8 (0.75 g, 3 mmol)
and a solution of BH3¥THF (9 mL, 9 mmol, 3 equiv) in THF (25 mL) at
50 8C for 24 h according to the general procedure afforded alcohol 9
(0.51 g, 63% yield). 1H NMR (300 MHz, CDCl3): d = 7.39±7.10 (m,
10H), 4.20 (d, J = 8.2 Hz, 1H), 3.74±3.61 (m, 2H), 2.34 (ddd, J = 8 Hz,
5.3 Hz and 3.3 Hz, 1H), 0.91 ppm (s, 9H); 13C NMR (DEPT, 75 MHz,
CDCl3): d = 146.1 (C), 144.0 (C), 129.1 (2CH), 128.7 (2CH), 128.6
(2CH), 128.4 (2CH), 126.3 (CH), 125.9 (CH), 62.6 (CH2), 54.2 (CH),
52.1 (CH), 34.5 (C), 29.3 ppm (3CH3); MS (70 eV, EI): m/z (%): 268 (17,
[M]+), 167 (100); elemental analysis calcd (%) for C19H24O: C 85.03, H
9.01; found: C 84.85, H 9.11.


1-(2-Hydroxyphenyl)-2,3,3-trimethyl-1-phenyl-2-butanol (10): Reaction of
1 (0.75 g, 3 mmol) and a solution of BH3¥THF (9 mL, 9 mmol, 3 equiv) in
THF (25 mL) at 50 8C for 1 h according to the general procedure afford-
ed diol 10 (0.26 g, 30% yield). IR (KBr): ñ = 3370, 2955, 1580, 1488,
1253, 752 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.46±7.43 (m, 2H),
7.20±6.93 (m, 5H), 6.77±6.74 (m, 1H), 6.66±6.61 (m, 1H), 4.07 (s, 1H),
1.11 (s, 3H), 0.90 ppm (s, 9H); 13C NMR (DEPT, 75 MHz, CDCl3): d =


154.6 (C), 143.4 (C), 132.2 (CH), 130.2 (C), 129.3 (2CH), 128.5 (2CH),
128.1 (CH), 126.5 (CH), 120.0 (CH), 118.2 (CH), 81.3 (C), 59.5 (CH),
39.5 (C), 26.4 (3CH3), 24.3 ppm (CH3); MS (70 eV, EI): m/z (%): 284 (1,
[M]+), 209 (22), 184 (100), 165 (23), 101 (79), 83 (28); HRMS for
C19H24O2 ([M]


+) calcd: 284.1776; found: 284.1750; an X-ray analysis of
compound 10 has been carried out (see Figure 1).[32]


1-(2-Hydroxyphenyl)-3,3-dimethyl-1-phenyl-2-butanol (12): Reaction of
11 (0.71 g, 3 mmol) and a solution of BH3¥THF (9 mL, 9 mmol, 3 equiv)
in THF (25 mL) at 50 8C for 24 h according to the general procedure af-
forded diol 12 (0.48 g, 60% yield). IR (KBr): ñ = 3428, 2959, 1583, 1495,
1254, 751 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.18±6.89 (m, 7H),
6.73±6.23 (m, 2H), 4.19 (d, J = 2.9 Hz, 1H), 3.85 (d, J = 2.9 Hz, 1H),
0.78 ppm (s, 9H); 13C NMR (DEPT, 75 MHz, CDCl3): d = 155.3 (C),


142.3 (C), 132.8 (CH), 128.6 (CH), 128.4 (2CH), 128.1 (2CH), 126.3 (C),
126.1 (CH), 120.0 (CH), 117.6 (CH), 83.4 (CH), 53.4 (CH), 35.9 (C),
26.3 ppm (3CH3); MS (70 eV, EI): m/z (%): 270 (1, [M]


+), 184 (100), 165
(20), 106 (13); HRMS for C18H22O2 ([M]


+) calcd: 270.1620; found:
270.1611.


1-(2-Hydroxy-4-methylphenyl)-3,3-dimethyl-1-phenyl-2-butanol (14a):
Reaction of (E)-13 (0.75 g, 3 mmol) and a solution of BH3¥THF (9 mL,
9 mmol, 3 equiv) in THF (25 mL) at 50 8C for 17 h according to the gen-
eral procedure afforded diol 14a (0.56 g, 66% yield). IR (KBr): ñ =


3389, 2870, 1447, 1270, 718 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.21±
6.49 (m, 8H), 4.18 (d, J = 3.1 Hz, 1H), 3.88 (d, J = 3.1 Hz, 1H), 2.17 (s,
3H), 0.82 ppm (s, 9H); 13C NMR (DEPT, 75 MHz, CDCl3): d = 155.2
(C), 142.6 (C), 138.7 (C), 132.7 (CH), 128.5 (2CH), 128.1 (2CH), 126.2
(CH), 123.1 (C), 120.9 (CH), 118.4 (CH), 83.7 (CH), 53.3 (CH), 35.9 (C),
26.3 (3CH3), 20.9 ppm (CH3); MS (70 eV, EI): m/z (%): 284 (1, [M]


+),
198 (100), 183 (33), 165 (13), 120 (15); HRMS for C15H16O2 ([M]


+) calcd:
284.1776; found: 284.1796.


1-(2-Hydroxyphenyl)-3,3-dimethyl-1-(4-methylphenyl)-2-butanol (14b):
Reaction of (Z)-13 (0.75 g, 3 mmol) and a solution of BH3¥THF (9 mL,
9 mmol, 3 equiv) in THF (25 mL) at 50 8C for 17 h according to the gen-
eral procedure afforded diol 14b (0.48 g, 56% yield). IR (KBr): ñ =


3412, 2957, 1488, 1250, 753 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.24±
6.51 (m, 8H), 4.20 (d, J = 3.1 Hz, 1H), 3.91 (d, J = 3.1 Hz, 1H), 2.19 (s,
3H), 0.83 ppm (s, 9H); 13C NMR (DEPT, 75 MHz, CDCl3): d = 155.5
(C), 139.2 (C), 135.8 (C), 132.8 (CH), 129.2 (2CH), 128.6 (CH), 128.0
(2CH), 126.4 (C), 120.0 (CH), 117.7 (CH), 83.8 (CH), 53.4 (CH), 35.9
(C), 26.3 (3CH3), 20.8 ppm (CH3); MS (70 eV, EI): m/z (%): 284 (1, [M]


+


), 198 (100), 183 (39), 165 (13); HRMS for C19H24O2 ([M]
+) calcd:


284.1776; found: 284.1761.


2’-(1-Hydroxy-2-methyl-propyl)-biphenyl-2-ol (16a, R = H): Reaction of
15a (0.62 g, 3 mmol) and a solution of BH3¥THF (9 mL, 9 mmol, 3 equiv)
in THF (25 mL) at 90 8C for 12 h according to the general procedure af-
forded diol 16a (0.58 g, 80% yield). IR (KBr): ñ = 3300, 2958, 1520,
1315, 1110, 905 cm�1; 1H NMR (400 MHz, [D6]DMSO, 90 8C): d = 8.78
(br s, 1H), 7.53 (dd, J = 7.7 and 1.3 Hz, 1H), 7.30 (dt, J = 7.7 and
1.3 Hz, 1H), 7.22 (dt, J = 7.3 and 1.3 Hz), 7.16 (dt, J = 8.2 and 1.8 Hz,
1H), 7.06±7.02 (m, 2H), 6.91 (dd, J = 8.2 and 1.8 Hz, 1H), 6.83 (dt, J =


7.3 and 1.2 Hz, 1H), 4.28 (d, J = 6.4 Hz, 1H), 3.01 (br s, 1H), 1.71 (sex,
J = 6.7 Hz, 1H), 0.76 (d, J = 6.7 Hz, 3H), 0.56 ppm (d, J = 6.7 Hz,
3H); 13C NMR (DEPT, 75 MHz, [D6]DMSO): d? = 153.6 (C), 142.9 (C),
136.9 (C), 130.6 (CH), 129.5 (CH), 127.8 (CH), 127.6 (C), 126.0 (CH),
125.7 (CH), 125.3 (CH), 118.2 (CH), 115.2 (CH), 73.8 (CH), 33.3 (CH),
18.9 (CH3), 19.9 ppm (CH3); MS (70 eV, EI): m/z (%): 242 (20, [M]+),
224 (100); HRMS for C16H18O2 ([M]


+) calcd: 242.1307; found: 242.1310.


2’-(1-Hydroxy-2-methyl-propyl)-4-methoxy-biphenyl-2-ol (16b, R =


OMe): Reaction of 15b (0.71 g, 3 mmol) and a solution of BH3¥THF
(9 mL, 9 mmol, 3 equiv) in THF (25 mL) at 90 8C for 12 h according to
the general procedure afforded diol 16b (0.66 g, 81% yield).


We observed two rotamers at room temperature as in 16a (R = H). IR
(KBr): ñ = 3306, 2959, 1620, 1520, 1468, 1314, 1164, 1003, 763 cm�1;
1H NMR spectra of the two rotamers (300 MHz, CDCl3): d = 7.44±7.42
(m, 1H), 7.31±7.17 (m, 2H), 7.14±7.06 (m, 1H), 6.90±6.87 (m, 1H), 6.47±
6.39 (m, 2H), 4.1 (d, J = 8.8 Hz, 1H), 3.71 (s, 3H), 1.94±1.82 (m, 1H),
0.86 (d, J = 6.6 Hz, 3H), 0.45 ppm (d, J = 7.1 Hz, 3H); 1H NMR
(300 MHz, CDCl3): d = 7.44±7.42 (m, 1H), 7.31±7.17 (m, 2H), 7.14±7.06
(m, 1H), 6.90±6.87 (m, 1H), 6.47±6.39 (m, 2H), 4.22 (d, J = 7.9 Hz, 1H),
3.72 (s, 3H), 1.79±1.70 (m, 1H), 0.81 (d, J = 6.6 Hz, 3H), 0.51 ppm (d, J
= 7.1 Hz, 3H); 13C NMR spectra of the two rotamers (DEPT, 75 MHz,
CDCl3): d = 160.3 (C), 153.6 (C), 142.3 (C), 136.3 (C), 131.5 (CH), 131.1
(CH), 128.4 (CH), 127.8 (CH), 126.1 (CH), 120.5 (CH), 106.6 (CH),
101.4 (CH), 76.8 (CH), 55.3 (CH3), 34.4 (CH), 19.1 (CH3),18.9 ppm
(CH3);


13C NMR (DEPT, 75 MHz, CDCl3): d = 160.4 (C), 153.7 (C),
142.7 (C), 135.2 (C), 131.2 (CH), 130.8 (CH), 128.5 (CH), 128.1 (CH),
127.8 (CH), 120.0 (CH), 112.5 (CH), 101.6 (CH), 77.7 (CH), 55.3 (CH3),
33.5 (CH), 19.2 (CH3), 18.4 ppm (CH3); MS (70 eV, EI): m/z (%): 272 (1,
[M]+), 211 (100), 168 (10); HRMS for C17H20O3 ([M]


+) calcd: 272.1412;
found: 272.1419.


2’-(1-Hydroxy-2-methyl-propyl)-4-trifluoromethyl-biphenyl-2-ol (16c, R
= CF3): Reaction of 15c (0.83 g, 3 mmol) and a solution of BH3¥THF
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(9 mL, 9 mmol, 3 equiv) in THF (25 mL) at 90 8C for 12 h according to
the general procedure afforded diol 16c (0.76 g, 82% yield).


We observed two rotamers at room temperature as in 16a (R = H). IR
(KBr): ñ = 3413, 2964, 1422, 1331, 1168, 1126, 912, 515 cm�1; 1H NMR
(300 MHz, CDCl3): d = 7.46±7.43 (m, 1H), 7.36±7.23 (m, 2H), 7.17±7.03
(m, 4H), 3.97 (d, J = 8.8 Hz, 1H), 1.97±1.82 (m, 1H), 0.85 (d, J =


6.2 Hz, 3H), 0.43 ppm (d, J = 7.1 Hz, 3H); 1H NMR (300 MHz, CDCl3):
d = 7.46±7.43 (m, 1H), 7.36±7.23 (m, 2H), 7.17±7.03 (m, 4H), 4.13 (d,
J = 8.4 Hz, 1H), 1.74±1.65 (m, 1H), 0.81 (d, J = 6.2 Hz, 3H), 0.51 ppm
(d, J = 6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): d = 153.1, 141.8,
141.5, 135.4, 134.2, 131.6, 131.0, 130.7, 130.4, 129.1, 128.5, 128.2, 126.2,
125.6, 122.0, 117.3, 113.6, 113.1, 78.3, 77.0, 34.5, 33.5, 19.2, 18.9, 18.5 ppm;
MS (70 eV, EI): m/z (%): 310 (1, [M]+), 292 (100); HRMS for
C17H17F3O3 ([M]


+) calcd: 310.1181; found: 310.1190.


2’-Hydroxymethyl-biphenyl-2-ol (19):[33] To a solution of 18 (0.13 g,
0.45 mmol) in pentane (1 mL) was added dropwise LAH (0.45 mL,
0.45 mmol, 1m in diethyl ether). After 1 h, the reaction mixture was fil-
tered into a sealed tube and the solvent was pumped off. THF (4 mL)
and BH3¥THF (2 mL, 1m) were added, and the mixture was heated to
90 8C for 12 h. The reaction mixture was quenched by adding NaOH
(4 mL, 2m) and H2O2 (4 mL). The mixture was extracted with ether (2î
5mL). The combined organic phases were dried over MgSO4 and concen-
trated under reduced pressure. Purification by flash chromatography
(pentane/diethyl ether 1:1) afforded 19 (0.02 g, 16% yield). 1H NMR
(300 MHz, CDCl3): d = 7.49±7.46 (m, 1H), 7.39±7.31 (m, 2H), 7.24±7.18
(m, 2H), 7.06±7.03 (m, 1H), 6.94±6.89 (m, 2H), 4.43 ppm (s, 2H);
13C NMR (DEPT, 75 MHz, CDCl3): d = 152.8 (C), 138.9 (C), 136.3 (C),
130.9 (CH), 130.6 (CH), 129.4 (CH), 129.2 (CH), 128.7 (CH), 128.5
(CH), 127.6 (C), 120.8 (CH), 116.4 (CH), 63.7 ppm (CH2).


(Rp
*)-1-(2-Hydroxyphenyl)-2-[(a)-(R*)-1-hydroxy-2-methylpropyl]ferro-


cene (22a): Reaction of 20a (0.632 g, 2 mmol) with BH3¥THF (6 mL,
6 mmol) in THF (15 mL) at 65 8C for 12 h followed by oxidation with 2m
NaOH (8 mL) and 30% H2O2 (8 mL), and purification of the product by
flash chromatography (silica gel, pentane/diethyl ether = 3:1) according
to the general procedure gave 0.315 g (45% yield) of 22a as an orange
oil. IR (KBr): ñ = 3349, 3093, 2960, 2928, 2871, 1498, 755 cm�1; 1H NMR
(CDCl3, 300 MHz): d = 8.07 (br s, 1H), 7.35±7.32 (m, 1H), 7.27±7.21 (m,
1H), 6.97±6.94 (m, 1H), 6.90±6.84 (m, 1H), 4.38±4.31 (m, 8H), 4.00 (d,
J = 8.0 Hz, 1H), 2.41 (br s, 1H), 1.78±1.66 (m, 1H), 0.98 (d, J = 6.6 Hz,
3H), 0.71 ppm (d, J = 7.1 Hz, 3H); 13C NMR (DEPT, CDCl3, 75 MHz):
d = 153.8 (C), 132.8 (CH), 128.9 (CH), 123.0 (C), 119.8 (CH), 116.7
(CH), 90.4 (C), 81.9 (C), 76.2 (CH), 71.0 (CH), 70.9 (CH), 69.7 (5CH),
67.3 (CH), 33.4 (CH), 20.0 (CH3), 19.2 ppm (CH3); MS (70 eV, EI): m/z
(%): 332 (25, [M�H2O]+), 289 (100); HRMS for C20H20FeO ([M�H2O]+
) calcd: 332.0864, found: 332.0850.


(Rp
*)-1-(2-Hydroxy-4-methylphenyl)-2-[(a)-(R*)-1-hydroxy-2-methylpro-


pyl]ferrocene (22b): Reaction of 20b (0.330 g, 1 mmol) with BH3¥THF
(3 mL, 3 mmol) in THF (8 mL) at 65 8C for 12 h, followed by oxidation
with 2m NaOH (4 mL) and 30% H2O2 (4 mL), and purification of the
product by flash chromatography (silica gel, pentane/diethyl ether = 3:1)
according to the general procedure gave 0.171 g (47% yield) of 22b as
an orange oil. IR (KBr): ñ = 3361, 3095, 2959, 2922, 2870, 1622, 1468,
1453, 811 cm�1; 1H NMR (CDCl3, 300 MHz): d = 7.94 (br s, 1H), 7.21 (d,
J = 8.0 Hz, 1H), 6.78 (s, 1H), 6.70±6.67 (m, 1H), 4.36±4.30 (m, 8H), 3.99
(d, J = 7.5 Hz, 1H), 2.33 (s, 3H), 1.80±1.68 (m, 1H), 0.98 (d, J = 6.6 Hz,
3H), 1.43 ppm (d, J = 6.6 Hz, 3H); 13C NMR (DEPT, CDCl3, 75 MHz):
d = 153.5 (C), 139.1 (C), 132.5 (CH), 120.8 (CH), 119.8 (C), 117.3 (CH),
90.3 (C), 82.0 (C), 76.2 (CH), 71.0 (CH), 71.0 (CH), 69.7 (5CH), 67.2
(CH), 33.4 (CH), 21.1 CH3), 20.0 (CH3), 19.3 ppm (CH3); MS (70 eV,
EI): m/z (%): 346 (44, [M�H2O]+), 303 (100); HRMS for C21H22FeO
([M�H2O]+) calcd: 346.1020, found: 346.1014.
1-[2-(4-Bromobenzoyloxy)phenyl]-2-(1-hydroxy-2-methylpropyl)ferro-
cene (23): 4-Dimethylaminopyridine (146 mg, 1.2 mmol) and 4-bromo-
benzoyl chloride (263 mg, 1.2 mmol) were added to a solution of 5
(140 mg, 0.5 mmol) in dry CH2Cl2 (10 mL), and the mixture was stirred
at room temperature for 12 h. The solution was washed with water, dried
over Na2SO4, and the solvent was removed under reduced pressure. The
product was purified by flash chromatography (silica gel, CH2Cl2) to
afford 23 (193 mg; 91% yield) as an orange solid, which was recrystal-
lized from methanol. M.p. 147 8C; IR (KBr): ñ = 3528, 1720, 1588, 1268,


1077, 1011, 755 cm�1; 1H NMR (CDCl3, 300 MHz): d = 7.95 (m, 1H),
7.84 (d, J = 8.4 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H), 7.39±7.32 (m, 2H),
7.13±7.10 (m, 1H), 4.26±4.15 (m, 8H), 2.26 (br s, 1H), 1.90±1.80 (m, 1H),
1.56 (br s, 1H), 1.03 (d, J = 6.6 Hz, 3H), 0.98 ppm (d, J = 6.6 Hz, 3H);
13C NMR (DEPT, CDCl3, 75 MHz): d = 164.2 (C), 149.6 (C), 134.1
(CH), 131.8 (2CH), 131.5 (2CH), 130.5 (C), 128.7 (C), 128.3 (CH), 128.2
(C), 125.9 (CH), 121.8 (CH), 92.5 (C), 83.4 (C), 74.3 (CH), 70.2 (5CH),
69.8 (CH), 68.5 (CH), 67.2 (CH), 33.1 (CH), 21.0 (CH3), 18.9 ppm (CH3);
elemental analysis calcd for C27H25BrFeO3: C 60.82, H 4.73; found: C
60.72, H 4.77; an X-Ray analysis of compound 23 has been carried out
(see Figure 2).[34]


3-tert-Butyl-2-(3-hydroxy-2-methyl-propyl)phenol (28): Reaction of 24
(0.56 g, 3 mmol) and a solution of BH3¥THF (9 mL, 9 mmol, 3 equiv) in
THF (25 mL) at 90 8C for 36 h according to the general procedure afford-
ed diol 28 (0.41 g, 61% yield). IR (KBr): ñ = 3433, 3116, 2956, 1579,
1473, 1269, 982 cm�1; 1H NMR (300 MHz, CDCl3): d = 8.28 (br s, 1H),
6.93±6.90 (m, 2H), 6.68±6.65 (m, 1H), 3.95 (br s, 1H), 3.57±3.37 (m, 2H),
2.90±2.74 (m, 2H), 1.88±1.81 (m, 1H), 1.33 (s, 9H), 1.05 ppm (d, J =


6.6 Hz, 3H); 13C NMR (DEPT, 75 MHz, CDCl3): d = 155.6 (C), 149.8
(C), 126.5 (CH), 125.9 (C), 119.1 (CH), 113.7 (CH), 65.17 (CH2), 36.9
(CH), 36.5 (C), 32.3 (3CH3), 29.4 (CH2), 18.5 ppm (CH3); MS (70 eV,
EI): m/z (%): 222 (91, [M]+), 204 (19), 189 (53), 163 (83), 121 (100);
HRMS for C14H22O2 ([M]


+) calcd: 222.1620; found: 222.1618.


3-tert-Butyl-2-(1-hydroxy-2-methyl-propyl)phenol (29): Reaction of 24
(0.56 g, 3 mmol) and a solution of BH3¥THF (9 mL, 9 mmol, 3 equiv) in
THF (25 mL) at 90 8C for 45 min according to the general procedure af-
forded alcohol 29 (0.29 g, 47% yield). IR (KBr): ñ = 3436, 2959, 1469,
1365, 1106, 1007, 757 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.45±7.42
(m, 1H), 7.32±7.29 (m, 1H), 7.19±7.08 (m, 2H), 4.92 (dd, J = 8.8 and
3.7 Hz, 1H), 2.17±2.05 (m, 1H), 1.62 (d, J = 3.7 Hz, 1H), 1.37 (s, 9H),
1.14 (d, J = 6.6 Hz, 3H), 0.63 ppm (d, J = 7.1 Hz, 3H); 13C NMR
(DEPT, 75 MHz, CDCl3): d = 147.5 (C), 142.7 (C), 127.7 (CH), 127.3
(CH), 126.6 (CH), 125.9 (CH), 75.5 (CH), 35.7 (C), 35.1 (CH), 32.6
(3CH3), 19.9 (CH3), 19.8 ppm (CH3); MS (70 eV, EI): m/z (%): 206 (3,
[M]+), 163 (100), 145 (11), 129 (14), 117 (11), 57 (21); HRMS for
C14H22O ([M]


+) calcd: 206.1671; found: 206.1659.


3-tert-Butyl-2-(2-hydroxy-2-methyl-propyl)phenol (30): Reaction of 24
(0.56 g, 3 mmol) and a solution of BH3¥THF (9 mL, 9 mmol, 3 equiv) in
THF (25 mL) at 90 8C for 45 min according to the general procedure af-
forded diol 30 (0.19 g, 30% yield). IR (KBr): ñ = 3233, 2971, 1576, 1447,
1366, 1263, 1112, 981 cm�1; 1H NMR (300 MHz, CDCl3): d = 9.70 (br s,
1H), 6.98 (t, J = 7.9 Hz, 1H), 6.88 (dd, J = 7.9 and 1.3 Hz, 1H), 6.74
(dd, J = 7.9 and 1.3 Hz, 1H), 3.18 (s, 2H), 1.30 (s, 9H), 1.24 ppm (s,
6H); 13C NMR (DEPT, 75 MHz, CDCl3): d = 157.3 (C), 149.4 (C), 127.1
(CH), 123.6 (C), 118.2 (CH), 115.5 (C), 74.0 (C), 40.8 (CH2), 35.9 (C),
32.4 (3CH3), 29.2 ppm (2CH3); MS (70 eV, EI): m/z (%): 222 (25, [M]


+),
204 (27), 189 (45), 164 (82), 149 (100), 121 (21), 59 (34); HRMS for
C14H22O2 ([M]


+) calcd: 222.1620; found: 222.1616.


3-(2-tert-Butyl-phenyl)-2-methylpropan-1-ol (32): Reaction of 31 (0.56 g,
3 mmol) and a solution of BH3¥THF (9 mL, 9 mmol, 3 equiv) in THF
(25 mL) at 90 8C for 7 d according to the general procedure afforded al-
cohol 32 (0.30 g, 49% yield). IR (KBr): ñ = 338, 2872, 1483, 1108, 1034,
759 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.33±7.30 (m, 1H), 7.17±7.14
(m, 1H), 7.07±7.05 (m, 3H), 3.58±3.54 (m, 2H), 2.91 (dd, J = 14.6 and
6.8 Hz, 1H), 2.68 (dd, J = 14.6 and 7.9 Hz, 1H), 2.15±1.93 (m, 1H), 1.35
(s, 3H), 0.91 ppm (d, J = 6.6 Hz, 3H); 13C NMR (DEPT, 75 MHz,
CDCl3): d = 148.0 (C), 138.9 (C), 131.2 (CH), 126.3 (CH), 125.7 (CH),
125.6 (CH), 67.9 (CH2), 37.4 (CH), 37.3 (CH2), 35.9 (C), 31.8 (3CH3),
16.8 ppm (CH3); MS (70 eV, EI): m/z (%): 206 (37, [M]


+), 131 (100), 105
(100), 91 (47); HRMS for C14H22O ([M]+) calcd: 206.1671; found:
206.1674.


3-tert-Butyl-2-{[(1S*,2R*)-2-hydroxycyclohexyl]methyl}phenol (34): Re-
action of 33 (0.684 g, 3 mmol) with BH3¥THF (9 mL, 9 mmol) in THF
(25 mL) at 90 8C for 36 h, followed by oxidation with 2m NaOH (12 mL)
and 30% H2O2 (12 mL), and purification of the product by flash chroma-
tography (pentane:ether = 1:1) according to the general procedure gave
0.479 g (61% yield) of 34 as a white solid. M.p. 161 8C; IR (KBr): ñ =


3523, 3239, 2936, 2854, 1580, 1467, 1019 cm�1; 1H NMR ([D6]DMSO,
400 MHz): d = 8.92 (s, 1H), 6.88±6.85 (m, 1H), 6.79±6.77 (m, 1H), 6.64±
6.62 (m, 1H), 4.61±4.60 (m, 1H), 3.35 (s, 1H), 3.29±3.24 (m, 1H), 3.22±
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3.15 (m, 1H), 2.73±2.67 (m, 1H), 1.84±1.75 (m, 2H), 1.60±1.59 (m, 1H),
1.51±1.24 (m, 10H), 1.19±1.14 (m, 2H), 1.02±0.86 ppm (m, 2H); 13C
NMR (DEPT, [D6]DMSO, 100 MHz): d = 156.6 (C), 148.9 (C), 126.0
(C), 125.3 (CH), 116.9 (CH), 112.7 (CH), 74.4 (CH), 44.5 (CH), 35.8 (C),
35.7 (CH2), 32.2 (3CH3), 29.8 (CH2), 29.0 (CH2), 25.6 (CH2), 24.6 ppm
(CH2); MS (70 eV, EI): m/z (%): 262 (25, [M]+), 244 (82), 229 (100);
HRMS for C17H26O2 ([M]


+) calcd: 262.1933, found: 262.1914.


Bis-4-bromobenzoylester of 3-tert-butyl-2-{[(1S*,2R*)-2-hydroxycyclo-
hexyl]methyl}phenol (35): 4-Dimethylaminopyridine (183 mg, 1.5 mmol)
and 4-bromobenzoyl chloride (329 mg, 1.5 mmol) were added to a solu-
tion of 34 (131 mg, 0.5 mmol) in dry CH2Cl2 (10 mL), and the mixture
was stirred at room temperature for 12 h. The solution was washed with
water, dried over Na2SO4, and the solvent was removed under reduced
pressure. The product was purified by flash chromatography (CH2Cl2) to
afford 301 mg (96% yield) of 34 as a white solid, which was recrystallized
from acetonitrile. M.p. 91 8C; IR (KBr): ñ = 2932, 2862, 1734, 1716, 1590,
1270 cm�1; 1H NMR (CDCl3, 300 MHz): d = 8.13±8.10 (m, 2H), 7.74±
7.71 (m, 2H), 7.54±7.51 (m, 2H), 7.45±7.42 (m, 2H), 7.31 (dd, J = 8.0 Hz
and 1.3 Hz, 1H), 7.17 (t, J = 8.0 Hz), 6.96 (dd, J = 8.0 Hz and 0.9 Hz,
1H), 4.86±4.78 (m, 1H), 3.15±3.08 (m, 1H), 2.83±2.75 8m, 1H), 2.36±2.23
(m, 1H), 2.14±2.11 (m, 1H), 1.77±1.74 (m, 1H), 1.66±1.63 (m, 1H), 1.57±
1.53 (m, 1H), 1.48±1.38 (m, 10H), 1.34±1.05 ppm (m, 3H); 13C NMR
(DEPT, CDCl3, 75 MHz): d = 165.4 (C), 164.2 (C) , 150.8 (C), 150.5 (C),
132.1 (2CH), 131.6 (2CH), 131.4 (2CH), 131.3 (C), 130.9 (2CH), 129.3
(C), 128.9 (C), 128.7 (C), 127.7 (C), 126.3 (CH), 124.6 (CH), 120.3 (CH),
79.1 (CH), 43.0 (CH), 36.5 (C), 32.5 (CH2), 32.4 (3CH3), 31.3 (CH2), 30.2
(CH2), 25.8 (CH2), 24.7 ppm (CH2); elemental analysis calcd (%) for
C31H32Br2O4: C 59.25, H 5.13; found: C 59.53, H 5.33; an X-ray analysis
of compound 35 has been carried out (see Figure 3).[35]


2-(2-tert-Butyl-phenyl)ethanol (37): Reaction of 36 (0.48 g, 3 mmol) and
a solution of BH3¥THF (9 mL, 9 mmol, 3 equiv) in THF (25 mL) at 90 8C
for 3.5 days according to the general procedure afforded alcohol 37
(0.21 g, 40% yield). IR (KBr): ñ = 3325, 2876, 1486, 1365, 1251, 1110,
1042, 748 cm�1; 1H NMR (400 MHz, CDCl3): d = 7.42±7.40 (m, 1H),
7.25±7.16 (m, 3H), 3.88 (t, J = 7.5 Hz, 2H), 3.19 (t, J = 7.5 Hz, 2H),
1.45 ppm (s, 9H); 13C NMR (DEPT, 75 MHz, CDCl3): d = 148.1 (C),
136.3 (C), 131.6 (CH), 126.3 (CH), 126.2 (CH), 125.8 (CH), 64.3 (CH2),
37.4 (CH2), 35.7 (C), 31.6 ppm (3CH3); MS (70 eV, EI): m/z (%): 178
(49, [M]+), 145 (37), 121 (100), 105 (58), 91 (28); HRMS for C12H18O
([M]+) calcd: 178.1358; found: 178.1354.


3-tert-Butyl-2-(2-hydroxy-ethyl)phenol (38): Reaction of 36 (0.48 g,
3 mmol) and a solution of BH3¥THF (9 mL, 9 mmol, 3 equiv) in THF
(25 mL) at 90 8C for 3.5 days according to the general procedure afforded
diol 38 (0.10 g, 17% yield). IR (KBr): ñ = 3516, 3400, 2959, 1579, 1462,
1365, 1265, 1039 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.05 (t, J =


7.9 Hz, 1H), 7.00 (dd, J = 7.9 and 1.3 Hz, 1H), 6.80 (dd, J = 7.9 and
1.3 Hz, 1H), 4.00 (t, J = 5.5 Hz, 2H), 3.20 (t, J = 5.5 Hz, 2H), 1.38 ppm
(s, 9H); 13C NMR (DEPT, 75 MHz, CDCl3): d = 156.3 (C), 149.4 (C),
127.1 (CH), 125.9 (C), 118.7 (CH), 115.3 (CH), 64.7 (CH2), 35.9 (C), 31.9
(3CH3), 30.4 ppm (CH2); MS (70 eV, EI): m/z (%): 194 (88, [M]


+), 161
(90), 121 (100), 107 (17), 91 (16), 55 (18); HRMS for C12H18O2 ([M]


+)
calcd: 194.1307; found: 194.1295.


2-Methyl-3-o-tolyl-propan-1-ol (40): Reaction of 39 (0.44 g, 3 mmol) and
a solution of BH3¥THF (9 mL, 9 mmol, 3 equiv) in THF (25 mL) at 90 8C
for 2 d according to the general procedure afforded alcohol 40 (0.40 g,
81% yield). IR (KBr): ñ = 3350, 2871, 2927, 1493, 1460, 1032, 741 cm�1;
1H NMR (300 MHz, CDCl3): d = 6.94±6.91 (m, 4H), 3.37±3.24 (m, 2H),
2.56 (dd, J = 13.7 and 6.4 Hz, 1H), 2.20 (dd, J = 13.7 and 7.9 Hz, 1H),
2.11 (s, 3H), 1.78±1.67 (m, 1H), 0.74 ppm (d, J = 6.6 Hz, 3H); 13C NMR
(DEPT, 75 MHz, CDCl3): d = 138.9 (C), 136.2 (C), 130.2 (CH), 129.8
(CH), 125.9 (CH), 125.6 (CH), 67.8 (CH2), 36.9 (CH2), 36.6 (CH3), 19.4
(CH), 16.6 ppm (CH3); MS (70 eV, EI): m/z (%): 164 (9, [M]+), 121
(100), 93 (42), 77 (18); HRMS for C11H16O ([M]+) calcd: 164.1201;
found: 164.1211.


2-(o-Tolyl)ethanol (42): [36] Reaction of 41 (0.35 g, 3 mmol) and a solution
of BH3¥THF (9 mL, 9 mmol, 3 equiv) in THF (25 mL) at 90 8C for
3.5 days according to the general procedure afforded alcohol 42 (0.26 g,
64% yield). IR (KBr): ñ = 3339, 2948, 2876, 1493, 1455, 1044, 744 cm�1;
1H NMR (300 MHz, CDCl3): d = 7.19 (m, 4H), 3.85 (t, J = 6.8 Hz, 2H),
3.92 (t, J = 6.8 Hz, 2H), 2.73 ppm (s, 3H); 13C NMR (DEPT, 75 MHz,


CDCl3): d = 136.4 (C), 136.4 (C), 130.3 (CH), 129.5 (CH), 126.5 (CH),
126.0 (CH), 62.5 (CH2), 36.3 (CH2), 19.4 ppm (CH3); MS (70 eV, EI): m/z
(%): 136 (39, [M]+), 105 (100), 91 (26), 77 (18).


(3-Phenylbicyclo[2.2.1]hept-2-yl)methanol (44): Reaction of 43 (0.55 g,
3 mmol) and a solution of BH3¥THF (9 mL, 9 mmol, 3 equiv) in THF
(25 mL) at 50 8C for 36 h according to the general procedure afforded al-
cohol 44 (0.39 g, 64% yield). IR (KBr): ñ = 3338, 2961, 2879, 1494, 1446,
1023, 756, 704 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.22±7.08 (m,
5H), 3.59 (dd, J = 11.1 and 5.8 Hz, 1H), 3.40 (dd, J = 11.1 Hz and
8.9 Hz, 1H), 3.21 (dd, J = 11.7 Hz and 2.8 Hz, 1H), 2.42±2.37 (m, 3H),
1.74 (dt, J = 8.4 Hz and 2.7 Hz, 1H), 1.60±1.53 (m, 2H), 1.46±1.37 (m,
3H), 1.21 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d = 140.5, 129.6,
127.9, 125.8, 62.4, 47.4, 43.8, 42.6, 40.5, 39.5, 23.0, 22.7 ppm; MS (70 eV,
EI): m/z (%): 202 (16, [M]+), 184 (54), 91 (100); HRMS for C14H18O
([M]+) calcd: 202.1357; found: 202.1343.


[3-(2-Hydroxyphenyl)bicyclo[2.2.1]hept-2-yl]methanol (45): Reaction of
43 (0.55 g, 3 mmol) and a solution of BH3¥THF (9 mL, 9 mmol, 3 equiv)
in THF (25 mL) at 90 8C for 24 h according to the general procedure af-
forded diol 45 (0.30 g, 46% yield). IR (KBr): ñ = 3536, 2954, 1630 cm�1;
1H NMR (300 MHz, CDCl3): d = 7.32 (d, J = 7.6 Hz, 1H), 7.08 (t, J =


7.8 Hz, 1H), 6.89 (t, J = 6.8 Hz, 1H), 6.73 (d, J = 8.1 Hz, 1H), 3.51±3.39
(m, 2H), 3.28 (d, J = 11.1 Hz, 1H), 2.62±2.55 (m, 2H), 2.49 (s, 1H), 1.94
(m, 1H), 1.70±1.62 (m, 2H), 1.49±1.34 ppm (m, 3H); 13C NMR (75 MHz,
CDCl3): d = 154.4, 129.4, 129.0, 127.1, 120.5, 116.6, 63.9, 43.4, 42.9, 41.1,
40.5, 24.1, 22.7 ppm; HRMS for C14H18O2 ([M]


+) calcd: 218.1307; found:
218.1294.


1-[3-(2-Hydroxyphenyl)bicyclo[2.2.1]hept-2-yl]-1-ethanol (47). Reaction
of 46 (0.59 g, 3 mmol) and a solution of BH3¥THF (9 mL, 9 mmol,
3 equiv) in THF (25 mL) at 50 8C for 18 h according to the general proce-
dure afforded diol 47 as a colorless solid (0.51 g, 74% yield). M.p. =


173 8C; IR (KBr): ñ = 3546, 3286, 2963, 2938, 1728, 1454 cm�1; 1H NMR
(300 MHz, CDCl3:CD3OD, 4:1): d = 7.34 (dd, J = 8.1 Hz and 1.5 Hz,
1H), 7.00 (td, J = 8.1 Hz and 1.5 Hz, 1H), 6.81±6.74 (m, 2H), 3.81 (dc, J
= 10.3 Hz and 5.9 Hz, 1H), 3.56 (dd, J = 11.8 Hz and 3.7 Hz, 1H), 2.34
(s, 1H), 2.27 (s, 1H) 2.06 (m, 1H), 1.92 (m, 1H), 1.58 (d, J = 8.8 Hz,
1H), 1.52±1.39 (m, 4H), 1.07 ppm (d, J = 5.9 Hz, 3H); 13C NMR
(75 MHz, CD3OD): d = 156.8, 131.1, 129.5, 127.8, 120.2, 116.6, 67.7, 52.6,
44.3, 42.4, 42.1, 39.4, 24.6, 23.6, 23.5 ppm; MS (70 eV, EI): m/z (%): 232
(22, [M]+), 214 (40), 186 (75), 107 (100); HRMS for C15H20O2 ([M]


+)
calcd: 232.1464; found: 232.1449; an X-ray analysis of compound 47 has
been carried out (see Figure 4).[37]


2-[16-(1-Hydroxyethyl)tetracyclo[6.6.2.02,7.09,14]hexadeca-2(7),3,5,9(14),
10,12-hexaen-15-yl]phenol (50): Reaction of 49 (0.92 g, 3 mmol) and a
solution of BH3¥THF (9 mL, 9 mmol, 3 equiv) in THF (25 mL) at 50 8C
for 24 h according to the general procedure afforded diol 50 (0.58 g, 57%
yield). 1H NMR (300 MHz, CDCl3): d = 7.33±6.41 (m, 8H), 4.23 (d, J =


2.6 Hz, 1H), 4.22 (d, J = 1.3 Hz, 1H), 3.73 (dd, J = 9.9 Hz and 1.3 Hz,
1H), 2.90 (dc, J = 9.9 and 6.2 Hz, 1H), 2.26 (td, J = 9.9 and 2.6 Hz,
1H), 1.24 ppm (d, J = 6.2 Hz, 3H); 13C NMR (DEPT, 75 MHz, CDCl3):
d = 153.9 (C), 146.0 (C), 143.1 (C), 142.5 (C), 141.9 (C), 129.6 (C), 128.4
(CH), 127.7 (CH), 126.4 (CH), 125.9 (CH), 125.9 (CH), 125.7 (CH),
125.6 (CH), 124.6 (CH), 123.8 (CH), 122.7 (CH), 120.5 (CH), 115.8
(CH), 69.3 (CH), 50.3 (2CH), 47.5 (CH), 38.7 (CH), 21.0 ppm (CH3); ele-
mental analysis calcd (%) for C24H22O2: C 84.18, H 6.48; found: C 83.99,
H 6.55.
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Generation of Cationic [Zr-{tert-Butyl Enolate}] Reactive Species:
Methyl Abstraction versus Hydride Abstraction


Bing Lian,[a] LoÔc Toupet,[b] and Jean-FranÁois Carpentier*[a]


Introduction


Cationic Group 4 metal species play an important role in
the homogeneous polymerization of olefins,[1,2] and the char-
acterization of these species and observable models thereof,
is of high interest for understanding catalyst structure±reac-
tivity relationships.[3] The Zr-mediated living polymerization
of methyl methacrylate (MMA) was achieved by Collins
and co-workers by using a two-component system consisting
of the neutral enolate complex [Cp2ZrMe{O(OtBu)C=
CMe2}] as initiator and cationic complex [Cp2Zr(THF)Me]+


[BPh4]
� as catalysts.[4] The isolation of the neutral zircono-


cene enolate in its pure form enabled them to establish un-


ambiguously, via detailed kinetic studies, a group-transfer-
type bimetallic propagating mechanism. Gibson and co-
workers reported that Zr-mediated MMA living polymeriza-
tion can be realized just using the one-component system
[Cp2ZrMe2]/abstractor, which gives high molecular weight
and narrow PDI, but still apparently involves two metal
atoms per polymer chain.[5] Isolation of elusive cationic Zr±
enolate species, which may act as key intermediates/models
in the Zr-mediated polymerization of MMA, is therefore a
central objective.[2] In the course of the preparation of this
article, Chen and co-workers have reported the isolation of
the cationic ansa-zirconocene ester enolate complex [rac-
(EBI)Zr+(THF){O(OiPr)C=CMe2}][MeB(C6F5)3]


� (EBI=
ethylenebis(indenyl)) and the generation of the cationic
™constrained geometry∫ Ti ester enolate complex,
[(CGC)Ti+(THF){O(OiPr)C=CMe2}][MeB(C6F5)3]


� (CGC=


Me2Si(Me4C5)(tBuN)), which were both shown to be highly
active for the polymerization of MMA.[2c,d] Here, we report
complementary studies devoted to the generation of the
ionic species [Cp2Zr(THF){O(tBuO)C=CMe2}]


+[anion]�


from the neutral Zr±enolate [Cp2Zr(Me){O(tBuO)C=
CMe2}] (1) by using three different discrete abstractors
(B(C6F5)3, [HNMe2Ph][B(C6F5)4], and [Ph3C][B(C6F5)4]).
Unprecedented transformations of the cationic Zr±enolate
reactive species are evidenced, for which a reaction mecha-


[a] Dr. B. Lian, Prof. Dr. J.-F. Carpentier
Institut de Chimie de Rennes,
UMR 6509, CNRS-Universitÿ de Rennes 1
Organomÿtalliques et Catalyse
35042 Rennes Cedex (France)
Fax: (+33) 2±2323±6939
E-mail : jean-francois.carpentier@univ-rennes1.fr


[b] Dr. L. Toupet
Groupe Matiõre Condensÿe et Matÿriaux, Cristallochimie
UMR 6626, CNRS-Universitÿ de Rennes 1
35042 Rennes Cedex (France)


Abstract: Treatment of the neutral
methyl±Zr±enolate [Cp2Zr(Me){O-
(tBuO)C=CMe2}] (1) with one equiva-
lent of B(C6F5)3 or [HNMe2Ph]
[B(C6F5)4] as a methyl abstractor in
THF at 0 8C leads to the selective for-
mation of the free ion pair complex
[Cp2Zr(THF){O(tBuO)C=CMe2}]


+


[anion]� (2) (anion=MeB(C6F5)3
� ,


B(C6F5)4
�), which is relevant to the


controlled polymerization of methacry-
lates. Cation 2 rapidly decomposes at
20 8C in THF with release of one
equivalent of isobutene to form the
cationic Zr±carboxylate species
[Cp2Zr(THF)(O2CiPr)]+ (3), through a


proposed intramolecular proton trans-
fer process from the tert-butoxy group
to the enolate. The reaction of 1 with
one equivalent of B(C6F5)3 or
[HNMe2Ph][B(C6F5)4] in CH2Cl2 leads
to the direct, rapid formation of the di-
meric m-isobutyrato±Zr dicationic spe-
cies [{Cp2Zr[m-(O2CiPr)]}2]


2+ (4), which
gives 3 upon dissolution in THF. Con-
trastingly, when [Ph3C][B(C6F5)4] is
used to generate the cationic Zr±eno-


late species from 1 in CD2Cl2, a 15:85
mixture of dicationic complexes 4 and
[{Cp2Zr[m-(O2C�C(Me)=CH2)]}2]


2+


[B(C6F5)4]
�
2 (5-[B(C6F5)4]2) is obtained


quantitatively. The formation of 5 is
proposed to arise from initial hydride
abstraction from a methyl enolate
group by Ph3C


+ , as supported by the
parallel production of Ph3CH, and sub-
sequent elimination of methane and
isobutene. In addition to standard spec-
troscopic and analytical characteriza-
tions for the isolated complexes 2±5,
complexes 4 and 5 have also been
structurally characterized by X-ray dif-
fraction studies.


Keywords: boranes ¥ C±H activa-
tion ¥ enolates ¥ methyl abstraction ¥
zirconium


Chem. Eur. J. 2004, 10, 4301 ± 4307 DOI: 10.1002/chem.200400473 ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4301


FULL PAPER







nism is proposed based on the competition between methyl
abstraction and hydride abstraction.


Results and Discussion


The new Zr±enolate cationic species [D8]-2 was cleanly gen-
erated in [D8]THF by the addition of one equivalent of
B(C6F5)3 to the neutral methyl±Zr±enolate 1 (Scheme 1).


Monitoring by NMR spectroscopy showed that [D8]-2 is
stable for several days at 0 8C. However, it transforms rapid-
ly at 20 8C to yield quantitatively the new cationic Zr±isobu-
tyrate species [D8]-3, with concomitant release of one equiv-
alent of isobutene (Scheme 1).[2c,6] The ionic complex [D8]-3
was fully characterized in solution by 1D and 2D 1H and 13C
NMR experiments, which established in particular that the
anion is free. Also, the 1H NMR spectrum in CD2Cl2 of the
analogous complex 3, generated from THF instead of
[D8]THF, showed the unambiguous coordination of one
THF molecule (d=4.10 and 2.17 ppm versus d=3.82 and
1.96 ppm for free THF).


When the cationic Zr species was generated by addition
of B(C6F5)3 to 1 using CD2Cl2 as the solvent, a large amount
of white crystals formed rapidly from the solution. An X-ray
diffraction analysis revealed that this product, which was
isolated in 78 % yield, is the new dimeric m-isobutyrato±Zr
dicationic species (4) that features in the solid state a C2-
symmetric dication with bridging carboxylate groups
(Figure 1 and Table 1) and two independent borate anions.


Consistent with its ionic nature, complex 4 is insoluble in
CD2Cl2 and toluene, and readily soluble in THF. The 1H and
13C NMR spectra of 4 in [D8]THF are identical to those of
[D8]-3, showing that the dimer readily cleaves in a donor
solvent (Scheme 1).


The above observations suggest that transformation of the
cationic Zr±enolate complex [D8]-2 to a carboxylate species
(3) proceeds much faster in a weakly coordinating solvent
such as CD2Cl2 than in [D8]THF. Accordingly, we propose


two possible decomposition
pathways that involve both the
™base-free∫ cationic Zr±enolate
species 2[7] (Scheme 2). The first
mechanism implies direct elimi-
nation of isobutene from the
coordinated tert-butoxy group
of 2 and formation of a carbox-
ylato species[2c] which would
rapidly dimerize to 4 (mecha-
nism 1). Alternatively, it is also
possible to envision from the
Zr±enolato species 2 a b-tert-
butoxy elimination with release
of ketene (Me2C=C=O, not ob-
served) to form a transient cat-
ionic tert-butoxy±Zr complex


(mechanism 2).[8] The latter species has been shown recently
by Jordan et al. to decompose by elimination of isobutene to
generate a dimeric m-hydroxy±Zr complex,[9] which would
then trap the ketene initially released into the Zr�OH bond
to yield the dimeric m-carboxylato complex 4. As variable
temperature NMR experiments did not reveal the inter-
mediates in this process, it is not possible to verify the oper-
ation of these two mechanisms. However, the concerted
process (mechanism 1) might better account for this high-
yield transformation of 1 to 4.[2c]


The reaction of 1 with one equivalent of [HNMe2Ph]
[B(C6F5)4] as the methyl abstractor in CD2Cl2 proceeds simi-
larly as for B(C6F5)3, with rapid formation of colorless crys-
tals and release of one equivalent of CH4, free NMe2Ph, and


Scheme 1.


Figure 1. Molecular structure of the dication [{Cp2Zr(m-(O2CiPr))}2]
2+ (4 ;


ellipsoids at 50% probability).


Table 1. Selected bond lengths [ä] and angles [8] for the dication 4.[a]


Zr1�O1 2.093(3) O1-Zr1-O2 96.38(12)
Zr1�O2 2.084(3) Zr1-O1-C11 154.9(3)
O1�C11 1.241(5) O1-C11-O1_1 120.5(4)
C11�O1_1 1.269(5) O1-C11-C12 120.4(4)
C11�C12 1.504(6) C13-C12-C14 113.9(5)
C12�C13 1.512(7) C11-C12-C13 112.0(4)
C12�C14 1.516(7) C11-C12-C14 112.4(4)
Zr1�Ct1 2.184(4) Ct1-Zr1-Ct2 132.06
Zr1�Ct2 2.194(4)


[a] Ct1 is the centroid of the C1±C5 ring; Ct(2) is the centroid of the C6±
C10 ring.
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isobutene. 1H NMR spectra of the white crystals in [D8]THF
indicated the selective formation of [D8]-3 (note in this case
that the anion is B(C6F5)4


�).
On the other hand, when [Ph3C][B(C6F5)4] was used to


generate the cationic Zr±enolate species in CD2Cl2, the solu-
tion turned immediately yellow and a large amount of
yellow crystals, along with a small amount of colorless crys-
tals, formed over 5 to 20 min. Both types of crystals are in-
soluble in benzene and toluene, but readily soluble in THF
at room temperature, indicative of their ionic nature. When
[D8]THF was added to the solid
material, the color of the solu-
tion faded immediately to col-
orless, and 1H NMR spectra of
the solution revealed it is a
mixture of the new compound
[D8]-5 (85%) and compound
[D8]-3 (15%; note in this case
that the anion is B(C6F5)4


�)
(Scheme 3). This indicates that
the minor amount of colorless
crystals present in the solid ma-
terial corresponds to 4.


The 1H NMR spectrum of
[D8]-5


[10] in [D8]THF features
no dynamic phenomenon in the
temperature range �80 to 30 8C
and is quite simple. It comprises
one singlet for the 20 Cp pro-
tons (d=6.53 ppm at 20 8C),


one high-field singlet (d=
1.92 ppm) attributed to two
equivalent Me groups, and two
relatively sharp, low-field mul-
tiplets (d=6.24 and 5.81 ppm)
that integrate each for 2 H. The
1H±1H COSY spectrum shows a
strong intensity cross-peak be-
tween the two low-field signals
as well as a less intense cross-
peak between each of those sig-
nals with the methyl protons.
Also, the 13C NMR spectrum of
[D8]-5 features only four reso-
nances other than those belong-
ing to the Cp rings and the
anion. Such a pattern is indica-
tive of an allylic CH3�C(CO2)=
CHH system as shown in
Scheme 3. This assignment is
supported by 2D 1H±13C experi-
ments; key data include a cor-
relation in the HMQC experi-
ment between the two low-field
1H resonances and a 13C reso-
nance (d=128.7 ppm, CHH=


C), and correlations in the
HMBC experiment between
those two low-field 1H resonan-


ces with three 13C resonances (d=180.4 ppm, CH3�C(CO2)=
CHH; d=135.6 ppm, CH3�C(CO2)=CHH, and d=


15.4 ppm, CH3�C(CO2)=CHH).
The solid-state structure of 5-[B(C6F5)4]2 confirms two


borate anions with an independent dication composed of
two Cp2Zr fragments bridged by two carboxylate groups
(Figure 2 and Table 2). A C2 axis passes through both the
carbon atoms of the carboxylate groups (C35, C38) and the
both carbon atoms attached to the latter (C36, C39). The
C36 and C39 carbon atoms are obviously sp2 hybridized


Scheme 2. Possible pathways for the formation of complex 4.


Scheme 3.
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(sum of the angles 359.9 and
360.08, respectively). Also, the
C�C bond lengths in the resi-
dues on the both carboxylate
groups in 5 (1.36(1)±1.44(2) ä)
are significantly shorter than
those in 4 (1.504(6)±
1.516(7) ä). These observations
are consistent with the structure
observed in THF solution.
However, the residues on the
both carboxylate groups are not
similar. In the C35 moiety, the
C35�C36 bond length
(1.41(2) ä) is, within experi-
mental errors, very similar to
the C36�C37 and C36�C37_6
(1.439(12) ä) bond lengths. In
the C38 moiety, the C39�C40 and C39�C40_6 (1.356(12) ä)
bond lengths are unusually short and shorter than the C38�
C39 bond length (1.44(2) ä). This overall situation in the
solid state is indicative of a very delocalized structure, which
is possibly complicated by disorder problems.


The 1H and 13C NMR spectra of the mother CD2Cl2 solu-
tion from which the crystals of 4-[MeB(C6F5)4]2 and 5-


[B(C6F5)4]2 were grown established the parallel formation of
Ph3CMe (15%) and Ph3CH (85 %), as well as the presence
of CH4 (not quantified) and resonances characteristic for
polyisobutene (64 % based on Ph3CMe) (Scheme 3). In view
of the similar amounts of the complexes [D8]-3(4)/[D8]-5(5)
(15:85) and the above organic products arising from the
trityl activator (15:85), it is reasonable to consider that two
distinct, competitive pathways take place for the formation
of the Zr cationic species 4 and 5, that involve methyl ab-
straction and hydride abstraction, respectively, from the
neutral methyl±Zr±enolate 1. We assume that 4 is formed
from the 2/[Ph3C][B(C6F5)4] mixture in a similar way to that
in the presence of B(C6F5)3, via methyl abstraction
(Scheme 2). On the other hand, we propose that the forma-
tion of 5 involves a preliminary hydride abstraction from an
enolate methyl group by the trityl cation[11] (Scheme 4). The
resulting cation would then eliminate in a concerted fashion
methane and isobutene to generate a propenyl-2-carboxyla-
to cation that would dimerize to 5. No isobutene is observed
because this compound obviously polymerizes rapidly in the
presence of cationic Zr species under these conditions.[1c]


To support the above mechanism, we mimicked the puta-
tive intermediate [Cp2Zr(Me){tBuO2C[C(CH3)=CH2]}]


+ in
Scheme 4, starting from [Cp2ZrMe2] and B(C6F5)3 in
[D8]THF to give [Cp2Zr([D8]THF)Me]+ , and then added
one equivalent of (CH3)2CHCO2tBu. As expected,
[Cp2Zr([D8]THF)Me]+ was quantitatively converted follow-
ing this procedure to give complex [D8]-3 with release of
CH4 and isobutene (which does not polymerize under these
conditions), within 2 h (Scheme 5). When the same reaction
of [Cp2Zr(THF)Me]+ with (CH3)2CHCO2tBu was carried
out in CD2Cl2 instead of [D8]THF, completion was observed


within 20 min. This increase in the reaction rate is consistent
with the intermediacy of base(THF)-free species in this
transformation process (vide supra). Conversely, no reaction
between [Cp2Zr(THF)Me]+ and Me2CHCO2Me takes place,
even after 12 h at 80 8C, indicating that this process is not
operative under usual conditions for methyl esters.


Figure 2. Solid-state structure of the dication 5 (ellipsoids at 50% proba-
bility).


Table 2. Selected bond lengths [ä] and angles [8] for the dication 5.[a]


Zr1�O1 2.095(8) O1(Zr1(O2 94.3(3)
Zr1�O2 2.090(7) C35-O2-Zr1 158.6(8)
O2�C35 1.252(9) C38-O1-Zr1 157.0(8
C35�C36 1.41(2) C35-C36-C37 120.3(8)
C36�C37 1.439(12 C37-C36-C37_6 119.3(15)
C36�C37_6 1.439(12) C35-C36-C37_6 120.3(8)
O1�C38 1.233(9) C38-C39-C40 117.9(8)
C38�C39 1.44(2) C40-C39-C40_6 124.2(16)
C39�C40 1.356(12) C40_6-C39-C38 117.9(8)
C39�C40_6 1.356(12) Ct1-Zr1-Ct2 130.04
Zr1�Ct1 2.173(11) O1-Zr1-Ct2 107.57
Zr1�Ct2 2.166(11) O1-Zr1-Ct1 106.32


[a] Ct1 is the centroid of the C25±C29 ring; Ct2 is the centroid of the
C30±C34 ring.


Scheme 4. Possible mechanism for the formation of complex 5 (the counterion is B(C6F5)4
�).
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Conclusion


We have shown that the cationic zirconocene±tert-butyl eno-
late species [Cp2Zr(THF){O(tBuO)C=CMe2}]


+ (2) is cleanly
generated through methyl abstraction from the correspond-
ing neutral methyl±Zr±ester enolate 1 and a judiciously
chosen solvent and discrete activator, for example, B(C6F5)3


or [HNMe2Ph][B(C6F5)4]. Contrastingly, the reaction of 1
with [Ph3C][B(C6F5)4] in dichloromethane proceeds by a
novel pathway, which involves hydride abstraction by the
trityl cation, to produce quite selectively an unusual unsatu-
rated Zr±carboxylate dication, after elimination of methane
and isobutene. Once generated, the cationic species 2 can be
stabilized at 0 8C. Preliminary studies in our group have
shown that 2 is an effective initiator for MMA polymeriza-
tion in toluene or THF solution, yielding PMMA with
narrow polydispersity (Mw/Mn<1.2), and thereby showing
that this species may serve as a simple and valuable structur-
al model of the active propagating species. Complex 2 de-
composes, however, readily at room temperature in THF
and above all dichloromethane, by elimination of isobutene
and formation of a carboxylate±Zr complex. Our observa-
tions suggest that the aforementioned decomposition proc-
esses are specific to the tert-butyl enolate esters studied, but
may not affect methyl enolate species involved in MMA
polymerization.


Experimental Section


General procedures : All experiments were carried out under purified
argon using standard Schlenk techniques or a Vacuum Atmosphere glo-
vebox. Hydrocarbon solvents, diethyl ether, and tetrahydrofuran were
distilled from Na/benzophenone, toluene and pentane were distilled from
Na/K alloy under nitrogen and degassed by freeze-thaw-vacuum prior to
use. Chlorinated solvents were distilled from calcium hydride. Deuterated
solvents were purchased from Eurisotop and purified before use.
[Cp2ZrCl2] (Acros), [Cp2ZrMe2] (Aldrich), B(C6F5)3 (Boulder: double
sublimed before use), [Ph3C][B(C6F5)4] (Boulder), and [HNMe2Ph]
[B(C6F5)4] (Boulder) were used as received. tert-Butyl isobutyrate[12] and
[Cp2Zr(Me){O(tBuO)C=CMe2}] (1)[13] were prepared following reported
procedures. NMR spectra were recorded on Bruker AC-200, AC-300,
and AC-500 spectrometers in Teflon-valved NMR tubes at room temper-
ature unless otherwise stated. 1H and 13C NMR chemical shifts were de-
termined by using residual solvent resonances and are reported versus
TMS. 19F and 11B NMR chemical shifts are referenced to external CFCl3


and external BF3¥Et2O, respectively. Assignment of signals was made
from 1H±1H COSY, 1H±13C HMQC, and 1H±13C HMBC 2D NMR experi-
ments. Coupling constants are given in Hertz. Elemental analyses (C, H,


N) were performed by the Microana-
lytical Laboratory at the Institute of
Chemistry of Rennes and are the aver-
age of two independent determina-
tions.


The cationic Zr complexes containing
MeB(C6F5)3


� and B(C6F5)4
� are totally


dissociated in [D8]THF and CD2Cl2


solution, and the NMR resonances for
these anions are almost identical. The
NMR data are listed below for all the
compounds containing for the
MeB(C6F5)3


� and B(C6F5)4
� free


anions.


Data for MeB(C6F5)3
� : 1H NMR


([D8]THF): d=0.50 (br s, 3 H; BCH3). 1H NMR (CD2Cl2): d=0.54 ppm
(br s, 3H; BCH3); 13C{1H} NMR ([D8]THF): d=148.5 (dm, JC,F=252 Hz;
o-C6F5), 137.4 (dm, JC,F=247 Hz; p-C6F5), 136.2 (dm, JC,F=229 Hz; m-
C6F5), 129.7 (Cipso), 9.7 ppm (br; BCH3); 13C{1H} NMR (CD2Cl2): d=


148.3 (dm, JC,F=238 Hz; o-C6F5), 137.4 (dm, JC,F=257 Hz; p-C6F5), 136.4
(dm, JC,F=245 Hz; m-C6F5), 128.9 (Cipso), 9.9 ppm (br; BCH3); 11B NMR
([D8]THF): d= �14.8 ppm (s; BCH3); 11B NMR (CD2Cl2): d=


�14.9 ppm (s; BCH3); 19F NMR ([D8]THF): d= �134.5 (d, 3JF,F=21 Hz,
6F; o-F), �168.5 (t, 3JF,F=21 Hz, 3F; p-F), �170.6 ppm (m, 3JF,F=18 Hz,
6F; m-F); 19F NMR (CD2Cl2): d= �133.6 (d, 3JF,F=18 Hz, 6 F; o-F),
�165.6 (t, 3JF,F=22 Hz, 3 F; p-F), �168.2 ppm (t, 3JF,F=22 Hz, 6F; m-F).


Data for B(C6F5)4
� : 13C NMR ([D8]THF): d=148.2 (dm, JC,F=240 Hz; o-


C6F5), 138.1 (dm, JC,F=244 Hz; p-C6F5), 136.1 (dm, JC,F=247 Hz; m-C6F5),
125.1 ppm (Cipso); 13C NMR (CD2Cl2): d=148.1 (dm, JC,F=240 Hz; o-
C6F5), 138.0 (dm, JC,F=244 Hz, p-C6F5), 136.2 (dm, JC,F=248 Hz; m-C6F5),
125.0 ppm (Cipso); 11B NMR ([D8]THF): d=�16.6 ppm (s; BC6F5); 11B
NMR (CD2Cl2): d=�16.7 ppm (s; BC6F5); 19F NMR ([D8]THF): d=


�132.2 (s, 8 F; o-F), �163.6 (t, 3JF,F=21 Hz, 4F; p-F), �167.3 ppm (s, 8 F;
m-F); 19F NMR (CD2Cl2): d=�133.5 (s, 8F; o-F), �164.1 (t, 3JF,F=22 Hz,
4F; p-F), �168.0 ppm (t, 3JF,F=20, 8F; m-F).


Generation of [Cp2Zr([D8]THF){O(tBuO)C=CMe2}][MeB(C6F5)3] ([D8]-
2): A solution of complex 1 (15.2 mg, 0.040 mmol) in [D8]THF (ca.
0.5 mL) was prepared in a Teflon-valved NMR tube, and B(C6F5)3


(20.5 mg, 0.040 mmol) was added at room temperature. The tube was
sealed and agitated for 10 min, and 1H NMR spectra were recorded. The
conversion of 1 to [D8]-2 was almost quantitative. 1H NMR ([D8]THF):
d=6.71 (s, 10 H; Cp), 1.62 (s, 6H; =C(CH3)2), 1.29 ppm (s, 9H;
C(CH3)3); 13C{1H} NMR ([D8]THF): d=155.8 (O(tBuO)C=), 116.7 (Cp),
92.4 (C=CMe2), 80.3 (C(CH3)3), 28.5 (C(CH3)3), 18.3 (C=C(CH3)2),
17.6 ppm (C=C(CH3)2). The NMR data for the free anion MeB(C6F5)3


�


were the same as those described above. Complex [D8]-2 is stable for sev-
eral days at 0 8C, but rapidly decomposes at 20 8C as described below.


Transformation of [Cp2Zr([D8]THF){O(tBuO)C=CMe2}][MeB(C6F5)3]
([D8]-2) to [Cp2Zr([D8]THF)(O2CiPr)][MeB(C6F5)3] ([D8]-3): The above
NMR tube was maintained at room temperature for 6 h, and an NMR
spectrum was recorded. The 1H NMR spectrum revealed the complete
disappearance of [Cp2Zr([D8]THF){O(tBuO)C=CMe2}]


+ and the forma-
tion of one equivalent of isobutylene and the isobutyrato±Zr cation
[Cp2Zr([D8]THF)(O2CiPr)]+ . NMR data for the cation [D8]-3. 1H NMR
([D8]THF): d=6.50 (s, 10H; Cp), 2.53 (m, 3J=7.0 Hz, 1H; CH(CH3)2),
1.18 ppm (d, 3J=7.0 Hz, 6 H; CH(CH3)2); 13C{1H} NMR ([D8]THF): d=
192.4 (O2C), 116.4 (Cp), 35.2 (CH(CH3)2), 16.7 ppm (CH(CH3)2). NMR
data for isobutene: 1H NMR ([D8]THF): d=4.60 (m, 4J=1.0 Hz, 2 H;
CH2=), 1.68 ppm (t, 4J=1.0 Hz, 6H; =C(CH3)2); 13C{1H} NMR
([D8]THF): d=141.6 (=C(CH3)2), 111.0 (CH2=), 23.2 ppm (=C(CH3)2).


[{Cp2Zr[m-(O2CiPr)]}2][MeB(C6F5)3]2 (4-[MeB(C6F5)3]2): Complex 1
(19.7 mg, 0.052 mmol) and B(C6F5)3 (26.5 mg, 0.052 mmol) were added in
a Teflon-valved NMR tube, and CD2Cl2 (ca. 0.5 mL) was vacuum trans-
ferred. The tube was sealed and agitated for 5 min, and left at room tem-
perature. White crystals of 4-[MeB(C6F5)3]2 rapidly formed within 2 min.
The solid was washed with pentane (3 î 1 mL), and dried in vacuum
(34 mg, 78%). A suitable crystal of 4-[MeB(C6F5)3]2 was analyzed by X-
ray diffraction, and the NMR data in [D8]THF were the same as those
described above. Elemental analysis calcd (%) for C66H40O4F30B2Zr2


(1671.06): C 47.44, H 2.41; found: C 47.36, H 2.29.


Scheme 5.


Chem. Eur. J. 2004, 10, 4301 ± 4307 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4305


Cationic [Zr-{tert-Butyl Enolate}] Reactive Species 4301 ± 4307



www.chemeurj.org





[Cp2Zr(THF)(O2CiPr)][MeB(C6F5)3] (3): A sample of complex 4-
[MeB(C6F5)3]2 (ca. 30 mg) was dissolved in THF in a Teflon-valved NMR
tube. The solvent was removed in vacuum, CD2Cl2 (ca. 0.5 mL) was
vacuum transferred, and a 1H NMR spectrum was recorded. 1H NMR or
the cation 4 (CD2Cl2): d=6.42 (s, 10H; Cp), 4.10 (m, 4 H; OCH2CH2),
2.58 (m, 3J=7.0 Hz, 1 H; CH(CH3)2), 2.17 (m, 4 H; OCH2CH2), 1.24 ppm
(d, 3J=7.0 Hz, 6H; CH(CH3)2); 13C{1H} NMR (CD2Cl2): d=193.0 (O2C),
116.1 (Cp), 75.3(OCH2CH2), 35.4 (CH(CH3)2), 25.2 (OCH2CH2),
17.2 ppm (CH(CH3)2). The NMR data for the free anion MeB(C6F5)3


�


were the same as those described above.


Reaction of [Cp2Zr(Me){O(tBuO)C=CMe2}] (1) and [HNMe2Ph]
[B(C6F5)4]: synthesis of 4-[B(C6F5)4]2 : The same procedure than the one
described above was used starting from complex 1 (26.2 mg, 0.069 mmol)
and [HNMe2Ph][B(C6F5)4] (55.3 mg, 0.069 mmol), yielding white crystals
of 4-[B(C6F5)4]2 (43 mg, 63%). The NMR data in [D8]THF were the
same as those described above for [D8]-3, except the resonances for the
anion (B(C6F5)4


�). The NMR data of the CD2Cl2 solution from which
crystals of 4-[B(C6F5)4]2 formed indicated the presence of CH4 (1H
NMR: d=0.26), isobutene (1H NMR: d=4.70 (m, 4J=1.0 Hz, 2 H;
CH2=), 1.77 ppm (t, 4J=1.0 Hz, 6 H; =C(CH3)2); 13C{1H} NMR: d=142.5
(=C(CH3)2), 110.1 (CH2=), 23.8 ppm (=C(CH3)2)), and free NMe2Ph
(1H NMR: d=7.27 (m, 2 H; Ph), 6.78 (m, 3 H; Ph). 2.96 ppm (s,
6H; N(CH3)2); 13C{1H} NMR: d 142.5 (Ph), 128.9 (Ph), 119.6 (Ph),
115.9 ppm (Ph), 40.3 ppm (N(CH3)2)); elemental analysis calcd (%) for
C76H30O4F40B2Zr2 (1971.06): C 46.31, H 1.53; found: C 46.53, H 1.93.


Reaction of [Cp2Zr(Me){O(tBuO)C=CMe2}] (1) and [Ph3C][B(C6F5)4]:
generation of 4-[B(C6F5)4]2 and 5-[B(C6F5)4]2 : [Ph3C][B(C6F5)4] (45.7 mg,
0.050 mmol) and complex 1 (18.8 mg, 0.050 mmol) were charged in a
Teflon-valved NMR tube, and CD2Cl2 (ca. 0.5 mL) was vacuum transfer-
red. The tube was sealed and agitated for 5 min, and left at room temper-
ature. Yellow crystals rapidly formed over 5 min to 20 min. 1H and 13C
NMR analysis of the CD2Cl2 solution showed the formation of Ph3CMe
(15 % versus 1; 1H NMR: d=7.36±7.15 (m, 15H; Ph), 2.22 ppm (s, 3H;
CH3); 13C {1H} NMR: d=149.1 (Ph), 129.3 (Ph), 128.3 (Ph), 126.3 (Ph),
52.5 (CMe), 30.6 ppm (CCH3)) and Ph3CH (85 % versus 1; 1H NMR: d=
7.36±7.15 (m, 15 H; Ph), 5.55 ppm (s, 1 H; CH); 13C {1H} NMR: d=144.0
(Ph), 129.3 (Ph), 128.3 (Ph), 126.3 (Ph), 56.8 ppm (Ph3CH)), as well as
the presence of CH4 (d(1H)=0.26 ppm) and resonances characteristic for
polyisobutene. In the glovebox, the solid was removed from the solution,
washed with pentane (3 î 1 mL) and dried in vacuum (25.5 mg, 62%). El-
emental analysis calcd (%) for C76H30O4F40B2Zr2 (1971.73) (5): C 46.29,
H 1.57; found: C 46.43, H 1.98. A suitable yellow crystal of 5 was selected
for X-ray diffraction analysis. Then, [D8]THF (ca. 0.5 mL) was vacuum
transferred to the tube containing the crystalline solid material, and an
NMR spectrum was recorded. The NMR data indicated the presence of a
main product (85 %) that was assigned as compound [D8]-5, together
with resonances for the cation [D8]-3 (15 %). NMR data for the cation
[D8]-5 : 1H NMR ([D8]THF): d=6.53 (s, 20H; Cp), 6.24 (m, 2H; =CHH),
5.81 (m, 2 H; =CHH), 1.92 ppm (s, 6 H; CH3); 13C{1H} NMR ([D8]THF):
d=180.4 (O2C), 135.6 (CH2=C(CO2)CH3), 128.7 (CH2=C), 116.4 (Cp),
15.4 ppm (CH3). The NMR data for the free anion B(C6F5)4


� were the
same as those described above.


Generation of 5¥THF : The above mixture of complexes 4 and 5 was dis-
solved in THF in a Teflon-valved NMR tube. The solvent was removed
in vacuum, CD2Cl2 (ca. 0.5 mL) was vacuum transferred, and a 1H NMR
spectrum was recorded. NMR data for the cation 5¥THF : 1H NMR
(CD2Cl2): d=6.46 (s, 20 H; Cp), 6.33 (m, 2H; =CHH), 5.88 (m, 2H; =
CHH), 4.14 (m, 8H; OCH2CH2), 2.18 (m, 8H; OCH2CH2), 1.98 ppm (s,
6H; CH3); 13C{1H} NMR ([D8]THF): d=180.9 (O2C), 135.1 (CH2=


C(CO2)CH3), 130.3 (CH2=C), 116.1 (Cp), 75.5(OCH2CH2), 25.4
(OCH2CH2), 16.0 ppm (CH3). The NMR data for the free anion
B(C6F5)4


� and the cation 3¥THF were the same as those described above.


Generation of [Cp2Zr([D8]THF)Me][MeB(C6F5)3]: B(C6F5)3 (25 mg,
0.049 mmol) was added at room temperature to a solution of [Cp2ZrMe2]
(12.3 mg, 0.049 mmol) in [D8]THF (ca. 0.5 mL) in a Teflon-valved NMR
tube. The solution was left for 10 min at room temperature to insure the
complete formation of [Cp2Zr([D8]THF)Me][MeB(C6F5)3]. NMR data
for Cp2ZrMe2: 1H NMR ([D8]THF): d=6.08 (s, 10H; Cp), �0.43 (s, 6 H;
Zr(CH3)2); 1H NMR (C6D6): d=5.72 (s, 10H; Cp), �0.13 ppm (s, 6H;
Zr(CH3)2); 1H NMR (CD2Cl2): d=6.16 (s, 10 H; Cp), �0.35 (s, 6H;
Zr(CH3)2). NMR data for [Cp2Zr([D8]THF)Me][MeB(C6F5)3]:


1H NMR


([D8]THF): d=6.58 (s, 10H; Cp), 0.77 ppm (s, 3H; ZrCH3); 13C NMR
([D8]THF): d=116.5 (Cp), 41.8 ppm (ZrCH3). The NMR data for the
free anion MeB(C6F5)3


� were the same as those described above.


Reaction of [Cp2Zr([D8]THF)Me][MeB(C6F5)3] with (CH3)2CHCO2tBu.
Generation of [Cp2Zr([D8]THF)(O2CiPr)][MeB(C6F5)3] ([D8]-3): To the
above NMR tube (freshly prepared), (CH3)2CHCO2tBu (7.0 mg,
0.049 mmol) was added by microsyringe. The tube was sealed and 1H
NMR spectra were recorded periodically. The complete conversion of
[Cp2Zr([D8]THF)Me][MeB(C6F5)3] to [D8]-3 and release of one equiva-
lent of isobutene and CH4 was observed within 2 h. NMR data for CH4:
1H NMR ([D8]THF): d=0.16 (s). The NMR data for [D8]-3 and isobu-
tene were the same as those described above.


Generation of [Cp2Zr(THF)Me][MeB(C6F5)3]: B(C6F5)3 (25.6 mg,
0.05 mmol) was added at room temperature to a solution of [Cp2ZrMe2]
(12.6 mg, 0.05 mmol) in THF (ca. 0.5 mL) in a Teflon-valved NMR tube.
The solution was left for 10 min at room temperature to insure the com-
plete formation of [Cp2Zr(THF)Me][MeB(C6F5)3]. Then the tube was
dried under vacuum and CD2Cl2 (ca. 0.5 mL) was vacuum transferred.
NMR data for [Cp2Zr(THF)Me][MeB(C6F5)3]:


1H NMR (CD2Cl2): d=


6.51 (s, 10 H; Cp), 3.81 (m, 4 H; OCH2CH2), 1.98 (m, 4 H; OCH2CH2),
0.88 ppm (s, 3 H; ZrCH3). The NMR data for the free anion MeB(C6F5)3


�


were the same as those described above.


Reaction of [Cp2Zr(THF)Me][MeB(C6F5)3] with (CH3)2CHCO2tBu.
Generation of [Cp2Zr(THF)(O2CiPr)][MeB(C6F5)3] (3): To the above
NMR tube (freshly prepared), (CH3)2CHCO2tBu (7.2 mg, 0.05 mmol)
was added by microsyringe. The tube was sealed and 1H NMR spectra
were recorded periodically. The complete conversion of
[Cp2Zr(THF)Me][MeB(C6F5)3] to 3 and release of one equivalent of iso-
butene and CH4 was observed within 20 min. The NMR data for 3, isobu-
tene and CH4 were the same as those described above.


X-ray structure determinations of compounds 4-[MeB(C6F5)3]2 and 5-
[B(C6F5)4]2: Single crystals of 4-[MeB(C6F5)3]2 and 5-[B(C6F5)4]2 were ob-
tained from CD2Cl2 at room temperature. Crystal data collection parame-
ters for the two structures are presented in Table 3. The crystal structures


Table 3. Crystal structure data of compounds 4-[MeB(C6F5)3]2 and 5-
[B(C6F5)4]2.


4-
[MeB(C6F5)3]2¥CH2Cl2


5-[B(C6F5)4]2


formula C33.5H21O2ClF15BZr C38H15O2F20BZr
molecular mass 877.98 985.53
crystal size [mm] 0.30 î 0.05 î 0.05 0.32 î 0.12 î 0.10
crystal system monoclinic trigonal
space group P21/c P3221
a [ä] 11.0319(2) 12.6595(3)
b [ä] 12.4574(2) 12.6595(3)
c [ä] 24.1694(5) 38.0800(10)
b [8] 95.1220(10) 90
V [ä3] 3308.31(11) 5285.2(2)
Z 4 6
1calcd [gcm�3] 1.763 1.858
diffractometer NONIUS Kappa


CCD
NONIUS Kappa
CCD


T [K] 130 120
m [mm�1] 0.531 0.456
scan method f scans f scans
2q(max) [8] 55.00 52.04
total reflections 14708 7218
unique reflections 7594 5724
observed reflections
[I>2s(I)]


5294 3610


R1 0.0558 0.0789
wR2 0.1417 0.1232
GOF 1.037 1.152
parameters/constraints 496/4 561/0
residual electron density
[eä�3]


<1.5 <0.4
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were solved by means of the Patterson method, remaining atoms were lo-
cated from difference Fourier synthesis, followed by full-matrix least-
squares refinement based on F2 (programs SHELXS-97 and SHELXL-
97).[14] In both cases, many hydrogen atoms could be found from the
Fourier differences. Carbon-bound hydrogen atoms were placed at calcu-
lated positions and forced to ride on the attached carbon atom. The hy-
drogen atom contributions were calculated but not refined. All non-hy-
drogen atoms were refined with anisotropic displacement parameters.
The cell of 4-[MeB(C6F5)3]2 was found to contain one molecule of crystal-
lization dichloromethane.[15]
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Cubane-Type Mo3CoS4 Molecular Clusters with Three Different Metal
Electron Populations: Structure, Reactivity and Their Use in the
Synthesis of Hybrid Charge-Transfer Salts


Marta Feliz,[a] Rosa Llusar,*[a] Santiago Uriel,[b] Cristian Vicent,[a]


Eugenio Coronado,[c] and Carlos J. GÛmez-GarcÌa[c]


Introduction


Molecular metal clusters are playing an important role in
several scientific areas of current interest such as solid state
physics,[1] biochemistry,[2] catalysis[3] and materials science.[4]


A well known class of such compounds are the cubane-type
transition metal cluster sulfides, which have found important
applications as models for active sites of metalloenzymes


and for industrial metal sulfide catalysts.[5] This category of
coordination compounds include those complexes derived
from the cuboidal M3Q4 unit (M=Mo, W; Q=S, Se) from
which a large number of heterodimetallic M3M’Q4 cubane
type clusters have been obtained by incorporation of a
second transition or post transition element, M’.[6±10]


The chemistry of M3M’Q4 cluster complexes started in
1986 with a report on the synthesis and structure of the
[Mo3FeS4(H2O)10]


4+ aqua ion.[11] Since then the field has
seen noticeable advances mainly as aqueous solution
chemistry and although characterization has remained a se-
rious problem, the supramolecular approach using cucurbi-
turil has proved to be very useful for the crystallization of
these cubane-type aqua clusters.[12±15] These heterodimetallic
M3M’Q4 aqua species crystallize as single cubes or as edged-
linked or corner shared double cubes. Although there are
numerous structural investigations on these cluster com-
plexes, there are no structural data available on a given
single cube M3M’Q4 system in different oxidation states in
spite of the electrochemical reversibility observed upon re-
duction for most of these complexes.[16,17] This fact can be at-
tributed to the tendency towards dimerization to give edged
linked double cubane structures found in M3M’Q4 aqua spe-
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Abstract: Heterodimetallic cubane-
type complexes coordinated to diphos-
phanes [Mo3CoS4(dmpe)3Cl4]


+ ([1]+)
(dmpe=1,2-bis(dimethylphosphanyl)-
ethane), [Mo3CoS4(dmpe)3Cl4] (1) and
[Mo3CoS4(dmpe)3Cl3(CO)] (2) with 14,
15 and 16 metal electrons, respectively,
have been prepared from the
[Mo3S4(dmpe)3Cl3]


+ trinuclear precur-
sor using [Co2(CO)8] or CoCl2 as cobalt
source. Cluster complexes [1]+ and 1
are easily interconverted chemically
and electrochemically. The Co�Cl dis-
tance increases upon electron addition
and substitution of the chlorine atom


coordinated to cobalt with CO only
takes place in presence of a reducing
agent to give complex 2. Structural
changes in the intermetallic distances
agree with the entering electrons occu-
pying an orbital which is basically Mo�
Mo non-bonding and slightly Mo�Co
bonding. Magnetic susceptibility mea-
surements for [1]+ and 1 are consistent
with the presence of two and one un-


paired electrons, respectively and
therefore with an ™e∫ character for the
HOMO orbital. Oxidation of 1 with
TCNQ results in the formation of a
charge transfer salt formulated as [1]+


[TCNQ]� with alternate layers of para-
magnetic cluster cations and also para-
magnetic organic anions. There is no
magnetic interaction between layers
and the thermal variation of the mag-
netic susceptibility has been modelled
as a S= 1=2 TCNQ antiferromagnetic
chain plus a S=1 cluster monomer
with zero field splitting.


Keywords: cluster compounds ¥
cobalt ¥ heterodimetallic complexes ¥
magnetism ¥ molybdenum
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cies (M’=Co, Cu) with an odd number of electrons.[8] For
example, reaction of [Mo3S4(H2O)9]


4+ with cobalt metal in
acidic solutions presumably gives the extremely air sensitive
15 electron cluster [Mo3CoS4(H2O)10]


4+ from which the
edged linked [{Mo3CoS4(H2O)9}2]


8+ (Co�Co 2.498, Mo�Mo
2.744, Mo�Co 2.64 ä) was recrystallized.[18] Coordination of
softer ligands such as CO to the [Mo3CoS4(H2O)10]


4+ com-
plex affords a much more stable cluster [Mo3Co-
(CO)S4(H2O)9]


4+ with 15 metal electrons although no struc-
tural data is available.[7] Curtis et al. have reported the struc-
ture of the only organometallic Mo3CoS4 cluster [Mo3-
CoS4Cp3(CO)] (Mo�Mo 2.83±2.84 ä, Mo�Co 2.75 ä) that
contains 16 metal electrons.[19]


Here we report the synthesis and structure of a series of
[Mo3CoS4]


n+ (n=3±5) complexes with three different metal
electron populations: [Mo3CoS4(dmpe)3Cl4]


+ ([1]+) (dmpe=
1,2-bis(dimethylphosphanyl)ethane) with 14 electrons, [Mo3-
CoS4(dmpe)3Cl4] (1) with 15 electrons and [Mo3CoS4(dm-
pe)3Cl3(CO)] (2) with 16 metal electrons. The cobalt site re-
activity of these clusters towards CO has been investigated
due to its relevance in hydrodesulfurization catalysis. The
structural and magnetic consequences of electron addition
and removal are analyzed under the framework of the pres-
ent theoretical bonding schemes. Taking advantage of the
electroactive and magnetic character of these clusters we
have also explored the possibility of using them as inorganic
component of hybrid molecular materials based on the elec-
tron acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ).


Results and Discussion


Synthesis and reactivity : Several synthetic entries to the cu-
boidal complexes Mo3M’S4 (M’= transition metal) have
been reported both in aqueous and organic media.[9,10] In all
cases two kinds of driving forces are invoked as responsible
for the incorporation of the heterometal into the Mo3(m3-
S)(m-S)3 incomplete cubane-type cluster, one is the affinity
of the metal for the bridging sulfur atoms and the other is
the reducing ability of the heterometal.[16] This last driving
force can be replaced by a external reducing agent such as
borohydride. Recently we have reported the synthesis of a
series of heterodimetallic cubane-type complexes [M3Q4Cu]
of molybdenum and tungsten with Q=S and Se through a
[3+1] building block strategy using the molecular clusters
[M3Q4(diphosphane)3X3]


+ as starting materials.[17,20] This
synthetic strategy can be extended to other transition metals
such as nickel, palladium and cobalt.[21]


The reaction of [Mo3S4(dmpe)3Cl3]
+ with CoCl2 in the


presence of an excess of sodium borhydride in THF/CH3OH
mixtures gives the neutral 15 metal electron cluster [Mo3-
CoS4(dmpe)3Cl4] (1) which precipitates from the reaction
mixture in 30% yield. When the reaction is done under a
CO atmosphere, the also neutral 16 metal electron cluster
[Mo3CoS4(dmpe)3Cl3(CO)] (2) is obtained in similar yields
instead. The 15 electron cluster does not dimerize to give an
edged linked double cube structure as observed for the
[Mo3CoS4]


4+ aqua ion. The neutral complexes 1 and 2 are
easily ionized in the electrospray mass spectrometer
(ESMS) conditions (typically 30 V) showing the presence of
abundant signals due to the molecular peaks attributed to
the cations [1]+ and [2]+ . On the other hand, the reaction of
[Co2(CO)8] with [Mo3S4Cl3(dmpe)3]


+ in CH3CN has been
monitored by ESMS and the final reaction product consists
of a mixture of compounds 1 and 2. Although their [1]+ and
[2]+ peaks appear at 1067 and 1060 amu, respectively, their
signals overlap due to their wide isotope pattern at natural
abundance of 20 amu. In spite of this, the product mixture
could be unambiguously identified by inducing the fragmen-
tation of the products at higher voltages with the identifica-
tion of the [1�dmpe]+ , [2�CO]+ and [2�CO�dmpe]+ sig-
nals. All attempts to separate complexes 1 and 2 have been
unsuccessful. However, treatment of the reaction mixture
containing these two complexes or reaction in air of the
pure compounds 1 or 2 with a diluted aqueous solution of
HCl in CH3CN and further precipitation with NaBPh4 gives
[1][BPh4] as analytically pure compound. This is the only
case reported up to date of a Mo3CoS4 complex with 14
metal electrons, the other known examples are found for
iron as heterometal, namely [Mo3FeS4(H2O)10]


4+ and [Mo3-
FeS4Cp’3(SH)].[16,19] The high stability in air observed for
[1]+ contrasts with the sensitivity found for the [Mo3FeS4]


4+


aqua ion which gets easily oxidized to give Fe2+ and
[Mo3S4(H2O)9]


4+ . The 14 electron cation [1]+ is reduced
with an excess of NaBH4 in CH2Cl2/CH3OH solutions to
afford the neutral 1 complex which precipitates from the re-
action mixture. When the reduction is done in the presence
of CO, the neutral 2 complex precipitates instead. Neither
complex [1]+ or 1 does react with CO in CH2Cl2. A summa-


Abstract in Spanish: Se han sintetizado los complejos hetero-
dimetµlicos coordinados a difosfinas con estructura de
cubano de fÛrmula [Mo3CoS4(dmpe)3Cl4]


+ ([1]+) (dmpe=
1,2-bis(dimetilfosfino)etano), [Mo3CoS4(dmpe)3Cl4] (1) y
[Mo3CoS4(dmpe)3Cl3(CO)] (2) con 14, 15 y 16 electrones
metµlicos, respectivamente, a partir del cluster trinuclear
[Mo3S4(dmpe)3Cl3]


+ y utilizando como fuente de cobalto
Co2(CO)8 Û CoCl2. Los complejos cluster [1]+ y 1 pueden in-
terconvertirse con facilidad tanto quÌmica como electroquÌmi-
camente. La distancia Co�Cl aumenta al aÊadir electrones y
la sustituciÛn del µtomo de cloro por carbonilo Çnicamente
ocurre en presencia de un reductor para dar el complejo 2.
Los cambios estructurales en las distancias intermetµlicas
concuerdan con la ocupaciÛn por parte de los electrones adi-
cionales de un orbital fundamentalmente no enlazante Mo�
Mo y ligeramente enlazante Mo�Co. Las medidas de suscep-
tibilidad magnÿtica de [1]+ y 1 son consistentes con la pre-
sencia de dos y un electrones desapareados, respectivamente,
y por lo tanto con un carµcter ™e∫ para el orbital HOMO. La
oxidaciÛn de 1 con TCNQ da lugar a una sal de transferencia
de carga formulada como [1]+[TCNQ]� con capas alternas
de clÇsteres paramagnÿticos catiÛnicos y aniones orgµnicos
tambiÿn paramagnÿticos. No hay interacciones magnÿticas
entre las capas y la variaciÛn de la susceptibilidad magnÿtica
con la temperatura se ajusta a una cadena antiferromagnÿtica
de TCNQ con S=1/2 mµs un monÛmero cluster con S=1 y
desdoblamiento a campo cero.
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ry of the reactions involving these Mo3CoS4 cluster species
is presented in Scheme 1.


The reversibility of the [1]+/1 redox interconversion is
also seen in the cyclic voltammogram of these complexes
(Figure 1) where a reversible wave associated to the [1]+$1


couple is observed at a half wave potential of �0.10 V (vs
Ag/AgCl). A second reduction process appears at �0.91 V
which is completely irreversible, a fact that we attribute to
the decoordination of the chloride ligand upon reduction.
The electrochemical behaviour can be summarized as fol-
lows:


½Mo3CoS4Cl4ðdmpeÞ3�þ G
e
H ½Mo3CoS4Cl4ðdmpeÞ3� e!


½Mo3CoS4Cl4ðdmpeÞ3� þCl�


The reduction wave on the electrochemical precursor
[Mo3S4(dmpe)3Cl3]


+ is observed at �0.69 V and has been at-
tributed to a bielectronic reduction associated to the process
Mo3


IV$MoIVMo2
III. The cobalt insertion into the incomplete


trinuclear cube results in an anodic shift of the first reduc-
tion potential of 0.59 V. A similar behaviour is observed
upon copper incorporation although the anodic shift in this
case is smaller (0.30 V). In contrast, the 14 electron


[Mo3FeS4]
4+ aqua cluster is 0.45 V more difficult to reduce


than the trinuclear aqua precursor. Differences in the elec-
trochemical behaviour have been attributed to changes in
the oxidation state of the molybdenum atoms upon insertion
of the heterometal.[16]


As far as the reactivity of these complexes is concerned, it
is worth mentioning that a narrow range of heterodimetallic
Mo3M’S4 cubes react with CO, namely M’=Co, Ni and Pd.
An understanding of this reactivity is relevant to the role of
these complexes as models for hydroprocessing catalysis be-
cause the CO uptake is often taken as a measure of the hy-
drodesulfurization activity (HDS) of an heterogeneous cata-
lyst.[22] In our case, cluster 1 or its cation [1]+ do not react
with CO in CH2Cl2, and a reducing agent, such as borohy-
dride in THF/methanol mixtures, is required for the reaction
to take place. Although it has been suggested that
15 Mo3CoS4 and 16 Mo3M’S4 (M’=Ni, Cu, Pd) metal elec-
tron clusters bind CO, our findings prove that among the
[Mo3CoS4(dmpe)3Cl4]


+ ,0,� derivatives only the 16 electron
species react with CO. The absence of reactivity for the 14
and 15 metal electron clusters may be due to the spin forbid-
den character of these reactions. In our opinion the reactivi-
ty of the 15 electron cluster [Mo3CoS4(H2O)10]


4+ to give the
corresponding CO derivative for which only spectroscopic
evidence is provided, can be reformulated as a reduction to
the 16 metal electron cube followed by CO addition to
afford the [Mo3CoS4(H2O)9(CO)]3+ complex also with
16 metal electrons.[7,23] Additionally we have observed that
the Co�Cl distance increases upon electron addition. Based
on these findings we predict that only 16 metal electron
complexes, such as [Mo3CoS4(dmpe)3Cl3(CO)], are good
candidates as HDS catalysis models.


Molecular and electronic structures : One of the basic as-
pects in inorganic chemistry remains the development of
theoretical bonding schemes that could be supported by ex-
perimental evidences. On this regard structural and spectro-
scopic consequences of electron addition and removal can
be physically observed, and this experimental data can be
used to corroborate theoretical descriptions of the bonding.
This approach has been employed to validate the qualitative
MO bond diagram proposed by Harris for the Mo2M’2S4 cu-
banes or that developed by Dahl and Curtis on the homolo-
gous homometallic M4S4 complexes.[24±26]


The X-ray crystal structure determination of the tetraphe-
nylborate salt of [1]+ (Figure 2) together with that of 1 and
2 have been carried out in order to get an insight on the
structural changes upon differences in electron populations.
Table 1 contains a list of the most important averaged bond
lengths for these complexes. The Mo�Mo distances for [1]
[BPh4], 1, and 2 are 2.782(7), 2.8079(12), and 2.8028(14) ä,
respectively, and the Mo�Co bond lengths are 2.760(14) for
[1]+ , 2.7069(16) for 1 and 2.6729(17) ä for 2. These observa-
tions agree with the entering electrons occupying an orbital
which is basically Mo�Mo non-bonding and slightly Mo�Co
bonding.
MO theoretical predictions on Mo3M’S4 clusters indicate


that in these clusters with 14 to 16 metal electrons, 12 metal
electrons will occupy the cluster bonding orbitals (1e, 1a1


Scheme 1.


Figure 1. Cyclic voltammogram for the compound [1][BPh4] in CH2Cl2 at
a scan rate of 100 mVs�1.
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and 2e), and the weakly antibonding (2a1) orbital and two to
four electrons will partially or fully occupy the also weakly
antibonding HOMO (3e) orbital.[27] Therefore there are
some minor discrepancies regarding the metal±metal bond-
ing character of the HOMO orbital which experimentally is
found to be weakly bonding instead of weakly antibonding.
On the other hand we observed that this HOMO orbital is


slightly antibonding with regard to the metal-halogen bonds.
Addition of one electron to the [1]+ cation (Mo�Cl,
2.473(4); Co�Cl, 2.1639(16) ä) produces an increase of
0.06 ä in the Mo�Cl distance and a 0.08 ä increase on the
Co�Cl distance. Further support to this MO Scheme is pro-
vided by the magnetic susceptibility measurements in the
temperature range 2±300 K that show an effective magnetic
moment of 2.88 mB for [1]+ and 2.17 mB for 1 at room tem-
perature, consistent with the presence of two and one un-
paired electrons, respectively, and, therefore, with an ™e∫
character for the HOMO orbital. Both complexes follow a
Curie±Weiss magnetic behaviour. The high magnetic
moment of 1, as compared to the expected value (1.7±
1.8 mB), has been attributed to the presence of paramagnetic
impurities, namely CoII and [1]+ traces, also observed in the
low temperature EPR spectra. As theoretically predicted,
compound 2 is diamagnetic. These ground spin states are
confirmed by the X-band EPR measurements: [1]+ and 2
are EPR silent, in agreement with the integer ground spin
state of [1]+ , S=1, and with the diamagnetic nature of 2,
S=0. In turn, 1 exhibits an anisotropic signal centered at g
	 2.05 with a paramagnetic behaviour in the temperature
range 30±300 K, which is consistent with the S= 1=2 ground
spin state. Furthermore, this signal shows a hyperfine struc-
ture (A=90 G) with eight signals clearly observed at inter-
mediate temperatures. Both, the splitting pattern and the
hyperfine coupling constant are typical of the 59Co2+ ion


(I= 7=2).
[28,29] This observation


clearly evidences that the un-
paired electron density is
mainly located around the
cobalt ion. The result obtained
for this 15 electron cluster con-
trasts with that reported for the
17 electron cluster [Mo3-
CuS4(H2O)10]


4+ for which the
unpaired electron seems to be
mainly located on one of the
Mo atoms and not on the hetero-
atom.[30]


Development of hybrid charge
transfer salts based on Mo3CoS4
clusters : In view of the easiness
of 1 to be oxidized and the para-
magnetic nature and stability
of the resulting cation, these
molecular clusters may be used
as inorganic component for the
preparation of hybrid molecular
materials. This class of materi-
als represent a very active focus
of research in the field of func-
tional molecular materials since
it can provide examples of mul-
tifunctionality.[31] A first at-
tempt has been done using the
organic acceptor TCNQ which
has been widely used for the


Figure 2. ORTEP representation (50% probability ellipsoids) of the
cation [Mo3CoS4(dmpe)3Cl4]


+ , [1]+ .


Table 1. Crystallographic data for [Mo3CoS4(dmpe)3Cl4] (1), [Mo3CoS4(dmpe)3Cl3(CO)]¥0.5CH2Cl2
(2¥0.5CH2Cl2), [Mo3CoS4(dmpe)3Cl4]BPh4 ([1][BPh4]) and [Mo3CoS4(dmpe)3Cl4]TCNQ¥CH2Cl2 ([1]
[TCNQ]¥CH2Cl2).


Compound 1 2¥0.5CH2Cl2 [1][BPh4] [1][TCNQ]¥CH2Cl2


empirical
formula


C18H48Cl4CoMo3P6S4 C19.50H49Cl4CoMo3OP6S4 C42H68BCl4CoMo3P6S4 C31H54Cl6CoMo3N4P6S4


formula
weight


1067.17 1102.20 1386.38 1356.29


crystal
system


cubic rhombohedral monoclinic monoclinic


a [ä] 16.5291(15) 15.7420(10) 17.953(5) 10.539(3)
b [ä] 16.907(4) 26.902(7)
c [ä] 29.308(3) 20.735(5) 18.865(4)
b [8] 114.146(6) 103.190(7)
V [ä3] 4515.9(7) 6289.8(9) 5743(3) 5208(2)
T [K] 293(2) 293(2) 293(2) 293(2)
space group P2(1)3 R3c P2(1)/n P2(1)/n
Z 6 6 4 4
m(MoKa)
[mm�1]


2.730 1.965 1.452 1.700


refls coll 25851 11247 32550 29599
f data range
coll [8]


1.74±24.99 2.04±24.99 1.62±25.00 1.34±25.00


unique refls/
Rint


2664 2454 10116 9161


R(int) 0.0723 0.0558 0.0665 0.1242
GoF on F 2 1.238 1.142 0.968 0.981
R1[a] 0.0425 0.0498 0.0437 0.0553
wR2[b] 0.1280 0.1214 0.0801 0.1085
R1[a] (all
data)


0.0506 0.0582 0.0867 0.1327


wR2[b] (all
data)


0.1323 0.1258 0.0919 0.1449


residual 1
[eA�3]


0.855 and �0.474 1.035 and �0.722 0.548 and �0.420 0.629 and �0.759


[a] R1=� j jF0 j� jFc j j /�F0. [b] wR2= [�[w(F 2
0�F 2


c )
2]/�[w(F 2


0)
2]]1/2.
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preparation of conducting charge-transfer salts.[32] The oxi-
dation of 1 with TCNQ has resulted in the formation of an
organic/inorganic salt formulated as [1]+[TCNQ]� in which
both the cluster cation and the organic anion are paramag-
netic. This compound represents the first charge transfer salt
based on heterodimetallic Mo3M’S4 cuboidal clusters. The
packing of the salt shows alternate layers of cluster cations
and TCNQ anions (Figure 3). There is one crystallographi-
cally independent TCNQ anion which forms a ladder chain
with each step made out by two TCNQ units slightly dimer-
ized (interplanar spacing 3.45 ä). The overlap within the
dimer is of the symmetrical ring-exo double bond type char-
acteristic of conducting TCNQ.


However, due to the lack of mixed valence in the TCNQ
stacks, the compound is an insulator. Further investigations
to produce partial charge transfer salts are in progress. The
thermal variation of the cmT product of this salt (Figure 4)
shows a continuous decrease when cooling the sample to
reach a plateau of 1.1 emuKmol�1 at 	50 K; this suggests
the presence of antiferromagnetic interactions in the S= 1=2
TCNQ chain. Below ~50 K only the contribution of the S=
1 from the [1]+ cations is observed. At temperatures below
~10 K the cmT product decreases sharply, which indicates
the presence of intermonomer antiferromagnetic interac-


tions and/or zero field splitting (ZFS) in the S=1 cation.
Accordingly, we have fit the thermal variation of the cmT
product with a model including a regular S= 1=2 antiferro-
magnetic chain[33] plus a S=1 monomer with a ZFS.[34] This
model reproduces very satisfactorily the cmT product in the
whole temperature range with the following set of parame-
ters: gchain=2 (fixed value to reduce the number of adjusta-
ble parameters), Jchain=�140(3) cm�1, gcation=2.039(1) and
jD j=3.97(4) cm�1 (solid line in Figure 3). Note that the D
value includes possible intermonomer antiferromagnetic in-
teractions and, therefore, it is overestimated.


Experimental Section


Physical measurements : 31P NMR spectra were recorded on Varian
300 MHz spectrometer, using CD2Cl2 as a solvent and are referenced to
external 85% H3PO4. IR spectra were recorded on a Perkin-Elmer
System 2000 FTIR using KBr pellets. Cyclic voltammetry experiments
were performed with a Echochemie Pgstat 20 electrochemical analyzer.
All measurements were carried out with a conventional three-electrode
configuration consisting of platinum working and auxiliary electrodes
and a Ag/AgCl reference electrode containing aqueous 3m KCl The sol-
vent used in all experiments was CH2Cl2 (Merck HPLC grade). The sup-
porting electrolyte was 0.1m tetrabutylammonium hexafluorophosphate.
E1=2


values were determined as 1=2(Ea + Ec), where Ea and Ec are the
anodic and cathodic peak potentials, respectively. All potentials reported
were not corrected for the junction potential. Magnetic susceptibility
measurements were performed on a SQUID instrument. Electrospray
mass spectra were recorded on a Micromass Quattro LC instrument
using dichloromethane as solvent.


Synthesis : All reactions were carried out under a nitrogen atmosphere
using standard Schlenk techniques. The molecular triangular cluster
[Mo3S4(dmpe)3Cl3][PF6] was prepared according to literature methods.[35]


The tetraphenylborate salt was prepared by addition of an excess of
NaBPh4 to methanol solutions of [Mo3S4(dmpe)3Cl3][PF6] that precipitate
the desired compound. The remaining reactants were obtained from com-
mercial sources and used as received. Solvents for synthesis were dried
and degassed by standard methods before use.


[Mo3CoS4(dmpe)3Cl4] (1): [Mo3S4(dmpe)3Cl3][BPh4] (0.1 g, 0.07 mmol)
and CoCl2 (13 mg, 0.1 mmol) were dissolved in a solution THF/MeOH
8:1 (20 mL). NaBH4 (8 mg, 0.2 mmol) was added and the reaction mix-
ture was stirred for 1 h at room temperature. The solution turns brown
after 30 min. Addition of Et2O (30 mL) caused the complete precipita-
tion of a brown solid which was washed with THF (3î2 mL) and Et2O,
redissolved in CH2Cl2 and filtered in order to eliminate the inorganic
salts from NaBH4. Finally Et2O was layered on this solution to afford
brown cubic crystals of the titled compound (30 mg, 30%). Elemental
analysis calcd (%) for C18H48P6Cl4S4CoMo3: C 20.26, H 4.53, S 12.02;
found: C 20.45, H 4.70, S 12.22; ESI-MS (65 V): m/z (CH2Cl2): 1067 [M]+,
917 [M�dmpe]+ .


[Mo3CoS4(dmpe)3Cl3(CO)] (2): [Mo3S4(dmpe)Cl3]BPh4 (0.1 g, 0.07 mmol)
and CoCl2 (26 mg, 0.2 mmol) were dissolved in a solution THF/MeOH
8:1 (20 mL). NaBH4 (16 mg, 0.4 mmol) was added under a CO (1 atm)
atmosphere and the reaction mixture was stirred for 1 h at room temper-
ature. The solution turns brown after 30 min. Addition of Et2O (30 mL)
caused the complete precipitation of a brown solid which was washed
with THF (3î2 mL) and Et2O, redissolved in CH2Cl2 and filtered in
order to eliminate the inorganic salts from NaBH4. Finally Et2O was lay-
ered on this solution to afford brown cubic crystals of the titled com-
pound (20 mg, 26%). Elemental analysis calcd (%) for C19H48OP6Cl3S4-
CoMo3: C 21.53, H 4.57, O 1.51, S 12.10; found: C 21.56, H 4.70, O 1.39,
S 12.20; IR: ñmax = 1923 cm�1 (C=O); 31P NMR (121.47 MHz, 25 8C): d=
25.4 (d, 3P, 1JP�P=12 Hz), 16.8 (d, 3P, 1JP�P=12 Hz); ESI-MS (65 V): m/z
(CH2Cl2): 1060 [M]+ , 1032 [M�CO]+ , 882 [M�CO�dmpe]+ .


[Mo3CoS4(dmpe)3Cl4][BPh4], [1][BPh4]: [Co2(CO)8] (0.040 g, 0.12 mmol)
was added under nitrogen to a green solution of [Mo3S4(dmpe)3Cl3][PF6]


Figure 3. Alternate cation and anion chains in [1][TCNQ]. Carbon atoms
on the phosphane ligands have been omitted for clarity. The ™a∫ axis is
horizontal.


Figure 4. Thermal variation of the cmT product for the [1][TCNQ] com-
plex. The solid line is reproduced using a ZFS model.
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(0.1 g, 0.09 mmol) in CH3CN and the mixture was heated under reflux
for 3 h. The colour of solution turns dark brown after 1 h. After filtration
through Kieselgur, the resulting solution (which contains a mixture of
cationic compounds identified by mass spectrometry as [2]+ and [1]+)
was treated with 0.1m HCl (3 mL) and stirred in air at room temperature
for 10 min. No colour changes was observed at this step. The mixture was
taken to dryness, redissolved in CH3OH, filtered and to this filtrate,
NaBPh4 (15 mg) was added to precipitate the titled compound which was
washed with CH3OH (3î2 mL) and Et2O. Finally, recrystallization from
CH2Cl2/Et2O gave brown needle crystals suitable for X-ray analysis
(39 mg, 37%). Elemental analysis calcd (%) for C42H68BP6Cl4S4CoMo3:
C 36.38, H 4.94, S 9.25; found: C 36.55, H 4.78, S 9.27; ESI-MS (65 V):
m/z (CH2Cl2): 1067 [M]+ , 917 [M�dmpe]+ .


[Mo3CoS4(dmpe)3Cl4][TCNQ], [1][TCNQ]: TCNQ (0.012 g, 0.06 mmol)
under nitrogen was added to a brown solution of 1 (0.045 g, 0.04 mmol)
in CH2Cl2 and the mixture was stirred for 30 min. The colour of solution
turns green immediately. The resulting solution was filtered and Et2O
was layered to give needle green crystals suitable for X-ray analysis
which were washed with toluene and Et2O (50 mg, 93%). Elemental
analysis calcd (%) for C42H68BP6Cl4S4CoMo3: C 28.34, H 4.12, N 4.41,
S 10.09; found: C 28.40, H 4.18, N 4.48, S 9.27; IR: ñmax 2051 cm�1


(C�N); ESI-MS (65 V): m/z (CH2Cl2): 1067 [M]+ , 917 [M�dmpe]+ .


X-ray data collection and structure refinement : The crystals are air stable
and were mounted on the tip of a glass fiber with the use of epoxy
cement. X-ray diffraction experiments was carried out on a Bruker
SMART CCD diffractometer using MoKa radiation (l=0.71073 ä) at
room temperature. The data were collected with a frame width of 0.38 in
w and a counting time of 15, 20, 25 and 20 s per frame for compounds 1,
2, [1][BPh4], and [1][TCNQ], respectively at a crystal to detector distance
of 4 cm. The diffraction frames were integrated using the SAINT package
and corrected for absorption with SADABS.[36,37] The structure was
solved by direct methods and refined by the full-matrix method based on
F 2 using the SHELXTL software package.[38] The crystal parameters and
basic information relating data collection and structure refinement for
compounds 1, 2, [1][BPh4], and [1][TCNQ] are summarized in Table 2.


The neutral compounds 1 and 2 crystallize in the chiral groups P2(1)3
and R3c with absolute structure parameters being refined as 0.02(7) and
0.07(6). All the non-hydrogen atoms were refined anisotropically; the po-
sitions of all hydrogen atoms in the clusters and the counteranions were
generated geometrically, assigned isotropic thermal parameters and al-
lowed to ride on their respective parent carbon atoms. The last Fourier
map in compounds 1 and [1][TCNQ] showed a half and one dichlorome-
thane molecule, respectively which were refined isotropically. The hydro-
gen atoms in this solvent were not included in the refinement.


CCDC-217717 (1), -217715 (2¥0.5CH2Cl2), - 217716 ([1][BPh4]), and
-217718 ([1][TCNQ]¥CH2Cl2) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223-336033; or deposit@ccdc.cam.uk).


Conclusion


The first complete family of Mo3M’S4 heterodimetallic clus-
ters with single cube structures and three different metal
electron counts has been synthesized using Co as heterome-


tal and diphosphanes as outer ligands. This circumstance has
allowed us to investigate the influence of the metal electron
populations on the reactivity of these complexes, in particu-
lar the CO uptake due to its relevance in HDS catalysis.
Only the 16 metal electron cluster ™[Mo3CoS4(dmpe)3Cl4]


�∫
reacts with CO to give the substitution product [Mo3-
CoS4(dmpe)3Cl3(CO)]. Structural and magnetic investiga-
tions on these complexes have been used to validate the
MO bond diagram proposed by Harris for the Mo3M’S4 cu-
banes. In addition, the easiness of electrochemical intercon-
version among these clusters together with their magnetic
character has been explored aimed to the preparation of
hybrid materials that combine electric and magnetic proper-
ties.
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Cylindrical Micelles from the Aqueous Self-Assembly of an Amphiphilic
Poly(ethylene oxide)±b-Poly(ferrocenylsilane) (PEO-b-PFS) Block
Copolymer with a Metallo-Supramolecular Linker at the Block Junction


Jean-FranÁois Gohy,[a] Bas G. G. Lohmeijer,[b] Alexander Alexeev,[b] Xiao-Song Wang,[c]


Ian Manners,*[c] Mitchell A. Winnik,*[c] and Ulrich S. Schubert*[b]


Introduction


Amphiphilic block copolymers comprise hydrophobic,
water-insoluble blocks that aggregate into micellar cores
and hydrophilic, water-soluble blocks that extend into the


water phase and prevent the aggregates from being precipi-
tated.[1] The characteristic dimensions of such aggregates,
called ™block copolymer micelles∫, are in the nanometer
range.[2] Such nanosized domains dispersed in water have
been the focus of much interest, mainly because they can
serve as nanoreactors, for example, for the production of
colloidally stable (semi)-conducting nanoparticles[3] or as
reservoirs for the transport of biologically active molecules
such as DNA, enzymes, or drugs.[4±7]


The morphology and size of block copolymer micelles is
basically related to the chemical composition of the copoly-
mer and to the relative volume ratio of the two blocks.[8]


Two extreme situations can be considered: block copolymers
containing a minor hydrophobic block generally form spher-
ical star-like micelles,[9] whereas copolymers with major hy-
drophobic blocks form the so-called crew-cut micelles[10]


with various morphologies including rods, tubules, and vesi-
cles, and with more complex, intricate morphologies.[11] Star-
like micelles can generally be prepared by direct dissolution
of the bulk copolymer in water, leading to structures close
to the thermodynamic equilibrium, while use of an organic
nonselective co-solvent first is needed for the preparation of
crew-cut micelles.[12] Aggregation is then caused by the addi-
tion of a critical amount of water, and the final micelles are
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Abstract: A supramolecular AB di-
block copolymer has been prepared by
the sequential self-assembly of terpyri-
dine end-functionalized polymer blocks
by using RuIII/RuII chemistry. By this
synthetic strategy a hydrophobic poly-
(ferrocenylsilane) (PFS) was attached
to a hydrophilic poly(ethylene oxide)
(PEO) block to give an amphiphilic
metallo-supramolecular diblock copoly-
mer (PEO/PFS block ratio 6:1). This
compound was used to form micelles in
water that were characterized by a


combination of dynamic and static light
scattering, transmission electron micros-
copy, and atomic force microscopy.
These complementary techniques
showed that the copolymers investigat-
ed form rod-like micelles in water; the
micelles have a constant diameter but


are rather polydisperse in length, and
light scattering measurements indicate
that they are flexible. Crystallization of
the PFS in these micelles was observed
by differential scanning calorimetry,
and is thought to be the key behind the
formation of rod-like structures. The
cylindrical micelles can be cleaved into
smaller rods whenever the temperature
of the solution is increased or they are
exposed to ultrasound.


Keywords: block copolymers ¥
micelles ¥ poly(ferrocenylsilane)s ¥
self-assembly ¥ supramolecular
chemistry
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collected in pure water by gradual elimination of the organic
co-solvent by dialysis. This procedure leads to kinetically
frozen block copolymer micelles, far from the thermody-
namic equilibrium. Nevertheless, aqueous block copolymer
micelles with nonspherical morphologies have also been ob-
tained by direct dissolution of the bulk copolymer in
water.[13]


Among the possible morphologies, rod-like or cylindrical
micelles are of special interest because they can lead to
conducting nanowires after metallization. (Semi)-conduct-
ing nanowires have also been obtained from the metal-
lization of branched copolymers, as illustrated by the work
of Schmidt et al.[14] as well as M¸ller and co-workers.[15]


Simple polyelectrolyte chains adsorbed on a surface in a
stretched conformation have also proven to be good can-
didates for the formation of metallic nanowires.[16] It is thus
possible to use these polymeric precursors for the fabri-
cation of metallic nanowires of different characteristic
sizes.


Various approaches have been used to prepare micelles
with cylindrical morphology. Selected examples can be
found in the work of Antonietti et al. ,[17] Liu and co-work-
ers,[18] Mˆller et al.,[19] Bates and co-workers,[13,20] and
others. Block copolymers containing PFS blocks have been
used successfully to prepare, in organic solvents, cylin-
drical micelles whose core was formed by the self-assem-
bly of the PFS blocks.[21] Such copolymers are of special in-
terest in nanotechnology because they possess interacting
metal ions in the polymer chains that can lead to charge-
transport materials, or they can act as precursors to ceram-
ics, including superparamagnetic nanoclusters formed by
pyrolysis.[22]


Recently, we have introduced a novel type of amphiphilic
block copolymer, namely metallo-supramolecular block co-
polymers.[23] In these compounds, the hydrophilic and hydro-
phobic blocks are not linked together by a covalent bond,
but by a supramolecular bis(2,2’:6’,2’’-terpyridine)rutheni-
um(ii) complex. The associating behavior of amphiphilic
metallo-supramolecular block copolymers in water has also
been described very recently,[24] when it was demonstrated
that the bis(2,2’:6’,2’’-terpyridine)ruthenium(ii) complex was
very stable in aqueous solutions even at extreme pH values,
when salt was added, or when the temperature of the solu-
tion was increased.[25] No ligand exchange was observed and
the structural integrity of the metallo-supramolecular am-
phiphilic copolymers was maintained on a timescale of over
one year. Nevertheless, it was still possible to open the com-
plex under certain experimental conditions and this special
property was used specifically to release the coronal chains
of metallo-supramolecular micelles.[26] As a consequence,
new opportunities for the application of such metallo-supra-
molecular block copolymers in nanotechnology can be
opened up.[27]


Here we report the synthesis of a new type of amphiphilic
diblock copolymer that consists of a PEO hydrophilic block
linked to a hydrophobic PFS block through a bis(2,2’:6’,2’’-
terpyridine)ruthenium(ii) complex, and we describe in detail
formation of cylindrical aqueous micelles from this copoly-
mer (Scheme 1).


Results and Discussion


The formation of micelles has been reported previously for
block copolymers containing PFS segments. These PFS
blocks were combined with polystyrene (PS), poly(dimethyl-
siloxane) (PDMS), or polyisoprene (PI).[21,28±30] As a result,
diblock and ABA triblock copolymer architectures were
prepared. Micelles were formed in organic solvents such as
n-hexane, in which the PFS blocks are insoluble and self-ag-
gregate into a micellar core while a micellar corona is
formed by the PI or PDMS block. Amphiphilic diblock co-
polymers have also been prepared recently in which the PFS
blocks form the micellar core, while chains of the water-
soluble neutral polymers PEO[31] or poly(N,N-dimethylami-
noethyl methacrylate) (PDMAEMA)[32] extend into the
water phase. Various morphologies were observed for these
micelles: spheres, rods, or semi-hollow nanotubes. In the
case of PFS block polymers in alkane solvents, spheres were
observed when the PFS block was amorphous whereas cylin-
drical morphologies were formed for crystallizable PFS
blocks. A major clue that the crystallinity of the PFS block
is the driving force for the formation of cylindrical micelles
in PFS block copolymers was provided by experiments in
which spherical micelles were formed in decane above the
normal melting temperature of the crystallizable PFS block.
Under these circumstances, spherical star-like micelles were
observed. In this contribution, we describe the first example
of the formation in water of cylindrical micelles from PFS-
containing amphiphilic block copolymers based on PEO.
This polymer is unique in that the two blocks are coupled
through a metallo-supramolecular junction.


Synthesis of PFS12-[Ru]-PEO70 copolymer : The ring-open-
ing polymerization (ROP) of strained monomeric silicon-
bridged [1]ferrocenophanes is a well established route to
poly(ferrocenylsilane)s. This polymerization has been car-
ried out under living conditions by anionic ROP. Monochel-
ic hydroxy-functional PFS was obtained by using a protected
initiator, (tert-butyldimethylsilyloxy)-1-propyllithium (tert-
BDMSPrLi), whereby after polymerization the tert-BDMS
group was hydrolyzed in the presence of [NBu4]F at room
temperature. This reaction sequence led to 3,[32, 33] which sub-
sequently reacted with an isocyanate-functionalized terpyri-
dine, 2. Other experimental conditions reported earlier for
the terpyridine functionalization of hydroxy-terminated pol-
ymers either oxidized part of the backbone or did not lead
to full conversion of the hydroxy to the terpyridine end-
group.[23] Therefore, the amino group of an amino-function-
alized terpyridine (1) was converted into an isocyanate
group by reaction with di(tert-butyl tricarbonate).[34] In the
presence of a catalytic amount of dibutyltin dilaurate
(DBTDL), the hydroxy group of the PFS backbone was
fully converted to a urethane bond, as judged from 1H NMR
as well as from IR spectroscopy. Purification by preparative
size exclusion chromatography (SEC) led to the terpyridine-
functionalized PFS 4.


A terpyridine w-functionalized PEO was prepared and re-
acted with RuCl3 to selectively form a mono(terpyridine)ru-
thenium(iii) complex 5.[23] The SEC curve of 5, measured
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with a diode array detector, is shown in Figure 1. This tech-
nique allowed us to measure the entire UV/Vis spectrum at
each elution time. The metal-to-ligand charge transfer
(MLCT) band observed at 390 nm provides clear evidence
for the exclusive formation of the mono(terpyridine)ruthe-
nium(iii) complex, for which the terpyridine signals in the
1H NMR spectrum are no longer observed as the metal
complex is paramagnetic.


In the final step, the PFS block 4 reacted with the PEO
block 5 under reducing conditions, to form the bis(terpyridi-
ne)ruthenium(ii) complex 6 selectively through a self-assem-
bly process. The SEC curve of 6 is also shown in Figure 1.
Compared with the precursor 5, the curve of 6 is now shifted
to lower elution volume due to the increase in molecular
weight. No extra peaks at higher elution volumes have been


observed, indicating the absence of both uncomplexed poly-
mer blocks and fragmented PFS in 6. Moreover, the maxi-
mum of the MLCT band is now observed at 490 nm, indicat-
ing the successful formation of the bis(terpyridine)rutheni-
um(ii) complex.[35a] The terpyridine signals in the 1H NMR
spectrum are shifted when compared to the uncomplexed
terpyridine-functionalized polymer blocks. The MALDI-
TOF mass spectrum (Figure 2) reveals, apart from 6, the
presence of the different blocks of the supramolecular block
copolymer, indicating that the supramolecular connection is
partly broken during the MALDI process; this was observed
for other metallo-supramolecular block copolymers as
well.[35b] In conclusion, these experimental results show the
exclusive formation of compound 6.


Scheme 1. Synthesis of the metallo-supramolecular amphiphilic PFS12-[Ru]-PEO70 block copolymer 6.
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Micellization of PFS12-[Ru]-PEO70 : The bulk sample 6 was
poorly soluble in water. The method previously introduced
by Eisenberg et al. was therefore used for the preparation of
the micelles.[10±12] Compound 6 was initially dissolved in
N,N-dimethylformamide, a common solvent for both blocks.
Water was then added gradually. The scattered light intensi-
ty was monitored as a function of the amount of water


added. A sharp increase in scattered intensity was noted
when the critical water concentration (cwc) was reached.[36]


At the same time, foam was observed when the solution was
being shaken, indicating that the DMF/H2O mixture was no
longer a good solvent for both blocks and that the water-in-
soluble blocks (PFS) were starting to aggregate into micellar
cores and the block copolymer was then behaving as a
macro-surfactant. The cwc (0.55 mL for 1 mL of a 50 gL�1


copolymer DMF solution) was substantially higher than the
values observed for crew-cut micelles, in agreement with a
larger volume ratio for the hydrophilic block of 6. Addition-
al water was added beyond the cwc, in order to freeze-in the
morphology, as previously discussed by Eisenberg et al.[10±12]


Finally DMF was eliminated by dialysis against water.


Light scattering of PFS12-[Ru]-PEO70 aqueous micelles : The
aqueous micelles formed by 6 were first analyzed by static
light scattering (SLS). Since these micelles can be regarded
as kinetically frozen aggregates rather than equilibrium mi-
celles, the concentration of free copolymer chains should be
extremely low for the solutions investigated. Their contribu-
tion to the scattering signals was therefore neglected. The
angular dependence of the SLS data (extrapolated to zero
concentration) was investigated (Figure 3). The apparent Mw


of the micelles was determined from the intercept of the
straight line shown in Figure 3 with the y axis. Its value,
(1.52�0.06)î107 gmol�1, leads to a mean aggregation


Figure 1. SEC curves, measured with a diode array detector, for a) PEO70-[RuCl3 (5); b) PFS12-[Ru]-PEO70 (6).


Figure 2. MALDI-TOF mass spectrum of PFS12-[Ru]-PEO70 6 : The three
distributions arise from breakage of the supramolecular linkage in the
MALDI process, but illustrate nicely the presence of the PEO block
(Dm/z 44), the PFS block (Dm/z 242), and the metallo-supramolecular di-
block (broad peak at m/z 6300).
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number of about 2500 chains per micelle and is too high for
spherical micelles, which have aggregation numbers that are
typically around 100.[2] The radius of gyration of the mi-
celles, Rg = (55�4) nm, was determined from the slope of
the angular dependence of the SLS signal; it also is not in
agreement with the presence of spherical block copolymer
micelles.


Dynamic light scattering (DLS) was used to determine
the mean hydrodynamic diameter Dh of the aqueous mi-
celles formed by 6. The diffusion coefficient for these mi-
celles was found to be approximately 5.5î10�8 cm2 s�1, cor-
responding to a mean Dh of (89�1) nm (Stokes±Einstein
approximation), while the polydispersity was calculated
from the G1/G2


2 ratio to be (0.21�0.02).[37] The angular de-
pendence of the apparent diffusion coefficient was also
measured. The slope of the angular dependence of Dapp is
related to the shape of the diffusing species and was found
to be 0.029, consistent with the value predicted for rod-like
structures (0.03) (Figure 4).[38] However, the CONTIN size
distribution histogram related to the micelles formed by 6
systematically shows a unimodal distribution (Figure 5).
Rod-like micelles are usually characterized by two or more
relaxation modes, as a result of the coupling of translational
and rotational diffusion.[39] An unimodal distribution can
however be observed for very flexible rods.[21a]


Information about the inner density profile of the micellar
structure can be obtained by considering the Rg/Rh ratio.[38]


Its theoretical value for monodisperse hard spheres is 0.775,
whereas it is 1.5 for Gaussian chains. In the case of cylindri-
cal structures, the Rg/Rh ratio depends strongly on the length
and thickness of the micelles.[21a] It was found to be 1.24 for
the micelles formed by 6, which is similar to the Rg/Rh value
of 1.25 previously reported by Liu et al. for cylindrical mi-
celles formed by PS-b-poly(2-cinnamoylethyl methacrylate)
with a cross-linked core in toluene.[18a] Very similar conclu-
sions were drawn from the study of PFS-b-PDMS micelles
in n-hexane.[21a] In summary, light scattering investigations
on the aqueous micelles formed by PFS12-[Ru]-PEO70


strongly support the formation of flexible cylindrical or rod-
like structures.


Morphological investigation of PFS12-[Ru]-PEO70 aqueous
micelles : Transmission electron microscopy (TEM) has been
used as a tool to characterize the micelles formed from
sample 6. Since the TEM images were obtained for micelles
dried on a Formvar film, the morphology of the micelles
may have been modified during the drying process, but this
effect was thought to be limited for the micelles under in-
vestigation because they are essentially frozen aggregates
that contain crystallizable PFS blocks. Rod-like micelles
were observed by TEM everywhere on the grids, as illustrat-
ed in Figure 6a for the sample without staining. The elec-
tronic contrast originates from the PFS core, which contains
iron and is surrounded by the bis(terpyridine)ruthenium(ii)
complexes. The diameter of the core, (6�1) nm, was found
to be constant for all these rods. This is consistent with the
dimension of a core formed by the very short PFS blocks.
The length of the rods is highly variable; a mean value of
(438�12) nm has been calculated from image analysis.
Compared with Rg and Rh values, the contour length of the
cylindrical micelles as measured by TEM is much greater.
This is in agreement with the formation of highly flexible cy-
lindrical micelles in solution.


The micelles were also negatively contrasted with phos-
photungstic acid (see Figure 6b). Since the sample was pre-
pared in two steps (first, deposition of the micelle and
drying; second, deposition of a drop of the contrasting
agent), the contrasting agent was likely to be located outside
the corona of the micelles. Provided that it did not penetrate
too far into the PEO corona, the (core+corona) dimension


Figure 3. Angular dependence of the SLS data extrapolated to zero con-
centration for PFS12-[Ru]-PEO70 aqueous micelles.


Figure 4. Angular dependence of the apparent diffusion coefficient for
PFS12-[Ru]-PEO70 aqueous micelles (C = 1 gL�1).


Figure 5. CONTIN size distribution histogram for PFS12-[Ru]-PEO70 mi-
celles in water (C = 1 gL�1).
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of the micelles could be determined: in the dried state the
value measured was (11�1.5) nm. The thickness of the
dried, collapsed PEO corona was therefore 2.5 nm. The cy-
lindrical micelles tend to form bundles, in which they are
close packed and oriented parallel to each other (Figure 6c).
These aggregates have not been detected in the micellar so-
lutions by light scattering, and are therefore thought to be
formed during the process of drying during TEM sample
preparation. This nematic type of structure is a normal fea-
ture of species with a high aspect ratio at high concentra-
tions. An average aggregation number of 3600 and a molec-
ular weight of 2.25î107 Da have been calculated, as descri-
bed elsewhere for other PFS-containing micelles,[28] from the
average dimension of the cylindrical micelles. These values
are substantially higher than those determined from SLS
measurements, in agreement with the previously reported
results.[28]


Atomic force microscopy (AFM) measurements of mi-
celles cast from a dilute micellar solution on a silicon wafer


revealed the presence of cylindrical micelles (data not
shown), in agreement with the LS and TEM results. Image
analysis of these AFM images showed that these micelles
were polydisperse in length, with a height of (13�2) nm and
a lateral diameter of (21�2) nm. The height of the micelles
was in good agreement with TEM results ((core+corona) di-
mension of (11�1.5) nm in the dried state). The lateral di-
mension measured by AFM was greater than that obtained
from TEM images. This discrepancy could be explained by
tip-convolution effects, which are commonly observed for
AFM investigations on isolated micelles deposited on a sub-
strate. Bundles formed by parallel cylindrical micelles have
also been commonly observed in AFM images, in agreement
with the TEM results.


Formation of cylindrical micelles for the PFS12-[Ru]-PEO70


sample : For copolymers in which a flexible block is linked
to a crystallizable core-forming block, the formation of cy-
lindrical micelles is caused by the particular orientation of
the core-forming chains resulting from the crystallization
process. PFS is a core-forming block that is characterized by
a strong propensity to crystallize.[22] This crystallization pro-
cess has been demonstrated previously to be at the origin of
the cylindrical micelles formed by PFS-containing block co-
polymers in alkane solvents.[21] In order to establish whether
the aqueous micelles formed by sample 6 contained a crys-
tallized PFS core, we first lyophilized the micelles in order
to maintain the nanostructures in the bulk state initially
formed in solution. Samples of these dried micelles were
then examined by differential scanning calorimetry (DSC).
Two endotherms were observed in the DSC curves. The first
(52.8�0.1 8C, DH = 57.4�0.4 Jg�1) can be assigned to the
melting of the PEO chains which crystallized during the lyo-
philization process, while the second (122.2�0.2 8C, DH =


10�0.2 Jg�1) corresponds to the melting of the PFS core.
The presence of a crystallized PFS core in micelles formed
by sample 6 is therefore confirmed. Aqueous micelles have
been prepared previously from PFS-b-PEO diblock copoly-
mers with a covalent bond between the two constituent
blocks. The degrees of polymerization of both blocks in this
PFS-b-PEO sample were essentially the same as those of
the PFS12-[Ru]-PEO70 under investigation. Micelles were
prepared by direct dissolution of the PFS-b-PEO sample in
water but large polydisperse spherical micelles were ob-
served for this sample.[31] Clearly the Dh measured by DLS
(~160 nm) and the diameter of the micelles measured by
TEM (~50 nm) for these spherical micelles were too large
to be consistent with dense spherical micelles at equilibrium.
From the comparison of PFS-b-PEO and PFS12-[Ru]-PEO70


micelles, it can be concluded that the presence of the bis(ter-
pyridine)ruthenium(ii) complex decreases the solubility of
the copolymer in water and has a beneficial effect on the
crystallization of the PFS blocks. However, aqueous cylindri-
cal micelles whose characteristic features are quite similar
to those of PFS-[Ru]-PEO micelles have recently been re-
ported for a PFS-b-PDMAEMA copolymer.[32] The role of
the bis(terpyridine)ruthenium(ii) complexes in determining
the ability of the PFS blocks to crystallize is therefore still
unclear.


Figure 6. TEM images for PFS12-[Ru]-PEO70 micelles observed a) without
staining; b) with negative staining; c) bundles of parallel cylindrical mi-
celles (no staining).
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Stability of the PFS12-[Ru]-PEO70 aqueous micelles : Metal-
lo-supramolecular micelles with a polystyrene core have
been reported to be extremely stable in water with respect
to salt concentration, temperature, and pH.[25] Nevertheless,
previous results have demonstrated a strong tendency for
the micelles to aggregate into large clusters.[24,25] Both the
addition of salt and an increase in temperature dramatically
increased the clustering of spherical micelles formed by PS-
[Ru]-PEO.[24,25] The effect of the addition of salt and the in-
crease in temperature have been investigated for the micel-
lar solution formed by 6. The effect of sonication has also
been evaluated.


Salt was added to the micellar solution (KCl, 1 molL�1)
and the sample was equilibrated for 6 h before measure-
ments were taken. The mean Dh was found to be (86�
1.5) nm and the polydispersity of the micelles was (0.21�
0.01). The slight decrease in micellar size in the presence of
KCl (Figure 7a) can be attributed to the desolvation of
PEO coronal chains in the presence of salt (salting-out
effect). Upon addition of higher amounts of salt, floccula-
tion was observed as a result of the reduced steric stabiliza-
tion of the poorly solvated PEO chains.


To investigate the effect of temperature, the temperature
of the bath surrounding the DLS equipment was raised.


After thermal equilibration, the DLS data were collected.
The characteristic size of the micelles was hardly affected
below 70 8C: for example, Dh = 80�2 nm and polydispersi-
ty = 0.18�0.01 at 65 8C (Figure 7b). At higher tempera-
tures, flocculation was again observed, in agreement with
the desolvation of the PEO chains.


After ultrasonication of the micellar solution for 2 h, a
profound change in the micellar characteristic features was
noted. The mean Dh dropped to 65�1.2 nm while the poly-
dispersity increased to 0.28�0.02. The CONTIN size distri-
bution histograms also indicated an important decrease in
size (Figure 7c). A typical TEM image of the rods observed
after ultrasonication is shown in Figure 8. The diameter of
the PFS core (5�1 nm) was not affected by this treatment
but the rods were substantially shorter than those of the
original sample. An average length of 138�4 nm was calcu-
lated from a collection of TEM images of ultrasonicated
rods: the aggregation number was reduced from 3600 to
1000. In a previous study on cylindrical micelles formed by
PFS-b-PDMS copolymers in n-hexane, a similar ultrasonica-
tion resulted in a more significant decrease in the length of
the cylindrical micelles. In contrast to our results, the poly-
dispersity of the ultrasonicated rods was considerably lower
than that of the initial PFS-b-PDMS cylindrical micelles.
Electrostatic interactions occurring among bis(terpyridine)-
ruthenium complexes and the associated counter-anions,
studied recently by small-angle X-ray scattering on a metal-
lo-supramolecular block copolymer melt,[39] could perhaps
explain why metallo-supramolecular cylindrical micelles are
more resistant to ultrasound-induced cleavage.


Summary


A metallo-supramolecular amphiphilic diblock copolymer
has been prepared through the self-assembly of a terpyri-
dine functionalized PEO with an organometallic PFS block
bearing one terpyridine end-group. The exclusive formation
of the diblock has been confirmed by a combination of vari-
ous analytical techniques. Micelles were then prepared in
water from this copolymer. Because the bulk sample could
not be solubilized directly in water, the transient use of an
organic nonselective solvent was required. Crystallization of
the short PFS blocks occurred during the micellization pro-


Figure 7. CONTIN size distribution histograms for PFS12-[Ru]-PEO70 mi-
celles (C = 0.5 gL�1): a) in 1 molL�1 KCl; b) in water at 65 8C; c) in
water after 2 h of ultrasonication.


Figure 8. A typical TEM image for ultrasonicated PFS12-[Ru]-PEO70 mi-
celles observed without staining.
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cess, resulting in the formation of cylindrical micelles. Static
and dynamic light scattering results were both in agreement
with the formation of highly flexible cylindrical micelles.
These rod-like micelles were visualized by TEM and AFM
and their characteristic dimensions were accordingly deter-
mined from a collection of images. The diameter of the PFS
core and the thickness of the PEO corona were found to be
very small, in agreement with the low degree of polymeriza-
tion of the constituent polymer blocks, whereas the micelles
were long (micrometer-sized cylindrical micelles were com-
monly observed in TEM or AFM images). An increase in
temperature or in ionic strength resulted in decreased water
solubility of the PEO block, which, in turn, caused floccula-
tion of the micelles. Ultrasonic treatment resulted in short-
ening of the cylindrical micelles, while their diameter was
not affected. Since the PFS cylindrical cores of these mi-
celles are known to be useful for charge transport and are
precursors to ferromagnetic nanostructures, these water-
soluble substances are believed to be promising candidates
for applications in nanotechnology.


Experimental Section


Equipment and materials : Chemicals were received from Aldrich,
SyMO-Chem, and Shearwater and used without further purification. Syn-
thesis of 4’-(1-aminopentyloxy)-2,2’;6’,2’’-terpyridine[40] (1), a-hydrido-w-
hydroxy-polyferrocenylsilane,[32] (3) and PEO70-[RuCl3]


[23] (5) are de-
scribed elsewhere.


Solvents were bought from Biosolve. DMF and chloroform were dried
over molecular sieves and DMSO was dried over BaO. For preparative
SEC, Bio-Rad SX-1 beads swollen in CH2Cl2 and THF were used.
1H NMR and 13C NMR spectra, respectively, were recorded on a Varian
Mercury spectrometer with frequencies of 400 and 100 MHz at 25 8C and
on a Varian Gemini spectrometer with frequencies of 300 and 75 MHz at
25 8C. Chemical shifts are given downfield from TMS. UV/Vis spectra
were recorded on a Perkin-Elmer Lambda 45P spectrophotometer.
Matrix-assisted laser desorption/ionization mass spectra were obtained
using dithranol as the matrix and NaI on a PerSeptive Biosystems Voyag-
er DE PRO spectrometer using a layer-by-layer spotting technique. SEC
on the ruthenium-containing polymers was performed on a Waters Styra-
gel HT4 column 30 cm long and analyzed with an RI detector
(Waters 1414) and a photo diode array detector (Waters 2915) with DMF
as the eluent with NH4PF6 (5 molL�1) as additive to reduce column inter-
actions at a flow of 0.5 mLmin�1 utilizing a Waters 1515 pump. Poly-
(methyl methacrylate) standards were used for calibration, since PS and
PEO standards did not give good signal-to-noise ratios with DMF. SEC
on the covalent polymers was conducted on a PL mixed D column 30 cm
long and analyzed with an RI detector (Shimadzu RID-10A) and a UV/
Vis detector (SPD-10Avp) at 275 nm with chloroform as the eluent with
Et3N (4%) and isopropanol (2%) as additives to reduce column interac-
tion of the free terpyridine ligand at a flow of 1.0 mLmin�1 using a Shi-
madzu LC-10Avp pump. Polystyrene standards were used for calibration.
IR spectra were measured on a Perkin-Elmer 1600 FT-IR in ATR mode.
Dynamic and static light scattering was carried out on a Brookhaven In-
struments Corp. BI-200 apparatus equipped with a BI-2030 digital corre-
lator with 136 channels and a Spectra Physics He/Ne laser, wavelength l


= 633 nm. A refractive index matching bath of filtered decalin surround-
ed the scattering cell; the temperature was controlled at 25 8C. Toluene
was used as a reference to determine the Rayleigh ratio. The refractive
index increment (dn/dC = 0.1134 mLg�1 for the sample investigated)
was measured with an Optilab DSP interferometric refractometer (Wyatt
Technology) at 633 nm. All solutions were filtered with a 0.45 mm syringe
filter before measurement. The reproducibility of the DLS results was
checked by analyzing each sample at least ten times. The standard devia-
tion between these independent measurements was less than 2%.


TEM was carried out with a JEOL 2000 FX working at 200 kV and
equipped with a CCD camera. The samples were prepared by drop-cast-
ing of a diluted (0.01 gL�1) micellar solution on a Formvar-coated copper
grid. No contrasting agent was used for the direct observation of the mi-
celles. The micelles were further negatively contrasted with phospho-
tungstic acid (H3PO4¥12WO3) by casting a drop of a diluted staining
agent solution (0.1 gL�1) on the previously prepared samples. Kontron
KS 100 software was used to collect and analyze the TEM images. AFM
measurements on a diluted micellar solution (0.01 gL�1) cast on a silicon
wafer were performed with a Digital Instruments Nanoscope IIIa Multi-
mode operated in air in the tapping mode.


Differential scanning calorimetry was performed with a Perkin-Elmer
Pyris 1 apparatus, calibrated with an indium standard at a heating rate of
10 8Cmin�1. The micellar solution was freeze-dried, dried micelles
(30 mg) were transferred to an aluminum pan, and then the DSC curve
was recorded directly, starting from �50 8C.


Synthesis of 4’-(1-isocyanatopentyloxy)-2,2’;6’,2’’-terpyridine (2): Di(tert-
butyl) tricarbonate (0.823 g, 3.14 mmol) was stirred in dry chloroform
(50 mL). After 15 min a solution of 1 (1.000 g, 2.99 mmol) in dry chloro-
form (50 mL) was added by syringe to the stirred solution. Stirring was
continued for another 20 min, after which the solvent was evaporated in
vacuo. No further purification of the remaining brown oil, which con-
tained some excess tricarbonate, was attempted and the crude material
was used as such. The oil was stored in the freezer (�25 8C) until further
use (1.15 g, >99%). 1H NMR (300 MHz, CDCl3, 25 8C): d=1.52 (m, 2H;
CH2), 1.66 (m, 2H; CH2), 1.86 (m, 2H; CH2), 3.33 (t, 3J(H,H) = 6.2 Hz,
2H; CH2NCO), 4.21 (t, 3J(H,H) = 6.2 Hz, 2H; OCH2), 7.31 (ddd,
3J(H,H) = 6.4, 4J(H,H) = 4.8, 5J(H,H) = 1.6 Hz, 2H; H5,5’’), 7.84 (ddd,
3J(H,H) = 7.6, 4J(H,H) = 6.2, 5J(H,H) = 1.6 Hz, 2H; H4,4’’), 8.00 (s, 2H;
H3’,5’), 8.60 (dt, 3J(H,H) = 8.0, 4J(H,H) = 1.0, 5J(H,H) = 0.9 Hz, 2H;
H3,3’’), 8.67 (dt, 3J(H,H) = 4.7, 4J(H,H) = 1.8, 5J(H,H) = 0.9 Hz, 2H;
H6,6’’);


13C NMR (75 MHz, CDCl3): d = 23.0 (Cg), 28.3 (Cb), 30.8 (Cd),
42.7 (Ca), 67.6 (Ce), 107.2 (C5,5’’), 121.2 (NCO, C4,4’’), 123.7 (C3,3’’), 136.7
(C3’,5’), 148.9 (C6,6’’), 156.0 (C2,2’’), 157.0 (C2’,6’), 167.0 ppm (C4’); IR (ATR):
ñ = 3055, 2945, 2875 (CH tpy, alkyl CH2); 2261 (NCO); 1600, 1582,
1563 cm�1 (C=C, C=N tpy).


Synthesis of a-hydrido-w-terpyridinyl-polyferrocenylsilane (4): a-Hydri-
do-w-hydroxy-polyferrocenylsilane (200 mg, 0.071 mmol), 3 (50 mg,
0.142 mmol), and a catalytic amount of DBTDL were stirred in dry
chloroform (10 mL) at reflux. Stirring was continued overnight, after
which the solvent was removed in vacuo. The crude product was purified
by column chromatography (SiO2, CHCl3) and preparative SEC (Bio-
Beads SX-1, CH2Cl2) and finally precipitated (105 mg, 46%) from THF
in hexanes. 1H NMR (300 MHz, CDCl3, 25 8C): d = 0.70±0.27 (m, 74H;
SiCH2, SiCH3, PFS), 1.59 (m, 6H; CH2), 1.88 (m, 2H; tpyOCH2CH2),
3.22 (m, 2H; CH2NH), 4.32±3.89 (m, 99H; fc, PFS, CH2OC(=O)), 4.37
(m, 2H; tpyOCH2), 4.71 (s, 1H; NHCOO), 7.35 (dd, 3J(H,H) = 8.0,
4J(H,H) = 5.2 Hz, 2H; H5,5’’), 7.87 (td, 3J(H,H) = 8.0z, 4J(H,H) =


1.8 Hz, 2H; H4,4’’), 8.06 (s, 2H; H3’,5’), 8.67 (d, 3J(H,H) = 8.0 Hz, 2H;
H3,3’’), 8.73 (d, 3J(H,H) = 5.2 Hz, 2H; H6,6’’); UV/Vis (CH2Cl2): lmax (e):
453 (1800), continuously increasing absorption from 369 to 245 nm (400±
93000 mol�1Lcm�1); IR (ATR): ñ = 3082, 2954 (alkyl CH2, CH tpy);
1721, 1515 (NHCOO); 1600, 1583, 1564 (C=C, C=N, tpy); 1249, 1163,
1034, 797, 767 cm�1 (PFS); GPC (RI): Mn = 2700 gmol�1, polydispersity
index (PDI) = 1.13; MS (dithranol, MALDI-TOF): distribution with
D(m/z) = 242 Da, peak of highest intensity m/z = 3080; Mn =


3150 gmol�1, PDI = 1.03.


Synthesis of the PFS12-[Ru]-PEO70 amphiphilic block copolymer (6): A
solution of 4 (50 mg, 0.016 mmol) and 5 (52 mg, 0.015 mmol) was re-
fluxed in a solvent mixture of chloroform and ethanol (4:1, 5 mL). After
30 min a catalytic amount of N-ethylmorpholine was added. Stirring was
continued overnight, after which the solvent was evaporated in vacuo.
The crude product was purified by preparative SEC (BioBeads SX-1,
THF, followed by BioBeads SX-1, CH2Cl2) and precipitated from CH2Cl2
in hexanes (78 mg, 76%). 1H NMR (400 MHz, CDCl3, 25 8C): d = 0.70±
0.27 (m, 74H; SiCH2, SiCH3, PFS), 1.59 (m, 6H, CH2), 1.72 (b, 2H;
CH2CH2NHCOO), 2.00 (b, 2H; tpyOCH2CH2CH2), 2.08 (b, 2H;
tpyOCH2CH2 PFS), 3.30 (m, 2H; CH2NHCOO), 3.43 (s, 3H; OCH3),
4.40±3.51 (m, 383H; (PFS+PEO), CH2OC(=O)), 4.61 (b, 2H; tpyOCH2


PFS), 4.80 (b, 2H; tpyOCH2 PEO), 4.93 (s, 1H; NHCOO), 7.20 (m, 4H;
H5,5’’), 7.39 (m, 4H; H6,6’’), 7.81 (m, 4H; H4,4’’), 8.24 (s, 2H; H3’,5’ PFS),
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8.31 (s, 2H; H3’,5’ PEO), 8.41 ppm (m, 4H; H3,3’’); UV/Vis (CH3CN): l
(e): 484 (17000), 304 (63000), 263 nm (90400 mol�1Lcm�1); IR (ATR): ñ
= 3083, 2883 (CH tpy, CH2 PEO backbone); 1716, 1543 (NHCOO);
1615 (C=C, C=N tpy); 1342, 1104, 840 cm�1 (C�O PEO backbone); GPC
(RI): Mn = 14600 gmol�1, PDI = 1.07; MS (dithranol, MALDI-TOF):
three distributions: D(m/z) = 242 (PFS), Mn = 3400 gmol�1; D(m/z) =


44 (PEO), Mn = 3400 gmol�1; diblock m/z = 6330.


Preparation of the aqueous micelles : PFS12-[Ru]-PEO70 (50 mg) was dis-
solved in DMF (1 mL). Distilled water was added dropwise with a cali-
brated pipette (50 mL increments). The scattered light intensity was mea-
sured after each addition of water and plotted versus the added water
volume. The cwc was determined according to the procedure previously
described by Eisenberg et al.[10±12] The dropwise addition was continued
until 1 mL of water had been added. The micellar solution was then
placed in a dialysis bag (Spectra-Por membrane with a 6000±8000 Da cut-
off). N,N-Dimethylformamide was then thoroughly eliminated by dialysis
against regularly replaced distilled water. The concentration of the mi-
celles in pure water was adjusted to 1 gL�1. For some experiments, a
vessel containing the micellar solution was placed in a 40 kHz (600 W)
Branson ultrasonic bath for 2 h.


Light scattering : SLS experiments were carried out to determine the
average molecular weight, Mw, and the radius of gyration, Rg, of the mi-
celles. A Zimm plot analysis was used, as described in ref. [21a]. DLS
data were analyzed by the cumulants method, as described elsewhere.[37]


The Z-average diffusion coefficient over the whole set of aggregates was
calculated from the first cumulant and the PDI of the aggregates was es-
timated from the G2/G1


2 ratio, where Gi is the ith cumulant. The diffusion
coefficient extrapolated to zero concentration was related to the hydro-
dynamic diameter (Dh) by the Stokes±Einstein equation.[37] The DLS
data were also analyzed by the CONTIN routine, a method which is
based on a constraint inverse Laplace transformation of the data and
which gives access to a size distribution histogram for the aggregates.
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Theoretical Study of the Electrocyclic Ring Closure of Hydroxypentadienyl
Cations


Olalla Nieto Faza, Carlos Silva LÛpez, Rosana çlvarez, and çngel R. de Lera*[a]


Introduction


In connection with a project aimed at the development of
new modulators for the PPARg subfamily of nuclear recep-
tors[1] we required access to a series of cyclopentenones
bearing some structural similarity to (S)-15-deoxy-D[12,14]-
prostaglandin J2 (PGJ2), the most potent natural agonist re-
ported to date.[2] For this synthetic endeavor, we selected
the rearrangement of furfurylcarbinols to 2-substituted 3-hy-
droxycyclopent-4-en-1-ones first described and extensively
studied by Piancatelli et al.[3] In all cases examined, treat-


ment of furfurylcarbinols with Brˆnsted or Lewis acids af-
forded trans-2-substituted-3-hydroxycyclopent-4-en-1-ones,
confirming Piancatelli×s findings (Scheme 1).[4]


Scheme 1 represents a reasonable mechanistic proposal
for this rearrangement, which includes some of the inter-
mediates advanced by Piancatelli et al.[3] Accounting for the
stereochemical outcome of the process, a 4p-e� conrotatory
electrocyclic ring closure[5] of a 5-alkyl-1,4-dihydroxypenta-
dienyl cation 1 was postulated. Other intermediates in the
sequence, generated by the action of protic (H+) or Lewis
(LA) acids on the starting furfuryl carbinol, are also shown
in Scheme 1. Given the fidelity of the transmission of stereo-
chemical information exhibited by pericyclic reactions, the
trans configuration of 2 requires the conrotatory motion of a
pentadienyl cation with both terminal substituents (OH and
alkyl) located either inwards or outwards with respect to the
delocalized charged system. The latter structure (1) was said
to be favored for steric reasons,[3] although no other argu-
ments were provided to support this assumption. At the
outset, an alternative conrotatory electrocyclization of iso-
mers of 1 with their terminal substituents oriented either in-
wards,outwards or outwards,inwards to afford a cis-2-alkyl-
(aryl)-3-hydroxycyclopent-4-en-1-one, followed by isomeri-


[a] O. Nieto Faza, C. Silva LÛpez, Dr. R. çlvarez,
Prof. Dr. ç. R. de Lera
Departamento de QuÌmica Orgµnica, Facultade de QuÌmica
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Tables with ther-
modynamic data, NBO charges, and geometries. Some figures men-
tioned in the text as well as optimized cartesian coordinates for all
structures.


Abstract: At the 6-311G* level of
theory, DFT methods predict that the
rearrangement of 1,4-dihydroxy-5-
methylpentadienyl cation 1 (R = Me)
to protonated trans-3-hydroxy-2-meth-
ylcyclopent-4-en-1-one 2, an intermedi-
ate step in the Piancatelli reaction or
rearrangement of furfuryl carbinols to
trans-2-alkyl(aryl)-3-hydroxycyclopent-
4-en-1-one, is a concerted electrocyclic
process. Energetic, magnetic, and ster-
eochemical criteria are consistent with
a conrotatory electrocyclic ring closure
of the most stable out,out-1 isomer to
afford trans-2. Although the out,in-1
isomer is thermodynamically destabi-
lized by 6.84 kcalmol�1, the activation
energy for its cyclization is slightly


lower (5.29 kcalmol�1 versus 5.95 kcal
mol�1). The cyclization of the isomers
of 1 with the C1-hydroxy group in-
wards showed considerably higher acti-
vation energies than their outwards
counterparts. in,out-1, although close in
energy to out,out-1 (difference of
1.57 kcalmol�1) required about 10 kcal
mol�1 more to reach the corresponding
transition structure. The value meas-
ured for the activation energy of in,in-1
(17.32 kcalmol�1) eliminates the alter-


native conrotatory electrocyclization of
this isomer to provide trans-2. Geomet-
ric scrambling by isomerization of the
terminal C1�C2 bond of 1 is also un-
likely to compete with electrocycliza-
tion. The possibility to interpret the
1!2 reaction as a nonpericyclic cation-
ic cyclization was also examined
through NBO analysis, and the study
of bond lengths and atomic charges. It
was found that the 1!2 concerted rear-
rangement benefits from charge sepa-
ration at the cyclization termini, an
effect not observed in related concert-
ed electrocyclic processes, such as the
classical Nazarov reaction 3!4 or the
cyclization of the isomeric 2-hydroxy-
pentadienyl cation 5.


Keywords: density functional calcu-
lations ¥ electrocyclic reactions ¥
Nazarov reaction ¥ pentadienyl cat-
ion ¥ pericyclic reaction
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zation to the trans isomer in the acidic media or during puri-
fication could provide the same product of trans configura-
tion, complicating the interpretation of the stereochemical
outcome.


Being experimentally confronted with the stereochemical
features of the Piancatelli rearrangement, we decided to
study the reaction as a logical extension of our previous
computational work on the electrocyclic ring closure of 1-
alkoxyvinyl allenyl cations.[6]


Results and Discussion


We recognized that the mechanism shown in Scheme 1 is
reminiscent of the Nazarov reaction[7,8] (Scheme 2) or trans-
formation of divinylketones to cyclopent-2-en-1-ones in


acidic media, a reaction that is
enjoying renewed interest by
the synthetic community.[9,6] In
their simplest formulation, both
rearrangements (1!2 and 3!
4) involve a concerted electro-
cyclic ring closure of hydroxy-
pentadienyl cations to hydroxy-
cyclopentenyl cations.


The reactions represented in
Schemes 1 and 2 differ in the
number and location of the hy-
droxy groups attached to the
pentadienyl cation. The Nazarov intermediate 3 has one hy-
droxy substituent (as oxocarbenium ion) at the central C3
position. Upon cyclization, 3 generates a 2-hydroxycyclopen-
tenyl cation 4, in which the hydroxy group no longer stabil-
izes the charge by resonance (it is formally a combination of
an enol and a carbenium ion, as shown in resonance struc-
ture 4B). On the other hand, intermediate 1 features a ter-


minal hydroxy group at C1 with
oxocarbenium character and an
internal hydroxy group at C4,[10]


part of an enol function (see
resonance structures 1B to 1E,
Scheme 3). The functionality at
C4 in the reactant ends up as
an oxocarbenium ion, and that
at C1 becomes the secondary
alcohol in the protonated hy-
droxycyclopentenone 2.[11]


Using resonance-structure-
based reasoning, it becomes ap-


parent that the two hydroxy substituents in 1 do not contrib-
ute to the same extent to the stabilization of the reactant
pentadienyl cation or the product cyclopentenyl cation
(Scheme 3). Considering that the reaction coordinate should
reflect the different charge-stabilizing effect provided by the
heteroatom lone pairs, on addressing the problem from a
computational point of view, we first analyzed the influence
of the heteroatom by studying the cyclization process for all
positional isomers of the hydroxypentadienyl cation parent
system. Next, we compared the stabilities of the four stereo-
isomers of the relevant 1,4-dihydroxy-5-methylpentadienyl
cation 1 (R = Me) and determined the geometric and ener-
getic characteristics of their corresponding electrocyclization
processes, to understand the structural effects causing the
high stereoselectivity of the Piancatelli reaction. Examina-
tion of resonance structure 1E (Scheme 3) suggests a differ-


ent rationale for the cyclization,
namely an intramolecular (acid-
catalyzed) aldol reaction of the
oxocarbenium ion and the enol
functionalities. As reactions of
charged species show substan-
tial decrease in activation ener-
gies,[12] particularly when they


benefit from complementary charge separation at the termi-
ni of the reacting system, the contribution of charge separa-
tion to the description of the reaction paths of these inter-
mediates (1 and its analogues) was also evaluated. The re-
sults of the NBO analysis were confronted with computa-
tions on the aromaticity of the transition structures (a char-
acteristic feature of pericyclic processes) as previously


Scheme 1.


Scheme 2.


Scheme 3.
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described for related electrocyclizations and heteroelectro-
cyclizations.[13]


Electrocyclic ring closure of hydroxypentadienyl cations : Al-
though the most stable form of pentadienyl cations is the w-
shaped rather than the u-shaped,[14] it is the latter series that
are the direct substrates for cyclization, so we selected the s-
cis,s-cis conformer as the starting structure in our study of
the rearrangement of hydroxypentadienyl cations 3, 5, and 7
to hydroxycyclopentenyl cations 4, 6, and 8 (Scheme 4). Two
isomers of the 1-hydroxypentadienyl cation, out-7 and in-7
were considered, both leading to the same product 8.


Table 1 lists the corresponding energies, the distance be-
tween the cyclization termini in each structure, and the acti-
vation energies; data for the same cyclizations investigated
in this work previously reported
at different levels of theory will
be compared where appropri-
ate.[29, 15,16] Figure 1 depicts the
energy profiles and structures
of all relevant species in
Scheme 4, as well as the corre-
sponding transition structures.


The structures of reactants 3
and 5 are very similar, with a
bond length pattern that de-
pends upon the position of the
hydroxy group. Maintaining a
common frame of two double
bonds between C1�C2 and C4�
C5 (as assessed by bond lengths
and NBO analysis) there is in 3
a p-interaction between the
oxygen and C3 (accounting for
its oxocarbenium nature) that is
not present in 5. Although out-
7 shows geometric features sim-
ilar to those of 3 and 5, such as
the C1�C5 distance, or the di-
hedral angle defined by the
C1�C2, and C4�C5 bonds (47,
51, and 568 for 3, 5, and out-7,


respectively), it is best grouped with the much more planar
structure of the in-7 isomer. Despite the latter having a
value of 178 for the same dihedral and a longer C1�C5 dis-
tance of 3.50 ä, both structures 7 share a bond pattern that
might be best described as composed of a double bond at
C4�C5 and a conjugated oxocarbenium ion spanning O-C1-
C2-C3.


Hydroxycyclopentenyl cations 4, 6, and 8 also have similar
geometric features, and differences in bond length merely
reflect the effect (if any) of the positional permutation of
the hydroxy substituent along the cyclopentenyl core on the
stability of the allyl cation. The location of the hydroxy
group with respect to the charged systems likewise explains
the relative stabilities of the cyclization products. The Naza-


Scheme 4.


Table 1. Thermochemical data relative to the lowest energy isomer in
each series [kcalmol�1] and distances between C1 and C5 [ä] for the
structures depicted in Scheme 4, calculated at the B3LYP/6-311G*//
B3LYP/6-311G* level of theory.


Structure electronic energy electronic energy DG dC1±C5


+ zpve


3 0.00 0.00 0.00 3.19
3ts 21.59 18.69 19.49 2.10
4 �2.86 �2.76 �2.12 1.53
5 0.00 0.00 0.00 3.12
5ts 2.37 �0.06 0.60 2.56
6 �43.62 �41.35 �40.60 1.54
out-7 0.00 0.00 0.00 3.16
in-7 2.31 2.61 2.11 3.50
out-7 ts 15.69 12.99 13.93 2.01
in-7 ts 29.79 26.62 27.44 2.06
7-rotts 27.76 24.14 24.16 3.23
8 6.31 6.26 6.91 1.57


Figure 1. Reaction profiles for the processes depicted in Scheme 4. The reaction energies and activation free
energies relative to the most stable structure are given in kcalmol�1.
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rov reaction is almost thermoneutral, product 4 being only
2.12 kcalmol�1 more stable than the starting cation 3 in its
reactive s-cis,s-cis conformation. The rearrangements of
both positional isomers of the 1-hydroxypentadienyl cation
7 are endothermic, and product 8 is destabilized by 4.80 and
6.91 kcalmol�1 relative to in-7 and out-7, respectively. Strik-
ingly, product 6 is 40.60 kcalmol�1 lower in energy than re-
actant 5.


Analysis of the reaction schemes using resonance theory
provides an explanation to the energy differences both be-
tween the reactants and between the products. The stabiliza-
tion provided by the hydroxy substituent is greater when it
is placed at the odd positions of the pentadienyl cation,
where positive charge concentrates. For the cyclization of
substituted pentadienyl cations, there is a displacement of
the positive charge from the odd to the even positions along
the reaction coordinate, in agreement with previously re-
ported Mulliken population analysis.[15] Donor hydroxy sub-
stituents at the even (odd) positions accelerate (retard) the
reaction by raising (lowering) the energy of the reactant rel-
ative to product-like transition structures. Moreover, donors
at C1, as in 7, retard the reaction since they end up as sub-
stituents of tetrahedral carbons, and no charge stabilization
by resonance is possible in product 8. This qualitative esti-
mation predicts the greater stability of the substrate for the
Nazarov reaction 3 shortly followed by 7, while the energy
of 5 is the highest. The same reasoning justifies the stability
of the cyclopentenyl cations 4, 6, and 8. Resonance stabiliza-
tion by the heteroatom (oxocarbenium ion) is lost on going
from 7 to hydroxycyclopentenyl cation 8. In contrast, the
gain in charge stabilization in 6, due to the presence of the
heteroatom at the terminal position of the allyl cation (a
protonated a,b-unsaturated oxocarbenium ion), accounts for
its stability. This effect is only moderate for the Nazarov
product 4 (Scheme 4).


In all four cases, the conrotatory electrocyclization pro-
ceeds through a helix-like transition structure (Figure 1).
The computations for the parent Nazarov process 3!4
agree well with the results of previous studies[14a,15b,29] in pre-
dicting a rather late transition structure, 3 ts, where 66% of
the total shortening of the distance between the termini has
already taken place. However, whereas the C1�C5 forming
bond length in 3 ts and 7 ts is around 2.1 ä, a value found in
most pericyclic reactions,[16] that of 5 ts amounts to 2.56 ä,
reflecting the early character of this transition state, which
originates in part in a rather destabilized reactant.


The activation barriers are fully consistent with the analy-
sis based on differential charge stabilization. Relative to the
parent pentadienyl cation, an activation energy penalty of
about 15 kcalmol�1 has been calculated for the Nazarov re-
action, this difference being interpreted as a consequence of
the ground-state stabilizing effect provided by the hydroxy
group in reactant 3. A value of 19.49 kcalmol�1 was obtained
for the conversion of 3 to 4 through 3 ts (cf. 18.89 kcalmol�1


at the DFT/6-31G* level[15] and 20.3 kcalmol�1 at the MP2/
6-31G**//RHF/6-31G* level[29]). For the cyclization of 5, the
hydroxy group at C2 raises the energy of the starting planar
cation, leading to a very early transition structure in which
the planar geometry of the reactant is only slightly distorted


(the C3-C2-C1-H dihedral angle is 1678 in 5 ts). This reac-
tant destabilizing effect, together with the complementary
stabilization of the resulting cyclopentenyl cation 6 (about
40 kcalmol�1 relative to 5), an extended, highly stabilized
oxocarbenium ion, contributes to a reaction profile that is
essentially barrier-free (0.6 kcalmol�1).


Computations of the reaction profile starting from out-7
reveal a reduction in the activation energy of approximately
5.5 kcalmol�1 relative to the Nazarov substrate 3. On the
other hand, the transition structure in-7 ts shows a value of
1388 for the C3-C2-C1-H dihedral, which contrasts with the
148±1558 calculated for the more regular transition struc-
tures 3 ts and out-7 ts ; this greater twist places the oxygen
atom almost perpendicular to the forming ring. In keeping
with previous analysis of electronic effects in electrocyclic
reactions by Houk,[17] we attribute the difference in geome-
tries of in-7 ts and out-7 ts to a combination of steric effects
and the destabilizing cyclic four-electron interaction be-
tween the nonbonding electron pair on oxygen and the
forming s bond in the transition structure of the former.
This destabilization is postulated to also contribute to the
high activation energy computed for the in-7!8 cyclization
(25.34 kcalmol�1), which is almost twice as large as that ob-
tained for the cyclization of the out-7 isomer (13.93 kcal
mol�1).


For the subsequent analysis of the Piancatelli reaction,
the estimation of the barrier for the interconversion of the
isomeric cations out-7 and in-7 also becomes relevant. The
conformational transition structure 7-rotts connecting both
isomers through a one-bond rotation is located 24.15 kcal
mol�1 above the most stable out-7. It can be inferred that
isomerization does not compete with the electrocyclic ring
closure of out-7, whereas it is the preferred path for in-7
owing to a difference of 3.30 kcalmol�1 between the energy
of the transition structures leading to 8 and out-7.


Solvent effects : Since the experimental reaction conditions
for the Nazarov and related processes involve protic or
Lewis acids in a polar medium, we considered the simula-
tion of solvent effects to be unavoidable. At this computa-
tional level (in the framework of the Onsager method) the
effect of polar solvents (acetone, methanol, water) in these
reactions proved irrelevant, since stabilization of reactants,
transition states (TS), and products seems to benefit from
the presence of solvent to the same extent, providing similar
geometries and yielding energy differences close to those of
the processes in the absence of solvent (see Supporting In-
formation). This can also be attributed to the system being
charged. Thus, the high solvation energies of the cations
would mask subtler effects that originate from changes in
the charge distribution along the reaction path.


The Piancatelli reaction : The results reported for the cycli-
zation of the isomeric hydroxypentadienyl cations 3, 5, and
7 provide a sound basis for the discussion of the structural
factors operating in the cyclization of the substituted 1,4-di-
hydroxypentadienyl cation, the relevant intermediate of the
Piancatelli reaction. Substrate 1 has structural features
common to both model systems 5 and 7, namely hydroxy
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groups at even- and odd-num-
bered carbon atoms, which are
predicted to have opposite ef-
fects on charge stabilization
along the reaction coordinate.
To save computational time, the
alkyl or aryl substituents pres-
ent at C5 in the more complex
system depicted in Scheme 1
were replaced by a methyl
group. Like the analysis carried
out with the C1-hydroxylated
substrates 7, we studied the
electrocyclization reactions
starting from the isomeric 1,4-
dihydroxy-5-methylpentadienyl
cations 1 with their terminal
substituents oriented either out-
wards or inwards. Two descriptors were chosen to distin-
guish the four isomers of 1; the first describes the orienta-
tion of the C1�OH and the second the position of the C5�
Me substituent relative to the pentadienyl system (cis and
trans were not chosen because they can be misleading when
treating charged delocalized systems). The conrotatory
movements following both symmetry-allowed directions of
twist yield enantiomers of the protonated 3-hydroxy-2-meth-
ylcyclopent-4-en-1-ones 2. Although the processes drawn in
Scheme 5 only show one enantiomer, both trans-2 and cis-2
diastereomers are racemates.


For the sake of completion, and to get a better under-
standing of the effects of substitution on the five-atom
carbon backbone, we also calculated the energy profiles for
the rearrangement of 1,4-dihydroxypentadienyl cations 9,
analogues of 1 lacking the terminal methyl substituent.


Table 2 contains the relative electronic energies, electronic
energies corrected with the zero-point vibrational energy,
thermal energies, and C1�C5 bond lengths for the starting
cations 1 and 9, their cyclization products 2 and 10, and the
transition structures for the electrocyclic reactions and the
processes that interconvert the diastereomeric pentadienyl
cations of reactants 1 and 9 through one-bond rotation.
Figure 2 provides a combined geometric and thermodynamic
representation of the available reaction profiles for 1.


Reactant out,out-1 was found to be the most stable of the
geometric isomers, as anticipated through steric considera-
tions, but the in,out-1 isomer with the hydroxy group placed
inwards is destabilized by only 1.57 kcalmol�1 relative to it.
The out,in-1 isomer with the bulkier methyl substituent ori-
ented inwards is located 6.84 kcalmol�1 above out,out-1.
Pointing the hydroxy substituent towards the pentadienyl
system is now less costly, since in,in-1 is destabilized by only
0.66 kcalmol�1 relative to out,in-1.


Both isomers of product 2 are more stable than the reac-
tants, and trans-2 is slightly more stable than cis-2 (8.84 and
8.18 kcalmol�1, respectively, relative to reactant out,out-1).


The transition structures for the allowed conrotatory
movements (both directions of twist starting from each
isomer 1 are enantiomorphous) are helical, in line with the
geometry exhibited by the monohydroxylated systems. The


outwards or inwards orientation of the methyl substituent
has only a modest effect in the geometries and energies of
the transition structures. out,in-1 ts is reached earlier than
out,out-1 ts, with forming bond lengths of 2.45 and 2.29 ä,
respectively. The activation energies are roughly similar,
5.29 and 5.95 kcalmol�1, respectively, but are of intermedi-
ate value between those required for the cyclization of 5
and out-7. The opposing interactions of the charged system
with C4�OH and C1�OH as the electrocyclization progress-
es, respectively, results in gain or loss of stabilization, as was
previously discussed in model systems 5 and out-7. The in-
crease in potential energy of out,in-1 relative to isomer
out,out-1, which results from having the larger methyl group


Scheme 5.


Table 2. Thermochemical data relative to the lowest energy isomer [kcal
mol�1] and distances between C1 and C5 [ä] for the structures depicted
in Schemes 5 and 7, calculated at the B3LYP/6-311G*//B3LYP/6-311G*
level of theory.


Structure Electronic energy Electronic energy DG dC1±C5


+ zpve


out,out-1 0.00 0.00 0.00 3.10
out,out-1ts 4.48 4.62 5.95 2.29
trans-2 �10.99 �9.77 �8.84 1.56
in,out-1 1.98 1.96 1.57 3.47
in,out-1ts 16.89 16.39 17.31 2.46
cis-2 �10.75 �9.33 �8.18 1.57
out,in-1 6.46 6.50 6.84 3.32
out,in-1ts 10.41 10.61 12.12 2.45
cis-2 �10.75 �9.33 �8.18 1.57
in,in-1 6.69 6.78 7.50 3.54
in,in-1ts 24.10 23.69 24.83 2.61
trans-2 �10.99 �9.77 �8.84 1.56
out,out-1-rotts 27.37 26.32 26.39 2.95
in,in-1-rotts 30.47 29.60 30.22 3.36
out-9 0.00 0.00 0.00 3.11
out-9ts 5.45 5.37 6.26 2.38
in-9 5.73 5.57 5.32 3.45
in-9ts 17.70 17.08 17.72 2.54
9rotts 23.05 22.12 22.40 2.91
10 �15.32 �14.43 �13.99 1.56
out-15 0.00 0.00 0.00 2.92
out-15ts 7.84 7.73 8.86 1.85
in-15 1.40 1.31 1.13 3.00
in-15ts 8.71 8.57 9.67 1.96
16 3.41 2.44 3.33 1.54
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inside, masks the steric congestion at the cyclization termini,
resulting in a lower activation energy for this process.


The inward terminal OH substituent leads to an even ear-
lier transition structure for conrotation, with bond-forming
distances of 2.46 for in,out-1 ts and 2.61 ä for in,in-1 ts. Acti-
vation energies are higher than those computed for their
OH-out isomers (15.74 and 17.32 kcalmol�1 for in,out-1 ts
and in,in-1 ts, respectively), but again they are lower than
the value computed for the cyclization of model in-7
(25.34 kcalmol�1), since they benefit from the effect of the
second heteroatom at the even position, as discussed above


for 5. Cyclization of in,in-1, al-
ready destabilized by 7.50 kcal
mol�1 relative to out,out-1,
showed the greatest activation
energy (17.32 kcalmol�1) of the
series.


When studying the system
without the terminal methyl
group, it is found that the barri-
er for the cyclization of in-9 is
considerably lower (12.40
versus 15.74 and 17.32 kcal
mol�1, Table 2), while the barri-
er for the reaction of out-9 is
slightly higher (6.26 versus 5.29
and 5.95 kcalmol�1, Table 2)
than those measured for the
corresponding methyl-substitut-
ed analogues. Therefore, it is
concluded that the methyl sub-
stituent retards the electrocycli-
zation of 1 when the hydroxy
group at the opposite terminus
is placed inwards, but acceler-
ates the process if the reactant
has the hydroxy group oriented
outwards, the magnitude of the
retardation being considerably
greater (up to 5 kcalmol�1).


In line with the findings for
the model systems, the cycliza-
tion of dihydroxypentadienyl
cations does not benefit from
the presence of solvent, since
activation energies measured
using the Onsager model are
roughly similar to the gas phase
values in all cases studied.


The similarity in activation
energies (0.67 kcalmol�1 differ-
ence) for the two more accessi-
ble cyclization processes start-
ing from out,out-1 and out,in-1,
which differ only by 6.84 kcal
mol�1 in potential energy, and
produce diastereomers of the
final product, raises concerns
about the stereoselectivity of


the Piancatelli reaction. Therefore, the energetics for their
interconversion through bond rotation was examined. De-
spite considerable efforts the transition structures corre-
sponding to bond rotations of the methyl-substituted bond
could not be located. Crossing of electronic states in this
region cannot be discarded, and we discontinued this rea-
soning since experimental conditions do not seem to support
excited states. However, the transition structures for bond
rotation interconverting the geometric isomers by exchange
of the terminal hydroxy group and the hydrogen atom at the
C1�C2 bond could be located and their energies are consid-


Figure 2. Reaction profiles for the cyclization of the 1,4-dihydroxy-5-methylpentadienyl cation 1. As the transi-
tion structures for the conversion of in,in-1 into in,out-1 and of out,in-1 into out,out-1 could not be located,
two graphs (a and b) have been drawn to clarify the different interconversions.
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erably higher than those corresponding to the lowest transi-
tion state for conrotatory movement: 26.39 kcalmol�1 for
out,out-1rotts (corresponding to the out,out-1 to in,out-1 iso-
merization), and 22.71 kcalmol�1 for in,in-1rotts (the iso-
merization path interconverting in,in-1 and out,in-1). These
transition structures are characterized by the loss of conju-
gation between the rotating partial double bond and the cat-
ionic system, so the diminished conjugation might explain
the energy destabilization. It is therefore unlikely that the
isomerization manifold competes with the electrocyclic reac-
tions.


Having discarded the interconversion of geometric iso-
mers as a competing reaction, and considering the only
moderate solvent effects, the high trans stereoselectivity ob-
served for the substrate of the Piancatelli reaction must be
traced back to a preferred out,out-geometry of the putative
cyclizing cation 1. Mechanisms for acid-induced (i.e. non-
thermal) isomerization of the alkyl-substituted terminal
double bond are indeed feasible owing to its enol character,
and provide a pathway to the outwards geometry of the C4�
C5 bond. To obtain the out,out-geometry of 1, the opening
of the furan ring must be stereoselective to provide the less
congested outwards orientation of the hydroxy group at the
other terminus (C1) of the cyclizing system.


Aromaticity of the transition structures : One of the most in-
tuitive constructs to explain the Woodward±Hoffmann rules
for allowance of pericyclic reactions is the aromaticity of
transition structures.[18] Based on the high NMR deshielding
that characterizes the external positions of aromatic rings,
Schleyer et al. proposed a new aromaticity criterion that
uses the absolute magnetic shielding (NICS or nucleus inde-
pendent chemical shift) calculated at the center of the aro-
matic rings.[19] CossÌo et al. reported the evaluation of the
NICS at the center of a cyclic saddle point and its variation
along the axis perpendicular to the molecular plane to re-
flect the in-plane aromatic character of transition structures
of pericyclic reactions.[13a] They further extended these ideas
by showing that the behavior of the NICS along the axis de-
termined by the external magnetic field can be readily ra-
tionalized on the basis of the diamagnetic shielding induced
by a ring current.[13b] When computed at the same positions,
both the NICS and the ring current model provide consis-
tent values. Furthermore, the model has allowed the classifi-
cation of 6p-e� disrotatory electrocyclic reactions as having
p1 aromaticity, a picture that indicates the existence of only
one ring current circulating at the side of the molecular
plane where the disrotatory movement allows a close prox-
imity between the terminal p-AOs.[13c]


For the in-plane aromaticity expected in a conrotatory
cyclization like the one represented in transition structures
3 ts, 5 ts, and out-7 ts, the ring current model predicts a maxi-
mum diamagnetic shielding at the center of the ring. Exami-
nation of the NICS values for the Nazarov reaction 3!4
and the analogous cyclizations 5!6 and out-7!8 fully sup-
ports this assumption (Figure 3). The best fit between the
model[20] and the NICS computations is exhibited by 3 ts,
likely owing to the system symmetry. NICS for 5 ts and out-
7 ts are slightly lower than for 3 ts, which could be attributed


to the charge defect in the rings or to their greater deviation
from planarity. The displacement of the maximum NICS
value from the molecular plane (z = 0) in 5 ts and out-7 ts
can be explained by the effect of the ring substituents; these
either polarize the charge distribution, distort the transition
structure geometry (making the definition of the molecular
plane less accurate), interfere with their own charge density
when computing points at some distance away from the
center, or most likely result in a combination of all these
factors.


The deviation of in-7 ts from the rather regular magnetic
behavior of the transition structures of its analogues de-
serves additional comment. In this high-energy transition
structure, the NICS values are very small at distances close
to the ring center (at 0.5 ä below the ring a value of d =


4.5 was measured, but the value is d = 0.0 at 1.0 ä above
the ring). We believe that the closed-shell repulsion involv-
ing the rotating hydroxy group perpendicular to the incipi-
ent ring and the forming s bond is also reflected in the
unique electronic distribution of in-7 ts, in which the aromat-
ic Mˆbius array of orbitals in the transition state is disrupted
by the interaction of the oxygen lone pair.[21]


To better assess the influence that lone pairs on atoms at-
tached to the terminus of a cyclizing system have on the
electronic distribution, the isotropic magnetic shieldings
were computed for the transition states of the reactions
shown in Scheme 6.[22] The data seem to confirm the above
reasoning: while the picture does not significantly differ for
boranes in-12 and out-12, because of the absence of the of-
fending electrons, the effect of the nitrogen lone pairs of in-
11 on the isotropic magnetic shielding along the selected
axis is very strong, leading to a representation that could in-
dicate the existence of antiaromatic interactions (Figure 4).


Figure 3. Representation of the NICS versus the distance along an axis
normal to the molecular plane that contains the center of the ring, for
the cyclization of pentadienyl systems depicted in Scheme 4.


Scheme 6.
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A study on aromaticity, similar to that previously descri-
bed for model systems 3 ts, 5 ts, and 7 ts was carried out for
the transition structures in the Piancatelli rearrangement
1!2 (plot available in the Supporting Information, Figure
S2). While there is a major variation from the representa-
tion in Figure 3, noticeably the very high shielding at distan-
ces of about �2 ä, this is only due to the local effects
caused by atoms located on or very near the axis where the
NICS are evaluated. At shorter distances from the center of
the ring the global trends observed are just the same as
those of the reactions in Scheme 4: in general, the NICS
values are lower than those of the parent Nazarov reaction
(Figure 3, 3 ts), the transition states with the C1�OH out-
wards have a certain aromatic character, while the structures
with the hydroxy group inwards show completely different
behavior. The rationale behind this trend has just been dis-
cussed.


Pericyclic or ionic reactions? Whereas the Nazarov reaction
3!4 and the analogous transformation 5!6 can be clearly
defined as pericyclic processes, the computational data raise
some concerns about the consideration of the cyclizations of
the C1-hydroxypentadienyl cations as electrocylic reactions.
For these reactants (1, 7, and 9) our calculations show a
bond pattern (assessed by bond lengths and NBO analysis;
see Supporting Information) that can be also represented as
an alkene in 7 (or enol in 1 and 9) and an a,b-unsaturated
oxocarbenium ion separated by the C3�C4 single bond
(Scheme 7). Since the double bond character of C2�C3 is
maintained on going from the reactants to the transition
structures, an alternative ionic mechanism could be pro-
posed, in which the oxocarbenium ion is trapped by the p-
electrons of the alkene in out-7 (an intramolecular version
of the Prins reaction)[23] or by the enol in 1 and 9 (an intra-
molecular aldol reaction). The considerable charge differen-
ces between the carbon atoms that are the termini of the
cyclization (Table 3) lend support to the alternative view of
the process as an ionic reaction. The charge difference
cannot merely be due to the heteroatom, since the same dif-


ferences calculated between C1 and C3 in 3 ts, or between
C1 and C4 in 5 ts, are considerably smaller (Table 3). The
charge distribution (assessed by the NBO charges) is consis-
tent with this picture as well, with positive charge concen-
trated at C1 for the reactants and at C4 for the transition
structures and the products. The lowering in activation ener-
gies observed along the series 7!8 to 1!2 (or 9!10) can
be readily explained by the stabilizing effect of the hydroxy
group in the partially charged C4 position in the transition
state of the latter. It could also be argued that the large acti-
vation energy differences between the cyclization of the sub-
strates with OH inwards relative to those with OH outwards
(around 10±12 kcalmol�1) are difficult to reconcile using
only orbital interaction arguments. Instead, distortion of the
saddle point geometries to adopt the trajectories of the ionic
process could contribute to the high activation energies for
the cyclizations of the in isomers.


On the other hand, the NICS values for the transition
structures in the cyclization of 1, 7, and 9 show a certain
degree of aromaticity, and they increase considerably as the
reactions progress, becoming twice as large as those comput-
ed for the reactants (data not shown). In addition, the
normal modes of the imaginary frequencies clearly involve a
conrotatory motion of the terminal atoms, and all attempts
to locate a disrotatory transition structure were unsuccessful,
the search leading to the conrotatory saddle point in all
cases. Neither of these two features is exhibited by the cycli-


Figure 4. Representation of the NICS versus the distance along an axis
normal to the molecular plane that contains the center of the ring for the
cyclization of pentadienyl systems depicted in Scheme 6.


Scheme 7.


Table 3. Comparison of the charge difference (in absolute value) be-
tween the cyclization termini and the NICS values [ppm], both the maxi-
mum (NICSmax) and that computed at the ring center (NICS0) for the dif-
ferent transition structures.


Structure jqC1�qC5 j (NBO) NICSmax NICS0


3ts 0.01 �11.66 �11.66
5ts 0.13 �10.47 �10.43
out-7 ts 0.58 �11.35 �10.26
in-7 ts 0.67 �4.47 �3.40
out,out-1 ts 0.43 �11.47 �11.47
out,in-1 ts 0.43 �10.88 �10.88
in,out-1 ts 0.49 �8.59 �7.70
in,in-1 ts 0.53 �7.42 �6.83
out-9 ts 0.66 �9.36 �8.37
in-9 ts 0.75 �6.20 �4.33
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zation of the saturated analogues 15 to 3-hydroxycyclopentyl
cation 16 (Scheme 7), which can be described as the capture
of the oxocarbenium ion by an alkene (an intramolecular
Prins reaction) even though the transition structures 15 ts
are geometrically very similar to 7 ts. Although we would
expect a higher activation energy for the cyclizations of 15,
owing to the lack of ™orbital stabilization∫ provided by the
aromatic transition states, barriers of 8.86 and 8.55 kcal
mol�1 were computed for the cyclization of out-15 and in-15,
respectively. The more pronounced charge separation[24] and
the better orientation of the oxocarbenium moiety having a
tetrahedral center at C2 (the reactants are no longer planar)
must contribute to further lowering the activation energy of
the Prins processes 15!16 relative to the cyclization of the
unsaturated fully conjugated systems 7!8. So, even though
the energetics of the cyclization reaction involving 15 cannot
be easily compared to those of the analogous conjugated
systems 7, the similar energies of activation of both out and
in paths and the absence of termini rotation in out-15 ts and
in-15 ts are additional features of ionic processes. In conclu-
sion, these distinctive features, together with the magnetic
and stereochemical criteria further reinforce the notion that
the 7!8 cyclization is a pericyclic reaction. As an extension,
and because the transformation of out,out-1 to trans-2 is
similar to the cyclization of out-7 to 8 (but more facile
owing to the effect of the C4�OH), the Piancatelli rear-
rangement should equally qualify as a pericyclic reaction.


It has been recently reported that divinyl ketones polar-
ized with a donor group at C2 and an acceptor group at C4
cyclize under mild conditions, in what was considered a
modified Nazarov reaction involving a ™vinyl nucleophile∫
and a ™vinyl electrophile∫.[25] In analogy with the design of
these Nazarov substrates, intermediate 1 of the Piancatelli
rearrangement could also be classified as a polarized penta-
dienyl cation, with an acceptor group at C1 (oxocarbenium
ion) and a donor group at C4 (the enol). The process bene-
fits from charge polarization owing to the presence of a het-
eroatom at one of the termini carbons, as the NBO bond
orders, bond lengths, and atomic charges suggest.


Since, according to the computed activation energies, the
rearrangement of intermediate 1 should also take place
easily, the rather harsh conditions (for example, heating
with polyphosphoric acid in acetone/H2O at 50 8C for 24 h)
used experimentally in the Piancatelli reaction are most
likely required for inducing the opening of the furan ring to
provide 1.


Conclusion


Computation of the reaction profile at the B3LYP/6±311G*
level of theory for the key step of the Piancatelli reaction,
or transformation of furfuryl carbinols to trans-2-alkyl(aryl)-
3-hydroxycyclopent-4-en-1-ones, predicts its pericyclic
nature. Geometric, energetic, and magnetic criteria are com-
patible with a conrotatory electrocyclic reaction, which
transforms intermediate out,out-5-alky-1,4-dihydroxypenta-
dienyl cation 1 into protonated trans-2. Both the Piancatelli
and the Nazarov reactions, prototypical 4p-e� electrocycliza-


tions, primarily benefit from the presence of an array of in-
teracting orbitals in the reactant hydroxypentadienyl cations,
as shown by the evaluation of the NICS at distances from
the ring plane in the helical transition structures for their
conrotatory motions. Charge separation at the terminal
carbon atoms in 1 further contributes to reduce the activa-
tion energy for its cyclization. Similar studies on a model
system lacking the cyclic array of interacting orbitals allows
a distinction to be made between pericyclic and ionic reac-
tions leading to ring systems of the same size.


Computational Methods


All computations in this study have been performed using the Gaussi-
an 98 suite of programs.[26] To include electron correlation at a reasonable
computational cost, density functional theory (DFT)[27] was used. The
Becke three-parameter exchange functional[27b] and the nonlocal correla-
tion functional of Lee, Yang, and Parr[27e] (B3LYP) with the 6-311G*
basis set were used to compute the geometries, energies, and normal-
mode vibration frequencies of the starting cations, the corresponding
transition structures, and the products. The density functional method
was chosen in view of the previous successful application of this approach
to describe the transition structures of other pericyclic reactions[28] and
previous DFT calculations for the Nazarov cyclization and its allene var-
iant.[29,6] The stationary points were characterized by means of harmonic
analysis, and for all the transition structures, the vibration related to the
imaginary frequency corresponds to the nuclear motion along the reac-
tion coordinate under study. In several significant cases intrinsic reaction
coordinate (IRC)[30] calculations were performed to unambiguously con-
nect transition structures with reactants and products. Bond orders and
atomic charges were calculated with the natural bond orbital (NBO)[31]


method. Nucleus independent chemical shifts (NICS)[32] were calculated
by means of the gauge-independent atomic orbitals (GIAO) method.[33]


The effect of the solvent (water, methanol, and acetone) was taken into
account for some of the systems under study through geometry optimiza-
tions and frequency calculations using a SCRF model with a spherical
cavity, only keeping the dipole term of the multipolar expansion (Onsag-
er model).[34]
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Solid-Phase Synthesis of Dihydrovirginiamycin S1, a Streptogramin B
Antibiotic


Alex Shaginian,[a] Marissa C. Rosen,[a] Brock F. Binkowski,[b] and Peter J. Belshaw*[a, b]


Introduction


The streptogramin (or synergi-
mycin) family of antibiotics
consist of two components, A
and B, that synergistically inhib-
it protein synthesis by binding
to distinct sites on the 50S sub-
unit of the prokaryotic ribo-
some. The group A components
are polyunsaturated macrolac-
tones and the group B compo-
nents are N1


a-acylated cyclic
hexadepsipeptides (Figure 1).
Although the virginiamycins
have been used for many years
as a growth-promoting additive
in livestock feed, limited water


solubility has hampered the clinical utility of streptogramin
antibiotics. Recently, the semisynthetic water-soluble deriva-
tives quinupristin and dalfopristin (marketed as Synercid
TM) were approved for the treatment of Gram-positive
coccal infections including vancomycin-resistant enterococci
(Figure 1).[1] Here we describe the first solid-phase synthesis
of a group B streptogramin. Our synthesis is designed to
enable the synthesis of streptogramin B analogues at posi-
tions 1’, 1, 2, 3, 4, and 6.


The genes responsible for the biosynthesis of pristinamy-
cin I in Streptomyces pristinaespiralis and virginiamycin S1 in
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Abstract: We describe the first solid-
phase synthesis of dihydrovirginiamy-
cin S1, a member of the streptogra-
min B family of antibiotics, which are
nonribosomal-peptide natural products
produced by Streptomyces. These com-
pounds, along with the synergistic
group A components, are ™last line of
defense∫ antimicrobial agents for the
treatment of life-threatening infections
such as vancomycin-resistant entero-
cocci. The synthesis features an on-


resin cyclization and is designed to
allow production of streptogramin B
analogues with diversification at posi-
tions 1’, 1, 2, 3, 4, and 6. Several syn-
thetic challenges known to hinder the
synthesis of this class of compounds
were solved, including sensitivity to


acids and bases, and epimerization and
rearrangements, through the judicious
choice of deprotection conditions, cou-
pling conditions, and synthetic strategy.
This work should enable a better un-
derstanding of structure±activity rela-
tionships in the streptogramin B com-
pounds, possible identification of ana-
logues that bypass known resistance
mechanisms, and perhaps the identifi-
cation of analogues with novel biologi-
cal activities.


Keywords: antibiotics ¥ cyclic pep-
tides ¥ depsipeptides ¥ solid-phase
synthesis ¥ virginiamycins


Figure 1. Structures of streptogramin antibiotics. Dihydrovirginiamycin S1 has a trans-hydroxyl group replacing
the carbonyl of residue 5.
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Streptomyces virginiae have
been sequenced, and the ho-
mologous nonribosomal peptide
synthetases (NRPS) that assem-
ble these natural products in a
template-directed fashion have
been identified.[2] Recent work
has shown that it is possible to
re-engineer the substrate speci-
ficity of NRPSs, thus enabling
the possibility of cost-effective
production of analogues
through engineered biosynthe-
sis in microorganisms.[3] Although significant progress has
been made in the combined chemo-enzymatic synthesis of
libraries,[4] the exclusive biosynthetic production of nonribo-
somal peptide libraries remains a challenge.


We have developed a solid-phase synthesis of dihydrovir-
giniamycin S1 (dhVS1)


[5] to enable the synthesis of strepto-
gramin B analogues for investigation of structure±activity
relationships in these antibiotics. The hexapeptide macro-
cycle of the streptogramin B antibiotics has many features
that make it a favorable scaffold for the identification of an-
alogues with new biological activities: the parent compounds
are cell permeable; the macrocycle is rigidified by a trans-
annular hydrogen bond between the carbonyl oxygen atom
of Pro and the amide N�H group of Phg; the conformation
of the macrocycle directs the side chains (potential diversity
elements) in a radial manner and could provide a diverse
set of three-dimensional structures;[6] and the side chains are
projected over a relatively large surface area, a property
that may be beneficial for binding to protein±protein inter-
action surfaces. Protein±protein interactions are of great in-
terest as new pharmacological targets, yet difficult to modu-
late with small molecules.[7]


Previous syntheses of streptogramin B natural products[8]


and analogues[9] have been conducted in solution with clo-
sure of the macrocycle through formation of an amide bond
from a linear depsipeptide precursor. Along with these total
syntheses, efforts toward the production of semi/hemisyn-
thetic analogues revealed several challenges:[10] compounds
containing homochiral N-alkyl amino acid triads are sensi-
tive to strong acids, the Phg ester is sensitive to both epimer-
ization and elimination, cyclization is nearly always accom-
panied by epimerization, and the des-N-hydroxypicolinic
acid derivatives are susceptible to rearrangements giving in-
active macrolactam and oxazoline byproducts.


We targeted the synthesis of dhVS1, since this analogue is
known to be active, the hydroxyl group on the hydroxypipe-
colic acid residue provides a handle for attachment to the
resin, and this residue has been extensively modified with
many analogues retaining activity.[10c] Our retrosynthesis
(Figure 2) disconnects the macrocycle into three subfrag-
ments: a linear tetrapeptide anchored to the resin through
the hydroxypipecolic acid, a fragment containing Phg with
an ester bond to the side chain of Thr, and the exocyclic 3-
hydroxypicolinic acid. These disconnections were chosen to
allow cyclization at the Thr1-d-Abu2 peptide bond by
means of activation of a carbamate-protected Thr to prevent


epimerization during cyclization. This strategy also allows
the Phg ester to be constructed in solution and introduced
late in the synthesis to minimize complications with this sen-
sitive functionality.


Results and Discussion


The synthesis of Fmoc-trans-4-hydroxypipecolic acid tert-
butyl ester 3 is outlined in Scheme 1. The commercially
available benzylamine salt of Boc-trans-4-hydroxypipecolic
acid was silylated and converted to the tert-butyl ester (1).


Selective Boc cleavage with one equivalent of TMS-OTf,[11]


followed by Fmoc protection afforded 2. Selective removal
of the TBS group in the presence of the tert-butyl ester with
HF/pyridine afforded 3.[12]


The synthesis of the dipeptide amine 5 is shown in
Scheme 2. Boc-Thr-OAll[13] was condensed with Troc-Phg-
OH[14] at �25 8C in the presence of 1,3-diisopropylcarbodi-
imide (DIC) and a catalytic amount of DMAP to afford
ester 4 without epimerization. Troc deprotection with zinc in
acetic acid afforded amine 5.


Our synthesis of dhVS1 is outlined in Scheme 3. We chose
Danishefsky×s bis(silyl ether) linker[15] for attachment of
trans-4-hydroxypipecolic (hyPip) to the resin as it is stable
to mild bases and palladium cleavage conditions, yet readily


Figure 2. Retro-synthetic disconnections for dhVS1. All=allyl, Alloc=allyloxycarbonyl, Boc= tert-butyloxycar-
bonyl.


Scheme 1. Synthesis of Fmoc-hyPip-OtBu. Reagents and conditions:
a) 0.5m HCl(aq) in NaCl(sat), EtOAc, 0 8C, 20 min; b) TBS-Cl, imidazole,
2,6-lutidine, THF, 48 h, 98% for two steps; c) tBuOH, DIC, DMAP(cat),
CH2Cl2, 94 %; d) TMS-OTf (1 equiv), CH2Cl2/toluene, 4 h; e) Fmoc-Cl,
pyridine, CH2Cl2, 15 h, 77 % for two steps; f) HF/pyridine, THF, 2 h,
96%. hyPip= (2S,4S)-4-hydroxypiperidine-2-carboxylic acid, Bn=benzyl,
tBu= tert-butyl, TBS= tert-butyldimethylsilyl, Fmoc=9-fluorenylmethyl-
oxycarbonyl, THF= tetrahydrofuran, DIC=1,3-diisopropylcarbodiimide,
DMAP=4-(dimethylamino)pyridine, TMS= trimethylsilyl, Tf= trifluoro-
methanesulfonyl.
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removed with HF/pyridine. The synthesis commences with
loading of Fmoc-hyPip-OtBu (3) onto the hydroxymethyl
polystyrene resin. Fmoc removal followed by DIC/1-hy-
droxy-7-azabenzotriazole (HOAt)/2,6-lutidine-mediated
coupling[16] of Alloc-MePhe-OH resulted in the formation of


resin-bound intermediate 6. Removal of the Alloc protec-
ting group with palladium under mild acidic conditions, and
subsequent coupling with Fmoc-Pro-OH using DIC/HOAt/
2,6-lutidine yielded the tripeptide resin. Fmoc deprotection
and coupling to Alloc-d-Abu-OH yielded resin-bound tetra-
peptide 7. Subsequently, the tert-butyl ester was deprotected
under neutral conditions (TMS-OTf/lutidine),[17] and then
coupled with amine 5 to yield linear hexapeptide resin 8. Si-
multaneous deprotection of the allyl and Alloc groups with
palladium, followed by PyAOP-mediated cyclization afford-
ed the Boc-protected macrocycle 9. Boc removal was ac-
complished under neutral conditions with TMS-OTf/lutidine,
and PyAOP/lutidine-mediated coupling with 3-hydroxy-
picolinic acid afforded 10. HF/pyridine-mediated cleavage
from resin yielded dhVS1 in 15 % overall isolated yield after
purification by silica gel chromatography. LC/MS analyses
of synthetic intermediates cleaved from the resin indicated
that the on-resin cyclization largely determined the final
yield of dhVS1.


Several issues encountered during the solid-phase synthe-
sis of dhVS1 are worth noting. In our initial experiments we
attempted to employ the allyl ester of hyPip in place of tert-
butyl ester 3. However, upon deprotection of Fmoc-MePhe-
hyPip(O-resin)-OAll with piperidine, the free amine rapidly
cyclized to form the 2,5-diketopiperazine (DKP). The com-
bination of the bulky tert-butyl ester on pipecolic acid, Alloc
deprotection under acidic conditions, and DIC/HOAt/luti-
dine coupling under neutral conditions were required to
allow successful peptide extension without any DKP forma-
tion.


We also investigated approaches to dhVS1 involving cycli-
zation with 3-hydroxypicolinic acid installed on the exocyclic
amine of Thr1. However, solution-phase experiments with
model compound 11 revealed a rapid elimination immedi-
ately upon activation of Thr, resulting in the cleavage of the
ester bond (Scheme 4). This possibly occurs via formation of


a 5(4H)-oxazolone 12 that eliminates to give the unstable
intermediate 13, which was trapped with 4-methoxybenzyl
amine to yield 14 (data not shown). Protection of the Thr
exocyclic amine as a urethane during cyclization avoided
this elimination pathway.


Scheme 2. Synthesis of dipeptide ester 5. a) Troc-Phg-OH, DIC,
DMAP(cat), CH2Cl2, 2 h, �25 8C, 95 %; b) Zn, AcOH, 2 h, 88%. Troc=
2,2,2-trichloroethoxycarbonyl.


Scheme 3. Solid-phase synthesis of dhVS1. a) diisopropyldichlorosilane,
imidazole, 30 min; b) hydroxymethyl-polystyrene resin, 48 h; c) 30% pi-
peridine, CH2Cl2, 30 min; d) Alloc-MePhe-OH, HOAt, DIC, 2,6-lutidine,
DMF, 48 h; e) Pd(PPh3)4(cat), Bu3SnH, 5% AcOH, CH2Cl2, 3 h, f) Fmoc-
Pro-OH, HOAt, DIC, 2,6-lutidine, DMF, 48 h (î 3); g) 30% piperidine,
CH2Cl2, 30 min; h) Alloc-d-Abu-OH, HOAt, DIC, 2,6-lutidine, DMF,
24 h; i) TMS-OTf, 2,6-lutidine, CH2Cl2, 5 h; j) MeOH, 20 min; k) 5,
HOAt, DIC, 2,6-lutidine, DMF, 6 h; l) [Pd(PPh3)4](cat), PhSiH3, CH2Cl2,
5 h; m) PyAOP, 2,6-lutidine, CH2Cl2, 48 h; n) TMS-OTf, 2,6-lutidine,
CH2Cl2, 2 h, 23 8C, then 20 min, 4 8C; o) 3-hydroxypicolinic acid, PyAOP,
2,6-lutidine, THF, 4 h, 4 8C, then 10 h, 23 8C; p) HF/pyridine, THF, 1 h,
15% overall. HOAt=1-hydroxy-7-azabenzotriazole, DMF=N,N-dimeth-
ylformamide, Abu=2-aminobutyric acid, PyAOP=7-aza-benzotriazole-
1-yloxytris(pyrrolidinophosphonium) hexafluorophosphate.


Scheme 4. Elimination of Na-protected Phg during activation of side-
chain acylated Thr.
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Another potential complication was the instability of 1-
(des-3-hydroxypicolinoyl) pristinamycin IA (15), as reported
by Barriere and co-workers,[10e] which can rearrange to
lactam 16 and oxazoline 17 (Scheme 5). Expecting that basic
conditions would promote these rearrangements in the relat-


ed compound in our synthesis, we chose to protect this
amine with a Boc group (intermediate 9, Scheme 3), as it
can be cleaved under neutral conditions with TMS-OTf/luti-
dine.[17] Moreover, in our initial studies we noticed that
TMS-OTf could promote epimerization of the sensitive Phg
residue. To minimize competing epimerization, O!N acyl
shift, and oxazoline formation, the Boc deprotection was
carried out in CH2Cl2 for 2 h at room temperature. Shorter
reaction times at room temperature and longer reaction
times (5±6 h) at 4 8C resulted in incomplete deprotection or
epimerization of Phg, respectively. Acylation with 3-hydroxy-
picolinic acid was then achieved in THF with PyAOP/luti-
dine. Other solvents such as CH2Cl2 and DMF and coupling
agents such as DIC/HOAt gave less satisfactory results. This
strategy of utilizing neutral deprotection and coupling condi-
tions with HOAt-active esters minimizes exposure of the
free amine and may prove generally useful for difficult
amide bond formations in which undesired side reactions of
the free amine compete. These strategies enabled successful
acylation of MePhe4 and the exocyclic amine of Thr1, there-
by allowing both of these positions to be sites for diversifica-
tion in our synthetic route.


The conditions for cleavage from resin were also critical
to avoid acidic endopeptolysis of the Pro3-MePhe4-hyPip5
triad of N-alkyl amino acids.[10b] Cleavage with HF/pyridine
in dichloromethane led exclusively to endopeptolysis from
rupture of the MePhe4-hyPip5 peptide bond. Interestingly,
the endopeptolysis was solvent-dependent and is completely


avoided in THF or can be suppressed with an excess of pyri-
dine.


To confirm the identity of our synthetic dhVS1, we pre-
pared semisynthetic dhVS1 from the natural product virgin-
iamycin S1 isolated from Stafac,[18] by reduction with sodium
borohydride.[5] Synthetic dhVS1 displayed identical 1H NMR
spectral data to the compound prepared from the natural
product. To confirm the biological activity of dhVS1, we as-
sayed our synthetic and semi-synthetic dhVS1 for activity
against B. subtilis, both alone and in combination with vir-
giniamycin M (Table 1). Both samples displayed equal activ-


ity and a synergistic increase in activity with virginiamy-
cin M, albeit with a slight decrease in potency compared to
the parent natural product, consistent with previous re-
ports.[5]


Conclusion


We have developed a rapid and efficient solid-phase synthe-
sis of dihydrovirginiamycin S1 that should enable the prepa-
ration of novel streptogramin B analogues. These com-
pounds could be used to identify structure±activity relation-
ships in this important class of antibiotics, possibly identify-
ing new compounds with increased potency, the ability to
bypass resistance mechanisms,[19] or completely new biologi-
cal activities. Having determined conditions for the success-
ful acylation of MePhe4 and the exocyclic amine of Thr1 in
solid-phase synthesis, our synthetic route should allow the
facile construction of analogues at positions 1’, 2, 3, and 4,
and variations at Thr1 and Phg6, which could be readily ac-
complished through the incorporation of appropriate ester-
containing fragments.


Experimental Section


General procedures: 1-Hydroxy-7-azabenzotriazole (HOAt) and (7-aza-
benzotriazole-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate
(PyAOP) were obtained from Applied Biosystems, (Foster City, CA).
Amino acids were obtained from Advanced ChemTech (Louisville, KY)


Scheme 5. Rearrangements of 1-(des-3-hydroxypicolinoyl) pristinamy-
cin IA.


Table 1. Growth inhibition assays. The growth of B. subtilis strain BR151
(ATCC 33677) in liquid culture was monitored in the presence of varying
concentrations of compound(s).


Compound(s)[a] MIC[b] [mg mL�1]


synthetic dhVS1 50
natural dhVS1 50
VS1 2
VM 3
synthetic dhVS1/VM 1/1.5
natural dhVS1/VM 1/1.5
VS1/VM 0.4/0.6


[a] VS1/VM compound mixtures were present in a 3:7 molar ratio.
dhVS1=dihydrovirginiamycin S1, VS1=virginiamycin S1, VM=virginia-
mycin M. [b] MIC=minimal concentration required to completely in-
hibit growth after a 10 h incubation from a starting inoculum of
~2000 cfu mL�1.


Chem. Eur. J. 2004, 10, 4334 ± 4340 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4337


Dihydrovirginiamycin S1 4334 ± 4340



www.chemeurj.org





and EMD Biosciences (San Diego, CA). Diisopropyldichlorosilane was
obtained from Fluka (Milwaukee, WI). The benzylamine salt of (2S,4S)-
N-Boc-4-hydroxypiperidine-2-carboxylic acid was obtained from Chiro-
tech Technology Ltd (Cambridge, UK). Hydroxymethyl polystyrene res-
in SS, 100±200 mesh, 1% DVB, 1.0 mmol g�1 was obtained from Ad-
vanced ChemTech (Louisville, KY). All other reagents were obtained
from Aldrich Chemical (Milwaukee, WI) and used without further purifi-
cation. Solid-phase reactions were conducted inside 50 mL round-bot-
tomed flasks or 10 mL polypropylene poly-prep chromatography columns
obtained from Bio-Rad Laboratories (Hercules, CA) and agitated on a
Labquake shaker. Tetrahydrofuran (THF) and toluene were distilled
from sodium benzophenone ketyl; dichloromethane (CH2Cl2) was distil-
led from phosphorous pentoxide. Analytical thin-layer chromatography
(TLC) was carried out on EM Science TLC plates precoated with silica
gel 60 F254 (250 mm layer thickness). TLC visualization was accomplished
by using a UV lamp and/or charring solutions of either ninhydrin or
phosphomolybdic acid (PMA). Flash column chromatography (FCC) was
performed on Silicycle silica gel 60 (230±400 mesh). 1H NMR spectra
were recorded in deuterated solvents on a Bruker AC-250 (250 MHz),
Bruker AC-300 (300 MHz) or a Varian UNITY-500 (500 Mhz) spectrom-
eter. Chemical shifts are reported in parts per million (ppm, d) relative
to tetramethylsilane (TMS, d 0.00) or relative to residual solvent signals
(CDCl3 7.27 (1) or CD3CN 1.94 (5)). Coupling constants (J values) are
given in Hz, and peak multiplicities are denoted by s (singlet), d (dou-
blet), dd (doublet of doublets), ddd (doublet of doublet of doublets), dq
(doublet of quartets), dt (doublet of triplets), m (multiplet), q (quartet),
and t (triplet). 13C NMR spectra were recorded in deuterated solvents on
a Bruker AC-250 (62.5 MHz), Bruker AC-300 (75 MHz) or a Varian
UNITY-500 (125 MHz) spectrometer. Chemical shifts are reported in
parts per million (ppm, d) relative to residual solvent signals (CDCl3


77.23 (3) or CD3CN 1.39 (7)). For compounds with multiple rotamers all
observed signals are reported. Optical rotations were obtained on a
Perkin±Elmer 241 digital polarimeter at room temperature with an Na
lamp. Concentrations (c) are reported in g per 100 mL. Fourier transform
infrared (FT-IR) spectra were obtained on a Mattson Polaris instrument.
High-resolution electrospray ionization mass spectra (HRESI-MS) were
obtained on a Micromass LCT.


Boc-(2S,4S)-hyPip(OTBS)-OH : Aqueous HCl (0.5m) saturated with
sodium chloride (10 mL) was slowly added to the suspension of the ben-
zylamine salt of (2S,4S)-N-Boc-4-hydroxypiperidine-2-carboxylic acid
(1.0 g, 2.84 mmol) in EtOAc (10 mL) at 0 8C. The mixture was stirred at
0 8C for 20 min, diluted with EtOAc, and extracted with saturated aq
NaCl. The organic layer was collected, dried (Na2SO4), and concentrated,
affording acid as a solid. The obtained acid was dissolved in THF
(30 mL) and imidazole (1.2 g, 17.04 mmol), 2,6-lutidine (1.3 mL,
11.36 mmol), and TBS-Cl (1.3 g, 8.52 mmol) were added at 0 8C. The re-
action mixture was stirred at room temperature under an atmosphere of
N2 for 48 h. The mixture was diluted with EtOAc and extracted with aq
HCl (0.1m, î 2). The organic layer was collected and concentrated. The
resultant residue was suspended in MeOH (20 mL), stirred for 5 h, after
which the mixture was concentrated and purified by chromatography on
silica gel (50:50:1 hexanes/Et2O/AcOH) to give the side-chain TBS-pro-
tected acid as a solid (1.0 g, 98%) that was homogeneous by TLC analy-
sis. Rf=0.32 (hexanes/Et2O/HOAc 25:25:1); [a]=�23.3 (c=0.18 in
CHCl3); 1H NMR (300 MHz, CDCl3, 25 8C): d=0.060 (d, J=1.3 Hz, 6 H),
0.87 (s, 9H), 1.45 (s, 9 H), 1.72 (m, 3 H), 2.36 (m, 1 H), 2.98 (m, 1H), 3.65
(m, 1H), 4.01 (m, 1 H), 4.92 (m, 1 H), 11.35 ppm (s, 1 H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=�4.8, 17.9, 25.7, 28.2, 34.3, 35.4, 39.8, 40.5,
53.6, 54.5, 66.7, 80.6, 155.2, 155.7, 176.4, 176.6 ppm; FT-IR (KBr pellet):
ñ=2954, 2856, 1750, 1630, 1439 cm�1; MS (HRESI-MS) calcd for
[C17H32NO5Si]� : 358.2050; found: 358.2045.


Boc-(2S,4S)-hyPip(OTBS)-OtBu 1: Boc-(2S,4S)-hyPip(OTBS)-OH
(0.92 g, 2.56 mmol) was dissolved in CH2Cl2 (5 mL) and anhydrous 2-
methyl-2-propanol (0.72 mL, 7.68 mmol) was added, followed by DMAP
(94 mg, 0.77 mmol). The solution was cooled to 0 8C, and DIC (0.80 mL,
5.12 mmol) in CH2Cl2 (5 mL) was injected dropwise over 15 min. The re-
action mixture was stirred at 0 8C under an atmosphere of N2 for 15 min
and then at room temperature for 5 h. The mixture was diluted with
Et2O and extracted with aq HCl (0.1m, î 2) and H2O (î 1). The organic
layer was collected, concentrated, and purified by chromatography on
silica gel (9:1 hexanes/Et2O) to give 1 as a solid (1.0 g, 94 %) that was ho-


mogeneous by TLC analysis. Rf=0.66 (hexanes/Et2O 7:3); [a]=�17.2
(c=0.087 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 8C): d=0.065 (d, J=
0.7 Hz, 6H), 0.88 (s, 9H), 1.44 (s, 9 H), 1.47 (s, 10 H), 1.60 (m, 1H), 1.79
(m, 1H), 2.30 (m, 1 H), 2.99 (m, 1 H), 3.58 (m, 1 H), 3.99 (m, 1H),
4.74 ppm (m, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=�4.6, 18.2,
25.9, 28.1, 28.4, 34.5, 34.8, 36.1, 40.2, 40.7, 54.5, 55.6, 67.0, 79.9, 81.4,
155.5, 155.6, 170.6, 170.8 ppm; FT-IR (thin film): ñ=2976, 2930, 2857,
1739, 1704, 1473 cm�1; MS (HRESI-MS) calcd for [C21H41NO5Si+Na]+ :
438.2652; found: 438.2656.


Fmoc-(2S,4S)-hyPip(OTBS)-OtBu 2 : Boc-(2S,4S)-hyPip(OTBS)-OtBu 1
(30 mg, 0.072 mmol) was dissolved in CH2Cl2 (0.7 mL) and treated with a
solution of TMS-OTf in toluene (0.292m, 0.25 mL, 0.073 mmol) at room
temperature. The reaction mixture was stirred at room temperature
under an atmosphere of N2 for 4 h and was quenched with MeOH
(1 mL), concentrated and purified by chromatography on silica gel (50:1
Et2O/MeOH) to give the a-amino ester as a liquid that was homogene-
ous by TLC analysis. The product was dissolved in CH2Cl2 (2 mL), pyri-
dine (50 mL, 0.62 mmol) was added, and the system was cooled to 0 8C.
Fmoc-Cl (26 mg, 0.1 mmol) was added and the reaction mixture was stir-
red at room temperature under an atmosphere of N2 for 15 h. The mix-
ture was concentrated and purified by chromatography on silica gel (9:1
hexanes/Et2O) to give 2 as a solid (30 mg, 77%) that was homogeneous
by TLC analysis. Rf=0.40 (hexanes/Et2O 7:3); [a]=�11.4 (c=0.70 in
CHCl3); 1H NMR (300 MHz, CDCl3, 25 8C): d=0.12 (s, 6 H), 0.93 (s,
9H), 1.46 (m, 1H), 1.50 (s, 9 H), 1.66 (m, 1 H), 1.87 (m, 1H), 2.40 (m,
1H), 3.17 (m, 1H), 3.67 (m, 1 H), 4.14 (m, 1H), 4.35 (m, 3 H), 4.89 (m,
1H), 7.36 (m, 4 H), 7.60 (m, 2H), 7.78 ppm (d, J=7.5 Hz, 2 H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=�4.5, 18.3, 26.0, 28.2, 34.7, 34.8, 36.3, 40.6,
40.7, 47.4, 47.5, 55.2, 55.3, 66.9, 68.0, 82.0, 82.2, 120.1, 125.3, 127.3, 127.8,
141.5, 144.1, 144.3, 155.9, 156.3, 170.4 ppm; FT-IR (thin film): ñ=3067,
2953, 2929, 1736, 1708, 1451 cm�1; MS (HRESI-MS) calcd for
[C31H43NO5Si+Na]+ : 560.2808; found: 560.2815.


Fmoc-(2S,4S)-hyPip-OtBu 3 : Fmoc-(2S,4S)-hyPip(OTBS)-OtBu 2
(90 mg, 0.167 mL) was dissolved in THF (5 mL) and HF/pyridine
(3.0 mL) was injected at 0 8C. The reaction mixture was stirred at room
temperature for 2 h and diluted with Et2O. The mixture was extracted
with saturated aq NaHCO3 (î 1), aq HCl (0.1m, î 2), and H2O (î 1).
The organic layer was collected, concentrated, and purified by chroma-
tography on silica gel (1:4 hexanes/Et2O) to give 3 as a solid (68 mg,
96%) that was homogeneous by TLC analysis. Rf=0.45 (Et2O); [a]=
�23.2 (c=1.10 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 8C): d=1.26
(m, 1 H), 1.47 (s, 9H), 1.60 (m, 1 H), 1.97 (m, 1 H), 2.08 (s, 1H), 2.50 (m,
1H), 3.14 (m, 1H), 3.70 (m, 1 H), 4.12 (m, 1H), 4.36 (m, 3 H), 4.90 (m,
1H), 7.35 (m, 4H), 7.58 (m, 2H), 7.78 ppm (d, J=7.6 Hz, 2 H) ; 13C NMR
(75 MHz, CDCl3, 25 8C): d=28.2, 34.2, 35.7, 40.4, 40.6, 47.4, 47.5, 55.0,
55.1, 66.0, 66.1, 68.0, 82.2, 82.4, 120.2, 125.2, 127.2, 127.9, 141.4, 144.0,
144.2, 155.9, 156.3, 170.2 ppm; FT-IR (thin film): ñ=3435, 3066, 2975,
2931, 1733, 1704, 1451 cm�1; MS (HRESI-MS) calcd for
[C25H29NO5+Na]+ : 446.1943; found: 446.1921.


Alloc-l-MePhe-OH : A solution of allyl chloroformate (1.5 mL,
13.9 mmol) in dioxane (20 mL) and aq NaOH (1m, 20 mL) were simulta-
neously added dropwise at 0 8C to a solution of H-l-MePhe-OH¥HCl
(2.0 g, 9.27 mmol), H2O (30 mL), aq NaOH (1m, 20 mL), and Et2O
(20 mL). The ice-bath was removed, and the reaction mixture was stirred
for 12 h at room temperature. The mixture was diluted with EtOAc and
extracted with saturated aq NaHCO3. The aqueous layer was collected,
acidified with concentrated HCl, and extracted with EtOAc. The organic
layer was collected, dried (Na2SO4), and concentrated affording a solid
(1.95 g, 80 %) that was homogeneous by TLC analysis. Rf=0.35 (hex-
anes/Et2O/HOAc 30:20:1); [a]=�65.4 (c=2.09 in MeOH); 1H NMR
(250 MHz, CD3CN, 67 8C): d=2.81 (s, 3 H), 3.10 (dd, J=10.7, 14.5 Hz,
1H), 3.33 (dd, J=5.2, 14.4 Hz, 1H), 4.51 (d, J=5.2 Hz, 2H), 4.88 (dd, J=
5.2, 10.5 Hz, 1H), 5.20 (m, 2H), 5.89 (m, 1H), 7.28 (m, 5 H), 8.24 ppm (s,
1H); 13C NMR (62.5 MHz, CD3CN, 67 8C): d=33.0, 36.1, 61.9, 67.2,
117.8, 127.9, 129.8, 130.3, 134.7, 139.3, 157.5, 172.8 ppm; FT-IR (thin
film): ñ=3078, 3029 2938, 1743, 1700, 1653, 1401 cm�1; MS (HRESI-MS)
calcd for [C14H16NO4]


� : 262.1079; found: 262.1069.


Alloc-d-Abu-OH : (d)-Aminobutyric acid (1.0 g, 9.7 mmol) was dissolved
in a mixture of H2O (15 mL), aq NaOH (1m, 10 mL), and Et2O (10 mL)
and the system cooled to 0 8C. A solution of allyl chloroformate (1.4 mL,
12.9 mmol) in dioxane (13 mL) was added slowly and simultaneously
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with aq NaOH (1m, 13 mL). The ice-bath was removed, and the reaction
mixture was stirred for 16 h at room temperature. The mixture was dilut-
ed with EtOAc and extracted with saturated aq NaHCO3. The aqueous
layer was collected, acidified with concentrated HCl, and extracted with
EtOAc. The organic layer was collected, dried (Na2SO4), and concentrat-
ed, affording a liquid (1.85 g, 100 %) that was homogeneous by TLC
analysis. Rf=0.50 (EtOAc/HOAc 50:1); [a]=�10.0 (c=0.70 in CHCl3);
1H NMR (300 MHz, CD3CN, 25 8C): d=0.94 (t, J=7.4 Hz, 3 H), 1.78 (m,
2H), 4.10 (m, 1 H), 4.53 (d, J=5.0 Hz, 2 H), 5.18 (dd, J=1.4, 10.5 Hz,
1H), 5.29 (d, J=17.3 Hz, 1H), 5.90 (m, 1H), 6.02 (d, J=7.0 Hz, 1 H),
9.61 ppm (s, 1H); 13C NMR (75 MHz, CD3CN, 25 8C): d=10.5, 25.7, 56.1,
66.3, 118.3, 134.2, 157.4, 174.9 ppm; FT-IR (thin film): ñ=3323, 3085,
2973, 2882, 1718, 1533, 1235 cm�1; MS (HRESI-MS) calcd for
[C8H12NO4]


� : 186.0764; found: 186.0771.


Ester 4 : Boc-l-Thr-OAll (0.95 g, 3.66 mmol) was dissolved in CH2Cl2


(15 mL), and Troc-l-Phg-OH (1.32 g, 4.03 mmol) was added. The system
was cooled to �30 8C, and DIC (0.63 mL, 4.03 mmol) was injected, fol-
lowed by DMAP (4.5 mg, 0.0366 mmol). The reaction mixture was main-
tained between �30 and �20 8C under an atmosphere of N2 for 2 h, dilut-
ed with Et2O, and quenched with aq HCl (0.1m). The mixture was ex-
tracted with aq HCl (0.1m, î 2), saturated aq NaHCO3 (î 2), and H2O (î
1). The organic layer was collected and concentrated. The crude residue
was purified by chromatography on silica gel (2.3:1 hexanes/Et2O) to
give 4 as a solid (1.98 g, 95%) that was homogeneous by TLC analysis.
Rf=0.58 (hexanes/Et2O 1:1); [a]=++43.9 (c=0.62 in CHCl3); 1H NMR
(300 MHz, CDCl3, 25 8C): d=1.16 (d, J=6.5 Hz, 3H), 1.45 (s, 9H), 4.48
(dd, J=2.5, 9.5 Hz, 1 H), 4.61 (d, J=6.0 Hz, 2 H), 4.68 (d, J=12.0 Hz,
1H), 4.76 (d, J=12.2 Hz, 1H), 5.25 (m, 4H), 5.48 (m, 1 H), 5.85 (m, 1 H),
5.98 (d, J=7.1 Hz, 1 H), 7.36 ppm (m, 5H); 13C NMR (75 MHz, CDCl3,
25 8C): d=16.4, 28.4, 57.2, 58.3, 66.7, 72.8, 74.9, 80.6, 95.4, 119.5, 127.3,
129.1, 129.3, 131.5, 135.7, 153.7, 155.9, 169.4, 169.7 ppm; FT-IR (thin
film): ñ=3336, 2980, 1746, 1720, 1508 cm�1; MS (HRESI-MS) calcd for
[C23H29Cl3N2O8+Na]+ : 589.0887; found: 589.0867.


Amine 5 : Ester 4 (1.8 g, 3.17 mmol) was dissolved in AcOH (5 mL) and
zinc dust (2 g) was added. The reaction mixture was stirred at room tem-
perature for 1 h, after which additional AcOH (1.5 mL) and zinc dust
(2 g) were added. The mixture was stirred at room temperature for an-
other hour and purified by chromatography on silica gel (10:1 Et2O/
EtOAc) affording 5 as a solid (1.1 g, 88 %) that was homogeneous by
TLC analysis. Rf=0.52 (Et2O/MeOH 20:1); [a]=++66.7 (c=0.75 in
CHCl3); 1H NMR (300 MHz, CD3CN, 25 8C): d=1.11 (d, J=6.4 Hz, 3H),
1.42 (s, 9 H), 1.95 (s, 2 H), 4.42 (dd, J=2.3, 9.5 Hz, 1 H), 4.54 (m, 2H),
4.75 (s, 1 H), 5.20 (dd, J=1.1,10.4 Hz, 1H), 5.30 (ddd, J=1.5, 3.1,
17.4 Hz, 1H), 5.40 (m, 1 H), 5.86 (m, 1H), 5.89 (d, J=10.5 Hz, 1H),
7.38 ppm (m, 5 H); 13C NMR (75 MHz, CDCl3, 25 8C): d=17.0, 28.4, 57.1,
58.4, 66.8, 73.1, 80.4, 119.1, 127.3, 129.3, 129.4, 131.8, 136.9, 156.3, 170.9,
171.0 ppm; FT-IR (thin film): ñ=3313, 2981, 2936, 1745, 1716, 1506 cm�1;
MS (HRESI-MS) calcd for [C20H28N2O6+Na]+: 415.1845; found:
415.1837.


Resin-bound dipeptide 6 : Imidazole (0.30 g, 4.43 mmol) was dissolved in
CH2Cl2 (4.0 mL) and diisopropyldichlorosilane (0.16 mL, 0.89 mmol) was
injected dropwise. The mixture was stirred at room temperature under an
atmosphere of N2 for 5 min, and a solution of alcohol 3 (0.375 g,
0.885 mmol) in CH2Cl2 (3.0 mL) was added slowly dropwise over 15 min
with a canula. The mixture was stirred at room temperature under an at-
mosphere of N2 for 30 min, followed by addition of the hydroxymethyl
polystyrene resin (0.65 g, 0.65 mmol). The mixture was agitated at room
temperature for 48 h, drained, and washed with MeOH (20 mL), CH2Cl2


(20 mL), and Et2O (20 mL). The resin was dried under vacuum and sub-
jected to Fmoc quantitation. The loading level was determined to be
0.50 mmol g�1. The resin was then treated with a solution of 30% piperi-
dine in CH2Cl2 (20 mL) for 30 min, drained, and washed with CH2Cl2


(20 mL), MeCN (20 mL), and again with CH2Cl2 (20 mL). The resin was
dried under vacuum and treated with Alloc-l-MePhe-OH (0.70 g,
2.66 mmol), a solution of HOAt in DMF (0.5m, 10 mL, 5.0 mmol), DIC
(0.78 mL, 5.0 mmol), and 2,6-lutidine (1.16 mL, 10.0 mmol). The mixture
was agitated for 48 h at room temperature, drained, and washed with
CH2Cl2 (20 mL), MeOH (20 mL), MeCN (20 mL), and again with
CH2Cl2 (20 mL). The resin was dried under vacuum.


Resin-bound tetrapeptide 7: The resin-bound dipeptide 6 was suspended
in a 5 % solution of AcOH in CH2Cl2 (10.0 mL) and treated with tributyl-


tin hydride (1.43 mL, 5.31 mmol) and tetrakis(triphenylphosphine)palla-
dium(o) (100 mg, 0.087 mmol). The mixture was agitated at room temper-
ature in the dark for 3 h, drained, and washed with CH2Cl2 (20 mL),
MeCN (20 mL), and again with CH2Cl2 (20 mL). The resin was dried
under vacuum and treated with Fmoc-l-Pro-OH (0.90 g, 2.66 mmol), a
solution of HOAt in DMF (0.5m, 10 mL, 5.0 mmol), DIC (0.78 mL,
5.0 mmol), and 2,6-lutidine (1.16 mL, 10.0 mmol). The mixture was agitat-
ed for 48 h at room temperature, drained, and washed with CH2Cl2


(20 mL), MeOH (20 mL), MeCN (20 mL), and again with CH2Cl2


(20 mL). The same coupling protocol was repeated again twice, after
which the resin was washed and dried under vacuum. The resin was then
treated with a solution of 30% piperidine in CH2Cl2 (20 mL) for 30 min,
drained, and washed with CH2Cl2 (20 mL), MeCN (20 mL), and again
with CH2Cl2 (20 mL). The resin was dried under vacuum, suspended in
CH2Cl2 (5.0 mL), and treated with a solution of Alloc-d-Abu-OH in
CH2Cl2 (0.48m, 5.5 mL, 2.66 mmol), PyAOP (2.6 g, 5.0 mmol), and 2,6-lu-
tidine (1.16 mL, 10.0 mmol). The mixture was agitated for 24 h at room
temperature, drained, and washed with CH2Cl2 (20 mL), MeOH (20 mL),
MeCN (20 mL), and again with CH2Cl2 (20 mL). The resin was dried
under vacuum.


Resin-bound linear hexapeptide 8 : The resin-bound tetrapeptide 7 was
suspended in CH2Cl2 (4.5 mL) and treated with 2,6-lutidine (4.0 mL,
34.5 mmol) and TMS-OTf (3.0 mL, 16.6 mmol). The mixture was agitated
at room temperature for 5 h, drained, and washed with CH2Cl2 (20 mL),
MeOH (20 mL), MeCN (20 mL), and again with CH2Cl2 (20 mL). The
resin was suspended in MeOH (10 mL) and agitated at room tempera-
ture for 20 min, after which it was drained and washed with CH2Cl2


(20 mL), MeOH (20 mL), MeCN (20 mL), and again with CH2Cl2


(20 mL). The resin was dried under vacuum, suspended in a solution of
HOAt in DMF (0.5m, 10 mL, 5.0 mmol), and treated with amine 5
(0.69 g 1.77 mmol), DIC (0.78 mL, 5.0 mmol), and 2,6-lutidine (1.16 mL,
10.0 mmol). The mixture was agitated for 6 h at room temperature,
drained, and washed with CH2Cl2 (20 mL), MeOH (20 mL), MeCN
(20 mL), and again with CH2Cl2 (20 mL). The resin was dried under
vacuum.


Resin-bound cyclic hexapeptide 9 : The resin-bound linear hexapeptide 8
(690 mg, 0.226 mmol, based on 0.5 mmol g�1 initial loading and subse-
quent weight increase of the resin) was placed into a 10 mL polypro-
pylene poly-prep chromatography column. The resin was suspended in
CH2Cl2 (6.0 mL), treated with phenylsilane (2.0 mL, 16.2 mmol), H2O
(100 mL), and tetrakis(triphenylphosphine)palladium(o) (100 mg,
0.087 mmol). The mixture was agitated at room temperature in the dark
for 5 h, drained, and washed with CH2Cl2 (20 mL), MeOH (20 mL),
MeCN (20 mL), and again with CH2Cl2 (20 mL). The resin was dried
under vacuum, resuspended in CH2Cl2 (8.0 mL), and treated with
PyAOP (0.50 g, 0.96 mmol), and 2,6-lutidine (1.0 mL, 8.61 mmol). The
mixture was agitated for 48 h at room temperature, drained, and washed
with CH2Cl2 (20 mL), MeOH (20 mL), MeCN (20 mL), and again with
CH2Cl2 (20 mL). The resin was dried under vacuum. All the subsequent
reactions through the completion of the synthesis were conducted in the
same poly-prep chromatography column.


Resin-bound acylated macrocycle 10 : The resin-bound cyclic hexapeptide
9 was suspended in CH2Cl2 (4.0 mL) and treated with 2,6-lutidine
(3.0 mL, 25.8 mmol) and TMS-OTf (2.0 mL, 11.1 mmol). The mixture
was agitated at room temperature for 2 h and then for 25 min at 4 8C.
The resin was washed with precooled-to-4 8C THF (20 mL), immediately
suspended in precooled-to-4 8C THF (6.0 mL), and treated with 3-hy-
droxypicolinic acid (0.20 g, 1.44 mmol), PyAOP (0.50 g, 0.96 mmol), and
2,6-lutidine (0.60 mL, 5.17 mmol). The mixture was agitated at 4 8C for
4 h and then for 10 h at room temperature. The resin was drained and
washed with CH2Cl2 (20 mL), MeOH (20 mL), THF (20 mL), DMF
(20 mL), MeCN (20 mL), and again with CH2Cl2 (20 mL). The resin was
dried under vacuum.


Dihydrovirginiamycin S1: The resin-bound macrocycle 10 was suspended
in THF (7.0 mL) and treated with HF/pyridine (1.0 mL). The resin was
agitated at room temperature for 1 h. The resin was drained and washed
with THF (20 mL), methoxytrimethylsilane (20.0 mL, 145.64 mmol),
CH2Cl2 (20 mL), MeOH (20 mL), MeCN (20 mL), and again with
CH2Cl2 (20 mL). All the washes were combined with the original filtrate,
stirred at room temperature for 1 h and, concentrated. The residual
amount of pyridine was removed under vacuum. The product was puri-
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fied by chromatography on silica gel (25:1 CH2Cl2/MeOH) to give dihy-
drovirginiamycin S1 (28 mg, 15%) as a solid that was homogeneous by
TLC analysis. Rf=0.32 (CH2Cl2/MeOH 20:1); [a]=�4.4 (c=0.54 in
CHCl3); 1H NMR (500 MHz, CDCl3, 25 8C): d=0.33 (dt, J=11.6, 5.1 Hz,
1H; 5b2), 0.92 (t, J=7.3 Hz, 3 H; 2g), 1.25 (m, 1 H; 5d2), 1.14 (m, 1 H;
3b1), 1.33 (d, J=6.5 Hz, 3H; 1g), 1.31 (m, 1 H; 3g2), 1.33 (d, J=6.5 Hz;
3H; 1g), 1.58 (m, 1H; 3g1), 1.67 (m, 1H; 2b2), 1.73 (m, 1H; 2b1), 1.90 (m,
1H; 5d1), 1.97 (m, 1H; 3b2), 2.38 (dd, J=12.3, 4.8 Hz, 1H; 5b1), 2.45 (dt,
J=13.4, 2.1 Hz, 1H; 5e2), 3.11 (s, 3 H; 4N-Me), 3.13 (m, 1H; 4b2), 3.25
(dd, J=14.6, 8.6 Hz, 1 H; 4b1), 3.33 (q, J=7.5 Hz, 1 H; 3d2), 3.51 (m, 1 H;
3d1), 4.27 (m, 1H; 5g), 4.51 (t, J=6.7 Hz, 1 H; 3a), 4.60 (d, J=13.7 Hz,
1H; 5e1), 4.78 (q, J=7.4 Hz, 1H; 2a), 4.85 (dd, J=9.6, 1.2 Hz, 1H; 1a),
5.12 (m, 1H; 5a), 5.43 (t, J=8.1 Hz, 1H; 4a), 5.61 (d, J=7.8 Hz, 1 H;
6a), 5.89 (dq, J=6.7, 1.2 Hz, 1H; 1b), 6.60 (d, J=9.3 Hz, 1H; 2NH), 7.10
(m, 2H; aromatic), 7.17 (dd, J=8.5, 4.3 Hz, 1H; 1’H5), 7.29 (m, 9H; aro-
matic), 7.70 (dd, J=4.4, 1.1 Hz, 1 H; 1’H6), 8.38 (d, J=9.5 Hz, 1 H;
1’NH), 8.58 (d, J=7.9 Hz, 1H; 6 NH), 11.67 ppm (s, 1H; 1’OH);
13C NMR (125 MHz, CDCl3, 25 8C): d=10.3, 16.7, 25.0, 25.3, 27.9, 31.0,
34.0, 35.5, 35.6, 38.1, 47.9, 51.8, 52.1, 56.3, 56.9, 57.7, 57.8, 65.0, 71.5,
127.0, 127.6, 128.2, 128.4, 129.0, 129.1, 129.3, 130.5, 135.7, 136.2, 139.9,
158.6, 167.6, 168.8, 169.7, 170.3, 170.5, 171.4, 173.0 ppm; FT-IR (thin
film): ñ=3344, 3272, 2958, 2917, 2851, 1739, 1675, 1628, 1517, 1448 cm�1;
MS (HRESI-MS) calcd for [C43H51N7O10+Na]+ : 848.3595; found:
848.3575.
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A New Phototransformation of Methoxycarbonyl-Substituted (E,Z,E)-1,3,5-
Hexatrienes: Easy Access to Ring-Annelated 8-Oxabicyclo[3.2.1]octa-2,6-
diene Derivatives


Regina von Essen,[a] Paultheo von Zezschwitz,[a] Denis Vidovic¬,[b] and
Armin de Meijere*[a]


Introduction


Palladium-catalyzed cross-coupling reactions often proceed
in excellent yields, even when performed with oligohalo-
alkene and -arene derivatives.[1] Using this Heck methodolo-
gy, alkenylations on 1,2-difunctionalized cycloalkenes give
rise to 1,3,5-hexatrienes with a central cycloalkene skeleton,


which are valuable intermediates for the synthesis of a
broad spectrum of cyclic and bicyclic compounds.[2] Symmet-
rical (E,Z,E)-1,3,5-hexatrienes with two alkoxycarbonyl or
phenyl substituents in the 1,6-position can be obtained by
twofold Heck reaction of 1,2-dibromocycloalkenes with
acrylates or styrene and afford ring-annelated cyclohexa-
dienes after subsequent thermal 6p-electrocyclization.[2a] In
addition, these hexatrienes can be utilized to prepare inter-
esting bicyclic b-amino acids,[2b] strained 1,6-oxygen bridged
cyclodeca-1,5-dienes[2c] as well as highly functionalized cy-
clodecenones and cycloundecenones.[2d] The preparation of
unsymmetrical 1,3,5-hexatrienes by stepwise Heck reaction
with two different alkenes turned out to be difficult even by
using cycloalkenes with two leaving groups of different reac-
tivity in the 1,2-positions.[2a,e] Towards this goal it is advanta-
geous to first perform a cross-coupling reaction with alke-
nylstannanes–a so-called Stille reaction–on 2-bromocy-
cloalk-1-enyl triflates which occurs chemoselectively at the


[a] Dipl. Chem. R. von Essen, Dr. P. von Zezschwitz,
Prof. Dr. A. de Meijere
Institut f¸r Organische und Biomolekulare Chemie
der Georg-August-Universit‰t Gˆttingen
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[b] Dipl. Chem. D. Vidovic¬
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Abstract: On attempting photochemi-
cally induced electrocyclizations of the
previously reported 1,6-bismethoxycar-
bonyl- or 1,6-bistrimethylsilyl-substitut-
ed ring-attached (E,Z,E)-1,3,5-hexa-
trienes 4b, 4c and 5b, 5c, equilibrium
mixtures of the starting materials and
their diastereomers, the corresponding
(E,Z,Z)-hexatrienes 4b, 4c and 5b, 5c
were obtained. The desired trans-disub-
stituted ring-annelated cyclohexadienes
9b and 10b were formed by subse-
quent thermal 6p-electrocyclization of
the (E,Z,Z)-hexatrienes 4b and 5b in
good yields (77±83%). Upon treating
the bissilyl-substituted hexatrienes
(E,Z,E)-5c or (E,Z,Z)-5c under the
same conditions, 6p-electrocyclizations
did occur, but the primary products im-
mediately isomerized to a large extent,


and mixtures of the cyclohexane-anne-
lated cyclohexadienes 10c±12c along
with the dehydrogenation products 13,
14c were formed. When the bismethoxy-
carbonyl-substituted hexatriene (E,Z,E)-
5b was irradiated for an extended
period of time (4.5 h), the gradual for-
mation of the oxabicyclo[3.2.1]octa-2,6-
diene 17b by a formal intramolecular
hetero-Diels±Alder reaction was ob-
served and 17b could be isolated in up
to 69% yield. To explore the scope of
this new photochemical reaction, the
new ring-attached (E,Z,E)-hexatrienes


4a, 5a and 6b were synthesized by
twofold Heck reactions from 1,2-dibro-
mocycloalkenes 1±3 (59±66%). While
irridiation of the cyclopentene-attached
1,3,5-hexatrienes only led to decompo-
sition, the cyclohexene- and cyclohep-
tene-attached hexatrienes gave the
hetero-Diels±Alder products or other
photoproducts depending on the size of
the cycloalkene moiety and the nature
of the alkoxycarbonyl substituents at
the vinyl termini. The photoreaction
products 17b and 18b which are bicy-
clic acetals, underwent cleavage upon
treatment with a Lewis acid such as
Me3SiOTf to give the ring-annelated
methoxycarbonyl-substituted tropone-
carboxylates 21b and 22b.


Keywords: cycloaddition ¥ Diels±
Alder reaction ¥ electrocyclic reac-
tion ¥ Heck reaction ¥
photochemistry
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site of the triflate leaving group and then a Heck reaction
on the resulting 2-bromo-1,3-butadienes.[2f, g] This sequence
can be performed in a one-pot procedure, and its products
can be transformed to yet another wide range of interesting
cyclic skeletons. Moreover, it was shown that 1,6-bissilyl-
(E,Z,E)-1,3,5-hexatrienes are obtained by twofold Heck re-
actions of 1,2-diiodocycloalkenes with alkenylsilanes, but
unlike their counterparts with electron-withdrawing sub-
stituents–for example alkoxycarbonyl or phenyl groups–
these compounds failed to undergo thermal 6p-electrocycli-
zations.[2a] This behavior was attributed to the steric demand
of the two silyl groups which would have to end up cis with
respect to each other on the cyclohexadiene moiety of the
products due to the disrotatory ring closure under thermal
conditions. This triggered our interest in the photochemical
behavior of such 1,3,5-hexatrienes as, according to the
Woodward±Hoffmann rules, their photochemical 6p-electro-
cyclization would occur conrotatorily[3] and lead to trans-5,6-
disubstituted cyclohexadienes in which the steric interfer-
ence between the silyl groups would be much smaller.
Photochemical conversions of 1,3,5-hexatrienes have been


thoroughly investigated, mostly because the reverse reac-
tion, the photochemical ring
opening of a cyclohexa-1,3-
diene to a 1,3,5-hexatriene, is
the key step in the biogenesis
of vitamin D.[4] According to
the concept of ground state
conformational control, the out-
come of a photolysis of a 1,3,5-
hexatriene with a (Z)-config-
ured central double bond
strongly depends on the pre-
dominant conformation of the
starting material.[5] For the pho-
tochemical 6p-electrocycliza-
tion to occur, the starting 1,3,5-
hexatrienes must adopt an s-cis,s-cis conformation and be-
sides the expected cyclohexadienes, 3-vinylcyclobut-1-ene
derivatives can be formed. 1,3,5-Hexatrienes with predomi-
nant s-cis,s-trans conformation upon irradiation, preferen-
tially produce 3-vinylcyclobut-1-ene, bicyclo[3.1.0]hex-2-ene
and 1,2,4-hexatriene derivatives. Finally, in photochemical
conversions of open-chain 1,3,5-hexatrienes with an s-
trans,s-trans conformation the (Z/E)-isomerization of the
central double bond is favored. The steric constraints in the
ring-attached 1,6-disubstituted (E,Z,E)-1,3,5-hexatrienes 4
and 5 would render a (Z/E)-isomerization of the central
double bond improbable and further favor an s-trans,s-trans
major conformation. This assumption is backed by the ap-
pearance of their UV/Vis spectra. The main absorption max-
imum shows up at approximately 290 nm for the bissilyl-,
320 nm for the bisalkoxycarbonyl- and 360 nm for the di-
phenyl-substituted hexatrienes and each is accompanied by
shoulders at slightly higher and slightly lower wavelengths.
These spectral data are characteristic for 1,3,5-hexatrienes
with a predominant s-trans,s-trans conformation.[5d]


Results and Discussion


In addition to the previously published (E,Z,E)-hexatrienes
4b±d, 5b±d and 6d the new ethoxycarbonyl-substituted ana-
logues 4a, 5a as well as the cycloheptene-derived triene 6b,
were prepared. The (E,Z,E)-hexatrienes 4a and 5a with
ethoxycarbonyl substituents were synthesized according to
the established protocol (Scheme 1 and Table 1, entries
1,2).[2a] The twofold Heck reaction of ethyl acrylate with


dibromocyclopentene 1 and dibromocyclohexene 2 under
classical conditions, that is, with triphenylphosphane and
triethylamine as a soluble base, gave the desired products in
59 and 62%, respectively, isolated yield. For the preparation
of the tert-butoxycarbonyl-substituted cycloheptene-derived
hexatriene 6d from 1,2-dibromocycloheptene (3)[2d] the
modified conditions according to Jeffery had turned out to
be better.[6] Indeed, the coupling of 3 with methyl acrylate
under classical conditions afforded the hexatriene 6b in a
poor yield, and the reduced monoalkenylation product 7
predominated (entry 3). Under Jeffery×s conditions, but with
added lithium chloride, the formation of 7 was suppressed
but the chlorodienecarboxylate 8 was formed in a considera-
ble amount (entry 4), probably by a palladium-catalyzed
bromine-chlorine[7] exchange due to the added lithium chlo-
ride. When the same reaction was run without lithium chlo-
ride, the yield of the hexatriene 6b was not any better
(28%), and the conversion less complete due to a premature
precipitation of palladium black (entry 5). But with
[Pd2(dba)3]¥CHCl3 instead of [Pd(OAc)2] as a precatalyst,
the yield of the desired hexatriene 6b went up to 66%
(entry 6).


Scheme 1. Heck reaction of 1,2-dibromocycloalkenes 1±3 with acrylates.
For details see Table 1.


Table 1. Twofold Heck reaction of 1,2-dibromocycloalkenes 1±3 with acrylates.


Entry Starting (E,Z,E)- Conditions t T Yield[a] [%]
material Hexa- [h] [8C] starting Hexa-


triene material triene


1 1 4a A 24 100 ± 59
2 2 5a A 24 100 ± 62
3 3 6b A 16 100 ± 14[b]


4 3 6b B 8 90 20 30[c]


5 3 6b C 7 90 38 28
6 3 6b D 7 90 ± 66


A: [Pd(OAc)2], PPh3, NEt3, DMF. B: [Pd(OAc)2], (nBu)4NBr, LiCl, K2CO3, DMF. C: [Pd(OAc)2], (nBu)4NBr,
K2CO3, DMF. D: [Pd2(dba)3]¥CHCl3, (nBu)4NBr, K2CO3, DMF. [a] Isolated yields. [b] In addition 26% of the
diene 7 was isolated. [c] In addition 8% of the chlorodienecarboxylate 8 was isolated.
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Upon irradiation of the 1,6-bissilyl-(E,Z,E)-1,3,5-hexa-
triene 4c with a cyclopentene moiety in anhydrous deoxy-
genated diethyl ether or pentane with a 150 W medium
pressure mercury lamp covered with a Pyrex glass filter, no
electrocyclization took place, but (E)- to (Z)-isomerization
of one of the exocyclic double bonds, as monitored by
1H NMR spectroscopy. After 90 min, the ratio of the starting
material (E,Z,E)-4c and the newly formed (E,Z,Z)-hexa-
triene 4c had reached 44:56 (Scheme 2, Table 2, entry 1).


Prolonged irradiation did not change this ratio significantly.
When a more concentrated (2.5 fold) solution was irradiated
for 3 h, the ratio of (E,Z,E)-4c/(E,Z,Z)-4c in the isolated
crude product (98% of the initial amount) was 52:48
(entry 2). Upon attempted separation by column chromatog-
raphy on silica gel, the composition shifted to a ratio of
72:28 (71% of the initial amount) indicating that part of the
(E,Z,Z)-isomer 4c decomposed under these conditions. The
analogous hexatriene (E,Z,E)-5c with a cyclohexene moiety
also underwent photochemically induced (E/Z)-isomeriza-
tion (entry 3). In this case the conversion to the (E,Z,Z)-
isomer 5c was even higher with a ratio 8:92 of the starting


material (E,Z,E)-5c and the isomer (E,Z,Z)-5c after 2 h. In
addition, trace amounts of two other products were detect-
ed, but according to their signals in the 1H NMR spectrum
none of them was the expected cyclohexadiene. Attempts to
separate this mixture also failed, but unlike the (E,Z,Z)-
isomer 4c, the homologous (E,Z,Z)-isomer 5c was stable on
silica gel. Upon significantly extended irradiation (19 h)
complete decomposition was observed (entry 4).
The irradiation of the methoxycarbonyl-substituted hexa-


trienes (E,Z,E)-4b and (E,Z,E)-5b led to similar results. In
the case of the cyclopentene derivative 4b a maximum ratio
of 68:32 for (E,Z,E)-4b/(E,Z,Z)-4b was detected. These
two isomers could be separated by column chromatography,
and the isolated yields, 51% (E,Z,E)-4b and 24% (E,Z,Z)-
4b, reflect the equilibrium ratio of the reaction mixture
(entry 6). Longer reaction times just led to decomposition
(entry 5). Irridiation of the cyclopentene-derived hexa-
trienes (E,Z,E)-4a and (E,Z,E)-4d also only led to decom-
position of the starting material (entries 8, 9). In the case of


the homologous cyclohexene
derivative 5b, a very fast (E/Z)-
isomerization occurred, and
after 42 min a 33:67 mixture of
(E,Z,E)-5b and (E,Z,Z)-5b
had formed from which the
starting material (E,Z,E)-5b
was isolated by column chro-
matography in 25% and its
isomer (E,Z,Z)-5b in 51%
yield (entry 7). Altogether, the
intended photochemical 6p-
electrocyclization was never
observed.
However, a sequence of pho-


tochemical (E/Z)-isomerization
to form (E,Z,Z)-hexatrienes
and their subsequent thermal
disrotatory 6p-electrocycliza-
tion should furnish the same
products as a direct photo-
chemical conrotatory cycliza-
tion. Indeed, upon heating the
methoxycarbonyl-substituted
(E,Z,Z)-hexatrienes 4b and 5b
at 215 8C for 60±90 min in de-
oxygenated decalin in a sealed
Pyrex bottle, they smoothly un-


derwent 6p-electrocyclization to give the trans-disubstituted
cyclohexadienes 9b and 10b in 77 and 83% yield, respec-
tively (Scheme 3).


Scheme 2. (E/Z)-Isomerization of 4 and 5. For details see Table 2.


Table 2. Photochemical (E)- to (Z)-isomerization of silyl- and methoxycarbonyl-substituted (E,Z,E)-1,3,5-hex-
atrienes.


Entry Hexatriene Scale Solvent t Ratio[a] Yield[b]


[mmol] [mL] [h] (E,Z,E)/(E,Z,Z) [%]


1 4c 0.20 Et2O 0.5 55:45 ±
60 1.5 44:56 ±


2.5 43 :57 ±
2 4c 0.50 Et2O 3 52:48 ±


60 72:28[d] 71
3 5c 1.00 pentane 1 26:74 ±


55 2 8 :92 97
4 5c 1.00 pentane 3 8:92 ±


55 19 decomposition
5 4b 0.22 Et2O 0.3 81:19 ±


60 1.2 68 :32 ±
3.2 66:34 ±
6.5 decomposition


6 4b 0.22 Et2O 2 51/24[e]


60
7 5b 0.50 Et2O 0.7 33:67 25/51[e]


60
8 4a 0.20 Et2O 2 decomposition


60
9 4d 0.17 Et2O 1 decomposition


60


[a] Determined by 1H NMR spectroscopy of small samples of the reaction mixture; ratios in bold indicate
equilibrium composition. [b] Isolated yields after column chromatography. [c] Not isolated. [d] Ratio after
column chromatography. [e] Isolated yields of (E,Z,E)- and (E,Z,Z)-isomers.


Scheme 3. Thermal electrocyclization of (E,Z,Z)-4b and (E,Z,Z)-5b.
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Under these conditions, the 1,6-bissilyl-(E,Z,Z)-hexa-
triene 5c gave a mixture of six-ring-annelated cyclohexa-
dienes which consisted mainly of the non-conjugated isomer
11c (>95%) and only traces of the expected product trans-
10c and a third isomer 12c (Scheme 4 and Table 3, entry 1).
After column chromatography on silica gel, the same mix-
ture of isomeric cyclohexadienes was isolated in 54% yield
and a small amount (7%) of the two tetralin derivatives 13
and 14c, apparently formed by dehydrosilylation and dehy-
drogenation (oxidation), respectively. The bicyclic structure
of all of the initial products was proven by treatment of the
mixture with DDQ as an oxidant and subsequently with p-
toluenesulfonic acid for protiodesilylation to yield tetrahy-
dronaphthalene as the single product. When (E,Z,Z)-5c was
heated in xylene at 150 8C with NMR monitoring it became
clear that the original 6p-electrocyclization product, the cy-
clohexadiene trans-10c is formed initially and then under-
goes isomerization to 11c and 12c by formal 1,3- and 1,5-hy-
drogen shift, respectively. Encouraged by these results the
cylization of the isomeric (E,Z,E)-hexatriene 5c was rein-
vestigated, and indeed cyclization could be observed
(entry 2). But again the product was not the expected cyclo-
hexadiene cis-10c with cis-relationship of the silyl substitu-
ents. Instead, the isomer 12c was the main product, accom-
panied by traces of the non-conjugated isomer 11c. It is ob-
vious that the primary cyclization product cis-10c would be
destabilized by the steric interaction of the two silyl groups
to such an extent that it would immediately undergo a ther-
mally allowed 1,5-hydride shift to yield 12c, but it is not un-
derstood, why the sterically far less congested trans-10c, the
initial product from (E,Z,Z)-5c, would undergo a thermally
forbidden 1,3-hydride shift under the same conditions.


When the bismethoxycarbonyl-(E,Z,E)-hexatriene 5b was
irradiated for a relatively short time (42 min), only the
(E/Z)-isomerization of one of the exocyclic double bonds


was observed (see above). But upon extended irradiation,
the gradual formation of another product was observed
(Scheme 5 and Table 4, entry 1). After 4.5 h, the hexatriene
(E,Z,E)-5b had been completely converted into the new
product 17b. The same reaction took place in benzene, but
more slowly (entry 2). The structural assignment of 17b as a
six-ring-annelated 8-oxabicyclo[3.2.1]octa-2,6-diene deriva-
tive was ensured by extensive one- and two-dimensional
NMR experiments and was later rigorously proven by the
crystal structure of an analogous derivative (see below,
Figure 1). Formally, the tricycle 17b arises from an intramo-


lecular hetero-Diels±Alder reaction, in which the carbonyl
group of one of the acrylate functions acts as a dienophile
which adds across the distal diene unit of the triene system.
According to the Woodward±Hoffmann rules[3] this photo-
chemical [4+2] cycloaddition cannot be a concerted reac-
tion. Most probably, the triplet excited state of the molecule
after (E/Z)-isomerization reacts as a 1,2-diradical on the car-
bonyl group. Due to its dipolar nature, this carbonyl then at-
tacks the acceptor-substituted diene moiety in a 5-exo-trig
mode to form the well stabilized diradical intermediate 16b
which finally undergoes a diastereoselective ring closure to
yield 17b. From the unsymmetrical (E,Z,E)-hexatriene 5e,
prepared along a sequence of Wittig-Horner-Emmons olefi-
nation of 2-bromocyclohexene-1-carbaldeyde and subse-
quent Heck coupling,[2a] the six-ring-annelated 4-cyano-8-oxa-


bicyclo[3.2.1]octa-2,6-diene 17e
was formed upon irradiation as
the sole product, albeit in only
28% yield (Scheme 5 and
Table 4, entry 3). However, re-
crystallization of 17e from
hexane/dichloromethane fur-
nished crystals suitable for an
X-ray structure analysis which
ultimately established the rela-
tive configuration at C-8 and
C-9 (Figure 1).[8]


Irradiation of the cycloheptene-derived hexatriene
(E,Z,E)-6b led to a very fast formation within 90 min of the
13-oxatricyclo[8.2.1.01,7]tridecadiene (18b), which was isolat-


Scheme 4. Thermal electrocyclization of (E,Z,E)-5c and (E,Z,Z)-5c. For


details see Table 3.


Table 3. Thermal electrocyclization of hexatrienes (E,Z,E)-5c and (E,Z,Z)-5c.


Entry Starting t Isolated fraction of Ratio[a]


material [h] start. amount [%] 11c 12c 10c 13/14c


1 (E,Z,Z)-5c 3 crude product: 72 >95 trace trace ±
after CC: 54 >95 trace trace ±
after CC: 7 ± ± ± 100


2 (E,Z,E)-5c 1 crude product: 95 trace >95 ± ±
after CC: 86 trace >95 ± ±
after CC: 7 ± ± ± 100


CC=column chromatography. [a] Determined by 1H NMR spectroscopy.


Figure 1. Structure of 17e in the crystal. C13H15NO2, monoclinic crystals
of space group P21/n, Z=4, cell dimensions a=12.366(3), b=7.7669(16),
c=12.509(3) ä, a=90, b=110.83(3), g=908, V=1122.9(4) ä3.
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ed in 60% yield (entry 4). When this transformation was
monitored by 1H NMR spectroscopy, the intermediate for-
mation of (E,Z,Z)-6b was observed as well.
Upon irradiation of the ethoxycarbonyl-substituted hexa-


triene (E,Z,E)-5a, complete conversion was achieved within
5 h (Scheme 6 and Table 5, entry 1). After column chroma-
tography, an inseparable 87:13 mixture of the 12-oxatricy-


clo[7.2.1.01,6]dodeca-6,10-diene (17a) and the tricy-
clo[4.4.0.01,3]dec-5-ene (19a) was isolated in 52% yield. The
irradiation of the corresponding tert-butoxycarbonyl-substi-
tuted hexatriene (E,Z,E)-5d also gave a mixture of the two
isomers 17d and 19d (entry 2), albeit in only 22% yield,
and 17d was the minor component. Finally, the tert-butoxy-
carbonyl-substituted triene (E,Z,E)-6d after 4 h of irradia-
tion furnished an inseparable 29:71 mixture of isomers 18d
and 20d in 30% isolated yield (entry 3).
These results show that the new photochemical transfor-


mation of cycloalkene-attached (E,Z,E)-1,3,5-hexatriene-
1,6-dicarboxylates to ring-annelated 8-oxabicyclo[3.2.1]octa-
2,6-diene derivatives competes with the already known


transformation to bicyclo[3.1.0]-
hex-2-ene derivatives.[5] In the
case of methoxycarbonyl-substi-
tuted substrates with a central
cyclohexene or cycloheptene
moiety, only the new transfor-
mation with (E/Z)-isomeriza-
tion and subsequent intramolec-
ular formal hetero-Diels±Alder
reaction takes place. With more
bulky alkoxycarbonyl groups at-
tached, the product formation
is shifting towards the bicy-
clo[3.1.0]hex-2-ene derivatives
19 and 20, respectively, which
according to literature prece-
dence, actually would be the ex-
pected products when the start-
ing hexatrienes would adopt an


s-cis,s-trans major conformation.[5] Along the same line, the
isolated yields of products decrease probably because a
larger fraction undergoes decomposition.
Essentially, this new phototransformation constitutes an


annelation of highly functionalized seven-membered rings
onto cyclohexenes or cycloheptenes, provided that the bicy-
clic acetal functionality can be cleaved. Attempted cleavage
of this functionality with Br˘nsted acids such as trifluoroace-
tic acid, oxalic acid or even diluted hydrochloric acid, which
are well known to cleave acetals,[9] either led to no conver-
sion or complete decomposition. However, Lewis acids
turned out to be more suitable. Thus, upon treatment of the
acetal 17b with titanium tetrachloride/lithium iodide[10] or
trimethylsilyl triflate, the six-ring-annelated troponecarboxy-
late 21b was formed, apparently by cleavage of the acetal
and subsequent dehydration in 30±33% yield (Scheme 7 and
Table 6, entries 1, 2). With trimethylsilyl triflate, the acetal
18b gave the seven-ring-annelated troponecarboxylate 22b


in 65% yield. Compounds 21b
and 22b represent the first ex-
amples of tropones with this
kind of substitution.
Interestingly, the 8-oxabicy-


clo[3.2.1]octa-2,6-diene frag-
ment created in these photo-
transformations also occurs as a
substructure in the known com-


Scheme 5. Photoreaction of the hexatriene (E,Z,E)-5 and proposed
mechanism. For details see Table 4.


Table 4. Photoreaction of the (E,Z,E)-hexatrienes 5b, 5e, 6b.


Entry Scale (E,Z,E)- Solvent t Product Ratio[a] Yield[b]


[mmol] Hexa- [mL] [min] (E,Z,E)/(E,Z,Z)/Product [%]
triene


1 0.25 5b Et2O 35 17b 18:71:11 ±
150 102 14:56:30 ±


272 0:0:100 69
2 0.22 5b benzene 120 17b 34:51:15 ±


60 320 19:30:51 ±[c]


3 0.20 5e Et2O 240 17e 0:0:100 28
60


4 0.19 6b Et2O 15 18b 48:36:16 ±
60 30 34:37:30 ±


60 17:22:61 ±
90 0:0:100 60


[a] Determined by 1H NMR spectroscopy of small aliquots of the reaction mixture. [b] Isolated yields after
column chromatography. [c] Not isolated.


Scheme 6. Photoreaction of the hexatrienes (E,Z,E)-5, 6. For details see
Table 5.


Table 5. Photoreaction of the hexatrienes (E,Z,E)-5a, 5d, 6d.


Entry Scale (E,Z,E)- t Products Ratio[a] Yield[b]


[mmol] Hexatriene [h] [%]


1 0.20 5a 5 17a, 19a 87:13 52
2 0.20 5d 3.5 17d, 19d 39:61 22
3 0.20 6d 4 18d, 20d 29:71 30


[a] Determined by 1H NMR spectroscopy of the isolated product. [b] Isolated yields after column chromatog-
raphy.
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pound oxycolchicine 24,[11] an oxidation product of the natu-
rally occurring colchicine 23. Colchicine is the principal al-
kaloid of the Autumn Crocus, and in view of its antimitotic
properties many total syntheses have been developed.[12]


Since the new photochemical formal hetero-Diels±Alder re-
action appeared to be a promising tool for yet another novel
access to this alkaloid and its derivatives, the benzocyclo-
heptadienebisacrylate 27 was studied as a model to probe
the feasibility of this approach.


The trienedicarboxylate 27 was prepared from bromoben-
zosuberone 25[13] via the bromoenol triflate 26 generated by
deprotonation with lithium hexamethyldisilazide (LiHMDS)
and trapping of the enolate with N-phenyltriflimide in 60%
yield (Scheme 8). The twofold Heck reaction of 26 with
methyl acrylate gave the hexatriene 27 in 51% isolated
yield along with a small amount of the reduced monoalke-
nylation product 28. Unfortunately, the irradiation of 27
under the usual conditions just furnished the two diastereo-
meric bicyclo[3.1.0]hex-2-ene derivatives 29 and 30 in 32
and 26% yield, respectively. The relative configuration of
the isomer 29 was rigorously proved by X-ray structure anal-
ysis (Figure 2),[8] and the structure of 30 was assigned by
one- and two-dimensional NMR experiments as well as by
comparison with the spectra of the isomer 29. Thus, the an-
nelated aromatic ring which distinguishes the hexatriene 27
from hexatriene (E,Z,E)-6b completely changes the selectiv-
ity of the phototransformation. Interestingly, though, the
transformation of 27 occurs with complete regioselectivity in
that only the acrylate adjacent to the annelated benzene
ring is involved.


Conclusion


1,6-Bisalkoxycarbonyl-substituted (E,Z,E)-1,3,5-hexatrienes
with a central cycloalkene moiety, prepared from 1,2-dibro-
mocycloalkenes or 2-bromocycloalkenol triflates by twofold
Heck reaction with an acrylate, are suitable starting materi-
als for fast and efficient annelations of both six- and seven-
membered rings onto the cycloalkene ring. While the ther-
mal disrotatory 6p-electrocyclization of this type of (E,Z,E)-
hexatrienes is known to give cyclohexadienes with cis-rela-
tionship of the substituents in the former 1,6-position,[2a] the
trans-configured compounds can be obtained by a sequence
of photochemical double bond isomerization to form
(E,Z,Z)-hexatrienes and their subsequent thermal disrotato-
ry 6p-electrocyclization. Photochemical conrotatory 6p-elec-
trocyclization was never observed, but after prolonged irra-
diation a formal hetero-Diels±Alder reaction took place to
give highly functionalized oxygen-brigded cycloheptadiene


Scheme 7. Acetal cleavage of the photo products 17b and 18b. For more
details see Table 6.


Table 6. Acetal cleavage of 17b and 18b.


Entry Acetal Product Conditions Yield
[%]


1 17b 21b TiCl4, LiI, Et2O, RT, 2.5 h 30
2 17b 21b Me3SiOTf, CH2Cl2, RT, 10 min 33
3 18b 22b Me3SiOTf, CH2Cl2, RT, 30 min 65


Figure 2. Structure of 29 in the crystal. C19H20O4, monoclinic crystals of
space group P21/c, Z=4, cell dimensions a=11.634(2), b=8.2145(16), c=
16.614(3) ä, a=90, b=98.39(3), g=908, V=1570.7(5) ä3.


Scheme 8. Synthesis and phototransformation of the hexatriene 27.
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derivatives. This new type of phototransformation probably
proceeds via diradical intermediates, it appears to be a
promising route to bicyclo[5.4.0]undecane and bicyclo[5.5.0]-
dodecane derivatives.


Experimental Section


General : 1H NMR: Bruker AM 250 (250 MHz) or Varian VXR 500S
(500 MHz). Chemical shifts in CDCl3 or C6D6 are reported as d values
relative to tetramethylsilane (d=0.00), chloroform (d=7.26) or [D5]ben-
zene (d=7.16) as internal reference unless stated otherwise. 13C NMR:
Varian Mercury 200 (50.3 MHz) or Bruker AW250 (62.9 MHz). Chemical
shifts in CDCl3 or C6D6 are reported as d values relative to chloroform
(d=77.0) or [D6]benzene (d=128.0); the multiplicity of the signals was
determined by the ATP (50.3 MHz) or DEPT (62.9 MHz) technique and
quoted as (+) for CH3 and CH groups, (�) for CH2 groups and (Cquat)
for quaternary carbon atoms. IR spectra: Bruker IFS 66. UV/Vis: Varian-
Cary 219 or Perkin±Elmer Lambda 2. Low-resolution EI mass spectra:
Finnigan MAT 95, ionizing voltage 70 eV. High-resolution mass spectra:
Finnigan MAT 95; preselected ion peak matching at R~10000 to be
within �2 ppm of the exact masses. Elemental analyses: Mikroanaly-
tisches Labor des Instituts f¸r Organische und Biomolekulare Chemie
der Universit‰t Gˆttingen, Germany. Melting points are uncorrected. Sol-
vents for extraction and chromatography were of technical grade and dis-
tilled before use. Flash chromatography: Merck Kieselgel 60 (200±
400 mesh). All reactions were carried out under dry nitrogen or argon in
oven- and/or flame-dried glassware. n-Butyllithium was titrated according
to the method of Suffert.[14] Ethyl ether, pentane, decalin and THF were
distilled from sodium. Dichloromethane, NEt3, DMF and hexamethyldisi-
lazane (HMDS) were distilled from CaH2. 1,2-Dibromocyclohexene
(2),[2a] 1,2-dibromocycloheptene (3),[15] 6-bromo-6,7,8,9-tetrahydrobenzo-
cyclohepten-5-one (25),[13] N-phenyltriflimide[16] and [Pd2(dba)3]¥CHCl3


[17]


were prepared according to literature procedures. 1,2-Dibromocyclopen-
tene (1) was prepared by the same method as 1,2-dibromocyclohexene
(2), but is also commercially available from Aldrich.


Methyl (E)-3-{2-[(E)-2-(methoxycarbonyl)ethenyl]-1-cyclopenten-1-yl}-
acrylate [(E,Z,E)-4b]:[2a,e] UV (dichloromethane): lmax (log e)=322 nm
(4.407), shoulder at 337 (2.107).


1,2-Bis[(E)-2-trimethylsilylethenyl]cyclopentene [(E,Z,E)-4c]:[2a] UV
(isooctane): lmax (loge)=211.8 (3.998), 293.7 nm (4.655), shoulders at
282.1 (4.525) and 307.2 (4.542).


tert-Butyl (E)-3-{2-[(E)-2-(tert-butoxycarbonyl)ethenyl]-1-cyclopenten-1-
yl}acrylate [(E,Z,E)-4d]:[2a] UV (acetonitrile): lmax (log e)=223.0 (3.930),
317.1 nm (4.080) shoulder at 331.0 (3.971).


Methyl (E)-3-{2-[(E)-2-(methoxycarbonyl)ethenyl]-1-cyclohexen-1-yl}-
acrylate [(E,Z,E)-5b]:[2b, e] UV (chloroform): lmax (loge)=317.5 nm
(4.474).


1,2-Bis[(E)-2-trimethylsilylethenyl]cyclohexene [(E,Z,E)-5c]:[2a] UV (iso-
octane): lmax (loge)=214.6 (3.958), 291.4 nm (4.513), shoulder at 281.0
(4.449).


tert-Butyl (E)-3-{2-[(E)-2-(tert-butoxycarbonyl)ethenyl]-1-cyclohexen-1-
yl}acrylate [(E,Z,E)-5d]:[2b] UV (acetonitrile): lmax (log e)=229.5 (4.153),
314.0 nm (4.434).


Methyl (E)-3-{2-[(E)-2-cyanoethenyl]-1-cyclohexen-1-yl}acrylate
[(E,Z,E)-5e]:[2a] UV (acetonitrile): lmax (loge)=227.0 (4.003), 310.0 nm
(4.291).


tert-Butyl (E)-3-{2-[(E)-2-(tert-butoxycarbonyl)ethenyl]-1-cyclohepten-1-
yl}acrylate [(E,Z,E)-6d]:[2d] UV (methanol): lmax (loge)=209.5 (3.826),
229.5 nm (3.679).


General procedure for the twofold Heck coupling of 1,2-dibromocycloal-
kenes 1±3 with acrylates (GP 1): In a Pyrex bottle containing a magnetic
stirring bar were placed [Pd(OAc)2] (0.18 g, 0.80 mmol, 4 mol% per Br),
PPh3 (0.53 g, 2.0 mmol) and the respective 1,2-dibromocycloalkene
(10 mmol). DMF (50 mL) was added and the resulting suspension was
purged with nitrogen in an ultrasonic bath for 10 min. To the stirred solu-
tion were added NEt3 (5.6 mL, 40 mmol) and the acrylate (50 mmol,
2.5 equiv per Br). The bottle was sealed with a screw cap and heated


with vigorous stirring for the stated time at the stated temperature. Then
the reaction mixture was cooled to room temperture and poured into
Et2O and H2O (200 mL each). The organic layer was washed with water
(3î50 mL) and the aqueous layer was extracted back with Et2O (50 mL).
The combined organic layers were dried over MgSO4, concentrated in
vacuo, and the residue was purified by CC on silica gel.


Ethyl (E)-3-{2-[(E)-2-(ethoxycarbonyl)ethenyl]-1-cyclopenten-1-yl}acry-
late [(E,Z,E)-4a]: 1,2-Dibromocyclopentene (1) (2.00 g, 8.85 mmol) was
treated with ethyl acrylate (4.44 g, 44.4 mmol) for 24 h at 100 8C accord-
ing to GP 1. After CC on silica gel (200 g, pentane/EtOAc 10:1), the hexa-
triene (E,Z,E)-4a was obtained as a colorless ductile oil (1.38 g, 59%).
Rf=0.42; IR (KBr): ñ=2980 (C�H), 2843, 1711 (C=O), 1613 (C=C),
1458, 1393, 1366, 1312, 1163, 1096, 1038, 972 (trans HC=CH), 854, 717,
631 cm�1; UV (acetonitrile): lmax (loge)=227.5 (4.135), 318.5 nm (4.518),
shoulder at 331.5 (4.434); 1H NMR (250 MHz, CDCl3): d=1.27 (t, J=
7.0 Hz, 6H, CO2CH2CH3), 1.92 (quin, J=7.7 Hz, 2H, 4’-H), 2.62 [t, J=
7.7 Hz, 4H, 3’(5’)-H], 4.20 (q, J=7.0 Hz, 4H, CO2CH2CH3), 5.87 [d, J=
15.6 Hz, 2H, 3(1’’)-H], 7.79 [d, J=15.6 Hz, 2H, 2(2’’)-H]; 13C NMR
(62.9 MHz, CDCl3): d=14.15 (+ , 2C, CO2CH2CH3), 21.13 (�, C-4’),
33.47 [�, 2C, C-3’(5’)], 60.38 (�, 2C, CO2CH2CH3), 121.03 [+ , 2C, C-
2(2’’)], 135.63 [+ , 2C, C-1’’(3)], 144.02 [Cquat, 2C, C-1’(2’)], 166.73 (Cquat,
2C, CO2CH2CH3); MS (70 eV): m/z (%): 264 (26) [M


+], 235 (3) [M +


�CH2CH3], 218 (57) [M +�CH2CH3OH], 206 (13) [M +�2CH2CH3], 191
(46) [M +�CO2CH2CH3], 172 (10) [M +�2CH2CH3OH], 163 (23), 145
(66) [M +�CO2CH2CH3�CH2CH3OH], 144 (9), 121 (25), 117 (100) [M +


�CO2CH2CH3�CH3CH2CO2H], 115 (20), 105 (7), 91 (48), 77 (12), 55
(8), 41 (8); elemental analysis calcd (%) for C15H20O4 (264.3): C 68.16, H
7.63; found C 67.98, H 7.36.


Ethyl (E)-3-{2-[(E)-2-(ethoxycarbonyl)ethenyl]-1-cyclohexen-1-yl}acry-
late [(E,Z,E)-5a]: 1,2-Dibromocyclohexene (2) (2.00 g, 8.33 mmol) was
treated with ethyl acrylate (4.15 g, 41.5 mmol) for 24 h at 100 8C accord-
ing to GP 1. After CC on silica gel (200 g, pentane/EtOAc 20:1), the hexa-
triene (E,Z,E)-5a was obtained as a colorless solid (1.43 g, 62%). M.p.
102±104 8C; Rf=0.47; IR (KBr): ñ=2984 (C�H), 2937 (C�H), 2863, 1707
(C=O), 1609 (C=C), 1456, 1396, 1370, 1269, 1238, 1164, 1044, 966 cm�1


(trans-HC=CH), 849; UV (acetonitrile): lmax (loge)=228.5 (4.063),
314.0 nm (4.310); 1H NMR (250 MHz, CDCl3): d=1.31 (t, J=7.1 Hz, 6H,
CO2CH2CH3), 1.68 [m, 4H, 4’(5’)-H], 2.34 [m, 4H, 3’(6’)-H], 4.23 (q, J=
7.1 Hz, 4H, CO2CH2CH3), 5.98 [d, J=15.5 Hz, 2H, 2(2’’)-H], 8.06 [d, J=
15.5 Hz, 2H, 1’’(3)-H]; 13C NMR (62.9 MHz, CDCl3): d=14.28 (+ , 2C,
CO2CH2CH3), 21.79 [�, 2C, C-4’(5’)], 26.62 [�, 2C, C-3’(6’)], 60.48 (�,
2C, CO2CH2CH3), 119.00 [+ , 2C, C-2(2’’)], 137.95 [Cquat, 2C, C-1’(2’)],
139.91 [+ , 2C, C-1’’(3)], 167.14 (Cquat, 2C, CO2CH2CH3); MS (70 eV):
m/z (%): 278 (14) [M +], 248 (9) [M +�CH3CH3], 232 (33) [M +


�CH2CH3OH], 220 (24), 205 (100) [M +�CO2CH2CH3], 204 (67) [M +


�CH3CH2CO2H], 186 (12), 177 (26), 175 (30) [M +


�CO2CH2CH3�CH3CH3], 159 (55) [M +�CO2CH2CH3�CH2CH3OH],
147 (9), 133 (22), 131 (99) [M +�CO2CH2CH3�CH3CH2CO2H], 119 (27),
104 (13), 91 (72), 77 (14), 65 (3), 55 (5), 41 (6); elemental analysis calcd
(%) for C16H22O4 (278.3): C 69.04, H 7.97; found C 69.33, H 7.71.


Methyl (E)-3-{2-[(E)-2-(methoxycarbonyl)ethenyl]-1-cyclohepten-1-yl}-
acrylate [(E,Z,E)-6b], variant A : 1,2-Dibromocycloheptene (3) (254 mg,
1.00 mmol) was treated with methyl acrylate (430 mg, 5.00 mmol) for
16 h at 100 8C according to GP 1. After CC on silica gel (60 g, pentane/
EtOAc 20:1), the hexatriene (E,Z,E)-6b was obtained as a colorless solid
(36 mg, 14%). M.p. 67±70 8C; Rf=0.22 (pentane/EtOAc 10:1); IR (KBr):
ñ=2923 (C�H), 2848, 1699 (C=O), 1610, 1437, 1277, 1247, 1201, 1171,
1135, 1038, 1022, 969 cm�1 (trans-HC=CH), 856; UV (chloroform): lmax
(log e)=327.0 nm (4.391); 1H NMR (250 MHz, CDCl3): d=1.45±1.63 [m,
4H, 4’(5’,6’)-H], 1.71±1.83 [m, 2H, 4’(6’)-H], 2.54 [m, 4H, 3’(7’)-H], 3.79
(s, 6H, CO2CH3), 6.02 [d, J=15.5 Hz, 2H, 2(2’’)-H], 8.01 [d, J=15.5 Hz,
2H, 3(1’’)-H]; 13C NMR (62.9 MHz, CDCl3): d=25.31 [�, 2C, C-4’(6’)],
29.39 [�, 2C, C-3’(7’)], 31.36 (�, C-5’), 51.71 (+ , 2C, CO2CH3), 118.94
[+ , 2C, C-2(2’’)], 140.30 [+ , 2C, C-3(1’’)], 144.32 [Cquat, 2C, C-1’(2’)],
167.61 (Cquat, 2C, CO2CH3); MS (70 eV): m/z (%): 264 (16) [M


+], 231
(47) [M +�CH3OH], 205 (100) [M +�CO2CH3], 190 (10) [M +


�CO2CH3�CH3], 173 (52) [M +�CO2CH3�CH3OH], 172 (24), 164 (19)
[M +�CHCHCO2CH3�CH3], 145 (78) [M +�CH3CO2H�CO2CH3], 131
(24), 117 (20), 105 (41), 91 (26), 77 (10), 59 (14) [CO2CH3


+], 41 (6); ele-
mental analysis calcd (%) for C15H20O4 (264.3): C 68.16, H 7.63; found C
68.35, H 7.41.
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As the first fraction after CC, methyl (E)-3-(cyclohept-1-enyl)acrylate (7)
was obtained as a colorless oil (47 mg, 26%). Rf=0.68 (pentane/EtOAc
10:1); IR (film): ñ=2925 (C�H), 2853, 1719 (C=O), 1622 (C=C), 1436,
1309, 1272, 1193, 1168, 1038, 982 (trans-HC=CH), 845 cm�1; 1H NMR
(250 MHz, CDCl3): d=1.47±1.56 [m, 4H, 4’(5’,6’)-H], 1.72±1.79 [m, 2H,
4’(6’)-H], 2.24±2.33 [m, 4H, 3’(7’)-H], 3.73 (s, 3H, CO2CH3), 5.79 (d, J=
15.8 Hz, 1H, 2-H), 6.30 (t, J=6.8 Hz, 1H, 2’-H), 7.27 (d, J=15.8 Hz, 1H,
3-H); 13C NMR (62.9 MHz, CDCl3): d=25.84 (�, C-5’), 26.16 (�, C-4’),
27.09 (�, C-6’), 29.04 (�, C-3’), 31.85 (�, C-7’), 51.40 (+ , CO2CH3),
114.04 (+ , C-2), 141.89 (Cquat, C-1’), 143.97 (+ , C-2’), 149.30 (+ , C-3),
168.22 (Cquat, C-1); MS (70 eV): m/z (%): 180 (100) [M


+], 165 (17) [M +


�CH3], 162 (8), 149 (24) [M +�OCH3], 137 (25), 131 (13), 121 (35) [M +


�CO2CH3], 120 (18), 105 (14), 93 (18), 91 (31), 81 (12), 79 (31), 77 (23),
67 (12), 53 (7), 51 (4), 41 (10); MS: m/z : calcd for C11H16O2 (180.2):
180.1150 (correct HRMS).


Variant B : In a Pyrex bottle containing a magnetic stirring bar were
placed [Pd(OAc)2] (18 mg, 0.080 mmol), Bu4NBr (322 mg, 1.00 mmol),
LiCl (174 mg, 4.10 mmol), K2CO3 (691 mg, 5.00 mmol), and 1,2-dibromo-
cycloheptene (3) (254 mg, 1.00 mmol). DMF (15 mL) was added, and the
resulting suspension was purged with nitrogen in an ultrasonic bath for
10 min. To the stirred solution was added methyl acrylate (430 mg,
5.00 mmol). The bottle was sealed with a screw cap, and the solution was
stirred for 8 h at 90 8C. The reaction mixture was cooled down to room
temperature and worked up according to GP 1. After CC on silica gel
(56 g, pentane/EtOAc 10:1) besides the starting material 3 (fraction 1;
50 mg, 20%) and hexatriene (E,Z,E)-6b (fraction 3; 79 mg, 30%),
methyl (E)-3-[(2-chloro)cyclohept-1-enyl]acrylate (8) (fraction 2; 18 mg,
8%) was obtained as a colorless oil. Rf=0.66; 8 : IR (film): ñ=2930 (C�
H), 2855, 1718 (C=O), 1617 (C=C), 1436, 1302, 1276, 1172, 1097, 1038,
982 (trans-HC=CH), 859, 733 cm�1; 1H NMR (250 MHz, CDCl3): d=1.51
(m, 2H, 5’-H), 1.62 (m, 2H, 6’-H), 1.76 (m, 2H, 4’-H), 2.40 (m, 2H, 7’-
H), 2.74 (m, 2H, 3’-H), 3.76 (s, 3H, CO2CH3), 5.91 (d, J=15.8 Hz, 1H, 2-
H), 7.88 (d, J=15.8 Hz, 1H, 3-H); 13C NMR (62.9 MHz, CDCl3): d=
24.90 (�, C-5’), 25.24 (�, C-6’), 27.98 (�, C-4’), 31.27 (�, C-7’), 39.78 (�,
C-3’), 51.63 (+ , CO2CH3), 117.75 (+ , C-2), 134.64 (Cquat, C-1’), 142.40 (+
, C-3), 143.09 (Cquat, C-2’), 167.73 (Cquat, C-1); MS (70 eV): m/z (%): 216/
214 (3/9) [M +], 179 (100) [M +�Cl]; MS (DCI, NH3, 200 eV): m/z (%):
448/446 (23/37) [2M+NH4


+], 251/249 (34/100) [M+NH3+NH4
+], 234/232


(26/76) [M+NH4
+], 216/214 (13/74) [M +]; elemental analysis calcd (%)


for C11H15O2Cl (214.7): C 61.54, H 7.04; found C 61.83, H 6.87.


Variant C : In a Pyrex bottle containing a magnetic stirring bar were
placed [Pd2(dba)3]¥CHCl3 (209 mg, 0.200 mmol), Bu4NBr (1.61 g,
5.00 mmol), K2CO3 (3.46 g, 25.0 mmol), and 1,2-dibromocycloheptene (3)
(1.27 g, 5.00 mmol). DMF (40 mL) was added, and the resulting suspen-
sion was purged with nitrogen in an ultrasonic bath for 10 min. To the
stirred solution was added methyl acrylate (2.15 g, 25.0 mmol). The bottle
was sealed with a screw cap and the solution was stirred at 90 8C for 7 h.
The reaction mixture was cooled down to room temperature and worked
up according to GP 1. CC on silica gel (150 g, petroleum ether/EtOAc
10:1) yielded the hexatriene (E,Z,E)-6b (870 mg, 66%).


General procedure for the phototransformation of (E,Z,E)-1,3,5-hexa-
trienes (GP 2): A solution of the respective hexatriene 4, 5 or 6 in anhy-
drous, degassed diethyl ether or pentane was irradiated with a 150 W
medium pressure mercury lamp in a photoreaction vessel with a Pyrex
filter sleeve at the stated temperature for the stated time. To monitor the
reaction, irradiation was interrupted to take a sample which was analyzed
by 1H NMR spectroscopy. Subsequently the sample was returned to the
reaction mixture and the irradiation was continued. After the conversion
had ceased, the mixture was concentrated in vacuo, and the residue was
purified by column chromatography (CC) on silica gel.


1-[(E)-2-Trimethylsilylethenyl]-2-[(Z)-2-trimethylsilylethenyl]cyclopen-
tene [(E,Z,Z)-4c]: A solution of 1,2-bis[(E)-2-trimethylsilylethenyl]cyclo-
pentene [(E,Z,E)-4c] (132 mg, 0.499 mmol) in diethyl ether (60 mL) was
irradiated according to GP 2 under 1H NMR monitoring at �5 8C for 3 h.
After concentration in vacuo, a mixture was obtained (130 mg, 98%)
containing the (E,Z,Z)-1,3,5-hexatriene 4c and the starting material
(E,Z,E)-4c in a ratio of 48:52. After CC on silica gel (6 g, pentane), a
colorless oil (94 mg, 71%) was obtained which consisted of the triene
(E,Z,Z)-4c and the starting material (E,Z,E)-4c in a ratio of 28:72. Rf=
0.86; 1H NMR (250 MHz, CDCl3); the signals marked with ™#∫ agree
with the signals for (E,Z,E)-4c :[2a] d=0.02 [s, 9H, Si(CH3)3], 0.05 [s, 9H,


Si(CH3)3], 0.06 [s, 18H, Si(CH3)3]
#, 1.76±1.97 (m, 2H, 4-H)#, 2.50±2.64 [m,


4H, 3(5)-H]#, 5.72 (d, J=15.7 Hz, 1H, 2’’-H), 5.77 (d, J=18.9 Hz, 1H, 2’-
H), 5.84 [d, J=18.8 Hz, 2H, 2’(2’’)-H]#, 6.96 (d, J=18.9 Hz, 1H, 1’-H),
7.11 [d, J=18.8 Hz, 2H, 1’(1’’)-H]#. The signal for 1’’-H is hidden by the
doublet at 7.11. 13C NMR (62.9 MHz, CDCl3); the signals marked with
™#∫ agree with the signals for (E,Z,E)-4c :[2a] d=�1.18 [+ , Si(CH3)3]#,
�0.48 [+ , Si(CH3)3], 21.18 (�, C-4)#, 22.01 (�, C-4), 32.68 (�, C-5*),
33.66 [�, C-3(5)]#, 37.17 (�, C-3*), 130.68 (+ , C-2’’*), 131.37 [+ , C-
2’(2’’)]#, 131.61 (Cquat, C-2*), 132.50 (+ , C-2’*), 136.77 [+ , C-1’(1’’)]


#,
138.21 (+ , C-1’*), 140.15 [Cquat, C-1(2)]


#, 140.39 (+ , C-1’’*), 140.81 (Cquat,
C-1*).


1-[(E)-2-Trimethylsilylethenyl]-2-[(Z)-2-trimethylsilylethenyl]cyclohex-
ene [(E,Z,Z)-5c]: A solution of 1,2-bis[(E)-2-trimethylsilylethenyl]cyclo-
hexene [(E,Z,E)-5c] (278 mg, 1.0 mmol) in pentane (55 mL) was irradiat-
ed according to GP 2 under 1H NMR monitoring at �5 8C for 2 h. After
CC on silica gel (12 g, petroleum ether), a colorless oil was obtained
(270 mg, 97%) which consisted of the (E,Z,Z)-1,3,5-hexatriene 5c and
the starting material (E,Z,E)-5c in a ratio of 92:8, as well as traces of
two other products. Rf=0.95; (E,Z,Z)-5c : IR (film): ñ=2952 (C�H),
2896 (C�H), 2859 (C�H), 2836 (C�H), 1620 (C=C), 1586, 1435, 1318,
1247, 993, 839, 764, 728, 690, 658, 613, 510 cm�1; 1H NMR (250 MHz,
CDCl3): d=0.01 [s, 9H, Si(CH3)3], 0.06 [s, 9H, Si(CH3)3], 1.54±1.70 [m,
4H, 4(5)-H], 2.08 (m, 2H, 3*-H), 2.18 (m, 2H, 6*-H), 5.69 (d, J=
15.1 Hz, 1H, 2’’-H), 5.71 (d, J=19.1 Hz, 1H, 2’-H), 6.75 (d, J=15.1 Hz,
1H, 1’’-H), 7.02 (d, J=19.1 Hz, 1H, 1’-H); 13C NMR (62.9 MHz, CDCl3):
d=�1.10 [+ , Si(CH3)3], �0.44 [+ , Si(CH3)3], 22.46 (�, C-4*), 22.49 (�,
C-5*), 24.47 (�, C-6*), 30.98 (�, C-3*), 124.75 (+ , C-2’’*), 130.92 (Cquat,
C-2*), 132.45 (+ , C-2’*), 139.60 (Cquat, C-1*), 144.29 (+ , C-1’’*), 146.83
(+ , C-1’*); elemental analysis calcd (%) for C16H30Si2 (278.6): C 68.98, H
10.85; found C 68.68, H 10.77.


Methyl (E)-3-{2-[(Z)-2-(methoxycarbonyl)ethenyl]-1-cyclopenten-1-yl}
acrylate [(E,Z,Z)-4b]: A solution of methyl (E)-3-{2-[(E)-2-(methoxycar-
bonyl)ethenyl]-1-cyclopenten-1-yl}acrylate [(E,Z,E)-4b] (204 mg,
0.863 mmol) in diethyl ether (240 mL) was irradiated according to GP 2
in four portions at �5 8C for 2 h each. The combined reaction mixtures
were purified by CC (40 g, petroleum ether/EtOAc 8:1). The (E,Z,Z)-
hexatriene 4b was obtained as a colorless solid (48 mg, 24%). M.p. 34 8C;
Rf=0.43.


As the second fraction after CC, the starting material (E,Z,E)-4b was ob-
tained (105 mg, 51%). Rf=0.36; (E,Z,Z)-4b : IR (KBr): ñ=2951 (C�H),
1721 (C=O), 1616 (C=C), 1437, 1307, 1286, 1251, 1198, 1166, 1022, 972,
855, 824 cm�1; 1H NMR (250 MHz, CDCl3): d=1.92 (quin, J=7.5 Hz,
2H, 4’-H), 2.56 (m, 2H, 3’*-H), 2.76 (m, 2H, 5’*-H), 3.71 (s, 3H, OCH3),
3.75 (s, 3H, OCH3), 5.86 (d, J=15.5 Hz, 1H, 2-H), 5.89 (d, J=12.5 Hz,
1H, 2’’-H), 6.88 (dt, 4J=1.1, J=12.5 Hz, 1H, 3’’-H), 7.66 (d, J=15.5 Hz,
1H, 3-H); 13C NMR (62.9 MHz, CDCl3): d=22.44 (�, C-4’), 32.61 (�, C-
5’*), 36.06 (�, C-3’*), 51.53 (+ , OCH3), 51.61 (+ , OCH3), 119.69 (+ , C-
2’’*), 120.60 (+ , C-2*), 134.04 (+ , C-3’’*), 136.80 (+ , C-3*), 142.47 (Cquat,
C-2’*), 145.00 (Cquat, C-1’*), 166.60 (Cquat, C-1’’*), 167.55 (Cquat, C-1*); ele-
mental analysis calcd (%) for C13H16O4 (236.3): C 66.09, H 6.83; found C
66.10, H 6.95.


Methyl (E)-3-{2-[(Z)-2-(methoxycarbonyl)ethenyl]-1-cyclohexen-1-yl}
acrylate [(E,Z,Z)-5b]: A solution of methyl (E)-3-{2-[(E)-2-(methoxycar-
bonyl)ethenyl]-1-cyclohexen-1-yl}acrylate [(E,Z,E)-5b] (125 mg,
0.499 mmol) in diethyl ether (60 mL) was irradiated according to GP 2 at
�5 8C for 42 min. After CC on silica gel (40 g, petroleum ether/EtOAc
10:1) the (E,Z,Z)-hexatriene 5b was isolated as a colorless oil (64 mg,
51%). Rf=0.32.


As the second fraction after CC, the starting material (E,Z,E)-5b was ob-
tained (31 mg, 25%). Rf=0.25; (E,Z,Z)-5b : IR (film): ñ=2934 (C�H),
2860 (C�H), 1726 (C=O), 1619 (C=C), 1436, 1399, 1300, 1276, 1196, 1174,
1038, 1016, 982, 920, 859, 817, 734 cm�1; 1H NMR (250 MHz, CDCl3): d=
1.65±1.76 [m, 4H, 4’(5’)-H], 2.21±2.26 [m, 4H, 3’(6’)-H], 3.65 (s, 3H,
OCH3), 3.71 (s, 3H, OCH3), 5.80 (d, J=15.7 Hz, 1H, 2-H), 5.93 (d, J=
12.0 Hz, 1H, 2’’-H), 6.79 (d, J=12.0 Hz, 1H, 3’’-H), 7.51 (d, J=15.7 Hz,
1H, 3-H); 13C NMR (62.9 MHz, CDCl3): d=21.91 (�, C-4’*), 22.07 (�,
C-5’*), 24.65 (�, C-6’*), 29.99 (�, C-3’*), 51.37 (+ , OCH3), 51.42 (+ ,
OCH3), 115.36 (+ , C-2’’*), 121.73 (+ , C-2*), 129.36 (Cquat, C-2’*), 142.65
(Cquat, C-1’*), 143.30 (+ , C-3’’*), 144.96 (+ , C-3*), 165.57 (Cquat, C-1’’*),
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167.95 (Cquat, C-1*); elemental analysis calcd (%) for C14H18O4 (250.3): C
67.18, H 7.25; found C 66.89, H 7.27.


General procedure for the 6p-electrocyclization of (E,Z,Z)-1,3,5-hexa-
trienes under thermal conditions (GP 3): In a Pyrex bottle containing a
magnetic stirring bar, the hexatriene 4 or 5 (0.10 mmol) was dissolved in
decalin (10 mL), and the mixture was purged with nitrogen in an ultra-
sonic bath for 15 min. The bottle was sealed with a screw cap, and the
solution was stirred for a given time at 215 8C. The reaction mixture was
cooled down to room temperature, and the reaction mixture was separat-
ed by CC on silica gel as a solution in decalin or after concentration in
vacuo (50 8C, 0.01 Torr).


Dimethyl 2,3,5,6-tetrahydro-1H-indene-trans-5,6-dicarboxylate (trans-
9b): According to GP 3, the hexatriene (E,Z,Z)-4b (26 mg, 0.11 mmol)
was heated in decalin (10 mL) at 215 8C for 60 min. CC on degassed silica
gel with degassed solvents (10 g, petroleum ether/EtOAc 10:1) afforded
the tetrahydroindene trans-9b as a colorless solid (20 mg, 77%). M.p.
57 8C; Rf=0.31; IR (KBr): ñ=2956 (C�H), 1738 (C=O), 1440, 1322,
1289, 1266, 1217, 1174, 1152, 1053, 1026, 1006, 949, 903, 816, 799,
738 cm�1; 1H NMR (250 MHz, CDCl3): d=1.71 (quin, J=7.2 Hz, 2H, 2-
H), 2.34 [m, 4H, 1(3)-H], 3.73 (s, 6H, OCH3), 3.85 [m, 2H, 5(6)-H], 5.54
[m, 2H, 4(7)-H]; 13C NMR (62.9 MHz, CDCl3): d=24.74 (�, C-2), 30.96
[�, C-1(3)], 42.61 [+ , C-5(6)], 52.27 (+ , OCH3), 112.22 [+ , C-4(7)],
140.64 [Cquat, C-3a(7a)], 174.04 (Cquat, CO2CH3); MS (70 eV): m/z (%):
236 (11) [M +], 204 (7) [M +�HOCH3], 177 (100) [M +�CO2CH3], 145
(60) [M +�HOCH3�CO2CH3], 117 (36) [M +�CH3CO2H�CO2CH3], 105
(48), 91 (15), 59 (20) [CO2CH3


+]; elemental analysis calcd (%) for
C13H16O4 (236.3): C 66.09, H 6.83; found. C 66.22, H 6.90.


Dimethyl 2,3,5,6,7,8-hexahydronaphthalene-trans-2,3-dicarboxylate
(trans-10b): According to GP 3, the hexatriene (E,Z,Z)-5b (30 mg,
0.12 mmol) was heated in decalin (10 mL) at 215 8C for 90 min. CC on
degassed silica gel with degassed solvents (26 g, petroleum ether/EtOAc
10:1) afforded the cyclization product trans-10b as a colorless solid
(25 mg, 83%). M.p. 64 8C; Rf=0.36; IR (KBr): ñ=2922 (C�H), 1735 (C=
O), 1725 (C=O), 1439, 1300, 1288, 1252, 1241, 1172, 1011 cm�1; 1H NMR
(250 MHz, CDCl3): d=1.40±1.49 [m, 2H, 6(7)-H], 1.64±1.70 [m, 2H,
6(7)-H], 2.16±2.37 [m, 4H, 5(8)-H], 3.63 [m, 2H, 2(3)-H], 3.73 (s, 6H,
OCH3), 5.46 [m, 2H, 1(4)-H];


13C NMR (62.9 MHz, CDCl3): d=24.19 [�,
C-6(7)], 30.67 [�, C-5(8)], 42.05 [+ , C-2(3)], 52.26 (+ , OCH3), 116.79
[+ , C-1(4)], 135.89 [Cquat, C-4a(8a)], 173.94 (Cquat, CO2CH3); MS
(70 eV): m/z (%): 250 (10) [M +], 218 (6) [M +�HOCH3], 191 (100) [M +


�CO2CH3], 159 (58) [M +�HOCH3�CO2CH3], 131 (27) [M +


�CH3CO2H�CO2CH3], 105 (75), 91 (17), 59 (17) [CO2CH3+]; elemental
analysis calcd (%) for C14H18O4 (250.3): C 67.18, H 7.25; found C 66.94,
H 7.04.


6,7-Bis(trimethylsilyl)-1,2,3,4,4a,7-hexahydronaphthalene (11c): Accord-
ing to GP 3 the (E,Z,Z)-hexatriene 5c (54 mg, 0.19 mmol) was heated in
decalin (10 mL) at 215 8C for 3 h. After concentration in vacuo at 50 8C
39 mg (72% of the initial amount) of 6,7-bis(trimethylsilyl)-1,2,3,4,4a,7-
hexahydronaphthalene (11c) was obtained which contained traces of 6,7-
bis(trimethylsilyl)-1,2,3,4,5,6-hexahydronaphthalene (12c) (see below)
and 6,7-bis(trimethylsilyl)-1,2,3,4,6,7-hexahydronaphthalene (trans-10c).
CC on silica gel (6 g, pentane) gave 29 mg (54% of the initial amount) of
a mixture of 11c together with traces of 12c and trans-10c (Rf=0.93) and
4 mg (7% of the starting amount) of trimethyl-(5,6,7,8-tetrahydronaph-
thalen-2-yl)silane (13) (see below) (Rf=0.83); 11c : IR (film): ñ=2952
(C�H), 2926 (C�H), 2856 (C�H), 1457, 1246, 1191, 1152, 1090, 837, 792,
747, 726, 687, 656 cm�1; 1H NMR (250 MHz, CDCl3); signals, which can
be assigned to the by-product trans-10c, are marked with ™#∫: d=�0.04
[s, 9H, Si(CH3)3], 0.01 [s, 9H, Si(CH3)3], 1.51±1.97 [m, 10H, 1(2,3,4,4a,7)-
H], 5.18 [m, 2H, 5(8)-H]#, 5.36±5.47 [m, 2H, 5(8)-H]; 13C NMR
(62.9 MHz, CDCl3); signals, which can be assigned to the by-product
trans-10c, are marked with ™#∫: d=�3.35 [+ , Si(CH3)3], �3.07 [+ ,
Si(CH3)3]


#, �1.07 [+ , Si(CH3)3], 23.22 (�, C-3*), 23.29 (�, C-2*), 27.14
(+ , C-7), 28.12 (�, C-4), 30.34 (+ , C-4a), 31.57 (�, C-1), 120.59 [+ , C-
5(8)]#, 124.84 (Cquat, C-6*), 124.99 (+ , C-5*), 126.62 (+ , C-8*), 128.79
(Cquat, C-8a*), 132.90 [Cquat, C-4a(8a)]


#; DCI-MS (NH3): m/z (%): 281/
280/279 (6/22/100) [M+H+].


6,7-Bis(trimethylsilyl)-1,2,3,4,5,6-hexahydronaphthalene (12c): According
to GP 3 the (E,Z,E)-hexatriene 5c (70 mg, 0.25 mmol) was heated in dec-
alin (10 mL) at 230 8C for 60 min. After concentration in vacuo at 50 8C


CC on silica gel (12 g, pentane) afforded 60 mg (86% of the starting
amount) of a colorless oil (Rf=0.92), which consisted mostly of the cycli-
zation product 12c along with traces of the cyclohexadiene 11c and un-
identified by-products as well as 5 mg (7% of the initial amount) of a col-
orless oil (Rf=0.83), which consisted of the arene 13 and traces of the
arene 14c and unidentified by-products. 12c : IR (film): ñ=2952 (C�H),
2928 (C�H), 2857 (C�H), 2832 (C�H), 1557, 1437, 1246, 1146, 1110,
1035, 975, 931, 834, 752, 687, 618 cm�1; 1H NMR (250 MHz, CDCl3): d=
�0.04 [s, 9H, Si(CH3)3], 0.10 [s, 9H, Si(CH3)3], 1.55±1.98 [m, 11H,
1(2,3,4,5,6)-H], 5.94 (s, 1H, 8-H); 13C NMR (62.9 MHz, CDCl3): d=


�0.88 [+ , Si(CH3)3], �0.51 [+ , Si(CH3)3], 22.96 (�, C-3*), 23.13 (�,
C-2*), 27.58 (+ , C-6), 27.66 (�, C-5), 30.31 (�, C-4*), 30.99 (�, C-1*),
129.20 (Cquat, C-7*), 130.46 (Cquat, C-8a*), 135.46 (+ , C-8), 139.16 (Cquat,
C-4a*); DCI-MS (NH3): m/z (%): 282/281/280/279 (2/10/29/100) [M+H+];
13 : IR (film): ñ=2932 (C�H), 2858 (C�H), 1437, 1247, 1196, 1102, 876,
861, 836, 754, 690, 652 cm�1; 1H NMR (250 MHz, CDCl3): d=0.27 [s, 9H,
Si(CH3)3], 1.82 [m, 4H, 6(7)-H], 2.80 [m, 4H, 5(8)-H], 7.08±7.11 (m, 1H,
Ar-H), 7.25±7.29 (m, 2H, Ar-H); 13C NMR (62.9 MHz, CDCl3): d=�1.05
[+ , Si(CH3)3], 23.14 (�, C-6*), 23.28 (�, C-7*), 29.36 [�, C-5(8)], 128.67
(+ , Ar-C), 130.36 (+ , Ar-C), 134.32 (+ , Ar-C), 136.45 (Cquat, Ar-C),
136.94 (Cquat, Ar-C), 138.02 (Cquat, Ar-C); DCI-MS (NH3): m/z (%): 205
(64) [M+H+], 107 (100).


Methyl (1R*,8R*,9R*)-9-methoxy-12-oxatricyclo[7.2.1.01.6]dodeca-6,10-
diene-8-carboxylate (17b): A solution of methyl (E)-3-{2-[(E)-2-(methoxy-
carbonyl)ethenyl]-1-cyclohexen-1-yl}acrylate [(E,Z,E)-5b] (62 mg,
0.25 mmol) in diethyl ether (150 mL) was irradiated according to GP 2
under 1H NMR monitoring at 0 8C for 4.5 h. After CC on silica gel (8 g,
petroleum ether/EtOAc 6:1) the cyclization product 17b was isolated as
a colorless oil (43 mg, 69%). Rf=0.28 (petroleum ether/EtOAc 10:1); IR
(film): ñ=2933 (C�H), 1740 (C=O), 1436, 1329, 1316, 1278, 1195, 1171,
1146, 1122, 1113, 1008 cm�1; 1H NMR (500 MHz, C6D6): d=1.06 [m, 2H,
3(4)-H], 1.37±1.43 (m, 1H, 4-H), 1.45±1.51 (m, 1H, 3-H), 1.75 (dt, J=4.5,
J=13.5 Hz, 1H, 2-H), 1.79±1.91 [m, 2H, 2(5)-H], 2.12±2.17 (m, 1H, 5-H),
3.28 (s, 3H, OCH3), 3.47 (s, 3H, OCH3), 4.04 (m, 1H, 8-H), 5.23 (m, 1H,
7-H), 6.21 (d, J=5.8 Hz, 1H, 10-H), 6.45 (d, J=5.8 Hz, 1H, 11-H);
13C NMR (62.9 MHz, CDCl3): d=22.94 (�, C-3), 24.84 (�, C-4), 31.10
(�, C-5), 32.25 (�, C-2), 49.59 (+ , C-8), 51.00 (+ , OCH3), 51.89 (+ ,
OCH3), 84.10 (Cquat, C-1), 109.58 (Cquat, C-9), 116.59 (+ , C-7), 128.65 (+ ,
C-10), 143.78 (+ , C-11), 144.43 (Cquat, C-6), 170.58 (Cquat, CO2); MS
(70 eV): m/z (%): 250 (1) [M +], 218 (29) [M +�HOCH3], 191 (22) [M +


�CO2CH3], 175 (7), 159 (20) [M +�HOCH3�CO2CH3], 147 (7), 131
(100), 121 (39), 105 (24), 91 (63), 59 (26) [CO2CH3


+]; elemental analysis
calcd (%) for C14H18O4 (250.3): C 67.18, H 7.25; found C 66.91, H 7.42.


(1R*,8R*,9R*)-9-Methoxy-12-oxatricyclo[7.2.1.01,6]dodeca-6,10-diene-8-
carbonitrile (17e): A solution of methyl (E)-3-{2-[(E)-2-cyanoethyl]-1-cy-
clohexen-1-yl}acrylate [(E,Z,E)-5e] (86 mg, 0.40 mmol) in diethyl ether
(120 mL) was irradiated according to GP 2 in two portions at 0 8C for 4 h
each. The combined reaction mixtures were purified by CC on silica gel
(2 g, pentane/Et2O 59:1) yielding the cyclization product 17e as colorless
crystals (23 mg, 28%). M.p. 110±112 8C; Rf=0.34; IR (KBr): ñ=2946
(C�H), 2858, 2242 (C=N), 1457, 1330, 1285, 1243, 1145, 1045, 980, 909,
850, 771 cm�1; 1H NMR (250 MHz, CDCl3): d=1.24±2.14 [m, 7H,
2(3,4,5)-H], 2.36±2.42 (m, 1H, 5-H), 3.44 (s, 3H, OCH3), 3.66 (m, 1H, 8-
H), 5.02 (m, 1H, 7-H), 6.04 (d, J=5.8 Hz, 1H, 10-H), 6.80 (d, J=5.8 Hz,
1H, 11-H); 13C NMR (62.9 MHz, CDCl3): d=22.62 (�, C-3), 24.43 (�, C-
4), 30.85 (�, C-5), 31.89 (�, C-2), 35.02 (+ , C-8), 51.26 (+ , OCH3), 84.64
(Cquat, C-1), 108.57 (Cquat, C-9), 112.94 (+ , C-7), 116.75 (Cquat, C=N),
126.58 (+ , C-10), 144.93 (+ , C-11), 145.61 (Cquat, C-6); MS (70 eV): m/z
(%): 217 (4) [M +], 190 (3) [M +�HCN], 188 (19), 185 (100) [M +


�CH3OH], 184 (42), 170 (13), 158 (45), 145 (14), 130 (29), 129 (37), 116
(31), 104 (8), 91 (14), 79 (4), 77 (11), 65 (6), 55 (2), 51 (3), 41 (7); elemen-
tal analysis calcd (%) for C13H15O2N (217.3): C 71.87, H 6.96, N 6.45;
found C 71.58, H 6.69, N 6.25.


Methyl (1R*,9R*,10R*)-10-methoxy-13-oxatricyclo[8.2.1.01,7]trideca-7,11-
diene-9-carboxylate (18b): A solution of methyl (E)-3-{2-[(E)-2-(methoxy-
carbonyl)ethenyl]-1-cyclohepten-1-yl}acrylate [(E,Z,E)-6b] (50 mg,
0.19 mmol) in diethyl ether (60 mL) was irradiated according to GP 2
under 1H NMR monitoring at 0 8C for 90 min. After CC on silica gel (2 g,
pentane/Et2O 5:1), the cyclization product 18b was isolated as a colorless
oil (30 mg, 60%). Rf=0.40 (pentane/Et2O 4:1); IR (film): ñ=2927 (C�
H), 2851, 1734 (C=O), 1437, 1313, 1269, 1198, 1161, 1125, 1082, 1034,


Chem. Eur. J. 2004, 10, 4341 ± 4352 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4349


Ring-Annelated Oxabicyclo[3.2.1]octa-2,6-diene Derivatives 4341 ± 4352



www.chemeurj.org





1005, 919, 856, 819, 734 cm�1; 1H NMR (250 MHz, CDCl3): d=1.24±1.37
(m, 2H, 4-H), 1.46±2.09 [m, 7H, 2(3,5,6)-H], 2.25±2.32 (m, 1H, 6-H),
3.46 (s, 3H, CH3), 3.57 (m, 1H, 9-H), 3.67 (s, 3H, CO2CH3), 5.29 (m, 1H,
8-H), 5.94 (d, J=5.8 Hz, 1H, 11-H), 6.48 (d, J=5.8 Hz, 1H, 12-H);
13C NMR (62.9 MHz, CDCl3): d=24.00 (�, C-4), 31.27 (�, C-3), 31.46
(�, C-5), 34,06 (�, C-6), 35.22 (�, C-2), 49.35 (+ , C-8), 51.12 (+ ,
OCH3), 51.90 (+ , OCH3), 87.69 (Cquat, C-1), 110.77 (Cquat, C-10), 120.24
(+ , C-9), 128.02 (+ , C-11), 144.83 (+ , C-12), 148.73 (Cquat, C-7), 170.58
(Cquat, CO2CH3); MS (70 eV): m/z (%): 264 (4) [M


+], 236 (3), 232 (60)
[M +�CH3OH], 205 (65) [M +�CO2CH3], 204 (75), 200 (20), 179 (13)
[M +�CHCHCO2CH3], 177 (28), 173 (45) [M +�CO2CH3�CH3OH], 164
(13) [M +�CHCHCO2CH3�CH3], 145 (100), 131 (21), 121 (46), 105 (35),
91 (31), 77 (13), 65 (6), 59 (17) [CO2CH3


+], 43 (6), 41 (11); elemental
analysis calcd (%) for C15H20O4 (264.3): C 68.16, H 7.63; found C 68.10,
H 7.52; MS: m/z : 264.1361 (correct HRMS).


Ethyl (1R*,8R*,9R*)-9-ethoxy-12-oxatricyclo[7.2.1.01,6]dodeca-6,10-
diene-8-carboxylate (17a) and diethyl tricyclo[4.4.0.01,3]dec-5-ene-2,4-di-
carboxylate (19a): A solution of ethyl (E)-3-{2-[(E)-2-(ethoxycarbonyl)-
ethenyl]-1-cyclohexen-1-yl}acrylate [(E,Z,E)-5a] (56 mg, 0.20 mmol) in
diethyl ether (60 mL) was irradiated according to GP 2 at 0 8C for 5 h.
The reaction mixture was purified by CC on silica gel (2 g, pentane/Et2O
5:1) yielding a 87:13 mixture (29 mg, 52%) of 12-oxatricyclo[7.2.1.01,6]do-
deca-6,10-diene (17a) and tricyclo[4.4.0.01,3]dec-5-ene (19a). Rf=0.39;
1H NMR (250 MHz, CDCl3); signals which can be assigned to the prod-
uct 17a are marked with ™#∫, signals which can be assigned to the by-
product 19a are marked with ™##∫: d=1.10±1.26 (m, 6H, CO2CH2CH3),
1.29±2.15 (m), 2.32±2.38 (m, 1H, 5-H)#, 3.61±4.21 (m, 5H, CO2CH2CH3,
8-H)#, 5.04 (m, 1H, 5-H)##, 5.13 (m, 1H, 7-H)#, 5.98 (d, J=5.8 Hz, 1H,
10-H)#, 6.69 (d, J=5.8 Hz, 1H, 11-H)#; 13C NMR (50.3 MHz, CDCl3); sig-
nals which can be assigned to the product 17a are marked with ™#∫, sig-
nals which can be assigned to the by-product 19a are marked with ™##∫:
d=14.09 (+ , CH2CH3)


#, 14.17 (+ , CH2CH3)
##, 14.26 (+ , CH2CH3)


##,
15.60 (+ , CH2CH3)


#, 22.96 (�, C-3)#, 23.99 (�, C-7*)##, 24.43 (�, C-8*)##,
24.87 (�, C-4)#, 25.24 (�, C-9*)##, 26.97 (�, C-10*)##, 30.50 (+ , C-3)##,
31.10 (�, C-5)#, 31.54 (+ , C-2)##, 32.33 (�, C-2)#, 43.35 (�, C-1)##, 49.92
(+ , C-8)#, 51.35 (+ , C-4)##, 59.08 (�, CH2CH3)#, 60.23 (�, 2C,
CH2CH3)


##, 60.54 (�, CH2CH3)#, 83.75 (�, C-1)#, 109.36 (�, C-9)#, 116.74
(+ , C-7)#, 118.28 (+ , C-5)##, 129.32 (+ , C-10)#, 143.15 (+ , C-11)#, 144.44
(�, C-6)#, 149.36 (�, C-6)##, 170.19 (�, CO2)#, 171.12 (�, CO2)##, 172.82
(�, CO2)##.
tert-Butyl (1R*,8R*,9R*)-9-tert-butoxy-12-oxatricyclo[7.2.1.01,6]dodeca-
6,10-diene-8-carboxylate (17d) and di-tert-butyl tricyclo[4.4.0.01,3]dec-5-
ene-2,4-dicarboxylate (19d): A solution of tert-butyl (E)-3-{2-[(E)-2-(tert-
butoxycarbonyl)ethenyl]-1-cyclohexen-1-yl}acrylate [(E,Z,E)-5d] (67 mg,
0.20 mmol) in diethyl ether (60 mL) was irradiated according to GP 2 at
0 8C for 3.5 h. The reaction mixture was purified by CC on silica gel (2 g,
pentane/Et2O 20:1) yielding a 39:61 mixture (15 mg, 22%) of the 12-oxa-
tricyclo[7.2.1.01,6]dodeca-6,10-diene (17d) and the tricyclo[4.4.0.01,3]dec-5-
ene (19d). Rf=0.37;


1H NMR (250 MHz, CDCl3); signals which can be
assigned to the product 17d are marked with ™#∫, signals which can be
assigned to 19d are marked with ™##∫: d=1.18±2.37 (m), 1.34 [s,
C(CH3)3], 1.43 [s, C(CH3)3], 2.41±2.47 (m, 1H, 5-H)


#, 3.48 (m, 1H, 8-H)#,
3.82 (m, 1H, 4-H)##, 5.01 (m, 1H, 5-H)##, 5.10 (m, 1H, 7-H)#, 6.07 (d, J=
5.8 Hz, 1H, 10-H)#, 6.55 (d, J=5.8 Hz, 1H, 11-H)#; 13C NMR (62.9 MHz,
CDCl3); signals which can be assigned to the product 17d are marked
with ™#∫, signals which can be assigned to 19d are marked with ™##∫: d=
23.05 (�, C-3***)#, 23.93 (�, C-7***)##, 24.53 (�, C-8***)##, 24.96 (�, C-
4***)#, 25.37 (�, C-9***)##, 27.02 (�, C-10***)##, 28.05 [+ , C(CH3)3],
28.22 [+ , C(CH3)3], 30.66 (+ , C-3)


##, 30.96 [+ , C(CH3)3], 31.09 (�, C-
5)#, 32.53 (�, C-2)#, 32.57 (+ , C-2)##, 43.07 (Cquat, C-1)##, 52.43 (+ , C-8)#,
52.69 (+ , C-4)##, 80.01 [Cquat, C(CH3)3]**, 80.46 [Cquat, C(CH3)3]**, 80.53
[Cquat, C(CH3)3]**, 82.78 (Cquat, C-1**)


#, 108.80 (Cquat, C-9)
#, 117.58 (+ , C-


7*)#, 118.50 (+ , C-5*)##, 130.78 (+ , C-10)#, 139.73 (+ , C-11)#, 143.61
(Cquat, C-6)


#, 149.21 (Cquat, C-6)
##, 170.06 (Cquat, CO2), 170.66 (Cquat, CO2),


172.28 (Cquat, CO2).


tert-Butyl (1R*,9R*,10R*)-10-tert-butoxy-13-oxatricyclo[8.2.1.01,7]trideca-
7,11-diene-9-carboxylate (18d) and di-tert-butyl tricyclo[5.4.0.01,10]undec-
7-ene-9,11-dicarboxylate (20d): A solution of tert-butyl (E)-3-{2-[(E)-2-
(tert-butoxycarbonyl)ethenyl]-1-cyclohepten-1-yl}acrylate [(E,Z,E)-6d]
(70 mg, 0.20 mmol) in diethyl ether (60 mL) was irradiated according to
GP 2 under 1H NMR monitoring at 0 8C for 4 h. After CC on silica gel


(2 g, pentane/Et2O 20:1), a 29:71 mixture (21 mg, 30%) of the oxatricy-
clo[8.2.1.01,7]trideca-7,11-diene (18d) and the tricyclo[5.4.0.01,10]undec-7-
ene (20d) was isolated as a colorless oil. Rf=0.26;


1H NMR (250 MHz,
CDCl3) signals which can be assigned to the product 18d are marked
with ™#∫, signals which can be assigned to 20d are marked with ™##∫: d=
1.28±1.89 (m), 1.35 [s, C(CH3)3], 1.43 [s, C(CH3)3], 1.44 [s, C(CH3)3],
2.24±2.58 (m), 3.37 (m, 1H, 9-H)#, 3.78 (m, 1H, 9-H)##, 5.02 (m, 1H, 8-
H)##, 5.23 (m, 1H, 8-H)#, 6.07 (d, J=5.8 Hz, 1H, 11-H)#, 6.30 (d, J=
5.8 Hz, 1H, 12-H)#; 13C NMR (62.9 MHz, CDCl3); signals which can be
assigned to the product 18d are marked with ™#∫, signals which can be
assigned to 20d are marked with ™##∫: d=24.07 (�)#, 26.65 (�)##, 28.00
[+ , C(CH3)3], 28.10 [+ , C(CH3)3], 28.80 (�)##, 30.75 (�)##, 30.87 [+ ,
C(CH3)3]


#, 31.22 (�)#, 31.38 (�)#, 32.20 (�)##, 33.21 (+ , C-10)##, 33.39 (+ ,
C-11)##, 34.23 (�, C-6)#, 35.54 (�, C-2)#, 47.35 (Cquat, C-1)##, 52.26 (+ , C-
9)#, 53.00 (+ , C-9)##, 79.86 [Cquat, C(CH3)3], 80.41 [Cquat, C(CH3)3], 86.29
(Cquat, C-1)


#, 109.92 (Cquat, C-10)
#, 119.77 (+ , C-8)##, 121.01 (+ , C-8)#,


130.01 (+ , C-11)#, 140.72 (+ , C-12)#, 148.05 (Cquat, C-7)
#, 154.00 (Cquat, C-


7)##, 170.03 (Cquat, CO2)
#, 170.93 (Cquat, CO2)


##, 172.16 (Cquat, CO2)
##.


Methyl 7-oxo-2,3,4,7-tetrahydro-1H-benzocycloheptene-6-carboxylate
(21b): Distilled titanium tetrachloride (14 mL, 0.12 mmol) was added
dropwise with a syringe into a stirred solution of methyl (1R*,8R*,9R*)-
9-methoxy-12-oxatricyclo[7.2.1.01,6]dodeca-6,10-diene-8-carboxylate (17b)
(31 mg, 0.12 mmol) in diethyl ether (2 mL) at 0 8C. Lithium iodide
(16 mg, 0.12 mmol) was then added to the resulting solution, and the
brown reaction mixture was stirred for 2.5 h. Then water (2 mL) was
added. The reaction mixture was diluted with diethyl ether (5 mL), and
the organic layer was successively washed with aqueous Na2S2O3 solution
(2 mL, 10%), saturated aqueous Na2CO3 solution (2 mL) and water
(2 mL) and then dried over MgSO4. The extract was concentrated in
vacuo, and the residue was purified by CC on silica gel (8 g, pentane/
Et2O 1:6) to give the troponecarboxylate 21b as a colorless solid (8 mg,
30%). M.p. 78±80 8C; Rf=0.45; IR (KBr): ñ=2955 (C�H), 2868, 1734
(C=O), 1630 (C=C), 1578, 1528, 1453, 1434, 1305, 1247, 1196, 1034, 918,
858, 821, 792 cm�1; 1H NMR (250 MHz, CDCl3): d=1.75 [m, 4H, 2(3)-
H], 2.67 [m, 4H, 1(4)-H], 3.88 (s, 3H, CO2CH3), 6.88 [s, 2H, 8(9)-H],
7.37 (s, 1H, 5-H); 13C NMR (62.9 MHz, CDCl3): d=21.76 (�, C-2), 21.89
(�, C-3), 33.40 [�, 2 C, C-1(4)], 52.68 (+ , CO2CH3), 138.61 (+ , C-5*),
138.90 (Cquat, C-9a**), 140.43 (Cquat, C-4a**), 140.60 (+ , C-9*), 142.14 (+ ,
C-8*), 145.13 (Cquat, C-6**), 168.32 (Cquat, CO2CH3), 183.65 (Cquat, C-7);
1H NMR (250 MHz, C6D6): d=1.11 [m, 4H, 2(3)-H], 1.86 [m, 4H, 1(4)-
H], 3.57 (s, 3H, CO2CH3), 5.98 (d, J=12.6 Hz, 1H, 9-H), 6.71 (d, J=
12.6 Hz, 1H, 8-H), 7.03 (s, 1H, 5-H); 13C NMR (62.9 MHz, C6D6): d=
21.77 (�, C-2), 21.87 (�, C-3), 32.91 (�, C-1), 33.05 (�, C-4), 52.15 (+ ,
CO2CH3), 138.43 (+ , C-5*), 139.66 (Cquat, C-9a**), 139.91 (+ , C-9*),
140.33 (Cquat, C-4a**), 140.88 (+ , C-8*), 143.62 (Cquat, C-6**), 168.76
(Cquat, CO2CH3), 183.34 (Cquat, C-7); MS (70 eV): m/z (%): 218 (37) [M


+],
190 (23) [M +�CO], 187 (10) [M +�OCH3], 175 (3), 159 (50) [M +


�CO2CH3], 131 (100), 115 (12), 103 (6), 91 (19), 77 (10), 63 (3), 51 (4);
elemental analysis calcd (%) for C13H14O3 (218.3): C 71.54, H 6.47; found
C 71.36, H 6.34; MS: m/z : found: 218.1943 (correct HRMS).


Methyl 3-oxo-3,6,7,8,9,10-hexahydroheptalene-2-carboxylate (22b):
TMSOTf (64 mL, 0.36 mmol) was added at room temperature with a sy-
ringe to a solution of methyl (1R*,9R*,10R*)-10-methoxy-13-oxatricy-
clo[8.2.1.01,7]trideca-7,11-diene-9-carboxylate (18b) (47 mg, 0.18 mmol) in
dichloromethane (5 mL). The reaction mixture was stirred for 30 min and
then poured into H2O and CH2Cl2 (15 mL each). The aqueous layer was
extracted with CH2Cl2 (10 mL). The combined organic layers were dried
over MgSO4 and concentrated in vacuo. The residue was purified by CC
on silica gel (10 g, petroleum ether/EtOAc 2:1) to give the troponecar-
boxylate 22b as a colorless solid (27 mg, 65%). M.p. 79±81 8C; Rf=0.33
(pentane/Et2O 1:3); IR (KBr): ñ=2930 (C�H), 2852, 1728 (C=O), 1617
(C=C), 1571, 1505, 1456, 1430, 1306, 1250, 1212, 1040, 962, 937, 837,
794 cm�1; 1H NMR (250 MHz, CDCl3): d=1.63 [m, 4H, 7(9)-H], 1.84 (m,
2H, 8-H), 2.79 [m, 4H, 6(10)-H], 3.87 (s, 3H, CO2CH3), 6.92 (d, J=
12.6 Hz, 1H, 5-H), 7.06 (d, J=12.6 Hz, 1H, 4-H), 7.55 (s, 1H, 1-H);
13C NMR: (62.9 MHz, CDCl3): d=25.86 (�, C-7), 25.94 (�, C-9), 31.62
(�, C-8), 39.47 (�, C-6), 39.55 (�, C-10), 52.83 (+ , CO2CH3), 139.60
(Cquat, C-5a**), 140.05 (+ , C-1*), 141.00 (+ , C-5*), 142.34 (+ , C-4*),
147.57 (Cquat, C-10a**), 152.42 (Cquat, C-2**), 168.31 (Cquat, CO2CH3),
183.06 (Cquat, C-3); MS (70 eV): m/z (%): 232 (33) [M


+], 204 (50) [M +


�CO], 173 (74) [M +�CO2CH3], 145 (100), 131 (14), 117 (19), 115 (24),
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103 (10), 91 (19), 77 (14), 63 (7), 51 (8); elemental analysis calcd (%) for
C14H16O3 (232.3): C 72.39, H 6.94; found C 72.61, H 6.73.


6-Bromo-5-trifluoromethanesulfonyloxy-8,9-dihydro-7H-benzocyclohep-
tene (26): n-Butyllithium (2.75 mL, 6.50 mmol, 2.36m in hexane) was
added at �78 8C to hexamethyldisilazane (HMDS) (1.09 g, 6.75 mmol) in
THF (20 mL). After 20 min, a solution of 6-bromo-6,7,8,9-tetrahydroben-
zocyclohepten-5-one (25) (1.20 g, 5.00 mmol) in THF (5 mL) was added
within 10 min. After an additional 10 min, N-phenyltriflimide (1.79 g,
5.00 mmol) in THF (5 mL) was added within 8 min. The mixture was stir-
red at �78 8C for 30 min and at room temp for 22 h. The mixture was di-
luted with ethyl ether (200 mL) and washed with H2O (3î50 mL). The
aqueous layers were reextracted with diethyl ether (50 mL) and the com-
bined organic layers were dried over MgSO4 and concentrated in vacuo.
CC on silica gel (60 g, pentane/Et2O 50:1) yielded 26 as a colorless solid
(1.11 g, 60%). M.p. 68±70 8C; Rf=0.76 (pentane/Et2O 20:1); IR (KBr):
ñ=3056 (C�H), 2932, 1706, 1416, 1220, 1130, 1099, 1017, 993, 966, 849,
800, 787, 768, 721, 669, 655, 617, 602 cm�1; 1H NMR (250 MHz, CDCl3):
d=2.31 (quin, J=7.0 Hz, 2H, 8-H), 2.51 (t, J=7.0 Hz, 2H, 9-H), 2.77 (t,
J=7.0 Hz, 2H, 7-H), 7.24±7.43 [m, 4H, 1(2,3,4)-H]; 13C NMR (62.9 MHz,
CDCl3): d=31.24 (�, C-8), 33.90 (�, C-9), 35.00 (�, C-7), 118.18 (q,
JCF=320.6 Hz, Cquat, CF3), 118.30 (Cquat, C-6), 126.50 (+ , aromatic C),
126.54 (+ , aromatic C), 129.46 (+ , aromatic C), 130.15 (+ , aromatic C),
130.29 (Cquat, C-5), 140.86 (Cquat, C-9a*), 142.84 (Cquat, C-4a*); MS
(70 eV): m/z (%): 372/370 (5/5) [M +], 211/209 (5/5), 141 (3), 129 (100),
115 (18), 90 (18), 77 (25), 69 (15) [CF3


+]; elemental analysis calcd (%)
for C12H10BrF3O3S (371.2): C 38.83, H 2.72; found C 39.08, H 2.63.


Methyl (E)-3-{6-[(E)-2-(methoxycarbonyl)ethenyl]-8,9-dihydro-7H-ben-
zocyclohepten-5-yl}acrylate (27): 6-Bromo-5-trifluoromethanesulfonyl-
oxy-8,9-dihydro-7H-benzocycloheptene (26) (0.900 g, 2.43 mmol) was
treated with methyl acrylate (1.05 g, 12.2 mmol) for 24 h at 60 8C accord-
ing to GP 1. After CC on silica gel (100 g, pentane/EtOAc 10:1) hexa-
triene 27 was obtained as a colorless solid (383 mg, 51%). M.p. 73±75 8C;
Rf=0.24; IR (film): ñ=2949 (C�H), 2859, 1717 (C=O), 1616 (C=C),
1436, 1311, 1195, 1173, 1040, 1017, 977 (trans HC=CH), 914, 982, 766,
734 cm�1; UV (chloroform): lmax (log e)=260.0 (4.048), 335.5 nm (4.368);
1H NMR (250 MHz, CDCl3): d=2.04±2.22 [m, 4H, 7’(8’)-H], 2.51 (t, J=
6.8 Hz, 2H, 9’-H), 3.76 (s, 3H, CO2CH3), 3.81 (s, 3H, CO2CH3), 5.79 (d,
J=15.5 Hz, 1H, 2-H), 6.17 (d, J=15.6 Hz, 1H, 2’’-H), 7.17±7.29 [m, 4H,
1’(2’,3’,4’)-H], 8.12 (d, J=15.6 Hz, 1H, 1’’-H), 8.16 (d, J=15.5 Hz, 1H, 3-
H); 13C NMR (62.9 MHz, CDCl3): d=26.95 (�, C-8’), 31.20 (�, C-7’),
32.55 (�, C-9’), 51.69 (+ , CO2CH3), 51.80 (+ , CO2CH3), 119.94 (+ , C-2),
123.51 (+ , C-2’’), 126.03 (+ , aromatic C), 128.54 (+ , aromatic C), 128.57
(+ , aromatic C), 129.35 (+ , aromatic C), 137.37 (Cquat, C-6’*), 139.47 (+ ,
C-1’’), 139.64 (+ , C-3), 140.48 [Cquat, 2 C, C-5’(4a’)*], 141.15 (Cquat, C-
9a’*), 167.31 (Cquat, CO2CH3), 167.44 (Cquat, CO2CH3); MS (70 eV): m/z
(%): 312 (15) [M +], 280 (32) [M +�CH3OH], 253 (83) [M +�CO2CH3],
252 (89) [M +�CH3CO2H], 221 (72) [M +�CO2CH3�CH3OH], 193 (100)
[M +�CO2CH3�CH3CO2H], 178 (59), 165 (60), 152 (21), 128 (12), 115
(19), 89 (7), 77 (4), 59 (25) [CO2CH3


+], 51 (3); as the first fraction after
CC, methyl (E)-3-(8,9-dihydro-7H-benzocyclohepten-6-yl)acrylate (28)
was obtained as a colorless solid (83 mg, 15%). M.p. 40±42 8C; Rf=0.52;
IR (film): ñ=3015 (C�H), 2944, 1716 (C=O), 1616 (C=C), 1434, 1312,
1285, 1158, 1021, 973 (trans HC=CH), 840, 770, 735 cm�1; 1H NMR
(250 MHz, CDCl3): d=2.06 (m, 2H, 8’-H), 2.51 (t, J=6.4 Hz, 2H, 7’-H),
2.83 (m, 2H, 9’-H), 3.78 (s, 3H, CO2CH3), 5.94 (d, J=15.7 Hz, 1H, 2-H),
6.83 (s, 1H, 5’-H), 7.10±7.26 [m, 4H, 1’(2’,3’,4’)-H], 7.51 (d, J=15.7 Hz,
1H, 3-H); 13C NMR (62.9 MHz, CDCl3): d=26.43 (�, C-8’), 30.12 (�, C-
7’), 35.28 (�, C-9’), 51.39 (+ , CO2CH3), 115.62 (+ , C-2), 126.05 (+ , C-
5’*), 128.09 (+ , C-1’*), 129.05 (+ , C-2’*), 132.32 (+ , C-3’*), 134.94 (Cquat,
C-6’**), 137.80 (Cquat, C-4a’**), 140.23 (+ , C-4’*), 142.23 (Cquat, C-9a’**),
150.35 (+ , C-3), 167.68 (Cquat, CO2CH3); MS (70 eV): m/z (%): 228 (100)
[M +], 197 (17) [M +�OCH3], 196 (33), 181 (13), 169 (43) [M +


�CO2CH3], 168 (45), 167 (44), 153 (33), 141 (39), 131 (49), 115 (35), 103
(25), 91 (22), 77 (24), 63 (10), 51 (15), 41 (5); elemental analysis calcd
(%) for C15H16O2 (228.3): C 78.92, H 7.06; found C 78.77, H 6.80; MS:
m/z : found: 228.1150 (correct HRMS).


Dimethyl (1S*,9R*,10R*,11R*)-benzotricyclo[5.4.0.01,10]undeca-2,7-
diene-9,11-dicarboxylate (29) and dimethyl (1S*,9S*,10R*,11R*)-benzo-
tricyclo[5.4.0.01,10]undeca-2,7-diene-9,11-dicarboxylate (30): A solution of
methyl (3E)-3-{6-[(E)-2-(methoxycarbonyl)ethenyl]-8,9-dihydro-7H-ben-
zocyclohepten-5-yl}acrylate (27) (66 mg, 0.21 mmol) in diethyl ether


(60 mL) was irradiated according to GP 2 under 1H NMR monitoring at
0 8C for 180 min. After CC on silica gel (18 g, pentane/Et2O 4:1) cycliza-
tion product 29 as colorless crystals (21 mg, 32%), and diastereoisomer
30 as a colorless oil (17 mg, 26%). 29 : M.p. 105±107 8C; Rf=0.48; IR
(KBr): ñ=2928 (C�H), 2864, 1731 (C=O), 1707, 1458, 1431, 1324, 1271,
1233, 1198, 1069, 1015, 830, 777 cm�1; 1H NMR (250 MHz, CDCl3): d=
1.78±1.99 [m, 3H, 5(6)-H], 1.86 (d, J=3.7 Hz, 1H, 11-H), 2.31±2.41 (m,
1H, 6-H), 2.71 (dd, J=14.0, J=7.3 Hz, 1H, 4-H), 3.13±3.26 (m, 1H, 4-
H), 3.33±3.36 (m, 1H, 10-H), 3.36 (s, 3H, CO2CH3), 3.60 (br. s, 1H, 9-H),
3.74 (s, 3H, CO2CH3), 5.24 (br. s, 1H, 8-H), 6.90±7.33 (m, 4H, aromatic
H); 13C NMR (62.9 MHz, CDCl3): d=23.64 (�, C-5), 26.56 (�, C-6),
29.73 (+ , C-10), 30.53 (�, C-4), 37.35 (+ , C-11), 49.17 (Cquat, C-1), 51.45
(+ , CO2CH3), 52.10 (+ , CO2CH3), 52.17 (+ , C-9), 118.40 (+ , C-8),
125.94 (+ , aromatic C), 127.57 (+ , aromatic C), 128.37 (+ , aromatic C),
128.66 (+ , aromatic C), 133.30 (Cquat, C-2), 140.09 (Cquat, C-3), 151.03
(Cquat, C-7), 169.52 (Cquat, CO2CH3), 172.55 (Cquat, CO2CH3); MS (70 eV):
m/z (%): 312 (5) [M +], 280 (59) [M +�CH3OH], 253 (94) [M +


�CO2CH3], 252 (100) [M +�CH3CO2H], 237 (9) [M +�CH3CO2H�CH3],
221 (76) [M +�CO2CH3�CH3OH], 193 (75) [M +�CO2CH3�CH3CO2H],
178 (40), 165 (31), 152 (10), 115 (11), 91 (7), 84 (77), 73 (20), 61 (10), 45
(21), 43 (8); elemental analysis calcd (%) for C19H20O4 (312.4): C 73.06,
H 6.45; found C 72.79, H 6.22; 30 : Rf=0.40; IR (film): ñ=2950 (C�H),
2863, 1733 (C=O), 1653, 1437, 1350, 1257, 1199, 1168, 967, 766, 737 cm�1;
1H NMR (250 MHz, CDCl3): d=1.74±1.96 [m, 3H, 5(6)-H], 2.18 (d, J=
3.6 Hz, 1H, 11-H), 2.30±2.40 (m, 1H, 6-H), 2.70 (dd, J=13.9, J=7.7 Hz,
1H, 4-H), 3.12±3.26 [m, 2H, 4(10)-H], 3.36 (s, 3H, CO2CH3), 3.74 (s, 3H,
CO2CH3), 4.08 (m, 1H, 9-H), 5.17 (br. s, 1H, 8-H), 7.11±7.24 (m, 4H, aro-
matic H); 13C NMR (62.9 MHz, CDCl3): d=23.53 (�, C-5), 26.44 (�, C-
6), 28.88 (+ , C-10), 30.58 (�, C-4), 34.81 (+ , C-11), 49.55 (Cquat, C-1),
51.31 (+ , CO2CH3), 51.49 (+ , C-9), 52.08 (+ , CO2CH3), 118.76 (+ , C-8),
125.83 (+ , aromatic C), 127.61 (+ , aromatic C), 128.01 (+ , aromatic C),
128.91 (+ , aromatic C), 133.20 (Cquat, C-2), 140.36 (Cquat, C-3), 150.32
(Cquat, C-7), 169.60 (Cquat, CO2CH3), 172.93 (Cquat, CO2CH3); MS (70 eV):
m/z (%): 312 (11) [M +], 280 (49) [M +�CH3OH], 253 (54) [M +


�CO2CH3], 252 (100) [M +�CH3CO2H], 237 (6) [M +�CH3CO2H], 221
(49) [M +�CO2CH3�CH3OH], 193 (74) [M +�CO2CH3�CH3CO2H], 178
(43), 165 (39), 152 (11), 115 (9), 89 (4), 59 (15) [CO2CH3


+], 51 (2), 43
(1); elemental analysis calcd (%) for C19H20O4 (312.4): C 73.06, H 6.45;
found C 72.98, H 6.27; MS: m/z : found 312.1362 (correct HRMS).
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A Novel Dimerization Mode of a Cyclic Ketene Imine**


Elke Langhals, Rolf Huisgen,* and Kurt Polborn[a]


Dedicated to Mieczyslaw Makosza on the occasion of his 70th birthday


Introduction


Ketene imines rank below ketenes in their propensity to di-
merize. Whereas dialkylketene N-methylimines slowly oligo-
merize at room temperature,[1] diphenylketene N-methyl-
imine dimerizes on heating (125 8C, six weeks) to give the
methyleneazetidine 1;[2] the reaction corresponds to the
spontaneous dimerization of ketene which affords 3-methyl-
enepropanolide. According to Gambaryan, bis(trifluorome-
thyl)ketene N-phenylimine (2) is far more electrophilic than
unfluorinated ketene imines.[3] Although thermostable up to
150 8C, 2 is converted to 3, that is, the unsymmetrical type of
dimer, by catalysis with triethylamine at 20 8C.[4] In pyridine,
2 affords the sym-dimer 4 which is less stable, as shown by
the subsequent conversion 4 ! 3 (Scheme 1).[4±6]


Cyclic seven-membered ketene imines became available
by two-step cycloadditions of thiocarbonyl ylides which are
sterically hindered at one terminus, with 2,3-bis(trifluorome-
thyl)fumaronitrile (7).[7,8] When 1,1,3,3-tetramethylindan-2-
thione S-methylide (6) is set free from the dihydro-1,3,4-
thiadiazole (5) in the presence of 7, the spirocyclic ketene
imine 9 is formed nearly completely (Scheme 2).[9] The cu-
mulated double bond system creates high strain in the


seven-membered ring of 9 ; the X-ray analysis revealed
angle deformations.[7]


Storable in the crystalline state, 9 is converted in CD3CN
solution–slowly even at room temperature–to the spiro-
thiolane 11, the cyclopropane 10 (+thione), and compound
12 in parallel reactions. At 80 8C, spirothiolane 11 likewise
disappears in favor of 10 and 12.[9] The variety of reactions
was interpreted by assuming the 1,5-zwitterion 8 as an inter-
mediate. The switching from the concerted to the stepwise
pathway of cycloaddition occurs when 1,3-dipole and dipo-
larophile drastically differ in nucleophilic and electrophilic
character (review: ref. [10]).


Results and Discussion


A few crystals of KCN initiated the fading of the yellow so-
lution of 9 in acetonitrile, and soon colorless crystals precip-
itated; after 15 min at room temperature, 13 was obtained
in 89% yield. Elemental analyses and determination of the


[a] Dr. E. Langhals, Prof. R. Huisgen, Dr. K. Polborn
Department Chemie
Ludwig-Maximilians-Universit‰t M¸nchen
Butenandtstrasse 5±13 (Haus F)
81377 M¸nchen (Germany)
Fax: (+49)89-2180-77717


[**] 1,3-Dipolar Cycloadditions, Part 129. Part 128: R. Huisgen, E. Lang-
hals, K. Polborn, K. Karaghiosoff, Helv. Chim. Acta 2004, 87, 1426±
1445.


Abstract: The strained seven-mem-
bered cyclic ketene imine 9, obtained
by cycloaddition of thiocarbonyl ylide
6 with 2,3-bis(trifluoromethyl)fumaro-
nitrile (7), underwent base-catalyzed
dimerization at room temperature on
treatment with KCN in acetonitrile or
with proton sponge in acetonitrile or
CDCl3. Two diastereoisomeric dimers,


(6SR,3’RS)-13 and (6SR,3’SR)-13, were
formed in 1:1 ratio in high yield. X-ray
analysis revealed a deep-seated struc-
tural change which is unrelated to


known dimerization pathways of
ketene imines. In 13, one of the seven-
membered rings is opened, and attach-
ed to the second unit by a thioimidate
group. An ionic chain reaction with a
formal fluoride ion as transfer agent
offers a rationalization.


Keywords: base catalysis ¥ cycload-
dition ¥ dimerization ¥ heterocycles ¥
ketene imines


Scheme 1. Dimerization of open-chain ketene imines.
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molecular mass established a dimer, and the 19F NMR spec-
trum revealed two diastereoisomers in nearly 1:1 ratio. Ten
mol% of 1,8-bis(dimethylamino)naphthalene (proton
sponge) in acetonitrile or–somewhat slower–in CDCl3
likewise induced dimerization of 9. The separation of the dia-
stereoisomers was achieved by fractional crystallization:
13A was isolated pure, and 13B was enriched to 85%.
The X-ray diffraction pattern of 13A disclosed a structure


which showed no relation to the known types 3 and 4 of
ketene imine dimers. Obviously, the ring strain is essential
for the different course of dimerization.
The compact structure of 13A was dissected in Figure 1


into a Northern and Southern hemisphere to allow closer in-
spection. The first contains one F-atom less than 9, and the
second one more. In the Northern part the hydro-1,3-thiaze-
pine ring is preserved, whereas the ring-opened Southern
part is attached to the 4-position of the Northern by a thio-
ether function, thus generating a thioimidate structure.


The dihedral angle N3=C4�C5=C5A amounts to 58.68 ;
the conjugation is weakened by the buckled structure of the
seven-membered ring. The Southern part contains an azabu-
tadiene system which is twisted at the C5’�C6’ bond by
45.78. The van der Waals pressure of the spirosystem is re-
sponsible for long C�C bonds in the Northern indane ring
(1.594, 1.591 ä), a phenomenon known from related heavily
substituted indan-spiro-thiolanes.[11]


The bond C5=CF2 in 13A (1.299 ä) is even shorter than
in 1,1-difluoroethene (1.316 ä, gas phase, electron diffrac-
tion and microwave data[12]). Not less remarkable is the
angle F-C5a-F 108.28 at the sp2-hybridized C-atom which
finds a parallel in 1,1-difluoroethene: F-C-F 109.7 and
H-C-H 119.38. This F-C-F angle contraction at olefinic
C-atoms found much attention in the past (review:[13]). Fur-
thermore, the C�CF3 bond length at the saturated C-atoms
C6 and C3’ (1.529, 1.536 ä) is found shorter by 0.03 ä for
CF3 at the olefinic C4’ (1.505 ä).
Two stereogenic centers (C-6, C-3’) convey diastereotopic-


ity to the methyl groups in both indane systems. The 1H and
13C parameters of eight methyl groups reveal two pairs of


Abstract in German: Das 7-gliedrige cyclische Ketenimin 9,
das durch Cycloaddition des 1,1,3,3-Tetramethylindan-2-
thion-S-methylids (6) mit 2,3-Bis(trifluormethyl)fumarnitril
(7) erhalten wurde, trat bei Raumtemperatur in eine Basen-
katalysierte Dimerisierung ein; Katalysatoren waren KCN in
Acetonitril sowie Protonenschwamm in Acetonitril oder
CHCl3 . Zwei diastereomere Dimere, (6SR,3’RS)-13 und
(6SR,3’SR)-13 (~50:50), wurden in hoher Ausbeute gebildet.
Die Rˆntgenstrukturanalyse lehrte, da˚ nur einer der sieben-
gliedrigen Ringe erhalten blieb; aus dem des zweiten Mole-
k¸ls ging ein 2-Azabutadien-System hervor, und ein Imid-
s‰ure-thioester bietet die Verkn¸pfung. Es gibt keine Bezie-
hung zu den bekannten Wegen der Ketenimin-Dimerisierung.
Als Mechanismus der Dimerisierung wird eine ionische Ket-
tenreaktion mit Fluorid-‹bertragung vorgeschlagen.


Scheme 2. Formation and reactions of the strained cyclic seven-mem-
bered ketene imine 9.


Figure 1. Structure of dimer (6SR,3’RS)-13 (13A, ZORTEP plot; thermal
ellipsoids at 30% probability level); C4�S1’ is the common link between
the two halves. Selected bond lengths [ä]: S1�C2 1.832(4), C2�N3
1.445(5), N3=C4 1.250(5), C4�C5 1.494(5), C5=C5a 1.2995(5), C5�C6
1.536(5), C6�C7 1.550(6), C5a�F 1.318(5), 1.323(4), C4�S1’ 1.795(4), S1’�
C2’ 1.794(3), C2’�C3’ 1.563(5), C3’�C4’ 1.527(6), C4’=C5’ 1.336(6), C5’�F
1.340(5), C5’�N6’ 1.364(6), N6’=C7’ 1.274(4), C6�CF3 1.529(5), C3’�CF3
1.536(5), C4’�CF3 1.505(6); selected bond angles [8]: S1-C2-N3 115.5(2),
C2-N3-C4 131.5(3), N3-C4-C5 131.0(3), C4-C5-C6 119.3(3), C5-C6-C7
109.5(3), C6-C7-S1 109.1(2), C7-S1-C2 100.9(2), F-C5a-F 108.2(3), C4-
S1’-C2’ 101.4(2), C3’-C4’-C5’ 123.4(4), C4’-C5’-N6 128.5(4), C5’-N6’-C7’
126.3(4), F-C5’-N6’ 113.7(3).
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isochronous signals which suggest a time-averaged symmetry
element in one of the indane residues. Fast rotation at the
N6’=C7’ bond could confer pairwise identity to the methyl
groups in the Southern indane. However, an elegant DNMR
study of 2,2,5,5-tetramethylcyclopentylidene N-arylimines, a
related model system, by Knorr et al.[14] established N-inver-
sion (lateral shift). In the case of 13, N-inversion would lead
to a cis-2-azabutadiene which should provide a second set of
non-equivalent methyl groups. The isochronism of some
methyl signals could well be coincidental.
The H-decoupled 19F NMR spectrum of 13A shows inte-


grals in the ratio of 1:1:1:3:3:3. The CF3 groups at the satu-
rated C-3’ and C-6 resonate at lower frequencies. On the
high-frequency side, the signals of the olefinic 5’-F and 4’-
CF3 are adjacent, and their coupling with


4J(F,F)=23.8 Hz is
normal. Only one of the two 5a-F atoms couples with 6-CF3;
Figure 1 exhibits the different distances. The ensemble of
multiplicities and F,F-coupling constants allows an unequiv-
ocal assignment, but at first the small 2J(F,F)=2.6 Hz for
=CF2 in position 5a (F,F distance 2.14 ä) appeared as a
stumbling block, since it is not in line with the concept of
through-space coupling (review: ref. [15]). In fact, values of
2J(F,F) vary widely and are very sensitive to substituents,
due to large anisotropy effects with positive and negative
contributions.[16] Among trifluorovinyl compounds, 14 has a
high 2J(F,F), whereas the b-carbonyl derivatives 15 stand at
the low end[17] (Scheme 3). The difluorovinylidene group of
13A has a b-C=N double bond, thus showing a remote rela-
tion to 15.


The NMR spectra of 13A and 13B are rather similar and
in harmony with diastereoisomerism. Among the 19F chemi-
cal shifts, the two vinylic 5a-F present the greatest differen-
ces.
The configuration shown in Figure 1 is identified as


(6S,3a’R)-13, and the centrosymmetric space group of the
unit cell indicates two molecules of each enantiomer. When
(R)-9 and (S)-9 enter the dimerization process, in principle,
the two rac-dimers, (6SR,3’RS)=13A and (6SR,3’SR)=13B,
may be formed with different rates. However, the ratio
13A/13B=1:1 (within analytical limits) suggests random
combination of (R)-9 and (S)-9. Racemic dimer (6SR,3’RS)-
13 has the lower solubility and was isolated pure.
The various reactions of 9 illustrated in Scheme 2 disclose


the zwitterion 8 as deus ex machina, but 8 does probably not


occur on the mechanistic pathway leading to 13. A rationali-
zation with an ionic chain reaction and the fluoride anion as
transfer reagent is presented in Scheme 4. Fluoride–the de-
viating initiation step will be discussed below–attacks C-4,
that is, the electrophilic center of ketene imine 9, and af-


fords the cyclic aza-allyl anion 16. Ring opening generates
18 which holds an azabutadiene system and a thiolate func-
tion. The latter reacts with C-4 of a second molecule of 9,
thus providing 17. The loss of the anionic charge is achieved
by elimination of fluoride from the 5-CF3 of 17 and forma-
tion of the exo-difluoromethylene group of 13. A formal
fluoride is transferred to another molecule of 9, and a new
cycle is started. The different behavior of the cyclic anions
16 and 17 is an open problem.
In the initiation with KCN, the cyanide adds to the C-4 of


9 and sets the cascade in motion. The cyclic anion 19 fur-
nishes a ™dimer∫ molecule 13 in which 5’-F is replaced by 5’-
CN. With the fluoride transfer to 9, the chain reaction starts,
as described in Scheme 4. In the KCN-catalyzed process in
acetonitrile, the involvement of the lyate ion NC-CH2


� is
improbable (pKa in DMSO: HCN 12.9, MeCN 31.3).[18]


1,8-Bis(dimethylamino)naphthalene is a stronger base
than triethylamine, but non-nucleophilic.[19] With a pKa of
18.18 in acetonitrile[20] and an autoprotolysis constant of 3î
10�29 for this solvent,[21] a 0.06m solution of ™proton sponge∫
is approximately 2î10�6m in NC-CH2


� , sufficient to trigger
the ionic chain via 20. Proton sponge in CHCl3 as solvent
also initiated dimerization. A deprotonation of CHCl3 is
likely; according to a recent compilation,[22] the acidity of
CHCl3 exceeds that of MeCN by four pKa(H2O) units.


Scheme 3. Dimer 13A � (6SR,3’RS)-13 and comparison with 2J(F,F)
values of trifluorovinyl compounds.


Scheme 4. Suggested pathway for the base-catalyzed dimerization of the
cyclic ketene imine 9.
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Experimental Section


General :[23] 19F NMR spectra (90.6 MHz) were taken with a Bruker spec-
trometer; CFCl3 served as internal frequency standard. (1,1-Dichloro-
2,2,2-trifluoroethyl)benzene (d �78.2 ppm; abbreviated ™dichlo∫) was
used as weight standard for quantitative analysis (� 5% relative). Vapor
phase osmometer: Mechrolab 301A.


2,3,6’,7’-Tetrahydro-4’,5’-didehydro-1,1,3,3-tetramethyl-5’,6’-bis(trifluoro-
methyl)-spiro[1H-indene-2,2’(2H)-[1,3]thiazepine]-6’-carbonitrile (9), see
ref. [9].


Dimerization of ketene imine 9 : a) Crystalline 9 (440 mg, 1.02 mmol),
dissolved in dry MeCN (1 mL) at room temperature, was stirred with
KCN (~10 mg). Although the catalyst remained undissolved, the yellow
solution lighted up in 15 min. After diluting the supersaturated solution
1:1 with CDCl3 and removing KCN by filtration, the 19F NMR spectrum
showed the disappearance of 9 and the formation of 13A and 13B in the
ratio 48:52 (integrals of q 3’-CF3 + d 6-CF3, see below). The solvent was
evaporated, and the residue recrystallized from hot MeCN: 13 (384 mg,
89%) was obtained in two fractions. The first consisted of 13A as color-
less needles, m.p. 205±207 8C, and the second fraction, m.p. 174±175 8C,
contained 13A/13B ~15:85 (19F NMR signals of d 5a-F at �60.6 and
�63.0 ppm).
b) Ketene imine 9 (204 mg, 0.47 mmol) and 1,8-bis(dimethylamino)naph-
thalene (™proton sponge∫, 10 mg, 48 mmol) were treated in dry MeCN
(0.7 mL). After 2 min at room temperature, the crystallization of 13 set
in, and after 1 h, addition of the same volume of CDCl3 led to a clear so-
lution. 19F NMR analysis with ™dichlo∫ provided 77% of 13A + 13B.
According to the integrals of 5a-F, the ratio was 13A/13B=53:47; more
reliable is 50.4:49.6 based on q 3’-CF3 + d 6-CF3.


c) Ketene imine 9 (0.53 mmol) in CDCl3 (0.5 mL) was treated with
proton sponge (69 mmol). After 20 min at room temperature, the
19F NMR analysis with ™dichlo∫ showed 9/13 27:73. No 9 was left after
100 min, and the yield of 13 was 89%. The CF3 integrals indicated 13A/
13B 51.5:48.5.


Properties of dimer 13A : 1H NMR (360 MHz): d=1.27, 1.29, 1.39 (3 s,
3Me), 1.41, 1.43 (2 s, 2î2Me), 1.53 (s, Me), 3.23, 3.37 (sharp AB,
2J(H,H)=14.8 Hz, B branch further split with J(H,F)=1.7 Hz, 7-H2),
3.61, 3.80 (less sharp AB, 2J(H,H)=13.5 Hz, 2’-H2), 7.07±7.11, 7.18±7.21,
7.30±7.33 ppm (3 m 2:4:2, 8 arom. CH); 13C NMR (20.2 MHz, not fully
resolved): d=24.2, 26.0, 27.1 (2î), 28.2, 28.4 (2î), 30.8 (6 q, 8Me), 30.9
(t, CH2), 50.9 (s, 2Cq), 53.2, 55.9, 77.2, 90.4 (4 s, 4Cq), 113.0, 113.7 (2 s,
2CN), 121.8, 122.4 (3î), 127.3, 127.4, 128.3 (2î) (5d, 8 arom. CH), 123
(2 or 3 q, 1J(C,F) ~280, 2 or 3 CF3), 146.5 (t or dd), 145.1 (2î), 147.1,
148.2, 172.8, 206.9 ppm (5 s, 6 Cq);


19F NMR (94.2 MHz, 1H-decoupled):
d=�53.5 (q, 4J=23.8 Hz, 5’-F), �54.5 (dq, 4J=23.7, 5J ~5 Hz, 4’-CF3),
�60.5 (d, 2J=2.5 Hz, 5a-F), �69.1 (dq, 2J=2.6 Hz, 5J=5.3 Hz, 5a-F),
�72.65 (q, 5J=4.9 Hz, 3’-CF3), �72.76 ppm (d, 5J=5.3 Hz, 6-CF3); IR
(KBr): n=756 m (arom. out-of-plane deform.), 1136 s, 1198 vs, 1244 s,
1313 s, 1325 s (C�F stretch.), 1452 m, 1484 m, 1590 w (arom. ring vibr.),
1626 s, 1666 vs, 1710 vs (C=N, enamine-C=C), 2260 cm�1 vw (C�N); MS
(140±150 8C): m/z (%): 864 (35) [M]+ , 849 (1) [M�Me]+ , 795 (12)
[M�F]+ , 451 (9) [M/2+F]+ , 432 (7) [M/2]+ , 417 (8) [M/2�Me]+ , 413 (80)
[M/2�F]+ , 363 (10) [M/2�CF3]+ , 204 (9) [C13H16S]


+ , 172 (91) [C13H16]
+ ,


171 (100) [C13H15]
+ , 156 (60) [C12H12]


+ , 149 (27), 141 (22), 109 (24), 97
(28), 95 (33), 69 (32) [CF3]


+ , 55 (48); elemental analysis calcd (%) for
C40H36F12N4S2 (864.85): C 55.56, H 4.20, N 6.48; found C 55.62, H 4.23, N
6.59; molecular mass (vapor phase osmometry, CHCl3): 819.


Properties of dimer 13B : 1H NMR (360 MHz): d=1.18, 1.41 (2q, 2Me),
1.42, 1.44 (2q, 2î2Me), 1.46, 1.53 (2q, 2Me), 3.27, 3.35 (AB, 2J(H,H)=
14.9 Hz, left branch split by J(F,H)=1.5 Hz, 7-H2), 3.81 (br s, 2’-H2), 7.13±
7.35 ppm (3 m, 8 arom. CH); 19F NMR (94.2 MHz, 1H-decoupled): d=
�53.3 (q, 4J=23.1 Hz, 5’-F), �54.4 (m, unresolved, 4’-CF3), �63.0 (m, un-
resolved, 5a-F), �69.6 (dq, 5J=4.9, 2J=1.5 Hz, 5a-F), �72.2 (q, 5J=
5.3 Hz, 3’-CF3), �72.4 ppm (d, 5J=4.9 Hz, 6-CF3); IR and MS: similar to
13A ; elemental analysis calcd (%) for C40H36F12N4S2 (864.85): C 55.56, H
4.20, N 6.48; found C 55.64, H 4.17, N 6.44.


X-ray diffraction analysis of 13A (Figure 1): monoclinic, space group
P21/n(14). Unit cell dimensions: a=906.5(3), b=2939.0(7), c=
1561.1(3) ä, b=104.67(2)8, V=4023.6 ä3, Z=4, 1calcd = 1.428 gcm�3,


F(000)=1776, T=294(2) K, m=2.136 cm�1. Data collection; ENRAF-
Nonius diffractometer CAD4 operating with MoKa radiation, l=


0.71069 ä, crystal mounted in a glass capillary, w-2q scan, scan width
0.808 +0.349 tanq, maximum measuring time 180 s, range 4 < 2q < 488
for all �h, +k, + l reflections; 7490 reflections collected, 5004 indepen-
dent, and 3007 > 2s(I); three standard reflections checked every 2 h; re-
fined parameters 529. Structure solution by SHELXS-86 and refinement
by SHELXL-93.[24] Final R1=0.0451 and wR2=0.1178 for 3007 reflec-
tions with I > 2s(I). Weight: SHELXL-93. Maximum and minimum of
the final difference Fourier synthesis +0.20 and �0.17 eä�3. Non-H
atoms were refined anisotropically with inclusion of H-atoms in calculat-
ed positions and fixed isotropic U; ZORTEP plot.[25]


CCDC-233192 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(+44)1223-336033; or deposit@ccdc.cam.uk).
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Self-Assembled Metallocycles with Two Interactive Binding Domains
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Dedicated to Professor Julius Rebek, Jr. on the occasion of his 60th birthday


Introduction


Metal-coordination-driven self-assembly has been success-
fully used for the construction of two- and three-dimension-
al supramolecular entities with diverse structures and topol-
ogies. A large variety of such examples, including metallocy-
cles, cages, polyhedra, and interlocked species, have been re-
ported over the past decade,[1] and their sizes and shapes
have been conveniently controlled by modification of the
ligand as well as by the selection of metallic units with ap-
propriate geometries.


In particular, two-dimensional metallocycles, such as tri-
angles, squares, and higher polygons, have been mostly self-


assembled with rigid bidendate ligands. These macrocycles
possess a well-defined, internal cavity with nearly identical
shape to that of the macrocycle itself, but only a few of
them serve as artificial receptors for organic guests in solu-
tion.[2] This is attributed to weak intermolecular interactions
between the nonpolar surfaces of the internal cavity and the
guest in organic solvents, thus yielding a kinetically and
thermodynamically unstable complex. One way of increas-
ing the stability is to incorporate polar binding units inside
the cavity. For example, Stang et al. attached silver ions,
AgI, to the diagonal corners of a metallocycle for coordina-
tion of the heterocyclic guests pyrazine and phenazine.[3]


Hunter×s group[4] and our group[5] have utilized hydrogen-
bonding interactions to enhance the binding affinity be-
tween a metallocycle and a dicarbonyl guest. Much effort is
still needed for development of functional metallocycles
that can serve as artificial receptors and bio-inspired
models, beyond simple curiosity about their structures and
shapes.


We report herein on the self-assembly and binding prop-
erties of the metallocycles 1a±e, which are monocyclic but


[a] Dr. S.-Y. Chang, H.-Y. Jang, Prof. Dr. K.-S. Jeong
Center for Bioactive Molecular Hybrids and
Department of Chemistry
Yonsei University, Seoul 120-749 (South Korea)
Fax: (+82)2-364-7050
E-mail : ksjeong@yonsei.ac.kr


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: Five metallocycles 1a±e have
been self-assembled from S-shaped bis-
pyridyl ligands 2a±e and a palladium
complex, [Pd(dppp)(OTf)2] (dppp=
1,3-bis(diphenylphosphanyl)propane),
and have been characterized by ele-
mental analysis and various spectros-
copic methods including 1H NMR
spectroscopy and electrospray ioniza-
tion (ESI) mass spectrometry. These
metallocycles all are monocyclic com-
pounds, but can fold to generate two
binding domains bearing hydrogen-
bonding sites based on pyridine-2,6-di-
carboxamide units. The binding proper-
ties of the metallocycles with
N,N,N’,N’-tetramethylterephthalamide
(G) have been probed by means of ESI
mass spectrometry and 1H NMR spec-
troscopy. The results both in the gas


phase and in solution are consistent
with the fact that the metallocycles ac-
commodate two molecules of the guest
G. Thus, the ESI mass spectra clearly
show fragments corresponding to the
1:2 complexes in all cases. 1H NMR
studies on 1a and G support the forma-
tion of a 1:2 complex in solution; the
titration curves are nicely fitted to a
1:2 binding isotherm, but not to a 1:1
binding isotherm. In addition, a Job
plot also suggests a 1:2 binding mode
between 1a and G, showing maximum
complexation at ~0.33 mol fraction of
the metallocycle 1a in CDCl3. The


binding constants K1 and K2 are calcu-
lated to be 1600 and 1400m�1 (�10%),
respectively, at 25 8C in CDCl3, indica-
tive of positively cooperative binding.
This positive cooperativity was con-
firmed by the Hill equation, affording
a Hill coefficient of n = 1.6. Owing to
insufficient solubility in CDCl3, for
comparison purposes the binding prop-
erties of the metallocycles 1b±e were in-
vestigated in a more polar medium, 3%
CD3CN/CDCl3.


1H NMR titrations re-
vealed that the metallocycles all bind
two molecules of the guest G with Hill
coefficients ranging from 1.4 to 1.8. This
positive cooperativity may be attributed
to a structural reorganization of the
second binding cavity when the first
guest binds to either one of the subcavi-
ties present in the metallocycles.


Keywords: allosterism ¥ coopera-
tive binding ¥ hydrogen bonds ¥
metallocycles ¥ self-assembly
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have two separate binding domains, and are thus capable of
binding two molecules of a guest in a cooperative manner
(Scheme 1).[6] The metallocycles have been self-assembled
from S-shaped bispyridyl ligands 2a±e with different linking
units and a palladium complex, [Pd(dppp)(OTf)2] (dppp=


1,3-bis(diphenylphosphanyl)propane).[7] 1H NMR spectros-
copic and electrospray ionization (ESI) mass spectrometric
results have proved that these metallocycles bind two mole-
cules of a diamide guest, N,N,N’,N’-tetramethylterephthala-
mide through the formation of intermolecular hydrogen
bonds. The degree of cooperativity, as well as the magnitude
of the binding constants, depends on the nature of the linker
between the two binding domains. Although a variety of ar-
tificial allosteric models have been developed to date,[8,9]


this is the first example based on self-assembled metallocy-
cles (Scheme 1).


Results and Discussion


Design principle and synthesis of ligands 2a±e : The ligands
2a±e are composed of three functional parts (Scheme 2): a
metal-coordination site at each end, a hydrogen-binding site
at each corner, and a linker in the middle. The hydrogen-
bonding site consists of a pyridine-2,6-dicarboxamide unit,
both amide hydrogens of which are directed inwards by
virtue of internal N�H(amide)¥¥¥N(pyridine) hydrogen
bonds,[10] as a result of which they are capable of being si-
multaneously involved in intermolecular hydrogen bonds.
The methyl and isopropyl substituents on the aryl rings are
introduced to increase the solubility of the ligands 2a±e, and
ultimately of the metallocycles 1a±e, in organic solvents.
The two hydrogen-binding sites are connected with flat link-


ers such as ethynyl, phenylene, and thiophene, these units
being expected to minimize steric crowding around the
crossing point of the two ligand strands upon assembly of
the metallocycle. Moreover, the rigidity of these linkers pre-
vents the formation of mononuclear metallocycles by 1:1
(ligand/metal) assembly.


Scheme 1. The molecular formulae of metallocycles 1a, 1b, 1c, 1d, and
1e.


Scheme 2. Synthesis of ligands 2a±e. Reagents, conditions, and yields:
a) diisopropylethylamine, CH2Cl2, 0 8C to RT, 75%; b) triisopropylsilyl-
ethyne, [Pd(PPh3)2Cl2], CuI, THF, Et3N, 60±65 8C, 72%; c) Bu4NF, THF,
H2O, 60±70 8C, 91%; d) 6, [Pd(PPh3)4], CuI, Et2NH, DMF, 60±65 8C, 60%
for 2a, Cu(OAc)2¥H2O, pyridine, 60±65 8C, 46% for 2b ; e) [Pd(dba)2],
PPh3, CuI, THF, Et3N, 60±65 8C, 35±76%.
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The syntheses of the ligands 2a±e are outlined in
Scheme 2. Stepwise coupling of pyridine-2,6-dicarbonyl di-
chloride (3) with 4-iodo-2,6-diisopropylaniline (4),[11] and 4-
amino-3,5-dimethylpyridine (5)[12] gave compound 6 in 75%
yield. Palladium-catalyzed Sonogashira coupling[13] (72%
yield) of 6 and triisopropylsilylethyne, followed by removal
of the silyl moiety with Bu4NF (91%), provided compound
7. Finally, 7 was coupled with 6, 1,4- and 1,3-diiodobenzenes,
and 2,5-diiodothiophene to afford the S-shaped ligands 2a,
2c, 2d, and 2e, respectively, in 35±76% yields. On the other
hand, the butadiynyl-linked ligand 2b was obtained by CuII-
catalyzed dimerization of 7 in 46% yield.


Synthesis and characterization of metallocycles 1a±e : For
the synthesis of 1a±e, Stang×s bisphosphinepalladium com-
plex [Pd(dppp)(OTf)2]


[7] was chosen, which has been widely
used in the construction of supramolecular squares soluble
in organic solvents.[1h,q] The self-assembly of 1a±e was con-
ducted at room temperature by simple mixing of the ligands
2a±e with [Pd(dppp)(OTf)2] in a 1:1 molar ratio in CH2Cl2
containing a small amount of dimethyl sulfoxide or acetoni-
trile. In the case of ligand 2a, which is sparingly soluble, the
initial suspension became a clear solution as the reaction
proceeded. All the reactions proceeded quantitatively, but
the isolated yields were 76±98%.


Elemental analyses and spectroscopic data of the products
were all consistent with the structures of the metallocycles
1a±e shown in Scheme 1. The 1H NMR signals for the pyrid-
yl C-H protons of 1a±e are shifted downfield (Dd = 0.3±
0.4 ppm) compared to those of the free ligands 2a±e, as ex-


pected for coordination of the pyridyl nitrogen atom to the
PdII center. Elemental analyses and 1H NMR integrals sup-
ported a 1:1 ratio of the ligand and metal components. ESI
mass spectrometry provided clear evidence for the forma-
tion of dinuclear metallocycles 1a±e as a result of 2:2
(ligand/metal) assembly. For instance, the mass spectrum of
1a in CHCl3 clearly shows the fragments [1a�2OTf]2+ (m/z
1549, 3%), [1a�3OTf]3+ (m/z 983, 14%), and [1a�4OTf]4+


(m/z 700, 7%), along with fragments corresponding to the
complexes (which are discussed further below) in the pres-
ence of N,N,N’,N’-tetramethylterephthalamide (G) as a
guest (Figure 1). Moreover, the observed isotopic distribu-
tions of these peaks are in accordance with theoretical ones
based on the dinuclear metallocycle 1a (Figure 2).


The ESI mass spectra of 1b±e are all consistent with dinu-
clear structures resulting from 2:2 ligand/metal assembly.[14]


For 1b, characteristic peaks due to [1b�2OTf]2+ ,
[1b�3OTf]3+ , and [1b�4OTf]4+ appear at m/z 1574
(100%), 1000 (65%), and 712 (70%), respectively, in 50%
CHCl3/CH3CN. Likewise, the other metallocycles 1c, 1d,
and 1e show the mass fragments [M�3OTf]3+ and
[M�4OTf]4+ with reasonable intensities under the same
conditions. No signal attributable to higher aggregates such
as a 3:3 (ligand/metal) complex is seen in any case (see Sup-
porting Information).


Conformations and binding properties of 1a±e: As shown
schematically in Figure 3, S- and C-shaped conformations
are possible for the free ligands 2a±e. Consequently, when
two molecules of each ligand and two metal ions are assem-


Figure 1. Electrospray ionization (ESI) mass spectrum of 1a and excess G in CHCl3.
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bled to form the dinuclear metallocycles 1a±e, two different
conformers, A and B, can be envisaged. Both of them are
monocyclic structures, but the side views of the conformers
are different. Computer modeling using the MacroModel
program[15] with the MM3* force field afforded confor-
mer A as the energy-minimized structure, which resembles
the Arabic number −8× (Figure 4).[16] Unfortunately, no single
crystals of 1a±e suitable for X-ray crystallographic analysis


could be obtained, despite a large number of attempts under
various conditions. However, the binding properties of the
metallocycles described below are consistent with the
energy-minimized structure, which has two symmetrical sub-
cavities to allow the binding of two molecules of a guest,
one to each subcavity.


For binding studies, N,N,N’,N’-tetramethylterephthalamide
(G ; Scheme 3) was chosen as a guest because computer
modeling showed that it can be nicely fitted into each cavity.
The binding properties of the the metallocycles with the
guest G were first examined by ESI mass spectrometry.
Mass spectra were recorded from a mixture of each metallo-
cycle and excess G (~10 equiv) in pure CHCl3 or in 3%
CH3CN/CHCl3. A representative example is shown in
Figure 1, which is the ESI mass spectrum obtained from a
solution of 1a and excess G (~10 equiv) in CHCl3. Evident-
ly, fragments corresponding to a 1:2 complex 1a¥G2 can be
seen at m/z 1770 ([1a¥G2�2OTf]2+ , 9%), m/z 1130
([1a¥G2�3OTf]3+ , 45%), and m/z 810 ([1a¥G2�4OTf]4+ ,
14%). In addition, the mass spectrum also shows peaks cor-
responding to the 1:1 complex 1a¥G1 and the metallocycle
1a itself.


Next, the binding interactions between 1a and G in solu-
tion were probed by 1H NMR titrations. When a small por-
tion of the guest G was added to a solution of 1a in CDCl3
at 25 8C, the two NH resonances of 1a were gradually shift-
ed from d = 9.26 and 8.92 ppm to d = 10.36 and
10.27 ppm, respectively, as a result of hydrogen-bonding in-
teractions (Figure 5b). Meanwhile, the signal due to the aro-
matic protons of G was significantly upfield-shifted (Dd �
1.0 ppm) upon complexation, implying that G is located
within a cavity surrounded by the aromatic surfaces of the
pyridine moieties. These observations closely match those
obtained in our previous studies[17] on a molecular square 8
that possesses a single binding cavity, implying that the envi-
ronment of each cavity in 1a is similar to that in 8.


Figure 2. Observed (left) and theoretical (right) isotopic distributions for
the fragments a) [1a�2OTf]2+ and b) [1a�3OTf]3+ .


Figure 3. Two plausible conformers of ligands 2a±e and metallocycles
1a±e.


Figure 4. a) Top and b) side views of energy-minimized structure of met-
allocycle 1a. Hydrogen atoms have been omitted for clarity.
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The binding constants were
first evaluated by nonlinear
least-squares fitting using the
HOSTEST program developed
by Wilcox.[18] The titration
curves were poorly fitted to a
1:1 binding isotherm, but nicely
fitted to a 1:2 binding isotherm
(Figure 5b). Job plots[19] also
support a 1:2 binding mode,
showing the highest concen-
tration of the complex at
~0.33 mol fraction of 1a in
CDCl3 (Figure 5a). The binding
constants (�10%) K1 (=
[1a¥G1]/[1a][G]) and K2 (=
[1a¥G2]/[1a¥G1][G]) were found
to be 1600 and 1400m�1, respec-
tively. Considering the relation-
ship K2 = 1=4K1 for non-cooperative binding, these values
reflect positively cooperative binding of two molecules of
the guest. This cooperative binding between 1a and G was
confirmed by the Hill equation[19] (see below for details), af-
fording values of n = 1.6 and logK = 4.9.


The metallocycles 1b±e, which have different kinds of
linkers, are poorly soluble in CDCl3 alone, but all proved to
be sufficiently soluble in 3% CD3CN/CDCl3 to allow bind-
ing studies to be conducted. The ESI mass spectral pattern
of a mixture of 1a and G in 3% CH3CN/CHCl3 is the same
as that in CHCl3 (Figure 1) except for the relative intensities


of the fragments (see Supporting Information). Similarly,
the ESI mass spectra of metallocycles 1b±e in the presence
of G showed fragments corresponding to the 1:2 complexes,
along with those corresponding to the 1:1 complexes and
the free macrocycles. The results are summarized in Table 1
(see also the Supporting Information).


The 1H NMR titration experiments were duplicated and
performed at 23�1 8C by gradually increasing the mole frac-
tion of the guest G at a constant concentration of the metal-
locycle (0.5mm in 3% CD3CN/CDCl3). During the titrations,
the amide NH signals of the metallocycle were shifted
downfield (Dd � 1 ppm). The data were analyzed by using
the Hill equation, which is based on the assumption of a
single equilibrium process as depicted in Equation (1)[19]


H þ 2G Ð HG2 ð1Þ


where


K ¼ ½HG2

½H
 ½G
2:


This equation can be transformed into log(y/(1�y)) =


n log [G] + logK, where n and K are the Hill coefficient
and the binding constant, respectively, and y = K/([G]�n +


K). The magnitudes of n and logK can then be obtained
from the slope and the intercept of a linear plot of log(y/
(1�y)) versus log [G].


The results are summarized in Table 2. Here, the Hill co-
efficient n reflects the degree of cooperativity and should be
between 1 and 2 for positive cooperativity in this system
with two binding sites. When the medium is changed from
CDCl3 to 3% CD3CN/CDCl3, the Hill coefficient n (= 1.6)
for 1a remains constant, but the overall binding affinity
logK considerably decreases from 4.9 to 2.8 as expected. All
of the metallocycles 1a±e show a positive cooperativity with
Hill coefficients ranging from 1.4 to 1.8.[20] Among them, the
metallocycle 1b, which has a butadiynyl linker, shows the
highest cooperativity as well as the strongest binding affini-


Figure 5. a) Job plot for the binding between metallocycle 1a (NH1) and
guest G, and b) 1H NMR titration curves for 1a and G in CDCl3 at 25 8C.
Solid lines are theoretical ones, obtained from the 1:2 binding isotherm
of the HOSTEST program.


Table 1. ESI mass spectral data of metallocycles 1a±e in the presence of excess guest G in 3% CH3CN/
CHCl3.


Metallocycle 1:1 Complex 1:2 Complex
ion m/z ion m/z ion m/z


(intensity, %) (intensity,%) (intensity,%)


1a [1a�2OTf]2+ 1549(3) [1a¥G1�2OTf]2+ 1660(16) [1a¥G2�2OTf]2+ 1770(9)
[1a�3OTf]3+ 983(14) [1a¥G1�3OTf]3+ 1057(76) [1a¥G2�3OTf]3+ 1130(55)
[1a�4OTf]4+ 700(17) [1a¥G1�4OTf]4+ 755(7) [1a¥G2�4OTf]4+ 810(40)


1b [1b�2OTf]2+ 1574(3) [1b¥G1�2OTf]2+ 1684(7) [1b¥G2�2OTf]2+ 1794(7)
[1b�3OTf]3+ 1000(13) [1b¥G1�3OTf]3+ 1073(38) [1b¥G2�3OTf]3+ 1146(25)
[1b�4OTf]4+ 712(80) [1b¥G1�4OTf]4+ 768(4) [1b¥G2�4OTf]4+ 823(32)


1c [1c�2OTf]2+ 1651(2) [1c¥G1�2OTf]2+ 1761(6) [1c¥G2�2OTf]2+ 1871(8)
[1c�3OTf]3+ 1051(36) [1c¥G1�3OTf]3+ 1124(80) [1c¥G2�3OTf]3+ 1197(100)
[1c�4OTf]4+ 751(35) [1c¥G1�4OTf]4+ 806(27) [1c¥G2�4OTf]4+ 861(68)


1d [1d�2OTf]2+ 1651(1) [1d·G1�2OTf]2+ 1761(2) [1d¥G2�2OTf]2+ 1871(10)
[1d�3OTf]3+ 1051(27) [1d¥G1�3OTf]3+ 1124(84) [1d¥G2�3OTf]3+ 1197(100)
[1d�4OTf]4+ 751(24) [1d¥G1�4OTf]4+ 806(35) [1d¥G2�4OTf]4+ 861(84)


1e [1e�2OTf]2+ 1656(1) [1e¥G1�2OTf]2+ 1766(5) [1e¥G2�2OTf]2+ 1876(10)
[1e�3OTf]3+ 1055(50) [1e¥G1�3OTf]3+ 1128(52) [1e¥G2�3OTf]3+ 1201(100)
[1e�4OTf]4+ 754(67) [1e¥G1�4OTf]4+ 809(30) [1e¥G2�4OTf]4+ 864(85)


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4358 ± 43664362


FULL PAPER Jeong et al.



www.chemeurj.org





ty. Although the degree of cooperativity observed here is
modest owing to the rigid skeleton of the metallocycle, the
positive cooperativity dictates the structural organization of
the second binding cavity when a guest binds to either one
of the subcavities. That is, the distance between two hydro-
gen-bonding sites in the subcavity may be favorably changed
for the second guest to form stronger hydrogen bonds in a
bridged manner (Scheme 3), thus enhancing the second
binding affinity.


Conclusion


We have described the self-assembly of metallocycles that
fold to create two symmetrical binding cavities possessing
hydrogen-bonding sites. Two molecules of a diamide guest,
one to each cavity, have been shown to bind in a positively
cooperative manner to the metallocycles through hydrogen-
bonding interactions. These metallocycles therefore belong
to a new type of positive homotropic allosteric models,
which have been rarely reported to date. As illustrated in
this study, the design and self-assembly of an artificial supra-
molecular entity that functions at least partly as seen in nat-
ural macromolecules is one of the most important goals in
supramolecular chemistry.


Experimental Section


General methods : Unless otherwise noted, all reagents were used as re-
ceived. Dichloromethane, chloroform, and acetonitrile were distilled
under nitrogen from CaH2, tetrahydrofuran from Na/benzophenone, and
N,N-diisopropylethylamine and Et3N from KOH. DMF was dried over
anhydrous MgSO4 and distilled under reduced pressure. Melting points
were determined using a Mel-Temp II capillary melting point apparatus
and are uncorrected. Infrared spectra were obtained on a Nicolet
Impact 410 FT-IR spectrometer. All NMR spectra were recorded on a
DRX-500 spectrometer and chemical shifts are reported in ppm down-
field from TMS (d = 0), relative to the residual protonated solvent
peaks (CHCl3: d = 7.26 ppm for 1H NMR, d = 77 ppm for 13C NMR).
ESI mass spectra were obtained with a QUATTRO LC triple-quadrupole
tandem mass spectrometer (Micromass, UK). Column chromatography
was performed on silica gel (230±400 mesh).


N-(4-Iodo-2,6-diisopropylphenyl)-N-(3,5-dimethylpyridin-4-yl)pyridine-
2,6-dicarboxamide (6): A solution of 4-iodo-2,6-diisopropylaniline (4)[11]


(1.2 g, 4.0 mmol) and N,N-diisopropylethylamine (3.0 mL, 16 mmol) in
CH2Cl2 (10 mL) was slowly added over 2 h by means of a syringe pump
to a solution of 2,6-pyridinedicarbonyl dichloride (3) (0.81 g, 4.0 mmol)
in CH2Cl2 (30 mL) at 0 8C (iced-water bath). The mixture was stirred for
3 h at room temperature, and then 4-amino-3,5-dimethylpyridine (5)[12]


(0.48 g, 4.0 mmol) was added. After stirring at room temperature for an
additional 2 h, the solution was washed with saturated NaHCO3 solution
and brine, and dried over anhydrous MgSO4. The solvent was evaporated
under reduced pressure and the residue was purified by column chroma-
tography (acetone/CHCl3, 1:1) to give 6 as a white solid (1.7 g, 75%);
m.p. 270±271 8C; 1H NMR (500 MHz, CDCl3, 25 8C): d = 9.54 (s, 1H;
NH), 9.05 (s, 1H; NH), 8.57 (d, 3J(H,H) = 7.8 Hz, 1H; Ar-H), 8.51 (d,
3J(H,H) = 7.8 Hz, 1H; Ar-H), 8.27 (s, 2H; Ar-H), 8.19 (t, 3J(H,H) =


7.8 Hz, 1H; Ar-H), 7.53 (s, 2H; Ar-H), 3.12 (m, 2H; CH(CH3)2), 2.21 (s,
6H; Ar-CH3), 1.21 ppm (d, 3J(H,H) = 6.8 Hz, 12H; CH(CH3)2);


13C
NMR (126 MHz, CDCl3, 25 8C): d = 162.9, 161.0, 149.5, 149.2, 148.8,
148.2, 141.6, 139.9, 133.3, 131.1, 130.0, 126.7, 126.0, 95.2, 29.1, 23.7,
15.7 ppm; IR (KBr): ñ = 3287 (NH), 1693 cm�1 (C=O); elemental analy-
sis calcd (%) for C26H29IN4O2 (556.44): C 56.12, H 5.25, N 10.07; found:
C 56.50, H 5.28, N 9.96.


N-(4-Ethynyl-2,6-diisopropylphenyl)-N-(3,5-dimethylpyridin-4-yl)pyri-
dine-2,6-dicarboxamide (7): Compound 6 (2.9 g, 5.2 mmol), CuI (40 mg,
0.21 mmol), and [Pd(PPh3)2Cl2] (76 mg, 0.11 mmol) were placed in a
Schlenk tube, and the tube was evacuated and back-filled with nitrogen
three times. Tetrahydrofuran (THF, 60 mL), triethylamine (Et3N,
3.0 mL), and triisopropylsilylacetylene (1.8 mL, 8.0 mmol, 1.5 equiv) were
added, and the solution was stirred at 60±65 8C for 17 h. The reaction
mixture was then filtered through Celite, the filtrate was washed with sa-
turated NaHCO3 solution and brine, and dried over anhydrous MgSO4.
After concentration, the residue was purified by column chromatography
(acetone/CHCl3, 1:1) to give an intermediate en route to 7, bearing a trii-
sopropylsilanylethynyl substituent, as a white solid (2.3 g, 72%); m.p.
264±265 8C; 1H NMR (500 MHz, CDCl3, 25 8C): d = 9.67 (s, 1H; NH),


Table 2. Comparison of Hill coefficient (n) and logK of metallocycles
1a±e in 3% CD3CN/CDCl3 at 23�1 8C.[a]


Metallocycle n logK


1a 1.6 2.8
1b 1.8 4.2
1c 1.5 3.2
1d 1.5 3.5
1e 1.4 3.0


[a] Errors in the magnitudes of n and logK are less than 15% in all
cases.


Scheme 3. Proposed structures of 1:1 and 1:2 complexes between metallo-
cycles 1a±e and guest G.
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9.06 (s, 1H; NH), 8.57 (d, 3J(H,H) = 7.7 Hz, 1H; Ar-H), 8.50 (d,
3J(H,H) = 7.7 Hz, 1H; Ar-H), 8.26 (s, 2H; Ar-H), 8.18 (t, 3J(H,H) =


7.7 Hz, 1H; Ar-H), 7.31 (s, 2H; Ar-H), 3.17 (m, 2H; CH(CH3)2), 2.19 (s,
6H; Ar-CH3), 1.23 (d, 3J(H,H) = 6.8 Hz, 12H; CH(CH3)2), 1.15 ppm (s,
21H; SiCH(CH3)2);


13C NMR (126 MHz, CDCl3): d = 162.9, 161.0,
149.5, 149.3, 148.2, 146.4, 141.7, 139.8, 131.5, 130.0, 127.7, 126.6, 125.8,
123.9, 107.5, 90.5, 29.2, 23.7, 18.9, 15.6, 11.5 ppm; IR (KBr): ñ = 3346
(NH), 2159 (C�C), 1684 cm�1 (C=O); elemental analysis calcd (%) for
C37H50N4O2Si (610.90): C 72.74, H 8.25, N 9.17; found: C 72.76, H 8.41, N
9.03.


The aforementioned intermediate bearing a triisopropylsilanylethynyl
substituent (2.3 g, 3.7 mmol) was taken up in THF (60 mL) containing
H2O (1.0 mL), and Bu4NF (5.6 mL of 1.0m THF solution, 1.5 equiv) was
added. The solution was stirred at 60±70 8C for 14 h, and then iced water
(40 mL) was added. The resulting mixture was extracted with CHCl3 (3î
30 mL), and the combined organic layers were washed with brine and
dried over anhydrous MgSO4. After concentration, the residue was puri-
fied by column chromatography (acetone/CHCl3, 1:2) to give 7 as a white
solid (1.5 g, 91%); m.p. 268±269 8C (dec.); 1H NMR (500 MHz, CDCl3,
25 8C): d = 9.57 (s, 1H; NH), 9.06 (s, 1H; NH; Ar-H), 8.57 (d, 3J(H,H)
= 7.7 Hz, 1H; Ar-H), 8.51 (d, 3J(H,H) = 7.7 Hz, 1H; Ar-H), 8.28 (s,
2H; Ar-H), 8.19 (t, 3J(H,H) = 7.7 Hz, 1H; Ar-H), 7.37 (s, 2H; Ar-H),
3.17 (m, 2H; CH(CH3)2), 3.09 (s, 1H; C=CH), 2.20 (s, 6H; Ar-CH3),
1.23 ppm (d, 3J(H,H) = 6.8 Hz, 12H; CH(CH3)2);


13C NMR (126 MHz,
CDCl3, 25 8C): d = 162.9, 161.0, 149.6, 149.2, 148.2, 146.7, 141.6, 139.9,
131.9, 130.0, 127.9, 126.6, 126.0, 122.4, 84.0, 29.2, 23.7, 15.7 ppm; IR
(KBr): ñ = 3334 (NH), 1696 cm�1 (C=O); elemental analysis calcd (%)
for C28H30N4O2 (454.56): C 73.98, H 6.65, N 12.33; found: C 73.64, H
6.72, N 12.17.


Ligand 2a : Compound 6 (0.61 g, 1.1 mmol), 7 (0.50 g, 1.1 mmol), CuI
(21 mg, 0.11 mmol, 0.1 equiv), and [Pd(PPh3)4] (64 mg, 0.055 mmol,
0.05 equiv) were placed in a Schlenk tube, and then the tube was de-
gassed and back-filled with nitrogen three times. Degassed N,N-dimethyl-
formamide (DMF, 30 mL) and diethylamine (Et2NH, 5 mL) were added,
and the solution was stirred at 60±65 8C for 25 h. Thereafter, the reaction
mixture was filtered and the filter cake was collected and dissolved in
CHCl3 containing dimethyl sulfoxide (DMSO). After the removal of in-
soluble particles, n-hexane was added to the solution and the product
was precipitated out. The precipitate was washed with CHCl3 and dried
to give a white solid (0.58 g, 60%); m.p. >270 8C; 1H NMR (500 MHz,
95:5 CDCl3/[D6]DMSO, 25 8C): d = 10.76 (s, 2H; NH), 10.64 (s, 2H;
NH), 8.49±8.46 (m, 4H; Ar-H), 8.39 (s, 4H; Ar-H), 8.15 (t, 3J(H,H) =


7.6 Hz, 2H; Ar-H), 7.44 (s, 4H; Ar-H), 3.25±3.22 (m, 4H; CH(CH3)2),
2.33 (s, 12H; Ar-CH3), 1.26 ppm (d, 3J(H,H) = 6.4 Hz, 24H; CH(CH3)2);
13C NMR (125 MHz, 95:5 CDCl3/[D6]DMSO, 25 8C): d = 163.7, 162.3,
149.7, 149.3, 148.7, 147.4, 143.1, 139.4, 133.1, 131.3, 127.2, 125.9, 125.6,
123.2, 89.8, 29.1, 24.0, 15.7 ppm; IR (KBr): ñ = 3347 (NH), 1690 cm�1


(C=O); elemental analysis calcd (%) for C54H58N8O4 (883.09): C 73.44, H
6.62, N 12.69; found: C 73.61, H 6.84, N 12.77.


Ligand 2b : Compound 7 (2.9 g, 6.3 mmol) was dissolved in pyridine
(60 mL) and Cu(OAc)2¥H2O (2.5 g, 13 mmol, 2.0 equiv) was added. The
solution was stirred at 60±65 8C for 20 h and then iced-water (100 mL)
was added. The resulting mixture was extracted with CHCl3 (2î30 mL),
and the combined organic layers were washed first with 25% acetic acid
(100 mL) and then with 25% NaHCO3 solution (120 mL). After concen-
tration, the residue was purified by column chromatography (MeOH/
CHCl3/EtOAc, 1:10:10) to give ligand 2b as a white solid (1.3 g, 46%);
m.p. >270 8C; 1H NMR (500 MHz, 3% CD3CN/CDCl3, 25 8C): d = 9.66
(s, 2H; NH), 9.59 (s, 2H; NH), 8.52 (m, 4H; Ar-H), 8.38 (s, 4H; Ar-H),
8.19 (t, 3J(H,H) = 7.7 Hz, 2H; Ar-H), 7.42 (s, 4H; Ar-H), 3.17 (m, 4H;
CH(CH3)2), 2.30 (s, 12H; Ar-CH3), 1.22 ppm (d, 3J(H,H) = 6.6 Hz, 24H;
CH(CH3)2);


13C NMR (125 MHz, 3% CD3CN/CDCl3, 25 8C): d = 162.7,
161.2, 149.3, 148.5, 148.1, 147.1, 141.7, 139.4, 132.5, 130.1, 127.8, 125.8,
125.6, 121.6, 81.8, 73.7, 28.8, 23.3, 15.2 ppm; IR (KBr): ñ = 3288 (NH),
1696 cm�1 (C=O); MALDI-MS (m/z): [M+H]+ calcd for C56H58N8O4:
907.46; found: 907.46.


Ligand 2c : 1,4-Diiodobenzene (0.15 g, 0.44 mmol, 1 equiv), 7 (0.40 g,
0.88 mmol, 2 equiv), [Pd(dba)2] (21 mg, 0.036 mmol, 0.08 equiv; dba=
trans,trans-dibenzylideneacetone), PPh3 (46 mg, 0.18 mmol, 0.4 equiv),
and CuI (8.0 mg, 0.042 mmol, 0.1 equiv) were placed in a Schlenk tube,
and then the tube was degassed and back-filled with nitrogen three times.


Degassed THF (10 mL) and Et3N (1.5 mL) were added to the tube and
the mixture was heated at 60±65 8C for 19 h. After the mixture was
cooled to room temperature, CHCl3 (20 mL) and MeOH (10 mL) were
added to dissolve the organic suspension. The mixture was filtered
through Celite, and the filtrate was concentrated. The residue was redis-
solved in CHCl3 (50 mL) and washed with saturated NaHCO3 solution
and brine. After concentration, the residue was purified by column chro-
matography (CHCl3/MeOH, 10:1) to give 2c as a pale yellow solid
(0.25 g, 57%); m.p. 200 8C; 1H NMR (500 MHz, 3% CD3CN/CDCl3,
25 8C): d = 9.60 (2H; NH), 9.48 (2H; NH), 8.52±8.49 (m, 4H; Ar-H),
8.36 (s, 4H; Ar-H), 8.17 (t, 3J(H,H) = 7.7 Hz, 2H; Ar-H), 7.53 (s, 4H;
Ar-H), 7.40 (s, 4H; Ar-H), 3.16 (m, 4H; CH(CH3)2), 2.29 (s, 12H; Ar-
CH3), 1.23 ppm (d, 3J(H,H) = 6.6 Hz, 24H; CH(CH3)2);


13C NMR
(125 MHz, 3% CD3CN/CDCl3, 25 8C): d = 162.7, 161.2, 149.4, 148.7,
148.2, 146.9, 141.7, 139.5, 131.6, 131.5, 130.1, 127.0, 125.9, 125.6, 123.0,
116.4, 91.4, 88.9, 28.9, 23.4, 15.3 ppm; IR (KBr): ñ = 3340 (NH),
1689 cm�1 (C=O); elemental analysis calcd (%) for C62H62N8O4 (983.21):
C 75.74, H 6.36, N 11.40; found: C 75.75, H 6.42, N 11.23.


Ligand 2d : Compound 2d was synthesized according to the procedure
described for the synthesis of 2c, except that 1,3-diiodobenzene was used
instead of 1,4-diiodobenzene. The product was obtained as a pale yellow
solid (35%); m.p. 204±206 8C; 1H NMR (500 MHz, 3% CD3CN/CDCl3,
25 8C): d = 9.61 (2H; NH), 9.50 (2H; NH), 8.52±8.49 (m, 4H; Ar-H),
8.36 (s, 4H; Ar-H), 8.16 (t, 3J(H,H) = 7.8 Hz, 2H; Ar-H), 7.76 (s, 1H;
Ar-H), 7.50 (d, 3J(H,H) = 7.7 Hz, 2H; Ar-H), 7.40 (s, 4H; Ar-H), 7.35
(t, 3J(H,H) = 7.7 Hz, 1H; Ar-H), 3.16 (m, 4H; CH(CH3)2), 2.28 (s, 12H;
Ar-CH3), 1.23 ppm (d, 3J(H,H) = 6.7 Hz, 26H; CH(CH3)2);


13C NMR
(125 MHz, 3% CD3CN/CDCl3, 25 8C): d = 162.7, 161.2, 149.4, 148.6,
148.2, 146.9, 141.7, 139.4, 131.6, 131.2, 130.1, 128.5, 127.0, 125.9, 125.6,
123.5, 122.9, 116.3, 90.1, 88.3, 28.8, 23.4, 15.3 ppm; IR (KBr): ñ = 3373
(NH), 1686 cm�1 (C=O); elemental analysis calcd (%) for C62H62N8O4


(983.21): C 75.74, H 6.36, N 11.40; found: C 75.75, H 6.46, N 11.40.


Ligand 2e : Compound 2e was synthesized according to the procedure
described for the synthesis of 2c, but using 2,5-diiodothiophene. The
product was obtained as a yellow solid (76%); m.p. 208±210 8C; 1H NMR
(500 MHz, 3% CD3CN/CDCl3, 25 8C): d = 9.58 (2H; NH), 9.50 (2H;
NH), 8.52±8.49 (m, 4H; Ar-H), 8.35 (s, 4H; Ar-H), 8.17 (t, 3J(H,H) =


7.7 Hz, 2H; Ar-H), 7.39 (s, 4H; Ar-H), 7.18 (s, 2H; Ar-H), 3.15 (m, 4H;
CH(CH3)2), 2.28 (s, 12H; Ar-CH3), 1.22 ppm (d, 3J(H,H) = 6.7 Hz, 24H;
CH(CH3)2);


13C NMR (125 MHz, 3% CD3CN/CDCl3, 25 8C): d = 162.7,
161.2, 149.3, 148.7, 148.1, 146.9, 141.7, 139.4, 131.9, 130.2, 126.8, 125.9,
125.6, 124.5, 122.5, 116.4, 94.2, 82.1, 28.9, 23.4, 15.2 ppm; IR (KBr): ñ =


3373 (NH), 1693 cm�1 (C=O); elemental analysis calcd (%) for
C60H60N8O4S (989.24): C 72.85, H 6.11, N 11.33, S 3.24; found: C 72.89, H
11.46, N 6.14, S 3.15.


Metallocycle 1a : Ligand 2a (0.21 g, 0.23 mmol) and [Pd(dppp)(OTf)2]
[7]


(0.19 g, 0.23 mmol) were added to CH2Cl2 (200 mL) containing DMSO
(0.5 mL). The suspension was stirred at room temperature under argon
for 32 h, during which time it became a clear solution. Upon addition of
n-hexane (250 mL) to the solution, the product precipitated out. The pre-
cipitate was collected, washed with n-hexane, and dried to give 1a as a
pale yellow solid (0.35 g, 91%); m.p. >250 8C; 1H NMR (500 MHz,
CDCl3, 25 8C): d = 8.98 (s, 4H; NH), 8.67 (s, 4H; NH), 8.62 (s, 8H; Ar-
H), 8.50 (d, 3J(H,H) = 7.6 Hz, 4H; Ar-H), 8.44 (d, 3J(H,H) = 7.6 Hz,
4H; Ar-H), 8.14 (t, 3J(H,H) = 7.7 Hz, 4H; Ar-H), 7.65 (br s, 16H; Ar-
H), 7.60 (s, 8H; Ar-H), 7.44 (br s, 24H; Ar-H), 3.19 (br s, 8H; PCH2),
2.90 (m, 8H; CH(CH3)3), 2.25 (m, 4H; PCH2CH2), 2.02 (s, 24H; Ar-
CH3), 1.04 ppm (br s, 48H; CH(CH3)2);


13C NMR (126 MHz, CDCl3,
25 8C): d = 162.6, 160.9, 149.2, 148.3, 147.6, 146.5, 145.2, 139.3, 134.2,
132.7, 130.9, 129.6, 127.1, 126.3, 125.4, 125.2, 125.0, 124.8, 122.0, 119.4,
90.2, 28.8, 23.3, 17.6, 15.5 ppm; IR (KBr): ñ = 3479 (NH), 1685 (C=O),
1251 (OTf), 1162 (OTf), 1030 cm�1 (OTf); elemental analysis calcd (%)
for C166H168F12N16O20P4Pd2S4 (3400.19): C 58.64, H 4.98, N 6.59, S 3.77;
found: C 58.67, H 4.64, N 6.58, S 4.04.


Metallocycle 1b : A solution of ligand 2b (0.70 g, 0.77 mmol) and
[Pd(dppp)(OTf)2] (0.63 g, 0.77 mmol, 1 equiv) in CH2Cl2 (10 mL) was
stirred at room temperature for 4 h under argon, and then n-hexane was
added to precipitate out 1b. The precipitate was collected, washed with
n-hexane, and dried to give 1b as a pale yellow solid (1.3 g, 98%); m.p.
263±264 8C; 1H NMR (500 MHz, 3% CD3CN/CDCl3, 25 8C): d = 9.44 (s,
4H; NH), 9.31 (s, 4H; NH), 8.71 (s, 8H; Ar-H), 8.47 (d, 3J(H,H) =


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4358 ± 43664364


FULL PAPER Jeong et al.



www.chemeurj.org





7.7 Hz, 4H; Ar-H), 8.41 (d, 3J(H,H) = 7.7 Hz, 4H; Ar-H), 8.14 (t,
3J(H,H) = 7.7 Hz, 4H; Ar-H), 7.63 (br s, 16H; Ar-H), 7.44±7.29 (m,
32H; Ar-H), 3.14 (br s, 8H; PCH2), 2.98 (m, 8H; CH(CH3)3), 2.22 (m,
4H; PCH2CH2), 2.02 (s, 24H; Ar-CH3), 1.09 ppm (br s, 48H; CH(CH3)2);
13C NMR (125 MHz, 3% CD3CN/CDCl3, 25 8C): d = 162.7, 160.6, 149.1,
148.7, 147.6, 145.1, 139.6, 133.9, 132.5, 129.6, 128.0, 126.3, 125.6, 125.2,
125.0, 124.8, 122.1, 116.5, 81.8, 74.6, 28.8, 23.4, 21.6, 17.5, 15.4 ppm; IR
(KBr): ñ = 3265 (NH), 1684 (C=O), 1158 (OTf), 1099 (OTf), 1025 cm�1


(OTf); elemental analysis calcd (%) for C170H168F12N16O20P4Pd2S4¥4H2O
(3520.29): C 58.00, H 5.04, N 6.37, S 3.64; found: C 57.78, H 5.07, N 6.27,
S 3.61; ESI-MS: m/z (%): 1574 (100) [M�2CF3SO3]


2+ , 1000 (65)
[M�3CF3SO3]


3+ , 712 (70) [M�4CF3SO3]
4+ .


Metallocycle 1c : [Pd(dppp)(OTf)2] (50 mg, 0.061 mmol) was added to a
solution of 2c (60 mg, 0.061 mmol) in CH3CN/CHCl3 (1:10, 11 mL) and
the resulting mixture was stirred at room temperature for 2 h under ni-
trogen. The solution obtained was concentrated to a volume of approxi-
mately 1 mL, and then n-hexane (10 mL) was added to precipitate out
1c. After washing with n-hexane, the product 1c was obtained as a pale
yellow solid (99 mg, 91%); m.p. >250 8C; 1H NMR (500 MHz, 3%
CD3CN/CDCl3, 25 8C): d = 9.37 (4H; NH), 9.28 (4H; NH), 8.74 (s, 8H;
Ar-H), 8.47 (d, 3J(H,H) = 7.7 Hz, 4H; Ar-H), 8.42 (d, 3J(H,H) = 7.7 Hz,
4H; Ar-H), 8.13 (t, 3J(H,H) = 7.7 Hz, 4H; Ar-H), 7.62 (br s, 16H; Ar-
H), 7.48 (s, 8H; Ar-H), 7.42 (s, 24H; Ar-H), 7.39 (s, 8H; Ar-H), 3.09
(br s, 8H; PCH2), 3.00 (m, 8H; CH(CH3)2), 2.17 (br s, 4H; PCH2CH2),
2.02 (s, 24H; Ar-CH3), 1.09 ppm (br s, 48H; CH(CH3)2);


13C NMR
(125 MHz, 3% CD3CN/CDCl3, 25 8C): d = 162.6, 160.4, 149.0, 148.6,
147.5, 146.9, 144.9, 139.3, 133.7, 132.6, 132.2, 131.4, 129.5, 127.0, 126.1,
125.6, 125.1, 123.0, 122.8, 116.4, 91.6, 89.2, 28.6, 23.2, 21.6, 17.3, 15.3 ppm;
IR (KBr): ñ = 3483 (NH), 1682 (C=O), 1250 (OTf), 1162 (OTf),
1030 cm�1 (OTf); ESI-MS: m/z (%): 751 (100) [M�4CF3SO3]


4+ , 1051 (7)
[M�3CF3SO3]


3+ ; elemental analysis calcd (%) for
C182H176F12N16O20P4Pd2S4 (3600.42): C 60.71, H 4.93, N 6.22, S 3.56;
found: C 60.80, H 4.79, N 6.16, S 3.82.


Host 1d : Compound 1d was synthesized from ligand 2d by the same
method as used for the synthesis of 1c. The product was obtained as a
pale yellow solid (76%); m.p. >250 8C; 1H NMR (500 MHz, 3%
CD3CN/CDCl3, 25 8C): d = 9.31 (4H; NH), 9.15 (4H; NH), 8.74 (s, 8H;
Ar-H), 8.45 (d, 3J(H,H) = 7.7 Hz, 4H; Ar-H), 8.39 (d, 3J(H,H) = 7.7 Hz,
4H; Ar-H), 8.25 (s, 2H; Ar-H), 8.11 (t, 3J(H,H) = 7.7 Hz, 4H; Ar-H),
7.63 (br s, 16H; Ar-H), 7.55 (d, 3J(H,H) = 7.6 Hz, 4H; Ar-H), 7.42±7.35
(m, 34H; Ar-H), 3.13 (br s, 8H; PCH2), 2.94 (m, 8H; CH(CH3)2), 2.16
(br s, 4H; PCH2CH2), 2.00 (s, 24H; Ar-CH3), 1.10 ppm (s, 48H;
CH(CH3)2);


13C NMR (125 MHz, 3% CD3CN/CDCl3, 25 8C): d = 162.4,
160.5, 148.8, 148.4, 147.2, 146.7, 145.0, 139.4, 134.0, 132.6, 132.3, 131.2,
130.9, 129.4, 128.7, 127.1, 126.0, 125.4, 124.9, 124.7, 123.5, 122.9, 116.6,
90.5, 88.7, 28.5, 23.2, 21.4, 17.3, 15.2 ppm; IR (KBr): ñ = 3473 (NH),
1686 (C=O), 1249 (OTf), 1161 (OTf), 1030 cm�1 (OTf); ESI-MS: m/z
(%): 751 (100) [M�4CF3SO3]


4+ , 1051 (23) [M�3CF3SO3]
3+ ; elemental


analysis calcd (%) for C182H176F12N16O20P4Pd2S4 (3600.42): C 60.71, H
4.93, N 6.22, S 3.56; found: C 60.74, H 5.00, N 6.14, S 3.43.


Host 1e : Compound 1e was synthesized from ligand 2e by the same
method as used for the synthesis of 1c. The product was obtained as a
pale yellow solid (83%); m.p. >250 8C; 1H NMR (500 MHz, 3%
CD3CN/CDCl3, 25 8C): d = 9.32 (4H; NH), 9.23 (4H; NH), 8.76 (s, 8H;
Ar-H), 8.47 (d, 3J(H,H) = 7.6 Hz, 4H; Ar-H), 8.42 (d, 3J(H,H) = 7.6 Hz,
4H; Ar-H), 8.13 (t, 3J(H,H) = 7.6 Hz, 4H; Ar-H), 7.62 (br s, 16H; Ar-
H), 7.41 (s, 24H; Ar-H), 7.24 (s, 4H; Ar-H), 3.10 (br s, 8H; PCH2), 3.00
(m, 8H; CH(CH3)2), 2.18 (br s, 4H; PCH2CH2), 2.02 (s, 24H; Ar-CH3),
1.09 ppm (br s, 48H; CH(CH3)2);


13C NMR (125 MHz, 3% CD3CN/
CDCl3, 25 8C): d = 162.5, 160.4, 149.1, 148.7, 147.6, 147.0, 144.9, 139.4,
133.7, 132.7, 132.3, 132.1, 131.6, 129.6, 126.9, 126.2, 125.7, 124.6, 122.6,
116.4, 94.5, 82.7, 28.7, 23.3, 22.4, 17.4, 15.4 ppm; IR (KBr): ñ = 3473
(NH), 1686 (C=O), 1248 (OTf), 1160 (OTf), 1029 cm�1 (OTf); ESI-MS:
m/z (%): 754 (100) [M�4CF3SO3]


4+ , 1055 (62) [M�3CF3SO3]
3+ ; elemen-


tal analysis calcd (%) for C178H172F12N16O20P4Pd2S6 (3612.48): C 59.18, H
4.80, N 6.20, S 5.33; found: C 59.20, H 4.94, N 6.17, S 5.54.
1H NMR titrations : Chloroform was stored over 4 ä molecular sieves,
and filtered through basic alumina prior to use. A 0.5mm solution of
each metallocycle in 97:3 CDCl3/CD3CN (4±4.5 mL) was prepared at
23�1 8C. By using this solution of the macrocycle as a solvent, a solution
of the guest G (50±80 mm) was prepared. A 500 mL aliquot of the metal-


locycle solution was transferred to an NMR tube, and an initial NMR
spectrum was taken to determine the initial chemical shift (dfree) of the
free metallocycle. Aliquots of the guest solution (10 mL initially, then 80±
100 mL, and finally 600±800 mL) were added to the metallocycle solution.
A spectrum was recorded after each addition and 15±20 data points were
obtained. As described in detail earlier, the binding parameters were cal-
culated either by nonlinear curve fitting with the aid of the HOSTEST
program,[18] or by means of the Hill equation.[19]
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The Induced Magnetic Field in Cyclic Molecules


Gabriel Merino, Thomas Heine,* and Gotthard Seifert[a]


Introduction


Few concepts are as frequently used as aromaticity in the
current chemical literature.[1±5] The traditional criteria for ar-
omaticity include chemical behavior (lower reactivity),
structural features (planarity and equal bond length tenden-
cies), energy (stability), and spectroscopic properties (UV,
proton chemical shifts, magnetic susceptibility exaltation).
More recently, several magnetic indices of aromaticity have
been introduced and discussed.[6] They include nucleus-inde-
pendent chemical shift (NICS)[7] and related indexes,[8±11] ar-
omatic ring-current shielding (ARCS),[12] and plotted ring-
current densities.[13,14] The most widely applied of these
methods, NICS, is the negative shielding constant at a given
position, typically at ring centers. As NICS is an easily ac-
cessible index and its interpretation is straightforward, it has
been applied numerous times since its introduction in
1996.[11] However, its applicability is still discussed contro-
versially in the scientific literature.[15]


In this work, we compute the induced magnetic field of a
molecule in an external magnetic field. This induced field
has been used by physicists to understand the magnetism of
macroscopic physical objects (e.g., coils), but also by chem-


ists to understand the magnetic properties of molecules.[16,17]


Related electrodynamic quantities, such as material con-
stants, are accessible through the induced magnetic field and
Maxwell×s equations. The induced magnetic field (Bind) at a
position R can be computed from the induced current densi-
ty of the molecule (j(r)) by using Biot-Savart×s law [Eq. (1)].


BindðRÞ ¼ m0


4p


Z
jðrÞ � ðr�RÞ


jr�Rj3
dr ð1Þ


The NMR shielding tensor, s, can be computed directly
from this quantity.[18,19] Note that Equation (1) does not con-
tain information about a nucleus, and, hence, the shielding
tensor can be computed at any place in space; that is, at the
position of a nucleus or somewhere else. The induced mag-
netic field Bind is related with the shielding tensor at position
R and the external magnetic field Bext [Eq. (2)].


BindðRÞ ¼ �sðRÞBext ð2Þ


As the shielding tensor can be computed by means of
most recent quantum-chemistry programs at any level of
theory, this approach is very practical for application.


In this first study, we restrict our analysis to four exam-
ples, which are characteristic cyclic molecules in organic
chemistry: aromatic (C6H6, D6h), anti-aromatic (C4H4, D2h),
and non-aromatic rings (C4H8, D4h, and C6H12, D3d). The
molecules are placed in such way that the ring is located in
the xy plane with the center of the molecule in the origin of
the coordinate system. The z axis is identical with the high-
est symmetry axis.
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Institut f¸r Physikalische Chemie und Elektrochemie
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Supporting information for this article is available on the WWW
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Abstract: The response of a molecule
to an applied external magnetic field
can be evaluated by a graphical repre-
sentation of the induced magnetic
field. We have applied this technique
to four representative, cyclic organic
molecules, that is, to aromatic (C6H6,
D6h), anti-aromatic (C4H4, D2h) and
non-aromatic (C4H8, D4h, and C6H12,
D3d) molecules. The results show that
molecules that contain a p system pos-


sess a long-range magnetic response,
while the induced magnetic field is
short-range for molecules without p


systems. The induced magnetic field of
aromatic molecules shields the external
field. In contrast, the anti-aromatic


molecules increase the applied field
inside the ring. Aromatic, anti-aromat-
ic, and non-aromatic molecules can be
characterized by the appearance of the
magnetic response. We also show that
the magnetic response is directly con-
nected to nucleus-independent chemi-
cal shifts (NICS).Keywords: aromaticity ¥ carbocy-


cles ¥ induced magnetic field ¥ mag-
netic properties


Chem. Eur. J. 2004, 10, 4367 ± 4371 DOI: 10.1002/chem.200400457 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4367


FULL PAPER







Computational Methods


All molecular structures have been fully optimized at the PW91/DZVP
level[20,21] and found to be in very close agreement with the B3LYP/6-
31G* geometries used by the Schleyer group for several NMR stud-
ies.[7,9, 10] The NMR calculations were performed using the PW91 func-
tional and IGLO-III basis set.[22] Cartesian shielding tensors[23] were com-


puted applying the IGLO method,[24] which gave very similar results to
other density functionals (see Table 1 in the Supporting Information) and
to recent ab initio computations.[10] The deMon 2002 program[25] was used
to compute the molecular orbitals, and the deMon-NMR package[26] for
the shielding tensors. Induced magnetic fields were computed, by using
Equation (2), from Cartesian shielding tensors, and are in ppm of the
units of the external field. Assuming an external magnetic field of jBext j


Figure 1. a) Induced magnetic fields of an external field in z direction to cyclic organic molecules located in the xy plane. Diatropic (B shielding) contri-
butions are given in blue, paratropic contributions in red. Induced magnetic fields are in ppm, or, if the external field has the magnitude of 1 T, the unit
of the induced field is mT. b) Magnetic field lines: contour lines of the magnitude jBind j of the external magnetic field perpendicular to the ring. The
scale is given in ppm (mT for jBext j=1 T). The plots are given in (center) and perpendicular to (right) the molecular plane through the origin.
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=1 T, the unit of the induced field is 1 mT, which is equivalent to 1 ppm
of the shielding tensor. VU[27] was employed for visualization of the in-
duced field vectors as well as for their contour lines and isosurfaces. Car-
tesian shielding tensors of subsets of the computed grids, including the
nuclei, are given in the Supporting Information.


Results and Discussions


Figure 1 shows the induced magnetic fields of an external
field applied perpendicular to the molecular planes. A mag-
netic field in this direction can induce a current density in
and parallel to the molecular plane.[28±31] Following Equa-
tion (1), this current density induces a counter field, which is
plotted in Figure 1. In this sense, the induced magnetic
fields and induced current densities are complementary to
each other. Induced current densities are usually given in


one selected plane parallel to the molecular ring, while the
induced field contains information of the overall current
density distribution. However, it is not clear whether the in-
duced magnetic field originates from a ring current or not.
Having both analyses available is therefore advantageous.


In agreement with current±density maps,[14,28,31] the re-
sponse of our aromatic, anti-aromatic, and non-aromatic ex-
amples show characteristic features. In the aromatic exam-
ple, benzene, no paratropic contributions are observed
inside the ring. This is in contrast to the other three mole-
cules and hence a direct consequence of the aromatic p


system. Anti-aromatic C4H4 shows a strong paratropic re-
sponse inside and around the ring that is similar in magni-
tude and extension, but opposite in sign, to the diatropic re-
sponse of benzene (see Figures 1 and 2). The non-aromatic
molecules show a weakly paratropic response inside the
rings. Around the s framework, the interaction is always di-


Figure 2. a) Isosurfaces of the z component of the induced magnetic field (Bind
z ). jBind


z j=4 mT and Bext=1 T perpendicular to the molecular plane, given
in top and front view of the molecule. Blue and red indicate shielding (jBind


z j<0) and deshielding areas, respectively. b) Contour lines of Bind
z in the mo-


lecular plane and perpendicular to the molecular plane through the origin. The scale is given in ppm (or mT for an external field of 1 T).
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atropic except for the anti-aromatic example. These trends
are in agreement with the results of Schleyer et al., obtained
by using NICS grids on top of the rings.[32]


Isosurfaces of the z component of the induced magnetic
field, Bind


z , with the external field perpendicular to the ring,
are given in Figure 2a. For benzene, the shielding isosurface
(given in blue) is around the molecule, while deshielding re-
gions are further outside (given in red). For cyclobutadiene
the situation is reversed. Figure 2a also shows that above
and below the ring, the response of the molecule to the
magnetic field is long-range for aromatic and anti-aromatic
molecules (though different in sign), while the s system is
always surrounded by a diatropic region, independent if the
system is aromatic, anti-aromatic, or non-aromatic. Hence,
aromatic and anti-aromatic rings influence their surround-
ings through long-range magnetic fields; this can affect
chemical shifts of surrounding nuclei, for example, in biolog-
ical molecules and van der Waals crystals.[12,33] Note that Bind


z


for an external field perpendicular to the ring is equivalent
to the zz or 33 component of the shielding tensor discussed
earlier.[10] The x and y components of the induced magnetic
field are given in Figure 1 in the Supporting Information.
They have nodes in the ring plane and parallel to the z axis,
and do not have as long a range as the Bind


z component.
A particular observation for benzene is that the hydrogen


atoms are located outside the vortexes of the induced field
(see Figure 1) and inside the shielding rather than the de-
shielding region. A nodal ring, which separates the shielding
from the deshielding region, encircles the molecule outside
the hydrogen atoms (Figure 2a). This observation opposes
popular text book explanations of abnormal 1H NMR chem-
ical shifts of aromatic molecules, but is in agreement with
related recent quantum chemical calculations of various
groups.[34±37] However, the ring current model considers only
ring currents arising from the p cloud, and our results also
include the contributions from the s framework.[38]


The response of benzene to an external magnetic field
parallel to the molecular plane is of entirely different char-
acter than when the field is applied perpendicular to the
ring; we observe short-range diatropic response parallel to
the external field. Also for the other components, the re-
sponse is limited to the region around the s framework (see
Figures 1 and 2 in the Supporting Information). Again, the
hydrogen atoms are always in the shielding zone. Combining
the results of all figures, we conclude that at long-range, the
magnitude of the induced magnetic field is governed by its z
component, or, in other words, to 1/3 of the negative NICS
value if both quantities are given in ppm. Hence, the long-
range contour plots become equivalent to the NICS grids
computed by Schleyer et al.,[32] to iso-chemical shielding sur-
faces (ICSS) studied by Kleinpeter et al. earlier,[36, 39] and to
the aromatic ring-current shielding (ARCS) by Sundholm.[33]


Contour lines for the z component of the induced magnet-
ic field (Bind


z ) allow the quantification of the magnetic re-
sponse. Figure 2b gives these contour lines for the four stud-
ied molecules, both on the molecular plane and on a plane
perpendicular to the ring. Again, aromatic, anti-aromatic,
and non-aromatic species show characteristic features in
these plots. The aromatic molecule has a strongly shielding


region close to the carbons inside the ring (given in blue);
this region has the form of the carbon p orbitals. Such fea-
tures are not observed in any of the other molecules of this
study. The anti-aromatic molecule shows a deshielding cone
outside the ring, with the carbon atoms just inside the de-
shielding region. This detail cannot be observed by the iso-
surface plots of Figure 2a. The deshielding cone is very long-
range and the shape of the carbon p orbitals cannot be seen
in these plots. A shielding region is found around the C�H
bond and around the hydrogen atoms. The non-aromatic
systems again behave differently; a deshielding sphere is ob-
served inside the rings, but the whole s-framework, includ-
ing the C�C bonds, is shielded. The contour lines again
show that the response of non-aromatic molecules is short-
ranged and relatively small. The largest response of all mol-
ecules studied here is observed for benzene in the area of
the carbon p orbitals.


Conclusions


We have shown that the simulation of the magnetic response
of a molecule, represented by the induced magnetic field, is
a meaningful analysis tool. Aromatic, anti-aromatic, and
non-aromatic molecules show a characteristic response to an
external field. The analysis allows the quantification of the
(de)shielding area. According to present nomenclature, we
suggest classifying molecules with long-range magnetic
shielding as diatropic and those with long-range deshielding
as paratropic.


The calculated induced magnetic fields, and the proper
presentation of these vector fields as the linear response
fields on an external magnetic field in molecules, gives un-
ambiguous interpretations of the nuclear magnetic shielding
and, hence, NMR data in molecules, as well as in solids in
general. Furthermore, the induced magnetic field may serve
as an, in principle, measurable quantity for characterization
of the electronic structure of molecules and solids.


As Bind contains contributions from s and p electrons,
their dissection is a next step for the development of the
Bind analysis. We also want to point out that the similar con-
cept we introduce here could be applied to electric fields,
which could give information about the electron polarization
inside a molecule. Such investigations are currently in prog-
ress,[40] as are investigations on the magnetic response of sev-
eral classes of molecules.
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